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Abstract

Machine Learning:
Why Do Simple Algorithms Work So Well?

by
Chi Jin
Doctor of Philosophy in Electrical Engineering and Computer Science

University of California, Berkeley
Professor Michael 1. Jordan, Chair

While state-of-the-art machine learning models are deep, large-scale, sequential and
highly nonconvex, the backbone of modern learning algorithms are simple algorithms such
as stochastic gradient descent, gradient descent with momentum or Q-learning (in the case
of reinforcement learning tasks). A basic question endures—why do simple algorithms work
so well even in these challenging settings?

To answer above question, this thesis focuses on four concrete and fundamental questions:

1. In nonconvex optimization, can (stochastic) gradient descent or its variants escape
saddle points efficiently?

2. Is gradient descent with momentum provably faster than gradient descent in the general
nonconvex setting?

3. In nonconvex-nonconcave minmax optimization, what is a proper definition of local
optima and is gradient descent ascent game-theoretically meaningful?

4. In reinforcement learning, is Q-learning sample efficient?

This thesis provides the first line of provably positive answers to all above questions. In par-
ticular, this thesis will show that although the standard versions of these classical algorithms
do not enjoy good theoretical properties in the worst case, simple modifications are sufficient
to grant them desirable behaviors, which explain the underlying mechanisms behind their
favorable performance in practice.
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Chapter 1

Overview

While the empirical performance of large-scale machine learning models has seen rapid
progress in recent years, the community also witnessed a growing divergence between what
we do in practice and what we understand. On one hand, large-scale, highly nonconvex,
deep models are routinely trained using simple algorithms on structured data that is poten-
tially temporally correlated. On the other hand, a basic question remains—why do simple
algorithms work in these challenging settings? Lacking this understanding makes it hard for
practitioners to judge the scope and limits of existing methods. This also makes the design
of more powerful algorithms and models difficult. Addressing these issues is vital to sustain
the rapid progress of the field.

1.1 Machine Learning and Simple Algorithms

In a high level, modern machine learning tasks can be divided into two categories—pattern
recognition and decision making. In this section, we will overview the major machine learning
frameworks for tasks in both categories, and the corresponding simple algorithms to solve
them. These algorithms are not only widely used in practice but also frequently reported to
achieve state-of-the-art performances.

Pattern Recognition

Pattern Recognition (PR) is the process of automated recognition of underlying patterns
by analyzing data using learning algorithms. It dates back to roots in statistics and signal
processing in the 1950s and 1960s, and has been the focus of machine learning for the past
decades. With the success of deep learning, the field witnessed several major breakthroughs
in solving PR tasks especially in image classification (e.g. Krizhevsky, Sutskever, and Hinton,
2012; He et al., 2016)), speed recognition (e.g. Hochreiter and Schmidhuber, 1997), etc.
Take image classification as an example. Given a dataset of millions of images and their
corresponding labels, the popular modern approach feeds those images into a gigantic deep
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Figure 1.1: Image Classification and Deep Neural Networks

neural network of millions of parameters. Then, we can formulate a loss function which
measure the discrepancy between the true labels of the image, and the outputs of the neural
network. The process of learning is to find the optimal set of parameters which minimize
the loss.

In an abstract level, this is an optimization problem, where we want to find a parameter
X, to minimize a target function f : X — R:

min f(x)
X
Compared to the classical optimization literature, one major difference here is that f need
not to be convex, i.e. this is nonconvexr optimization. In fact, most deep neural network
architectures render highly nonconvex objectives. It is NP-hard to find a global optimum of
a nonconvex function in general.

One of the most popular algorithms in this setting is Gradient Descent (GD) or its
stochastic variant—Stochastic Gradient Descent (SGD). SGD is reported to perform better
than several carefully designed adaptive algorithms (Wilson et al., , and to achieve
state-of-the-art performance in many applications. One big mystery here is why SGD per-
forms so well in many practical applications despite their objective functions being noncon-
vex.

Decision Making

Decision making, in addition to possibly identifying the underlying patterns, uses data to
make informed decisions that affect the real world. Modern applications in decision making
not only involve the standard single-agent one-time decision making, but also involve more
sophisticated multi-agent decision making and sequential decision making.

Multi-agent decision making typically involves multiple agents making decisions to
collaborate or compete with each other. Distributed control, multi-agent robotic system
and many interdisciplinary applications in economy and machine learning all fall into this
category. This thesis will focus on a basic setting in this category—a setting in which two
agents compete against each other with a zero-sum reward. This special setting also plays an
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important role in several subfields of modern machine learning such as Generative Adversarial
Network (GAN) (Goodfellow et al., 2014) and adversarial training (Madry et al., [2017)).

A standard formulation for this two-player zero-sum setting is the minmaz optimization
problem where there is a utility function f : X x ) — R. The value of f(x,y) denotes the
gain of the y player, as well as the loss of the x player. That is, they are trying to solve the
following minmax problem.

m}in max fx,y)

Since most models for GAN and adversarial training use neural networks, the function f
is typically neither convex in x nor concave in y, and therefore classical theories for convex-
concave functions do not apply here. A basic and popular algorithm in this setting is Gradient
Descent Ascent (GDA) which simultaneously performs or alternates between gradient descent
on x and gradient ascent on y. Nonconvex-nonconcave minmax optimization is challenging,
and much less understood than nonconvex optimization. Even the basic question of “what
GDA is converging to” remains open.

Sequential decision making is a process of making multiple decisions in a sequence.
After making each decision, the agent will receive feedback which allows her to better adjust
her strategy for later decisions. This type of decision making frequently appears in bidding
and advertising, personalized recommendation, games, and robotics.

A common framework to solve these problems is Reinforcement Learning (RL), where
these problems are usually modeled as a Markov Decision Process (MDP, see Section .
A majority of practical algorithms are variants of two classical algorithms—policy gradients
and Q-learning (Watkins, 1989).

One big challenge in RL is the sample efficiency: for difficult tasks, descent machine
learning models would already require more than millions of high-quality samples to train.
These samples can be either expensive or very time-consuming to collect. A line of recent
research tried to design better algorithms that utilize samples more efficiently. However,
an even more fundamental question remains: is Q-learning—one of the most classical RL
algorithms—sample-efficient?

1.2 Types of Theoretical Guarantees

As machine learning lies in the intersection of computer science and statistics, there are two
complexities that are crucial for machine learning algorithms: (1) iteration complexity for
computational efficiency; (2) sample complexity for statistical efficiency.

Iteration complexity or more formally query complexity, is a rigorous way in optimiza-
tion to measure the computational efficiency of an algorithm. In the case of this paper, we
assume there is an gradient oracle such that whenever an algorithm queries a single point
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x, the oracle will return its gradient V f(x). A standard theoretical guarantee bounds the
number of queries needed to find a point of interests.

Sample complexity describes how many samples or data points an algorithm requires to
learn well, such as to find a good classifier or a reasonable policy. For a particular algorithm,
its sample complexity can be very different from its iteration complexity, as it is possible
to collect a small amount of data but perform a computational-intensive subroutine (may
even cost exponential time) in analyzing them. However, for many online algorithms such
as Q-learning where they collect only one sample per iteration, the sample complexity and
the iteration complexity are roughly the same.

Other than the difference in bounding the iteration complexity or the sample complexity,
there is also a hierarchy of results based on how strong or how relevant to practice they are
(see Figure [1.2).

At the bottom of the pyramid are the asymptotics which are the important first steps in
understanding the behavior of the algorithm when the number of samples and runtime go to
infinity. However, this type of guarantees falls short of predicting whether the algorithm is
useful in practice. For instance, grid search can approximately solve any bounded nonconvex
problem in exponential time, and thus owns a desirable asymptotic behavior. However, we
know grid search is not a practial algorithm, as we cannot afford the exponential time in
practice.

The first step to move beyond the asymptotics is to provide polynomial iteration or
sample complexity guarantees. However, in modern machine learning, the ambient dimension
of a neural network can be extremely large (on the order of a million). There, quadratic
or linear dependence, although both are polynomial, can mean a tremendous difference in
practice. This makes a quest for a theory to provide not only polynomial guarantees but
also sharp dependence on problem parameters. Finally, at the very top of the pyramid are
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the guarantees which match the fundamental limits of the problem that no algorithms can
surpass.

Last but not least, when theoretical performances are similar, practitioners usually favor
simple and general purposed algorithms over those complicated algorithms that are heavily
modified for theoretical proofs. A theory with minimal assumptions would also be more
relevant than a theory that makes many impractical assumptions.

This thesis aims to provide the theoretical guarantees which give sharp rates with minimal
assumptions for simple algorithms that are widely used in practice.

1.3 Organization

This thesis is centered around four concrete questions in answering the general basic question—
in modern machine learning, why do simple algorithms work so well?

We start with nonconvex optimization in Part [[] and ask whether (stochastic) gradient
descent or its variants can escape saddle points efficiently. Chapter [2| provided the first, sharp
(i.e., almost dimension-free) guarantee on how fast (stochastic) gradient descent escapes from
saddle points; showing saddle points are of little practical concern even in large-scale models.
This chapter is based on joint work with Rong Ge, Praneeth Netrapalli, Sham M. Kakade,
and Michael I. Jordan (Jin et al., 2017; Jin et al., 2019b)). The thesis then proceeds to the
next question “Is gradient descent with momentum provably faster than gradient descent in
the general nonconvex setting?” Chapter [3| rigorously explained the advantages of adding
momentum in nonconvex scenarios. This chapter is based on the joint work with Praneeth
Netrapalli and Michael I. Jordan (Jin, Netrapalli, and Jordan, 2017).

Part |lI studies minmax optimization problem in the nonconvex-nonconcave setting. Un-
like nonconvex optimization, very basic questions remain open for nonconvex-nonconcave
minmax optimization, including what the proper notion of local optimality is and what the
game-theoretical meaning of gradient descent ascent is. Chapter {4| defines a new notion
of local optimality, and provides the first full characterization of the stable limit points of
gradient descent ascent using this new notion. This chapter is based on a joint work with
Praneeth Netrapalli and Michael I. Jordan (Jin, Netrapalli, and Jordan, 2019)).

Finally, the central topic of Part [[11]is reinforcement learning. One fundamental question
there is whether the basic algorithm Q-learning is sample efficient. It remained unsolved
even in the basic scenario with finitely many states and actions. Chapter [5| provides the
first positive answer in this scenario. We showed that when paired with properly designed
exploration strategies, Q-learning is sample efficient. Our analysis is the first to establish a
near-optimal regret in the model-free setting. This is based on the joint work with Zeyuan
Allen-Zhu, Sebastian Bubeck, and Michael I. Jordan (Jin et al., [2018).
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Nonconvex Optimization



Chapter 2

Escaping Saddle Points by Gradient
Descent

Gradient descent (GD) and stochastic gradient descent (SGD) are the most popular workhorses
for solving nonconvex optimization problems arising in several fields, most notably in large
scale machine learning. Traditional analyses of GD and SGD in this setting show that both
algorithms converge to stationary points efficiently. Unfortunately however, they do not rule
out convergence to saddle points. On the other hand, for several important machine learning
problems, recent works have shown the importance of converging to local minima rather than
saddle points. The main contribution of this work is to show that, perturbed versions of GD
and SGD escape saddle points and converge to second-order local minima in essentially the
same time they take to converge to stationary points, with only extra logarithmic factors.

2.1 Introduction

Nonconvex optimization problems are ubiquitous in several fields of engineering such as
control theory (Bertsekas, [1995)), signal processing (Oppenheim and Schafer, [1989), machine
learning (Bishop, [2006), etc. Gradient descent (GD) (Cauchy, [1847)) and its variants such as
stochastic gradient descent (SGD) (Robbins and Monro, [1951) are some of the most widely
used algorithms for solving these problems in practice. There are two key reasons for the
wide usage of GD and SGD in solving these nonconvex problems—(a) each step of GD and
SGD can usually be implemented in time linear in the dimension (thus suitable for solving
high dimensional problems) and (b) in many applications, they are observed to converge to
good solutions in a few steps. Contrast this with the fact that solving general nonconvex
problems is NP-hard in the worst case, it leaves a basic question—how does GD manage to
converge to good solutions efficiently.

Traditional analyses of GD only show its efficient convergence to first-order stationary
points (i.e., points where the gradient Vf(x) = 0) in general (Nesterov, 1998). First-
order stationary points can be local minima, local maxima or even saddle points, where
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an enormous number of them are highly suboptimal. However, a recent series of works,
some theoretical and some empirical, have uncovered a nice structure in several problems of
practical interest that sheds light on this surprising behavior of GD. These works show that
even though these nonconvex problems have a large number of bad saddle points, all local
minima are good. More precisely, they show that, for a large class of interesting nonconvex
problems, second-order stationarity (i.e., Vf(x) = 0 and V?f(x) = 0)-—a weaker notion of
local optimality which only excludes saddle points with strictly negative curvatures—already
guarantees (approximate) global optimality: Choromanska et al. (2014)) presents such a result
for learning multi-layer neural networks, Bandeira, Boumal, and Voroninski (2016]) and Mei
et al. (2017) for synchronization and MaxCut, Boumal, Voroninski, and Bandeira (2016))
for smooth semidefinite programs, Bhojanapalli, Neyshabur, and Srebro (2016) for matrix
sensing, Ge, Lee, and Ma (2016)) for matrix completion, and Ge, Jin, and Zheng (2017) for
robust PCA. This motivates the quest to find second-order stationary points, as a natural
second-order surrogates for local minima.

Recent work (Lee et al., 2016]) shows that GD, under random initialization or with per-
turbations, converges to second-order stationary points with probability one. (Ge et al.,
2015)) further makes this result quantitative by bounding the number of iterations taken by
a perturbed version of GD for finding an e-second-order stationary point (||V f(x)| < € and
V2f(x) = —/eI) by poly(d, e*). While these convergence results are inspiring, the number
of steps required is still significantly larger than the number of steps for GD to find first-order
stationary points, which is O(e~2) independent of dimension d. The additional polynomial
dependence on d is particularly undersirable for high dimensional applications for which GD
methods are most interesting and useful. This leads to the following question on efficiency:

Can GD and SGD escape saddle points and find second-order stationary point
efficiently?

More precisely, we are interested if this efficiency can be competitive to the efficiency
of GD and SGD in finding a first-order stationary point, which only takes a dimension-free
number of iterations.

This work provides the first provable positive answer to the above question. It shows
that, rather surprisingly, with small perturbations, GD and SGD escape saddle points and
find second-order stationary points in essentially the same time they take to find first-order
stationary points. More concretely, we show that the overheads are only logarithmic factors
in the first two cases, and a linear factor in d in the third case:

e Perturbed gradient descent (PGD) finds e-second-order stationary point in O(e~2) it-
erations, where O(-) hides only absolute constants and ploylogarithmic factors. Com-
pared to the O(e?) iterations required by GD in finding first-order stationary points
(Nesterov, [1998), this involves only additional polylogarithmic factors in d.

e In the stochastic setting where stochastic gradients are Lipschitz, perturbed stochastic
gradient descent (PSGD) finds e-second-order stationary points in O(e™*) iterations.
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Setting Algorithm Iterations Guarantees
Non- GD (Nesterov, 2000) O(e?) first-order stationary point
stochastic PGD O(e7?) second-order stationary point

SGD (Ghadimi and Lan,

4 ~ . .
2013) O(e ™) first-order stationary point

Stochastic ] ~
PSGD (with Assumption |C O(e™) second-order stationary point

PSGD (no Assumption |C O(de*) | second-order stationary point

Table 2.1: A high level summary of the results of this work and their comparison to prior
state of the art for GD and SGD algorithms. This table only highlights the dependences on
d and e.

Compared to the O(e™) iterations required by SGD in finding first-order stationary
points (Ghadimi and Lan, |2013)), this again incurs overhead that is only polylogarithmic
in d.

e When stochastic gradients are not Lipschitz, PSGD finds e-second-order stationary
point in O(de™*) iterations — this involves only an additional linear factor in d.

Related Work

In this section we review the related works which provide convergence guarantees to find
second-order stationary points. See also Appendix for tables of comparison of our work
to existing works.

Non-stochastic settings. Classical algorithms for finding second-order stationary points
require access to exact Hessian information, and are thus second-order algorithms. Some of
the most well known algorithms here are cubic regularization method (Nesterov and Polyak,
2006)) and trust region methods (Curtis, Robinson, and Samadi, 2014), both of which require
O(e!®) gradient and Hessian queries. However, owing to the size of Hessian matrices which
scales quadratically with respect to dimension, these methods are computational intensive
per iteration especially for high dimensional problems. This has motivated researchers to
focus on first order methods, which only utilize gradient information and therefore are much
cheaper per iteration.

Among first-order algorithms, Carmon et al. (2016) and Agarwal et al. (2017) design
double-loop algorithms which require Hessian-vector product oracles, and obtain convergence
rates of O(¢~1™) gradient queries. This line of algorithms is carefully designed for analysis



CHAPTER 2. ESCAPING SADDLE POINTS BY GRADIENT DESCENT 10

purposes. They are relatively diffcult to implement, thus less appealing in practice. On the
other hand, simple single-loop algorithms, such as gradient descent are still challenging to
understand and analyze as we can no longer artificially change the algorithm to control its
behavior. Ge et al. (2015) and Levy (2016]) studied simple variants of gradient descent, but
require poly(d) gradient queries to find second-order stationary points. This work is the
first to show that a simple perturbed version of GD escapes saddle points and finds second-
order stationary points in @(6*2) gradient queries, only paying overhead of logarithmic
factors compared to the rate of finding first-order stationary point. As a followup work,
Jin, Netrapalli, and Jordan (2017) show that a perturbed version of celebrated Nesterov’s
accelerated gradient descent (Nesterov, [1983) enjoys a faster convergence rate of O(e~17).

Stochastic setting with Lipschitz stochastic gradient. In this setting, the algorithm
only has access to stochastic gradients. Most existing works assume that the stochastic
gradients themselves are Lipschitz (or equivalently that the stochastic functions are gradient-
Lipschitz, see Assumption . Under this assumption, and an additional Hessian-vector
product oracle, (Allen-Zhu, [2018; Zhou, Xu, and Gu, [2018; Tripuraneni et al., 2018) designed
algorithms that have an iteration complexity of O(e~35). (Xu, Rong, and Yang, 2018; Allen-
Zhu and Li, 2017)) obtain similar results without the requirement for Hessian-vector product
oracle. The sharpest rates in this category are by (Fang et al., |2018; Zhou and Gu, 2019)),
which show that the iteration complexity can be further reduced to (7)(6*3). Again, this
line of works consists of double-loop algorithms, and are relatively diffcult to implement in
practice.

Among single-loop algorithms that are simple variants of SGD, (Ge et al., 2015) pro-
vides the first polynomial result showing noisy gradient descent finds second-order station-
ary points in d*poly(e™!) iterations. (Daneshmand et al., [2018) designs a new algorithm
CNC-SGD and shows that assuming the variance of stochastic gradient along the escaping
direction of saddle points is at least + for all saddle points, then CNC-SGD finds SOSPs
in O(y~%€?) iterations. We note that in general, v scales as 1/d, which gives complex-
ity O(d*%). Our work is the first result showing that a simple perturbed version of SGD
achieves the convergence rate of O(e~*), which matches the speed of SGD to find a first-order
stationary point up to polylogarithmic factors in dimension. Concurrent to this work, (Fang,
Lin, and Zhang, 2019)) analyzes SGD with averaging over last few iterates, and obtains a
faster convergence rate @(6_3'5).

Stochastic setting (general). Significantly less amount of prior works provide results in
the general setting where stochastic gradients are no longer guaranteed to be Lipschitz. In
fact, only the results of Ge et al. (2015) and Daneshmand et al. (2018)) apply here, and both
of them require at least (d*) gradient queries to find second-order stationary points. Our
work is the first result in this setting achieving linear dimension dependence.
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Other settings. Finally, there are also several recent results in the setting where objective
function can be written as a finite sum of individual functions, we refer readers to Reddi
et al. (2017) and Allen-Zhu and Li (2017)) and the references therein for further reading.

Chapter Organization

In Section[2.2] we review the preliminaries. In Section[2.3] we discuss the landscape of a wide
class of nonconvex problems in machine learning, demonstrating how second-order station-
arity already ensures approximate global optimality via a simple example. In Section [2.4] we
state the algorithms and present our main results for perturbed GD and SGD. In Section [2.6]
we present our proof for non-stochastic case (perturbed GD), which illustrates some of our
key ideas. The proof for stochastic setting is presented in the appendix. We conclude in
Section with discussions on several related topics.

2.2 Preliminaries

In this section, we will first introduce our notation, and then present definitions, assumptions
and existing results in nonconvex optimization, in both deterministic and stochastic settings.

Notation

We use bold upper-case letters A, B to denote matrices and bold lower-case letters x,y to
denote vectors. For vectors we use [|-|| to denote the ¢y-norm, and for matrices we use ||-|| and
|-||r to denote spectral (or operator) norm and Frobenius norm respectively. We use Apin(+)
to denote the smallest eigenvalue of a matrix. For a function f : R? — R, we use Vf and
V2f to denote its gradient and Hessian, and f* to denote the global minimum of function
f- We use notation O(-), ©(:),€2() to hide only absolute constants which do not depend on

any problem parameter, and notation O(-),0(-),2(-) to hide only absolute constants and
factors that are ploy-logarithmically dependent on all problem parameters.

Nonconvex Optimization and Gradient Descent
In this work, we are interested in solving general unconstrained optimization problems

0

where f is a smooth function which can be nonconvex. More concretely, we assume that
f has Lipschitz gradients and Lipschitz Hessians, which ensures both gradient and Hessian
can not change too rapidly.

Definition 2.2.1. A differentiable function f is (~-gradient Lipschitz (or /-smooth) if:
IVf(x1) = Vi)l < lxi —xaf ¥V x1, %0,
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Definition 2.2.2. A twice-differentiable function f is p-Hessian Lipschitz if:
IV2f(x1) = V2F(x0)|| < pllxa — %oV %1, %0,
Assumption A. Function f is ¢-gradient Lipschitz and p-Hessian Lipschitz.

One of the most classical algorithms in optimization is Gradient Descent (GD), whose
update takes following form with learning rate 7:

X1 = X — NV f(x4) (2.1)

Since finding a global optimum for general nonconvex function is NP-hard, most classical
results turn to analyze convergence to a local surrogate—first-order stationary points.

Definition 2.2.3. For differentiable function f, x is a (first-order) stationary point if

Vf(x)=0.

Definition 2.2.4. For differentiable function f, x is a e-(first-order) stationary point if
Vi) <e

It is well known that gradient descent converges to first-order stationary points in a
number of iterations that is independent of dimension; this is referred to as “dimension-free
optimization” in literature.

Theorem 2.2.5 ((Nesterov, 1998)). For any € > 0, assume function f(-) is {-gradient Lip-
schitz, and let learning rate n = 1/¢. Then, gradient descent Eq|(2.1) will visit e-stationary
point at least once in the following number of iterations:

O(f(x0) — f*)

Note that in the above results, the last iterate is not guaranteed to be a stationary point.
However, it is not hard to figure out which iterate is the stationary point by calculating the
norm of gradient at every iteration.

A first-order stationary point can be a local minimum, a local maximum or even a saddle
point:

Definition 2.2.6. For differentiable function f, a stationary point x is a
e local minimum, if there exists 6 > 0 so that f(x) < f(y) for any y with ||y — x|| < ¢.
e local maximum, if there exists 6 > 0 so that f(x) > f(y) for any y with ||y — x|| <é.

e saddle point, otherwise.
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For minimization problems, both saddle points and local maxima are clearly undesirable,
and we abuse nomenclature to call both of them “saddle points” in this work. Unfortunately,
distinguishing saddle points versus local minima for smooth functions is still NP-hard in
general (Nesterov, [2000). To avoid these hardness results, this work focuses on escaping a
subclass of saddle points.

Definition 2.2.7. For twice-differentiable function f, x is a strict saddle point if x is a
stationary point and A, (V2 f(x)) < 0.

A generic saddle point must satisfy that Ay, (V2f(x)) < 0. Being “strict” simply rules
out the case where Ay, (V2f(x)) = 0. Equivalently, this defines a more suitable goal: to
find those stationary points that are not strict saddle points.

Definition 2.2.8. For twice-differentiable function f(-), x is a second-order stationary
point if:
Vf(x)=0, and V?f(x)>=0.

Definition 2.2.9. For a p-Hessian Lipschitz function f(-), x is an e-second-order sta-
tionary point if:
IVFx)| <e and V?f(x) = —/pe- L

Definition 2:2.91 is a e-robust version of Definition 2224l Definition 2.2.9] uses the Hes-
sian Lipschitz parameter p to help match the units of gradient and Hessian, following the
convention of Nesterov and Polyak (2006]).

Although second-order stationarity is only a necessary condition for being a local mini-
mum, a line of recent analyses shows that for many popular applications in machine learning,
all e-second-order stationary points are approximate global minima, thus finding second-order
stationary points is sufficient for solving those problems. See Section for more details.

Stochastic Approximation

We also consider the stochastic approximation setting, where we may not access exact V f(-)
directly. Instead for any point x, a gradient query will return a stochastic gradient g(x;6),
where 0 is a random variable drawn from a distribution D. The key property satisfied by
stochastic gradients g(-;-) is that Vf(x) = Egup [g(x;0)], i.e. the expection of stochastic
gradient equals true gradient. In short, the update of Stochastic Gradient Descent (SGD)
is:

Sample 6, ~ D, X1 = X¢ — nNVg(xy; 04) (2.2)

Other than being an unbiased estimator of true gradient, another standard assumption
on the stochastic gradients is that their variance is bounded by some number o2, i.e.

Eo-n [lg(x.0) ~ V/()]?] <o’

When we are interested in high probability bounds, one often makes the stronger assumption
on tail distribution of stochasticity.
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Assumption B. For any x € R?, stochastic gradient g(x; ) with § ~ D satisfies:
Eg(x;0) = Vf(x), P(lg(x:0) -~ Vf(x)| >1t) < 2exp(—t?/(20%)), VteR

We note this assumption is more general than the standard notion of sub-Gassuain ran-
dom vector which assumes E exp((v, X — EX)) < exp(c?||v||?/d) for any v € R%. The latter
one requires distribution to be “isotropic” while our assumption does not. By Lemma [2.9.2
we know that both bounded random vector, and standard sub-Gaussian random vector are
special cases of our assumption.

Again, prior works show that stochastic gradient descent also converges to first-order
stationary points in a number of iterations that are independent of dimension.

Theorem 2.2.10 ((Ghadimi and Lan, 2013)). For any €,0 > 0, assume function f is (-
gradient Lipschitz, stochastic gradient g satisfies Assumption [B, and let learning rate n =
Ol Y (1+02/€*)™Y). Then, with probability at least 1—§, stochastic gradient descent Eq|(2.2)

will visit e-stationary point at least once in the following number of iterations:

o (=1 (1,2))

2.3 Common Landscape of Nonconvex Applications
in Machine Learning

In this section, we illustrate the importance of second-order stationary points—for a wide
class of nonconvex applications in machine learning and signal processing, all second-order
stationary points are global minima.

These applications include tensor decomposition (Ge et al., 2015)), dictionary learning
(Sun, Qu, and Wright, 2016b]), phase retrieval (Sun, Qu, and Wright, [2016a)), synchronization
and MaxCut (Bandeira, Boumal, and Voroninski, 2016; Mei et al.,[2017)), smooth semidefinite
programs (Boumal, Voroninski, and Bandeira, 2016|), and many problems related to low-rank
matrix factorization, such as matrix sensing (Bhojanapalli, Neyshabur, and Srebro, 2016]),
matrix completion (Ge, Lee, and Ma, 2016)) and robust PCA (Ge, Jin, and Zheng, 2017).

The above works show that, by adding appropriate regularization terms, and under mild
conditions, there are two geometric properties satisfied by the corresponding objective func-
tions (a) all local minima are global minima. There might be multiple local minima due to
permutation, but they are all equally good; (b) all saddle points have at least one direction
with strictly negative curvature, thus are strict saddle points. Finally, we observe:

Fact 2.3.1. If a function f satisfies (a) all local minima are global minima; (b) all saddle
points (including local mazima) are strict saddle points, then all second-order stationary
points are global minima.
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This implies that the core problem for these nonconvex applications is to find second-
order stationary points efficiently. If we can prove that some simple variants of GD and
SGD converges to second-order stationary points efficiently, then we immediately establish
global convergence results for all the above applications (i.e. convergence from arbitrary
initialization), and in fact do so efficiently.

In the rest of this section, we illustrate the above common geometric properties via a
simple example of finding top eigenvector. Given a positive semidefinite matrix M € R%*?,
consider the following objective:

1 T
i == — M]3 2.3
min f(x) = 5[|xx I (2.3)
Denote the eigenvalues and eigenvectors of M as (\;,v;) for i = 1,...,d, and assume there

is a gap between the first and second eigenvalues, i.e. Ay > Ay > A3 > ... > Ay > 0. In this
case, the global optimal solutions are x = 4+/A\;v; giving the top eigenvector direction.

However, the objective function is nonconvex in x. In order to directly optimize
over objective via gradient methods, we need to analyze the global landscape of objective
function . Its gradient and Hessian are of the form:

Vf(x) =(xx" —M)x
V2f(x) =|x|IPT+2xx" — M

Therefore, all the stationary points satisfy the equation Mx = ||x||?x. That is, they are 0
and +v/A\;v; for i = 1,...,d. We already know £+/\;v; are global minima, thus are also
local minima, they are equivalent up to a sign difference. For all remaining stationary points
x!, we note that their Hessian always has strict negative curvature along v; direction, i.e.
v V2f(x") vy < Xy — Ay < 0. Thus they are strict saddle points. So far, we have proved all
the preconditions of Fact [2.3.1], which enables us to conclude:

Proposition 2.3.2. Assume M is a positive semidefinite matriz with top two eigenvalues
A1 > Ao > 0, then for the objective Eq{(2.3) of finding the top eigenvector, all second-order

stationary points are global optima.

Further analysis can be done to establish the e-robust version of the Proposition [2.3.2
Informally, it can be shown that under technical conditions, for polynomially small €, all
e-second-order stationary point are close to global optima. We refer the readers to (Ge, Jin,
and Zheng, |2017) for the formal statement.

To summarize the discussion, in order to solve a wide class of nonconvex problems, it
suffices to establish algorithmic results that find e-second-order stationary points efficiently.

2.4 Main Results

In this section, we present our main results on the efficiency of simple variants of GD and
SGD to escape saddle points and find second-order stationary points. We first study the
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Algorithm 1 Perturbed Gradient Descent (PGD)

Input: x(, learning rate 7, perturbation radius r.
fort=0,1,..., do
Xt+1 — X — n(vf<xt> + 515)7 gt ~ N<07 (TQ/d)I)

case where the exact gradients are accessible, and present the result for Perturbed GD. In
Section [2.4] we study the stochastic setting, and present the results for Perturbed SGD and
its mini-batch version.

When exact gradients are available, GD is the simplest algorithm to run in this setting.
However, according to its update rule Eq, GD only moves its iterates when gradient is
non-zero. That is, GD will natually get stuck at saddle points if initialized there. A simple
fix to this problem is to inject certain randomness to the iterates. Therefore, this work
considers a perturbed version of gradient descent (Algorithm .

At each iteration, Algorithm [I] is almost the same as gradient descent, except it adds
a small isotropic random Gaussian perturbation to the gradient. The perturbation & is
sampled from a zero-mean Gaussian with covariance (r?/d)I so that E|&|* = r2. We
note that Algorithm [l simplifies the preliminary version in (Jin et al., 2017) which adds
perturbation more carefully only when certain conditions hold.

We are now ready to present our main result, which claims that if we pick r = @(6) in
Algorithm [T, PGD will find e-second-order stationary point in a number of iterations that is
only polylogarithmic in dimension.

Theorem 2.4.1. For any €,0 > 0, assume function f(-) satisfies Assumption[A] and we run
PGD (Algorithm (1) with parameter n = O(1/0),r = ©(e). Then, with probability at least
1 -9, PGD will wisit e—second-order stationary point at least once in the following number

of iterations:
O <£(f(Xo)2— f*))

€
where O, O hides poly-logarithmic factors in d, 0, p,1/e,1/5 and Ay = f(xo) —

Remark 2.4.2 (Output a second-order stationary point). In order to output an e-second-
order stationary point, it can be shown by minorly adjusting the proof that, if we run PGD
for double that number of iterations in Theorem (2.4.1, one half of the iterates will be e-
second-order stationary points. Then, if we output one iterate uniformly at random, with at
least a constant probability, it will be an e-second-order stationary point.

Remark 2.4.3 (Alternative distributions of perturbations). We note that the distribution
of perturbations is not necessarily Gaussian as in Algorithm [1. The key properties needed
for the perturbation distributions are (a) light tail distribution for concentration, (b) at least
a small amount of variance in every direction.
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Algorithm 2 Perturbed Stochastic Gradient Descent (PSGD)
Input: x(, learning rate 7, perturbation radius r.
fort=0,1,...,do
sample 0; ~ D
Xpp1 X = (g% 0) + &), & ~N(0, (r?/d)T)

Comparing Theorem to classical result Theorem [2.2.5] our result shows that rather
surprisingly, perturbed gradient descent finds second-order stationary points in almost the
same time as gradient descent finds first-order stationary points, up to only logarithmic
factors. Therefore, escaping strict saddle points is a very easy task even in terms of efficiency.

We also note that comparing to Theorem [2.2.5] Theorem [2.4.1] also makes an additional
assumption on Hessian Lipschitz, which is essential in separating strict saddle points from
second-order stationary points.

Stochastic Setting

Recall in the stochastic approximation setting, exact gradients V f(-) are no longer available,
and the algorithms are given stochastic gradients g(+; #) such that V f(x) = Egp [g(x;0)].

In many applications in machine learning, the stochastic gradient g is often realized as
gradient of a stochastic function g(-;0) = Vf(+;0) where the stochastic function itself can
have good smoothness property. That is, the stochastic gradient can be Lipschitz.

Assumption C. For any 0 € supp(D), g(+;0) is (-Lipschitz, i.e.
lg(x150) — g2 0)|| < L1 — %ol ¥ 1, %,

Most prior works heavily rely on this assumption. Intuitively, in the special case of
g(;0) = Vf(-;0) for some twice-differentiable stochastic function f(-;€), Assumption
ensures the spectral norm of Hessian of stochastic function f(-;6) to be bounded by ? for all
0. Therefore, the stochastic Hessian also enjoys good concentration properties, which helps
algorithms to find points with second-order characterization. In contrast, when Assumption
[C] no longer holds, the problem of finding second-order stationary points becomes much
more challenging without the concentration of stochastic Hessian. For the sake of clean
presentation, this work treats the general case where Assumption [C|] does not hold by taking
(= +00.

