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Résumé

L’idée centrale de cette these est de comprendre la notion d’accélération dans les algorithmes
d’approximation stochastique. Plus précisément, nous tentons de répondre a la question sui-
vante : Comment [accélération apparait-elle naturellement dans les algorithmes d’approxi-
mation stochastique ¢ Nous adoptons une approche de systémes dynamiques et proposons
de nouvelles méthodes accélérées pour I'apprentissage par différence temporelle (TD) avec
approximation de fonction linéaire : Polyak TD(0) et Nesterov TD(0). Contrairement aux
travaux antérieurs, nos méthodes ne reposent pas sur une conception des méthodes de TD
comme des méthodes de descente de gradient. Nous étudions l'interaction entre l'accélé-
ration, la stabilité et la convergence des méthodes accélérées proposées en temps continu.
Pour établir la convergence du systeme dynamique sous-jacent, nous analysons les modeles en
temps continu des méthodes d’approximation stochastique accélérées proposées en dérivant
la loi de conservation dans un systeme de coordonnées dilaté. Nous montrons que le systeme
dynamique sous-jacent des algorithmes proposés converge a un taux accéléré de O(1/t?). Ce
cadre nous fournit également des recommandations pour le choix des parameétres d’amor-
tissement afin d’obtenir ce comportement convergent. Enfin, nous discrétisons ces ODE
convergentes en utilisant deux schémas de discrétisation différents, Euler explicite et Eu-
ler symplectique, et nous analysons leurs performances sur de petites taches de prédiction
linéaire.

Mots-clés Méthodes des différences temporelles, approximation stochastique, méthodes
accélérées, méthodes de quantité de mouvement, apprentissage par renforcement, program-
mation dynamique approchée, lois de conservation, taux de convergence, apprentissage au-

tomatique






Abstract

The central idea of this thesis is to understand the notion of acceleration in stochastic approx-
imation algorithms. Specifically, we attempt to answer the question: How does acceleration
naturally show up in SA algorithms? We adopt a dynamical systems approach and propose
new accelerated methods for temporal difference (TD) learning with linear function approx-
imation: Polyak TD(0) and Nesterov TD(0). In contrast to earlier works, our methods
do not rely on viewing TD methods as gradient descent methods. We study the interplay
between acceleration, stability, and convergence of the proposed accelerated methods in con-
tinuous time. To establish the convergence of the underlying dynamical system, we analyze
continuous-time models of the proposed accelerated stochastic approximation methods by
deriving the conservation law in a dilated coordinate system. We show that the underlying
dynamical system of our proposed algorithms converges at an accelerated rate of O(1/t?).
This framework also provides us recommendations for the choice of the damping parame-
ters to obtain this convergent behavior. Finally, we discretize these convergent ODEs using
two different discretization schemes, explicit Euler, and symplectic Euler, and analyze their
performance on small, linear prediction tasks.

Keywords Temporal difference learning, stochastic approximation, accelerated methods,
momentum methods, reinforcement learning, approximate dynamic programming, function

approximation, conservation laws, convergence rates, machine learning






Contents

Résumeé . ... o e e et e e )
N 0] 5 = Y 2 P 7
List of figures .. oovii i i i i i i e it i e e 11
List of acronyms and abbreviations............. ... il 13
Acknowledgements . ...... ..o e e e 15
Chapter 1. Introduction............ ..o iuiiiiiiiiiiiiiinininnennnnnnn. 17
1.1. Thesis Statement . ......... . 19
Chapter 2. Background and Related Works .............. ... oot 21
2.1. Dynamic Programming and Reinforcement Learning ......................... 21
2.1.1. Elements of the learning problem ......... ... .. .. ... .. ... ... ..., 22
2.1.2.  Markov Decision Process. ....... ... 22
2.1.3.  Value Functions and Bellman Equations................. ... .. ........... 23
2.1.4. Bellman Optimality Equation.......... ... ... .. ... ... .. . . .. 24
2.1.5.  Approximate Dynamic Programming (ADP) .............................. 25

2.2. Policy Evaluation . ...... ... 26
2.2.1. Monte Carlo Methods. ........ ... 27
2.2.2.  Temporal Difference Methods ........ ... ... . i 27

2.3.  Stochastic Approximation. ........... ...t 31
2.3.1. ODE approach to the analysis of SA algorithms........................... 31
2.3.2.  ADP and connection with Stochastic Approximation...................... 33

2.4. Momentum and Acceleration in Optimization ..................... ... ... .... 35
2.5.  Acceleration of Temporal Difference Methods................................. 38
2.6. Performance Metrics. .. ... ... 41



2.7. Discretization SChemes . . ... 43

2.7.1. Euler Methods . ... ... 43
2.8. Concluding Remarks .. ... ... 45
Chapter 3. Accelerated Algorithms for TD Learning...................... A7
3.1, ODE for TD(0) . vt 47
3.2. Polyak’s momentum for TD(0)...... ..ot 49
3.2.1.  Explicit Euler discretization........... ... . .. 49
3.2.2.  Symplectic Euler discretization............ ... ... 50
3.3.  Nesterov’s momentum for TD(0)........... i 51
3.3.1.  Explicit Euler discretization........ ... ... .. 52
3.3.2.  Symplectic Euler Discretization ......... ... .. .. . 53
3.4. Comparison between discrete-time algorithms of Polyak and Nesterov TD(0) . 55
3.4.1. Polyak v/s NeSterov ... .. ..o 55
3.4.2.  Explicit Euler v/s Symplectic Euler........... ... .. ... ... .. 56
Chapter 4. Conservation Laws and Convergence Rates for Accelerated
Temporal Difference Methods ............. ... ... . o oot o7
4.1.  General Proof Sketch ... ... . D7
4.2, Preliminaries. ... ... ... 60
4.3. Conservation law for Polyak TD(0).......c.ovuuiiiiii e, 62
4.4.  Conservation law for Nesterov TD(0)....... ... 68
Chapter 5. Experiments...........c.oiiuiniiiiiiiiiiiiiiininnenenenennn. 7
5.1.  Choice of the damping parameter .............. ... .. iiiiiiiiiiiiiianin.. 7
5.2.  Prediction Problems ...... ... .. . 78
5.3, Results ..o 79
Chapter 6. Conclusions and Future Work ............ ... ... oo, 89
6.1. Limitations and Future Work ........ .. .. . . 90
References .. ... .o e e et e ittt e 93

10



List of figures

5.1

5.2

5.3

(a): Step-size sensitivity of RMSPBE for each method on the Boyan-chain
problem. Here, n is the step size that varies in powers of 2, i.e., n = 27°.
(b): The normalized average area under the RMSPBE learning curve. The step
sizes for each method are set such that each method achieves the best possible
RMSPBE. Each bar is normalized by TDNS’s performance so that each problem
can be shown in the same range. All results are averaged over 100 independent
runs with standard error bars shown at the top of each rectangle. The black
horizontal line demonstrates the performance of TDNS for easier comparison
between other methods. (c): RMSPBE vs steps for each method. Note that the
step-size parameters are tuned according to the recommendations made by the

step-size sensitivity curve shown in (a)..............ooiiii i

(a): Step-size sensitivity of RMSPBE for each method on Random Walk with

Tabular feature representation. Here, 7 is the step size that varies in powers of
2, i.e., n =27" (b): The normalized average area under the RMSPBE learning
curve. The step sizes for each method are set such that each method achieves the
best possible RMSPBE. Each bar is normalized by TDNS’s performance so that
each problem can be shown in the same range. All results are averaged over 100
independent runs with standard error bars shown at the top of each rectangle. The
black horizontal line demonstrates the performance of TDNS for easier comparison
between other methods. (c): RMSPBE vs steps for each method. Note that the
step-size parameters are tuned according to the recommendations made by the

step-size sensitivity curve shown in (a)............... ... i

(a): Step-size sensitivity of RMSPBE for each method on Random Walk with

Inverted feature representation. Here, n is the step size that varies in powers of
2, i.e., n =27 (b): The normalized average area under the RMSPBE learning
curve. The step sizes for each method are set such that each method achieves the
best possible RMSPBE. Each bar is normalized by TDNS’s performance so that
each problem can be shown in the same range. All results are averaged over 100

independent runs with standard error bars shown at the top of each rectangle. The

11

84

85



5.4

black horizontal line demonstrates the performance of TDNS for easier comparison
between other methods. (c): RMSPBE vs steps for each method. Note that the
step-size parameters are tuned according to the recommendations made by the

step-size sensitivity curve shown in (a)............ ... i

(a): Step-size sensitivity of RMSPBE for each method on Random Walk with

Dependent feature representation. Here, 7 is the step size that varies in powers of
2, i.e., n = 27" (b): The normalized average area under the RMSPBE learning
curve. The step sizes for each method are set such that each method achieves the
best possible RMSPBE. Each bar is normalized by TDNS’s performance so that
each problem can be shown in the same range. All results are averaged over 100
independent runs with standard error bars shown at the top of each rectangle. The
black horizontal line demonstrates the performance of TDNS for easier comparison
between other methods. (c): RMSPBE vs steps for each method. Note that the
step-size parameters are tuned according to the recommendations made by the

step-size sensitivity curve shown in (a)............... ... i

12

86



List of acronyms and abbreviations

MDP

TD

RL

SA

SGD

DP

ADP

ODE

GD

AGM

MC

Markov Decision Process

Temporal Difference

Reinforcement Learning

Stochastic Approximation

Stochastic Gradient Descent

Dynamic Programming

Approximate Dynamic Programming

Ordinary Differential Equation

Gradient Descent

Accelerated Gradient Methods

Monte Carlo

13



MSE

MSBE

MSPBE

RMSPBE

GTD

HTD

TDRC

Mean Square Error

Mean Square Bellman Error

Mean Square Projected Bellman Error

Root Mean Square Projected Bellman Error

Gradient Temporal Difference

Hybrid Temporal Difference

Temporal Difference with Regularized Corrections

14



Acknowledgements

I would like to take a moment to thank all the people who were instrumental in making this
thesis happen.

First of all, I would extend immense gratitude to my supervisor, Pierre-Luc Bacon. I am
eternally indebted to you for believing in me and supporting me throughout this journey,
especially at times when this work did not seem to offer much promise.

I would also like to thank my colleagues and friends who have supported me con-
stantly throughout this process, especially David Yu-Tung Hui, Sakshi Shrivastava, and
Paul Crouther. I would also like to thank Ryan D’Orazio and Pierluca D’Oro who have
helped me better formulate my problem statement.

I would like to thank my parents, Ashutosh and Shalini Rankawat, whose constant en-
couragement and support have made it possible for me to reach this far. Lastly, I would like
to thank my sister, Mansi Rankawat. This thesis would not have been possible without your
undying support and constant help throughout the process, from helping me decide on the
problem to painstakingly ironing through every detail of the proofs. I am and will always

be eternally grateful to you for everything.

15






Chapter 1

Introduction

Temporal Difference (TD) methods (Sutton [1988]) lie at the heart of Reinforcement Learning
(RL) (Sutton and Barto [2018]), which has seen a recent resurgence with the advent and
success of Deep RL (Mnih et al. [2015]). However, TD methods are known to be slow to
converge (Szepesvari [1997]). This has led to a rise in new TD methods proposed to counter
this issue by accelerating the dynamics. Developing accelerated methods has a long history
of work in the field of gradient-based optimization for stochastic gradient descent (SGD)
(Polyak [1964], Nesterov, Amari [1998]). Inspired by the success of accelerated methods in
SGD, a significant effort in accelerating TD methods comes from a subset of algorithms called
Gradient TD methods (Sutton et al. [2009], Liu et al. [2016]. This can be attributed to the
fact that it is easier to adapt accelerated methods, originally developed in optimization, in
the GTD setting instead of the usual ‘semi-gradient* TD setting. However, it is well-known
that TD is not a gradient descent method (Barnard [1993]) and treating them as one could
worsen their performance if acceleration is added naively (Bengio et al. [2021]).

This begs the question: What does it mean to have acceleration in the RL setting?
Throughout this work, we attempt to answer this question by proposing new accelerated
algorithms for temporal difference methods. In this work, instead of the usual approach
taken in the RL community, we go back to the roots of how accelerated methods were first
introduced using the dynamical systems approach in optimization (Polyak [1964]). We view
TD as belonging to a general class of algorithms called Stochastic Approximation (SA) meth-
ods and take the Ordinary Differential Equation (ODE) approach for the design and analysis
of accelerated methods. This approach also has a long history of usage in the SA community
for establishing the stability and convergence of SA methods (Kushner and Yin [2003], Borkar
[2009], Benveniste et al. [2012]). The fundamental idea behind the ODE approach used in
SA for analysis is that the stability and convergence of the underlying ODEs guarantee the
stability and convergence of the associated SA iterates (Borkar and Meyn [2000]). Specif-

ically, under certain assumptions, we can approximate the behaviour of the discrete-time



stochastic systems by that of the underlying continuous-time deterministic systems (Borkar
and Meyn [2000]). Also, taking the ODE perspective on accelerated methods in optimiza-
tion has shown us that these methods are derived from second-order ODEs of a particular
form. Most notably, these ODEs are known to belong to the class of mass-spring-damper
systems or damped harmonic oscillators (Muehlebach and Jordan [2021], Wibisono et al.
[2016]). We take these existing concepts and build upon them to introduce physics-inspired
momentum-based TD methods. We also establish an intuitive way of analyzing these SA
methods and deriving the convergence rates, drawing from the recent advancements of the
ODE perspective in optimization (Wibisono et al. [2016], Diakonikolas and Jordan [2021],
Suh et al. [2022]). We design the Polyak and Nesterov’s momentum counterparts for acceler-
ation in TD methods. Specifically, we start in the continuous-time domain, designing these
ODEs with fast convergent behaviour before discretizing them to give us new algorithms.

A natural question that might arise next is: How could the dynamical systems approach
ultimately help design accelerated methods in the discrete-time domain? While working in
continuous-time introduces the problem of discretizing the continuous-time dynamical sys-
tem, there are several advantages of adopting this approach to acceleration. Apart from be-
ing the original intuition and approach for introducing momentum in optimization (Polyak
[1964]), acceleration holds a mathematical meaning as a differential concept in continuous-
time. Acceleration also holds a distinctively physical meaning as the rate of change of speed
across a curve and poses the problem of finding the optimal way to optimize as a physically
meaningful question: what is the fastest rate? (Jordan [2018]).

Another advantage of choosing the dynamical systems approach is the ability to design
convergent ODEs, followed by choosing appropriate discretization schemes to convert this
ODE to an implementable discrete-time system. An important question in the field of
numerical integration is to understand the quality of the said discrete approximation. In
addition to this, discretization schemes for numerical integration have certain approximation
guarantees. Various bounds exist for different integration schemes adapted to the structure
of the underlying ODE (Wanner and Hairer [1996]). This allows for more control over the
algorithm design and the ability to choose a discretization scheme that better suits the
structure of our given ODE.

Preserving the convergent nature, stability and accelerated rates of these ODEs in the
discrete-time system is a non-trivial task. Certain integrators are better suited to preserve
the structure of a particular ODE than others (Shi et al. [2019]). Although the primary
focus of our work is on building theoretical foundations for accelerated temporal difference
methods, we also study the impact of different discretization schemes on translating the
accelerated rates obtained from the ODEs to the discrete-time system. We perform explicit

Euler and symplectic Euler discretization on our proposed ODEs and study their behaviour
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on small, linear prediction tasks. Initial results for these accelerated methods have been
reported and they show comparable performance to the existing TD methods.

A significant contribution of our work is that we extend the energy conservation frame-
work of Suh et al. [2022] defined for accelerated gradient descent methods (AGM) to the
semi-gradient TD setting. An advantage of using this approach is that instead of guess-
ing the Lyapunov function needed to perform the analysis of such methods (Wilson et al.
[2021]), which is cumbersome and often requires intensive trial-and-error, we obtain one di-
rectly through the energy conservation law associated with our accelerated TD method. We
theoretically show accelerated rates for the ODE associated with TD(0) with linear func-
tion approximation. Rate derivations for algorithms are known to be very complex; this
methodology, on the other hand, is much more intuitive.

The energy conservation methodology relies on a so-called dilated coordinate system to
derive an energy term and arrive at the convergence rate of the continuous-time system.
However, we can also choose a different dilated coordinate system and derive an energy term
that can help us relate it to energy conservation of physical systems and understand what
constitutes kinetic and potential energy for our accelerated temporal difference methods. We
can therefore discover conserved properties of the underlying dynamical system along with
meaningful interpretations and use them to understand our discrete algorithm using physics

analogies.

1.1. Thesis Statement

This work aims to give a framework to intuitively arrive at the ‘right” momentum counter-
parts for Polyak’s Heavy Ball and Nesterov’s acceleration in TD methods. We also introduce
the energy conservation law-based methodology in SA methods for establishing convergence.
To the best of our knowledge, this is the first work that extends and develops such energy
conservation law-based framework for analysis in RL. We use this framework to derive an
accelerated rate of O(1/t?) for the underlying dynamical system of the proposed accelerated
methods and analytically obtain the parameters needed to get this rate. To this end, we cast
the TD learning problem as an SA method and derive the convergence rates of these accel-
erated methods in the continuous-time system. This is done by viewing the TD update as a
discretization of the underlying ODE. Lastly, we study the impact of discretization schemes
on how well these rates are preserved after discretization using empirical performance of our
proposed methods on small, linear prediction tasks. We hope this work sheds some light on
acceleration in TD methods and reduces the gap between analysis frameworks in RL and

those in gradient-based optimization.
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Chapter 2

Background and Related Works

In this chapter, we give the technical background and introduce key concepts, like dynamic
programming, approximate dynamic programming and stochastic approximation. We ex-
plain the ODE approach used in SA for analysis. We also touch up on some concepts about
discretization schemes and the performance metrics which will be used for evaluation of our
proposed accelerated methods. Lastly, we give an in-depth discussion of accelerated meth-
ods in the optimization community as well as the RL community. A broad understanding of
these concepts is essential to dive deeper into the world of accelerated temporal difference

learning methods that are the focus of our study.

2.1. Dynamic Programming and Reinforcement Learn-
ing

In mathematical optimization, Dynamic Programming (DP) techniques often come into
play in the setting where decisions can be made in stages, or to put it simply, a decision can be
broken down into a series of steps taken over. Typically, the objective is to minimize a given
cost, or equivalently, maximize some reward. Unlike supervised learning where the training
targets are provided, we are working in the setting where optimal (long-term) actions need
to be inferred from a weaker form of supervisatory signal: the immediate reward function.
While the outcome of the decision cannot be accurately stated, we can estimate the impact
of the decision to a certain extent before the next decision is made. With discrete time steps,
for every time step, we can take a discrete decision with a reward assigned for every step of
the process. Our goal in this scenario is to maximize the total reward accumulated at the
end: a quantity called the ‘return’.

Reinforcement learning methods (especially model-free ones) come to the rescue for sce-
narios where a model of the system is infeasible to be obtained, possibly because the system

is not fully known beforehand, not well understood or costly to construct.



As we can see, DP and RL primarily work under the discrete-time assumption. Note
that our use of the ODE approach doesn’t mean that we consider a continuous-time model
of interaction; instead we consider a continuous-time evolution of the parameters of our
model, not the actions.

In essence, dynamic programming (DP) is about leveraging the structure under the MDP
assumption to derive efficient algorithms for finding optimal policies. It provides a solution
for the curse of dimensionality that we encounter frequently in the RL community. Without

it, the space of all possible policies becomes too large to search directly.

2.1.1. Elements of the learning problem

A controller (agent) interacts with the process (environment) using three signals: a state
signal, which describes the state of the process, an action signal, which describes the action
to be taken by the agent in a given state and a scalar reward signal, which gives the controller
feedback to measure immediate performance. At each discrete time step, the controller gets
a state signal which it uses to perform an action to transition into another state. A reward
signal is given to the controller which allows it to evaluate the quality of performance.

The behaviour of this controller is dictated by its policy. A deterministic stationary policy
is a mapping from states into actions outlining what action should be taken for every state
the controller could exist in. The behaviour of the process is determined by the underlying
dynamics, which describes how the state changes based on the controller’s actions. Note that
we obtain an MDP only when the underlying dynamics, specified by the transition matrix,
are Markovian. The process dynamics and reward function, along with the state space and
action space (set of all possible states and actions, respectively) constitute a Markov Decision
Process (MDP). Note that we work under the assumption of a finite state space, allowing us
to circumvent the need to work with Harris Chains.

Till now, we have used terms like process, state, action and reward without formally
defining them. We will now formally define these terms and a Markov Decision Process.

2.1.2. Markov Decision Process

A finite discounted MDP is characterized by the following tuple: (S,.A4, P,R,v) where
S € RI¥l is the set of all possible states (state space), A € Rl is the set of all possible
actions (action space), 7 € RISIXIAXISI ig the transition probability, R : S x A — R is the
reward function and 7 € [0,1] is the discount factor. We assume the actions and states to
be continuous, which allows us to write the transition dynamics as the following probability
distribution: P(S;11]St, Az).

A Markovian stationary randomized policy m(a|s;) is a distribution over actions condi-

tioned the states and determines the action to be taken in a given state.
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In an MDP, at every time step t € 1,2,--- T, the controller takes an action and transi-
tions from state s; to state Sy determined by the transition probability p(Siy1]S;, A;). Upon
this transition, the controller receives a reward R; from the process. The expected reward
can be defined as R(S;,A:) = E[Ry|St, Al = >, er 7 o P(8',7]5:, Ar) where R: S x A — R.

2.1.3. Value Functions and Bellman Equations

The goal of the controller is to maximize the expected cumulative reward received in
the long run. We define this cumulative reward over all time steps to be maximized as
the expected return. If the sequence of rewards received after time step ¢ is denoted as

Ry, Ryyq, - -+, we define the discounted return G, as

T
Gi=Ri+VRp1 + YV Reso+ - =Y YRy
k=0

where the discounted factor v helps determine how to assign importance to the immediate
reward and future rewards to avoid getting an infinite reward in continuous tasks.

Policies are often characterized using their value functions. A value function is tasked
with estimating how good it is for an agent to be in any given state. We have two types
of value functions: the state-value function, V-function, and the state-action value function,
Q-function.

For a policy 7, the value of a state s is given by v,(s) : S — R which is the expected

return from a state s following policy 7. For MDPs, we can formally define v.(s) as

U(8) = Ex[Gy | St = s] =E, [Z YRk
k=0

Sy = s] : (2.1.1)

where E,[.] denotes the expected value of a random variable given policy 7. This function
v, is called the state-value function for policy .

Similarly, we denote the state-action value function as the value of taking action a when
in the state s under policy 7 as ¢.(s,a) : S x A — R. It is defined as the expected return of

the agent in state s, taking action a and following policy 7 thereafter.

Gr(8,0) = Eq[Gy | Sp = 5, A = a] = E, [Z VthJrk

k=0

St = S,At = a‘| (212)

For a given policy 7 and state s, the following recursive relationship holds between the

value of the current state s and the value of its successor states:

Uﬂ(s) =E, [Z /yth-Hc St = S‘|

k=0

=E, [Rt + Z Vk_lRt-s-k—l
k=0

St:S‘|
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Ux(s) = Ex[Ry + yvr(Se1)|S: = 5] - (2.1.3)

Similarly, for a given policy 7, state s, and action a, we can define the recursive relation-
ship between the value of the current state s and the value of its possible successor states

for the state-action value function as:
qr(s,a) = Ex[Ry + Vqr(St41,A041)|St = s, Ay = a] . (2.1.4)

The recursive expressions in (2.1.3) and (2.1.4) are called 'Bellman equations' in the
reinforcement learning community. They provide a relationship between the value of a state
and the values of its successor states.

The Bellman equations provide a representation of v, as a fixed point equation for solving
vy. For the case of a deterministic policy, 7 € II and any given state s € &, we can also
express the Bellman equation as:

v(s) = E, lz YRy

St = S] = Rt + EW [4—/}/ Z ’yk_lRt—l—k—l

St:8‘|

k=0 k=0
= Ry + Epr lﬂ“:w [’Y Z ’Vkile%kfl Si = 5,5141 = 8/1 Sy = 8]
k=0
=R, + ”y/ST”(s’|s)E [Z VR 1S = s’] ds
=0
= R + 7/ T7(s'|s)ve(s")ds" . (2.1.5)
S

Let us define the Bellman operator as 77 : RS — ES. For all s € S, we can write:
(Tve)(s) = Ry + ’}//STW(S/‘S)U(S/)dS/ :
Therefore, we can now rewrite (2.1.5) in a compact from as the following fixed point equation:
Ve =T 0, (2.1.6)

where 77 is a linear affine operator.

2.1.4. Bellman Optimality Equation

The goal of any reinforcement learning task is to find an optimal policy from data.
Policies are assigned orderings using the aforementioned value functions. A policy 7 is said
to be better than or equal to a policy 7 if its expected return is greater than or equal to
that of 7 for all states. Mathematically, we can say = > 7 if and only if v.(s) > v_(s) for

all s € S. An optimal policy 7, is defined as the policy which is better than or equal to all
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other policies. Optimal policies share the same state-value function, v* defined as:
v*(s) = mngw(s) vV se§ . (2.1.7)
Optimal policies also share the same optimal state-action value function, ¢* defined as:
q*(s,a) = mgxqﬂ(s,a) V s€§ ; aeA. (2.1.8)
We can therefore write ¢* in terms of v* as follows:
q*(s,a) = E[R; + yv*(Ses1) | St = s, Ar = a] . (2.1.9)

Since v* is a value function for a given policy, we can write the Bellman equation for state

values given in (2.1.3) to get the Bellman optimality equation.

vi(s) = max gr(s,a)

= méiX ]Eﬂ—* Rt + Y Z ’)/th+k+1 St =S, At = a]
k=0
= max E[R; + 70" (Si41) | S = 5, Ay = d (2.1.10)

This equation states that the value of a state under an optimal policy equals the expected

return for the best action from the state. The Bellman optimality equation for ¢, is
q*(s,a) = E[Ryy1 +ymax ¢*(Si11, a)| S =sA =ad . (2.1.11)

Note that the optimal value function is the unique fixed point of the following fixed point

equation:
v*(s) = max {Rt + 7/‘ST(S/|S,G)U*(S/)C{S/} : (2.1.12)
Let T* : R® — RS be the Bellman optimality operator given by:
(T*v)(s) = max {Rt + V/ST(S'IS, a)v(s’)ds'}

The Bellman optimality equation can also be succinctly expressed as the following fixed point
equation:
T v =v* . (2.1.13)
Note that given an optimal value function, v* or ¢*, we can derive an optimal policy
through the greedy (also called v-improving) policy (Puterman [2014]).

2.1.5. Approximate Dynamic Programming (ADP)

The classical dynamic programming (DP) algorithm requires exact representations of

the value functions and the policies. An exact value function representation can only be

25



achieved by storing distinct estimates of the expected return for every state (for state-
value function) or for every state-action pair (for state-action value functions). Similarly, to
represent the policies exactly, distinct actions for every state have to be stored. However,
such exact representations are infeasible for very large or continuous spaces. Therefore, the
representations of these value functions and policies need to be approximated.

We will now formally define the problem of dynamic programming. Consider the Bellman
equation given by

vi(s) = max E[R, +70(s)|s,a] . (2.1.14)
where the expectation is taken over the stationary distribution induced by running the given
policy 7, denoted by Xy € RIl. Note that since the computation of v;(s) requires #(s) for
each s € § which can be described as stepping backward through time, this is known as
backward dynamic programming.

If S, is a discrete, scalar variable, enumerating the states may be feasible for small state
spaces; but if it is a vector, then the number of states grows exponentially with the number of
dimensions. In the case of continuous s, even if it is scalar, enumerating the states is simply
not possible. ADP addresses this issue by replacing the true value function v(s) with an
approximation which we will denote as v(s). This is known as value function approximation,
allowing methods to search for policies in a restricted space of value functions. We can deal
with multidimensional variables by simply treating the vector s to be a continuous function
of some feature vector denoted by ¢. Note that ¢ is a mapping of the states. A simple
approximation is to assume the value function to have a linear relationship with respect to
the feature vector ¢:

o(S;w) = é(s) w | (2.1.15)
where w € is the weight vector to be learned. Choosing an appropriate value function
approximation scheme is central to the idea of ADP. The task of designing a good approx-
imate value function consists in choosing a sufficiently rich parametrization while keeping
the computational resources under control.

In this setting, the policy is determined by the value function approximation v;,1(S;11)

where the policy space II is the set of all possible value function approximations.

2.2. Policy Evaluation

The goal of policy evaluation algorithms is to accurately estimate the value functions,
vr(s) and ¢, (s,a) for a given policy m. We consider the case of on-policy algorithms where

the policy is stationary.
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2.2.1. Monte Carlo Methods

The simplest way to learn the value function is using Monte Carlo (MC) methods to
estimate the value from experience, specifically averaging the returns observed by the agent
after visits to the state. As we observe more returns, we expect the average to converge to
the expected value.

We formally define a visit to state s as every occurrence of state s in a given episode.
We have two ways of estimating the value function: the every-visit MC method and the
first-visit MC method. While the every-visit MC method estimates v,(s) as the average of
returns after all the visits to state s in a given set of experiments, the first-visit MC method
averages the returns following first visits to state s. We can state the every-visit Monte Carlo

method as:
v(Sy) = v(Sy) + a[Gy —v(Sy)] (2.2.1)

where (G is the return following time ¢ and « is a step-size parameter. Note that this
expression is simply an online average. It is useful as it provides an intuition for SA methods.
Rather than averaging a bunch of samples at every step, we can ‘average through time".
Monte Carlo methods are only defined for episodic tasks since the value estimates are only
updated once an entire episode is run. Though it might seem that Monte Carlo methods are
a good way to estimate the value function, they have a lot of drawbacks. While the updates
generated by the Monte Carlo algorithm in the tabular setting are not biased since we are
approximating an average value of the value function by averaging all the observed values,
however, since we wait until the entire episode is completed to update our estimate, a high
amount of variance is introduced in the update owing to the existing randomness present
in the environment explored during one run of the episode. In addition to this, we cannot

change the estimate of our value function while we are interacting with our environment.
2.2.2. Temporal Difference Methods

Temporal Difference learning methods differ from Monte Carlo methods in that they learn
from the difference between temporally successive estimates of the same quantity. Temporal
Difference (TD) learning is a central idea of reinforcement learning which can be intuitively
explained with a combination of ideas from Monte Carlo (MC) and Dynamic Programming
(DP). TD methods can learn directly from experience without needing a model of the envi-
ronment like Monte Carlo methods and it can update estimates using the previously learned
estimates without waiting for the full episode to run (i.e., bootstrapping). This allows for
learning in an online fashion.

Specifically, TD methods adjust the current value of the earlier state to be closer to the
observed value of the later state. We do this by moving the estimate of the earlier state’s

value function a fraction of the way closer to the value of the later state in accordance with
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the established recursive relationship. Let S; = s denote the state before the greedy move

and Sy.; = s denote the state after the move. We can then describe the update to V(s) as:

V(s) < V(s)+alV(s)—V(s)] ,
where « is the fraction that determines the influence of the update on the existing value of
V(s) This update rule is an example of a temporal difference learning method, defined as
because the changes are based on a difference, V(s') — V(s), between estimates taken at two

different time steps.

e The TD(0) algorithm
Consider the total-return problem given by Equation (2.1.3). We also call this the

fixed-policy Value Iteration Algorithm which can be written as:

Ver1(8) = Ex[Re + y01(Seyr = 8)[S; = 5]

= Rt(St) + ')/z Pﬂ—(St_A,_l = S,|St = S)Ut(st—i—l = S/), seS8S R (222)

or simply vi11 = R, + 7P,v;. Here, we assume that we do not have the exact values
of R, and P, and are learning these quantities with each iteration.

Let © be our estimate of v,. We can say that [R; + y0(s:+1)] where sy, 5441 and R,
are observed at time ¢, is an unbiased estimate of the right-hand side of (2.2.2) such
that:

E[Ry + Y01(se41) (8] = Re(se) + Z Po(s'|s)ue(s)) .

S

However, since there is an introduction of noise in this estimate owing to the ran-
domness in R, and P,, we decide to modify ¥ by a small fraction in the direction of

this quantity, given by:

@(t) (St) = (]_ — O[t)/l/)(t)(St) + Oét[Rt + ’Y?}(t)(st+1)]

= 0W(s1) + cu[Ry + 70 (s001) — 0 (s1)] (2.2.3)

where « is the gain of the algorithm. This is called the TD(0) algorithm.

¢ SARSA: On-Policy TD Control
Here, we are interested in using TD methods for the on-policy control problem. We
start with learning a state-action value function rather than the TD(0) algorithm
where we focused on learning the state value function. Specifically, we estimate
¢r(s,a) for the given policy m and for all given states s € A and actions a € A. In
each episode, we are in state s, having taken an action a given by the e-greedy policy

T to get to another state s, while observing reward r.
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Here, we learn a value function estimating the value of state-action pairs by consid-
ering the transitions from state-action pair to state-action pair. The update rule for
the state-action value function follows (2.2.2) and is done by choosing another action

a: following the same current policy.

4r(s,a) = qr(s,a) + afr + ”yqﬂ(s/,a') — qn(s,0a)] (2.2.4)

Since the update rule relies on the values of the quintuple (S;, Ay, Ry, Siy1, Arr1),
it is called the SARSA algorithm for TD control. We call this algorithm on-policy
learning as the new action a is chosen using the same e-greedy policy as the one used
for taking action a.

Q-Learning: Off-Policy TD Control

While SARSA is an on-policy algorithm and hence follows the given policy 7 through-
out, Q-learning attempts to directly approximate the optimal action function, g,
independent of the e-greedy policy m being followed when learning the state-action
value function (or Q-value function). However, the policy comes into play by gov-
erning which state-action pairs are visited and updated. In both cases, the policy
followed by the agent is taken to be € greedy.

Q-learning uses different policies for choosing the next action a? in a greedy fashion,
i.e., choosing the action that maximizes the Q-value function at the new state value,

q(s',a). This can be written as:

¢ (s,a) = ¢ (s,a) + a[r + 74" (s, a?) — ¢“(s,a)]

=q¢"(s,a) + afr + 7y max ¢(s',u) — ¢V (s,0)] .

As we can see, Q-learning is an off-policy algorithm because the new action a¢ is
chosen greedily and not using the current policy .

Following this update, we go back to starting from the new state s till we finally
reach the end state. Note that the next actions in SARSA and Q-learning, ¢’ and
a? are not actually taken by the agent but are only chosen to update the Q-value
function. The actual action taken by the agent a for both SARSA and Q-Learning
is taken using the given e-greedy policy.

Q-Learning algorithms are known to converge to the optimal policy ¢,.

n-step TD methods

The success of TD methods can be attributed to the idea of bootstrapping; where we
update the estimate of the value function in one state using the estimate of the value
function in the next state. In other terms, v(S;) is updated using v;(S;;+1). These

methods often perform more efficiently than averaged sample returns.
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However, there could be instances where v;(Siy1) may not be accurate. This could
be the case when the rewards are sparse or when our initial estimates of v(S;1) are
poor. In such situations, relying solely on this value for updating v, 1 (.S;) would not
be the best possible learning strategy. Such cases might benefit from using Monte
Carlo methods to add robustness to the value function updates.

Since we would still like to leverage the advantages that come with TD methods in the
ability to make updates before the end of episodes, this requires the need for methods
that lie at the intersection of Monte Carlo methods and one-step TD methods.
While one-step TD methods allow for quicker updates to the value function estimate,
bootstrapping works best when done over a length of time where a significant change
in the state has occurred. We, therefore, extend the existing definition of temporal
methods to allow for multi-step methods enabling us to bootstrap over multiple time
steps.

TD(n) algorithms combine both methods by performing an update using an inter-
mediate number of rewards that is more than 1 (one-step TD methods) but less than
all the rewards until the termination of the episode (MC methods). Specifically, we
modify the TD target to slightly resemble the Monte Carlo target. Since these al-
gorithms still rely on later estimates to update the current estimate, they fall under
the category of temporal difference methods.

Consider our problem of estimating the value function v, from episodes generated by
policy 7. For the TD(0) update given by (2.2.2), we used a 1-step return, denoted
by Ggl) = Ry 4+ yv(Sey1) where vy(S;11) acts as a stand-in for the rest of terms of the
total return: YRy + V2 Riqpg + -+ -.

Instead of using this 1-step return, we now define an n-step return as:

ng) = R+ R+ Reso+ -+ 9" Rt + 7" Ven-1(Seqn) -
Similar to the TD(0) update equation, we can now define the TD(n) update to be:

Vrin(5) = Upan1(5) + G = vygna(5)] (2.2.5)

= Upin_1(8) + Ry + -+ - + Y Riyno1 + Y Vtgn—-1(St4n) — Vign-1(5)]

We know that temporal difference methods use rewards obtained in the future. Recall
that in the TD(0) algorithm, we are required to wait for one step, and observe the
reward and next state before we can make an update to the previous state’s value
function. As n-step methods use rewards obtained from the upcoming n steps, we

have to wait for n steps before we can make any updates to the value function v,(s).
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2.3. Stochastic Approximation

Stochastic Approximation was first introduced by Robbins and Monro [1951] for solv-
ing stochastic root-finding problems from noisy observations. Stochastic approximation al-
gorithms are iterative procedures that make small changes in order to improve a certain
performance criterion based on the feedback received from the environment. They are used
to solve optimization problems and fixed point equations where the direct observations are
corrupted by noise.