We are now ready to present our main result which guarantees the efficiency of PSGD
(Algorithm [2) in finding a second-order stationary point. The parameter choice of Algorithm

is given by:

—é(L) = O(evVM) h N =1+ mi ”—2+i o’d (2.4)
n = ) r = € , where = min o2 E\/ﬁ’ o .



CHAPTER 2. ESCAPING SADDLE POINTS BY GRADIENT DESCENT 18

Algorithm 3 Mini-batch Perturbed Stochastic Gradient Descent (Mini-batch PSGD)
Input: x(, learning rate 7, perturbation radius r.
fort=0,1,..., do
sample {6,9),- o™ } ~ D
gi(xi) « 220 g(xi;01")/m
X1 4= X = 1(8e(%e) + &), & ~ N (0, (r?/d)1)

Theorem 2.4.4. For any €,0 > 0, if function [ satisfies Assumption [A and stochastic
gradient g satisfies Assumption@ (and@ optionally), and we run PSGD (Algom'thm@) with
parameter (n,r) chosen as Eq. Then, with probability at least 1 — 6, PSGD will visit
e—second-order stationary point at least once in the following number of iterations:

5 <€(f(xo)2— /) ‘ﬁ)

€

We note Remark on how to output a second-order stationary point and Remark
2.4.3| on alterative distribution of perturbations can also be directly applied to Theorem
244

Theorem [2.4.4] summarize the results for both scenarios with or without Assumption [C]
In case where stochastic gradients are Lipschitz (i.e. Assumption [Cis valid), for sufficiently
small € where %/ > Ez/(ﬁ\/_) we have 9 ~ 1+ 0?/e%. Our results then show that
perturbed SGD finds second-order stationary points in O(e~*) iterations, which matches
Theorem [2.2.10| up to logarithmic factors.

In the general case where Assumption l does not hold (£ = o), we have M = 1+ 02d /2,
and Theorem 4| guarantees that PSGD finds e-second-order stationary point in O(de~ )
iterations. Comparmg to Theorem [2.2.10] this pays an additional factor linear in dimension
d.

Finally, Theorem [2.4.4] can be easily extended to the minibatch setting, with parameters
chosen as:

1= 6(— ) r= OV, where M=1+ Smind + £ dl g
gm T = € , wihere = mmln g\/_ 62 .

Theorem 2.4.5 (Mini-batch Version). For any €,d,m > 0, if function f satisfies Assump-
tion and stochastic gradient g satisfies Assumption @ (and@ optionally), and we run
mini-batch PSGD (Algorithm[3) with parameter (n,r) chosen as Eql(2.5) Then, with prob-
ability at least 1 — 9, mini-batch PSGD will visit an e—second-order stationary point at least
once in the following number of iterations:

5 (é(f(xol— /) Dﬁ)

€
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Theorem says that if the minibatch size m is not too large i.e., m < I, where N
is defined in Eq{(2.4) then mini-batch PSGD will reduce the number of iterations linearly,
while not increasing the total number of stochastic gradient queries.

2.5 Conclusion

In this work, we show simple perturbed versions of GD and SGD escape saddle points
and find second-order stationary points in essentially the same time GD and SGD take to
find first-order stationary points. The overheads are only logarithmic factors in the non-
stochastic setting, and the stochastic setting with Lipschitz stochastic gradient. In the
general stochastic setting, the overhead is a linear factor in d.

Combined with previous landscape results on a wide class of nonconvex optimization in
machine learning and signal processing, that all second-order stationary points are global
optima, our results directly provide efficient guarantees for solving those nonconvex problem
via simple local search approaches. We now discuss several possible future directions, and
on connections to other fields.

Optimal rates for finding second-order stationary points According to Carmon et
al. (2017b), GD achieves the optimal rate for finding stationary point for gradient Lipschitz
functions. However, we note the results of this work assume, in addition, Lipschitz Hessian.
This additional smooth structure of the function allows for more sophisticated algorithms
to exploit it and achieve faster convergence rate. Therefore, GD and SGD or their variants
themselves are no longer optimal algorithms.

The main focus of this work is to provide sharp guarantees to variants of the simplest
algorithms in optimization—GD and SGD. Optimality is a separate topic worth further
investigation. To find second-order stationary points of functions with Lipschitz gradient
and Hessian via first-order algorithms, the best known gradient query complexity so far is
O(e 1) achieved by Carmon et al. (2016), Agarwal et al. (2017), and Jin, Netrapalli, and
Jordan (2017)), while the existing lower bound is Q(e!%/7) by Carmon et al. (2017c) with
only a small gap of /2. We also note that the current lower bound is restricted to only
deterministic algorithms, thus does not apply to most existing algorithms for escaping saddle
points as they are all randomized algorithms. For stochastic setting with Lipschitz stochastic
gradient, the best query complexity of stochastic gradients is @(6_3) achieved by Fang et al.
(2018) and Zhou and Gu (2019), while the lower bound remains open. See Appendix for

more comparison of exisiting works.

Escaping high-order saddle points. In this work, we study escaping strict saddle point
and finding second-order stationary point. One can equivalently define n-th order stationary
points as points which satisfies the KKT-necessary conditions for being local minima up to
n-th order derivatives. It becomes more challenging to find n-th order stationary points as
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n increases, since it requires escaping higher-order saddle points. In terms of efficiency, Nes-
terov (2000)) rules out the possibility of efficient algorithms for finding n-th order stationary
points for all n > 4, as the problem in general is NP-hard. Anandkumar and Ge (2016
present a third-order algorithm to find third-order stationary point in polynomial time. It
remains open whether simple variants of GD can also find third-order stationary point effi-
ciently. It is unlikely that the overhead will still be small or only logarithmic factors in this
case. Another related question is to identify applications where third-order stationarity is
needed beyond second-order stationarity to achieve global optimality.

Connection to gradient Langevin dynamics. A closely related algorithm in Bayesian
statistics is the Langevin Monte Carlo (LMC) algorithm (Roberts and Tweedie, 1996), which
performs the following iterative update:

xir1 =X — V(%) +/2/(nB)w;) where w; ~ N(0,1).

Here 8 is known as the inverse temperature. When learning rate n — 0, the distribution of
LMC iterates is known to converge to a stationary distribution p(x) oc e7#/®) (Roberts and
Tweedie, 1996)).

While the LMC algorithm looks essentially the same to perturbed gradient descent con-
sidered in this work, there are two key differences on the standard settings between the two
communities:

e Goal: While the focus of our work is to find a second order stationary point, the goal
of LMC algorithm is to quickly converge to the stationary distribution (i.e., to mix
rapidly).

e Scaling of Noise: The scaling of perturbation in this work is much smaller than the
one considered in the standard LMC literature. Running our algorithm is equivalent
to running LMC with temperature S~! oc d=!. In this low temperature or small noise
regime, the algorithm can no longer mix efficiently for smooth nonconvex function, as
it takes Q(e?) steps in the worst case (Bovier et al., 2004). However, with this small
amount of noise, the algorithm can still perform local search efficiently, and find a
second-order stationary point in a small number of iterations as shown in Theorem

241

Finally we note that a recent result (Zhang, Liang, and Charikar, |2017) studied, instead
of mixing time, the time LMC takes to hit a second-order stationary point. The runtime is
no longer exponential, but is still polynomially dependent on dimension d with large degree.

On the Necessity of Adding Perturbations. In this work, we discuss algorithms adding
perturbations to every iteration of GD or SGD to escape saddle points efficiently. As an al-
ternative, one can also simply run GD with random initialization, and try to escape saddle
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Algorithm 4 Perturbed Gradient Descent (Variant)

Input: xq, learning rate 7, perturbation radius r, time interval .7, tolerance e.

tperturb =0
fort=20,1,...,7 do
if |V f(x¢)| <eandt—tpermn > 7 then
x¢ < x¢ — n&, (& ~ Uniform(By(r)));  tperturb < t
X1 ¢ X — V(%)

points using only the randomness within the initialzation. Although this alternative algo-
rithm exhibits asymptotic convergence (Lee et al., 2016)), it does not yield efficient conver-
gence in general. Du et al. (2017)) shows that even with fairly natural random initialization
schemes and non-pathological functions, GD with only random initialization can be signifi-
cantly slowed by saddle points, taking exponential time to escape them.

2.6 Proofs for Non-stochastic Setting

In this section, we present our proof for the iteration complexity of PGD to find a second-
order stationary point. While gradients are exact in Algorithm I} the addition of perturbation
in each step makes the algorithms stochastic in nature, and makes the analysis involves many
concetrations inequalities and stochastic analysis. In order to illustrate the proof ideas and
make the proof transparent, we present instead a proof for the iteration complexity of a
variant of PGD (Algorithm , which is less stochastic. We leave the formal proof of Theorem
as a direct corollary of Theorem by setting o = 0.

Algorithm {4 adds perturbation only when the norm of gradient at current iterate is small,
and the algorithm has not added perturbation in previous .7 iterations. Similar guarantees
as Theorem [2.4.1] can be shown for this version of PGD as follows:

Theorem 2.6.1. There is an absolute constant ¢ such that the following holds: for any
€,0 > 0, if f satisfies Assumption let Ay = f(xo) — f* and we run PGD (Variant)
(Algorithm[{]) with parameters n,r, 7 chosen as Eq|(2.6) with v = ¢ - log(d¢Ay/(ped)), then
with probability at least 1 — &, in the following number of iterations, at least one half of
iterations of PGD (Variant) will be e—second order stationary points.

- (LA
© (6—2)’

In order to prove this theorem, we first specify our choice of hyperparameter n,r, .7, and
two quantities .#,.¥ which are frequently used:

1 €

=2, r=—— o, F =— /= 2.
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Our high-level proof strategy is to prove by contradiction: when the current iterate is not
e-second order stationary point, it must either have a large gradient or a strictly negative
Hessian, and we prove that in either case, PGD must decrease a large amount of function
value in a reasonable number of iterations. Finally since the function value can not decrease
more than f(xg) — f*, we know that the total number of iterates that are not e-second order
stationary points can not be very large.

First, we show the decreasing speed when gradient is large.

Lemma 2.6.2 (Descent Lemma). If f(-) satisfies Assumption |A| and n < 1/¢, then the
gradient descent sequence {x;} satisfies:

f(xean) = F(xe) < =l Vf(x0)|7/2

Proof. According to the (-gradient Lipschitz assumption, we have:

l
Fxerr) SF(xe) + (VF(xe) Xewr = %) + S l1xewn = x|
20
=F(xe) = |V F )| + IV Il < S (x0) = S 19 F ()P

]

Next is our key lemma, which shows if the starting point has strictly negative Hessian,
then adding a perturbation and following by gradient descent will decrease a large amount
of function value in .7 iterations.

Lemma 2.6.3 (Escaping Saddle). Assume f(-) satisfies Assumption |A| and X satisfies
IVFX)| < € and Ain(V2f(X)) < —\/pe. Then let xg = X +n& (£ ~ Uniform(By(r)))

and run gradient descent starting from xq, we have

P(f(xg)— f(X) < —=ZF/2)>1— f/ip_il L2987

where Xz is the T™ gradient descent iterate starting from Xg.

In order to prove this, we need to prove two lemmas, and the major simplification over (Jin
et al., 2017) comes from the following lemma which says that if function value does not
decrease too much over ¢ iterations, then all the iterates {x,}._, will remain in a small
neighborhood of xg.

Lemma 2.6.4 (Improve or Localize). Under the setting of Lemma foranyt>T1>0:

I = xoll < v/2nt(f(x0) — f(x:))
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Proof. Recall gradient update x,11 = x;, — nV f(x¢), then for any 7 < ¢:

t t
1)
I = xoll <3l = %ol < D [ — x|
T=1 =1

Pt S IV ) P S /2 (ko) — Fx0)

where step (1) uses Cauchy-Schwartz inequality, and step (2) is due to Lemma [2.6.2] O

Second, we show that the stuck region (where GD will get stuck in a small local neigh-
borhood for at least 7 iterations if initialized there) is thin. We show this by tracking any
pair of points that differ only in escaping direction, and are at least w far apart. We show
that, out of the two GD sequences that initialized at these two points, at least one sequence
is guaranteed to escape the saddle point with high probability, so the stuck region along
escaping direction has width at most w.

Lemma 2.6.5 (Coupling Sequence). Suppose f(-) satisfies Assumption [A| and X satisfies
Amin(V2f(X)) < —/pe. Let {x;}, {x;} be two gradient descent sequences which satisfy: (1)
max{||xo — X||, [|x; — X[|} < nr; (2) x0 — x{, = nroe1, where ey is the minimum eigenvector
direction of V2f(X) and ro > w := 2*"4.. Then:

min{f(x7) — f(x0), f(x7) = f(x0)} < —F.

Proof. Assume the contrary, that is min{f(xz) — f(x0), f(x’;) — f(x3)} > —%. Lemma
implies localization of both sequences around x, that is for any t < 7

max{|[x; — X||, [|x; — X[} <max{[|x; — xol|, [|x; — xg[|} + max{[|xo — x|, [Ix — %[}
<N2TF+nr <. (2.7)

where the last step is due to our choice of n,r, 7,.%,.7 as in Eq)(2.6)| and ¢/,/pe > 1E| On
the other hand, we can write the update equations for the difference x; := x; — x; as:

X1 =% — [V f(x) — Vf(xff)] = (I —nH)%x; — nAX,

t
=T —nH)" "% —n > (T—nH)" "AX
—_—

p(t+1) N _

q(t:1)

where H = V2f(x) and A, = fol [V2f(x, + 0(x; — x,) — H]dd. We note p(t) is the leading
term which is due to initial difference o, and q(¢) is the error term which is the result of

We note that when £/,/pe < 1, e-second-order stationary points are equivalent to e-first-order stationary
points due to function f being ¢-gradient Lipschitz. In this case, the problem of finding e-second-order
stationary points becomes very easy.
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that function f is not quadratic. Now we use induction to show that the error term is always
small compared to the leading term. That is:

la@®l <lp@®ll/2,  telT]

The claim is true for the base case t = 0 as ||q(0)|| = 0 < ||%¢[|/2 = ||p(0)||/2. Now suppose
the induction claim is true till ¢, we prove it is true for ¢ + 1. Denote Apin(V2f(%0)) = —7.
First, note X is in the minimum eigenvector direction of V2 f(xg). Thus for any 7 < ¢, we
have:

1% < [P + lla(m) | < 2[p(7)]] = 2[(T = nH) %ol = 2(1 + 77) 7o

By Hessian Lipschitz, we have ||A:]| < pmax{||x; — X[, [|x; — X||} < p.7, therefore:

t t
la(t+ D) =) @ = nH)" " AX| < nps Y T = nH) T [[|%|

7=0 =0

t
<2p? Y (L) nre < 20p. T (1+1y)'nro < 2mp. T ||p(t+1)||
7=0

where the second last inequality used t + 1 < 7. By our choice of hyperparameter as in
Eq)(2.6)l we have 2np..7 < 1/2, which finishes the proof for induction.
Finally, the induction claim implies:

1, . 1 1
max{||x7 —xol, x5 = %o} 2 I%(T)I| = [IP(T)I| = la(Z)I] = Z{Ip(Z7)]
1 Tnrg O
( +nz) o Y gty s
where step (1) uses the fact (1+x)/* > 2 for any = € (0, 1]. This contradicts the localization
fact EqJ(2.7), which finishes the proof. O

Equipped with Lemma and Lemma [2.6.5] now we are ready to prove the Lemma
263

Proof of Lemma [2.6.3 Recall xq ~ Uniform(Bx(nr)). We call Bg(nr) the perturbation ball,
and define stuck region within it to be the set of points starting from which GD requires
more than .7 steps to escape:

Xstuek = {x € Bx(nr) | {x¢} is GD sequence with xo = x,and f(xz) — f(x¢) > —F}.

See Figure and Figure for illustrations. Although the shape of stuck region can be
very complicated, according to Lemma [2.6.5, we know the width of A, along e; direction
is at most nw. That is, Vol(Xyua) < Vol(BE (nr))nw. Therefore:

gt ¢ +1
]P)(XO € Xstuck) = VOI(XStHCk) < o x VOI(BO <77T>> = w (2 + ) < g . é < M . L228*L
Vol(B (7)) Vol(Bf(nr)) VIl + 1)~ Vo /e
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Figure 2.2: Pertubation ball in 2D and
“narrow band” stuck region under gradi-
ent flow

Figure 2.1: Pertubation ball in 3D and
“thin pancake” shape stuck region

On the event that xg & Xsuek, according to our parameter choice Eq|(2.6), we have:

£n2r2

f(x7) = f(X) = [f(x7) = f(xo)] + [f(x0) = fX)] £ =F +enr + < —F/2

This finishes the proof. O
With Lemma and Lemma it is not hard to finally prove Theorem [2.6.1
Proof of Theorem[2.6.1 First, we set total iterations T" to be:

- { (fx0) = )T (f(z0) = f*)} , <€(f(:vo) - )

F ’ ne2 €2

Next, we choose t = ¢ - log(dﬁ%) with large enough absolute constant ¢ so that:

(TVd/\/pe) - 2257 < 6.

Then, we argue with probability 1 — 4, algorithm 4| will add perturbation at most T/(4.7)
times. This is because otherwise, we can use Lemma [2.6.3| every time we add perturbation,
and:

flxr) < fxo) =TF)(4T) < [

which can not happen. Finally, excluding those iterations that are within .7 steps after
adding perturbations, we still have 37/4 steps left. They are either large gradient steps
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IV f(x:)|| > € or esecond order stationary points. Within them, we know large gradient
steps can not be more than 7'/4. Because again otherwise, by Lemma

f(xr) < f(x0) = Te*/4 < f*

which again can not happen. Therefore, we conclude at least T'/2 iterations must be e—second
order stationary points. O

2.7 Proofs for Stochastic Setting

In this section, we provide proofs for our main results—Theorem and Theorem [2.4.5]
Theorem can be proved as a special case of Theorem by taking o = 0.

Notation

Recall the update equation of Algorithm [2] is x,11 + x; — n(g(xs; 0;) + &) where & ~
N(0, (r?/d)T). Across this section, we denote (; := g(xy; 0;) —V f(x;), as the noise part within
the stochastic gradient. For simplicity, we also denote ¢, := (,+&, which is the summation of
noise in stochastic gradient and the injected perturbation, and 62 := o¢2+72. Then the update
equation can be rewrite as Xy <+ x,—1(V f(x:)+¢). We also denote F; = o(Co, o, - - -, s &)
be the corresponding filteration up to time step t. We choose parameters in Algorithm [2| as
follows:

= v r=1-eVM, T = F = , S = (2.8)

where 91 and log factor ¢ are defined as:

2 /2 2 A
‘ﬁ:l—l—min{a——l— : Ud}, L:,u-log<d€ fm)

e U\/pe = ped

Here, p is a sufficiently large absolute constant to be determined later. Also we note ¢ in
this sections are absolute constant that does not depend on the choice of p. The value of ¢
may change from line to line.

Descent Lemma

We first prove that the change in the function value can be always decomposed as the decrease
due to the magnitudes of gradients, and the possible increase due to randomness in both
stochastic gradients and perturbations.
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Lemma 2.7.1 (Descent Lemma). There exists absolute constant c, under Assumption
@ for any fized t,to,0 > 0, if n < 1/¢, then with at least 1 — 4e™" probability, the sequence
PSGD(n,r) (Algorithm|[g) satisfies: (denote * = o* +1?)

t—1

Fotre) = FOxt,) < =g DIV FGeage P 0o (et + 1)
=0

Proof. Since Algorithm [2| is Markovian, the operations in each iterations does not depend
on time step t. Thus, it suffices to prove Lemma for special case tg = 0. Recall the
update equation: .

X1 & X — N(V (%) + )

where Et = (;+&. By assumption, we know (;|F;_; is zero-mean nSG(o). Also &|F;_1 comes
from N(0, (r?/d)I), and thus by Lemma is zero-mean nSG(c - r) for some absolute
constant c¢. By Taylor expansion, ¢-gradient Lipschitz and n < 1/¢, we know:

1) SF00) (V000 %0 = x0) + 5 s =P
2

<o) = {9 ). V1) + &) + 2 [319 )17+ 316

< 0) = DIV IR = 0960, &) + SPCIGIP

Summing over the inequality above, we have following:

Floxe) - §Z||Vf X ||2—n2 Vi), G) + WZH@H? (2.9)

For the second term in RHS, applying Lemma [2.9.8] there exists an absolute constant c,
with probability 1 — 2e™*

—1
—nz Vix;) CZ §gZHVf x;)||? + end*e
=0

=0

For the third term in RHS of Eq)(2.9)] applying Lemma [2.9.7] m with probability 1 — 2e™*
g =l t—1
ST NG <30°0 Y (IGI + N1&]1%) < en*ta*(t + 1)
i=0 i=0
Substituting both above inequality into Eq{(2.9), and note the fact n < 1/¢, we have with
probability 1 — 4e™":

t—1

Flox) = fox0) < =2 D IVF )P+ end(ntt +-1)

This finishes the proof. O
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The descent lemma enables as to show following Improve or Localize phenomena for
perturbed SGD. That is, with high probability over a small number of iterations, either the
function value decrease significantly, or the iterates stay within a small local region.

Lemma 2.7.2 (Improve or Localize). Under the same setting of Lemma with at least
1 — 8dt - e™* probability, the sequence PSGD(n,r) (Algorithm[9) satisfies:
VT <t [Xegr — Xl < ent - [f(xag) = f(Xtgtr) + 107 (0l + 1))

Proof. By similar arguement as in proof of Lemma [2.7.1], it suffices to prove Lemma in
special case tg = 0. According to Lemma [2.7.1 with probability 1 — 4e™*, for some absolute
constant c:

i IVFx)I” < %[f(xO) — f(xe)] + ca(nlt + )

Therefore, for any fixed 7 < t, with probability 1 — 8d - e™*.:
T7—1 7—1 7—1
e = xol* =n*|1 > (VF(xi) + I < 20 1D V)P + 1D GIP
i=0 i=0 i=0

(1) T—1 t—1
<ot SV (i) 2+ et < 20t S IV Fx0)|12 + en6t
1=0 1=0

§cnt[f(;<g) — f(x;) + 132 (nlt + 1)]

Where in step (1) we use Cauchy-Schwartz inequality and Lemma Finally, applying
union bound for all 7 < ¢, we finishes the proof. n

Escaping Saddle Points

Descent Lemma shows that large gradients contribute to the fast decrease of the func-
tion value. In this subsection, we will show that starting in the vicinity of strict saddle
points will also enable PSGD to decrease the function value rapidly. Concretely, this entire
subsection will be devoted to prove following lemma:

Lemma 2.7.3 (Escaping Saddle Point). There exists absolute constant cyay, under As-
sumption @ for any fixed ty > 0,0 > Cpmax log(€r/d/(pe€)), if n,r, F, T are chosen as in

Eql(2.8), and xy, satisfies ||V f(x¢)]] < € and Auin(V2f(X4,)) < —/p€, then the sequence
PSGD(n,r) (Algorithm[3) satisfies:

P(f(xtg+7) — f(x4) <0.1F) > 1 —4e™" and
P(f (Xt 7) = f(Xeg) < =F) 2 1/3 = 5d.T* -log(:#Vd/ (nyr))e ™

Since Algorithm [2| is Markovian, the operations in each iterations does not depend on
time step t. Thus, it suffices to prove Lemma for special case to = 0. To prove this
lemma, we first need to introduce the concept of coupling sequence.
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Notation: Across this subsection, we let H := V2f(xg), and e; be the minimum eigendi-
rection of H, and v := Apin(H). We also let P_; be the projection to subspace complement
to e;.

To prove the lemma, we introduce an important concept—coupling sequence.

Definition 2.7.4 (Coupling Sequence). Consider two sequences {x;} and {x}} as two seper-
ate runs of PSGD (algorithm [2) both starting from xq. They are coupled if both sequences
share the same randomness P_1&; and 6, while in e; direction e, TE = —e, 5’

The first thing we can show is that if function values of both sequences do not have
sufficient decreases, then both sequences are localized in a small ball around xq within .7
iterations.

Lemma 2.7.5 (Localization of coupling sequence). Under the notation of Lemma
then:

P(min{f(x7) — f(x0).f(x7) — f(x0)} < =F, or
Vt < .7 max{||x; — x| |X} — x0|*} £.S?) >1-16d.T - e

Proof. This lemma follows from applying Lemma on both sequences and union bound.
O

The overall proof strategy for Lemma [2.7.3] is to show localization happens with a very
small chance, thus at least one of the sequence must have sufficient descent. In order to
prove so, we study the dynamics of the difference of the coupling sequence.

Lemma 2.7.6 (Dynamics of the difference of coupling sequence). Consider coupling sequence

{x;} and {x} as in Definition and let X, := x; —x}. Then Xy = —qp(t) — qsy(t) —qp(t),
where:

—

t— t—

t—1
an(t) =Y _(I=rH) A, au(t) =0 ) (T=nH)' ™G ap(t) = Y (T-nH) T
7=0

T

—_

I
)
I
=)

Here A, = [y V2f(xy + (1= )x))dep = H, and §; =G — ¢, & = & — €.
Proof. Recall (; = g(x;;0;) — V f(x;), thus, we have update formula:
Xp1 = X¢ — (8%t 0r) + &) = xe = (Vf(xe) + G+ &)
Taking the difference between {x;} and {x}}:
Xpp1 =X — X = X = (VF(x) = VF(xp) + ¢ — G+ (& — &)
=%, — n[(H + A% + G+ &) = (T— )% — Ak + G + eref &)

=—7 Zt(] — T]H)t_T<A7—)A(7- + 67’ + ET))

=0

where A, := [ V2f(¢x; + (1 — ¥)x})d¢) — H. This finishes the proof. O
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In high level, we will show with constant probability, q,(t) is the dominating term which
controls the major behavior of the dynamics, and q,(t), qs,(t) will stay small compared to
q,(t). To achieve this, we prove following three lemmas.

Lemma 2.7.7. Denote a(t) := [0 (14 ny)2¢-1- Tﬂé s B(t) == (1 +n)t /2. Ifny €
[0,1], then (1) a(t) < B(t) for any t € N; (2) a(t) > B(t)/V/3 for t > n(2)/ ().

Proof. By summation formula of geometric sequence:

t—

a?(t) =) (L+ny)*17 =

T

—_

(L4+ny)* -1
21y + (n7)?

Il
=)

Thus, the claim «a(t) < §(t) for any ¢ € N immediately follows. On the other hand, note
for t > In(2)/(ny), we have (1 + ny)* > 2282 > 2 where the second claim follows by
calculations. O

Lemma 2.7.8. Under the notation of Lemma and Lemma let —v := Amin(H),
then Yt > 0:

P(lay(t)] < %”" V)12

Pllan()] = 220 > 2

Proof. Note éT is one dimensional Gaussian with standard deviation 2r/ Vd along e, direc-
tion. As a immediate result, n >0 _ (1 — )" 7€, also satisfies one dimensional Gaussian dis-
tribution since summation of Gaussian is again Gaussian. Finally note e; is an eigendirection
of H with corresponding eigenvalue —v, and by Lemmal[2.7.7|that a(t) < 8(¢). Then, the first
inequality immediately follows from the standard concentration inequality for Gaussian; the
second inequality follows from the fact if Z ~ A (0,0?) then P(|Z] < Ao) < 2\/v2r < \. O

Lemma 2.7.9. There exists absolute constant cpax, for any ¢ > cmax, under the notation of

Lemma and Lemma let —v = Amin(H), we have:
P(min{f(xs) — f(x0).f(x7) — f(x0)} < =F, or
. Bt)nr 2 SVd

VE < T lan(t) + as ()] < 20\/—) —10d7* - log( =

Proof. For simplicity we denote € to be the event {V7 <t : max{||x, — xo||?, [|x. — xo|*} <
?}. We use induction to prove following claims for any ¢ € [0, .7]:

B(r)nr IVd, _,
207d ) >1—10dT7t - log( o )e

Je”

P(€ = vr <t:lan(7) + qq(7)]| <
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Then Lemma directly follow from combining Lemma and this induction claim.

Clearly for the base case t = 0, the claim trivially holds as q,,(0) = q;(0) = 0. Suppose
the claim holds for ¢, then by Lemma [2.7.8, with probability at least 1 — 2.7 ¢, we have for
any 7 < ¢

06(7—)777“ ) \/Z

1%l < nllan(7) + asg (T +nllap(7)]| < 7

Then, under the condition max{||x, — Xol|?, ||x. — %o[|*} < 2, by Hessian Lipschitz, we
1

have [|A|| = | [y V2f(¥x- + (1 = ¢)x)dy = H|| < pmax{|[x- — x|, [¥, = xo[l} < p.7.

This gives bounds on qp(t + 1) terms as:

t s cB(tynr _ Blt)yr
lan (t + 1)]| Sn;(lﬂw) P\l Smps 7= 75— < 7 oE

where the last step is due to np..7 = 1/¢ by Eq.. By picking ¢ larger than absolute
constant 40c, then we have cnp.”.7 < 1/40.

Also, recall (;|F,_; is the summation of one nSG(c) random vector and one nSG(c - r)
random vector, by Lemma , we know with probability at least 1 — 4de™":

lasg(t + 1)|| < eB(t+ 1)nov/e

On the other hand, when assumption |C] is avaliable, we also have Co|Fret ~ nSG||%,])),
by applying Lemma with B = o?(t) - 02720 = o(t) - n** - n*r?/d, we know with
probability at least 1 — 4d - log(#Vd/(nr)) - e~

t

~ 2.2 B t
lasg(t+ DI < enfy | > (1 +77)2¢7 - max{[|% ]2, %}L < iV 7 - cB(t)nr

> v Vi (2.10)

Finally, combine both cases, and by our choice of learning rate n, r as in Eq{(2.8)| with ¢ large
enough:

Bltynr . - oVde, _ B(t)r
lasg(t+1)|| < ¢ Nz -mln{nﬁ\/ﬁ, . } < 1073

and the induction follows by triangular inequality and union bound. O]
Now, we are ready to prove the Lemma [2.7.3 which is the focus of this subsection.

Proof of Lemma[2.7.3. We first prove the first claim P(f(xs) — f(x0) < 0.1.%) > 1 —
4e*. This is essentially because our choice of learning rate and Lemma , we have with
probability 1 — 4e™":

f(xz) — f(x0) < eng*(l.T +1) <0.1.F7

where the last step is because of our choice of parameters as Eq[(2.8)] we have cng?(nl.7 +
) < 2¢.% /1 and by picking ¢ larger than absolute constant 20c.
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For the second claim P(f(x7) — f(x0) < —F) > 1/3 — 5d.7?% - log(.#Vd/(nr))e . We

consider coupling sequences {x;} and {x}} as defined in Definition We note Lemma
and Lemma [2.7.9] we know with probability at least 2/3 — 10d.72 - log(.7Vd/(nr))e ™,

if min{f(xz) — f(xo0), f(X'5) — f(x0)} > —F, i.e. both sequences stuck around the saddle
point, then we have:

BT )nr B(T )nr
10\/3 ) ||qh<y) +qsg(y)|’ < T\/E

By Lemma [2.7.6, when ¢ > ¢ - log(¢1/d/(pe)) with large absolute constant ¢, we have:

max{llx7 — ol Iy ~xoll} 25 1K(7)] > 5167}~ an(7) + ()]

BT _ (o) 2

T 40Vd 40v/2nyd -~ 80+/nld
which contradicts with Lemma [2.7.5] Therefore, we can conclude that P(min{f(xzs) —
f(x0), f(x'y) — f(%0)} < —F) > 2/3 —10d.T? - log(-#Vd/(nr))e~*. We also know the
marginal distribution of x7 and x/, is the same, thus they have same probability to escape
saddle point. That is:

lap ()]l =

> .Y

P(f(x7) = f(x0) < —F) Z%P(min{f(xzq) — f(x0), f(X7) = f(x0)} < =F)
>1/3 — 5d.7?% - log(LVd/(nr))e™
This finishes the proof. O

Proof of Theorem [2.4.4]

Lemma and Lemma describe the speed of decrease in the function values when
either large gradients or strictly negative curvatures are present. Combining them gives the
proof for our main theorem.

Proof of Theorem[2.4.4) First, we set total iterations T" to be:

T 100 max { <f<xo>g; M7 (f(x(;7)€2— 1) } 0 (M 9 )

We will show that the following two claims hold simultaneously with 1 — § probability:
1. at most T'/4 iterates has large gradient, i.e. ||V f(x;)|| > €;

2. at most T'/4 iterates are close to saddle points, i.e. ||V f(x;)|| < € and Apin (V2 f(x4)) <

_\/ﬁ.

Therefore, at least T'/2 iterates are e-second order stationary point. We prove two claims
separately.
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Claim 1. Suppose within 7" steps, we have more than 7'/4 iterates that gradient is large
(i.e. ||[Vf(x¢)]] > €). Recall by Lemma we have with probability 1 — 4e™*

T—
T 2
foxr) = ﬁDrw (<o) |[* o+ end® (T +1) < = | S = 50T +1)
i=0

we note by our choice of n,r,T" and picking ¢ larger than some absolute constant, we have
Te? /32 — G2(nlT + 1) > T€?/64, and thus f(xr) < f(xg) — Tne?/64 < f* which can not be
achieved.

Claim 2. We first define the stopping time which are the starting time we can apply
Lemma 2.7.3

a =7 [ [VI&)]| < € and Auin(f(x7)) < =+/pe}
zi =inf{r | 7> 21+ 7 and ||V f(x;)| <eand M\in(f(x7)) < —/pe}, Vi>1

Clearly, z; is a stopping time, and is the ¢-th time in the sequence that we can apply Lemma
2.7.3 We also let M be a stochastic variable where M = max{i|z; + .7 < T'}. Therefore,
we can decompose the decrease f(xr) — f(xo) as follows:

f(xr) = f(x0) = Z[f(xzim) = f(x2)]

-~

Ty

+ [f(XT) - f(XZM)] + [f(le + Z XZ1+1 - Xzﬁ-ﬂﬂ

N J/
-~

T

For the first term 77, by Lemma[2.7.3|and supermartingale concentration inequality, for each
fixed m < T

i=1

P (Z[f(xzﬁg) — f(x,)] < —(0.9m — cy/m - L)a@) > 1—5d7°T -log(SVd/(nr))e™
Since random variable M < T/ < T, by union bound, we know with probability 1 —
5d.7°T? -log(.LVd/(nr))e™":

Ty < —(09M — VM - 1) F
For the second term, by union bound on Lemma for all 0 < ty,t, < T', with probability

1 —4T?% "
Ty < c-n&*(nlT + 2M1)
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Algorithm Iterations Simplicity
Noisy GD (Ge et al., 2015) d*poly(e~1)
. 3 -1
Normalized GD (Levy, [2016) O(d?® - poly(e™1)) single-loop
PGD (this work) O(e?)
TPerturbed AGD (Jin, Netrapalli, O(e175)
and Jordan, 2017) ¢
FastCubic (Agarwal et al., [2017) O(e 1)
Carmon et al. (2016) O(e 1) double-loop
Carmon and Duchi (2016]) O(e72)

Table 2.2: A summary of related work on first-order algorithms to find second-order station-
ary points in non-stochastic setting. This table only highlights the dependences on d and e.
T denotes the follow up work.

Therefore, in sum if within 7" steps, we have more than T'/4 saddle points, then M > T/4.7,
and with probaility 1 — 10d.72T? - log(.#/d/(nr))e "

f(xr) — f(x0) < —(0.9M — VM - 0).F +c-n5*(nfT + 2M1) < —04M.F < —04T.F | T

This will gives f(x7) < f(xg) — 0.4T.% /7 < f* which can not be achieved.
dCA N
ped

Finally, it is not hard to verify, by choose ¢ = ¢ - log ) with absolute constant c

large enough, we can make both claims hold with probability 1 — 4.

Proof of Theorem [2.4.5|

Our proofs for PSGD easily generalize to the mini-batch setting.

Proof of Theorem[2.4.5. The proof is essentially the same as the proof of Theorem [2.4.4]
The only difference is that, up to a log factor, mini-batch PSGD reduces variance 0% and
2%||%,]|* in Eqf(2.10)] by a factor of m, where m is the size of mini-batch. O

2.8 Tables of Related Work

In Table and Table 2.3] we present the full comparison of our results with other related
works in both non-stochastic and stochastic settings. See Section for the full text de-
scriptions. We note our algorithms are simple variants of standard GD and SGD, which are
the simplest among all the algorithms listed in the table.
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Iterations Iterations
. (with (no . .
Algorithm Assumption Assumption Simplicity
S S\
Noisy GD (Ge et al., [2015)) d*poly(e™!) d*poly(e™!)
CNC-SGD (Daneshmand et al., 2018) D(d*e ) O(d*e™) :
single-loop
PSGD (this work) O(e™) O(de™)
*SGD with averaging (Fang, Lin, and 5 _as
Zhang, 2019) O(™) %
Natasha 2 (Allen-Zhu, 2018) O(e739) X
Stochastic Cubic (Tripuraneni et al., O(e59) " double-loop
2018)
SPIDER. (Fang et al., [2018) O(e?) X
SRVRC (Zhou and Gu, 2019) O(e7?) X

Table 2.3: A summary of related work on first-order algorithms to find second-order station-
ary points in stochastic setting. This table only highlights the dependences on d and €. *
denotes independent work.

2.9 Concentration Inequalities

In this section, we present the concentration inequalities required for this work. Please refer
to the technical note (Jin et al., 2019a) for the proofs of Lemmas|2.9.2] [2.9.3] [2.9.5 and [2.9.6]
Recall the definition of norm-subGaussian random vector.

Definition 2.9.1. A random vector X € R? is norm-subGaussian (or nSG(c)), if there
exists o so that:

P(|X —EX| >t) <2 22, VteR

We first note bounded random vector and subGaussian random vector are two special
case of norm-subGaussian random vector.

Lemma 2.9.2. There exists absolute constant ¢ so that following random wvectors are all

nSG(c- o).
1. A bounded random vector X € R? so that | X]| < o.

2. A random vector X € RY, where X = e, and random variable £ € R is o-subGaussian.
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3. A random vector X € R? that is (0 /v/d)-subGaussian.

Second, we have if X is norm-subGaussian, then its norm square is subExponential, and
its component along a single direction is subGaussian.

Lemma 2.9.3. There is an absolute constant ¢ so that if random vector X € R® is zero-
mean nSG(c), then ||X|? is ¢ - o®-subExponential, and for any fived unit vector v € S,
(v, X) is ¢ - o-subGaussian.

For concentration, we are interested in the properties of norm-subGaussian martingale
difference sequences. Concretely, they are sequences satisfying following conditions.

Condition 2.9.4. Let random vectors X;,...,X,, € R? and corresponding filtrations F; =
o(Xy,...,X;) for i € [n] satisfy that X;|F;_1 is zero-mean nSG(o;) with o; € F;_;. i.e.,

+2

E[Xi|Fia] =0, P(IX]| >t Fiq) <2e *7, vt € R, Vi € [n].

Similar to subGaussian random variables, we can also prove Hoeffding type inequality
for norm-subGaussian random vector which is tight up to a log(d) factor.

Lemma 2.9.5 (Hoeffding type inequality for norm-subGaussian). There ezists an absolute

constant ¢, assume Xq,...,X,, € R? satisfy condition with fized {o;}, then for any
v > 0, with probability at least 1 — 2d - e™*:

n
D Xl <e-
i=1

In case of {o;} also being random, we have the following.

Lemma 2.9.6. There exists an absolute constant c, assume X1, ..., X, € R? satisfy condi-

tion then for any ¢ > 0, and B > b > 0, with probability at least 1 — 2dlog(B/b) - e™*:

n n n
Zasz or HZXZH <c- max{Zaf,b}-L
i=1 i=1 i=1

Finally, we can also provide concentration inequalities for the sum of norm square of
norm-subGaussian random vectors, and for the sum of inner product of norm-subGaussian
random vectors with another set of random vectors.

Lemma 2.9.7. Assume X1,...,X, € R? satisfy Condition[2.9.4 with fized oy = ... = 0, =

o, then there exists absolute constant c, for any ¢ > 0, with probability at least 1 —e™":

YoIXilF<e-o® (nt0)

=1
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Proof. Note there exists an absolute contant ¢ such that E[||X;[|?|F;_1] < ¢-0?, and || X;||*|Fi—1
is ¢ - 02-subExponential. This lemma directly follows from standard Bernstein type concen-
tration inequalities for subExponential random variables. O

Lemma 2.9.8. There exists absolute constant c, assume Xy, ..., X, € R? satisfy Condition
and random vectors {w;} satisfy w; € F;—1 for all i € [n|, then for any ¢ > 0, A > 0,

L

with probability at least 1 —e™*:
1
D unXy) <e A fuilPe? + 1

Proof. For any i € [n] and fixed A > 0, since u; € F;_q, according to Lemma [2.9.3] there
exists constant ¢ so that (u;, X;)|F;_1 is ¢ - ||u;||o;-subGaussian. Thus:

(XX F, ] < Xl

Therefore, consider following quantity:
Re St Mui X —eXui|20?) _p [ezﬁ;i MueXo)—e iy MwilPo? | (MueXe)| ;H)]
<E [ezﬁ;} Mug,Xi)—e 300y A2 uil20? ec-vnut\\?of}

_EeSiT (X —e X uilPe?) <

Finally, by Markov’s inequality, for any ¢ > 0:

i=1

t
P <Z()\<ui>Xi> —c- )\QHHZ.H?%?) > t> <P (625:10\(“1,&)7@)\2Huz'll%f) > et)

Se—tEerﬂ(/\<uz‘7Xi>—C'>\2lluiH203) < et

This finishes the proof. 0



38

Chapter 3

Escaping Saddle Points Faster using
Momentum

Nesterov’s accelerated gradient descent (AGD), an instance of the general family of “mo-
mentum methods,” provably achieves faster convergence rate than gradient descent (GD)
in the convex setting. However, whether these methods are superior to GD in the non-
convex setting remains open. This work studies a simple variant of AGD, and shows that
it escapes saddle points and finds a second-order stationary point in O(l /€7/*) iterations,
faster than the O(1/€?) iterations required by GD. To the best of our knowledge, this is the
first Hessian-free algorithm to find a second-order stationary point faster than GD, and also
the first single-loop algorithm with a faster rate than GD even in the setting of finding a
first-order stationary point. Our analysis is based on two key ideas: (1) the use of a simple
Hamiltonian function, inspired by a continuous-time perspective, which AGD monotonically
decreases per step even for nonconvex functions, and (2) a novel framework called improve
or localize, which is useful for tracking the long-term behavior of gradient-based optimiza-
tion algorithms. We believe that these techniques may deepen our understanding of both
acceleration algorithms and nonconvex optimization.

3.1 Introduction

Nonconvex optimization problems are ubiquitous in modern machine learning. While it is
NP-hard to find global minima of a nonconvex function in the worst case, in the setting of
machine learning it has proved useful to consider a less stringent notion of success, namely
that of convergence to a first-order stationary point (where V f(x) = 0). Gradient descent
(GD), a simple and fundamental optimization algorithm that has proved its value in large-
scale machine learning, is known to find an e-first-order stationary point (where ||V f(x)|| < ¢)
in O(1/¢€?%) iterations (Nesterov, 1998), and this rate is sharp (Cartis, Gould, and Toint, 2010)).
Such results, however, do not seem to address the practical success of gradient descent; first-
order stationarity includes local minima, saddle points or even local maxima, and a mere
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guarantee of convergence to such points seems unsatisfying. Indeed, architectures such as
deep neural networks induce optimization surfaces that can be teeming with such highly
suboptimal saddle points (Dauphin et al., |2014)). It is important to study to what extent
gradient descent avoids such points, particular in the high-dimensional setting in which the
directions of escape from saddle points may be few.

This work focuses on convergence to a second-order stationary point (where Vf(x) =0
and V2f(x) = 0). Second-order stationarity rules out many common types of saddle points
(strict saddle points where A, (V2 f(x)) < 0), allowing only local minima and higher-order
saddle points. A significant body of recent work, some theoretical and some empirical, shows
that for a large class of well-studied machine learning problems, neither higher-order sad-
dle points nor spurious local minima exist. That is, all second-order stationary points are
(approzimate) global minima for these problems. Choromanska et al. (2014) and Kawaguchi
(2016)) present such a result for learning multi-layer neural networks, Bandeira, Boumal, and
Voroninski (2016)) and Mei et al. (2017)) for synchronization and MaxCut, Boumal, Voronin-
ski, and Bandeira (2016)) for smooth semidefinite programs, Bhojanapalli, Neyshabur, and
Srebro (2016) for matrix sensing, Ge, Lee, and Ma (2016) for matrix completion, and Ge,
Jin, and Zheng (2017) for robust PCA. These results strongly motivate the quest for efficient
algorithms to find second-order stationary points.

Hessian-based algorithms can explicitly compute curvatures and thereby avoid saddle
points (e.g., (Nesterov and Polyak, 2006; Curtis, Robinson, and Samadi, [2014))), but these
algorithms are computationally infeasible in the high-dimensional regime. GD), by contrast,
is known to get stuck at strict saddle points Nesterov, 1998, Section 1.2.3. Recent work has
reconciled this conundrum in favor of GD; (Jin et al., 2017)), building on earlier work of (Ge
et al., |2015), show that a perturbed version of GD converges to an e-relaxed version of a
second-order stationary point (see Deﬁnition in O(1/€?) iterations. That is, perturbed
GD in fact finds second-order stationary points as fast as standard GD finds first-order
stationary point, up to logarithmic factors in dimension.

On the other hand, GD is known to be suboptimal in the convex case. In a celebrated
work, Nesterov (1983) showed that an accelerated version of gradient descent (AGD) finds
an e-suboptimal point (see Section[3.2)) in O(1/+/¢) steps, while gradient descent takes O(1/¢)
steps. The basic idea of acceleration has been used to design faster algorithms for a range
of other convex optimization problems (Beck and Teboulle, 2009; Nesterov, 2012; Lee and
Sidford, 2013; Shalev-Shwartz and Zhang, 2014)). We will refer to this general family as
“momentum-based methods.”

Such results have focused on the convex setting. It is open as to whether momentum-
based methods yield faster rates in the nonconvex setting, specifically when we consider
the convergence criterion of second-order stationarity. We are thus led to ask the following
question:

Do momentum-based methods yield faster convergence than GD in the
presence of saddle points?
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Algorithm 5 Nesterov’s Accelerated Gradient Descent (x¢, 7, 0)
1: vo <0
2: fort=0,1,...,do

3: Y <— Xt ‘I— (1 — H)Vt
4 X1 <y — V()
9 Vg & Xyl — Xy

Algorithm 6 Perturbed Accelerated Gradient Descent (xq,7, 6,7, s,7, )
1: vo <0
2: fort=0,1,...,do

3. if |Vf(x¢)|| < e and no perturbation in last T steps then
4: X; — X; + & & ~ Unif (By(r))

5 v+ x+ (1 —0)vy

6:  Xpp1 Y —nVI(y)

T Vgl & X1 — Xt

8 if f(x;) < fly:) +(Vf(y):x: — ¥i) — 31I%: — y:||* then

9: (X¢41, Vit1) < Negative-Curvature-Exploitation(xy, vy, s)

This work answers this question in the affirmative. We present a simple momentum-based
algorithm (PAGD for “perturbed AGD”) that finds an e-second order stationary point in
O(1/€7/%) iterations, faster than the O(1/€?) iterations required by GD. The pseudocode of
our algorithm is presented in Algorithm @E] PAGD adds two algorithmic features to AGD (Al-

gorithm :

e Perturbation (Lines 3-4): when the gradient is small, we add a small perturbation
sampled uniformly from a d-dimensional ball with radius . The homogeneous nature
of this perturbation mitigates our lack of knowledge of the curvature tensor at or near
saddle points.

e Negative Curvature Exploitation (NCE, Lines 8-9; pseudocode in Algorithm : when
the function becomes “too nonconvex” along y; to x;, we reset the momentum and
decide whether to exploit negative curvature depending on the magnitude of the current
momentum vy.

We note that both components are straightforward to implement and increase computation
by a constant factor. The perturbation idea follows from (Ge et al., 2015) and (Jin et al.,
2017), while NCE is inspired by (Carmon et al., 2017a)). To the best of our knowledge,
PAGD is the first Hessian-free algorithm to find a second-order stationary point in O(1/€e7/4)
steps. Note also that PAGD is a “single-loop algorithm,” meaning that it does not require

1See Section for values of various parameters.
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Guarantees | Oracle | Algorithm Iterations Simplicity
First-order GD (Nesterov, |1998)) O(1/¢) Single-loop
Stationary Gradient | AGD (Ghadimi and Lan, 2016) | O(1/€?) Single-loop
Point (Carmon et al., 2017a) O(1/€4) Nested-loop
Hessian | Carmon et al. (2016) O(1/€7/%) Nested-loop

Second-order | VECLOr | Agarwal et al. (2017) O(1/€7/%) Nested-loop
ISDZ?E:HaIy Noisy GD (Ge et al., 2015) O(poly(d/e)) | Single-loop
Gradient | Perturbed GD (Jin et al., [2017) | O(1/€2) Single-loop

Perturbed AGD [This Work] | O(1/¢7/%) Single-loop

Table 3.1: Complexity of finding stationary points. 6() ignores polylog factors in d and e.

an inner loop of optimization of a surrogate function. It is the first single-loop algorithm to
achieve a O(1/€7/4) rate even in the setting of finding a first-order stationary point.

Related Work

In this section, we review related work from the perspective of both nonconvex optimization
and momentum /acceleration. For clarity of presentation, when discussing rates, we focus
on the dependence on the accuracy € and the dimension d while assuming all other problem
parameters are constant. Table presents a comparison of the current work with previous
work.

Convergence to first-order stationary points: Traditional analyses in this case as-
sume only Lipschitz gradients (see Definition [2.2.1). (Nesterov, [1998) shows that GD finds
an e-first-order stationary point in O(1/¢?) steps. (Ghadimi and Lan, 2016) guarantee that AGD also
converges in O(1/€2) steps. Under the additional assumption of Lipschitz Hessians (see Def-
inition [2.2.2), Carmon et al. (2017a) develop a new algorithm that converges in O(1/€7/*)
steps. Their algorithm is a nested-loop algorithm, where the outer loop adds a proximal
term to reduce the nonconvex problem to a convex subproblem. A key novelty in their
algorithm is the idea of “negative curvature exploitation,” which inspired a similar step in
our algorithm. In addition to the qualitative and quantitative differences between (Carmon
et al., 2017a) and the current work, as summarized in Table , we note that while (Carmon
et al.,2017a)) analyze AGD applied to convex subproblems, we analyze AGD applied directly
to nonconvex functions through a novel Hamiltonian framework.

Convergence to second-order stationary points: All results in this setting assume
Lipschitz conditions for both the gradient and Hessian. Classical approaches, such as cubic
regularization (Nesterov and Polyak, 2006) and trust region algorithms (Curtis, Robinson,
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and Samadi, 2014)), require access to Hessians, and are known to find e-second-order sta-
tionary points in O(1/¢!%) steps. However, the requirement of these algorithms to form the
Hessian makes them infeasible for high-dimensional problems. A second set of algorithms
utilize only Hessian-vector products instead of the explicit Hessian; in many applications
such products can be computed efficiently. Rates of O(1/€/4) have been established for such
algorithms (Carmon et al., 2016; Agarwal et al., [2017; Royer and Wright, 2017)). Finally, in
the realm of purely gradient-based algorithms, Ge et al. (2015) present the first polynomial
guarantees for a perturbed version of GD, and Jin et al. (2017) sharpen it to O(1/¢2). For
the special case of quadratic functions, (O’Neill and Wright, 2017) analyze the behavior
of AGD around critical points and show that it escapes saddle points faster than GD. We
note that the current work is the first achieving a rate of O(1/e”/4) for general nonconvex
functions.

Acceleration: There is also a rich literature that aims to understand momentum meth-
ods; e.g., Allen-Zhu and Orecchia (2014)) view AGD as a linear coupling of GD and mirror de-
scent, Su, Boyd, and Candes (2016) and Wibisono, Wilson, and Jordan (2016]) view AGD as
a second-order differential equation, and Bubeck, Lee, and Singh (2015) view AGD from a
geometric perspective. Most of this work is tailored to the convex setting, and it is unclear
and nontrivial to generalize the results to a nonconvex setting. There are also several works
that study AGD with relaxed versions of convexity—see Necoara, Nesterov, and Glineur
(2015) and Li and Lin (2017)) and references therein for overviews of these results.

Main Techniques

Our results rely on the following three key ideas. To the best of our knowledge, the first two
are novel, while the third one was delineated in Jin et al. (2017)).

Hamiltonian: A major challenge in analyzing momentum-based algorithms is that the
objective function does not decrease monotonically as is the case for GD. To overcome this
in the convex setting, several Lyapunov functions have been proposed (Wilson, Recht, and
Jordan, 2016|). However these Lyapunov functions involve the global minimum x*, which
cannot be computed by the algorithm, and is thus of limited value in the nonconvex setting.
A key technical contribution of this work is the design of a function which is both computable
and tracks the progress of AGD. The function takes the form of a Hamiltonian:

B = fx) + %Hvtu% (3.1)

i.e., a sum of potential energy and kinetic energy terms. It is monotonically decreasing in
the continuous-time setting. This is not the case in general in the discrete-time setting, a
fact which requires us to incorporate the NCE step.

Improve or localize: Another key technical contribution of this work is in formalizing
a simple but powerful framework for analyzing nonconvex optimization algorithms. This
framework requires us to show that for a given algorithm, either the algorithm makes signif-
tcant progress or the iterates do not move much. We call this the improve-or-localize phe-
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nomenon. For instance, when progress is measured by function value, it is easy to show that
for GD, with proper choice of learning rate, we have:

1 t—1
5 0 IPeer = el < £ o) = S (x0)
=0

For AGD, a similar lemma can be shown by replacing the objective function with the Hamil-
tonian (see Lemma . Once this phenomenon is established, we can conclude that
if an algorithm does not make much progress, it is localized to a small ball, and we can
then approximate the objective function by either a linear or a quadratic function (depend-
ing on smoothness assumptions) in this small local region. Moreover, an upper bound on
S %1 — %, lets us conclude that iterates do not oscillate much in this local region
(oscillation is a unique phenomenon of momentum algorithms as can be seen even in the
convex setting). This gives us better control of approximation error.

Coupling sequences for escaping saddle points: When an algorithm arrives in the
neighborhood of a strict saddle point, where Apin(V?f(x)) < 0, all we know is that there
exists a direction of escape (the direction of the minimum eigenvector of V2 f(x)); denote it
by €ese. TO avoid such points, the algorithm randomly perturbs the current iterate uniformly
in a small ball, and runs AGD starting from this point X. As in (Jin et al., |2017)), we can
divide this ball into a “stuck region,” X, starting from which AGD does not escape the
saddle quickly, and its complement from which AGD escapes quickly. In order to show quick
escape from a saddle point, we must show that the volume of Ak is very small compared to
that of the ball. Though X, may be without an analytical form, one can control the rate
of escape by studying two AGD sequences that start from two realizations of perturbation,
Xo and X{), which are separated along e by a small distance ry. In this case, at least one of
the sequences escapes the saddle point quickly, which proves that the width of A, along
€csc Can not be greater than ry, and hence X, has small volume.

3.2 Preliminaries

In this section, we will review some well-known results on GD and AGD in the strongly
convex setting, and existing results on convergence of GD to second-order stationary points.

Notation

Bold upper-case letters (A, B) denote matrices and bold lower-case letters (x,y) denote
vectors. For vectors ||-|| denotes the fo-norm. For matrices, ||| denotes the spectral norm
and Apin(+) denotes the minimum eigenvalue. For f : R4 — R, Vf(:) and V2f(-) denote its
gradient and Hessian respectively, and f* denotes its global minimum. We use O(+), O(-), 2(+)
to hide absolute constants, and O(-), ©(-), Q(-) to hide absolute constants and polylog factors
for all problem parameters.
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Algorithm 7 Negative Curvature Exploitation(x;, vy, s)

if ||v¢|| > s then
Xt+1 <— X4,
else

6 =s-vi/|[vil

Xt+1 — argminxe{xt—‘r(s,xz—d} f(X)
return (x;,1,0)

Convex Setting

To minimize a function f(-), GD performs the following sequence of steps:

Xit1 = Xp — an(Xt)-

The suboptimality of GD and the improvement achieved by AGD can be clearly illustrated
for the case of smooth and strongly convex functions.

Definition 3.2.1. A twice-differentiable function f(-) is a-strongly convex if A, (V2 f(x)) >
a, V x.

Let f* := miny f(y). A point x is said to be e-suboptimal if f(x) < f* 4+ e. The
following theorem gives the convergence rate of GD and AGD for smooth and strongly
convex functions.

Theorem 3.2.2 ((Nesterov, 2004)). Assume that the function f(-) is (-gradient Lipschitz
and a-strongly convex. Then, for any € > 0, the iteration complexities to find an e-suboptimal
point are as follows:

o GDwithn=1/t:  O((¢/a) -log((f(x0) = f*)/€))
o AGD (Algom'thm@) withn = 1/0 and 0 = \/ajl:  O(\/C]a -log((f(x0) — f*)/€)).

The number of iterations of GD depends linearly on the ratio ¢/«, which is called the
condition number of f(-) since ol < V2f(x) < /I. Clearly ¢ > « and hence condition number
is always at least one. Denoting the condition number by s, we highlight two important
aspects of AGD: (1) the momentum parameter satisfies § = 1//k and (2) AGD improves
upon GD by a factor of 1/k.

3.3 Main Result

In this section, we present our algorithm and main result. As mentioned in Section [3.1]
the algorithm we propose is essentially AGD with two key differences (see Algorithm @:
perturbation and negative curvature exploitation (NCE). A perturbation is added when the
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gradient is small (to escape saddle points), and no more frequently than once in .7 steps. The
perturbation & is sampled uniformly from a d-dimensional ball with radius r. The specific
choices of gap and uniform distribution are for technical convenience (they are sufficient for
our theoretical result but not necessary).

NCE (Algorithm @ is explicitly designed to guarantee decrease of the Hamiltonian .
When it is triggered, i.e., when

Foxa) < Fly) +(VF ()%= 30) = 3l =y (3.2)

the function has a large negative curvature between the current iterates x; and y;. In this
case, if the momentum v, is small, then y, and x; are close, so the large negative curvature
also carries over to the Hessian at x; due to the Lipschitz property. Assaying two points
along +(y; —x;) around x; gives one point that is negatively aligned with V f(x;) and yields a
decreasing function value and Hamiltonian. If the momentum v; is large, negative curvature
can no longer be exploited, but fortunately resetting the momentum to zero kills the second
term in , significantly decreasing the Hamiltonian.

Setting of hyperparameters: Let € be the target accuracy for a second-order stationary
point, let £ and p be gradient /Hessian-Lipschitz parameters, and let ¢, y be absolute constant
and log factor to be specified later. Let x := ¢/,/pe, and set

1 9 1 92 i y \/— -5 _—8 (3 3)
= — = — = — S = — = K C T = € - C . .
n 4£’ 4\/%7 7 T] ) 4p’ X ) T] X
The following theorem is the main result of this work.

Theorem 3.3.1. Assume that the function f(-) is {-smooth and p-Hessian Lipschitz. There

exists an absolute constant cypax Ssuch that for any 6 > 0, € < %, Ay > f(xo) — f*, if

x = max{1,log %}, ¢ > Cmax and such that if we run PAGD (Algorithm @ with choice of

parameters according to|(3.3), then with probability at least 1 — &, one of the iterates x; will
be an e-second order stationary point in the following number of iterations:

o (L2 =) s (181

€7/4 ped

Theorem says that when PAGD is run for the designated number of steps (which is
poly-logarithmic in dimension), at least one of the iterates is an e-second-order stationary
point. We focus on the case of small € (i.e., ¢ < (*/p) so that the Hessian requirement
for the e-second-order stationary point (Amin(V?f(x)) > —,/p€) is nontrivial. Note that
|V2f(x)|| < ¢ implies xk = £/,/pe, which can be viewed as a condition number, akin to that
in convex setting. Comparing Theorem [3.3.1 with Theorem PAGD, with a momentum
parameter § = O(1/y/k), achieves ©(y/k) better iteration complexity compared to PGD.

Output e-second order stationary point: Although Theorem [3.3.1|only guarantees that
one of the iterates is an e-second order stationary point, it is straightforward to identify
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one of them by adding a proper termination condition: once the gradient is small and
satisfies the pre-condition to add a perturbation, we can keep track of the point x,;, prior to
adding perturbation, and compare the Hamiltonian at tq with the one .7 steps after. If the
Hamiltonian decreases by .# = é( €3/p), then the algorithm has made progress, otherwise
Xy, 1s an e-second-order stationary point according to Lemma Doing so will add a
hyperparameter (threshold .%#) but does not increase complexity.

3.4 Overview of Analysis

In this section, we will present an overview of the proof of Theorem [3.3.1} Section [3.4] presents
the Hamiltonian for AGD and its key property of monotonic decrease. This leads to Sec-
tion |3.4] where the improve-or-localize lemma is stated, as well as the main intuition behind
acceleration. Section demonstrates how to apply these tools to prove Theorem [3.3.1]
Complete details can be found in the appendix.

Hamiltonian

While GD guarantees decrease of function value in every step (even for nonconvex problems),
the biggest stumbling block to analyzing AGD is that it is less clear how to keep track of
“progress.” Known Lyapunov functions for AGD (Wilson, Recht, and Jordan, [2016)) are
restricted to the convex setting and furthermore are not computable by the algorithm (as
they depend on x*).

To deepen the understanding of AGD in a nonconvex setting, we inspect it from a dy-
namical systems perspective, where we fix the ratio 6=10 /+/7 to be a constant, while letting
n — 0. This leads to an ODE which is the continuous limit of AGD (Su, Boyd, and Candes,
2016): .

X+ 60x+ Vf(x) =0, (3.4)

where X and x are derivatives with respect to time ¢. This equation is a second-order
dynamical equation with dissipative forces —0x. Integrating both sides, we obtain:

to
Fx(ta)) + 5(a)? = Fx(t)) + 5x(0)? =8 [ k(v (35)
1

Using physical language, f(x) is a potential energy while x?/2 is a kinetic energy, and
the sum is a Hamiltonian. The integral shows that the Hamiltonian decreases monotonically
with time ¢, and the decrease is given by the dissipation term 0 Lﬁz x(t)?dt. Note that
holds regardless of the convexity of f(-). This monotonic decrease of the Hamiltonian can in
fact be extended to the discretized version of AGD when the function is convex, or mildly
nonconvex:
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Lemma 3.4.1 (Hamiltonian decreases monotonically). Assume that the function f(-) is {-
smooth, the learning rate n < 2ié’ and 0 € 21, %] in AGD (Algorithm @ Then, for every

iteration t where [(3.2) does not hold, we have:
1 2 1 2 b 2 N 2
f(xe) + %HVmH < f(x) + %HWH - %HWH = IVl (3.6)

Denote the discrete Hamiltonian as E; = f(x;) + %7Hvt||2, and note that in AGD,
Vy = Xy — X;_1. Lemma tolerates nonconvexity with curvature at most v = ©(0/n).
Unfortunately, when the function becomes too nonconvex in certain regions (so that
holds), the analogy between the continuous and discretized versions breaks and no
longer holds. In fact, standard AGD can even increase the Hamiltonian in this regime
(see Appendix for more details). This motivates us to modify the algorithm by adding
the NCE step, which addresses this issue. We have the following result:

Lemma 3.4.2. Assume that f(-) is {-smooth and p-Hessian Lipschitz. For every iteration
t of Algorithm [ where[(3.2) holds (thus running NCE), we have:

2
1
Ey4y < E, —min ;-n 500 = 209)°}.

Lemmas [3.4.1] and |3.4.2] jointly assert that the Hamiltonian decreases monotonically in
all situations, and are the main tools in the proof of Theorem [3.3.1] They not only give us
a way of tracking progress, but also quantitatively measure the amount of progress.

Improve or Localize

One significant challenge in the analysis of gradient-based algorithms for nonconvex optima-
tion is that many phenomena—for instance the accumulation of momentum and the escape
from saddle points via perturbation—are multiple-step behaviors; they do not happen in each
step. We address this issue by developing a general technique for analyzing the long-term
behavior of such algorithms.

In our case, to track the long-term behavior of AGD, one key observation from Lemma|3.4.1
is that the amount of progress actually relates to movement of the iterates, which leads to
the following improve-or-localize lemma:

Corollary 3.4.3 (Improve or localize). Under the same setting as in Lemma if [(3.2)
does not hold for all steps in [t,t + T, we have:

t+T 277
> e = xoa]]* < (B~ Buar).
T=t+1
Corollary says that the algorithm either makes progress in terms of the Hamiltonian,
or the iterates do not move much. In the second case, Corollary allows us to approximate

the dynamics of {x,}*7 with a quadratic approzimation of f(-).
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The acceleration phenomenon is rooted in and can be seen clearly for a quadratic, where
the function can be decomposed into eigen-directions. Consider an eigen-direction with
eigenvalue A, and linear term ¢ (i.e., in this direction f(z) = %xz + gz). The GD update
becomes .1 = (1 — nA\)z, — ng, with ugp(A) := 1 — nA determining the rate of GD. The
update of AGD is (2,41, 2,) = (7, 2,_1)A" — (ng,0) with matrix A defined as follows:

2=0)1 =1 —(1=0)(1-nA)
1 0

The rate of AGD is determined by largest eigenvalue of matrix A, which is denoted by
pacp(A). Recall the choice of parameter |(3.3), and divide the eigen-directions into the
following three categories.

e Strongly convex directions A € [,/pe,f]: the slowest case is A = /pe, where
pcp(A) =1—0(1/k) while pagp(A) = 1 —0O(1/4/k), which results in AGD converging
faster than GD.

e Flat directions \ € [—,/pe, \/pe]: the representative case is A = 0 where AGD update
becomes x,1 —x, = (1 —0)(x; —x,—1) —ng. For 7 < 1/0, we have |z, — x| = O(7)
for GD while |z, — x| = ©(7?) for AGD, which results in AGD moving along negative
gradient directions faster than GD.

e Strongly nonconvex directions \ € [—{,—,/pe|: similar to the strongly convex
case, the slowest rate is for A = —,/pe where pgp(A) = 1+ O(1/k) while pagp(A) =
14 O(1/4/k), which results in AGD escaping saddle point faster than GD.

Finally, the approximation error (from a quadratic) is also under control in this frame-
work. With appropriate choice of T" and threshold for E; — E; 7 in Corollary by
the Cauchy-Swartz inequality we can restrict iterates {x,}!T1 to all lie within a local ball
around x; with radius y/¢/p, where both the gradient and Hessian of f(-) and its quadratic

approximation f;(x) = f(x;) + (Vf(x;),x — x;) + T(x —x) TV f(x)(x — x;) are close:

Fact 3.4.4. Assume f(-) is p-Hessian Lipschitz, then for all x so that |x — x| < \/€/p,
we have [V £(x) = VAx)| < € and [V2F(x) = V)| = [V2F(x) — T f(x,)| < v/

Main Framework

For simplicity of presentation, recall .7 = \/k - x¢ = ©(yv/k) and denote .Z = \/€3/p -
x ¢ = O(y/€3/p), where ¢ is sufficiently large constant as in Theorem . Our over-
all proof strategy will be to show the following “average descent claim”: Algorithm [0 de-
creases the Hamiltonian by % in every set of  iterations as long as it does not reach an e-
second-order stationary point. Since the Hamiltonian cannot decrease more than Fy — E* =
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f(x0) — f*, this immediately shows that it has to reach an e-second-order stationary point in
O((f(x0) — f*)7 |F) steps, proving Theorem [3.3.1]

It can be verified by the choice of parameters and Lemma m that whenever
holds so that NCE is triggered, the Hamiltonian decreases by at least .# in one step. So,
if NCE step is performed even once in each round of .7 steps, we achieve enough average
decrease. The troublesome case is when in some time interval of .7 steps starting with x;,
only AGD steps are performed without NCE. If x; is not an e-second order stationary point,
either the gradient is large or the Hessian has a large negative direction. We prove the
average decrease claim by considering these two cases.

Lemma 3.4.5 (Large gradient). Consider the setting of Theorem (3.3.1. If |V f(x,)|| > €
for all T € [t,t + T], then by running Algorithm @ we have By, 7 — By < —F.