Consider the nonlinear equation h(z) = 0 given noisy measurements of the function h.
To put it simply, we do not have access to the mathematical model A, instead, we are given a
black box such that given an input z, it returns a value y = h(z) 4+ & where £ is a zero mean
noise random variable. Let x* be the solution to this equation such that h(xz*) = 0. The
stochastic approximation scheme given by Robbins and Monro Robbins and Monro [1951] is
given by:

Tpi1 = Tp + a(n)[h(z,) + Myia] - (2.3.1)

Here, {M,} is the noise sequence and {a(n)} are positive scalars such that:
> a(n) =00 and Y a(n)’<oo . (2.3.2)
The conditions on the discrete-time steps {a(n)} given by (2.3.2) ensure that the noisy
time-discretization covers the entire time axis (retaining a(n) — 0) while also having the
error due to the noise to be asymptotically negligible, suppressing the noise variance. Note
that h(n) and M, are only available as a sum. It is also assumed that {M,,} is a martingale
difference sequence (Borkar and Meyn [2000]), i.e., a sequence of integrable random variables

satisfying

E[Mp1|Tm, Mpm,m <n] =0 . (2.3.3)
Note that if h(z) is continuously differentiable in z and V, h(z) denotes its gradient w.r.t.

x, we end up with the stochastic gradient method:
Tpi1 = Ty + a(n)[=Vh(z,) + Myiq] - (2.3.4)

2.3.1. ODE approach to the analysis of SA algorithms

A popular approach for the theoretical analysis of these SA algorithms is using the
so-called ODE method where we view the SA scheme given by (2.3.1) as a noisy time-
discretization of a limiting ODE. We will now formally analyze the stochastic approximation
method in R? given by

Tpi1 = Ty +a(n)[h(x(n)) + Myiq1], n>0 (2.3.5)
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with a given initial zy. The following assumptions are made to perform basic convergence
analysis(Borkar and Meyn [2000]):
(1) The map h : R? — R is Lipschitz, i.e., there exists L > 0 such that:

1h(z) = h(y)ll < Lllz = yll, VoyeR?.

(2) Stepsizes a(n) are positive scalars satisfying

> a(n) =00, Y a(n)®<oo .

n

(3) {M,} is a martingale difference sequence with respect to increasing family of o-fields
F =o0(xm, Mpy,m <n)=o(xg, My, ,M,), n>0

This gives us  E[M,1|F,] =0 a.s., n>0.
We also have {M,,} to be square-integrable with

El| Mo |P[F] < K1+ [Jzal]*) a5, n>0

for some constant K > 0.
(4) The iterates of (2.3.5) remain bounded a.s., i.e.,

sup ||z,|| < o0, a.s. . (2.3.6)

Assumption 4 is not a given for the iterates and is usually known to be hard to establish.
For general unbounded spaces, this is a stability assumption that must be proved separately
using other methods, like stochastic Lyapunov functions (Kushner and Yin [2003]). Under
the given stability assumption, the SA iterates given by (2.3.5) are said to asymptotically
track the ODE:

(t) = h(z(t)), t>0. (2.3.7)
We will now discuss how the given assumptions help us arrive at the given limiting ODE.
Assumption 1 ensures that the ODE is well-posed, i.e., it has a unique solution for any
x(0) that depends continuously on x(0). To formally describe the idea that stochastic ap-
proximation asymptotically tracks the trajectories of the ODE, we first define time instants
t(0) = 0,t(n) = X" a(m),n > 1. The approach taken to show this requires us to construct
a continuous interpolated trajectory z(t),t > 0, i.e., a continuous trajectory Z(t) interpolat-
ing the iterates {z,} at times {¢,}, and show that this trajectory almost surely approaches
the solution set of the ODE (2.3.7) asymptotically. In other words, Z(t,) = x,,n > 0 and
is piecewise linear, defined on the intervals [t,,t,11]. Note that the assumption >°° 7y, is
required to cover the whole time-axis and in turn, track the ODE asymptotically. We define
x*(t),t > s to denote the unique solution to ODE (2.3.7) with 2°(s) = z(s). We will now
state the general results that follow from the above defined setting, proofs of which can be
found in Borkar [2009].
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Lemma 2.3.1. For any T > 0,
lim sup ||z(t) —2°(t)|| =0, a.s. .
570 te[s,s+T)

This lemma states that as s — oo, the interpolated trajectory x starting from s remains
close to a trajectory of the ODE. In other words, we can say that the noise becomes asymp-
totically too weak to push the iterates away from the trajectories of the ODE which describe
the typical behavior of the system.

For a formal discussion of the convergence of stochastic approximation, we first need to
define the concept of chain transitivity. A closed set A C R? is said to be an invariant set for
the given ODE (2.3.7) if any trajectory z(t), —oo < t < 400 with x(0) € A satisfies z(t) € A
for all t € R. A close set A C R? is an internal chain transitive set for the ODE if for any
x,y € Aand any € > 0,T > 0, there exists points xo = x, 1, - ,Tp_1, T, = y in A, for some
n > 1, such that the trajectory of ODE (2.3.7), starting at x;, for any 0 < ¢ < n meets with
the e-neighbourhood of x;,; after a time greater than or equal to 7'. These small jumps at
the points of the chain are a natural assumption for stochastic approximations, where the
noise pushes the iterates away from the trajectories of the ODE.

We can now state the convergence theorem for stochastic approximation as
Theorem 2.3.2 (Benaim [1999]). Let us assume that assumptions (1)-(4) are satisfied.
Then, almost surely, the sequence {x,} generated by (2.3.5) converges to a (possibly time-
dependent) compact connected internally chain transitive invariant set of (2.3.7).

This ODE approach is widely employed for establishing the convergence of stochastic
approximation methods. In addition to this, the ODE approach allows us to understand the
average or typical behavior of the algorithm. However, the biggest advantage of taking this
approach is that it is often used to create new discrete stochastic approximation algorithms
from convergent ODEs (Devraj and Meyn [2017], Meyn [2022]).

2.3.2. ADP and connection with Stochastic Approximation

Approximate dynamic programming is a powerful strategy to address the curse of dimen-
sionality in dynamic programming, with TD being one of the most popular ADP methods.
TD was first studied under the lens of SA by Tsitsiklis and Van Roy [1996] who established
convergence using an operator-theoretic variant of the ODE method. We know that stochas-
tic approximation is an algorithm to find the roots of a function with noisy observations. If
TD can be cast as an SA algorithm, the question that arises is: What is the function we are
trying to find the roots of ? Why is this function noisy?

The root finding problem for the TD method happens to be the fixed point problem

associated with the projected Bellman equation. The projected Bellman equation is a variant
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of the Bellman equation given by:

0o=1IT07v , (2.3.8)
where ¥ € span(®) and II is a projection operator with im(II) = span(®). Here, im(II) is the
image of I or more specifically the set im(II) := {Ilz : x € H}. We would now show how
this projected Bellman operator can be expressed as a stochastic approximation method,
which plays a fundamental role in all of our derivations ahead. Note that much of the proof
sketch below follows Yang-Zhao et al. [2018]’s discussion of the projected Bellman equations.

As a recap, for any v € R®, the Bellman operator is given by:
(Tv)(s) =Ry + ’)//ST<S/|S)U(S,)CZS, :
Let Pr be an operator defined as
Prf(s / T(s
We can therefore rewrite the Bellman operator in terms of Pr as
Tu(s) := Ry + yPru(s) .

Note that we would consider the scenario where we have applied linear funtion approximation
to our TD method. We can therefore write ¢ € im(®) as 9(.) = ¢7(.)w. We can therefore
define Pr as:

Pr¢" (s) := [Pro(s) - - Prow(s)] € RF .
Let II, be a natural projection operator characterized by (¢, ). Let ¢ € im(Il,) be given

as & = Y1 ¢;w;. Note that since IT,, projects orthogonally to im(IT},) and onto im(Il), we
have 70 —I1,70 L ker(Il,). We can therefore say that:

(i, TO =11, T0) =0 .
Substituting the projected Bellman equation, we get:
0= (i, T — )
= (01, [R+7Pro" (Jw — ¢" (Jw))

= (¢, R) + <¢i,’7§PT¢jwj> - <¢i’ §¢jwj>

= (i, R) — <¢z, (6 — Y Pro;)uw;)

M- M-

= (i R) = 3 (v (I = vPr)dju;)

<.
Il
o
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We can rearrange the terms to write them as:

k

(Wi, R) = > (i, (I = yPr)gjw; ) = 0 . (2.3.9)

=0
Let us define A € R¥** and b € R¥ as:
A = <1/)i, (I — VPT)¢j> and b; = (¢;, R) where ¢,j=12,---k .
We can rewrite this equation as:
h(w)=b—Aw =0 . (2.3.10)

This is the exact form of a stochastic approximation algorithm. Hence, the fixed point
equation of the projected Bellman equation can therefore be expressed as a stochastic ap-

proximation algorithm, prompting us to say that TD is indeed an SA algorithm.

2.4. Momentum and Acceleration in Optimization

Momentum is a powerful technique for accelerating the convergence of optimization meth-
ods. Momentum-based methods have been known to achieve optimal iteration complexity
for the task of minimization of smooth convex functions over convex sets. One intuitive way
of adding momentum is to add the weighted average of previous steps to the current step,
thereby moving in directions favored by previous steps. In the deterministic setting, lever-
aging information from two successive gradients for making a step has been shown to yield
better convergence rates (Nesterov). Many empirical studies also showed that momentum
methods are capable of exploring multiple local minima (Attouch et al. [2000]) which can
help us explore and achieve a better local minima. Momentum has often also proven to
be useful in non-convex settings where they have theoretically been shown to escape saddle
points faster than non-accelerated versions (Jin et al. [2018]).

The introduction of momentum in optimization is largely attributed to Polyak [1964].
Motivated by the analogy of a heavy ball in a potential well defined by the objective func-
tion, Polyak [1964] introduced accelerated methods for smooth and strongly non-convex
minimization. The Heavy Ball Method, which can be seen as a two-step discretization of

the following second-order ODE with a constant damping term:
Z(t) = an@(t) + eV f(x(t)) . (2.4.1)

In relation to mechanical systems, this second-order ODE defines the dynamics of a
continuous-time harmonic oscillator. Therefore, momentum-based methods in optimization
can be seen as particular time-discretization of the above continuous-time harmonic oscil-
lators. Despite the physical intuition, providing mathematical guarantees for momentum

algorithms in optimization can be difficult. In the case of a quadratic objective function,
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Polyak gave a spectral argument stating that his method requires no more iterations than
the conjugate gradients method (Polyak [1964]). However, this eigenvalue analysis lacked
rigorousness as it did not apply globally for general convex cost functions.

Another seminal work in the realm of accelerated algorithms for optimization was of
Nesterov where they relied on algebraic arguments and later devised a general scheme to
accelerate convex optimization methods. Instead of relying on the physical intuition of
momentum and the subsequent eigenvalue arguments, Nesterov [2005] devised the method
of estimate sequences to establish convergence rates of these accelerated methods. However,
the motivations and the foundations of the estimate sequence methodology can be challenging
to fully grasp.

There have been many attempts to propose alternate schemes for achieving acceleration
(Drusvyatskiy et al. [2018], Bubeck et al. [2015], Lessard et al. [2016], Drori and Teboulle
[2014], Tseng [2008]). A notable line of work in the analysis of acceleration revolves around
taking the dynamical systems approach. Indeed, it can be argued that the concept of ac-
celeration better translates into the continuous-time framework where acceleration can be
viewed as a differential concept, specifically the change of speed along a curve. In the same
spirit as Polyak [1964], there has been a recent surge in the dynamical system perspective for
optimization. The works of Su et al. [2014] and Krichene et al. [2015] analyzed the acceler-
ated gradient method and accelerated mirror descent with vanishing damping terms. These
accelerated methods were seen as continuous time limits of second-order ODEs and showed
that the trajectories of these methods approach the solutions of a given second-order ODE.
The corresponding differential equations were further analyzed by Attouch et al. [2018b].

The connections between dynamical systems and optimization for the analysis of opti-
mization algorithms have also given rise to the development of new frameworks to understand
the behaviour of these accelerated methods better. A recent flurry of works has adopted a
variational perspective and looked into the Lagrangian frameworks to study acceleration
in continuous time (Wibisono et al. [2016], Jordan [2018], Wilson et al. [2021]). Specifi-
cally, Wibisono et al. [2016] shows that the continuous-time limits of all accelerated methods
correspond to travelling the same curve in space-time generated by a specific Lagrangian
functional, called the Bregman Lagrangian, at different speeds. There are other such frame-
works developed, such as Hamiltonian mechanics (Diakonikolas and Jordan [2021]), control
theory (Hu and Lessard [2017]), and high-resolution ODEs (Shi et al. [2022]).

Though this approach has helped in improving the underlying mechanisms behind the
acceleration in optimization methods and developed crucial links between dynamical systems
and optimization, the analysis relies heavily on the hand-engineering Lyapunov functions
(Wilson et al. [2021]) or estimate sequences . Oftentimes, these functions are developed using
the trial-and-error method while making educated guesses. These Lyapunov functions, which

can be seen as non-increasing energy functions, are essential for the exact characterization
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of the convergence rates of our algorithm. While the Lyapunov function approach allows
us to move beyond estimate sequences, the lack of a systematic methodology for arriving at
these functions is undesirable. Muehlebach and Jordan [2021] forgoes the Lyapunov function
approach in favour of exploiting the topological properties of the dynamical system to give
an explicit characterization of the convergence rates up to a constant, which holds true for
both the continuous and discrete settings.

In addition to the analysis of existing algorithms, the continuous-time framework has also
facilitated the development of new accelerated algorithms. A challenge in the application
of the dynamical systems perspective (Betancourt et al. [2018], Franga et al. [2020], Mad-
dison et al. [2018]) is that rate-matching discrete-time counterparts depend on the chosen
discretization scheme: finding the right scheme is a challenge on its own. Previous works
have shown that naive discretizations of the continuous-time dynamical system can fail to
replicate the fast oracle rates seen in the underlying system or lead to unstable discrete-time
systems (Wibisono et al. [2016]). Subsequently, there has been a lot of work on discretizing
these ODEs with vanishing damping terms (Wibisono et al. [2016], Attouch et al. [2018a],
Attouch and Cabot [2018], Adly and Attouch [2022], Diakonikolas and Jordan [2021]) and
discretizing alternate ODEs (Wilson et al. [2019], Muehlebach and Jordan [2019], Zhang
et al. [2019]).

Motivated by the Lagrangian and Hamiltonian mechanics, a body of work has explored
physical interpretations of Polyak’s (Attouch and Alvarez [2000], Attouch et al. [2000], Franca
et al. [2020]) and Nesterov’s (Wibisono and Wilson [2015], Wibisono et al. [2016], Betancourt
et al. [2018]) methods in the Lagrangian and Hamiltonian formulation. An added benefit of
working with the Lagrangian or Hamiltonian formulations of the continuous-time dynamical
systems is the existence of certain conserved quantities of the Hamiltonian which can be
analyzed to characterize the convergence rate (Diakonikolas and Jordan [2021]). Since these
conserved quantities can be viewed as Lyapunov functions, this provides a more intuitive
way of arriving at these functions whose origins have often been unclear (Suh et al. [2022],
Diakonikolas and Jordan [2021]). Specifically, instead of guessing these Lyapunov functions,
they are derived from the same Hamiltonian whose equations of motion are the momentum
dynamics.

Another notable work that explores a similar line of thought is that of Suh et al. [2022]
where they develop a methodology for analyzing these accelerated methods by deriving con-
servation laws, which can be seen to be analogous to the conservation of energy in physics,
in a dilated coordinate system. Along with providing a unified framework for the analy-
sis of accelerated methods in the continuous time realm, they also provide a streamlined
methodology for deriving Lyapunov functions from first principles. This work offers a more

intuitive way of starting from the given ODE and arriving at the conservation law, whereas
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Diakonikolas and Jordan [2021] start from a Hamiltonian with given kinetic energy and
potential energy terms which are then used to derive the ODE.

Working with Lagrangian or Hamiltonian formulations also allows for using symplectic
integration (Wanner and Hairer [1996])for the discretization of ODEs while preserving the
continuous symmetries of the underlying system (Haier et al. [2006]). These conserved
symmetries could also include meaningful terms such as energy or momentum which can
be conserved exactly by these symplectic integrators even if the dynamical flow is only
approximated. This idea was initiated in the field of accelerated optimization methods by
Betancourt et al. [2018] for their ability to be more stable than other integration schemes,
allowing us to use larger step sizes in the discrete-time systems without off-shooting. This
approach has been further explored in works like (Maddison et al. [2018], Franca et al.
[2020], Muehlebach and Jordan [2021], Franca et al. [2021], Shi et al. [2019]), with Shi et al.
[2019] achieving an O(1/k?) by combining symplectic integration with a high-resolution ODE

framework.

2.5. Acceleration of Temporal Difference Methods

While RL has made big strides with the introduction of deep-learning techniques with the
advent of Deep RL, the fundamental ideas underlying these new algorithms remain the same.
Q-Learning algorithm proposed by Watkins and Dayan (Watkins [1989], Watkins and Dayan
[1992]) forms the backbone of deep Q-Learning. In addition to it, actor-critic methods or
policy gradient algorithms have adapted notions from the monumental works of Sutton et al.
[1999], and Konda and Tsitsiklis [1999]. However, at the heart of these advancements lies
the most fundamental RL algorithm: Temporal Difference Learning (Sutton [1988], Tsitsiklis
and Van Roy [1996]).

It is widely known that RL algorithms like TD-learning and Q-learning are slow to
converge and sample inefficient (Szepesvari [1997], Azar et al. [2011]). This necessitates
the development of accelerated algorithms for TD learning. With the development of new
algorithms, mathematical analysis of these algorithms is important for building interpretable,
stable, and convergent algorithms. For the purpose of this thesis, we focus on developing
convergent algorithms along with an asymptotic analysis for the fundamental building block
of RL: TD(0) with linear function approximation. Since this work aims to develop a new
approach to algorithm analysis, it is prudent to start the development of these methods on
algorithms that have known convergent guarantees with existing analysis methodologies.

Bounds for convergence rate can often be obtained either in high-probability or in expec-
tation. There are two main styles of analysis in the literature for TD: asymptotic analysis,
and finite-time analysis. Recent works have focused on obtaining finite time bounds for TD
methods (Dalal et al. [2018b], Dalal et al. [2018a], Lakshminarayanan and Szepesvari [2018]).
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Bounds for two-time scale SA algorithms were developed in Dalal et al. [2018b]. Finite-time
bounds for TD(0) with i.i.d observation noise assumption were derived in Dalal et al. [2018a)]
and Lakshminarayanan and Szepesvari [2018]. However, research on finite time bounds in
realistic settings with Markovian noise have been fairly recent. Bhandari et al. [2018] pro-
vides an explicit finite-time analysis similar to the ones seen in stochastic gradient descent
by providing bounds for vanishing and finite step-sizes for projected TD-learning. Another
work obtaining finite-time bounds on mean square error for constant step-size is Srikant and
Ying [2019] where they do this by considering the drift of an appropriately chosen Lyapunov
function. While establishing finite-time bounds are desirable and often more realistic, we
note that these methods do not provide for a unified theory to design new algorithms but
serve as a way to analyze the existing ones.