Lemma 3.4.6 (Negative curvature). Consider the setting of Theorem|3.3.1 If |V f(x)]| <
€, Amin(V2f(x¢)) < —/p€, and perturbation has not been added in iterations T € [t — 7 ,t),
then by running Algorithm [6, we have Ey 57 — Ey < —F with high probability.

We note that an important aspect of these two lemmas is that the Hamiltonian de-
creases by Q(.%) in .7 = O(y/k) steps, which is faster compared to PGD which decreases
the function value by Q(.#) in .72 = O(k) steps (Jin et al., 2017). That is, the accel-
eration phenomenon in PAGD happens in both cases. We also stress that under both of
these settings, PAGD cannot achieve Q(.% /.7) decrease in each step—it has to accumulate
momentum over time to achieve 2(.# /.7) amortized decrease.

Large Gradient Scenario

For AGD, gradient and momentum interact, and both play important roles in the dynamics.
Fortunately, according to Lemma [3.4.1], the Hamiltonian decreases sufficiently whenever the
momentum v, is large; so it is sufficient to discuss the case where the momentum is small.

One difficulty in proving Lemma lies in the difficulty of enforcing the precondition
that gradients of all iterates are large even with quadratic approximation. Intuitively we
hope that the large initial gradient ||V f(x;)|| > € suffices to give a sufficient decrease of
the Hamiltonian. Unfortunately, this is not true. Let S be the subspace of eigenvectors of
V2f(x;) with eigenvalues in [\/pe, €], consisting of all the strongly convex directions, and
let S¢ be the orthogonal subspace. It turns out that the initial gradient component in S is
not very helpful in decreasing the Hamiltonian since AGD rapidly decreases the gradient in
these directions. We instead prove Lemma |3.4.5| in two steps.

Lemma 3.4.7. (informal) If v is small, ||V f(x;)| not too large and Eyy 70 — By > —F,
then for all T € [t + T /4, t + T /2] we have |[PsV f(x;)|| < ¢/2.

Lemma 3.4.8. (informal) If v, is small and |PscV f(x;)|| > €/2, then we have Eyy 74— Ey <
-7,
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See the formal versions, Lemma [3.7.5] and Lemma [3.7.6 for more details. We see that if
the Hamiltonian does not decrease much (and so is localized in a small ball), the gradient
in the strongly convex subspace ||PsV f(x.)|| vanishes in .7 /4 steps by Lemma[3.4.7] Since
the hypothesis of Lemma [3.4.5| guarantees a large gradient for all of the .7 steps, this means
that ||PseV f(x;)]| is large after .7 /4 steps, thereby decreasing the Hamiltonian in the next
T /4 steps (by Lemma [3.4.8).

Negative Curvature Scenario

In this section, we will show that the volume of the set around a strict saddle point from which
AGD does not escape quickly is very small (Lemma . We do this using the coupling
mechanism introduced in (Jin et al., 2017), which gives a fine-grained understanding of the
geometry around saddle points. More concretely, letting the perturbation radius r = ©(e/f)
as specified in|(3.3), we show the following lemma.

Lemma 3.4.9. (informal) Suppose |V f(X)|| < € and M\pin(V2f(X)) < —/pe. Let xo,x, be
at distance at most r from X, and xg — X, = roe; where ey is the minimum eigen-direction
of V2f(X) and ro > 0r/\/d. Then for AGD starting at (xo,v) and (x), V), we have:

min{Ey — E,E, — E} < -7,

where E,E5 and E', are the Hamiltonians at (X,V), (xz,vz) and (x5, V') respectively.

See the formal version in Lemma B.771 We note § in above Lemma is a small number
characterize the failure probability of the algorithm (as defined in Theorem , and 7
has logarithmic dependence on § according to . Lemma says that around any
strict saddle, for any two points that are separated along the smallest eigen-direction by at
least or/ Vd, PAGD, starting from at least one of those points, decreases the Hamiltonian,
and hence escapes the strict saddle. This implies that the width of the region starting from
where AGD is stuck has width at most dr/v/d, and thus has small volume.

3.5 Conclusions

In this work, we show that a variant of AGD can escape saddle points faster than GD,
demonstrating that momentum techniques can indeed accelerate convergence even for non-
convex optimization. Our algorithm finds an e-second order stationary point in O(1/¢7/4)
iterations, faster than the O(1/¢2) iterations taken by GD. This is the first algorithm that is
both Hessian-free and single-loop that achieves this rate. Our analysis relies on novel tech-
niques that lead to a better understanding of momentum techniques as well as nonconvex
optimization.

The results here also give rise to several questions. The first concerns lower bounds;
is the rate of O(1/e”/*) that we have established here optimal for gradient-based methods
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under the setting of gradient and Hessian-Lipschitz? We believe this upper bound is very
likely sharp up to log factors, and developing a tight algorithm-independent lower bound
will be necessary to settle this question. The second is whether the negative-curvature-
exploitation component of our algorithm is actually necessary for the fast rate. To attempt
to answer this question, we may either explore other ways to track the progress of standard
AGD (other than the particular Hamiltonian that we have presented here), or consider other
discretizations of the ODE so that the property is preserved even for the most
nonconvex region. A final direction for future research is the extension of our results to the
finite-sum setting and the stochastic setting.

3.6 Proof of Hamiltonian Lemmas

In this section, we prove Lemma[3.4.1} Lemma[3.4.2)and Corollary [3.4.3] which are presented
in Section and Section [3.4] In section [3.6] we also give an example where standard AGD
with negative curvature exploitation can increase the Hamiltonian.

Recall that we define the Hamiltonian as E; := f(x;) + %7Hth2, where, for AGD, we
define v; = x; — x;_1. The first lemma shows that this Hamiltonian decreases in every step
of AGD for mildly nonconvex functions.

Lemma 3.6.1 (Hamiltonian decreases monotonically). Assume that the function f(-) is ¢-

smooth and set the learning rate to be n < 5;, 0 € [21y, 3] in AGD (Algorithm @) Then,

for every iteration t where|(3.2) does not hold, we have:

0
Bt < B = 5 vl = 195 ()
Proof. Recall that the update equation of accelerated gradient descent has following form:

Xt41 < Y — va(}’t)
Yit1 < Xpp1 + (1 - 9)(Xt+1 - Xt)~

. 1.
By smoothness, with n < o5:

Flen) < ) VA + IV FI < fiv) — SVFGIE (37

assuming that the precondition does not hold:

Fxe) 2 F(y) + (VS (1) = 32) = S lye = il (35)

and given the following update equation:

¢es1 = xel* =llye — x¢ = 0V f (yo) I

=[(1=0)?lxe = x| = 20(V f(ye) ye = x0) +*[IVF (v IP] . (3.9)



CHAPTER 3. ESCAPING SADDLE POINTS FASTER USING MOMENTUM 52

we have:

Flon) + 5[ =il < 0) + (V90 v1 = %) = LIV F o

L+ny

—I—277

(1= 11 = xe-al” = (VS (2). ¥ = x2) + S IV (32

20 — 62 — ny(1 — 0)?
2n

1 n
<f(xe) + %”Xt —x|]* - [vel|* = ZHVf(ylt)H2

1 0
<f(x) + %th — X1 - %HVtH2 - ZHVf(yt)Hz-

The last inequality uses the fact that 6 € [2ny, %] so that 0% < g and ny < g. We substitute
in the definition of v; and E}; to finish the proof. O

We see from this proof that relies on approximate convexity of f(-), which explains
why in all existing proofs, the convexity between x; and y; is so important. A perhaps
surprising fact to note is that the above proof can in fact go through even with mild non-
convexity (captured in line 8 of Algorithm @ Thus, high nonconvexity is the problematic
situation. To overcome this, we need to slightly modify AGD so that the Hamiltonian is
decreasing. This is formalized in the following lemma.

Lemma 3.6.1. Assume that f(-) is {-smooth and p-Hessian Lipschitz. For every iteration
t of Algorithm [ where[(3.2) holds (thus running NCE), we have:

s 1
2n’ 2
Proof. When we perform an NCE step, we know that holds. In the first case (||v¢|| > s),

we set x;417 = X; and set the momentum v, to zero, which gives:

Ei1 < Ey — min{ (v — 2ps)s?}.

2

1 S
B = f(x41) = f(x0) = By — %HWHZ < E,— %

In the second case (||vy]| < s), expanding in a Taylor series with Lagrange remainder, we
have:

Fxe) = F(30) + (V)Xo — 1) + 2 — y0) TV2F(C) (e — v,

2
where (; = ¢x; + (1 — ¢)y; and ¢ € [0, 1]. Due to the certificate |(3.2)| we have

1

56 =y TV H(G) o = ye) < — 5 flx =yl

On the other hand, clearly min{(V f(x;), d), (V f(x;), =)} < 0. WLOG, suppose (V f(x;),0) <
0, then, by definition of x;,, we have:

FOxuia) < 6 +0) = F0x0) + (V500 0) + 58T V2GS < Fx) + 36TV
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where (; = x; + ¢'0 and ¢’ € [0,1]. Since ||¢; — (|| < 2s, ¢ also lines up with y; — x;:
0TVEF(G)O < 8TVAF(C)I +IVAF(G) = VEFClllIBN® < —lI8l* + 2pslla]*.

Therefore, this gives

1 1
Erpr = f(xe41) < fxe) — 5(’7 —ps)s* < B, — 5(7 — 2ps)s”,
which finishes the proof. m

The Hamiltonian decrease has an important consequence: if the Hamiltonian does not
decrease much, then all the iterates are localized in a small ball around the starting point.
Moreover, the iterates do not oscillate much in this ball. We called this the improve-or-
localize phenomenon.

Corollary 3.6.1 (Improve or localize). Under the same setting as in Lemma if |(53.2)
does not hold for all steps in [t,t + T|, we have:

t+T 2
Z ||XT - XT—l”2 S 7(Et - Et+T>-
T=t+1
Proof. The proof follows immediately from telescoping the argument of Lemma [3.4.1 n

AGD can increase the Hamiltonian under nonconvexity

In the previous section, we proved Lemma which requires 6 > 2ny, that is, v < 6/(2n).
In this section, we show Lemma is almost tight in the sense that when v > 46/n in

, we have:
Fox) S Fye) + (VF(30) %0 = ya) = 3 xe =yl

Monotonic decrease of the Hamiltonian may no longer hold, indeed, AGD can increase the
Hamiltonian for those steps.

Consider a simple one-dimensional example, f(z) = —%7x2, where always holds.
Define the initial condition g = —1,v9 = 1/(1 — 6). By update equation in Algorithm ,
the next iterate will be 1 = yo = 0, and v; = 1 — g = 1. By the definition of Hamiltonian,
we have

1 1
Eo =f(x) + %‘00‘2 = —% + m

1 1
E, = P = —
1 =f(21) + 277‘?)1\ 2

since 6 < 1/4. Tt is not hard to verify that whenever v > 40/n, we will have E; > Ey; that
is, the Hamiltonian increases in this step.
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This fact implies that when we pick a large learning rate n and small momentum parame-
ter 6 (both are essential for acceleration), standard AGD does not decrease the Hamiltonian
in a very nonconvex region. We need another mechanism such as NCE to fix the monotoni-
cally decreasing property.

3.7 Proof of Main Result

In this section, we set up the machinery needed to prove our main result, Theorem [3.3.1]
We first present the generic setup, then, as in Section [3.4] we split the proof into two cases,
one where gradient is large and the other where the Hessian has negative curvature. In the
end, we put everything together and prove Theorem [3.3.1]

To simplify the proof, we introduce some notation for this section, and state a convention
regarding absolute constants. Recall the choice of parameters in Eq:

1 0% 1
n=— O=—m, y=—=Y s L L e,
40 4k n 4 4p 16\ p

A

where Kk = \/Lp? x = max{1, log dpe s}, and ¢ is a sufficiently large constant as stated in the

precondition of Theorem [3.3.1 Throughout this section, we also always denote

3
T=vRoxe Fi=y %'x5c7, L= 27]?? — %'xzc?’, M = #Cl’

which represent the special units for time, the Hamiltonian, the parameter space and the
momentum. All the lemmas in this section hold when the constant ¢ is picked to be suf-
ficiently large. To avoid ambiguity, throughout this section O(-),€Q(-), ©(-) notation only
hides an absolute constant which is independent of the choice of sufficiently large
constant ¢, which is defined in the precondition of Theorem [3.3.1] That is, we will always
make ¢ dependence explicit in O(-), Q(+), ©(+) notation. Therefore, for a quantity like O(c™1),
we can always pick ¢ large enough so that it cancels out the absolute constant in the O(-)
notation, and make O(c™!) smaller than any fixed required constant.

Common setup

Our general strategy in the proof is to show that if none of the iterates x; is a SOSP, then in
all 7 steps, the Hamiltonian always decreases by at least .%. This gives an average decrease
of # /.. In this section, we establish some facts which will be used throughout the entire
proof, including the decrease of the Hamiltonian in NCE step, the update of AGD in matrix
form, and upper bounds on approximation error for a local quadratic approximation.

The first lemma shows if negative curvature exploitation is used, then in a single step,
the Hamiltonian will decrease by .7 .
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Lemma 3.7.1. Under the same setting as Theorem for every iteration t of Algorithm|[0]
where |(5.2) holds (thus running NCE), we have:

B — E, < —27.

Proof. 1t is also easy to check that the precondition of Lemma holds, and by the
particular choice of parameters in Theorem [3.3.1}, we have:

2
1
min{;—, 5(7 —2ps)s*} > Q(Fc") > 2.7,
n
where the last inequality is by picking ¢ in Theorem large enough, which finishes the
proof. O

Therefore, whenever NCE is called, the decrease of the Hamiltonian is already sufficient.
We thus only need to focus on AGD steps. The next lemma derives a general expression for
x,; after an AGD update, which is very useful in multiple-step analysis. The general form
is expressed with respect to a reference point 0, which can be any arbitrary point (in many
cases we choose it to be xp).

Lemma 3.7.2. Let 0 be an origin (which can be fized at an arbitrary point). Let H =
V2f(0). Then an AGD (Algorithm[5]) update can be written as:

¢ V£(0) + 6,
X1 _ Al X1 B nZAt_T f( ) 7 (3‘10)
Xt X0 =1 0
where 6, =V f(y,;) — Vf(0) — Hy,, and
2-0)I—-nH) —(1-0)I—-nH)
I 0

Proof. Substituting for (y;, v;) in Algorithm [5| we have a recursive equation for x;:
X1 =2-0)x,—(1—=0)x,1 —nVf((2—0)x, — (1 —0)x;_1). (3.11)
By definition of 4., we also have:
Vi(y:) =Vf(0)+Hy: + 6.

Therefore, in matrix form, we have:

Xe+1 | 2-0)I—-nH) —(1-0)I-nH) Xy . Vf(0) + 6
Xy I 0 Xt—1 0
! V£(0)+ 6,
:At X1 —1n Z At_T f( ) s
X0 =1 0

which finishes the proof. O
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Clearly A in Lemma is a 2d x 2d matrix, and if we expand A according to the

eigenvector directions of , A can be reorganized as a block-diagonal matrix con-

0 H
sisting of d 2 x 2 matrices. Let the jth eigenvalue of H be denoted A;, and denote A; as the
Jth 2 x 2 matrix with corresponding eigendirections:

A (E-00-m) —a-00-m)) 1)

1 0

We note that the choice of reference point 0 is mainly to simplify mathmatical expressions
involving x; — 0.

Lemma[3.7.2) can be viewed as update from a quadratic expansion around origin 0, and ¢,
is the approximation error which marks the difference between true function and its quadratic
approximation. The next lemma shows that when sequence x, - - - , x; are all close to 0, then
the approximation error is under control:

Proposition 3.7.3. Using the notation of Lemmal[3.7.3, if for any 7 < t, we have ||x,| < R,
then for any ™ <t, we also have

1. [|6-] < O(pR?);
2. )16 = 0rall < O(pR)([|xe = X1 ]| + [IXr—1 = X7 2]);
3. 3 6 = 6P < O(PR?) 220 1% — x|
Proof. Let A, = fol(V2 f(oy,) —H)d¢. The first inequality is true because 6, = A,y,, thus:

1
16-1] =l1Ary= ]l < 1Ayl = II/O (V2f(oy-) — H)dglllly-|

1
S/O (V2 f(¢y-) = H)lldd - ly- Il < plly-I* < pll(2 = 0)x, — (1 = O)x,1[* < O(pR?).
For the second inequality, we have:
0r —0ry = Vf()’r) - Vf(nyl) - H(Y‘r - Y‘rfl) = A;(Y‘F - Y‘rfl)7

where A! = fOI(VQf(yTA + ¢(yr —yr-1)) — H)do. As in the proof of the first inequality,
we have:

1
10 = 61|l SHALyr — yreall = H/O (V2 (yro1 + O(yr —yro1)) — H)AD||lyr — yrill

<pmax{|ly-[, [[y--1[Hyr = yr-1ll < O(pR)([Ix%r = 3]l + X1 = X7 ).

Finally, since (||x; — X, 1]+ [|%xr—1 — Xr—2||)? < 2(||x; — %1+ [|xr—1 — X, _2]|?), the third
inequality is immediately implied by the second inequality. O]
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Proof for large-gradient scenario

We prove Lemma [3.4.5| in this subsection. Throughout this subsection, we let S be the
subspace with eigenvalues in (6%/[n(2 — 0)?], (], and let S¢ be the complementary subspace.
Also let Ps and Pse be the corresponding projections. We note 62/[n(2 — 6)*] = ©(,/pe),
and this particular choice lies at the boundary between the real eigenvalues and complex
eigenvalues of the matrix A;, as shown in Lemma [3.8.3]

The first lemma shows that if momentum or gradient is very large, then the Hamiltonian
already has sufficient decrease on average.

Lemma 3.7.4. Under the setting of Theorem if || vel| > A or ||V f(xe)|| > 204, and
at time step t only AGD is used without NCE or perturbation, then:

By —E, <A77,

Proof. When ||v|| > %5, by Lemma [3.4.1] we have:

0 ek _ VK F AF

Et+1 — Et S _%”Vt||2 S -0 (ﬁKTC 2) = -0 ( o0 C 2) S —Q(§C6) S - .

The last step is by picking ¢ to be a large enough constant. When [|v;|| < . but |V f(x;)]| >
204 , by the gradient Lipschitz assumption, we have:

IVFyoll = IVFx) = (1= 0)||vel| = LA
Similarly, by Lemma [3.4.1] we have:

eKr _ F 4.7

Bin — B < ~2Vi)IP < () < —(2df) < -2

4 l T

Again the last step is by picking ¢ to be a large enough constant, which finishes the proof. [

Next, we show that if the initial momentum is small, but the initial gradient on the non-
convex subspace S¢ is large enough, then within O(.7) steps, the Hamiltonian will decrease
by at least .#.

Lemma 3.7.5 (Formal Version of Lemma [3.4.8)). Under the setting of Theorem if
[PseV f(x0)ll = 5, IVoll < A, v [Pd V2 f(x0)Pslvo < 2y/pest?, and for t € [0,.7 /4] only

AGD steps are used without NCE or perturbation, then:
Ezy—Ey < —%.

Proof. The high-level plan is a proof by contradiction. We first assume that the energy
doesn’t decrease very much; that is, Kz, — Ey > —% for a small enough constant pu.
By Corollary and the Cauchy-Swartz inequality, this immediately implies that for all
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t < .7, we have ||x; — x¢|| < /207 % /(40) = ¥ /2. In the rest of the proof we will show
that this leads to a contradiction.

Given initial xg and vy, we define x_; = x¢g — vg. Without loss of generality, set xq as
the origin 0. Using the notation and results of Lemma [3.7.2] we have the following update
equation:

0 — Vf(0)+4
Xt — At _nzAt—l—T f( )

X1 —Vy —0 0

Consider the j-th eigen-direction of H = V?2f(0), recall the definition of the 2 x 2 block

matrix A; as in|(3.12), and denote
(@, —b7) = (1 0) AL

Then we have for the j-th eigen-direction:
. . t_l .
=W =0 Y e (VIO +60)

t—1 t—1
= [Z ai”] (Vf(O)”) +>_ Y8 + q§”vé”> ,

T7=0 T7=0
where
) (4)
a , b
We=itg ad )=
ZTZO ar Ui Z‘r 0 aT

Clearly Z OpT = 1. For j € §° by Lemma [3.8.7, we know Zi;lo o) > Q(e%) We can
thus further write the above equation as:

t—1
=7 [ZGSJ

T

(Vf —I—U(j)>

where 6U) = S0 L p¥sY) and §0) = gV )véj ). coming from the Hessian Lipschitz assumption
and the initial momentum respectively. For the remaining part, we would like to bound
| Psed|| and ||Pscv||, and show that both of them are small compared to ||PseV f(xo)]|-

First, for the ||Pged
eigenvalues of A; are real and positive according to Lemma m, such that p(] ) is positive

| term, we know by definition of the subspace S¢, and given that both
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by Lemma |3.8.1] we have for any j € S%

t—1 t—1
OO =1D_ P8 < 3 p (0] + |6 - o7))
7=0 7=0
t—1 t—1
slzp@] (|6“|+Z|6 ><|6“|+Z|6 — 0y,
=0 =1

By the Cauchy-Swartz inequality, this gives:

1Psed)? =" 1602 <> (16 |+Z|5 092 <2 LZ|5”|2+Z Zw — 69 )2
JES*e JES*e €se jese =1
— t—1
<2 LZ 362 +t22 169 — 62, 2| < 20160* +2¢ > (16, — 6,11
j€Se jese =1 =1

Recall that for t < .7, we have ||x;|| < /2. By Proposition [3.7.3, we know: |[|dg|| <
O(p?), and by Corollary and Proposition

t—1 t—1
£ 6= 6> SO I — x> < O(p° 7).
=1 =1

This gives ||Pse0

| <O(pS?) < O(e- %) < ¢/10.

Next we consider the ||Psev|| term. By Lemma we have

b
g = —=— < O(1) max{0, \/n|)\,]}.
ZT:OaT
This gives:
~ max{n|\;|, 0%} .
Pov|? = Sl < 0(1) Y FEE SR (313)
jese jese

Recall that we have assumed by way of contradiction that Ez, — Ey < —%. By the
precondition that NCE is not used at ¢ = 0, due to the certificate |(3.2)| we have:

1 pE
VTV L (Govo = vl =~ ol

where (y = ¢xo+(1—¢)yo and ¢ € [0, 1]. Noting that we fix x as the origin 0, by the Hessian
Lipschitz property, it is easy to show that ||V f((o) — H|| < pllyoll < pllvoll < pttl < \/pe.
This gives:

VoH Vo > —24/pe||vol|®.
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Again letting \; denote the eigenvalues of H, rearranging the above sum give:
> Nl <O(vpaIvall* + D Al
§:A; <0 3:A; >0
<O(plval*+ D2 NP < O(mOIvoll* + v [P HPsJvo.

A >0% /n(2-6)?

The second inequality uses the fact that 6%/n(2 — 6)> < O(y/pe). Substituting into [(3.13)|
gives:

1
P9 < O() [Vl +v3 [P Pslva] < O(ty/e) = O(e™) < 100
Finally, putting all pieces together, we have:

t—1

03" V) L
Peil] [ Paexe]] > Ijgggz_;a#] 1Psc(V£(0) + 5+ %))

= P9l > Q3g) > A7) >

>0(1) [IPs- T/ O - |[Ps:5

which contradicts the fact ||x;|| that remains inside the ball around 0 with radius .#/2. O

The next lemma shows that if the initial momentum and gradient are reasonably small,
and the Hamitonian does not have sufficient decrease over the next .7 iterations, then
both the gradient and momentum of the strongly convex component S will vanish in .7 /4
iterations.

Lemma 3.7.6 (Formal Version of Lemma |3.4.7)). Under the setting of Theorem sup-
pose ||vol| < A and |V f(x0)|| < 204, Ez/y — Ey > =%, and fort € [0, /2] only AGD
steps are used, without NCE or perturbation. Then ¥t € [T /4,T /2]:

IPsVf(x)|l < 5 and v [P V2 f(x0)Pslve < /ped*.

€
2
Proof. Since E5 — Ey > —.%, by Corollary and the Cauchy-Swartz inequality, we see
that for all t < .7 we have ||x; — x¢|| < /20T . /0 = 7.

Given initial xy and vq, we define x_; = xg — vo. Without loss of generality, setting xg
as the origin 0, by the notation and results of Lemma [3.7.2] we have the update equation:

0 =1 V£(0)+ 6,
i Y —n Yy AL f0) . (3.14)
0 7=0

X1 —V 0
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First we prove the upper bound on the gradient: V¢ € [.7 /4, 7], we have |[PsV f(x;)|| <
$. Let Ay = fol(VQf(ngt) — H)d¢. According to|(3.14), we have:

Vfx:) =V0)+ (H+ A)x

— I—nH(I 0>§AH—T é Vf(O)+7-[(I O)At 0

—~ —~

g1 g2

t—1 5
—n’H(I O)TZ:OAH—T ot A,

- 4
g

g3

We will upper bound four terms g1, g-, g3, g4 separately. Clearly, for the last term g4, we
have:
Igall < pllx:ll* < O(p?) = Oec™®) < ¢/8.

Next, we show that the first two terms gy, go become very small for t € [F /4, .7]. Consider
coordinate j € S and the 2 x 2 block matrix A;. By Lemma we have:

i1 1 1
o () oA ()= (0]
7=0

Denote: ' .
@, —) = (1 0) AL

By Lemma [3.8.9, we know:
max {Jaf”|, b} < (¢4 1)(1 - 0)%.
JES
This immediately gives when t > .7 /4 = Q(%log §) for ¢ sufficiently large:

[Psgill? =Y l(af” = 5)WVAOD < (¢4 11— 0) [V O < /64

JES
1Psgall> =D bV 2 < At +1)2(1 = 0) | vo|* < €/64.
JES

Finally, for g5, by Lemma [3.8.11] for all j € S, we have

t—1

A Y a9,

7=0

t—1
<[5+ 189 — 6, .

=1

e =
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By Proposition [3.7.3] this gives:

t—1

IPsgall? < 2016-1ll* +2¢ Y 116, — 6> < O(p*#*) < O( - ¢712) < /64,

=1

In sum, this gives for any fixed ¢t € [Z /4, 7]:
€
1PsV fx)ll < [Psgull + [IPsgzll + I Psgsll + llgall < 5.

We now provide a similar argument to prove the upper bound for the momentum. That

is, Vt e [T/4,T], we show v [Pd V2 f(x0)Ps]vi < VPeA?. According to[(3.14)] we have:

Vt:<1 —1) * :(1 _1)At 0 _77(1 _1>§At_1_T V£(0)

Xi1 —Vo =0 0
ma m
t—1 (S
-1 <1 _1> ZAtflf‘r
=0 0
ms

Consider the j-th eigendirection, so that j € S, and recall the 2 x 2 block matrix A;.
Denoting

(. =)= (1 0) AL,

by Lemma [3.8.1 and [3.8.9] we have for ¢t > 7 /4 = Q(%log §) with ¢ sufficiently large:

|[PS V2 F (x0)Ps] 2mma | = ZM v [P < L(t+1)*(1-0)'vol* < 0(70 Y) < \/_///2

JES
On the other hand, by Lemma [3.8.2] we have:

t—1 t—1

(1 —1) YAt = (1 0) Do(Ar T Al = (1 0)Al-al

7=0 0 7=0 0 1

This gives, for t > .7 /4 = Q(§ log %), and for ¢ sufficiently large:

I[P V2f (xo)PelEmal> = 3 1A, 2 (af) — a2, — b + 8 )V F(0) D
JES
2

t 2 € 3 1 2
<0(\/p—)(t+1) A=)V < O(5c™) < gVped”.
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Finally, for any 7 € S, by Lemma [3.8.11] we have:

t—1 t—1
(HEma) D] = [pA? > (ar — ar-1)di-1-+] < /7 [Z 6+ 109 — 69|
T=1

7=0

Again by Proposition [3.7.3;

t—1 9
1 1
I[PS V2 f (xo)Pelzms |® = i | 2] [I* + 26 Y 167 — 57—1H2] < O(mp* ") < 0(%6’6) < gvped’.

=1

Putting everything together, we have:

v/ [Pd V2 f (x0)Pslve <[P V2 f(x0)Psl2mu |2 + [[PF V2 (x0) Ps] 2
+ [P V2 f (x0)Ps]2ms > < /pedt™.

This finishes the proof. n

Finally, we are ready to prove the main lemma of this subsection (Lemma [3.4.5)), which
claims that if gradients in .7 iterations are always large, then the Hamiltonian will decrease
sufficiently within a small number of steps.

Lemma 3.7.7 (Large gradient). Consider the setting of Theorem (3.3.1. If |V f(x;)|]| > €
for all T € (0,7, then by running Algorithm [¢| we have Ey — Ey < —F.

Proof. Since ||V f(x;)|| > € for all 7 € [0,.7], according to Algorithm [f the precondition
to add perturbation never holds, so Algorithm will not add any perturbation in these 7
iterations.

Next, suppose there is at least one iteration where NCE is used. Then by Lemma [3.7.1],
we know that that step alone gives .# decrease in the Hamiltonian. According to Lemma
B.4.7]and Lemma[3.7.1 we know that without perturbation, the Hamiltonian decreases mono-
tonically in the remaining steps. This means whenever at least one NCE step is performed,
Lemma |3.4.5] immediately holds.

For the remainder of the proof, we can restrict the discussion to the case where NCE is
never performed in steps 7 € [0, .7]. Letting

7 =arg min {t|||v¢|| < 4 and ||Vf(x,)|| <204},
t€(0,7]

we know in case 71 > %, that Lemma [3.7.4 ensures Fo — By < E% — By < —%. Thus,

we only need to discuss the case 7 < % Again, if B, 7/ — B, < —%, Lemma (3.4.5

immediately holds. For the remaining case, F, 7/ — £, < —%, we apply Lemma [3. 7.6
starting at 71, and obtain

T T
1PV f(x4)]| < % and v, [P VZf(x,,)Ps]v: < \/E%Q. Vit € [ + Rl + 7]
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Letting:
m=arg min {t|llvi] <.},
teln+Z,7]
by Lemma we again know we only need to discuss the case where 7 < 7 + %;
otherwise, we already guarantee sufficient decrease in the Hamiltonian. Then, we clearly

have ||PsV f(x.,)|| < £, also by the precondition of Lemma we know ||V f(x,,)]| > €,

29

thus ||PscV f(xr,)|| > 5. On the other hand, since if the Hamiltonian does not decrease

enough, £, — Ey > —%, by Lemma [3.4.3), we have ||x,, — x| < 2%, by the Hessian
Lipschitz property, which gives:

Vo, [Ps V2 f (X Pslvey < v, [PS V2 f (X0 ) Polvay +HI V2 f(xr,) = V2 f(x0)[IVa|* < 2¢/pet®.

Now x,, satisfies all the preconditions of Lemma [3.7.5, and by applying Lemma we
finish the proof. O

Proof for negative-curvature scenario

We prove Lemma in this section. We consider two trajectories, starting at x, and xg,
with vy = v, where wy = xg — X(, = roe;, where e; is the minimum eigenvector direction of
‘H, and where rg is not too small. We show that at least one of the trajectories will escape
saddle points efficiently.

Lemma 3.7.7 (Formal Version of Lemma [3.4.9). Under the same setting as Theorem|[3.3.1]
suppose ||V f(X)|| < € and Apin(V2f(X)) < —/pe. Let xo and x{, be at distance at most r

rom X. Let Xo—X, = rg-€; and let vo = v}, = v where e, is the minimum eigen-direction o
0 0 0 0 0
T

V2f(x). Letro > % v Then, running AGD starting at (Xo, Vo) and (X, v) respectively,
we have:

min{Ey — E,F; — E} < —%,
where E, E5 and E', are the Hamiltonians at (X,V), (xz,vy) and (X', V') respectively.
Proof. Assume none of the two sequences decrease the Hamiltonian fast enough; that is,
min{Es — FEy, By — E}} > —2.7,

where Ey and Ej are the Hamiltonians at (xg,vy) and (x,v(). Then, by Corollary
and the Cauchy-Swartz inequality, we have for any ¢ < .7:

max{||x; — X||, ||x; — X[|} < r + max{||x; — xo||, [|x; —xp||} < r +\/4nTF /0 < 2.7.

Fix the origin 0 at x and let ‘H be the Hessian at x. Recall that the update equation of
AGD (Algorithm [5)) can be re-written as:

X1 =2 —0)x — (1 = 0)x—1 — V(2 = 0)x; — (1 — 0)x¢-1)
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Taking the difference of two AGD sequences starting from xg, x;,, and let w; = x; — x}, we
have:

w1 =(2—-0)w, — (1 = O)w,1 — V[ (y) + 0V f(y})
=2 = 0)(I —nH —nAyw;, — (1 = 0)(I — nH — nAy) w1,

where A; = fol(VQf(@’t + (1 — @)y}) — H)de. In the last step, we used
Vi(ye) = VIy) = (H+A)(ye —y) = (H+A)[(2 = O)we — (1 — O)wy1].
We thus obtain the update of the w; sequence in matrix form:
wii\  (C-o0a-—m) —a-oa-m)) [ w
W, 1 0 Wi—1
(2 — Q)Atwt — (1 — Q)Atwt_]_
0

-n

w t 0r
=A — =AY AT , (3.15)
Wi_1 0 wW_g —0 0

where §; = (2 — 0)Ayw; — (1 — 0)Ayw;_1. Since vy = v{, we have w_; = wy, and ||A]| <
pmax{||x; — X|, [|x; — x||} < 2p., as well as [|0,] < 6p7(||W|| + ||[Wr_1]]). According to

(€38)]

wi—(1 0) A’ :Z —n (1 0)21&“1‘7 i)

Intuitively, we want to say that the first term dominates. Technically, we will set up an
induction based on the following fact:

i (o) o a ()i Giro)ac ()i

=0 Wo

It is easy to check the base case holds for ¢ = 0. Then, assume that for all time steps less
than or equal to ¢, the induction assumption hold. We have:

t—1
Wo B
Iwell <II(T o) A" [ " )11+ In (T 0) 3o A Nl
7=0

Wo

Wo
<2f(x o)A | "Il
Wo
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which gives:

Wo _1 | Wo
[0l <0G )([will + [we-s) < 00) |1(T 0) AT { 7 I+ I(x 0) A= | ||
Wo Wo
Wo
<0(p)I(x o)A | "I
Wo

where in the last inequality, we used Lemma [3.8.15| for monotonicity in ¢.
To prove that the induction assumption holds for ¢t + 1 we compute:

H77<I,0)§A” i H s@iﬂH@o)A” (I) Il

gO(nmgu(I,o)Aﬂ i o)ar (M) @

Wo

By the precondition we have Apin(H) < —,/peé. Without loss of generality, assume that
the minimum eigenvector direction of H is along he first coordinate e;, and denote the
corresponding 2 X 2 matrix as A; (as in the convention of |(3.12)| Let:

(@, =)= (1 0) AL
We then see that (1) wy is along the e; direction, and (2) according to Lemma (3.8.14] the

I
matrix <I, ()) AT is a diagonal matrix, where the spectral norm is achieved along the
0

first coordinate which corresponds to the eigenvalue A\yi,(H). Therefore, using Equation
(3.16) we have:

t t

5
I (1.0) S AT [ ]| <0mp7) 3" (! = b0) wo

=0 0 7=0
L2
<O(np.) Y [+ (t+ Dllaty = b2 [lwo
7=0
W
<O(mps 7| (1.0) A1 [ 7

Wo
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where, in the second to last step, we used Lemma (3.8.13] and in the last step we used
1/60 < 7. Finally, O(np.#.7?) < O(c™') < 1/2 by choosing a sufficiently large constant c.
Therefore, we have proved the induction, which gives us:

t—1

ol =1 o) (™ )=t (1 0) oA ()i g0 o) ()

Wo =0 Wo

Noting that Api,(H) < —/pe€, by applying Lemma (3.8.15( we have

1 . [ Wo 0 ¢
- >
(T 0)a (™ i amyn

which grows exponentially. Therefore, for ro > % - 75 and T = Q(3 - xc) where x =
drA

max{1, log pTéf}, where the constant c¢ is sufficiently large, we have

I = %ol = w2 501+ 9(0) 7 > 4.7,
which contradicts the fact that:
vt < 7, max{|x, — x|, |x; - %} < O().
This means our assumption is wrong, and we can therefore conclude:
min{Es — Ey, By — By} < —2.%.

On the other hand, by the precondition on & and the gradient Lipschitz property, we have:
~ = o
max{Ey — E,E|, — E} < 67’+7 < 7,

where the last step is due to our choice of 7 = ne - x°c™® in [(3.3)] Combining these two
facts:

min{Es — E,F, — B} <min{Es — Ey, E'y — By} + max{E, — E,E), — B} < -7,
which finishes the proof. O]

We are now ready to prove the main lemma in this subsection, which states with that
random perturbation, PAGD will escape saddle points efficiently with high probability.

Lemma 3.7.8 (Negative curvature). Consider the setting of Theorem|3.3.1. If |V f(xo)]| <
€, Amin(V?f(X0)) < —\/p€, and a perturbation has not been added in iterations T € [—7,0),
then, by running Algorithm @ we have B4 — Ey < —% with probability at least 1 — %.
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Proof. Since a perturbation has not been added in iterations 7 € [—.7,0), according to
PAGD (Algorithm @, we add perturbation at ¢ = 0, the Hamiltonian will increase by at
most:

AE <er+ 7 < Z,
where the last step is due to our choice of r = ne- y?c® inwith constant ¢ sufficiently
large. Again by Algorithm [6], a perturbation will never be added in the remaining iterations,
and by Lemma [3.4.1] and Lemma [3.7.1] we know the Hamiltonian always decreases for the
remaining steps. Therefore, if at least one NCE step is performed in iteration 7 € [0, 7], by
Lemma [3.7.1] we will decrease 2.% in that NCE step, and at most increase by .% due to the

perturbation. This immediately gives o — Ey < —.%.
Therefore, we only need to focus on the case where NCE is never used in iterations
€ [0,.7]. Let By, (r) denote the ball with radius r around x,. According to algorithm
[0, we know the iterate after adding perturbation to xq is uniformly sampled from the ball
By, (7). Let Xsuaw C By, () be the region where AGD is stuck (does not decrease the
Hamiltonian .# in 7 steps). Formally, for any point x € Xpuex, let xq, -+ , x5 be the AGD
sequence starting at (x,vp), then Es — Ey > —%. By Lemma , Xiiuck can have at most

width 7y = 2Z . \/La along the minimum eigenvalue direction. Therefore,

2A
Vo) 1o x VOB () ELY _ ro fTT 67
VOl(BS) (r) —  Vol(BY” (r)) AT+ Srya V2t 2 Saa,

Thus, with probability at least 1 — A , the perturbation will end up outside of X,q, which

give By — Ey < —.%. This finishes the proof.
]

Proof of Theorem [3.3.1]
Our main result is now easily obtained from Lemma [3.4.5| and Lemma [3.4.6]

Proof of Theorem[3.3.1 Suppose we never encounter any e-second-order stationary point.
Consider the set ¥ = {7|7 € [0, 7] and ||V f(x,)|| < €}, and two cases: (1) T = &, in which
case we know all gradients are large and by Lemmawe have E7—Fy < —%; (2) T # @.
In this case, define 7/ = min ¥; i.e., the earliest iteration where the gradient is small. Since by
assumption, x_ is not an e- second order stationary point, this gives V*f(x,/) < —,/p€, and
by Lemma [3.4.6, we can conclude E,/, s — Ey < B,y o — E, < —%. Clearly 7'+ 7 <27.
That is, in either case, we will decrease the Hamiltonian by .%# in at most 2.7 steps.

Then, for the the first case, we can repeat this argument starting at iteration 7, and
for the second case, we can repeat the argument starting at iteration 7" + .7. Therefore,
we will continue to obtain a decrease of the Hamiltonian by an average of .%/(2.7) per
step. Since the function f is lower bounded, we know the Hamiltonian can not decrease
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beyond Ey — E* = f(x¢) — f*, which means that in w steps, we must encounter
an e-second-order stationary point at least once.
Finally, in Wxo)=f") 7 steps, we will call Lemma at most M7f times, and since

F

Lemma |3.4.6| holds with probability 1 — %, by a union bound, we know that the argument

above is true with probability at least:

L 0T 28
20y F ’

which finishes the proof. ]

3.8 Auxiliary Lemma

In this section, we present some auxiliary lemmas which are used in proving Lemma |3.7.5|
Lemma and Lemma m These deal with the large-gradient scenario (nonconvex
component), the large-gradient scenario (strongly convex component), and the negative cur-
vature scenario, respectively.

The first two lemmas establish some facts about powers of the structured matrices arising
in AGD.

Lemma 3.8.1. Let the 2 x 2 matriz A have following form, for arbitrary a,b € R:

A:
10

Letting 1, pe denote the two eigenvalues of A (can be repeated or complex eigenvalues), then,
for any t € N:

t t—1

(1 0) Al = (Z P = Zuﬁué‘l‘i>
=0 =0

(0 1)a'=(1 0)ar

Proof. When the eigenvalues p; and po are distinct, the matrix A can be rewritten as

1T H2 —Haje
S p , and it is easy to check that the two eigenvectors have the form

1 0 1

H2 . . "
and . Therefore, we can write the eigen-decomposition as:

1

A 1 pr p2\ [ O L —p
fr—H2 \ 1 1 0 pa) \-1 m
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and the tth power has the general form:

Al — 1 M1 2 pi 0 I —pe
Mr—p2 \ 1 1 0 ub -1

a
When there are two repeated eigenvalue pp, the matrix can be rewritten as
10

2 .2
S . It is easy to check that A has the following Jordan normal form:
1 0

o +1) [ 1 I —(u+1)

1 1 0 —1 M1
which yields:
poopn 1\ fph ot (1 =+ 1)
1 1 0 -1 I

Al = —
The remainder of the proof follows from simple linear algebra calculations for both cases.
]
Lemma 3.8.2. Under the same setting as Lemma for any t € N:

:1_@ @Atl

Proof. When p; and py are distinct, we have:

<1 0) Al — (Nl‘i+1 — 5 _,UI,UQ(:Ui - Ng)) _

H1 — M2 7 H1 — U2

When 1, ps are repeated, we have:
<1 0) Al = (t+ s, —tuith).

The remainder of the proof follows from Lemma and linear algebra. m

The next lemma tells us when the eigenvalues of the AGD matrix are real and when they
are complex.
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Lemma 3.8.3. Let 0 € (0,1], x € [—1, 1] and define the 2 X 2 matriz A as follows:

2-0)(1—2z) —(1—-0)(1—2x)
1 0

A:

Then the two eigenvalues py and ps of A are solutions of the following equation:

=02 —-0)1—z)u+(1-0)(1—-2)=0.

Moreover, when x € [—}l, ﬁ], f1 and po are real numbers, and when x € ((2329)2, %], 1
and po are conjugate complexr numbers.
Proof. An eigenvalue i of the matrix A must satisfy the following equation:
det(A—pl)=p*—2-0)1—2)u+(1—-0)(1 —x)=0.
The discriminant is equal to
A=2-0)>2*1—2)*—41-0)(1—2x)
=(1—2)(0*> - (2 - 6*)x).
Then py and ps are real if and only if A > 0, which finishes the proof. O

Finally, we need a simple lemma for geometric sums.

Lemma 3.8.4. For any A > 0 and fixed t, we have:

—

t—

=X
I—N2 1-\

(T+ DA =

I
<)

T

Proof. Consider the truncated geometric series:

. 1=
E:A_l—A'

Taking derivatives, we have:

t—

—_

d — d 1— A 1—At gt
DA = S = I
(r+1) dAZ% dA[ 1—A} T—A2 1-x

Il
=)

T
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Large-gradient scenario (nonconvex component)

All the lemmas in this section are concerned with the behavior of the AGD matrix for eigen-
directions of the Hessian with eigenvalues being negative or small and positive, as used in
proving Lemma [3.7.5] The following lemma bounds the smallest eigenvalue of the AGD ma-
trix for those directions.

1 62

Lemma 3.8.5. Under the same setting as Lemma |3.8.5, and for v € [—7, @02

1 > o, we have:

|, where

pe <1 — %maX{G, V]z]}.
Proof. The eigenvalues satisfy:
det(A —pl) =p> —(2—-0)(1 —2)u+ (1 —60)(1 —2) =0.
Let 4 =14 u. We have

I+u)?-2-0)1—-2)1+u)+(1-0)(1-2)=0
= w? + ((1 — 2)0 + 22)u + 2 = 0.

Let f(u) = u® + Ou + 22u — x0u + x. To prove ps(A) < 1 — @ when = € [—1, —6?], we
only need to verify f(—\/—zm) <0:

p- VI el Ol g

2 4
0. 3|z
<l - 5y - 2 <

The last inequality follows because |z| < }L by assumption.
For = € [—6?,0], we have:
0 62 6? x0? 62 x6?

= _Z _ Zoir=- — <o
f( 2) 1 5 0 + 5 +x 4+:E(1 0) + 5 <0

On the other hand, when z € [0,6?/(2—6)?], both eigenvalues are still real, and the midpoint
of the two roots is:
uy + Uz (1—2)0 + 2x 0+ (2—-0)x 6
2 2 T2 =Y
Cornebining the two cases, we have shown that when = € [—6?,6%/(2 — 0)?] we have us(A) <
-2

In summary, we have proved that
Vel 1 g2
,MQ(A)S 1-— 3 s (L’E[—Z,—(g]
- r e [—0%0%/(2—0),
which finishes the proof. O
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In the same setting as above, the following lemma bounds the largest eigenvalue.

Lemma 3.8.6. Under the same setting as Lemma |3.8.5, and with © € [—}1,&], and

letting p1 > o, we have:

pr <1+ 2min{|%|, V).
Proof. By Lemma [3.8.3| and Vieta’s formula we have:
(1 = 1)(p2 — 1) = pupe — (p + p2) + 1 = 2.
An application of Lemma |3.8.5| finishes the proof. m

The following lemma establishes some properties of the powers of the AGD matrix.

Lemma 3.8.7. Consider the same setting as Lemma|3.8.5, and let x € [—}l, %]. Denote:

(ag, —b) = (1 O) A’

2 .
Then, for anyt > 7 + 1, we have:

Proof. We prove the two inequalities seperately.
First Inequality: By Lemma |3.8.1}

> (1 0)Ar ZM Ty = Z (pap2)? Z(%)g_z
> ) [(1=0)(1—z)]

T7=0

[V

-
2

The last inequality holds because in Z;O(Z_;)%—i at least 7 terms are greater than one.
Finally, since z < 0%/(2 —0)> < 6? <0, wehave 1 —x > 1 — 9, thus:

i t 1/6
Sl -aF-2=3 -0 223 0-07 7
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which finishes the proof.
Second Inequality: Without loss of generality, assume p; > 2. Again by Lemma [3.8.1

t—1 t—1 T i, T—1
ZT:OG’T _ ZT z OMIMQ _ Z 7, O/"Lllu“Q

i, t—1—1 i, t—1—1

by e ZZ ouluz pape S S i
t—1

i,,T—1 1 1
Z Z ’L OlullltJQl i 2 Z t—1—71

M1M2 —o1)/2 o M1 Hy fakz 6= 21
— TIPSR S [ S PO S
2411 o H1 ,ugt_lw T 2up H1 }/9
The second-to-last inequality holds because it is easy to check
o TZMW >Zu’1uél g
for any 7 > (¢t — 1)/2. Finally, by Lemma we have
.z
pr <1+ 2m1n{|7|, Vizl}
Since p; = O(1), po = O(1), we have that when |z| < 62,
Tt s om st Lot L sady
by o M1 M}/e - 0 (1 —i—G)% 0"
When |z| > 62, we have:
t—1 I
L, 1 1 70T 1 1
E’;OEQ(D 1_|__+...+1_/9 :Q(l)%:Q( ) = ).
by H1 1y — pr—1 Vx|
Combining the two cases finishes the proof. m

Large-gradient scenario (strongly convex component)

All the lemmas in this section are concerned with the behavior of the AGD matrix for eigen-
directions of the Hessian with eigenvalues being large and positive, as used in proving Lemma
3.7.6] The following lemma gives eigenvalues of the AGD matrix for those directions.

Lemma 3.8.8. Under the same setting as Lemma |3.8.5, and with x € (%, i], we have

w1 = re'® and o = re”, where:

=1 =01 —12), sing=+/(2-02c—6)(1—z)/2r
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Proof. By Lemma [3.8.3] we know that pq and sy are two solutions of
pP=02-01—2)p+(1-0)(1—-z)=0.
This gives > = gy = (1 — 0)(1 — x). On the other hand, discriminant is equal to

A=02-0>*1—2)*—4(1-0)(1—2x)
=(1—2)(0* - (2 - 6*)x).

Since Im(py) = rsing = ‘ﬁ , the proof is finished. ]

Under the same setting as above, the following lemma delineates some properties of
powers of the AGD matrix.

Lemma 3.8.9. Under the same setting as in Lemma|3.8.5, and with x € ((2 DR 11, denote:

(ap, —b) = (1 O) A’
Then, for any t > 0, we have:
max{la], [b} < (¢ +1)(1-6)2.

Proof. By Lemma and Lemma [3.8.8] using | - | to denote the magnitude of a complex

number, we have:
t
| o 7
|| = NML

|be] = Mlﬂzzlflﬂé -

< Zlu;ua P=(t+1)r < (t+1)(1-0)3

tf
Tt < et <1 —0)F

7

[y

I
=)

Reorganizing these two equations finishes the proof. O

The following is a technical lemma which is useful in bounding the change in the Hessian
by the amount of oscillation in the iterates.

Lemma 3.8.10. Under the same setting as Lemma 8, for any T > 0, any sequence {€},
and any @y € [0, 27]:

T T

1
Y "t < O(—— > e — .
2 r'sin(ot + po)er < O<sin¢) (!60| + 2 |€s et1|>
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Proof. Let 7 = |2m/¢| be the approximate period, and J = |T/7| be the number of periods
that exist within time 7. Then, we can group the summation by each period:

[min{(j+1)r—1,7}

Z r'sin(gt + @o)es

t=j1

]~

T
Z r'sin(gt)e; =
=0

J

Il
o

[‘min{(j+1)r—1,7}

J
= Z Z r'sin(ét + o)lejr + (€ — €j7)]
7=0 | t=j1
J  [min{(+1)r—1,7} J  [min{(G+1)r-1,7}
< Z Z r'sin(ét + o) | €5 + Z Z rle; — €y
=0 | t=jr =0 t=jr
Te;r,n 1 Te;rrn 2

We prove the lemma by bounding the first term and the second term on the right-hand-side

of this equation separately.
Term 2: Since r < 1, it is not hard to see:

J  [min{(+1)r—1,T}
Term 2 = E E e — €jr]
7=0 t=j1
J  [min{(+1)r—1,T} min{(j+1)7—1,T}
< E E rt E |€t - 6t—1|
7=0 t=jT1 t=j7+1

J min{(j+1)7—1,T}

T
<T Z ler — €1 STZ|€t_€t—1|'
=1

j=0 t=j7+1

Term 1: We first study the inner-loop factor, Ef;i)f*l rtsin(¢t). Letting ¢ = 27 — 7¢ be
the offset for each approximate period, we have that for any 7 < J:

(j+1)T-1 1
Z rt sin(¢t + g)| = [Im [Z P ei~[¢(j7+t)+<p0]]
t=j7 t=0

,r.‘l'ei-(Zﬂ'fdJ)

T7—1
) . I
<Y e <l
t=0

i (=77 costp)? 4 (r7sinyh)?

B \/ (1 —rcose)?+ (rsing)?
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Combined with the fact that for all y € [0,1] we have e™® < 1 —y < e™¥, we obtain the
following;:

0+ x)
0

Also, for any a,b € [0, 1], we have (1 — ab)? < (1 — min{a,b})? < (1 —a?®)? + (1 — b*)?, and
by definition of 7, we immediately have ¢ < ¢. This yields:

(1 —7r7costh)? + (r7sine))? <2(1 —727)2 + 2(1 — cos? )% + (r7 sine))?

1—r"=1—[1=0)(1—2)]2 =1—¢e ) — (0 + z)r) = © ( ) (3.17)

(1 —rcos¢)?+ (rsing)? — (rsin ¢)?
1 0+x)? , 0+ x)?
=0 <sin2¢> {( st d)] = ((sin‘*fz )

The second last inequality used the fact that » = ©(1) (although note 77 is not ©(1)). The
last inequality is true since by Lemma [3.8.8 we know (6 + z)/sin® ¢ > Q(1). This gives:

(J+1)7-1
) 9 +x
E rtsin(ét + o) < 77 5,
= " sin 10}

and therefore, we can now bound the first term:

J min{(j+1)7—1,T} J min{(j+1)7—1,T}
Term 1 = Z ST rlsin(gt+ go)er = rtsin(¢t + o) | (€0 + €jr — €0)
t=j7 §=0 t=jr
J-1 T
S0+
)2 |G el e =)+ 3+ e )
Jj= t=Jr1
T T
1 0+« 1
<0(1 - . + —e-1|| < |0 + 7| + —€—1|] -
>~ ( ) [1_7” sin2¢ T} |€0’ ;kt €t 1’] = [ (Singb) T} |€0| ;|Et € 1|]
The second-to-last inequality used Eq{(3.17)| In conclusion, since 7 < 2(;: < 2 5, we have:

T
Z r'sin(¢t + o)e; <Term 1 + Term 2 < [O(

t=0
1
0 (sin gb)

The following lemma combines the previous two lemmas to bound the approximation error
in the quadratic.

)+2r}

SlH

T
‘60’ + Z ’Et — Et,ﬂ
t=1

|€0| + Z |€t — €t— 1|]

]
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Lemma 3.8.11. Under the same setting as Lemma|3.8.5, and with x € (%, }L], denote:

(a;, —b)= (l 0) A’

Then, for any sequence {e,}, any t > Q(3), we have:

t—1

ZaTeT <O(- <|60| +Z|€7——€7— 1|)

=0

C—ary) O(ﬁ) <\60| +ZyeT —e”|> .

Proof. We prove the two mequahtles separately.
First Inequality: Since x € ( i we further split the analysis into two cases:

M:

T:O

2— 9)274]

Case r € ((2 29)2, @ 2_92 |: By Lemma [3.8.1) we can expand dthe left-hand-side as:
t—1 t—1 t—1
ar€r < |a-|(|eo] + |er — €ol) < [Z|a7|] <|60|+Z|€T_€T—l|> .
7=0 7=0 =1
Noting that in this case z = O(6?), by Lemma and Lemma|3.8.4 we have for t > O(1/0):
t—1 t—1 1 1
Sfarl < S+ 1)1 - 0)% < 0(5) = O()
7=0 7=0
Case z € (( 209) 1]: Again, we expand the left-hand-side as:
-1 e -1 Iur T+1 B -1 ,},.T+1 Sin[(T + 1)¢]€
7=0 o 7=0 7=0 ’T‘Sin[é] "

Noting in this case that x = (sin2 ¢) by Lemma |3.8.8} m then by Lemma |3.8.10| we have:

t—1 t—1
1
E a-€; SO(S )<|60|+ E le; — € 1|> < O(= <|60|—|— g ler — € 1|>

=0

Second Inequality: Using Lemma [3.8.1] we know:

(T =t -

H1 — H2
_rTsin[(7 + 1)@ — 7 sin[7¢)]
B 7 sin[¢]
_r7sin[r¢](rcos ¢ — 1) + 17! cos[T¢] sin ¢
B 7 sin[g]

17 sin[T¢| + r" cos[T¢],

(] — p3)

Ur — Qr_q =

rcosg—1
~ rsing
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where we note r = ©O(1) and the coefficient of the first term is upper bounded by the

following;:
rcos¢ — 1 <(1—c082¢)+(1—7"2)<0 0+ x
rsing | rsin ¢ - sing )

As in the proof of the first inequality, we split the analysis into two cases:

Case z € ((2629)27 & 29; |: Again, we use

t—1 t—1

1 t—1
Z(GT_GT 1 < Z|a7’_a‘r 1‘<|€0‘+‘67_60’ [Z‘a‘r_a‘rl‘] <|€0‘ +Z|67_67‘1’> .
=0 T=1

=0 7=0

Noting = = ©(#?), again by Lemma [3.8.4 and |2272| < 7, we have:

sin ¢

t—1 t—1 t—1 1 1
|aT ara|| SO0 +2)Y 7(1-6)% + 0)2 <O(=) = O(—=).
Case z € ( @ 9;) ] From the above derivation, we have:

t—1

Z = Gr_1) TC:zli¢ Z'r smﬂbeT—i-Zr cos[Tole,

=

According to Lemma|3.8.8) in this case x = O(sin® ¢), 7 = O(1) and since Q(6?) < z < O(1),

we have: b1 0 0
7 COSQ — +x +x
T < < < .
7 sin ¢ ‘_O<singb)_0(ﬁ)_0(1)

Combined with Lemma [3.8.10, this gives:

t—1

1

— >(|O|+§Iler - 1|)<0 (|eo|+§j|eT - n)
=1

Putting all the pieces together finishes the proof. O]

t—1

Z(a"r - af’r—1>67 S O(

T7=0

Negative-curvature scenario

In this section, we will prove the auxiliary lemmas required for proving Lemma [3.7.7]
The first lemma lower bounds the largest eigenvalue of the AGD matrix for eigen-
directions whose eigenvalues are negative.

Lemma 3.8.12. Under the same setting as Lemma and with x € [—i, 0], and py > o,

we have: .
T
pr > 1+ Qmin{%, Viz|}
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Proof. The eigenvalues satisfy:
det(A —pul) =p> — (22— 0)(1 —2)u+ (1 —-0)(1 —2) =0.
Let 4 =14 u. We have
I+u)?-2-0)1—-2)1+u)+(1-0)(1-2)=0
= w? + (1 — )0 +22)u+ 2 = 0.
Let f(u) = u?® + Ou + 2zxu — z6u + x. To prove u;(A) > 1+ @ when = € [—1, —6?], we
only need to verify f (@) <0:
Viely el 0yl |z[v/|2[6
f5=) =7+ —— — Vel + —5— — ||
2 4 2 2
0/|x| 3|z 6
O3l - 8 <o
2 4 2
The last inequality holds because 6 < \/|x| in this case.
For = € [—6?,0], we have:
N i B 2 S s Y S
—_—) = — _ — _— g _—_— = —_— = <
@)=t 2 g Ty Pl g kG- =0
where the last inequality is due to 6% > |z|.
In summary, we have proved
Vel 1 g2
Ml(A>Z ].—f— 3 s er[—z,—e]
1+2 ze-620,
which finishes the proof. m

The next lemma is a technical lemma on large powers.
Lemma 3.8.13. Under the same setting as Lemma and with x € [—%,0], denote

(a, —b) = (1 O) A’

Then, for any 0 < 17 <t, we have

1 2 1 1
a0 = 6] < [ + (¢ + Dlai) — bl
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Proof. Let pp and ps be the two eigenvalues of the matrix A, where p, > lo. Since x €
[—1,0], according to Lemma and Lemma [3.8.5, we have 0 < pp <1 —4 <1 <y, and
thus expanding both sides using Lemma yields:

LHS = ZNthz [1_M2 (ZMT'LZ>+M2

= Zu””: (1— p2) (ZM”) Zut” ]

<t -7+ 1)1 — p) <E /HZ’)
2
t+1—i, ¢ t+1—i, 1
<@E+1(1 = po) (E py* ) 51—@ [E " ]
2
<[+ (t+1)]

<[3

1 — 1o Zlut—i-l zﬂz _|_Iu?é+1 _ RHS,

which finishes the proof. m

The following lemma gives properties of the (1, 1) element of large powers of the AGD matrix.

Lemma 3.8.14. Let the 2 x 2 matriz A(z) be defined as follows and let x € [—1,0] and
0 € (0,1].
2-0)1—-2) —(1-6)(1—x)
1 0

A(z) =

1
For any fized t > 0, letting g(x) = <1 0) [A(x)]* , then we have:
0

1. g(x) is a monotonically decreasing function for x € [—1,6%/(2 — 6)?].

2. For any x € [0*/(2 — 0)*,1], we have g(z) < g(6*/(2 — 0)?).
Proof. For x € [—1,6%/(2 — 0)?], we know that A(x) has two real eigenvalues p;(z) and
w2(x), Without loss of generality, we can assume () > po(z). By Lemma [3.8.1] we know:

1 ! 5

=D (@) (@) = ;Zt: [lh z } -

0 =0 =

g@) = (1 0) [A@)
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By Lemma and Vieta’s formulas, we know that [,ul(x)ug(x)]% =[(1-06)(1- x)}% is
monotonically decreasing in z. On the other hand, we have that:

[pa () + po(x)]*  (2—6)*(1 —2)
1

Ta@ T p@ml) T 1-6

i
is monotonically decreasing in x, implying that Zz 0 [“ lgx” T monotonically decreasing
in x. Since both terms are positive, this implies the product is also monotonically decreasing
in x, which finishes the proof of the first part.

For x € [6?/(2 — 6)?, 1], the two eigenvalues p(x) and po(x) are conjugate, and we have:

[ (@)pa()]2 = [(1 = 0)(1 = 2)]7 < [1(6°/(2 = 0)*)ua(6°/ (2 = 6)*)]2

which yields:

ol

L] ] e DA

1=0

o

and this finishes the proof of the second part. m

The following lemma gives properties of the sum of the first row of large powers of the AGD ma-
trix.

Lemma 3.8.15. Under the same setting as Lemma and with x € [—1,0], denote

(ay, —b) = (1 0) Al
Then we have
|at+1 - bt+1| > |at - bt|

" oo =] 2 5 (14 gmingl7] f})

Proof. Since x < 0, we know that A has two distinct real eigenvalues. Let pq and s be the
two eigenvalues of A. For the first inequality, by Lemma [3.8.1] we only need to prove:

pith = T — g (i — ) >l — = e (i — .

Taking the difference of the LHS and RHS, we have:

pitt = st — g (e — b)) — (h — ph) + ppe(pit — ps )

=iy (1 — papiz — 1+ o) — pi(pto — pajiz — 1+ 1)
= — ph) (1 — 1)(1 = pao).
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According to Lemma [3.8.3] and Lemma [3.8.5, 43 > 1 > po > 0, which finishes the proof of

the first claim.
For the second inequality, again by Lemma |3.8.1} since both p; and ps are positive, we

have:
t t—1 t
a —be =Y piph = e Y phps T > (1= ) Y it > (1 — )
=0 i=0 i=0

By Lemma we have 1 — yp > £, By Lemma [3.8.12| we know 4y > 1+ %min{'%‘, x|}
Combining these facts finishes the proof. m
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Chapter 4

On Stable Limit Points of Gradient
Descent Ascent

Minmax optimization, especially in its general nonconvex-nonconcave formulation, has found
extensive applications in modern machine learning frameworks such as generative adversarial
networks (GAN), adversarial training and multi-agent reinforcement learning. Gradient-
based algorithms, in particular gradient descent ascent (GDA), are widely used in practice
to solve these problems. Despite the practical popularity of GDA, however, its theoretical
behavior has been considered highly undesirable. Indeed, apart from possiblity of non-
convergence, recent results (Daskalakis and Panageas, 2018; Mazumdar and Ratliff, 2018}
Adolphs et al., [2018)) show that even when GDA converges, its stable limit points can be
points that are not local Nash equilibria, thus not game-theoretically meaningful.

In this work, we initiate a discussion on the proper optimality measures for minmax
optimization, and introduce a new notion of local optimality—Ilocal minmax—as a more
suitable alternative to the notion of local Nash equilibrium. We establish favorable properties
of local minmax points, and show, most importantly, that as the ratio of the ascent step size
to the descent step size goes to infinity, stable limit points of GDA are exactly local minmax
points up to some degenerate points, demonstrating that all stable limit points of GDA have
a game-theoretic meaning for minmax problems.

4.1 Introduction

Minmax optimization refers to problems of the form miny maxy f(x,y). Such problems
arise in a number of fields, including mathematics, biology, social science, and particularly
economics (Myerson, 2013). Due to the wide range of applications of these problems and
their rich mathematical structure, they have been studied for several decades in the setting
of zero-sum games. In the last few years, minmax optimization has also found signifi-
cant applications in machine learning, in settings such as generative adversarial networks
(GAN) (Goodfellow et al., [2014)), adversarial training (Madry et al., 2017) and multi-agent
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reinforcement learning (Omidshafiei et al., 2017). In practice, these minmax problems are
often solved using gradient based algorithms, especially gradient descent ascent (GDA), an
algorithm that alternates between a gradient descent step for x and some number of gradient
ascent steps for y.

Such gradient-based algorithms have been well studied for convex-concave games, where
f(+,-) is a convex function of x for any fixed y and a concave function of y for any fixed
x. In this case, it can be shown that the average of iterates of GDA converges to a Nash
equilibrium; i.e., a point (x*,y*) such that f(x*,y) < f(x*,y*) < f(x,y*) for every x
and y (Bubeck, 2015; Hazan, 2016). In the convex-concave setting, it turns out that Nash
equilibria and global optima are equivalent: (x*,y*) is a Nash equilibrium if and only if
f(x*,¥*) = miny maxy f(x,y). Most of the minmax problems arising in modern machine
learning applications do not, however, have this simple convex-concave structure.

Given the widespread usage of GDA in practice, it is natural to ask about its properties
when applied to general nonconvex-nonconcave settings. It turns out that this question is
extremely challenging—GDA dynamics do not monotonically decrease any known potential
function and GDA may not converge in general (Daskalakis et al., [2017). Worse still, even
when GDA converges, recent results suggest that it has some undesirable properties. Specif-
ically, (Daskalakis and Panageas, |2018), (Mazumdar and Ratliff, 2018), and (Adolphs et al.,
2018)) show that some of the stable limit points of GDA may not be Nash equilibria. This
suggests that they may have nothing to do with the minmax problem being solved. This
raises the following question:

Is GDA an appropriate algorithm for solving general minmax problems?

This work provides a positive theoretical answer to this queestion in the general nonconvex
nonconcave setting. Critical to our perspective is a new notion of local optimality—Ilocal min-
mazx, which we propose as a more useful alternative than local Nash equilibrium for a range
of problems. We show that, as the ratio of the ascent step size to the descent step size goes
to infinity, the stable limit points of GDA are identical to local minmax points up to some
degenerate points. Therefore, almost all stable limit points of GDA are game-theoretically
meaningful for minmax problems.

Our contributions

The main contributions of the work are as follows:

e We initiate a discussion on the proper optimality measures for minmax optimization,
distinguishing among pure strategy Nash equilibria, global minmax points and mixed
strategy Nash equilibria. We show that the latter two are well-defined and of practical
relevance. We further show a reduction from the problem of finding mixed strategy
Nash equilibira to the problem of finding global minmax points for Lipschitz games,
demonstrating the central importance of finding global minmax points.
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e We define a new notion of local optimality—Iocal minmazr—as a natural local surrogate
for global minmaxity. We explain its relation to local Nash equilibria and global min-
max points, and we establish its first- and second-order characterizations. It is worth
noting that minmax optimization exhibits unique properties compared to nonconvex
optimization in that global minmax points can be neither local minmax nor stationary

(see Proposition {4.4.2)).

e We analyze the asymptotic behavior of GDA, and show that as the ratio of the ascent
step size to the descent step size goes to infinity, stable limit points of GDA are exactly
local minmax points up to some degenerate points, demonstrating that almost all stable
limit points of GDA have a game-theoretic meaning for minmax problems.

e We also consider the minmax problem with an approximate oracle for the maximization
over y. We show that gradient descent with inner maximization (over y) finds a point
that is close to an approximate stationary point of ¢(x) := max, f(x,y).

Chapter organization In Section [4.1, we review additional related work. Section
presents preliminaries. In Section [4.3] we discuss the right objective for general nonconvex-
nonconcave minmax optimization. Section presents our main results on a new notion
of local optimality, the limit points of GDA and gradient descent with a maximization
oracle. We conclude in Section [£.5] Due to space constraints, all proofs are presented in the
appendix.

Related Work

GDA dynamics: There have been several lines of work studying GDA dynamics for minmax
optimization. Cherukuri, Gharesifard, and Cortes (2017) investigate GDA dynamics under
some strong conditions and show that it converges locally to Nash equilibria. Heusel et al.
(2017) and Nagarajan and Kolter (2017) similarly impose strong assumptions in the setting
of the training of GANs and show that under these conditions Nash equilibria are stable fixed
points of GDA. Gidel et al. (2018) investigate the effect of simultaneous versus alternating
gradient updates as well as the effect of momentum on the convergence in bilinear games.
The most closely related analyses to ours are Mazumdar and Ratliff (2018) and Daskalakis
and Panageas (2018). While Daskalakis and Panageas (2018 study minmax optimization (or
zero-sum games), Mazumdar and Ratliff (2018) studies a much more general setting of non-
zero-sum games and multi-player games. Both of these works show that the stable limit
points of GDA are not necessarily Nash equilibria. Adolphs et al. (2018) and Mazumdar,
Jordan, and Sastry (2019) propose Hessian-based algorithms whose stable fixed points are
exactly Nash equilibria. We note that all the works in this setting use Nash equilibrium as
the notion of goodness.