Since the introduction of stochastic approximation methods in the early 1950s with the
seminal work of Robbins and Monro [1951], the ODE method has been a staple of algo-
rithm design and analysis (Borkar and Meyn [2000]). The ODE approach relies on the idea
that, under certain conditions, the noise seen in these SA iterates averages out and they
closely track the trajectory of a limiting ODE. The asymptotic analysis theory for stochas-
tic approximation methods has been well-developed and is often a convenient way to show
asymptotic convergence of these SA algorithms (Kushner and Yin [2003], Borkar [2009],
Benveniste et al. [2012]). While this approach is often convenient as it allows to circumvent
issues pertaining to noise, it fails to provide insights into the effect of noise, choice of step-
size, or ill-conditioning on the algorithm. To counter this, an approach based on the central
limit theorem for the SA algorithm was developed by Konda and Tsitsiklis [1999], Devraj
and Meyn [2017] and, Devraj [2019].

A prominent class of new TD algorithms is that of gradient TD-learning methods (GTD,
GTD2, and TDC) which were first introduced by Sutton et al. [2008, 2009] to address the
divergence of TD in the off-policy regime. For RL, off-policy translates to learning the value
function for the target policy, using data obtained while following a different behavior policy.
These methods were designed to replicate gradient descent over the mean squared projected
Bellman error loss function (MSPBE).

Given the close relation between gradient-based TD methods and gradient descent,
adding a momentum term to accelerate the convergence of the iterates, similar to what
is often seen in stochastic gradient methods, is a fairly straightforward extension. Hence,
a lot of work on developing accelerated algorithms has been done with the gradient TD
or fitted value methods (Meyer et al. [2014], Pan et al. [2017], Deb and Bhatnagar [2022],
Ghiassian et al. [2020]).

One of the first significant attempts at incorporating momentum seen in gradient descent
to TD methods is that of Meyer et al. [2014] who extended Nesterov’s momentum seen in

gradient descent algorithms to Gradient TD methods to the setting of policy evaluation

39



with linear function approximation for on-policy learning. Pan et al. [2017] introduced an
accelerated gradient TD (ATD) method that performed quasi-second-order gradient descent
on the MSPBE that provided similar data efficiency benefits as least-squares methods at
a fraction of the computation and storage cost. Ghiassian et al. [2020] introduced another
Gradient TD method called TD with regularized corrections (TDRC) which makes slight
modifications to the TDC methods while achieving performance seen in TD methods.

Farahmand and Ghavamzadeh [2021] view the Value Iteration (VI) algorithm as a dy-
namical system and propose modifications to using tools from control theory to accelerate
their dynamics. The modifications are based on simply controllers that show accelerated
behaviour in these modified VI algorithms empirically.

Momentum counterparts were also introduced to the general SA algorithm with appli-
cations to TD and Q-learning (Devraj et al. [2019], Mou et al. [2020], Avrachenkov et al.
[2022], Deb and Bhatnagar [2022]). Devraj et al. [2019] introduce matrix momentum to SA
with applications to Q-learning while providing a unified perspective on Polyak’s heavy ball
method as the linearization of a particular Nesterov’s method. However, it can be argued
that matrix momentum is not equivalent to the heavy ball momentum. Mou et al. [2020]
briefly discuss SA with momentum and show an improvement in the mixing rate for linear SA
where the matrix A is Hurwitz with a broader discussion on asymptotic and non-asymptotic
properties of linear SA algorithms with Polyak-Ruppert averaging. Avrachenkov et al. [2022]
studied one time-scale (TS) SA with a heavy ball momentum term in the univariate case in
the context of web-page crawling. Deb and Bhatnagar [2022] consider One-T'S and Three-TS
decomposition of Gradient TD with heavy ball momentum iterates and provide asymptotic
convergence guarantees.

Recent works have also attempted to accelerate Watkins’ Q-learning algorithm which is
known to be slow to converge and have poor performance (Azar et al. [2011], Devraj and
Meyn [2017], Chen et al. [2020], Chen et al. [2021]). Szepesvari [1997] first quantified the
slow convergence rates of the original Watkins’algorithm and obtained explicit finite-time
PAC (probably almost correct) bounds and Azar et al. [2011] provide such bounds for their
proposed Q-learning algorithm with faster convergence guarantees. Devraj and Meyn [2017]
introduced the Zap Q-learning with a two time-scale update for a matrix gain sequence such
that the asymptotic variance is optimal and faster convergence is obtained. This framework
was then extended by Chen et al. [2020] to ensure stability of the algorithm. Most of the
above works show convergence in the linear setting, however Chen et al. [2020] designed a new
class of Q-learning algorithms that are convergent even for non-linear function approximation

architectures, like neural networks.
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2.6. Performance Metrics

While off-policy TD is known to diverge with function approximation, several TD-based
algorithms, especially in the on-policy setting, are proven to be convergent. Also, when
TD learning converges, it converges to the TD fixed point. Note that the TD fixed point
corresponds to the weight vector w, when h(w,) = 0.

A natural question that might arise is: Which choice of performance metric would best
help encapsulate the advantages of a given TD method over others while showing the method
to be convergent in nature? Previous works on accelerated gradient temporal difference
methods (Sutton et al. [2009]) that looked into choosing a different objective (such as GTD
methods) chose the Mean Square Projected Bellman Error (MSPBE). Following this, most
works measured the performance of their methods by reporting the Root Mean Square Pro-
jected Bellman Error (RMSPBE).

We start with describing the possible choices of functions that could be used to evaluate
the performance of our methods and show why RMSPBE is the preferred choice. This
explanation heavily relies on the detailed discussion given in Sutton et al. [2009].

Consider the approximated value function to be vy, and the true value function to be v*.
An obvious choice to evaluate the methods is the mean squared error (MSE) between vy, and
v*, averaged over the state space depending on how often each state occurs. We can write

this as:

MSE(wW) =Y z4(vw — v*)* = ||ve — v¥||% - (2.6.1)

Note that, in the second equation vy and v* are vectors and the norm |[v]|3 = vT Xv where
X is a diagonal matrix with the limiting distribution x4 on its diagonal.

While this function might seem like a good choice on first glance, the idea behind temporal
difference methods is for the approximated value function to closely satisfy the Bellman

equation. The true value function v* satisfies the Bellman function exactly to give:
v =r+yPv =Tv" ,

where T' is the Bellman operator. Another measure of how closely the approximate value
function satisfies the Bellman equation could therefore be the mean squared Bellman error
given by:

MSBE = ||[vy — Tvy||% - (2.6.2)
However, it was observed that most temporal difference methods, like TD, LSTD, and GTD,
do not converge to the minimum of MSBE. This happens due to the presence of function
approximators in the value function. The Bellman operator follows the dynamics of the
underlying Markov Chain, irrespective of the function approximator used. This results in

Tvy not being representable by vy, for any w. We therefore require a projection operator,
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which takes a value function v and projects it to the nearest possible value function that is
representable by a function approximator. We call this projection operator Il which can be
written as:

I[Iv=vy where w =argmin Ve — v||% -

For our case with linear function approximator (vy, = @’ (s;)w), the projection operator

turns out to be linear and independent of w and can be written as:

I=9¢(¢"Xe) '¢"X .

All the temporal difference methods mentioned above are seen to converge to a fixed point

of the composed projected Bellman operator, converging to a value w such that:
Vw = TV, .

Hence, we can now empirically track the convergence properties of our method by using the

quantity mean square projected Bellman error (MSPBE), which can be defined as:
MSPBE(w) = ||v — IITv|[% - (2.6.3)

For our specific case, we can further expand on this definition of MSPBE to better understand

this quantity. To do so, we would first rewrite our TD update in terms of the TD Error as:
O = Tp + 7" (sk1)W(sk) — @ (s5) W (26.4)
W(Sgpr1) = W(sk) + adpw(sy) o

for the stepsizes a; > 0. MSPBE (Sutton et al. [2009]) is then defined as:

MSPBE(w(sy)) = E[6x@(sx)] E[@(s1)P(s1)] E[drp(s1)]

=(b—-Aw)'C7'(b - Aw) ,
where  E[0xp(sr)] = b — Awy,, C =E[g(s1)" (s1)],
A =E[p(si)(p(sx) =70 (sx))], and b= E[rx(sy)] .

Note that the TD fixed point corresponds to E[d,w,] = 0 which happens to be the solution
of the system Awj, = b. This is the underlying limiting ODE for our system defined as
h(w) = b — Aw(t). Hence, this shows that our method also optimizes for the MSPBE
without explicitly taking the gradient of it. It also shows that RMSPBE therefore serves as

an apt metric to check for convergence of our accelerated TD methods.
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2.7. Discretization schemes

This section explores the use of numerical methods for transitioning from differential
equations to implementable difference equations. Note that this transition from continuous-
time ODEs to the discrete-time algorithm is a non-trivial step. There are numerous dis-
cretization schemes that attempt to come up with a discrete-time algorithm that preserves
the properties of the continuous-time system (Wanner and Hairer [1996]). Note that we are
only concerned with time-discretization here. The idea is to choose a consistent discretiza-
tion scheme for a given differential equation. A discretization scheme is said to be consistent
if the discretized equations converge to the given ODE as the time step tends to zero (Blazek
[2015]).

Consider a function w(t) that is infinitely differentiable with respect to t. We can therefore
use the Taylor series method to approximate the value of the function w at t + At using the
function value at ¢ with derivatives as:

A%t A"t
w(t + At) = w(t) + At -w(t) + 7w(t) +-- 4

Su(t) |
n:

where w(™(t) denotes the n'™ derivative of the function w with respect to t. First order
discretization schemes, like Euler’s method, correspond to using the first derivative w(t) to
approximate the function value. Second order discretization schemes, like Verlet integration
and leapfrog integrator, also include the second derivative, w(t) to compute the function
value whereas higher order symplectic schemes, like Runge-Kutta method, include more
derivative terms in the Taylor series expansion to approximate the function value. Second
or higher order discretization schemes are more computationally intensive than first order
schemes but provide more stability. Note that in most settings, it is not practical to use
higher order discretization schemes as we do not have more than two derivatives. For this
work, we focus on using first-order schemes for the sake of simplicity.

Consider a first-order ODE given by:
w(t) = h(w(t)) , where w(ty) =wp . (2.7.1)

Our goal is to derive a difference equation which is an approximation of ODE (2.7.1) that

involves difference in only function values without the presence of any derivatives.

2.7.1. Euler Methods

The simplest method to discretize this ODE is the Euler method. The basic idea here
is to obtain a difference equation which involves differences in function value w at different

time steps ¢;.
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From calculus, we can write the derivative of a function w(t) at a given point ¢ = a as:

i(a) = lim w(a + Z) —w(a) |

(2.7.2)

Physically, this just means taking the slope of the secant line joining (a,w(a)) and (a +
i,w(a+1)). Note that as a+1i gets closer to a, the slope of this secant line gets closer to the
slope of the tangent line at a, given by w(a). For a small fixed i, we have the approximation
of w(a) to be equal to . Now, for a limit to exist, both the limit as ¢ — 0 approached from
1+ and ¢~ should be equal. Different forms of the Euler method correspond to approaching
this limit from either the right (i) or the left (7).

Explicit Euler Methods: Explicit Euler Methods correspond to taking this limit in the
definition of the derivative from the right (¢%). From the fundamental theorem of calculus,
we can write: ) (t0)

. Wly) — Wil
t)) */ —————=
w(to)) A
as an approximation to w(ty)). Let wy; = w(t;) and wy = w(ty). We can use (2.7.1) to give
us our Euler method. Note that to obtain the Euler method at ¢;, we use our ODE (2.7.1)
evaluated at tg along with our approximation to w(ty) to get:
w1 — Wy
————— = h(wo,t
At (wOa 0)
wy; = Wy + At - h(’wo, t()) .
We can now write the Explicit Euler update in general as:

We call this method an explicit scheme because we can write the unknown quantity in terms
of known quantities making the computations of the unknown quantities easy. This method
is also called the forward Euler method because we write the equation at the point k& and
the difference forward in time to £+ 1. It essentially translates to making an update at time
step k + 1 using function values obtained at time step k.

Implicit Euler Methods: Note that the explicit Euler scheme was derived by eval-
uating the approximation of w(ty) using the definition of the derivative at a given point a
using i — 07. Implicit Euler obtains a difference equation by taking the limit from the
left (i — 07). Hence, the secant line is now between (a,w(a)) and a point to its left for

approximating w(a). In (2.7.2), we can therefore set a + h =ty and a = ;. This gives us:

w(ty) ~ w :

Note that since ty — t; < 0, this gives us the approximation at time ¢; to be:

w1, = Wq + At - h(wl,tl) .
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We can now write the implicit Euler update in general as:
Wr+1 = Wi + At - h(wkH, k + 1) . (274)

This method is also called the backward Euler method as we are writing the equation at
k 4+ 1 and differencing backward in time. Note that (2.7.4) differs from (2.7.3) since we
must evaluate the function value h(w,t) at the unknown point (wgi1,k + 1) which leads
to a non-linear equation to solve for each wy;. Therefore, while the implicit method can
be more stable in nature than the explicit Euler method, it can also be computationally
more intensive. Also, note that these implicit methods are not more accurate than explicit
methods, but more stable in nature.

Symplectic Euler Methods: A natural question that arises is: How do we leverage
the stability of implicit Fuler methods while reducing the computational cost as seen in the
explicit Euler methods? Symplectic Euler methods are an answer to this. These methods
are often used to discretize Hamiltonian equations and almost conserve the energy (when
the Hamiltonian is time-independent).

Consider the system of differential equations of the form:
w(t) = h(yt)
y(t) = g(wt)

We use the explicit Euler method on (2.7.5) (a) and the implicit Euler method to perform

(2.7.5)

the discretization on (2.7.5) (b). Therefore, we can write the symplectic Euler update for

the system of equations given in (2.7.5) as:
Wg+1 = Wy + At - h(yk, k)

(2.7.6)
Ykr1 = Uk + Al - g(wWpgr, kb + 1)

2.8. Concluding Remarks

In this chapter, we start off with a discussion of basic concepts from Dynamic Program-
ming and RL, like value functions, Bellman equations, and approximate dynamic program-
ming techniques in Section 2.1. We then move on to describing policy evaluation methods
and our specific setting of TD methods in Section 2.2. We follow this by describing the
generic stochastic approximation problem, describing the ODE approach to analyzing such
algorithms, and establishing a link between ADP and SA algorithms in Section 2.3. Specifi-
cally, this section helps us see that TD is an SA method which is an instrumental fact in the
derivation of our proposed methods. We then switch to talk about accelerated methods in
optimization, focusing especially on the dynamical systems viewpoint taken to understand
the behaviour of these methods and analyze them in Section 2.4. Following this, we discuss

the directions of work addressing acceleration in TD methods or RL, in general, in Section
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2.5. Finally, we describe the performance metrics used for evaluating our methods in Sec-
tion 2.6. Lastly, we describe the first-order Euler discretization schemes in Section 2.7. We
would now use the notions described in this Chapter to design accelerated algorithms for
TD methods.
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Chapter 3

Accelerated Algorithms for TD Learning

In this Chapter, we build upon ideas previously discussed in Section 2.4 for designing ac-
celerated TD methods. Note that throughout this thesis, we work on the on-policy setting
for TD(0) with linear function approximation. While we focus on devising accelerated algo-
rithms in this setting, these proofs serve as a recipe that can be used to easily derive such
accelerated algorithms in other settings.

We start this chapter by showing how we can express the TD(0) algorithm as a limiting
ODE. Note that this particular limiting ODE is not new to SA and is used to establish
stability and convergence of the SA iterates (see Section 2.3.1). Taking inspiration from the
optimization literature establishing acceleration to be a second-order ODE with interpreta-
tions as a mass-spring damper system (Su et al. [2014], Muehlebach and Jordan [2019]), we
modify the first-order limiting ODE of TD to two second-order ODEs: one corresponding to
Polyak’s Heavy Ball method and the other corresponding to Nesterov’s acceleration. Lastly,
we perform two different discretization schemes: explicit Euler and symplectic Euler on both

these ODEs to obtain four implementable discrete-time accelerated TD algorithms.

3.1. ODE for TD(0)

We know that the TD(0) update rule can be given by:
v (s) = 00 (sy) + mulre + 40 (s011) — 0 (s0)]]

Consider the on-policy setting for our TD(0) algorithm where the state transitions come
directly from the evolution of a Markov Chain. For the sake of simplicity, we consider the
case of the TD(0) algorithm with linear function approximation, where we approximate the
value function across state space as v = ¢* (s)w. Here, ® € RISI** is the concatenation of
all feature vectors as rows. Note that |S| is the number of states and k is the dimension of
the features. Hence, ¢(s) € R¥! corresponds to the s feature vector. w € R*! is the

weight vector to be learned. Note that ® is assumed to be full rank for w to be unique. 7



is the learning rate of this algorithm. We can therefore rewrite the TD(0) update rule as:
with — w4 nelre + 7¢T(3t+1)w(t) - ¢T(5t)w(t)]¢(3t) : (3.1.1)

To study the average behavior or for analyzing the corresponding deterministic system of
this stochastic process, we need to average out the noise and look at the ODE for the given
deterministic system. To average out the noise, we take the expectation of the SA iterates
under the stationary distribution induced by running a given policy inside our MDP. Note
that a Markov Chain that is irreducible and aperiodic has a unique stationary distribution
x; € RIS Since x, is a stationary distribution, we also have xg = XgPd where P; €
RISIxIS|

Taking expectation of (3.1.1) where s; and s;,1 come from stationary distribution x,4

gives us:
Exﬂ(% + ’Y¢T(3t+1)w - ¢T(3t)w)¢(5t)}
= E[r(st, ar)@(s:) + 7" (s141)W(s0) — @' (s1)wep(sy)]
= > [wa(i)p(i)r(i.a) + v2a(i)[Paly (i) d(G)w(i) — za(i)p(i)(d) w(i)]

1,JES,a€A
= 0T Xyry + v0T X Pydw — T X, dw
= 0" Xy(rqg — (I —vPy)0wW) ,
where r; € RIS and X, € RISIxISI
Hence, averaging the iterates out under the stationary distribution gives us the underlying
limiting ODE for TD(0):
w(t) = " Xyry — &1 Xy(I — yPy))dw . (3.1.2)

Note that this equation now defines a system that is entirely deterministic. We can also
rephrase this equation to mimic the form for SA algorithms for the ease of analysis. Recall
that stochastic approximation aims to solve non-linear problems of the type A(w) = 0 where
w* is the solution to this equation such that h(w*) = 0. For the specific case of TD(0) with

linear function approximation, we can write (3.1.1) in terms of SA iterates as:
Wiyl = Wi + at[hf(Wt) + Mt+1] , (313)

where M, is the Martingale difference taken to be zero (i.e., My = 0) and h(w) = b— Aw
with

A= By [f(50)(l50) — 1(s01)7] and b = By fri(s0)] (3.1.4)
Note that matrix A is assumed to be positive definite and (3.1.3) converges to w* := A~1b.