General minmax optimization in machine learning: There have also been several
other recent works on minmax optimization that study algorithms other than GDA. Rafique
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et al. (2018) consider nonconvex but concave minmax problems where for any x, f(x,-) is
a concave function. In this case, they analyze an algorithm combining approximate maxi-
mization over y and a proximal gradient method for x to show convergence to stationary
points. Lin et al. (2018) consider a special case of the nonconvex-nonconcave minmax prob-
lem, where the function f(-,-) satisfies a variational inequality. In this setting, they consider a
proximal algorithm that requires the solving of certain strong variational inequality problems
in each step and show its convergence to stationary points. Hsieh, Liu, and Cevher (2018)
propose proximal methods that asymptotically converge to a mired Nash equilibrium; i.e.,
a distribution rather than a point.

No regret dynamics for minmax optimization: Online learning/no regret dynamics
have also been used to design algorithms for minmax optimization. All of these results
require, however, access to oracles which solve the minimization and maximization problems
separately, keeping the other variable fixed and outputting a mixed Nash equilibrium (see,
e.g., Feige, Mansour, and Schapire, [2015; Chen et al., 2017; Grnarova et al., [2017; Gonen
and Hazan, 2018)). Finding the global minmax point even with access to these oracles is NP
hard (Chen et al., 2017)).

Nonconvex optimization: Gradient-based methods are also widely used for solving
nonconvex optimization problems in practice. There has been a significant amount of recent
work on understanding simple gradient-based algorithms such as gradient descent in this
setting. Since finding global minima is already NP hard, many works focus on obtaining
convergence to second-order stationary points. Lee et al. (2016 and Panageas and Piliouras
(2016) show that gradient descent converges to only these points with probability one. Ge
et al. (2015) and Jin et al. (2017)) show that with a small amount of randomness gradient
descent also converges to second-order stationary points and give nonasymptotic rates of
convergence.

4.2 Preliminaries

In this section, we will first introduce our notation, and then present definitions and results
for minmax optimization, zero-sum games, and general game-theoretic dynamics that are
relevant to our work.

Notation

We use bold upper-case letters A, B to denote matrices and bold lower-case letters x,y to
denote vectors. For vectors we use ||-|| to denote the fy-norm, and for matrices we use ||-||
and p(-) to denote spectral (or operator) norm and spectral radius (largest absolute value
of eigenvalues) respectively. Note that these two are in general different for asymmetric
matrices. For a function f : RY — R, we use Vf and V2f to denote its gradient and
Hessian. For functions of two vector arguments, f : R® x R% — R | we use Vyf, V, f and
Vi, Vi, f, V2, f to denote its partial gradient and partial Hessian. We also use O(-) and
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o(+) notation as follows: f(0) = O(d) means limsup;_,, | f(0)/d] < C for some large absolute
constant C, and g(d) = o(d) means lims_,0|g(d)/d| = 0. For complex numbers, we use R(-)
to denote its real part, and | - | to denote its modulus. We also use P(-), operating over a
set, to denote the collection of all probability measures over the set.

Minmax optimization and zero-sum games

In this work, we consider general minmax optimization problems. Given a function f :
X xY — R, where X C R% and Y C R%, the objective is to solve:

i . 41
min max f(x,y) (4.1)

While classical theory mostly studied the convex-concave case where f(,y) is convex for
any fixed y and f(x,-) is concave for any fixed x, this work considers the general case, where
both f(x,-) and f(-,y) can be nonconvex and nonconcave. Optimality in this setting is
defined as follows:

Definition 4.2.1. (x*,y*) is a global minmax point, if for any (x,y) in X x ) we have:
f(x5y) < f(x5,y") <max f(x,¥).
y'ey

The minmax problem has been extensively studied in the game theory literature
under the name of “zero-sum game.” Here, two players play a competitive game with the
first player playing x € X', and then the second player playing y € ). f(x,y) is the payoff
function which represents the value lost by the first player (which is in turn gained by the
second player). In this setting the standard notion of equilibrium is the following:

Definition 4.2.2. (x*,y*) is a (pure strategy) Nash equilibrium of f, if for any (x,y)
in X xY:
f&y) < f(x YY) < f(xy7).

Pure strategy Nash equilibria play an essential role in convex-concave games since for
those games, pure strategy Nash equilibria always exist, and are also global minmax points (Bubeck,
2015).

When we move to the nonconvex-nonconcave setting, these nice properties of pure strat-
egy Nash equilibria no longer hold. Moreover, the problem of finding global solutions in this
setting is NP hard in general. Therefore, previous work has consider local alternatives see,

e.g., Mazumdar and Ratliff, 2018; Daskalakis and Panageas, [2018:

Definition 4.2.3. (x*,y*) is a local (pure strategy) Nash equilirium of f, if there
exists 0 > 0 such that for any (x,y) satisfying ||x —x*|| < ¢ and ||y — y*|| < 0 we have:

fXLy) < FxYT) < Fxy7).
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We can characterize local pure strategy Nash equilibria via first-order and second-order
conditions.

Proposition 4.2.4 (First-order Necessary Condition). Assuming f is differentiable, any
local Nash equilibrium satisfies Vi f(x,y) =0 and Vy f(x,y) = 0.

Proposition 4.2.5 (Second-order Necessary Condition). Assuming f is twice-differentiable,
any local Nash equilibrium satisfies Vi, f(x,y) < 0, and Vi, f(x,y) = 0.

Proposition 4.2.6 (Second-order Sufficient Condition). Assuming f is twice-differentiable,
any stationary point (i.e., V f = 0) satisfying the following condition is a local Nash equilib-
rium:

2 2
Vi f(xy) <0, and Vi, f(x,y) = 0. (4.2)
We also call a stationary point satisfying|(4.2) a strict local Nash equilibrium.

In contrast to pure strategies where each player plays a single action, game theorists have
also considered mixed strategies where each player is allowed to play a randomized action
sampled from a probability measure p € P(X) or v € P(Y). Then, the payoff function
becomes an expected value Ex., y~. f(x,y). This corresponds to the scenario where the
second player knows the strategy (distribution) of the first player, but does not know the
random action he plays. In this setting we define mixed strategy Nash equilibria:

Definition 4.2.7. A probability measure (u*,v*) is a mixed strategy Nash equilibrium
of f, if for any measure (u,v) in P(X) x P(Y), we have

Exwu*,ywuf(xa Y) < EXNM*,yNV*f(Xa Y) < EXNu,yNV*f(Xa Y)'

Dynamical systems

One of the most popular algorithms for solving minmax problems is Gradient Descent Ascent
(GDA). We outline the algorithm in Algorithm , with updates written in a general form
z;1 = w(z;), where w : R? — R? is a vector function. One notable distinction from
standard gradient descent is that w(-) may not be a gradient field (i.e., the gradient of a
scalar function ¢(-)), and so the Jacobian matrix J := 0w /0z may be asymmetric. This
results in the possibility of the dynamics z; .1 = w(z;) converging to a limit cycle instead of a
single point. Nevertheless, we can still define fixed points and stability for general dynamics.

Definition 4.2.8. z* is a fixed point if z* = w(z*).

Definition 4.2.9 (Linear Stability). For a differentiable dynamical system w, a fixed point
z* is a linearly stable point of w if its Jacobian matrix J(z*) := (0w /0z)(z*) has spectral
radius p(J(z*)) < 1. We also say that a fixed point z* is a strict linearly stable point if
p(J(z*)) < 1 and a strict linearly unstable point if p(J(z*)) > 1.
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Intuitively, linear stability captures whether under the dynamics z,;; = w(z;) a flow that
starts at point that is infinitesimally close to z* will remain in a small neighborhood around

zZ*.

4.3 What is the Right Objective?

We have introduced three notions of optimality in minmax games: global minmax points
(Definition [4.2.1), pure strategy Nash equilibria (Definition and mixed strategy Nash
equilibria (Definition . For convex-concave games, these three notions are essentially
identical. However, for nonconvex-nonconcave games, they are all different in general. So,
what is the right objective to pursue in this general setting?

Pure strategy Nash equilibrium First, we note that pure strategy Nash equilibria may
not exist in nonconvex-nonconcave settings.

Proposition 4.3.1. There exists a twice-differentiable function f, where pure strategy Nash
equilibria (either local or global) do not exist.

Proof. Consider a two-dimensional function f(x,y) = sin(z + y). We have Vf(z,y) =
(cos(x + y),cos(xz + y)). Assuming (z,y) is a local pure strategy Nash equilibrium, by
Proposition it must also be a stationary point; that is, z +y = (k + 1/2)x for k € Z.
It is easy to verify, for odd k, V3, f(z,y) = Vi, f(x,y) = 1 > 0; for even k, V3, f(z,y) =
Vf/yf(:v,y) = —1 < 0. By Proposition , none of the stationary points is a local pure
strategy Nash equilibrium. O

Apart from the existence issue, the property that x* is optimal for f(-,y*) is not mean-
ingful in applications such as adversarial training, which translates to the property that the
classifier needs to be optimal with respect to a fixed corruption.

Global minmax point On the other hand, global minmax points, a simple but less
mentioned notion of optimality, always exist.

Proposition 4.3.2. Assume that function f : X x Y — R s continuous, and assume that
X CR%, Y C R% are compact. Then the global minmaz point (Definition|{.2.1) of f always
er18ts.

Proposition is a simple consequence of the extreme-value theorem. Compared to
pure strategy Nash equilibria, the notion of global minmax is typically important in the
setting where our goal is to find the best x* subject to adversarial perturbation of y rather
than an x which is optimal for a fixed y*. Indeed, both GANs and adversarial training
actually fall in this category, where our primary goal is to find the best generator subject
to an adversarial discriminator, and to find the best robust classifier subject to adversarial
corruption.
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Mixed strategy Nash equilibrium Finally, when each agent is allowed to play a random
action according to some distribution, such as in the setting of multi-agent reinforcement
learning, mixed strategy Nash equilibria are a valid notion of optimality. The existence of
mixed strategy Nash equilibrium can be traced back to von (Neumann, 1928). Here we cite
a generalized version for continuous games.

Proposition 4.3.3 ((Glicksberg, 1952)). Assume that the function f : X x Y — R is
continuous and that X C R®, Y C R% are compact. Then

min max K, f(x,¥y) = max min E.,, f(x,y).
ueP(X)VEP(a()) (ks )f( y) VG’P(})(J)/LEP(X) (1 )f( y)

Let p* be the minimum for the minmax problem, and let v* be the mazimum for the maxmin
problem. Then (u*,v*) is a mized strategy Nash equilibrium.

In conclusion, both global minmax points and mixed strategy Nash equilibria are well-
defined objectives, and of practical interest. For a specific application, which notion is more
suitable depends on whether randomized actions are allowed or of interest.

Reduction from mixed strategy nash equilibria to minmax points

We concluded in the last section that both global minmax points and mixed strategy Nash
equilibria (or mixed strategies, for short) are of practical interest. However, finding mixed
strategy equilibria requires optimizing over a space of probability measures, which is infinite
dimensional, making the problem computational infeasible in general. In this section, we
show instead how to find approximate mixed strategy Nash equilibria for Lipschitz games.
We show that it is sufficient to find a global minmax point of a problem with polynomially
large dimension.

Definition 4.3.4. Let (u*, v*) be a mixed strategy Nash equilibrium. A probability measure
(u',v7) is an e-approximate mixed strategy Nash equilibrium if:

v/ € P(y)v E(m,y’)f(x:y) < E(u*,u*)f(x7 y) +e€
v,u/ € 73(37), E(u’,xﬂ)f(xay) > E(,u*,u*)f(xa Y) — €

Theorem 4.3.5. Assume that function f is L-Lipschitz, and the diameters of X and ) are
at most D. Let (u*,v*) be a mized strateqy Nash equilibrium. Then there exists an absolute
constant ¢, for any e > 0, such that if N > c¢-dy(LD/¢)*1log(LD/¢), we have:

min max — x;,Y) < Er o f(X, c.
(x1,....xN)EXN yEY sz (e, )f( y) +
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Intuitively, Theorem holds because function f is Lipschitz, ) is a bounded domain,
and thus we can establish uniform convergence of the expectation of f(-,y) to its average
over N samples for all y € ) simultaneously. A similar argument was made in (Arora et al.,
2017)).

Theorem implies that in order to find a approximate mixed strategy Nash equilib-
rium, we can solve a large minmax problem with objective F(X,y) := 3.~ | f(x;,y)/N. The
global minmax solution X* = (x},...,x%) gives a empirical distribution ji* = SN §(x —
x¥)/N, where §(+) is the Dirac delta function. By symmetry, we can also solve the maxmin
problem to find 7*. Since optimal pure strategies are always as good as optimal mixed
strategies for the second player, we know (4*,0*) is an e-approximate mixed strategy Nash
equilibrium. That is, approximate mixed strategy Nash can be found by finding two global
minmax points.

4.4 Main Results

In the previous section, we concluded that the central question in minmax optimization is
to find a global minmax point. However, the problem of finding global minmax points is
in general NP hard. In this section, we present our main results, suggesting possible ways
of circumventing this NP-hardness challenge. In Section .4 we develop a new notion of
local surrogacy for global minmax points which we refer to as local minmaz points, and we
study their properties. In Section [£.4] we establish relations between stable fixed points of
GDA and local minmax points. In Section [4.4] we study the behavior of gradient descent
with an approximate maximization oracle for y and show that it converges to approximately
stationary points of max, f(-,y).

Local minmax points

While most previous work (Daskalakis and Panageas, 2018; Mazumdar and Ratliff, 2018) has
focused on local Nash equilibria (Deﬁnition, which are local surrogates for pure strategy
Nash equilibria, we propose a new notion—I/ocal minmazr—as a natural local surrogate for
global minmaxity. To the best of our knowledge, this notion has not been considered before.

Definition 4.4.1. A point (x*,y*) is said to be a local minmax point of f, if there exists
dp > 0 and a continuous function h satisfying h(d) — 0 as 6 — 0, such that for any § < dy,
and any (x,y) satisfying ||x — x*|| < d and ||y — y*|| < J, we have

fxy) < f(xy) < max o f(x,y). (4.3)
y':lly’ =y *lI<h(d)

A notion of local maxmin point can be defined similarly. Local minmax points are
different from local Nash equilibria since local minmax points only require x* to be the
minimum of a local max function maxy.|jy'—y+|<ns) f(-,¥’), while local Nash equilibria require
x* to be the local minimum after fixing y* (see Figure [d.1]). The local radius h(8) over which



CHAPTER 4. ON STABLE LIMIT POINTS OF GRADIENT DESCENT ASCENT 94

Figure 4.1: Left: f(x,y) = 2> —y?* where (0, 0) is both local Nash and local minmax. Right:
f(z,y) = —2* + bzy — y* where (0, 0) is not local Nash but local minmax with h(8) = ¢.

the maximum is taken needs to decrease to zero as § approaches zero. We note that our
definition does not control the relative rate at which h(d) and § go to zero; indeed, it is
allowed that lims_,0 h(9)/d = oo.

We would like to highlight an interesting fact: in minmax optimization, global minmax
can be neither local minmax nor stationary points (and thus not local Nash equilibria). This
is in contrast to the well-known fact in nonconvex optimization where global minima are
always local minima.

Proposition 4.4.2. The global minmax point can be neither local minmaz nor a stationary
point.

See Figure [£.2] for an illustration and Appendix [£.7) for the proof. The proposition is a
natural consequece of the definitions where global minmax points are obtained as a mini-
mum of a global maximum function while local minmax points are the minimum of a local
maximum function. This also illustrates that minmax optimization is a challenging task,
and worthy of independent study, beyond nonconvex optimization.

Nevertheless, global minmax points can be guaranteed to be local minmax if the problem
has some structure. For instance, this is true when f is strongly-concave in y, or more
generally when f satisfies the following properties that have been established to hold in
several popular machine learning problems (Ge, Jin, and Zheng, ; Boumal, Voroninski,

and Bandeira, 2016):

Theorem 4.4.3. Assume that f is twice differentiable, and for any fired x, the function
f(x,-) is strongly concave in the neighborhood of local maxima and satisfies the assumption
that all local maxima are global mazima. Then the global minmazx point of f(-,-) is also a
local minmazx point.
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~v-GDA
Local
Local
Nash Local
Minmax
Maxmin
(0o-GDA)

Figure 4.2: Left: f(z,y) = 0.2zy — cos(y), the global minmax points (0, —7) and (0, )
are not stationary. Right: The relations among local Nash equilibria, local minmax points,
local maxmin points and linearly stable points of v-GDA, and co-GDA (up to degenerate
points).

We consider local minmax as a more suitable notion of local optimality than local Nash
equilibrium for minmax optimization. First, local minmaxity is a strictly relaxed notion of
local Nash equilibrium, and it alleviates the non-existence issue for local Nash equilibria.

Proposition 4.4.4. Any local pure strateqy Nash equilibrium is a local minmazx point.

Second, local minmax points enjoy simple first-order and second-order characterizations.

Proposition 4.4.5 (First-order Necessary Condition). Assuming that f is continuously
differentiable, then any local minmax point (x,y) satisfies Vi f(x,y) = 0 and Vy f(x,y) = 0.

Proposition 4.4.6 (Second-order Necessary Condition). Assuming that f is twice differen-
tiable, then (x,y) is a local minmaz point implies that Vi,yf(x, y) =0, and for any v satisfy-
ing Vi, f(x,y)-v € column_span(V3 f(x,y)) that v [V, f=Vi f(V3 [)IVE fl(x,y)v >
0. (Here ' denotes Moore-Penrose inverse.)

Proposition 4.4.7 (Second-order Sufficient Condition). Assume that f is twice differen-
tiable. Any stationary point (x,y) satisfying Vi, f(x,y) < 0 and

(Vi = Vg I (Vay )7 Vi fl(xy) = 0 (4.4)

is a local minmax point. We call stationary points satisfying|(4.4 ) strict local minmax points.



CHAPTER 4. ON STABLE LIMIT POINTS OF GRADIENT DESCENT ASCENT 96

Algorithm 8 Gradient Descent Ascent (7-GDA)
Input: (xg,y0), step size 1, ratio 7.
fort=0,1,...,do
Xi+1 < X — (0/7) VxS (Xt 1)
Vi1 < Vi + 0V f(Xe, ye)-

We note that if Vs,y f(x,y) is non-degenerate, then the second-order necessary condition
(Proposition becomes V2  f(x,y) < 0 and [Vi, f — Vi f(Vi, f)7'Vi fl(x,y) = 0,
which is identical to the sufficient condition Eq up to an equals sign.

Comparing Eq. to the second-order sufficient condition for local Nash equilibrium
in Eq.[(4.2)] we see that local minmax requires the Shur complement to be positive definite
instead of requiring V2,_f(x,y) to be positive definite. Contrary to local Nash equilibria,
this characterization of local minmax not only takes into account the interaction term Viy f
between x and y, but also reflects the order of minmax vs maxmin.

Limit points of gradient descent ascent

In this section, we consider the asymptotic behavior of Gradient Descent Ascent (GDA). As
shown in the pseudo-code in Algorithm [§] GDA simultaneously performs gradient descent
on x and gradient ascent on y. We consider the general form where the step size for x can
be different from the step size for y by a ratio v, and denoted this algorithm by y-GDA.
When the step size n is small, this is essentially equivalent to gradient descent with multiple
steps of gradient ascent where ~ indicates how many gradient ascent steps are performed for
one gradient descent step.

To study the limiting behavior, we primarily focus on linearly stable points of 7-GDA,
since with random initialization, v-GDA will almost surely escape strict linearly unstable
points.

Theorem 4.4.8 ((Daskalakis and Panageas, 2018))). For any v > 1, assuming the function
f is L-gradient Lipschitz, and the step size n < 1/¢, then the set of initial points xq so that
v-GDA converges to its strict linear unstable point is of Lebesque measure zero.

We further simplifiy the problem by considering the limiting case where the step size
1 — 0, which corresponds to v-GDA flow

dx 1 dy

= Vu(xy) S =Vfxy).

&= fxy) = Velxy)
The strict linearly stable points of the v~-GDA flow have a very simple second-order charac-
terization.
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Proposition 4.4.9. (x,y) is a strict linearly stable point of v-GDA if and only if for all the
eigenvalues {\;} of following Jacobian matriz,

—(1/7)Vif(xy) —(1/7)Vi, f(x,y)
Vi f(x,y) Vi f(xy),

their real part ®(\;) < 0 for any 1.

In the remainder of this section, we assume that f is a twice-differentiable function, and
we use Local _Nash to represent the set of strict local Nash equilibria, Local _Minmax for the
set of strict local minmax points, Local _‘Maxmin for the set of strict local maxmin points,
and y—GDA for the set of strict linearly stable points of the v-GDA flow. Our goal is
to understand the relationships between these sets. Daskalakis and Panageas (2018) and
Mazumdar and Ratliff (2018) provided a relation between Local Nash and 1—GDA which can
be generalized to y—GDA4 as follows.

Proposition 4.4.10 ((Daskalakis and Panageas, [2018)). For any fized v, for any twice-
differentiable f, Local Nash C v—GDA, but there exist twice-differentiable f such that y—GDA ¢
Local _Nash.

That is, if v-GDA converges, it may converge to points not in Local _Nash. This raises
a basic question as to what those additional stable limit points of yv—GDA are. Are they
meaningful? This work answers this question through the lens of Local Minmax. Although
for fixed 7, the set y—GDAa does not have a simple relation with Local _Minmax, it turns out
that an important relationship arises when v goes to co. To describe the limit behavior of
the set y—GDA4 when 7 — oo we define two set-theoretic limits:

00— GDA :=limsup y—GDA = Nyy>0 Uysy, 7—GDA

Y—00

00—GDA :=liminf y—GDA = Uy 50 Nysqy, 7— GDA.
_— y—o0

The relations between v—GDA and Local _Minmax are given as follows:

Proposition 4.4.11. For any fized v, there exists twice-differentiable f such that Local _Minmax ¢
v—GDA; there also exists twice-differentiable f such that y—GDA ¢ Local _Minmax\ULocal _Maxsmin.

Theorem 4.4.12 (Main Theorem). For any twice-differentiable f, Local Minmax C co—GDA C
00— GDA C Local Minmax U {(x,y)|(x,y) is stationary and Vi, f(x,y) is degenerate}.

That is, co—GDA = Local _Minmax up to some degenerate points. Intuitively, when ~ is
large, v-GDA can move a long distance in y while only making very small changes in x. As
v — 00, 7-GDA can approximately find the local maximum of f(x + dy, ), subject to any
small change in d,; therefore, stable limit points are indeed local minmax.
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Algorithm 9 Gradient Descent with Max-oracle

Input: x(, step size 7.
fort=0,1,...,7 do
find y; so that f(x;,y:) > maxy f(x;,y) — €
X1 < X — NV f (X, Y1)
Pick ¢ uniformly at random from {0,--- ,T}.
return x < x;.

Algorithmically, one can view co—GDA as a set that discribes the strict linear stable limit
points for GDA with ~ very slowly increasing with respect to ¢, and eventually going to oo.
To the best of our knowledge, this is the first result showing that all stable limit points of
GDA are meaningful and locally optimal up to some degenerate points.

Gradient descent with max-oracle

In this section, we consider solving the minmax problem when we have access to an oracle
for approximate inner maximization; i.e., for any x, we have access to an oracle that outputs
a y such that f(x,y) > max, f(x,y) — €. A natural algorithm to consider in this setting
is to alternate between gradient descent on x and a (approximate) maximization step on y.
The pseudocode is presented in Algorithm [9]

It can be shown that Algorithm |§] indeed converges (in contrast with GDA which can
converge to limit cycles). Moreover, the limit points of Algorithm |§] satisfy a nice property—
they turn out to be approximately stationary points of ¢(x) := max, f(x,y). For a smooth
function, “approximately stationary point” means that the norm of gradient is small. How-
ever, even when f(-,-) is smooth (up to whatever order), ¢(-) as defined above need not be
differentiable. The norm of subgradient can be a discontinuous function which is an unde-
sirable measure for closeness to stationarity. Fortunately, however, and ¢-gradient Lipschitz
of f(-,-) imply that ¢(-) is ~weakly conver (Rafique et al., [2018); i.e., ¢(x) + (£/2)||x]|? is
convex. In such settings, the approximate stationarity of ¢(-) can be measured by the norm
of gradient of its Moreau envelope ¢,(-).

62() = min 6(x) + 5~ (45)

Here A < 1/¢. The Moreau envelope satisfies the following two important properties if
A < 1/0. Let x = argminy, ¢(x') + (1/2)\)||x — x'||?, then:

I x| = AIVor(ol, and  min gl < Vo)l
gedP(%)

where 0 denotes the subdifferential of a weakly convex function. A proof of this fact can
be found in (Rockafellar, 2015). Therefore, ||V, (x)|| being small means that x is close to
a point x that is approximately stationary. We now present the convergence guarantee for
Algorithm [9]
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Theorem 4.4.13. Suppose f is {-smooth and L-Lipschitz and define ¢(-) := maxy f(-,y).
Then the output x of GD with Maz-oracle (Algorithm @ with step size n = v//T + 1 will
satisfy

) (¢1/22(Xo) — min ¢(x)) + €L2fy?

E [[[V/2(%)]*] <2 WT +1

+ 4/le,

where ¢/ is the Moreau envelope |(4.5) of ¢.

The proof of Theorem is similar to the convergence analysis for nonsmooth weakly-
convex functions (Davis and Drusvyatskiy, 2018), except here the max-oracle has error e.
Theorem claims, other than an additive error 4/¢ as a result of the oracle solving the
maximum approximately, that the remaining term decreases at a rate of 1/ VT.

4.5 Conclusion

In this work, we consider general nonconvex-nonconcave minmax optimization. While gra-
dient descent ascent (GDA) is widely used in practice for such problems, previous results
suggest that GDA has undesirable limiting behavior, questioning GDA’s relevance for this
problem. We formulate a new notion of local optimum for minmax problems, which we
refer to as local minmazx, and show that it is more suitable for many learning problems than
standard notions such as local Nash equilibrium. We establish that as the ratio of the ascent
step size to the descent step size in GDA goes to infinity, all strict stable limit points are
equivalent to local minmax points except for degenerate points. This yields a game-theoretic
meaning for all stable limit points of GDA. We also consider the minmax problem when we
have access to an approximate inner maximization. In this setting, we analyze gradient de-
scent with maximization and show that it finds a point close to an approximate stationary
point.

4.6 Proofs for Reduction from Mixed Strategy Nash
to Minmax Points
In this section we prove Theorem in Section [4.3]

Theorem 4.3.5. Assume that function f is L-Lipschitz, and the diameters of X and ) are
at most D. Let (u*,v*) be a mized strateqy Nash equilibrium. Then there exists an absolute
constant ¢, for any e > 0, such that if N > c¢-dy(LD/¢)*1log(LD/¢), we have:

min max — X, Y) < B f(X, .
(%1, xN)EXN yGJ))( sz (p*, )f( y) -+
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Proof. Note that WLOG, the second player can always play pure strategy. That is,

EXN ~V - EX"‘
(R0 ) B PO Y) = B G B B3)

Therefore, we only need to solve the problem of RHS. Suppose the minimum over P(X)
is achieved at p*. First, sample (x1,...,xy) 1.i.d from p*, and note maxy, x,ex | f(X1,¥) —
f(x2,y)| < LD for any fixed y. Therefore by Hoeffding inequality, for any fixed y:

Nt2

N
1 T (LD)?2
P <N Zz:;f(XmY) - ]EXN,u*f(Xa y) Z t) S e (LD)

Let ) be a minimal €/(2L)-covering over . We know the covering number | Y| < (2DL/¢)4.
Thus by union bound:

2DL __Nt2

N
(V}’ G R Z X“ — EXNM*f(X, y) Z t) S edlog “¢ (LD)?
Pick t = ¢/2 and N > ¢-d(LD/e)*log(LD/¢) for some large absolute constant ¢, we have:
PVej}lZN:f( ) — By fy) > &) < &
AT Xi? - X~ * X7 = = ~ =
Yy N - y " Yy 5 5

Let y* = arg maxy + Zf\il f(xi,y), by definition of covering, we can always find ay’ € ) so
that ||y* —y'|| < €/(4L). Thus, with probability at least 1/2:

max—Zf X,y maxEXNM f(x,y) Zf x;,y") —maxEy . f(x,y)
y

1 1 X !
N ZZ:; f(xi,y%) — N ; f(xi,y") v ; f(xi,y') — By f(x, y')]

+ [Exmpr f(x,y') — maxExo f(x,y)] < €/2+€/2+0<e¢
y

That is, with probability at least 1/2:

1
AT iy < IIE13x~
max Z_; fexiy) < min max B f(x,y) + ¢

This implies:
min max— x;,y) < min maxEy.,f(x,y)+ €
(X1,...,xN)EXN yEY N Zf HEP(X) yey #f( y)

Combine with Proposition 4.3.3], we finish the proof. m
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4.7 Proofs for Properties of Local Minmax Points

In this section, we prove the propositions and theorems presented in Section [4.4]

Proposition 4.4.2. The global minmax point can be neither local minmaz nor a stationary
point.

Proof. Consider function f(x,y) = 0.2zy — cos(y) in region [—1,1] x [—2m, 27| as shown
in Figure [1.2] Clearly, the gradient is equal to (0.2y,0.2z + sin(y)). And for any fixed ,
there are only two maxima y*(x) satisfying 0.2z + sin(y*) = 0 where yj(x) € (—37/2, —7/2)
and y5(z) € (7/2,37/2). On the other hand, f(x,y}(x)) is monotonically decreasing with
respect to x, while f(x,y5(z)) is monotonically increasing, with f(0,y7(0)) = f(0,y5(0)) by
symmetry. It is not hard to check y7(0) = —m and y5(0) = 7. Therefore, (0, —7) and (0, 7)
are two global solutions of minmax problem. However, the gradients at both points are not
0, thus they are not stationary points. By Proposition they are also not local minmax
points. ]

Theorem 4.4.3. Assume that f is twice differentiable, and for any fived x, the function
f(x, ) is strongly concave in the neighborhood of local mazxima and satisfies the assumption
that all local mazima are global mazima. Then the global minmazx point of f(-,-) is also a
local minmazx point.

Proof. Denote A := V3 f(x,y), B:= V. f(x,y), C:= Vi, f(x,¥), g = Vi f(x,y) and
gy = Vyf(x,y). Let (x,y) be a global minmax point. Since y is the global argmax of
f(x,-) and locally strongly concave, we know g, = 0 and B < 0. Let us now consider a
second-order Taylor approximation of f around (x,y).

1 1
FOx+ 8y +8y) = FO6.Y) + gL + 507 Ade + 61y + 25T BS, + ol + [y )

Since by hypothesis, B < 0, we see that when |[|d,| is sufficiently small, there is a unique
03 (0x) so that y + 63 (dx) is a local maximum of f(x + dy, -), where 6} (dx) = —B7'CTdy +
o([[0xl). Tt is clear that [|03(dx)|| < ([B~'CT|| + 1)[|dx|| for sufficiently small ||0x. Let
h(§) = (||IB7*C"|| 4+ 1)d, we know for small enough §:

ot 0y +0(8)) = | max  f(x+ 8,y +0y)

Finally, since by assumption for any f(x, -) all local maxima are global maxima and x is the
global min of maxy f(x,y), we know:

Fx,¥) < s f(x 0, ¥') = F(XF b,y +05(00) = max  [(x-+ 0y +4,)
y NS

which finishes the proof.
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Proposition 4.4.4. Any local pure strateqy Nash equilibrium is a local minmazx point.

Proof. Let h be the constant function h(d) = 0 for any 4. Suppose (x*,y*) is a local pure
strategy Nash equilibrium, by definition it implies the existence of 9y, so that for any d < dy,
and any (x,y) satisfying ||x — x*|| < § and ||y —y*|| < ¢:

Lxy) < o(x5y) S fxy) < max  fo(x,y).
y:lly' =y*I<h(5)

which finishes the proof. m

Proposition 4.4.5 (First-order Necessary Condition). Assuming that f is continuously
differentiable, then any local minmaz point (x,y) satisfies Vxf(x,y) =0 and Vy f(x,y) = 0.

Proof. Since y is the local maximum of f(x, -), it implies Vy, f(x,y) = 0. Denote local optima
0y (0x) = argmaxs j<n(s f(X + x,y + dy). By definition we know, [|65(dx)[| < h(6) — 0 as
0 — 0. Thus
0 <f(x+ 0wy +05(0x)) — f(x,y)
=f(X 400,y +05(0x)) = f(x,¥ +65(0x)) + f(x,y +65(0x)) — f(x,y)
<X+ 0,y +05(0x)) — f(x,y +05(0x))
=V f (%, 5 + 05(0x)) " x + o([|0]l) = Vi f (x,¥) " 0x + o([|5x]))

holds for any small dy, which implies V f(x,y) = 0. O

Proposition 4.4.6 (Second-order Necessary Condition). Assuming that f is twice differen-
tiable, then (x,y) is a local minmazx point implies that V?,yf(x, y) =0, and for any v satisfy-
mg V J(X,y)-v € column span(V2 f(x,y)) that VT[Vixf—Viyf(Viyf)Tvg,xf](x, y)-v >

(Here T denotes Moore-Penrose mverse)

Proof. Denote A := V2 f(x,y), B:=V} f(x,y) and C:= Vi f(x,y). Since y is the local
maximum of f(x,-), it implies B < 0. On the other hand,

1 1
Fx 400,y +0y) = f(%,¥) + 505 Adx + 05 Cly + 50, Bdy + o([|ox]” + [19y 1)

Since (x,y) is a local minmax point, by definition, there exists a function h such that Eq[(4.3))]
holds. Denote h'(§) = 2||B1CT||§. We note both h(5) and h'(§) — 0 as 6 — 0. For any &y
satisfying C' o € column_span(B), it is not hard to verify that ArGMAX s || <max(h(s),n'(6)) J (X+
6x, Y + 0y) = —BTCTdy + o(||0x]|). Since (x,y) is a local minmax point, we have

0< max X+6x’ +oy) = f(x max X+5x; +dy) — X,
TSECEA YH0) =) S oy T y+oy) = flxy)

= 50T(A — CBICT)5, + of [5.]).