We can therefore write the limiting ODE as
w(t) = h(w(t)) =b— Aw(t) . (3.1.5)
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3.2. Polyak’s momentum for TD(0)

Interpretations of accelerated ODEs in optimization as mass-spring damper systems have
been long established (Su et al. [2014]). Instead of starting with the difference equation and
deriving the corresponding ODE, we approach this in the converse way. We start from a
particular second-order ODE with interpretations as a mass-spring damper system and show
that Polyak’s momentum version of TD(0) can be derived from the discretizations of these
continuous-time systems.

We can also draw parallels between accelerated methods and damped harmonic oscillators
in physics with second-order ODEs (Su et al. [2014], Wibisono et al. [2016]). Consider the

ODE form for forced mass-spring damper systems which is given by

d’y | dy
M—=+ R— + ky = f(t) .
o2 TRt ky = (D)
Extending this idea to TD(0) and modifying the limiting ODE obtained in (3.1.5), we get a

second-order ODE for the form:
w(t) + B(t)w(t) = h(w(t)) =b — Aw(t) , (3.2.1)

where A =E,,[d(s:)(d(s:) —7P(s:1))"] and b= E,,[rip(s)] - (3.2.2)
This is our proposed limiting ODE for Polyak’s momentum in TD(0).

We will now perform two different kinds of discretizations (1) Explicit Euler discretization
and (2) Symplectic Euler discretization to get the modified update equations. Note that
choosing different discretization schemes could yield us different discrete time algorithms
from the same ODE. Different discretization schemes correspond to different approximations.
Taking inspiration from ideas developed in Section 2.7, we will discretize our second-order
ODE given by (3.2.1). Since we are working with a second-order ODE, we perform these
discretizations by converting the second-order ODE into two first-order ODEs. Let w(t) =
z(t). We can therefore express (3.2.1) as a system of two first-order ODEs as:

w(t) = z(t)
z(t) = w(t) = h(w(t)) — B(t)z(t) .
3.2.1. Explicit Euler discretization

(3.2.3)

We will now discretize (3.2.3) using the explicit Euler scheme discussed in 2.7.1. By doing
so, we get the following equations:
Wit1 = Wi + 1)Zg

(3.2.4)
Zi+1 = Z — NPkZk + Nh(Wy) .

Here, At = 7 is the step size or the learning rate.
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We will now substitute the h(wy) in the equation with values of A and b from (3.2.2).
We have v®(s,) = ¢ (s,)w, and u®(s,) = ¢ (s;)z;. This gives us the following update

equations for TD(0) with momentum:
o (5,) = 0O (s,) + nul? ()
U(t+1)(3t) = u(t)(st) - nﬂtu(t)(st) +n(re + ’YU(t)(StH) - U(t)(st» :

Note that f; is the damping parameter and is a function of time. The analytical form of

(3.2.5)

B¢ will be given using the conservation law that will be derived in the next chapter.

Similar to the algorithm seen in Sutton and Barto [2018], we can now define our algorithm
for TD(0) with Polyak’s Heavy Ball momentum using explicit Euler discretization as shown in
Algorithm 1. Note that the update terms defined in Algorithm 1 differ from the analytical

Algorithm 1: Polyak TD(0) Algorithm with Explicit Euler discretization
Input: Policy 7 to be evaluated, Set n, Ok,
1 Initialize V'(s) arbitrarily (e.g., V(s) =0 V se& ST)
2 Repeat (for each episode):
3 Initialize S; Set V(s) =0, k=1
Repeat (for each step of the episode):
A <+ action given by 7 for .S

4

5

6 Take action A, observe R, S' (new state)
7 Viren(S) <= V(5)

8 Viren (') <=V (S')

9 V(S) « V(S)+nU(S)

10 U(S) < nU(S) = 18U (S) + n[R +Vpreo(S') = Virew (S)]
11 k< k-+1

12 S« S

13 until S is terminal

updates given in (3.3.5) by the additional scaling factor of 1 in u{(s;) term. Note that
this phenomenon has also been observed in Shi et al. [2019] where there was an additional
scaling factor introduced in the update equations of the infamous Nesterov’s Accelerated
Gradient (NAG) method when compared with the discrete-time counterparts obtained by
simply discretizing the ODE. We will discuss this in more detail in Chapter 5.

3.2.2. Symplectic Euler discretization

We will now discretize (3.2.1) using the symplectic Euler scheme discussed in 2.7.1. Re-
call that in this scheme, we use explicit Euler to advance one component and implicit Euler
to advance another. Note that since we simply combine explicit and implicit steps, this does
not strictly correspond to a symplectic discretization as we are not preserving the symplec-

tic structure. Using this discretization, we get the following discrete-time counterparts for
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(3.2.1):
Wil = Wi + NZg

(3.2.6)
Zit1 = Zk — NPe1Zkt1 + DA (Wip1)

where 7 is the associated learning rate for the update equation.

Note that we can further simplify this equation by clubbing terms with z;; as:

Wit1 = Wi + NZg

1
Zpr1 = ————
e (1 4+ nBrks1)

We will now substitute the h(wyy1) in (3.3.4) with values of A and b from (3.1.4). Also,
note that v®(s,) = @* (s,)w; and u®(s,) = ¢’ (s;)z,. This gives us the following update

[Zx + nh(Wiia)]

equations for Polyak TD(0) with symplectic euler discretization:

U(Hl)(st) = U(t)(st) + Wu(t)(st)
1 (3.2.7)
(t+1) _ (t) (t+1) (1)
ut () <1 n 775:&+1> [u (st) +n (rt + v (sp41) — 0 (st))}
We can now define our algorithm for TD(0) with Polyak’s Heavy ball momentum dis-

cretized using symplectic Euler method as follows:

Algorithm 2: Polyak TD(0) Algorithm with Symplectic Euler discretization
Input: Policy 7 to be evaluated, Set n, Ok, vy

1 Initialize V'(s) arbitrarily (e.g., V(s) =0 V se€ ST)

2 Repeat (for each episode):

3 Initialize S; Set V(s) =0, k=1

4 Repeat (for each step of the episode):

5 A < action given by 7 for S

6 Take action A, observe R, S' (new state)

7 V(S) < V(S)+nU(S)

8 U(S) « () [nU(S) +n (R+4V(S) = V(9))]
9 kE+—k+1

10 S« S

11 until S is terminal

Similar to the additional scaling factor introduced in Algorithm 1, we see that the ana-
lytical discrete-time updates given in (3.2.7) differ from the updates in Algorithm 2 with the

introduction of an additional scaling factor n in u®(s;) term.

3.3. Nesterov’s momentum for TD(0)

We use the second-order ODE stated in Muehlebach and Jordan [2019] as our starting
point for obtaining the Nesterov TD(0) counterpart. Muehlebach and Jordan [2019] provide
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Nesterov’s accelerated method for SGD without relying on a vanishing step size argument
while showing that the curvature-dependent damping term is responsible for acceleration.
From Muehlebach and Jordan [2019], we know that the Nesterov accelerated gradient descent
method results from a semi-implicit (symplectic) Euler discretization of the following ODE:
1

Z(t) + 2di(t) + I

Vf(z(t) + Bi(t) =0 | (3.3.1)

where v is constant and d := \/E1+1% and [ = ﬁ;}% Specifically, 2d + f = 1. Note that

changing the value of 7 amounts to rescaling the solutions to the ODE (3.3.1) in time.
Following a similar trajectory, we augment the TD(0) equation to give us an ODE which
is the SA counterpart to (3.3.1). We define the ODE as:

W(t) + 2d(t)Ww(t) = h(w(t) + B)W(t)) = b — Alw(t) + B(t)W(t)] | (3.3.2)

where d(t) and [§(t) are akin to damping parameters, and 2d + 5 = 1. Note that in our
case, d(t) and §(t) are dependent on time. This is our proposed limiting ODE for Nesterov’s
acceleration in TD(0).

We will now perform: (1) Explicit Euler, and (2) Symplectic Euler discretization for ODE
(3.3.2) to get the modified update equations and the corresponding algorithms for TD(0)
with Nesterov’s acceleration. Similar to how we obtained the algorithms for Polyak TD(0)
ODE, we will discretize our second-order ODE (3.3.2) by translating our second-order ODE
into a system of two first-order ODEs. Let w(t) = z(¢). We can therefore express (3.3.2) as
a system of two first-order ODEs as:

w(t) = 2(t)
z(t) = w(t) = h[w(t) + B(t)z(t)] — 2d(t)z(t) .
We will now write the function A in terms of A and b from (3.1.4). We can therefore rewrite
the above equations as:
w(t) = 2(t)
. (3.3.3)
z(t) =w(t) =b — Aw(t) — [2d(t)I + B(t)A]z(t) .

3.3.1. Explicit Euler discretization

We will now discretize (3.3.3) using the explicit Euler scheme discussed in 2.7.1. Doing

so, we get the following equations:
Wil = Wi + NZg (3.3.4)
Zpr1 = 2 — 1[2dp ] + BrAlzy + nh(wy) . -

Here, 7 is the learning rate. Note that since we are working on TD(0) with linear function

approximation, we have v®(s,) = ¢’ (s;)w, and u(s;) = ¢’ (s;)z;. This gives us the
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following update equations for Nesterov TD(0) with explicit Euler discretization:
v (s0) = 0O (s0) + (1)
uV(s,) = u(s;) — n2d,u®(s,)
+ 0 [ (re+ 70 (s101) = 09 (s0) + B (vu (s111) — u®(s1)) )]
We can also rearrange the terms to write the update equation as:
v (s0) = 0 () + nu®(s¢)
ut (s,) = u(s,) — n2deu® (s) + 1B, (vu(t)(stH) — u(t)(st)) (3.3.5)
S GRIRTRICT BRI EN)

Using the update equations given by (3.3.5), we get the Algorithm (3) for Nesterov TD(0)
with explicit Euler discretization.

Algorithm 3: Nesterov TD(0) with Explicit Euler discretization
Input: Policy 7 to be evaluated, Set n, O, dk, v
1 Initialize V'(s) arbitrarily (e.g., V(s) =0 V se€ ST)
2 Repeat (for each episode):
3 Initialize S; Set V(s) =0, k=1
Repeat (for each step of the episode):
A < action given by 7 for S

4
5

6 Take action A, observe R, S' (new state)
. Vel S) = V(S)

8 Viren(S") <= V()

9 V(S) < V(S)+nU(S)

10 U(S) & U(S) = n2diU (S) + 0 (YU (S") = U(5))

1 +1 [R+1Vpreo(S') = Vireal S)]
12 k+—k+1

13 S« S

14 until S is terminal

Note that we did not require an additional scaling term here as seen in Polyak TD(0).
Hence, the update equations in Algorithm 3 directly follow the discrete-time counterpart
seen in (3.3.5).

3.3.2. Symplectic Euler Discretization

Lastly, we will discretize (3.3.3) using the symplectic Euler scheme as discussed in 2.7.1.
Again, note that we use the phrase symplectic to mean taking one explicit step and one

implicit step for our system of continuous-time equations. Using this discretization, we get
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the following discrete-time counterparts for (3.3.3)

W1 = Wi + 1Zg

(3.3.6)
Ziy1 = 2k — 1 [2dp1 ] + Bri1 Al zegy +nh(Wip)
Note we can further simplify this equation by clubbing terms with z;,; as:
W1 = Wi + NZg
(3.3.7)

Zir1 = [(1+ 20dpy) ] + 0Bk Al [ze + nh(wigr)]

We will now substitute the h(wyy1) in the equation with values of A and b from (3.1.4).
Also, note that v®(s;) = ¢” (s,)w; and u®(s;) = ¢’ (s;)z;. This gives us the following

update equations for Nesterov TD(0) with Symplectic Euler discretization:
VY (s0) = 0 (1) + nu® (1)
V) (s,) = u¥ (s) — n[2dp 10V (s0)] + 1B [’YU(tH)(StH) - u(tﬂ)(st)} (3.3.8)
+1 [rt + D (5,) — v(t“)(st)}

The algorithm for Nesterov TD(0) with symplectic Euler discretization is given in
Algorithm (4) as:

Algorithm 4: Nesterov TD(0) with Symplectic Euler discretization

Input: Policy 7 to be evaluated, Set n, B,y
1 Initialize wg =0, zg =0
2 Repeat (for each episode):
3 Initialize S; Compute ¢(S) ; Set wop =0, 29 =0, k =1

4 Repeat (for each step of the episode):

5 A « action given by 7 for S

6 Take action A, observe R, S' (new state)

7 Wii1 = Wi + NZg

s M = ((1+ 20dia) ] + Bon(6(S) — 10(S)6(5)T)
9 Zr1 = M [z, + nh(Wyi1)]

10 V(S) + ¢T(S)wWii

11 kE+—k+1

12 S« S

13 until S is terminal

Note that we chose to keep the update equations in the form of wy,, as it is easier to per-
form computations of the inverse required for the symplectic Euler discretization in this form.
Also, another important point to note is that the inverse of matrix [(1 4 2ndg1)I + 1nBks1A]

always exists since A is assumed to be a positive-definite matrix.
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This concludes the introduction of our discrete-time algorithms for the proposed Polyak
and Nesterov TD(0) methods. Performing explicit Euler and symplectic Euler discretizations
on both accelerated methods has given us four different discrete-time algorithms. In the next
section, we will discuss and compare how the four discrete-time algorithms differ from each
other.

3.4. Comparison between discrete-time algorithms of
Polyak and Nesterov TD(0)

We start with summarizing the update equations of our Polyak and Nesterov TD(0)

methods with explicit Euler and symplectic Euler discretizations respectively.

W =W, t+nz

TDPE = { " ko (3.4.1)
Zpr1 = 2z, — NPz + nh(wy) .
w =W, +nz

TDPS = | " e (3.4.2)
Zk+l = Agnbon) [z, + nh(wii1)]
w =W +nz

TDNE = { ! kI (3.4.3)
Zrr1 = 2 — N[2dp ] + BrAlz + nh(wy) .
w = Wi +nNz

TDNS = { "' ko » (3.4.4)
zir1 = (14 2ndis1)] + 0Bk 4] [z + nh(Wiga)]

To be concise, we use the following acronyms for our proposed algorithms:
TDPE: TD(0) Polyak with Explicit Euler discretization

TDPS: TD(0) Polyak with Symplectic Euler discretization
TDNE: TD(0) Nesterov with Explicit Euler discretization
TDNS: TD(0) Nesterov with Symplectic Euler discretization

3.4.1. Polyak v/s Nesterov

From the above update equations, we can clearly see that the Nesterov versions are
computationally more expensive than the Polyak versions of TD(0). TDNE has an additional
matrix-vector (n5yAz) to perform when compared to the TDPE. On the other hand, TDNE
has an entire matrix inverse to compute ([(1+ 2ndgs1)I + 781 A7)

Also, note that the TDNS is computationally more expensive than the TDPS because of

the presence of a matrix inverse term in the update equation.
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3.4.2. Explicit Euler v/s Symplectic Euler

Looking at the above update equations, we see that the symplectic Euler versions of both
Polyak and Nesterov TD(0) use h evaluated at the updated value of w at time step k + 1,
i.e., h(wgy1). This corresponds to performing the explicit Euler method on one equation
and the implicit Euler method for discretization on the other equation as discussed in 2.7.1.

In general, symplectic Euler based discretizations are computationally intensive. This is
more evident when looking at Nesterov TD(0). TDNS requires the computation of a matrix
inverse.

Hence, we can see that the most computationally intensive methods out of all the four
discrete-time algorithm is TDNS with the addition of the computational complexity of both
Nesterov’s momentum and the symplectic Euler discretization.

Concluding Remarks: In this chapter, we designed the counterparts to Polyak’s Heavy
Ball and Nesterov’s acceleration in TD(0) which were discretized using two first-order Euler
methods, explicit and symplectic, to give us four discrete-time accelerated TD(0) algorithms.

In the next chapter, we will give the convergence rates of the underlying dynamical system
behind both Polyak and Nesterov TD(0). With the convergence analysis, we would also get
the analytical values of the hyperparameters corresponding to the damping parameters, (3(t)

and d(t) to obtain the said accelerated convergence rate.
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Chapter 4

Conservation Laws and Convergence Rates

for Accelerated Temporal Difference Methods

This section aims to provide a framework to easily calculate convergence rates for accelerated
methods in SA. Our work hinges upon Suh et al. [2022] and we now discuss their work in
detail. Furthermore, we provide a proof sketch for calculating rates for TD methods.

The main goal of Suh et al. [2022] is to develop a unifying framework to recover ex-
isting continuous-time analysis for AGD. While acceleration has significantly sped-up first-
order optimization methods, understanding the principles behind their success has remained
shrouded in mystery. Ideas from various disciplines, like control theory and mathematical
physics, were used to explain the phenomenon by looking at the physical interpretations
of the underlying continuous-time system dynamics. However, these analyses often rely on
establishing non-increasing energy functions (Lyapunov function) with unclear origins, often
arrived at through a tedious trial-and-error process. Suh et al. [2022] provides a way for us
to derive these energy functions naturally from the dynamics of the system in the form of
conservation laws, which are analogous to the conservation of energy in physics.

We will now give the general proof sketch for finding conservation laws for accelerated
TD methods which will then be employed to find conservation laws and corresponding con-
vergence rates for Polyak TD(0) and Nesterov TD(0).

4.1. General Proof Sketch

We start by discussing the basics of deriving conserved quantities from a given ODE.
Consider an ODE of the form:

m(t) +n(t) =0 which holds for all ¢ >0, (4.1.1)

where m : (0,00) — R is differentiable and n : (0,00) — R is integrable. Since the

expression m(t) + n(t) equates to 0, integrating this expression over time would give us a



constant quantity. Formally,
d ¢
4 <m(t) + n(s)ds) — () +n(t) =0 |
dt to
which implies that m(t) + f; n(s)ds is constant with respect to time. This is therefore a

conserved quantity. We can then get our conservation law to be:

E=m to + /
E = lim m(ty) = +/ if lim m(ty) exists .
to—0 to—0

E here is independent of time. Note that a given ODE can exhibit several different con-
servation laws based on the coordinate system used. Here, since our focus is to derive the
associated convergence rates for the system, the dilated coordinate system is chosen to ob-
tain a particular conservation law from which extracting the rates for our dynamical system
is pretty straightforward.

Consider the general form of SA ODE (or the ODE of TD(0) with linear function ap-
proximation):

W+ cw = h(w) =b— Aw . (4.1.2)

Note that our goal here is to convert (4.1.2) into the form given by (4.1.1) to derive conser-
vation law for ODE of our interest. Consider a dilated coordinate system y = e¥®(w —w,).
We can then write (4.1.2) in the dilated system as:

Y+ (e = 20 (t))e MMy — (Zﬁ(t) — (1) + C¢(t)) Oy =n(e "y +w,) .
Let g(y,t) = =(§(t) = ¥*(t) + e (t)e "Dy — h(e Dy +w,)).

We can therefore rewrite the equation in terms of g(y,t) as:
ey + (c—20(t)e "Dy + g(y,t) =0 . (4.1.3)

To write this equation as A(t) + B(t) = 0, an integral step to perform is to take the inner
product of (4.1.3) with y:

<e V0§ + (c—2¢(t)e Dy + gly,t),y >=0

e <y y > +(e—201)e ™D <3,y >+ < g(yt),y >=0 . (4.1.4)
We can combine and simplify the first two terms of this expression using the following
relation: ] o)
d |e . _ o Y(t)e™ .
_ — () < > _2\E 2
dt[ 917 =0 <. > POy
Substituting this in (4.1.4), we get
l ] ( ) eV <y y >+ <glyt),y>=0. (4.1.5)
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Let us define U(y,t) = [, g(y,t)dy. We will discuss the validity of taking this integral in the
section following this proof sketch. Note that giving the curve y(¢) as the first input to U
gives us U(y(t),t), which is a function solely dependent on t. Taking the total derivative of
U(y(t),t) with respect to ¢ and applying the chain rule of vector calculus, we get:

SO0 =< gly(0)0).5 > + 2 U¥().1)

, gtU (y(t),t) means taking the partial derivative of U(y,t) with respect to ¢t and then
plugging in 'y = y(t).

The subterm < ¢(y,t),y > can now be simplified with this relation as:

Here

< gy (00).5 >= S0 0)0) ~ DU (4.16)
Substituting (4.1.6) in (4.1.5), we get:
S|+ (= 20) e < gy > 4 L0090 - SUG0 =0
J—" i
i |5 IsE v+ (- 25 s - Jupwa =0 @
Note we can now see (4.1.7) as our desired ODE A(t) 4+ B(t) = 0, where
e—wu ]
A0 = 5P+ V0.0 and 80) = (o= X0 O - Jutinn

For 0 < t <ty < 0o, integrating (4.1.7) from ¢, to t, we get:

e~ ¥(to)

E =S5t + Uly(to). o)

e~ ¥ t h(s t
= SO U0+ [ (o= 20 ) el ipas - [ vty

to
(4.1.8)
This is our general form of the conservation law. Note that if u(t) = 1 and U(y,t) =

U(y), then this conservation law transforms into the usual conservation of energy in physics.
Analogous to the conservation of energy in physics, we can say that the F comprises of the
following terms: (1/2)|]y||* which corresponds to the kinetic energy; U(y,t) is the potential
energy; ftto c||y||* corresponds to the energy dissipated as heat due to friction, and the fourth
term vanishes as potential U is independent of time (Suh et al. [2022]).

Validity of the operation U(y,t) = [, g(y,t)dy It has been long established that TD
is not a Gradient Descent (GD) method. Simply put, the TD updates cannot be written
as the gradient of some function. Since g(y,t) includes h(W,t) which is the TD objective, a
common critique of performing the operation U(y,t) = [, g(y,t)dy can be that taking this
step could mean assuming that there exists a function U(y,t) taking the gradient of which

can give us the TD objective. The purpose of this section is to explain that performing this
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operation is valid and does not go against the fact that TD is not gradient descent. Consider

the TD objective given by

h(W(t)t) = Eqy[rede(s0)] — o,y (s0)(dy(s1) — v (5001)) " [w(?)
=®TXR; — dTX(I — yPy)dw

Taking derivative of h(w(t),t) with respect to w; and w;, we get:

(;W ) = "X Ry — ¢TX(I — vP))dw |

T t) = 67X Ry = GTX (I~ yPaow

Taking the cross derivative of h(w,t), we get:

Ph(wit)
82h(w,t) T
m = <Z5jX<[—’VPd)¢@'

Since the second partial derivatives are not symmetric, according to Schwarz theorem, the
second partial derivative is not continuous. Hence, this shows that TD method is not a

gradient descent algorithm. However, this does not dispute the existence of the terms 6ha(;v’t)

and ah;” While these first partial derivatives exist, they do not give a descent direction
as the second partial derivatives are not symmetric in nature. Hence, U(y,t) = [, g(y,t)dy

is a valid operation to perform and does not imply that TD is a gradient descent method.

4.2. Preliminaries

Before starting our formal proof, we will define the general notation and definitions that
will be revisited throughout the proof. For the sake of simplicity, we will focus our attention
on finite-dimensional real-valued vector spaces. Consider an n-dimensional real vector space
that is endowed with a norm |.||. We stick with the standard notation for Euclidean spaces,
where (.) denotes the inner product, and ||.|]| = ||.||2 is the Euclidean norm.

We consider the problem of policy evaluation for TD(0) with linear function approxima-
tion such that v = ¢’ w where ® € RI*I*¥ is the concatentation of all feature vectors as rows

and ¢(s) corresponds to the s*® feature vector. The update rule is therefore given as:

with = wlt) 4 Ui [rt + ’Y¢T(3t+1)w(t) - ¢T(St)w(t)]¢t .

We will be viewing this equation as a stochastic approximation algorithm used for finding
the fixed points of the equation h(w) = 0 where w, is the solution to this equation such that
h(w,) = 0. For this proof, we will solely be working with the underlying limiting ODE that
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tracks the average of these iterates, which can be written as:
w(t) = h(w(t)) =b — Aw(t) , (4.2.1)

where A = E,,[,(s)(¢i(se) —véi(se01) ] and b =E,,[riy(s.)] -
We assume matrix A to be positive definite. Equation (4.2.1) is also known to converge
to w, := A" 'b.
We will now outline some useful facts and definitions that would be used for both con-
servation law proofs.

Definition 4.2.1. An operator H : R™ — R" is said to be a monotone operator if:
(He— Hy,z—y) >0 V x#vy.

Definition 4.2.2 (Suh et al. [2022]). Let A : (0,00) — R be differentiable and B : (0, 00) —
R be integrable. Suppose

A(t)+ B(t) =0
holds for all t > 0. Then, for 0 < ty < t < o0, integrating from ty to t gives us the
conservation law:

t
E = A(ty) = A(t) + | B(s)ds .
to
Also, if the limy, o A(to) exists, then we have

E= tlolin A(ty) = )+ /
Note that this is a general definition and methodology for finding conservation laws for

any dynamical system that does not apply any restricting conditions.

Definition 4.2.3 (Suh et al. [2022]). Consider a function U(y,t) with variables y =

(Y1, - yn) € R" and t € R defined as

Uy, 1) rz/yg(Y,t)dy e R,

where g(y,t) : R" — R™ When y(t) is differentiable, the chain rule gives us

L ugt) = g, t), ) — LUy 1) .

dt ot
Note that taking the total derlvatlve corresponds to viewing w(t) as a curve dependent
on t whereas taking the partial derlvatlve 5; corresponds to viewing w as an input to U that

is independent of ¢.
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4.3. Conservation law for Polyak TD(0)

Consider the following ODE for accelerated TD(0) with Polyak’s momentum:

W(t) + fwu) = h(w(t)) = b— Aw(t) (4.3.1)

where A =By, (s1)(@;(s1) = 7,(s1))] and b = Ex[rigp,(s1)] -
Note that we are trying to solve to find the fixed-point for the function h(w) where

w = w, is the solution to this equation such that h(w,) = 0.
Consider the dilated coordinate system y = t*(y — y,) for some a € R to be defined
later. We now express the ODE (4.3.1) in the y- coordinate system as:

y =t"(w—-w,) ,
y = at* H(w—w,) +1*W ,
V= ala— 1)t (w—w,) + 2at* W + t*W .
Rewriting w, w, w in terms of y,y,y, we get:
w=1t%Y+w,,
w =ty —at" @ty
W=ty — 20t~y 4 a(a + 1)t~y |

Plugging w, w, w in ODE (4.3.1), we get:

7oy — 2ot~ @ty 4 f [t—ay — at_(o‘“)y] —h(t™ %y +w,) =0 .

Y + (B =22ty +ala - g+ Dty —h(t "y +w,) =0 .
Let us define g(y,t) = a(a — B+ 1)t~ @y — h(t~y + w,). We can write the ODE as:
£y + (8 — 2a)t" Py + g(y,t) =0 . (4.3.2)

Lemma 4.3.1. Let y evolve according to (4.3.2). Denote U(yyt) = [, g(y,t)dy where g(y,t) =
ala—p+ Dt~y — bt~y + w,). Then, Vt >0, we have

y'y

U(yt) =ala—F+ 1)t’(°‘+2) 5

—bWy+t oyl Ay + wl ATy .

PrOOF. Ul(y,t) is defined as [, g(y,t)dy. Performing this operation gives us:
Uly.t) = / 9(y.t)dy
Yy
= [laa = 8+ De=@*2y — ht-y + w.)ldy
Yy

T
=ala—pF+ 1)t’(0‘+2)¥ bWy +toyT Ay + wiAly .
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Note that as we have discussed before in Section (4.1), performing the operation U(y,t) =
Iy g(y,t)dy does not imply that we are assuming that TD is a gradient descent method. We
will now use Lemma (4.3.1) to obtain a conservation law for Polyak TD(0).

Proposition 4.3.2. Let w evolve according to (4.3.1), for an arbitrary but fized wy € R™

such that w(0) = wy and w(0) = 0. Then, Yt > 0, the conservation law can be given as:

E =

Qta—Q Qta—z

t t 3 _ 2 2 2 2
+ (5—30‘) ol s + [ KO‘ sa O‘f* af + a)so‘BHw—w*HQ] ds

+/ as® H(w— w*)TA('w w,)ds .

—w, i 2 ) 2
l|a(w — w, + tw|]*) n (aﬁ o +O‘> llw— w,||* — t*(h(w), w — w,)

PROOF. Taking the inner product of (4.3.2) with y gives:
(Y + (B —2a)t" Ty +g(y1),5) =0 .

(t9,¥) + (B —22)t" Ty, y) + (g(y.t),y) =0 . (4.3.3)

d (|lyl? y . oyl
N =< —, > — .
dt ( 2o toY 7 gpatt

From Definition (4.2.3), we can say that:

Now, we have,

<gy0).§ >= S0y~ U0

Substituting these in (4.3.3), we get:

d y||? , 0
ﬁCZU+wa) (5= 5 ) e IBIP - S0 =0,

2
where  A(f) = ”23;! +U(yt) and B(t)—(ﬂ—?’;‘) @) |52 = ;U(yt).

Substituting U(y,t) from Lemma (4.3.1), we will now find the partial derivative of U(y,t)

with respect to t:

0 y'y
Ulyt) = [ (a—pB+ 1)t_(a+2)7 —by+t Ty Ay + wl ATy

ot ot

—(a+3) y'y —(a+1) T 4
—afa—f+1)(a+2)t 5 —at y Ay .

We will now substitute y(t) = t*(w — w,.), we get:

sl = w.

gU(y, t)=—ala—p+1)(a+2) 5

ot

—at* N (w—w) Aw —w,) .
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Note that using Definition (4.2.2), we can write our conservation law as:
t
E=A(t)+ | B(s)ds
to
y'y
+ Oé(a - B + 1)t_(a+2)7

t Ja\ )
[ (8-5) s gRds
0 2
oallw = w
2

Iyl

> — by +t %y Ay +wl Aly

+/Ot <a(a — B+ 1)(a+2)s +ozs“‘1(w—w*)TA(w—W*>>

Substituting y = t*(w — w, ), we get:

tf|atH (w — w,) + 1w oo [W — w|[?
- o +a(a— §+ et

—t (w —w,) +t*(w —w,) T A(w — w,) +t*wl AT (w — w,)
! 3o a1 : 2)
—i—/o <<B 5 )s ||as™ (W — w,) + wl||° ) ds

o [W — W[
2

E

+ /Ot (a(oz — B+ 1) (a+2)s +as* N (w—w,) A(w — W*)> ds .

Let I = /0t ((ﬁ - 3204) s Has™H(w —w,) + W||2> ds

os|lW = w.

+ /Ot (a(a — B+ 1)(a+2)s 5 + ozso‘_l(w — W*)TA(W — w*)> ds .

Solving for the integral, we get:
208 — 30 t 3
= (2O e wilP o [ (55 s
2 0 2
+/t [(ag —3a? — a?B + 208 + 2
0

5 ) s 3w — w,||* + as® H(w — w,) T A(w — w*)] ds .

We can now simplify and write our conservation law as:

ta tfl . n o112 _2 2
E = ||a (W2W)+W|| _,_(O‘ﬁ 204 +a>ta_2||W—W*H2—tabT(W—W*>
a T a T AT t 30N o tiieii2
1w — W) T Aw = w) + T AT (w = ) + [ (5—2>s il

t[{a® —3a® —a?B + 208 + 2
+), ;

) s 3w —w,||? + s Hw —w ) Alw —w,) | ds .
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Expressing quantities in terms of h(w), we get:

|a(w — w, + tw]|?) aff —2a% + « N
b= opa—2 + opa—2 ||W - W*H —t <h(W), W — W*)
t t 3 _ 2 2 2 2
+/ (5 - 304) s"‘_1||v'v||2dg+/ Ka 3" —a’ft+2af+ a) s |w —W*||21 ds
0 2 0 2
t
+ / as® N (w—w,) A(w —w,)ds .
0
(4.3.4)
U

Lemma 4.3.3. Let £y = lim;_,;, E denote the conservation law at the starting point .

Then,
a2a—p+1)
2

Ey = tg"QH'wo—w*HQ—tS‘(h(wo),wo—w*} .

PRrROOF. Using Defintion (4.2.2), E can be expressed at the initial start point ¢, as:

Fo = fip A()

= lim <Hy”2 + U(y,t))

t—to 2'[;0‘

ta—2 _ 1o W 2 — 1
_ (0 atw =) WD) | ol = P Doy w2 - g7 (w - wa)

+t3(w—w) A(w —w,) +towl AT (w —w,) .

Simplifying the terms, we get

aa—-pF+1) o
E, = ( 26 )to 2||W0 — w*||2 —t5 [bT(WO —w,) + (wo — W*)TA(WO —w,)
+ WfAT(WO —w,)]
a2a—-0+1) o
E, = ( 26 )to 2||W0 — vv*||2 —t5 [bT(WO — w,)+(wg — W*)TA(WO —W,)
+ WZAT(WO —w,)]
aa—-pF+1) o
E, = ( 26 )to 2||w0 — w*||2 +t5 [bT(WO —w,)+ WEA(WO —w,)]
200 — B +1
— a(2a 26 )tg"QHWO—W*H2—|—t8‘(b—ATW0,W0—W*) )
We can therefore write the conservation law as:
a2a—-F+1) o
Ey = ( 25 >t0 2|lwo — w2 — t5(h(wo), wo — W,) . (4.3.5)
O

Since F remains conserved, we can therefore equate (4.3.4) and (4.3.5). Also, since

h(w,) = 0, we can modify the equations and write them as:
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al2a—p+1)

to % |lwo — wo||* — 5 (h(wo) — h(w.), wo — W)

2
— 202
t — W, tw|?
ACE 304) 52| o] P < LW = W) + 0] (4.3.6)
0 2 2t0¢ 2

+/t [a?’ —3a% — a?B + 2a8 + 2«
0

5ea3 lw — w,||?| ds

+ /Ot s H(w—w,)TAlw —w,)ds .
Lemma 4.3.4. Let h(w) = b — Aw where A is positive definite. We can therefore say that:
(h(w) — h(w,), w—w,) <0
holds true for all w # w, € R™.

PROOF. Note that for a general affine function f(x) = Ax + b, we can call it monotone iff
A+ AT = 0.. For monotone functions, we know from Definition (4.2.1) that (x —y, f(x) —
fy) >0 ¥xAy.

Here we have the affine function h(w) = b — Aw where A is positive definite and hence
symmetric i.e., A + AT = 0. This makes —A negative definite and hence, we can say that

—h(w) is a monotone function. Since —h(w) is monotone, we can say that:

(h(w) — h(w,),w —w,) <0 .

Using Lemma (4.3.4), we can show that the following terms are always positive:
(h(wo) — h(wy),wo —w,) <0 = —ti(h(wo) — h(w,),wo —w,) >0 .
(h(w) — h(w,),w —w,) <0 = —t*(h(w) — h(w,),w —w,) >0 .

We will now use this conservation law relation to derive the convergence rate for our
accelerated TD methods. We can simplify and remove positive terms from the equation
if the coefficients of those terms remain positive. This gives us the conditions needed for
the ODE to be accelerated. The convergence rate depends on the choice of a. Since we
observe t* multiplied with the term (h(w) — h(w,), w — w,), the choice of o determines our
convergence rate. In anticipation for an accelerated rate of O(1/t?), we take o = 2.
Theorem 4.3.5. Let w evolve according to (4.3.1) which solves for h(w) = b—Aw where A is
positive definite. Let w, be the minimizer for h(w) such that h(w,) = 0. Let w(0) = wy € R"
be an arbitrary but fized initial point, and wy = 0 denote the initial conditions. For the

conservation law E and Ey given by Proposition (4.3.2) and Lemma (4.3.3) respectively,
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setting o = 2, we get the convergence rate expression for (4.3.1) as:

PROOF. We can simplify (4.3.6) to be:

o 26w = w,) + b

5 +(8 = 3)llw = wi| | = £ {h(w — h(w.), w — w.))

# (B2 e 2w A - )

We can further simplify Fj as tg — 0 which would be applied to E after substituting a = 2.

(4.3.7)

We can therefore write Ej as:
Ey = (5—B)||wo — w.l]* . (4.3.8)

Equating (4.3.7) and (4.3.8), we get:

[|2(w — w,) + tw][?
2

+ (8 =3)llw — wil|* = *(h(w — h(w.), w — w.))