Above equation holds for any d, satisfying CTd, € column_span(B), which finishes the
proof. O
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Proposition 4.4.7 (Second-order Sufficient Condition). Assume that f is twice differen-
tiable. Any stationary point (x,y) satisfying Vi, f(x,y) < 0 and

[Vixf = Vg F(Vay )7V fl(x,y) = 0 (4.4)
15 a local minmax point. We call stationary points satisfying|(4.4 ) strict local minmax points.

Proof. Again denote A := V7, f(x,y), B:=V} f(x,y) and C:= V}_ f(x,y). Since (x,y)
is a stationary point, and B < 0, it is clear that y is the local maximum of f(x,-). On
the other hand, pick 6}, = B™'C"dy and let h(6) = |[B7'C"||§, we know when ||dy|| < 6,
165 ] < h(6), thus

X fx+ 00,y +0y) — f(x,y) 2f(x+ 0k, y +0}) — f(x,y)
1

:§5§(A — CB™'CT)éx + o([|0,]I*) > 0
which finishes the proof. O

4.8 Proofs for Limit Points of Gradient Descent
Ascent

In this section, we provides proofs for propositions and theorems presented in Section [4.4]

Proposition 4.4.9. (x,y) is a strict linearly stable point of v-GDA if and only if for all the
eigenvalues {\;} of following Jacobian matriz,

—(1/Vixf(x,y) —(1/7)Viy f(x,¥)
Vi f(x,y) Vi f(x,y),

their real part R(N\;) < 0 for any i.

Proof. Consider GDA dynamics with step size 7, then the Jacobian matrix of this dynamic
system is I+nJ., whose eigenvalues are {1+n\;}. Therefore, (x,y) is a strict linearly stable
point if and only if p(I+nJ,) < 1, that is |1 +n);| < 1 for all .. When taking n — 0, this
is equivalent to R(\;) < 0 for all i. O

Proposition 4.4.10 ((Daskalakis and Panageas, [2018))). For any fized v, for any twice-
differentiable f, Local _Nash C v—GDA, but there exist twice-differentiable f such that y—GDA ¢
Local _Nash.

Proof. Daskalakis and Panageas (2018) showed the proposition holds for 1-GDA. For com-
pleteness, here we show how similar proof goes through for v-GDA for general y. Let € = 1/7,
and denote A 1= V2, f(x,y), B:= V2 f(x,y) and C := Vi f(x,y).
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To prove the statement locaf\ash C yv—GDA, we note by definition, (x,y) is a strict linear
stable point of 1/e-GDA if the real part of the eigenvalues of Jacobian matrix

—eA —eC
(oll B

J. =

satisfy that R(\;) < 0 for all 1 <i < d; + dy. We first note that:

- B eCT 0 el
Jo = Ve =UJ. U, where U= Ve

—/eC —€A I 0

Thus, the eigenvalues of J. and J. are the same. We can also decompose:

. B 0 4/eCT
Jo =P+ Q, where P := Q=
—eA —/eC 0

If (x,y) is a strict local pure strategy Nash equilibrium, then A > 0,B < 0, then P is a
negative definite symmetric matrix, and Q is anti-symmetric matrix, i.e. Q = —Q'. For
any eigenvalue X if J,, assume w is the associated eigenvector. That is, J.w = Aw, also let

w = X + iy where x and y are real vectors, and w be the complex conjugate of vector w.
Then:

R(N) :[v’vTjew + WTjEW]/2 =[(x— iy)Tje(x +iy) + (x + iy)TjE(x —1iy)]/2
=x'Jx+y Jy=xPx+y Py +x Qx+y ' Qy

Since PP is negative definite, that is x'Px +y ' Py < 0. Meanwhile, since Q is antisymmtric
x'Qx=x"Q'x=0and y'Qy = y'Q'"y = 0. This proves R()\) < 0, that is (x,y) is a
strict linear stable point of 1/e-GDA.

To prove the statement y—GDA ¢ localNash, since € is also fixed, we consider function
flx,y) = 2® + 2\/exy + (e/2)y?. Tt is easy to see (0,0) is a fixed point of 1/e-GDA, and
Hessian A = 2, B = ¢, C' = 2y/e. Thus the Jacobian matrix

—2 —2¢3/2

Je =
2¢!/2 €
has two eigenvalues e(—1 =& i1/7)/2. Therefore, R(\;) = R(\y) < 0, which implies (0,0) is a
strict linear stable point. However B = ¢ > 0, thus it is not a strict local pure strategy Nash
equilibrium. N

Proposition 4.4.11. For any fized v, there exists twice-differentiable f such that Local _‘Minmax ¢
vY—GDA; there also exists twice-differentiable f such that v—GDA ¢ Local _‘Minmax\J Local _‘Maxmin.



CHAPTER 4. ON STABLE LIMIT POINTS OF GRADIENT DESCENT ASCENT 105

Proof. Let € = 1/7, and denote A 1= V3 f(x,y), B:=V} f(x,y) and C:= Vi f(x,y).

To prove the first statement localminmax ¢ ~y—GDA, since € is also fixed, we consider
function f(z,y) = —2? + 2\/exy — (¢/2)y?. Tt is easy to see (0,0) is a fixed point of 1/e-
GDA, and Hessian A = —2,B = —¢,C = 2y/e. It is easy to verify that B < 0 and
A—CB™'C =2 > 0, thus (0,0) is a local minmax point. However, inspect the Jacobian
matrix of 1/e-GDA:

2 —2¢3/?
Je =

2¢1/2 —€

We know the two eigenvalues are €(1+i+/7)/2. Therefore, R(\;) = R(\2) > 0, which implies
(0,0) is not a strict linear stable point.

To prove the second statement y—GDA ¢ localminmax U localmaxmin, since € is also fixed,
we consider function f(x,y) = 2% + 2v/ex1y1 + (€/2)y? — 22 /2 + 2y/exoys — ey3. Tt is easy to
see (0,0) is a fixed point of 1/e-GDA, and Hessian A = diag(2, —1), B = diag(e, —2¢),C =
2y/e - diag(1,1). Thus the Jacobian matrix

—2 0 —2¢¥2 0

0 € 0 —2¢3/2
Je =
2¢1/2 € 0
0 2¢/2 0 —2¢

has four eigenvalues e(—1 4 i1/7)/2 (each with multiplicity of 2). Therefore, R(\;) < 0 for
1 < ¢ < 4, which implies (0,0) is a strict linear stable point. However, B is not negative
definite, thus (0,0) is not a strict local minmax point; similarly, A is also not positive
definite, thus (0, 0) is not a strict local maxmin point. O

Theorem 4.4.12 (Main Theorem). For any twice-differentiable f, Local Minmax C co—GDA C
00—GDA C Local Minmax U {(x,y)|(x,y) is stationary and V3, f(x,y) is degenerate}.

Proof. For simplicity, denote A := V3, f(x,y), B:=V; f(x,y) and C := V3 f(x,y). Let
¢ = 1/7. Consider sufficiently small € (i.e. sufficiently large 7), we know the Jacobian J of
1/e-GDA at (x,y) is:

—eA —eC
(ol B

Je =

According to Lemma [4.8.1} for sufficient ¢, J, has d; 4 dy complex eigenvalues {\;}& 7% with
following form for sufficient small e:

|Ai + €| = o(e) 1<i<d,

’)‘i+d1 — Vz'| = 0(1)7 1 S 1 S dQ (46)
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where {p;}%, and {1;}%2, are the eigenvalues of matrices A — CB~'C" and B respectively.

Now we are ready to prove the three inclusion statement in Theorem seperately.
First, for co—GDA C co—GDA always holds by their definitions.
Second, for Local Minmax C oco—GDA statement, if (x,y) is strict local minmax point,
then by its definition:
B<0, and A-CB'C' >0

By Eq the eigenvalue structure of J., we know there exists sufficiently small ¢, so that
for any € < ¢, the real part (\;) <0, i.e. (X,y) is a strict linear stable point of 1/e—GDA.

Finally, for co—GDA C Local Minmax U {(x,y)|(x,y) is stationary and B is degenerate}
statement, if (x,y) is strict linear stable point of 1/e—GDA for a sufficiently small ¢, then
for any i, the real part of eigenvalue of J: R();) < 0. By Eq[(4.6)] if B is invertible, this
implies:

B<0, and A-CB7'C' =0

Finally, suppose matrix A — CB™'CT has an eigenvalue 0. This means the existence of unit
vector w so that (A—CB~1CT)w = 0. It is not hard to verify then J,-(w,—-B~!1C'w)" = 0.
This implies J. has a 0 eigen-value, which contradicts the fact that R(\;) < 0 for any .
Therefore, we can conclude A —CB~I!CT = 0, and (x,y) is a strict local minmax point. [J

Lemma 4.8.1. For any symmetric matriz A € R4 B € R®2*%  gnd any rectangular
matriz C € R"*9%  gssume B is nondegenerate. Then, matrix

—eA —eC
C' B
has dy + dy complex eigenvalues { N} 1% with following form for sufficient small e:

|)\i+d1 - Vi| = 0(1), 1 S 7 S dg

where {p; Y, and {v;}%2, are the eigenvalues of matrices A — CB™'CT and B respectively.

Proof. By definition of eigenvalues, {\;}%7® are the roots of characteristic polynomial:
M+eA €C
pe(A) = det
-C" MN-B

We can expand this polynomial as:

di+d2

Pe(A) = po(A) + Z e'pi(N), po(A) = A4 - det(AI — B).

=1
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Here, p; are polynomials of order at most d; + dy. It is clear that the roots of py are 0 (with
multiplicity d;) and {1;}%2,. According to Lemma [4.8.2) we know the roots of p, satisfy:

|)\i+d1 — Vi| = 0(1)7 1 S 1 S dg
Since B is non-degenerate, we know when € is small enough, A, ...\, are very close to 0
while Ag,+1... g, 14, have modulus at least €(1). To provide the sign information of the

first d; roots, we proceed to lower order characterization.
On the other hand, reparametrize A = €, we have:

el + €A eC 4 01 + A C
pe(€l) = det = e“det
el el — B —CT @I-B

Therefore, we know q.(0) := p(ef)/e™ is still a polynomial, and has polynomial expan-
sion:
N fI+A C
det
i=1 —CT -B

It is also clear polynomial ¢. and p. have same roots up to € scaling. Furthermore, we have
following factorization:

iI+A C 01+ A—-CB !CT C I 0
-C" -B 0 -B B-ICT 1
Since B is non-degenerate, we have det(B) # 0, and
q0(0) = (—1)%det(B)det(/I+ A — CB™'CT)

Qo is di-order polynomial having roots {,ui}fél, which are the eigenvalues of matrices A —
CB!C'. According to Lemma[4.8.2) we know ¢, has at least d; roots so that |0;+ ;| < o(1).
This implies d; roots of p. so that:

|\ + €| = o(e) 1<i<d

By EqJ(4.7)} we know p. has exactly d; roots which are of o(1) scaling. This finishes the
proof. O]

Lemma 4.8.2 (Continuity of roots of polynomials (Zedek, |1965))). Given a polynomial
pn(2) ==Y h_parz®, a, # 0, an integer m > n and a number € > 0, there exists a number
0 > 0 such that whenever the m + 1 complex numbers by, 0 < k < m, satisfy the inequlities

lbp —ax| <6 for 0<k<n, and |bg| <0 for n+1<k<m

then the roots By, 1 < k < m of the polynomial qm,(2) := >, brz" can be labeled in such a
way as to satisfy with respect to the zeros ay, 1 < k < n of p,(z) the inequalities

1B —ag| <€ for 1<k<mn, and |fx| >1/e for n+1<k<m
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4.9 Proofs for Gradient Descent with Max-oracle

In this section, we present the proof for Theorem |4.4.13| presented in Section

Theorem 4.4.13. Suppose f is (-smooth and L-Lipschitz and define ¢(-) ‘= maxy f(-,y).
Then the output x of GD with Maz-oracle (Algorithm @ with step size n = v//T + 1 will

satisfy

<¢1/2€(X0) — min gb(x)) + (L2~2
E [|[Vo1/2(%)]]*] < e

where ¢1 /9 is the Moreau envelope |(4.5) of ¢.

Proof. The proof of this theorem mostly follows the proof of Theorem 2.1 from (Davis and
Drusvyatskiy, 2018). The only difference is that y; in Algorithm @ is only an approximate
maximizer and not exact maximizer. However, the proof goes through fairly easily with an
additional error term.

We first note an important equation for the gradient of Moreau envelope.

+ 4/e,

Voon (x) = A~! <x ~ argmin (gzﬁ(i) +onlh- iHQ)) | (4.8)

We also observe that since f(-) is f~smooth and y; is an approximate maximizer for x;, we
have that any x; from Algorithm [9] and X satisfy

Qﬁ&) > f(i yt) > f(Xt7Yt) + <fo(Xt,Yt>7§ - Xt> - g”i - Xt||2
> 9x) — e+ (Vaf (o) X =) — SR =l (49)

Let X, := argmin, ¢(x) + £||x — x;]|*>. We have:

P1y20 (Xep1) < O(Xe) + L[ x40 — X |
< O(Xe) + U|xe — Vi f(xt, ¥e) — Xe|
< O(Xy) + Ux — Xe||* 4+ 200 (Ve f (X2, ¥0), Ko — X4) + 02| Vi f (%0, 1) |
< h1y20(xe) + 200V f (X, ¥1), Xt — X¢) + PV f (%, y0) |2
. 14 .
< Grj2(xe) + 21 (cb(xt) —ox) + e+ 5lx - xt||2) + 0L,

where the last line follows from [(4.9)l Taking a telescopic sum over ¢, we obtain

T
P1/20(X7) < P1/20(X0) + 27752 (Cb(it) — (%) +e+ §||xt - §t||2) + U L*T

t=0
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Rearranging this, we obtain

T .

1 ~ 14 ~ 112 ¢1/2€(X0) — ming ¢(x)  nL?
_ _ — — < .

T+1 i (¢(Xt) ¢(Xt) 2 th Xt” ) S e+ 277£T + 2

(4.10)

Since @(x) + £]|x — x4||* is (-strongly convex, we have

N l N
P(x:) — d(Xy) — §||Xt —X?

N N l N
> o(xy) + x — xe|)* — d(Xe) — 0% — xo|” + §||Xt —X)?
. 14 -
= (#0x0) + Clx = 312 = min §(x) + ¢x = xi]12) + 5% — %]
N 1
> % — %|)* = 4—£HV¢1/2£(X15)H2,

where we used in the last step. Plugging this in|(4.10)| proves the result. O
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Chapter 5

On Sample Efficiency of Q-learning

Model-free reinforcement learning (RL) algorithms, such as Q-learning, directly parameterize
and update value functions or policies without explicitly modeling the environment. They
are typically simpler, more flexible to use, and thus more prevalent in modern deep RL than
model-based approaches. However, empirical work has suggested that model-free algorithms
may require more samples to learn (Deisenroth and Rasmussen, [2011; Schulman et al., 2015]).
The theoretical question of “whether model-free algorithms can be made sample efficient”
is one of the most fundamental questions in RL, and remains unsolved even in the basic
scenario with finitely many states and actions.

We prove that, in an episodic MDP setting, Q-learning with UCB exploration achieves
regret O(v/ H3SAT), where S and A are the numbers of states and actions, H is the number
of steps per episode, and T is the total number of steps. This sample efficiency matches
the optimal regret that can be achieved by any model-based approach, up to a single v H
factor. To the best of our knowledge, this is the first analysis in the model-free setting that
establishes v/T regret without requiring access to a “simulator.”

5.1 Introduction

Reinforcement Learning (RL) is a control-theoretic problem in which an agent tries to max-
imize its cumulative rewards via interacting with an unknown environment through time
(Sutton and Barto, |1998)). There are two main approaches to RL: model-based and model-
free. Model-based algorithms make use of a model for the environment, forming a control
policy based on this learned model. Model-free approaches dispense with the model and
directly update the value function—the expected reward starting from each state, or the
policy—the mapping from states to their subsequent actions. There has been a long debate
on the relative pros and cons of the two approaches (Deisenroth and Rasmussen, [2011)).
From the classical Q-learning algorithm (Watkins, 1989) to modern DQN (Mnih et al.,
2013)), A3C (Mnih et al., [2016), TRPO (Schulman et al., 2015, and others, most state-of-
the-art RL has been in the model-free paradigm. Its pros—model-free algorithms are online,
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require less space, and, most importantly, are more expressive since specifying the value
functions or policies is often more flexible than specifying the model for the environment—
arguably outweigh its cons relative to model-based approaches. These relative advantages
underly the significant successes of model-free algorithms in deep RL applications (Mnih
et al., 2013; Silver et al., 2016]).

On the other hand it is believed that model-free algorithms suffer from a higher sam-
ple complexity compared to model-based approaches. This has been evidenced empirically
in (Deisenroth and Rasmussen, [2011; Schulman et al., 2015), and recent work has tried to
improve the sample efficiency of model-free algorithms by combining them with model-based
approaches (Nagabandi et al., 2017; Pong et al., 2018). There is, however, little theory to
support such blending, which requires a more quantitative understanding of relative sample
complexities. Indeed, the following basic theoretical questions remain open:

Can we design model-free algorithms that are sample efficient?
In particular, is Q-learning provably efficient?

The answers remain elusive even in the basic tabular setting where the number of states
and actions are finite. In this work, we attack this problem head-on in the setting of the
episodic Markov Decision Process (MDP) formalism (see Section 77 for a formal definition).
In this setting, an episode consists of a run of MDP dynamics for H steps, where the
agent aims to maximize total reward over multiple episodes. We do not assume access to a
“simulator” (which would allow us to query arbitrary state-action pairs of the MDP) and
the agent is not allowed to “reset” within each episode. This makes our setting sufficiently
challenging and realistic. In this setting, the standard Q-learning heuristic of incorporating
e-greedy exploration appears to take exponentially many episodes to learn (Kearns and
Singh, 2002).

As seen in the literature on bandits, the key to achieving good sample efficiency generally
lies in managing the tradeoff between exploration and exploitation. One needs an efficient
strategy to explore the uncertain environment while maximizing reward. In the model-based
setting, a recent line of research has imported ideas from the bandit literature—including
the use of upper confidence bounds (UCB) and improved design of exploration bonuses—
and has obtained asymptotically optimal sample efficiency (Jaksch, Ortner, and Auer, 2010}
Agrawal and Jia, 2017; Azar, Osband, and Munos, 2017; Kakade, Wang, and Yang, 2018]).
In contrast, the understanding of model-free algorithms is still very limited. To the best
of our knowledge, the only existing theoretical result on model-free RL that applies to the
episodic setting is for delayed Q)-learning; however, this algorithm is quite sample-inefficient
compared to model-based approaches (Strehl et al., [2006)).

In this work, we answer the two aforementioned questions affirmatively. We show that
Q-learning, when equipped with a UCB exploration policy that incorporates estimates of the
confidence of QQ values and assign exploration bonuses, achieves total regret @(\/ H3SAT).
Here, S and A are the numbers of states and actions, H is the number of steps per episode,
and T is the total number of steps. Up to a v/H factor, our regret matches the information-
theoretic optimum, which can be achieved by model-based algorithms (Azar, Osband, and
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Munos, 2017; Kakade, Wang, and Yang, |2018). Since our algorithm is just Q-learning, it is
online and does not store additional data besides the table of Q values (and a few integers per
entry of this table). Thus, it also enjoys a significant advantage over model-based algorithms
in terms of time and space complexities. To our best knowledge, this is the first sharp
analysis for model-free algorithms—featuring v/T regret or equivalently O(1/£?) samples for
g-optimal policy—without requiring access to a “simulator.”

For practitioners, there are two key takeaways from our theoretical analysis:

1. The use of UCB exploration instead of e-greedy exploration in the model-free setting
allows for better treatment of uncertainties for different states and actions.

2. It is essential to use a learning rate which is oy = O(H/t), instead of 1/t, when a
state-action pair is being updated for the t-th time. The former learning rate assigns
more weight to updates that are more recent, as opposed to assigning uniform weights
to all previous updates. This delicate choice of reweighting leads to the crucial dif-
ference between our sample-efficient guarantee versus earlier highly inefficient results
that require exponentially many samples in H.

Related Work

In this section, we focus our attention on theoretical results for the tabular MDP setting,
where the numbers of states and actions are finite. We acknowledge that there has been
much recent work in RL for continuous state spaces see, e.g., Jiang et al., 2016; Fazel et al.,
2018, but this setting is beyond our scope.

With simulator Some results assume access to a simulator (Koenig and Simmons, [1993))
(a.k.a., a generative model (Azar, Munos, and Kappen, [2012))), which is a strong oracle that
allows the algorithm to query arbitrary state-action pairs and return the reward and the
next state. The majority of these results focus on an infinite-horizon MDP with discounted
reward e.g., Even-Dar and Mansour, 2003} Azar et al., 2011; Lattimore and Hutter, 2012;
Azar, Munos, and Kappen, 2012; Sidford et al.,[2018. When a simulator is available, model-
free algorithms (Azar et al., 2011) (variants of Q-learning) are known to be almost as sample
efficient as the best model-based algorithms (Azar, Munos, and Kappen, 2012)). However,
the simulator setting is considered to much easier than standard RL, as it “does not require
exploration” (Azar et al., 2011). Indeed, a naive exploration strategy which queries all state-
action pairs uniformly at random already leads to the most efficient algorithm for finding



CHAPTER 5. ON SAMPLE EFFICIENCY OF Q-LEARNING 114

Algorithm Regret Time Space
UCRL2 (Jaksch, Ortner, ~ 1o
and Auer, 2010) | at least O(V H4S2AT) O(T524)
Model-based | Agrawal and Jia (2017) ! | at least O(V H3S2AT) O(S?AH)
UCBVI (Azar, Osband, Ny
and Munos, [2017)) 2 O(VH?SAT) O(TS2A)
vUCQ (Kakade, Wang, T
and Yang, 2018) 2 O(VH*SAT)
Q-learning (e-greedy)
(Kearns and Singh, [2002) Q(min{T, AH/2})
(if 0 initialized)
Model-free Delayed Q-learning ~ 4
/5
(Strehl et al., [2006) 3 Os.a,u(T"7) O(T) |O(5AH)
Q-learning (UCB-H) O(VHASAT)
Q-learning (UCB-B) O(VH3SAT)
lower bound Q(VH?SAT) - -

Table 5.1: Regret comparisons for RL algorithms on episodic MDP. T' = K H is totally
number of steps, H is the number of steps per episode, S is the number of states, and A is
the number of actions. For clarity, this table is presented for 7" > poly(S, A, H), omitting
low order terms.

optimal policy (Azar, Munos, and Kappen, 2012).

Without simulator Reinforcement learning becomes much more challenging without the
presence of a simulator, and the choice of exploration policy can now determine the behavior
of the learning algorithm. For instance, Q-learning with e-greedy may take exponentially

! Jaksch, Ortner, and Auer (2010) and Agrawal and Jia (2017) apply to the more general setting of
weakly communicating MDPs with S’ states and diameter D; our episodic MDP is a special case obtained
by augmenting the state space so that S’ = SH and D > H.

2 Azar, Osband, and Munos (2017) and Kakade, Wang, and Yang (2018)) assume equal transition matrices
Py = --- = Py; in the setting of this work Py, --- , Py can be entirely different. This adds a factor of vV H to
their total regret.

3Strehl et al. (2006)) applies to MDPs with S’ states and discount factor 7; our episodic MDP can be
converted to that case by setting S” = SH and 1 —~ = 1/H. Their result only applies to the stochastic

setting where initial states 2§ come from a fixed distribution, and only gives a PAC guarantee. We have

translated it to a regret guarantee (see [Section 5.3).
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many episodes to learn the optimal policy (Kearns and Singh, 2002)) (for the sake of com-
pleteness, we present this result in our episodic language in [Appendix 5.5)).

In the model-based setting, UCRL2 (Jaksch, Ortner, and Auer, 2010) and Agrawal and
Jia (2017) form estimates of the transition probabilities of the MDP using past samples,
and add upper-confidence bounds (UCB) to the estimated transition matrix. When apply-
ing their results to the episodic MDP scenario, their total regret is at least O(v H4S2AT)
and O(VH3S2AT) respectively.! In contrast, the information-theoretic lower bound is
O(VH2SAT). The additional v/S and v H factors were later removed by the UCBVI
algorithm (Azar, Osband, and Munos, |2017) which adds a UCB bonus directly to the Q
values instead of the estimated transition matrix.? The vUCQ algorithm (Kakade, Wang,
and Yang, [2018) is similar to UCBVI but improves lower-order regret terms using variance
reduction.

We note that despite the sharp regret guarantees, all of the results in this line of research
require estimating and storing the entire transition matrix and thus suffer from unfavorable
time and space complexities compared to model-free algorithms.

In the model-free setting, Strehl et al. (2006]) introduced delayed Q-learning, where, to
find an e-optimal policy, the Q value for each state-action pair is updated only once every
m = O(1/e?) times this pair is visited. In contrast to the incremental update of Q-learning,
delayed Q-learning always replaces old Q values with the average of the most recent m
experiences. When translated to the setting of this work, this gives @(T‘V %) total regret,
ignoring factors in S, A and H.?> This is quite suboptimal compared to the @(\/T ) regret
achieved by model-based algorithm.

5.2 Preliminary

We consider the setting of a tabular episodic Markov decision process, MDP(S, A, H, P, ),
where S is the set of states with |S| = S, A is the set of actions with |A] = A, H is
the number of steps in each episode, P is the transition matrix so that Pp(-|x,a) gives the
distribution over states if action a is taken for state x at step h € [H|, and r,: Sx A — [0, 1]
is the deterministic reward function at step h/[f

In each episode of this MDP, an initial state x; is picked arbitrarily by an adversary.
Then, at each step h € [H]|, the agent observes state x;, € S, picks an action a; € A,
receives reward 7, (xy, ap), and then transitions to a next state, xj,41, that is drawn from the
distribution P (+|zs, an). The episode ends when x4 is reached.

A policy m of an agent is a collection of H functions {ﬂ'h S — A} helH]" We use

V7. S — R to denote the value function at step h under policy 7, so that V;"(z) gives the
expected sum of remaining rewards received under policy 7, starting from x;, = z, until the

4While we study deterministic reward functions for notational simplicity, our results generalize to ran-
domized reward functions. Also, we assume the reward is in [0, 1] without loss of generality.
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Algorithm 10 Q-learning with UCB-Hoeffding
1: initialize Q(z,a) < H and Np(z,a) < 0 for all (z,a,h) € S x A x [H].
2: for episode £k =1,...,K do
3:  receive T.
for step h=1,...,H do
Take action ay, < argmax, Q(zp,a’), and observe 1.
t = Nip(zp, ap) < Np(xp,an) + 1; b < e/ H30/t.
Qh<l’h, ah) < (1 — Oét)Qh(l‘h, ah) + Oét[Th(QZh, ah) + Vh+1(13h+1> + bt]
Vi(zn) <= min{H, maxyeca Qn(zn, a’)}.

end of the episode. In symbols:
V,Zr(l’) =K Zg:h Th/(l’h/,ﬂ'h/(xh/))‘l’h =X

Accordingly, we also define QF : S x A — R to denote )-value function at step h so that
Q7 (x,a) gives the expected sum of remaining rewards received under policy 7, starting from
rp = x,ap = a, till the end of the episode. In symbols:

Qr(x,a) ==ry(z,a) + E[Zgzhﬂ T (Tpe, T (X )| 2n = 2,0, = al .

Since the state and action spaces, and the horizon, are all finite, there always exists (see,
e.g., (Azar, Osband, and Munos, 2017))) an optimal policy 7* which gives the optimal value
Vi(x) = sup, V() for all x € S and h € [H|. For simplicity, we denote [P,V),,](z,a) :=
Ey p([za)Viy1(27). Recall the Bellman equation and the Bellman optimality equation:

Vhw(x) = QZ(J:, 71-h(x)) V}:(QT) = MaXgeq Q;;(x, Cl)
Qi (z,a) := (rp +PRV;T ) (z,a)  and Qj(x,a) = (ra + P,V ) (2,0) (5.1
Via(x)=0 VreS Via(r)=0 VoresS.

The agent plays the game for K episodes k = 1,2, ..., K, and we let the adversary pick
a starting state a% for each episode k, and let the agent choose a policy 7 before starting
the k-th episode. The total (expected) regret is then

Regret(K) = Yo, [V (a}) — V7™ (a})]

5.3 Main Results
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In this section, we present our main theoretical result—a sample complexity result for a
variant of Q-learning that incorporates UCB exploration. We also present a theorem that
establishes an information-theoretic lower bound for episodic MDP.

As seen in the bandit setting, the choice of exploration policy plays an essential role in the
efficiency of a learning algorithm. In episodic MDP, Q-learning with the commonly used &-
greedy exploration strategy can be very inefficient: it can take exponentially many episodes

to learn (Kearns and Singh, [2002) (see also [Appendix 5.5). In contrast, our algorithm

(Algorithm 10), which is Q-learning with an upper-confidence bound (UCB) exploration
strategy, will be seen to be efficient. This algorithm maintains Q values, Q(z,a), for all

(z,a,h) € S x Ax [H] and the corresponding V values Vj,(x) <= min{ H, max,ec4 Qn(z,a’)}.
If, at time step h € [H]|, the state is € S, the algorithm takes the action a € A that
maximizes the current estimate Qy(z,a), and is apprised of the next state ' € S. The
algorithm then updates the Q) values:

Qn(w,a) (1 — a)Qn(z,a) + oylrp(z,a) + Vi (2) + be

where t is the counter for how many times the algorithm has visited the state-action pair
(x,a) at step h, b; is the confidence bonus indicating how certain the algorithm is about
current state-action pair, and oy is a learning rate defined as follows:

_H+1

=T (5.2)

(7
As mentioned in the introduction, our choice of learning rate oy scales as O(H/t) instead of
O(1/t)—this is crucial to obtain regret that is not exponential in H.
We present analyses for two different specifications of the upper confidence bonus b; in
this work:

Q-learning with Hoeffding-style bonus The first (and simpler) choice is by = O(\/H3./t).
(Here, and throughout this work, we use ¢ := log(SAT/p) to denote a log factor.) This choice
of bonus makes sense intuitively because: (1) Q-values are upper-bounded by H, and, ac-
cordingly, (2) Hoeffding-type martingale concentration inequalities imply that if we have
visited (x,a) for ¢ times, then a confidence bound for the Q value scales as 1/v/t. For this

reason, we call this choice UCB-Hoeffding (UCB-H). See [Algorithm 10}

Theorem 5.3.1 (Hoeffding). There exists an absolute constant ¢ > 0 such that, for any
€ (0,1), if we choose by = c\/ H31/t, then with probability 1—p, the total regret of Q-learning
with UCB-Hoeffding (see is at most O(V H*SAT1), where v :=1og(SAT/p).

[I’heorem 5.3.1] shows, under a rather simple choice of exploration bonus, Q-learning can
be made very efficient, enjoying a O(+v/T) regret which is optimal in terms of dependence
on T'. To the best of our knowledge, this is the first analysis of a model-free procedure that
features a /T regret without requiring access to a “simulator.”
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Compared to the previous model-based results, [Theorem 5.3.1] shows that the regret (or
equivalently the sample complexity; see discussion in[Section 5.3)) of this version of Q-learning
is as good as the best model-based one in terms of the dependency on the number of states
S, actions A and the total number of steps 7. Although our regret slightly increases the
dependency on H, the algorithm is online and does not store additional data besides the
table of Q values (and a few integers per entry of this table). Thus, it enjoys an advantage
over model-based algorithms in time and space complexities, especially when the number of
states S is large.

Q-learning with Bernstein-style bonus Our second specification of b; makes use of a
Bernstein-style upper confidence bound. The key observation is that, although in the worst
case the value function is at most H for any state-action pair, if we sum up the “total variance
of the value function” for an entire episode, we obtain a factor of only O(H?) as opposed
to the naive O(H?) bound (see [Lemma 5.7.6). This implies that the use of a Bernstein-
type martingale concentration result could be sharper than the Hoeffding-type bound by an
additional factor of H ﬂ (The idea of using Bernstein instead of Hoeffding for reinforcement
learning applications has appeared in previous work; see, e.g., (Azar, Munos, and Kappen,
2012; Azar, Munos, and Kappen, [2013; Lattimore and Hutter, 2012).)

Using Bernstein concentration requires us to design the bonus term b; more carefully,
as it now depends on the empirical variance of Vj,1(z") where 2’ is the next state over the
previous t visits of current state-action (z,a). This empirical variance can be computed in
an online fashion without increasing the space complexity of Q-learning. We defer the full
specification of b; to [Algorithm 11| in [Appendix 5.7 We now state the regret theorem for
this approach.

Theorem 5.3.2 (Bernstein). For any p € (0,1), one can specify b, so that with probability

1 — p, the total regret of Q-learning with UCB-Bernstein (see s at most
O(VH3SATL + VHOS3A3 . ,2).

[I’heorem 5.3.2] shows that for Q-learning with UCB-B exploration, the leading term in
regret (which scales as VT ) improves by a factor of V'H over UCB-H exploration, at the price
of using a more complicated exploration bonus design. The asymptotic regret of UCB-B is
now only one v H factor worse than the best regret achieved by model-based algorithms.

We also note that [Theorem 5.3.2] has an additive term O(v H9S3A43 - (2) in its regret,
which dominates the total regret when 7' is not very large compared with S, A and H. It
is not clear whether this lower-order term is essential, or is due to technical aspects of the
current analysis.

Recall that for independent zero-mean random variables Xy, ..., X7 satisfying |X;| < M, their sum-
mation does not exceed O(M \/T) with high probability using Hoeffding concentration. If we have in hand
a better variance bound, this can be improved to O(M + />, E[X;]?) using Bernstein concentration.
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Information-theoretical limit To demonstrate the sharpness of our results, we also note
an information-theoretic lower bound for the episodic MDP setting studied in this work:

Theorem 5.3.3. For the episodic MDP problem studied in this work, the expected regret for
any algorithm must be at least Q(v H2SAT).

[Theorem 5.3.3 (see [Appendix 5.8 for details) shows that both variants of our algorithm
are nearly optimal, in the sense they differ from the optimal regret by a factor of H and
V'H, respectively.