+4%523HMP+?w—meW—wn-
(4.3.9)

Since we are calculating the rate, we can neglect positive terms that do not contribute to

(5= B)llwo — w.||* =

the rate and transform (4.3.9) from an equality to the following inequality:
(B = 3w — w.l[* = t*(h(w) — h(w.),w — w.) < (5= B)||wo — w.|[* . (4.3.10)
Any (5 € [3,5] ensures that all the terms remain positive. We choose 5 = 3 to get:
— t*(h(w) — h(w,), w — w,) < 2||lwo — w,||* . (4.3.11)
Expanding on the term (h(w) — h(w,), w — w,) in (4.3.11), we get:
—t*(B — Aw — B+ Aw,, w — w,) < 2||wy — w,||?
AW —w,),w —w,) <2||lwo —w,|| (4.3.12)
tz(w —w,)TA(w — w,) < 2||lwg — W*H2 )
Now, we know that for a positive definite matrix A € R™*" and x € R", we can write

A A
)\mmHX”Q S XTAX S A

maa|XI1*
A

where )\A max

man

of A. Applying this for (4.3.12), we get:

is the minimum eigenvalue of the matrix A and A2 is the maximum eigenvalue

2\A
t )\min

[lw — w[* < 2|lwo — w.|[* .
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Finally, rearranging the terms of the above expression, we get:

lw — w,||* < [[wo — w|[? . (4.3.13)

— 24

min

Note that since A is a positive definite matrix, A2, > 0. Hence, the coefficient of ||wy—w,||?
is always positive. Using the expression given by (4.3.13) and the whole conservation law
analysis in general, we can make the following conclusions:

(1) Choice of Damping Parameter. For the case of Polyak TD(0), we have one
damping parameter, 5. One major advantage of performing this conservation law
analysis is that we get the exact value to choose for 3, i.e, § = 3. Hence, the only
hyperparameter we need to optimize for is the learning rate.

(2) Boundedness of the term ||lw — w,||>: Using this expression, we can say that
||[w — w,||? is always bounded by ||wy — w,||%.

(3) Convergence Rate for Polyak’s momentum. Since the coefficient # is pos-

itive, (4.3.13) serves as the convergence rate equation for Polyak TD(0) with linear

function approximation. Hence, we recover a convergence rate of O(1/(t?\%. ) for
the underlying dynamical system from our analysis.
4.4. Conservation law for Nesterov TD(0)
Consider the underlying ODE for Nesterov TD(0) given by:
w(t) +2d(t)w(t) = h(w(t) + B(t)w(t)) = b — A(w(t) + B(t)W(t)) , (4.4.1)

where A = Ex[¢(s¢)(Py(st) — 79u(s1))], b =Ex[riépy(se)], and 2d(¢) +5(t) =1 .
Note that parameters d(t), 5(t) are dependent on ¢. Simplifying (4.4.1), we get:
w(t) + (2d(t)] + p(t)A)w(t) = b — Aw(t) . (4.4.2)

Let w, denote the minimizer for h(w(t)). Consider the dilated coordinate system y =
(t + ¢)*(w — w,) with yet undetermined a,c € R. We can therefore express (4.4.2) in the

y-coordinate system.
y =@+ (w-w,),
y=at+co)* H(w—w,)+ (t+c)*W ,
v =ala—1)(t+c)* 2w —w,) +2a(t +c)* 'w+ (t+c)*W .

68



Rewriting y,y, ¥y in terms of w, w, w, we get:
w=(t+e) Yy +w,,
W= (t+¢) Y —alt+c) @y
W= (t+¢)7y — 2a(t + )"y 4+ (@ 4+ a)(t 4+ ¢) "y .
Substituting w, w, w in (4.4.2), we get:
(t+¢)*y — 2a(t +¢) "y 4+ (o +a)(t +¢)~ 2y
+(2d(1)T + BHA) [(t+ )™ — a(t + o)~y =b— A[(t+ )y + w.]
Let us define
gy () = (®+a)(t+c)" Dy —a(t4+c)~ @tV 2d(t) ] + B(t)Aly—b+A [(t +¢) %y + W*}
We can therefore rewrite the ODE in terms of ¢g(y(t)) as:
(t+¢)°F — 2a(t + )"y 4 (t + )" [2d() ] + B(H)A]y + g(y,t) =0 . (4.4.3)

Lemma 4.4.1. Let y evolve according to (4.4.3). Denote U(y,t) = [, g(y,t)dy where we can
express g(y,t) as: g(y(t)) = (@®+a)(t + ) @Dy —at + o)~V [2d()] + B(t) Ay — b+
Al(t+ )"y + w,]. Then Vt > 0, we have:

(v +1)

Ulyt) = [at+c o

— 2ad(t -
ad(t) T te

(t+c)~ D |y| P+ (t+c) [1 ] Yy Ay—(b—Aw,,y) .

PROOF. Let us define U(y,t) = [, g(y,t)dy. Performing this operation, we get:

Uy.t) = [ gly.0idy

y

- /y (02 + a)(t + &)@ Dy —a(t + )"V 2d(1)] + B(1) Ay

—b+ A[(t+c) "y +w.]dy
= (@ + )t + )" “P||y|P — 2ad(t)(t + )"V ly[]* — aB(t)(t + )~y Ay
—bly + (t+ )y Ay + w! Ay

- Qad(t)] (t+ )" C||y|]2 + (t + )@ [1 - ‘Zi(tc)] y' Ay — (b — Aw,.y) .

:la(aH)

t+c
O

Note that we have described the validity of performing the operation U(y,t) = [, g(y,t)dy
in 4.1. We will now use Lemma (4.4.1) to obtain a conservation law for Nesterov TD(0).

Proposition 4.4.2. Let w and y evolve according to (4.4.2) and (4.4.3) respectively. Con-
sider an arbitrary but fized wy € R"™ such that w(0) = wy and w(0) = 0. Then ¥t > 0, the
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conservation law can be given as:

ala+1)

—2ad(t)| (t+ ) |w — w,||?
oo~ 20d(t)| () lw— wi]

E=(t+¢)* ?]a(w— w,) + (t + c)w||* + [

ap(t)
t+c

+ [1 — ] (t +o)*(w— w)"A(w — w,)
+ t [261(5) _ 2(33?-@)] (s + )22 |a(w — w,) + (s + c)io| Pds
+ /t B(s)(s + )2 a(w— w,) + (s + )] Ala(w— w,) + (s + c)w] ds

+/ [ 20/ as++c (>+a<a;1+><co;2+2) +2ad(s)] (5 + ¢)* || w — 1w,|[2ds

PROOF. Taking the inner product of (4.4.3) with y, we get:
(t+ o)y, y) +2d(6)(t + ) IyI[* + Bt + )"y, Ay) — 2a(t + )" ||y
+(a® + a)(t + )"y y) = 2ad(t)(t + )Ty, y)
—ap(t)(t+0) Ty, Ay) — (b— A[(t+ ) "y +w.],¥) =0 .

Now, we have

(0™ N afte e
i () = oo - e
From Definition (4.2.3), we can say that:
<oly )3 >= U 1) — Uy
g\y:t),y dt Yy, ot :
Substituting these in the above equation, we get:
d (t—l—c) a 3a (o . ol
i (5P + 000 ) = e o e+ 2a) e+ 0P

FA)(E+ 09, AF) — Uy 1) =0
(4.4.4)
We can therefore see that this equation is of the form A(t) + B(t) = 0 as described in
Definition (4.2.2), where we have:

(t—l—c) @

A(t) = I¥1]*+ Uly,t), and

B(t) - —32@ e DG+ 2d(0)(e+ )P + B+ ) AF) U0
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Substituting U(y,t) from Lemma (4.4.1), we will now find the partial derivative of U(y,1)
with respect to ¢:
oU(y,t
g )= (a4 )0 + @)1+ )7y + 20(a + D)+ y|
= 20d(t)(t + )" Vlyl[* + oo+ DAE)(E + ) y" Ay
—af(t)(t + )" TVyT Ay —a(t + )" HyT Ay
_[2a(a+1)d(t)  (a+2)(a+a
B t+c (t + ¢)?
+1)8(t
J et

t+c

. 2ad(t)] (t+ )"V ly?]

~ait) ~a (¢ oy ay
Substituting these terms in (4.4.4), we get:

;tl(t +2c) 191 + liofcl)—zad(t)] (HC)(aH)HyHQ}

)

- 320‘@ + )TV + 24 (1) (¢ + )Y + BE)E+ )7, Ay)

2a(a + 1)d(t) (a4 2)(a+ 1) : —(a+1)[|<,2
_l t+c  (t+c)? _Md(t)] (te I|

Note that using Definition (4.2.2), we can write our conservation law as:
t
E=A(t)+ | B(s)ds
to
(t+c) C“H 2+ ala+1)
t+c

ap(t)
t

— 2ad(t)] (t + )~ |y||? + [1 — ] (t +c) *yT Ay

b Awy) [ [2d<s> - ;’i)] (5 + ) I¥]12 + B(s)(s + )3, A)ds

A [m(a;llc) e zad‘(s)] (5 + )]y Pds
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Substituting y,y, we get:

ala+1)

—2ad(t)| (t+ ) |w — w,]|?
o 20d(D)] (t4 0w = w]

E=(t+ o) ?a(w—w,) + (t+c)W||* + [

BB, .
! [1_ t+c] (t4c)*(w = wa) Alw —w)
“) [M s+c>1 (4 0)"la(w = w.) + (s + c)w] *ds

+ / B(s)(s + ) 2 a(w —w,) + (s + )w]" Afa(w — w,) + (s + ¢)w] ds

N / [ 20/ as++ 1C d(s) +a<a<+8 i)i‘;‘j 2)+2ad‘<s>] (s + )" Hlw — w.|[*ds

- [_O‘O‘LC“) +afls) + a] (5 + 0" (w = w,)TA(w — w,)ds |
(4.4.5)
O

Lemma 4.4.3. Let Ey = lim;_,,, £ denote the conservation law at the starting point t.

Then,
a—2
o= 5t -y |20 st e ol -
%0

+ (t+¢)* [1 - ] (wo — w)" A(wy — w,) — (t +¢)*(b— Aw,, wy — w,) .

t+c

PRrOOF. Using Definition (4.2.2), E can be expressed at the initial start point ¢, as:
Ey = tlgg] A(t)

= Jim [(”C) EET g1 + [mjc” —2ad(t)] (t+ )~ ]ly] 2 + ll— 0‘5“)] (t+c)_ayTAY]

t=to t+c

— lim [(b — Aw,.y)] .

t—to

Substituting for y, we get:

Ey = (t—i_;)a_Ha(wo —w,) + (t+o)w||* + [Oégfa—:'cl) - Zad(t)] (t +c)* H|wo — w,||?
+ (t+ o) ll - Czi(i)] (wo — w,)TA(wg —w,) — (t+¢)*(b — Aw,, wo — W,) .
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For Ey, we have wg = 0. Hence, we can simplify it further as

Ey = (t—i_zc)a_H&(Wo —w,)|]? + [w — 204d(t)] (t+c)* Hwo — w,||?
+ (t + o) ll — ?:i(tc)] (wo —w,)TA(wy —w,) — (t+¢)*(b — Aw,, Wy — W,) .
(4.4.6)
OJ

We would now like to use this conservation law relation to derive the convergence rate for
our NesterovTD(0) method. In anticipation for a O(1/t?), we choose o = 2. Note that to
calculate the rate, we would like other non-contributing terms to be positive. To this end, we
get certain inequalities determining the possible values of d(t). We choose the corresponding
[(t) using the relation 2d(t) + 5(t) = 0. We also choose a = 4 to ensure that the derived

expression would hold V¢ > 0. Hence, we have

8ty = L and d(t):Q(ti4> |

t+4
Note that these expressions for (t) and d(t) provide the exact values that we need to set

our damping parameters to for obtaining the required convergent and accelerated dynamics.
This is an added advantage of doing these conservation law-based analyses for our accelerated
methods.

Theorem 4.4.4. Let w evolve according to (4.4.2) which solves for h(w) = b— Aw where A is
positive definite. Let w, be the minimizer for h(w) such that h(w,) = 0. Let w(0) = wy € R™
be an arbitrary but fized initial point, and wy = 0 denote the initial conditions. For the
conservation law E and Ey given by Proposition (4.4.2) and Lemma (4.4.3) respectively,

setling o = 2, we get the convergence rate expression for (4.4.2) as:

[lw—w.]* < |wo — w.|]*,

— 2)A |

where A2

min

is the minimum eigenvalue of matrix A.

PRrROOF. Putting these values in (4.4.5), we get:

E =[12(w = w,) + (t+ )W|]* + (£ 4 6t + 14) (w — w,) A(w — w,)

+ /Ot E i ﬂ 20w — )+ (s + W] A2(w = w) + (s + OWds (g 40

t[252+105+29
+
0 s+4

[ = w = s

Substituting the values of a = 2, 3(t), d(t) in (4.4.6) and applying ¢ — 0 to the expression,
FEy simplifies to:
Ey = 2||wo — w,||? + 14(wo — w,) T A(wy — w,) . (4.4.8)
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For a positive definite matrix A € R™*" and x € R", we can write

Minl[X[1? < xTAx < X7 |Ix]1P (4.4.9)

ax|

A

where )\A max

A.
We can therefore simplify Fy from (4.4.8) to get:

is the minimum eigenvalue of matrix A and A7, . is the maximum eigenvalue of

Ey = 2||wo — w,||* + 14(wo — w,) T A(wo — w,)
< 2f|wo — w2+ 1AL, [l — wa (4.4.10)
= (24 1405 [[wo — Wil -
Since energy remains conserved throughout, we can write £ = E,. Equating (4.4.7) and
(4.4.10), we get:

(2 + 14)\?11196) HWO - W*HQ EHZ(W — W*) + (t + 4)WH2 + (tz + 6t + 14) (W N W*)TA(W . W*)
- /ot [i i ﬂ [2(w = w.) + (s + 9w]" A[2(w —w.) + (s +4)W] ds
+ /Ot [25 ZTT 29] (W — ) A(w — w,)ds .

(4.4.11)
Since we are calculating the rate, we can neglect positive terms that do not contribute to

the rate and transform (4.4.11) into the following inequality:
(£ + 6t +14) (W — wo) A(w = w,) < (24 1470, ) [[wo — wi|[* . (4.4.12)
Applying (4.4.9) for the LHS of (4.4.12), we get:
(2 4 6t + 14) Aol [w = wil |7 < (24 1400, ) [[wo — wi[*

Note that t246t+14 is a positive and monotonically increasing polynomial V¢ > 0. Therefore,
we get:

(2+14xL,,)
(82 + 6t + 14) A2

min

[wo — w, | . (4.4.13)

[w —w.|* <
U

Again, since A is positive definite, we know that A2, > 0 and \2__ > 0. Hence, the
coefficient of ||wy — w,||? is always positive. Similar to the case of Polyak TD(0), using the
expression given by (4.4.13) and the conservation law based analysis in general, we can make
the following conclusions:

(1) Choice of the damping parameters. For our Nesterov TD(0), we have two damp-

ing parameters, 3(t) and d(t). One major advantage of performing this conservation
law analysis is that we get exact expressions for the choice of these hyperparameters.

Hence, the only HP we need to optimize for is the learning rate.
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(2) Boundedness of the term ||w — w,||?. ||[w —w,||? is shown to be always bounded
by [[wo — w.[*.

241404

(3) Convergence Rate of Nesterov TD(0). Since the coefficient W is

min

always positive Vt > 0, (4.4.13) serves as the convergence rate equation for Nesterov
TD(0) with linear function approximation. Hence, we recover a convergence rate of
O(1/(t*)\4,.)) for the underlying dynamical system from our analysis.

This concludes our conservation-law based analyses for the proposed accelerated methods.

Concluding Remarks: In this chapter, we took the proposed accelerated methods and
performed a conservation-law based analyses to get the convergence rates of the underly-
ing dynamical system behind Polyak TD(0) and NesterovID(0) introduced in the previous
chapter. We also get the analytical expressions for the hyperparameters corresponding to
the damping parameters, §(t), and d(t) needed to obtain the derived convergence rate.

In the next chapter, we will take the proposed accelerated methods stated in Chapter 3
along with the analytical expressions for hyperparameters derived in this chapter to state the
discrete-time implementable accelerated algorithms. We would then report and analyse the
empirical performance of our proposed algorithms as compared to other baselines on small

linear prediction tasks.
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Chapter 5

Experiments

We will now illustrate the performance of the accelerated versions of TD(0) algorithm pro-
posed in this work compared to other variants. While these experiments do not provide an
exhaustive characterization of the empirical performance, they nevertheless serve as proof-
of-concept results and highlight the convergent behaviour of our method.

We start by stating our final ODEs and the corresponding discrete-time update equations
after incorporating the analytical values of the damping parameters obtained through our
convergence analysis in Chapter 4. For a complete review of the experiments, we then give a
detailed description of our problem setting and the experimental setup before we show how
our proposed accelerated TD(0) algorithms perform when compared with existing TD(0)
algorithms designed for linear problem settings.

5.1. Choice of the damping parameter

In this section, we use the analytical damping parameters obtained during the conser-
vation law-based convergence analysis to state the final form of our Polyak and Nesterov
TD(0) ODE and the corresponding discrete-time algorithms.

Recall from Chapter 3, our proposed Polyak TD(0) ODE is given as:

Wi(t) + B()W(t) = h(w(t) = b — Aw(t) ,

where [(t) = £/t. From Section 4.3, we know that we can choose € [3,5]. To obtain an
accelerated rate of O(1/t?), we choose 3 = 3. Hence, we can write our Polyak TD(0) ODE
as:
W(t) + iv’v(t) — h(w(t)) = b— Aw(t) .
We can therefore modify the update equations stated in Chapter 3 for the discrete-time
Polyak TD(0) method to be:



Wii1 = Wi+ Nz 3

TDPE = , where B = — . (5.1.1)
Ziy1 = (%) zi, + nh(wy) nk
w = Wi + Nz

TDPS ={ " kI : where Br = ; (5.1.2)
ze = (E3) [z + nh(Wii)] n(k+1)

Similarly, our proposed ODE for Nesterov is given as:
w(t) +2d()w(t) = h(w(t) + B(t)w(t)) = b — Alw(t) + S)w(t)] ,

where d(t) and [(t) are akin to damping parameters that are dependent on time. From

Section 4.4, we get the parameters to be:

3 t—3
This gives us the Nesterov TD(0) to take the following specific form:
. 3\ . t—3)\ . t—3\ .
wi(t) + <t> W(t) = h(w(t) + ( t ) w(t) =b— A {W(t) + <t> w(t)}

We can therefore modify the update equation stated in Chapter 3 for the discrete-time

Nesterov methods as:

Wiyl = Wi+ 0z . 5
_ _ o (knrassn (ke w5
TDNE Zi+1 = 77( kn+4 >Zk n (kn+4> Azy, , where (3 ok + 47 k 2k +4)
+nh(we) + nh(wy + (K1)
(5.1.3)
Wiyl = Wi+ 12z 1)+ 5
_ _ [ n(k+1)+4+43y a1 4]~ _ne+H+1 .,
TDNS = \zeer = |("dbies®) I+ 0 (i) 4] 6 n(k+1)+4 i 2(n(k+1)+4)

(nZx + nh(Wii1)]
(5.1.4)

These specific update equations will be used in our experiments. Note that in our discrete-
time Nesterov methods, for the update equations of z;,,, we had to multiply the previous
iterate, z, with an additional learning rate. This facilitated the ability to use a wider range
of step sizes. We will explain this choice further when discussing the results seen in our

experimental set-up. We will now describe our experimental set-up.

5.2. Prediction Problems

We report the performance of Polyak TD(0) and Nesterov TD(0) across small linear

prediction tasks. We use the exact experimental setup used in prior works of Sutton et al.
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[2009] and Ghiassian et al. [2020]. For the sake of completeness, we describe the setup here
in detail.

We work on four small linear problems: three random-walk problems and a Boyan-chain
problem (Boyan [2002]). All of these problems are episodic, undiscounted, and have only
on-policy training with a fixed policy.

The three random walk problems are essentially a five-state random walk MDP with
three different feature representations: tabular, inverted, and dependent features. These
problems are based on the standard Markov Chain proposed in Sutton [1988] where we have
a linear arrangement with five states and two absorbing terminal states. All episodes start
with the same initial state, the center state of the five, and then transition randomly with
equal probability to a neighboring state until a terminal state is reached. The rewards are
zero everywhere except on transition into the right terminal state, upon which the reward
assigned is +1.

We will now describe the three feature representations that are often taken in these
experiments. The first feature representation is tabular features. These characterize the
lookup-table setting which we are all familiar with. The second representation is called
inverted features which have classically been chosen to cause extensive inappropriate gen-
eralization between states. The third representation called dependent features uses fewer
features than are sufficient to solve the problem exactly. For more details on each individual
experiment, check out Sutton et al. [2009].

The fourth problem we work on is the classic Boyan-chain problem (Boyan [2002]) which
is a standard episodic task often used in existing literature for comparing different TD
algorithms with linear function approximation. Here, we have a 13-states Markov chain
where each state is represented by a compact feature representation. While this encoding
causes inappropriate generalization during learning, v, can be represented perfectly with the

given features (Ghiassian et al. [2020]).

5.3. Results

In this section, we report the empirical performance of our proposed algorithms and
compare them with some existing TD algorithms. To benchmark the performance of our
methods, we use the following algorithms as baselines:

e TD: (Sutton [1988])

e GTD2: (Sutton et al. [2009])

e HTD: (Hackman [2013])

e VTrace: (Espeholt et al. [2018])
e TDRC: (Ghiassian et al. [2020])
e TDC: (Sutton et al. [2009])
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Note that we use the acronyms introduced in Chapter 3 for the four proposed algorithms:
TDPE, TDPS, TDNE, and TDNS.

We run the baselines along with our proposed algorithms on four different problems
which were described in Section (2.6). We first provide plots that show the sensitivity of the
RMSPBE reported by different methods to the step size parameter. Note that the choice of
the step size parameter critically influences the performances of all the methods. We vary the
step size parameter 7 in powers of 2, i.e., n = 27% where the choice of x € {8,7,6,5,4,3,2,1}
varies depending on the problem setting. All the baselines that we compare with have some
tunable parameters. We use the best-reported parameters from the work of Ghiassian et al.
[2020]. For the proposed algorithms, we just have one hyperparameter, i.e., the step size
1. While our accelerated methods do include other damping parameters, they have been
derived analytically using the conservation law analysis, and hence, do not need any tuning.
Note that for Nesterov’s accelerated version, we rely on a heuristic way of discretization
proposed by Muehlebach and Jordan [2019] that allows us to define a relationship between
damping parameters. This constrains the hyperparameter search space, making it easier to
arrive at stable solutions by simply tuning the step size. Hence, the step size is an important
parameter to tune and determines how slow or fast we traverse down the loss landscape. We
observe that the proposed accelerated methods perform best for higher values of the step size
parameter, while other methods typically require smaller step sizes to achieve comparable
performances. This demonstrates the advantages of accelerated methods as these methods
can take bigger steps and converge faster towards the optimal value.

Following this, we note the best step size choices for each method from the above param-
eter sensitivity plot and use them to report the averaged RMSPBE over 100 independent
runs. For each run, all the methods complete 5,000 steps. We sample RMSPBE every 50
steps and observe the convergence curves of each method (as given in (c) of every figure).

One of the most important observations here is the tradeoff between speed of convergence
and accuracy. This tradeoff often appears in the setting of stochastic optimization as well.
Generally, we observe that our methods enjoy a noticeably faster decrease in the RMSPBE
value, however, it does end up converging to a slightly larger neighborhood than is otherwise
possible with the other methods. This indicates the existence of a tradeoff: Are we okay
with tolerating a slightly higher error range to get a much faster method? This tradeoff is
captured in the Relative RMSPBE plot (as given in part (b) of every figure). In this plot,
we report the normalized average area under the RMSPBE learning curve relative to TDNS
for each method. If the tradeoff between the speed of convergence or the RMSPBE value is
not well-balanced, we would see the relative RMSPBE bar shoot up in comparison to the
other methods. This helps us to effectively compare the relative performance of baselines as

well as our proposed methods compared to TDNS.
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Across the various problem settings, we observe that the gain in speed attained due to a
faster method is usually worth the slight increase in the size of the neighborhood of values
we converge to. This is especially true in all of the Random Walk environments where the
proposed methods are the best possible methods to go with for a well-balanced tradeoff
between speed of convergence and accuracy. The one environment where our methods seem
to struggle with this tradeoff is the Boyan chain problem.

The methods that seem to perform the best in the Boyan chain problem are GTD2 and
TDC, where we observe a fast reduction in the RMSPBE values as shown in Figure 5.1.
This could be attributed to the fact that our proposed methods and other baselines suffer
from the variance in h. The features in this environment cause bigger changes in A than
in the other environments. Since we use the concept of momentum to bias our methods to
past iterations, this causes our methods to suffer greatly from the variance observed in h.
However, we see that our proposed methods perform better than TD and TDRC. Hence,
our methods still manage to fall in the middle of the two extreme groups, proving that we
are still relatively performing better than the worst methods. Note that all the methods do
eventually converge to a similar neighborhood of the RMSPBE value.

For the Random Walk environment with Tabular feature representations shown in Figure
5.2 (c), we again notice that there isn’t a considerable difference in the optimal value achieved
by most methods. We do observe, however, that our methods reached these values faster
than other methods. While TDNS and TDPS went fast, they managed to stay at that value
for the rest of the runs. TDNE on the other hand, initially showed the fastest descent down
the curve, but then ended up converging to an RMSPBE value slightly higher than the
optimal value achieved by the other methods. However, this increase in the error is almost
negligible in this case, as is also visible in the Relative RMSPBE curve.

This effect is more pronounced in the random walk environments with Inverted and
Dependent feature representations. In the case of both these representations as seen in
Figure 5.3 (c¢) and Figure 5.4 (c), we see a similar trend for our proposed methods. TDPE,
TDPS, and TDNE go down the fastest but converge to a bigger neighborhood, i.e., they do
not arrive at the most optimal value of RMSPBE possible. TDNS converges a bit slower
but also ends up arriving and converging to the same bigger neighborhood as other proposed
methods.

However, in the case of inverted feature representations, many methods converge to better
values of RMSPBE, especially TDRC, albeit taking a lot more steps than our proposed
accelerated methods. In Figure 5.3 (b), we can see that the proposed methods are able to
converge a lot faster than other methods if we are willing to tolerate the associated increase
in the neighborhood of RMSPBE values that we end up in.

In the case of Dependent feature representations as seen in Figure 5.4 (¢), we observe
that other baselines, like TD, TDRC, and HTD are better in terms of the RMSPBE value
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achieved than our methods. But the speed of reduction in the RMSPBE value observed in
the case of TDPE, TDPS, and TDNE is drastic and there is indeed not much difference in
the neighborhood of RMSPBE value it ends up converging to at the end of 100 steps. This
can be seen by looking at the Relative RMSPBE bars in Figure 5.4 (b).

We will now discuss the computational complexity of our proposed methods. We observe
that TDNE performs the best compared to all other algorithms in terms of relative RMSPBE
in all four problems. However, in terms of convergence, it is slightly slower as compared
to other algorithms. However, this negligibly slow convergence is balanced by the gains in
computational complexity. In terms of computational time, it is slightly more expensive than
TDPS and TDPE as the Nesterov-based method requires an extra matrix-vector product
computation as compared to Polyak. However, compared to TDNS, it is less expensive
because TDNS requires the computation of matrix inverse (see Section 3.4). In most cases,
it would be advisable to go with TDNE method if the user has decided to tolerate a slightly
slower method.

Note that while TDNS shows comparable performance to other baselines for the Relative
RMSPBE, its performance compared to our other proposed algorithms is not good. In
terms of convergence, it seems to be slower than the other methods and similar to TDNE.
Computationally, it seems to be the most expensive method as it involves the computation
of an inverse. So, it would generally not be advisable to go for this approach when we have
other accelerated methods which are computationally better.

TDPE and TDPS are very similar to each other in terms of Relative RMSPBE as well as
convergence. They perform better in terms of Relative RMSPBE and are on par in terms of
convergence compared to most of the baselines. They are faster in convergence compared to
TDNE and TDNS and on par with TDNE in terms of Relative RMSPBE. Therefore, out of
all the four proposed algorithms, TDPE and TDPS perform the best (i.e. both in terms of
Relative RMSPBE as well as faster convergence). We can therefore say that these algorithms
handle the tradeoff between speed of convergence and accuracy the best.

These observations fall in line with the general fact that Nesterov is often known to not
perform well with stochastic objectives. Note that we had to introduce an additional learning
rate in the update equations to stabilize the dynamics and allow for the exploration of a wider
range of step size values. Specifically, the behavior observed with symplectic discretization is
not surprising. While our symplectic discretization doesn’t exactly preserve the symplectic
structure, we see a similar trend to the one observed by Betancourt [2015]. This could be
attributed to the fact that stochastic variations in the objective incur a bias in the symplectic
integrator which reduces their accuracy by deviating the numerical approximations away
from the true dynamics Betancourt et al. [2018]. Intuitively, we can say that the dynamical

evolution moves so quickly that the variations in stochastic objective doesn’t have sufficient
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time to average out. This explains the relative success of slower methods, like Robbins-Monro
in the case of stochastic objectives.

In the hyperparameter study for the step sizes, we observed that increasing the step
sizes for our proposed accelerated methods resulted in a steep increase in the RMSPBE
value that we end up converging to. Hence, the performance and stability of the proposed
methods depend critically on the choice of the step size parameter. In other words, we can
go faster (up to a limit in the discrete setting), but doing so adversely affects the stability
of these systems. In such cases, the solution seemed to be diverging, suggesting that we
achieved acceleration at the cost of stability. This indicates that although we can go faster,
we might end up in a situation where we do not arrive at a solution or converge to a larger
neighborhood than would otherwise be possible.

Note that we do not observe the O(1/t?) rate observed in the convergence rate anal-
ysis done in Chapter 4. This is because the accelerated rates obtained correspond to the
continuous-time system where we can traverse the curve at any speed. However, the discrete-
time system has a bottleneck in how fast we can go down the curve stably. To translate
these rates to the discrete-time system, we would have to construct symplectic integration
schemes that preserve the underlying symplectic structure of our dynamical system, thereby
preserving our rates. However, our accelerated algorithms do see an increase in the speed of
convergence.

In future work, we would like to investigate other discretization schemes that would pre-
serve the accelerated rates obtained in the continuous-time systems. One interesting line of
work would be to explore symplectic integration that considers the geometry of the underly-
ing dissipative system by taking a Hamiltonian perspective on discretization (Diakonikolas
and Jordan [2021], Franca et al. [2021]). These discretization schemes would allow our meth-
ods to be more robust to step size schedules and therefore, allow for a higher range of step

size parameters.
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Fig. 5.1. (a): Step-size sensitivity of RMSPBE for each method on the Boyan-chain
problem. Here, 1 is the step size that varies in powers of 2, i.e., n = 27%. (b): The
normalized average area under the RMSPBE learning curve. The step sizes for each
method are set such that each method achieves the best possible RMSPBE. Each bar
is normalized by TDNS’s performance so that each problem can be shown in the same
range. All results are averaged over 100 independent runs with standard error bars shown
at the top of each rectangle. The black horizontal line demonstrates the performance of
TDNS for easier comparison between other methods. (c): RMSPBE vs steps for each
method. Note that the step-size parameters are tuned according to the recommendations
made by the step-size sensitivity curve shown in (a).
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Fig. 5.2. (a): Step-size sensitivity of RMSPBE for each method on Random Walk with
Tabular feature representation. Here, 1 is the step size that varies in powers of 2, i.e.,
n =2"". (b): The normalized average area under the RMSPBE learning curve. The step
sizes for each method are set such that each method achieves the best possible RMSPBE.
Each bar is normalized by TDNS’s performance so that each problem can be shown in
the same range. All results are averaged over 100 independent runs with standard error
bars shown at the top of each rectangle. The black horizontal line demonstrates the
performance of TDNS for easier comparison between other methods. (c): RMSPBE vs
steps for each method. Note that the step-size parameters are tuned according to the
recommendations made by the step-size sensitivity curve shown in (a).
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Fig. 5.3. (a): Step-size sensitivity of RMSPBE for each method on Random Walk with
Inverted feature representation. Here, n is the step size that varies in powers of 2, i.e.,
n =2"*. (b): The normalized average area under the RMSPBE learning curve. The step
sizes for each method are set such that each method achieves the best possible RMSPBE.
Each bar is normalized by TDNS’s performance so that each problem can be shown in
the same range. All results are averaged over 100 independent runs with standard error
bars shown at the top of each rectangle. The black horizontal line demonstrates the
performance of TDNS for easier comparison between other methods. (c): RMSPBE vs
steps for each method. Note that the step-size parameters are tuned according to the
recommendations made by the step-size sensitivity curve shown in (a).
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Fig. 5.4. (a): Step-size sensitivity of RMSPBE for each method on Random Walk with
Dependent feature representation. Here, 1 is the step size that varies in powers of 2, i.e.,
n =2"*. (b): The normalized average area under the RMSPBE learning curve. The step
sizes for each method are set such that each method achieves the best possible RMSPBE.
Each bar is normalized by TDNS’s performance so that each problem can be shown in
the same range. All results are averaged over 100 independent runs with standard error
bars shown at the top of each rectangle. The black horizontal line demonstrates the
performance of TDNS for easier comparison between other methods. (c): RMSPBE vs
steps for each method. Note that the step-size parameters are tuned according to the
recommendations made by the step-size sensitivity curve shown in (a).
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Chapter 6

Conclusions and Future Work

This thesis is centered around exploring the concept of acceleration and momentum in the
setting of temporal difference methods. Accelerated methods are known to play a central
role in optimization, achieving the optimal rate in many settings. Although momentum is a
heavily studied and well-understood concept in optimization, it doesn’t directly translate to
semi-gradient TD methods because TD methods do not minimize an objective by performing
gradient descent (Barnard [1993]). Hence, this concept is often under appreciated in the RL
setting. Few works exploring acceleration in TD methods have done this in the setting of
gradient TD methods (Sutton et al. [2009], Meyer et al. [2014], Pan et al. [2017], Ghiassian
et al. [2020], Deb and Bhatnagar [2022]). The introduction of gradient descent in the TD
objective makes the process of adding momentum similar to the one seen in optimization
which is easier to work with, however, it happens to be a very limiting viewpoint of TD
methods. Hence, there is a need to come up with the right counterpart to momentum in the
RL setting.

We take another approach and attempt to introduce acceleration in temporal difference
methods from first principles. We hypothesize that this could serve as the true counter-
part to acceleration in the SA setting. Specifically, inspired by the inception of accelerated
algorithms in optimization using the dynamical systems approach (Polyak [1964]), we ex-
tend this recipe to intuitively derive accelerated algorithms in SA. Note that the dynamical
systems is one of the primary method for analysis in SA (Borkar and Meyn [2000]) and
has been used for designing new algorithms (Meyn [2022]). This thesis aims to understand
the acceleration phenomenon for TD while advocating for the dynamical systems approach
for designing new algorithms. We introduce two second-order ODEs for TD(0) with linear
function approximation: Polyak TD(0) and Nesterov TD(0), which are the ‘correct’ momen-
tum counterparts. We also discretize these ODEs using two discretization schemes: explicit

Euler, and symplectic Euler to give us four different accelerated algorithms for TD(0). We



show that these accelerated algorithms have comparable results to existing TD algorithms
in linear prediction tasks.

Inspired by Suh et al. [2022]’s methodology for analyzing continuous-time versions of
accelerated gradient methods in dilated coordinates, we extend this framework to temporal
difference methods. This is the main contribution of this thesis: it allows us to establish the
convergence of our methods along with providing their continuous-time rates.

We obtain novel continuous-time rates for the proposed accelerated methods. Note that
deriving convergence rates in any setting are known to be complex, often requiring the need
to come up with particular Lyapunov functions. We provide an intuitive and fundamental
way of deriving rates for SA methods. Another major advantage of this methodology is that
it also provides a recommendation for the choice of the damping/momentum parameter to get
an accelerated rate. Note that without these conservation laws to guide the choice of these
damping hyperparameters, we would have to manually control and optimize them. This, in
turn, would make the process of obtaining better convergent results more cumbersome. In
addition to that, the introduction of a general dilated coordinate framework can further be
used to derive different conservation laws to better understand the behavior and properties
of TD methods.

6.1. Limitations and Future Work

The rates derived from the continuous-time analysis framework might not always trans-
late to the discrete-time system as is seen in the experiments we conducted. Working with
the continuous-time dynamical system allows us to traverse the curve at any speed, whereas
this breaks when we move into the discrete-time system. A major line of future work is
to explore more discretization schemes that would preserve the convergence rates obtained
in the continuous-time dynamical system. Specifically, we would like to explore symplec-
tic integration schemes that consider the geometry of the underlying dissipative system. A
Hamiltonian perspective on discretization would focus on the conserved quantities of the
dissipative system and allow us to think about how to use these quantities to design more
robust and stable discrete accelerated methods (Diakonikolas and Jordan [2021], Franca et al.
[2021]).

We would also need to perform detailed experiments for more complex problems, settings,
and environments. We would specifically like to explore control problems and extend the
concept of acceleration to the non-linear setting of Q-Learning. This would allow us to
investigate how accelerated algorithms fare in non-linear settings and if acceleration proves
to be beneficial in such settings. Another line of work could be to extend this concept

of acceleration to TD(A). Note that momentum also has an update that is similar to the
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eligibility trace update and hence it would be interesting to understand its interplay with
classical accumulating traces.

Note that accelerated methods in gradient-based optimization can be seen as instances
of a single underlying framework, called the Bregman Lagrangian (Wibisono et al. [2016]).
The ability to do so has allowed for the development of a unifying framework to analyze
and characterize their physical behavior. An interesting line of work would be to develop
accelerated methods in TD learning with the viewpoint of them being instances of a single
underlying concept.

While the ODE approach has long been used in RL for performing stability and con-
vergence analysis, the field is yet to embrace its full potential. With this thesis, we hope
to motivate the understanding of acceleration from first principles in the RL setting. To
this end, we design a framework to create such accelerated methods and further study their

properties.
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