From Regret to PAC Guarantee

Recall that the probably approximately correct (PAC) learning setting for RL provides sam-
ple complexity guarantee to find a near-optimal policy (Kakade, 2003). In this setting, the
initial state x; € S is sampled from a fixed initial distribution, rather than being chosen
adversarially. Without loss of generality, we only discuss here the case in which z; is fixed;
the general case reduces to this case by adding an additional time step at the beginning
of each episode. The PAC-learning question is “how many samples are needed to find an
e-optimal policy 7 satisfying Vi*(x1) — V" (z1) < 77

Any algorithm with total regret sublinear in T" yields a finite sample complexity in the
PAC setting. Indeed, suppose we have total regret S-n | [Vi(x,) — V™ (2,)] < C - T,
where o € (0, 1) is a absolute constant, and C'is independent of T. Then, by randomly select-
ingm=m,fork=1,2,..., K, we have V{*(z,) =V (z,) < 3CH-T~* with probability at least
2/3. Therefore, for every e € (0, H], our [Theorem 5.3.1] (for UCB-H) and [Theorem 5.3.2] (for
UCB-B) also find e-optimal policies in the PAC setting using O(H?SA/e?) and O(H*SA/<?)
samples respectively.

Conversely, any algorithm with finite sample complexity in the PAC setting translates
to sublinear total regret in non-adversarial case (assuming x; is chosen from a fixed dis-
tribution). Suppose the algorithm finds e-optimal policy 7 using 7} = C - £# samples
where 8 > 1 is a constant. Then, we can use this 7 to play the game for another T" — T}
steps, giving total regret 77 + ¢(T' — T1)/H. After balancing T and T} optimally, this gives
(’N)(C’HB - (T/H)P/(+P)) total regret. For instance, Strehl et al. (2006) gives sampling com-

plexity oc 1/ in the PAC setting, and this translates to oc 7%/ total regret.

5.4 Proof for Q-learning with UCB-Hoeffding

In this section, we provide the full proof of [['lheorem 5.3.1l Intuitively, the episodic MDP with
H steps per epsiode can be viewed as a contextual bandit of H “layers.” The key challenge
here is to control the way error and confidence propagate through different “layers” in an
online fashion, where our specific choice of exploration bonus and learning rate make the
regret as sharp as possible.
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Figure 5.1: Tllustration of {a}yy}12° for learning rates oy = g—ﬁ, % and \/% when H = 10.

Notation We denote by I[A] the indicator function for event A. We denote by (zF, af)
the actual state-action pair observed and chosen at step h of episode k. We also denote by
QF, VE NF respectively the Qp, Vi, Nj, functions at the beginning of episode k. Using this
notation, the update equation at episode k& can be rewritten as follows, for every h € [H|:

k+1<m a) = (1- at)@i(% a) 4+ ayfrp(z, a) + th+1($ﬁ+1) +b] if (z,a) = (xlfcm alfL) (5.3)
h ’ - k . .
Qf(x,a) otherwise .
Accordingly,
ViF(x) « min {H "(x,d VreS .
() < min {H, glgj(Qh(x,a)}, S

Recall that we have [P,V, |(z,a) = Eyp, (o0 Vhii(2)). We also denote its empirical
counterpart of episode k as [I%Vh“](x, a) := Vj (2}, ), which is defined only for (z,a) =
(h af)-

Recall that we have chosen the learning rate as a; := g—ii For notational convenience,
we also introduce the following related quantities:

af = H;':1(1 — o), af = H;:i—‘,—l(l — ) . (5.4)

It is easy to verify that (1) >.'_ ol = Land a =0 for ¢t > 1; (2) 3'_,al =0 and ? = 1
for t = 0.

Favoring Later Updates At any (v,a,h,k) € S x A x [H] x [K], let t = NF(x,a) and
suppose (z,a) was previously taken at step h of episodes ki,...,k; < k. By the update

equation and the definition of a! in[(5.4)] we have:

t
Qf(x,a) = ol H + Y af [ra(x,a) + Vit (zy ) + bi] (5.5)

=1

According to |(5.5), the @ value at episode k equals a weighted average of the V' values
of the “next states” with weights a,...,af. As one can see from [Figure 5.1}, our choice of
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the learning rate a; = Z—L ensures that, approximately speaking, the last 1/H fraction of

the indices 7 is given non-negligible weights, whereas the first 1 — 1/H fraction is forgotten.
This ensures that the information accumulates smoothly across the H layers of the MDP. If

one were to use oy = % instead, the weights o}, ..., al would all equal 1/¢, and using those
V values from earlier episodes would hurt the accuracy of the () function. In contrast, if one
were to use a; = 1/4/t instead, the weights o}, ..., a! would concentrate too much on the

most recent episodes, which would incur high variance.

Proof Details

We first present an auxiliary lemma which exhibits some important properties that result
from our choice of learning rate. The proof is based on simple manipulations on the definition

of oy, and is provided in [Appendix 5.6
Lemma 5.4.1. The following properties hold for a:

1<le\[ \[foreveryt>1
2. maxep ol < 2 oand 30 (al)? < 2 for every t > 1.
8. Y2 ab =14+ for every i > 1.

We note that property (c) is especially important—as we will show later, each step in
one episode can blow up the regret by a multiplicative factor of >_;°. oj. With our choice of
learning rate, we ensure that this blow-up is at most (1+1/H)¥, which is a constant factor.

We now proceed to the formal proof. We start with a lemma that gives a recursive
formula for Q) — Q*, as a weighted average of previous updates.

Lemma 5.4.2 (recursion on Q). For any (x,a,h) € S x A X [H] and episode k € [K], let
t = NF(x,a) and suppose (x,a) was previously taken at step h of episodes ky, ... k < k.
Then:

(Qh=Q)(,0) = ¥(H-Qi(, @)+ 3 b [(ViEy = Vi) (i) + (B = PVl (,0) + b,

i=1

Proof of [Lemma_5.4.3 From the Bellman optimality equation, Qj (z,a) = (r,+Py V51 ) (x, a),
our notation [P}V, ](z,a) ==V, ()", ), and the fact that ";_, i = 1, we have

Qi (x,a) = a}Q}(x,a) + Zat [Th T, a) + (]Ph - ]fDZi)Vi:+1($aa) + Vh*+1(xii+1)

Subtracting the formula from this equation, we obtain [Lemma 5.4.2 O
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Next, using[Lemma. 5.4.2land the Azuma-Hoeffding concentration bound, our next lemma
shows that Q* is always an upper bound on Q* at any episode k, and the difference between
Q" and Q* can be bounded by quantities from the next step.

Lemma 5.4.3 (bound on Q¥ —Q*). There exists an absolute constant ¢ > 0 such that, for any

€ (0,1), letting by = c/H31/t, we have B; = 23"1_, alb; < dey/H31/t and, with probability
at least 1 — p, the following holds simultaneously for all (x,a,h,k) € S x A x [H] x [K]:

< (Q) — Qp)(z,a) < afH + Zat th+1 Vh+1)($h+1) + B,

=1

where t = NJ(z,a) and ki, ..., ks <k are the episodes where (x,a) was taken at step h.

Proof of[Lemma 5./.3 For each fixed (z,a,h) € S x A x [H], let us denote ky = 0, and
denote
ki =min ({k € [K] | k > ki_1 A (2}, af) = (z,0)} U{K +1}) .

That is, k; is the episode of which (z,a) was taken at step h for the ith time (or k; = K + 1
if it is taken for fewer than i times). The random variable k; is clearly a stopping time.
Let F; be the o-field generated by all the random variables until episode k;, step h. Then,
(I[k; < K] - (P — PV (z, a));l is a martingale difference sequence w.r.t the filtration
{Fi}ti>o. By Azuma-Hoeffding and a union bound, we have that with probability at least
1—p/(SAH):

VT e [K]:

(5.6)
for some absolute constant c. Because inequality holds for all fixed 7 € [K] uniformly,
it also holds for 7 = t = Nf(x,a) < K, which is a random variable, where k € [K]. Also
note I[k; < K] = 1 for all i < Nf(x,a). Putting everything together, and using a union
bound, we see that with least 1 — p probability, the following holds simultaneously for all

(z,a,h, k) € S x Ax [H] x [K]:
3
gcﬂ% where t = Nj(z,a) . (5.7)

On the other hand, if we choose by = ¢/ H3./t for the same constant ¢ in Eq. - we have
B2 =", atb € [ey/H3/t,2c\/H3 /1] accordlng to Lemma Il Then the right-hand side
of | follows immediately from and inequality [(5.7)l The left-hand
side also follows from [Lemma 5.4.2 and Eq. and induction on h = H , H —1,...,1. O

Pk Py,) Vh+1]($ a)

We are now ready to prove[l'heorem 5.3.1l The proof decomposes the regret in a recursive
form, and carefully controls the error propagation with repeated usage of [Lemma. 5.4.3i
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Proof of [Theorem 5.3.1. Denote by
0 = (Vi = Vi) (ap) and o = (Vi = Vii)(x}) -

By [Lemma 5.4.3, we have that with 1 — p probability, QF > Q% and thus V¥ > V;*. Thus,
the total regret can be upper bounded:

Regret(K) = Y2, (V= Vi) (2f) < S0, (VF = Vi) (af) = 20, of

The main idea of the rest of the proof is to upper bound 25:1 §F by the next step
Zszl &F. 1, thus giving a recursive formula to calculate total regret. We can obtain such a

recursive formula by relating Zszl 5k to Zszl o
For any fixed (k,h) € [K] x [H], let t = NF(zF,aF), and suppose (z},af) was previously
taken at step h of episodes ky, ..., k; < k. Then we have:

o = (Vi = Vi) (ah) < (Qh ) (g, ar)
:(Qh Qh)(xhaah) (@, — )(SBZ,CLZ)

® . X -
< O‘?H + Z? 1 aigbﬁ’ﬂ + B + [Ph(VhH - Vhfl)](xi7 alﬁ)
= atH + ZZ 1 at¢h+1 + B — Oy + 05+ (5.8)

where 8, = 23 aib; < O(1)y/H3(/t and €, = [(B), — Pg)(v,;l vh+1)](g;h,a',§) is a

martingale difference sequence. Inequality @ holds because V/(xf) < max, e Qh(xh, N =

QF(xF, af), and inequality @ holds by [Lemma 5.4.3 and the Bellman equation [(5.1)] Finally,
equality ® holds by definition 67, — ¢F, | = (Vi — Vik) (ah ).
We turn to computing the summation S5 6F. Denoting by nf = NF(zk, ak), we have:

K
Za H = ZH 0] < SAH .
k=1

The key step is to upper bound the second term in |(5.8)|, which is:

Z Z k¢h+xh ah)?

k=1 i=1

where k;(zf,af) is the episode in which (x},af) was taken at step h for the ith time. We

regroup the summands in a different way. For every k' € [K], the term qﬁﬁlﬂ appears in the
summand with k& > &’ if and only if (zF, s¥) = (2, s¥'). The first time it appears we have

ny = n’le + 1, the second time it appears we have nf = nhl + 2, and so on. Therefore

K
Zzakth xhah <Z¢h+1 Z anh < <1+%>Z¢Z+1;
k=1

k=1 i=1 k=1 t=nk 41
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where the final inequality uses " af = 1+ % L from [Cemma 3l Plugging these back into

(5.8), we have:
Z(Sh < SAH + <1+ )Z¢h+1 Z¢h+1+z5h+1+z k+5h+1
< SAH + < ) ZahH Z L+ E) (5.9)

where the final inequality uses ¢F 4 < ok +1 (owing to the fact that V* > V7). Recursing
the result for h =1,2,..., H, and using the fact 6}y, = 0, we have:

K K HSL @
> By <O()-Y | =00 ,/ " < O(VHPSAK.) = O(VH2SATY)

k=1 k=1 h r,a n= 1

(5.10)

where inequality @ is true because Y-, , Ni¥(z,a) = K and the left-hand side of @ is max-

imized when N (z,a) = K/SA for all ,a. Also, by the AzumaHoeffding inequality, with
probability 1 — p, we have:

H K H K
’ZZ&H :‘ZZ Pk Y(Viiy — thﬂ)](:rh,ah) <cH\/_

h=1 k=1 h=1 k=1

This establishes Zle of < O(H?SA+ VH*SAT:). We note that when T' > vV H1SAT\,
we have VHASAT: > H?SA, and when T < VHASAT., we have > p_ 0 < HK =T <
VH4ASAT. Therefore, we can remove the H2SA term in the regret upper bound.

In sum, we have Z,le o < O(HQSA +V H4SATL>, with probability at least 1 — 2p.
Rescaling p to p/2 finishes the proof. n

5.5 Explanation for Q-Learning with ¢-Greedy

We recall a construction of a hard instance for Q-learning, known as a “combination lock,”
and tracing back at least to Koenig and Simmons (1993). In our context of our episodic
MDP, this instance corresponds to the following MDP.

Consider a special state s* € S where the adversary always picks x1 = s*. For steps
h=1,2,...,H/2, there is one special action a* € A where the distribution P (-|s*,a*) is a



CHAPTER 5. ON SAMPLE EFFICIENCY OF Q-LEARNING 125

singleton and always leads to a next state xj,y; = s*. For any other state s € S\ {s*}, or
any other action a € A\ {a*}, the distribution P(-|s, a) is uniform over S\ {s*}. For steps
h=H/24+1,...,H, Py(-|s,a) is always a singleton and leads to the next state zj,; = s.
Finally, the reward function r,,(s,a) = 0 for all s, a, h, except when s = s* and h > H/2, we
have ry(s*,a*) = 1. Tt is clear that the optimal policy gives reward H/2 (by always selecting
action a*).

For this MDP, for the Q-learning algorithm (or its Sarsa variant) with zero initialization,

unless the algorithm picks a path with prefix (z1, a1, %2, as, ..., Tr/2, apj2) = (s*,a*, ..., s*,a*),
the reward value of the path is always zero and thus the algorithm will not change Q(s, a) for
any s,a, h. In other words, all QQ values remain at zero until the first time (s*,a*, ..., s*, a*)

is visited. Unfortunately, this can happen with probability at most A=*/2, and therefore the
algorithm must suffer H/2 regret per round unless K > Q(Af/2).

5.6 Proof of Lemma [5.4.1]

In this section, we derive three important properties implied by our choice of the learning
rate. Recall the notation from |(5.2)[ and |(5.4):

t t

atzﬁ, Hl—a] a,’;:aiH(l—aj).

j=1 j=i+1
Lemma 5.4.1. The following properties hold for a:

L <ZZ 1f“[t<7f0refueryt21.

2. max;ep o < T and ZZ (ah)? < % for every t > 1.

3. Zf;.ai =1+ £ for every i > 1.
Proof of [emma 51
at —

1. The proof is by induction on ¢. For the base case t = 1 we have ZZ VT ai = 1sothe

statement holds. For ¢ > 2, by the relationship o = (1 — oy)al_; fori=1,2,...,t—1

we have:
t—1

;%Iﬂ—i—(l—at)z\/} .

1=

[y

On the one hand, by induction we have:

oy of_ o 1—at>at+1—0zt_

t—1 Vi

b
-
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On the other hand, by induction we have:

t—1

oy 2(1—at)_ H+1 2/t —1
7+1_at;\/€ NN = _ﬂ(H+t)+H+t

H+1 +2\/¥_2+1 1-H
T VHH+t) H+t ViVt t+H

where the final inequality holds because H > 1.

Sl

2. We have:
. H+1 ( i i+ 1 t—l)
o, = . B
Y4+ H Vi+l+Hi+2+H t+H
_H+1 ( i i+1 t—1 )<H+1<2H
t+H “i+Hi+1+H t—1+H’ —t+H — t

Therefore, we have proved max;cigai < 2H/t. The second inequality, Y ;_, (ai)? <
2H /t, follows directly since >_;_, (a?)? < [maxepg of] - S5, ai and 3°;_, ol = 1.

3. We first note the following identity, which holds for all positive integers n and k with

n > k:
n n—k n—kn—k+1 n—kn—k+1ln—Fk+2
Ty + + +o . (5.11)
k n+l n+1 n+2 n+1l n+2 n+3
To verify |(5.11)] we write the terms of its right-hand side as =y = 1,21 = Z—jr’f,
It is easy to verify by induction that 7 — ZEZO r; = k HZ 1 "n_’i;” This means

lim oo 2 — >7_o2; = 0 and this proves that [(5.11) holds. Now, using |(5.11)| with
n =1+ H and k = H, we have:

o0

Z . H+1 ( i N i i+1 ) H+1 i+H H+1
o, = . PR — . — .
U4+ H i+1+H i+1+Hi+2+H i+H H H

t=1

]

5.7 Proof for Q-learning with UCB-Bernstein
In this section, we prove [Theorem 5.3.2
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Notation In addition to the notation of [Section 5.4, we define a variance operator Vy:

2
[ViViial(z, a) = Varg o, ¢fo.0) (Vie1 (7)) = Barpy (o) [Vaga (@) = [BrV, (2, )]

We also consider an empirical version of variance that can be computed by the algorithm:

when (z,a) was taken at step h for ¢ times at ky,- - -, k; episodes respectively:
1< & k 2
Wiz, a,h) = n Z [Vh—i-l(xh—i-l) - %21:1 Vh—i—l<$h]+1)] : (5.12)
i=1

In this section, we choose two constants ¢y, cy > 0 and define

Bi(z,a, h) := min {01 (\/? - (Wi(z,a,h) + H)e + @),CQ\/@} , (5.13)

and accordingly,

61(1'7 a, h)

Bi(z,a,h) — (1 — ay)fi—1(x,a, h)
5 )

b h) =
1(1:7017 ) 2at

bi(x,a,h) =

(5.14)

It is easy to verify that g, = 2 Zle aib; for every t > 1. We include in the

efficient implementation for calculating b;(x, a, h) in O(1) time per time step. Now we restate

[(I'heorem 5.3.2

Theorem 5.7.1. thm:bernstein[Bernstein, restated] There exist absolute constants ¢y, co > 0
such that, for any p € (0,1), if we choose by according to |(5.14), then with probability

1 — p, the total regret of Q-learning with UCB-Bernstein (see s at most
O(VH3SATL + VHOS3A3 - ,2).

Proof

We first note that the following recursion, obtained in the proof for the Hoeffding case (see

[Lemma 5.4.2)), still holds here:

Lemma 5.7.2 (recursion on Q). For any (z,a,h) € S x A x [H] and episode k € [K], let
t = NF(z,a) and suppose (x,a) was previously taken at step h of episodes ky,... ki <k,
then

(@ — Qi)(x,0) = o} (H — Q}(x, a))

t
+ 3 [V = Vi) (@) + [BF = BV )@, @) + bi(x,a, b)|
=1
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Algorithm 11 Q-learning with UCB-Bernstein
1. for all (z,a,h) € S x Ax [H] do
Qn(z,a) < H; Np(z,a) + 0; pp(z,a) < 0; op(z,a) + 0; Bo(z,a,h) <+ 0.
. for episode k =1,..., K do
receive I.
for step h=1,...,H do
Take action ay, <— argmax, Qn(xp,a’), and observe 1.
t= Nh<l’h, ah) — Nh(ﬂfh, ah) + 1.
pn(Thy an) < pn(Th, an) + Vigr(Thia).
O'h(ZL‘h, ah) < O'h(.l’h, (lh) + (Vh—&—l(xh—&-l)) .
10 Bi(h, an, h) < min {01 (\/% ah(xh’ah)fguh(xh’ah)y +H)+ @) ,Co H—SL}

t
11: by 5t($h7ah,h)*(1*at)ﬁt71(:Eh,ah,h)'

20t
12: Qn(xn, an) < (1 — o) Qn(xh, an) + au[rn(xn, an) + Vigr (ps1) + by
13: Vi(zp) < min{H, maxec4 Qn(zp, a’)}.

Parallel to the Hoeffding case, we aim at proving an equivalent version of
that shows that Q% — Q* is (1) nonnegative and (2) bounded from above. However, unlike
the Hoeffding case, this new proof becomes very delicate.

We first provide a coarse upper bound on Q* — Q* that does not assert whether Q* — Q*
is nonnegative or not. This coarse upper bound only makes use of the fact that g, is at
most O(y/H3:/t), which was precisely how we have chosen (; in the Hoeffding case and in
Lemma 5.4.3

Lemma 5.7.3 (coarse bound on Q% — Q*). There exists absolute constant c; > 0 such that,
if By(x,a,h) < 02\/H73“ in|(5.13), then, with probability at least 1 — p, the following holds

V(z,a,h, k) € S x Ax [H] x [K]:

t
* 7 i * i H3L
(Vi = Vid(@h) < alH 4+ ai(Viiy = Vi) (@) + 4eay/ -~ (519

i=1
where t = NF(z,a) and ky, ..., k; < k are the episodes in which (x,a) was taken at step h.
Proof of[Lemma 5.7.3. The result follows from [Lemma 5.7.2 and the proof of Lemma 5.4.3

]

In order to apply the Bernstein concentration inequality to the recursive formula in
Lemma 5.7.2) we need to estimate the variance of V*. Unfortunately, V* is unknown as its
variance. At the kth episode, we are only able to compute the “empirical” version of the
variance using V¥, which is W, as defined in .

Our next lemma shows that, if Q¥ —Q* is nonnegative for all episodes k' < k, the variance
of V* (ie., V, V¥ (2, a)) and the “empirical” variance of V* are sufficiently close.
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Lemma 5.7.4. There exists an absolute constant ¢ > 0 such that for any p € (0,1) and
k € [K], with probability at least 1 — p/ K, if

5.15) in[Lemma 5.7.9 holds and (QF — QF)(z,a) > 0 for all k' <k,
h h

then for all (x,a,h) € S x A x [H]:

SAVIT.  [H7SA
e

Vi Vi (z,a) — Wiz, a,h)| < ¢ ), where t = Nf(z,a) .

Proof of[Lemma 5.7.4 For each fixed (z,a,h) € S x A x [H], let us denote kg = 0, and:
ki =min ({k € [K] | k> kioy A (2}, af) = (z,0)} U{K +1}) .

That is, k; is the episode if which (z, a) was taken at step h for the ith time, and it is clearly
a stopping time. Let F; be the o-field generated by all the random variables until episode
ki, step h. We also denote t = NF(x, a).

To bridge the gap between V;,V;* (2, a) and Wy(x, a, h), we consider following four quan-
tities:

ViViial(#,0) =Eorep, (o) Vi (@) = [BaVi) (@, )] e
t
%Z Vit (ki) = PV )(e, o)) —. P,
1 z—tl | 2
n Z [Vh*+1 (33211) - %Z;zl Vh*ﬂ(xzjﬂ)} =: P
1 z—tl | | 2
Wilw,a,h) =2 [Vh’zl(xqu) —iy vh’zl(g;ﬁ;l)} _.p
1=1

We shall bound the difference |P, — Py| by |Py — P3| + | P> — P3| + | P; — Py| via the triangle
inequality.

Bounding |P, — P,|:  We notice that for any fixed 7 € [k], by the Azuma-Hoeffding in-

equality, there exists a sufficiently large constant ¢ > 0 such that, with probability at least
1—p/(2SAT):

ZM < | (Vi) - [th;ﬂ](x,a»?—[vhvh+1]<x,a>}’gcﬂm/_r, (5.16)

since LHS is a martingale sequence with respect to the filtration {F;}. Because Eq. |(5.16)]
holds for all fixed 7 € [k] uniformly, it also holds for 7 = ¢t = NF(x,a) < k which is a
random variable. Also note I[k; < k] = 1 for all i < Nf(x,a). Therefore, we can conclude

|P1 —P2| S CH2\/L/t.
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Bounding |P, — Ps|:  We calculate

k

* K * * J
PPy < —Z\ml z.) = X0 V()| = 20 [PV (e, ) = 3 505 Vi (el )

Again, for any fixed 7 € [k], by the Azuma-Hoeffding inequality, with probability 1 —
p/(2SAT):

1 . ,

;Zﬂ[ki < k] [V (@) = PV (2, a)] ‘ < cH\uJT . (5.17)
i=1

By the same argument as above, we also know that Eq. |(5.16)|holds for the random variable
7 =1t= NF(z,a) <k, which implies |P, — P3| < 2cH?\/./t.

Bounding |P; — P4]: We calculate that

2H k; * k;
P -Pl <=2 [V () — Vi o) — T (% 050) — Vi)
=1

AH < - o AH < . o
< = Z Vi (epyy) — Vh+1(:vf;+1)] < & Z (Viiia (aiy) = Vi (2 )
i=1 =1

where the last inequality uses Vi, (¥) > Vi, (z) for all z € S and k' < k, which follows
from our assumption (Q¥,, — Q% ,)(x,a) > 0 for all &' < k.

We apply [Lemma 5.7.8) (see Section 5.7 later) with a weight vector w such that wy, =
for all i € [t], but wy =0 for all &' & {k1,...,k:} (so ||w|; =1 and ||w||o = 1/t). This tell
us that

4H
[Py — Py| < TZ (th+1<xh+1) Vi h+1)) < O(

=1

SAVH, N \/H7SAL

Finally, by the triangle inequality |[V,Vy5,, — Wi(z,a)| < |Pi — Po| + |P2 — P3| + | Ps — P4,
and a union bound over (z,a,h) € S x A x [H], we finish the proof. O

Now, equipped with [Lemma 5.7.3 and [Lemma. 5.7.4 we can use induction and an Azuma-
Bernstein concentration argument to prove that Q¥ — Q* is nonnegative and upper bounded

by 3. This gives an analog of [Lemma 5.4.3] that we state here.

Lemma 5.7.5 (fine bound on Qf — Q*). For every p € (0,1), there exists an absolute
constant cy,co > 0 such that, under the choice of By(x,a, h) in|(5.18), with probability at
least 1 — 2p, the following holds simultaneously for all (z,a,h, k) € S x A x [H] x [K]:

t
<(QF—Qn)(w,a) <alH + ) ai(Vih, = Vi) (@hy,) + B (5.18)

=1

where t = NF(z,a) and ky, ..., ks < k are the episodes in which (x,a) was taken at step h.
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Proof of [Lemma 5.7.5 We first choose ¢y > 0 large enough so that [Lemma 5.7.3 holds with
probability at least 1 — p.
For each fixed (z,a,h) € S x A x [H], let us denote ky = 0, and:

ki =min ({k € [K] | k > ki_1 A (2}, a)) = (z,0)} U{K +1}) .

By the Azuma-Bernstein inequality, with probability at least 1 — p/(SAT), we have for all
T € [K]:

T

<0()- || S (@2 ViVt ), a)e + [max ol He

— €[]

Z o}k < K- (B = Po) V(2. 0)

2

. (5.19)

—
T

<0(1) - \/?[thh*ﬂ](x, a) +

where the last inequality is by [Lemma 2 Since the inequality [(5.19)| holds for all fixed
7 € [K] uniformly, it also holds for the random variable 7 = t = NJ(z,a) < K. By a union

bound, with probability at least 1 — p, we have that for all (x,a,h, k) € S x A x [H] x [K]

t
. . . H 2
S allks < K] - (B~ By, 0)| < O(1)- N Tvveea+ ) | 520
i=1
where t = N¥(z,a) and ky, ..., k; < k are the episodes in which (z,a) was taken at step h.

We are now ready to prove . We do so by induction over k € [K]. Clearly, the
statement is true for k = 1, so in the rest of the proof we assume holds for all ¥ < k.
We denote by kq, ko, ...,k < k all indices of previous episodes where (x,a) is taken at step
h. By [Lemma 5.7.4) with probability 1 — p/K, we have for all (z,a,h) € S x A x [H|:

SAHT SAVHT
[ViVis (,0) = Wil a, )| < Oy 25+ 22520

Therefore, putting this into |(5.20), we have

> B~ Plialte | 00 |\ T 00ty + s YA 20

i=1

where inequality @ uses % < H-+ HszL, and inequality @ is due to our choice of (3,

in |(5.13)| and the sufficiently large choice of ¢; > 0.
Finally, applying the above inequality to [Lemma 5.7.2] we have for all (z,a,h) € § x
A x [H]

t

0 < (Qf — Qi)(w.a) = a(H = Qh(,0) = Yot [V, = Vi) (wpo)] < B o (5:21)

=1
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This proves that holds for k& with probability at least 1 —p/K. By induction, we know
(5.18)| holds for all £ € [K| with probability at least 1 — p. Combining this with the 1 —p
probability event for |(5.20)| we finish the proof that [Lemma 5.7.5 holds with probability at
least 1 — 2p. O

As mentioned in [Section 5.3, the key reason why a Bernstein approach can improve by
a factor of v/H is that, although the value function at each step is at most H, the “total
variance of the value function” for an entire episode is at most O(H?). Or more simply,
the total variance for all steps is at most O(HT'). This is captured directly in the following
lemma.

Lemma 5.7.6. There exists an absolute constant c, such that with probability at least 1 —p:

K H

ZZV Vit (ag, ) < e(HT + H)

k=1 h=1
Proof of[Lemma 5.7.6. First, we note for any fixed policy 7 and initial state x;, suppose
(29, -+ ,xy) is a sequence generated by following policy 7 starting at xy, then

2 B [( S e wa) — Vi)
°E [Zthl[r(mh, m(xn)) + Vil (The1) — Vhw(xh)]] :
EENT [ran m(zn) + Vi (@) — Vir(@n)]® = EX 0, VAV, (e, m(an)

where equality @ is because V7, , = 0, and equality @ uses the independence due to the
Markov property. Therefore, letting F;_; be the o-field generated by all the random variables
over the first £ — 1 episodes, at the kth episode we have:

E [Xk‘/t.k—l} < H? where Xy =>4 VRV (af, me(af)) .

Also, note that | X;| < H?® and Var[X}, | Fr_1] < H3E[X} | Fr_1] < H®. Therefore, by an
Azuma-Bernstein inequality on X; + - -+ + X with respect to filtration {Fj}r>0, we have
with probability at least 1 — p,

K H K
ViVt (2, ay) Z [ Xy | Fooa] + O(VHO Ko+ H?) < O(HT + H?.)
k=1 h=1 k=1

where the last step is by ab < a? + b?. O

Our last lemma shows that the “empirical” variance of V* (i.e., W;(x, a, h)) is also upper
bounded by the variance V,V,¥ (x,a) (which appeared in Lemma 5.7.6) plus some small

terms.
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Lemma 5.7.7. There exist absolute constants cy,cy,c > 0 such that, letting (z,a) = (zF, af)

and t = nf = Nf(x,a), we have that for all (k,h) € [K]x [H], with probability at least 1 —4p,

. SAVH". SAH",
Wi(z,a,h) < V,VTE (2,0) + 2H (05 .y + &hy) + C( ; + \/ ; > ;
where fflfﬂ = [(Py — ]f”ﬁ)(Vh*H Vh+1)]($h> ah) and 5£+1 = (Vh+1 th+1)($2+1)-

Proof of [Lemma 5.7.7 We first assume that [Lemma 5.7.5/holds (which happens with proba-
bility at least 1 —2p) and holds (which happens with probability at least 1 —p).
As a consequence, with probability at least 1 — p, [Cemma 5.7.4] also holds for all k € [K].
By the triangle inequality, we have:

Wt($? a, h) thh?l (:L‘ a) thvh—i-l Wt(wa a, h)} + ‘[thf:—i—l - thh?fl] (‘777 a)} )
where the first term on the right-hand side is upper bounded by [Lemma 5.7.4l For the second

term:

HVth*H - thi;’fﬁ(xa a)} < QH[Ph(Vh*H - Vhﬂfl)]<xia ah) = 2H(§h+1 + 5h+1) . L

Proof of Theorem [5.3.2

We are now ready to prove [Iheorem 5.3.2l Again, the proof decomposes the regret in a re-
cursive form, and carefully controls the error propagation via repeated usage of [Lemma. 5.7.5]

and [Lemma 5.7.7

Proof of [Theorem 5.3.2. We first assume that [Lemma 5.7.6 holds (which happens with prob-
ability at least 1—4p) and [Lemma 5.7.7 holds (which happens with probability at least 1—p).
By the same argument as in the proof of [Theorem 5.3.1] (in particular, inequality |(5.9)))

we have:
K 1\ K
ZCSZS (1+E)Z(5 +1+SAH+Z ./Eh,a/h, )+£h+1) )
k=1 k=1
where &, == [(Py — IAP)’E)(‘/}L*H = Viyol(ah, ak) and &5y == (Vi — Vi) (@ 41)- As a result,

for any h € H, by recursing the above formula for A,h + 1,..., H, we have:

Zah < SAH?+ Z Z ot (@he i B + €6) (5.22)

=h k=1

By the Azuma-Hoeffding inequality, with probability 1 — p, we have:

Vh e (H \Zzgh,ﬂ - | zz (o = Bh) (Virn = Vis)(ah )| < O(HVTY)
- - (5.23)
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Also, recall Bi(z,a,h) < c\/H3u/t so Sor, B < O(VH?SAT.) according to [(5.10)]
Putting these into , we derive that Zle oF < O(SAH2 +V H4SATL>. Note when
T > VHA*SAT., we have vV H*SAT1 > H?SA; when T' < vV H4*SAT, we have Zszl 52 <
HK =T < H*SAT.. Therefore, we can simply write

K
Y 6p < O(VHSATL) . (5.24)
k=1
By our choice of ;, we have
K H K H
H VH'SA -1
YD B < 0(1>.ZZ[ o W (.0, 1)+ H) = (5.25)
k=1 h=1 k=1 h=1 h h

because 1+ 3+ 3 4 -+ < ¢. The summation of the first term in[(5.25)| can be upper bounded

ZZ %~(Wn§($,a,h)+H) S\ (ZZ(WnZ(:c,a,h)+H)> (ZZ?)

K H
> We(x,a,h) - VH2SAu+ VH3SATL . (5.26)

\ k=1 h=1

<

KX o KX SAVHT. SAHT,
Wi (@, a,h) < SO VAV (2, af) + 2H (05, + &) + O<T + s
k=1 h=1 k=1 h=1 h h
® K H
< Z Z [VaViity (ah, ak) + 2H (03 y + &ipr)] + O<S2A2 VP 4 S Ay HST”)
k=1 h=1
® K H
<23 S (5, F )+ O(HT +H 4 SPAPVEHYS + SAVEH 8TL>
k=1 h=1
@
< O(VHSSAT. + HT + H*, + S?A>VH + SA\/HSTL>

of
(HT S2A2HT, ¢ 52A2\/HTL3> . (5.27)
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Here, inequality @ uses[Lemma 5.7.7 inequality @ uses Z,{;l(nﬁ)*l < SAvand Z,{;l(\/nﬁ)*lﬂ <
O(VKSA); inequality @ uses [Lemma 5.7.6} and inequality @ uses |(5.23)| and |(5.24)|
Putting |(5.27)| and |(5.26)| back to|(5.25) we have

K H
SN B < O(\/H3SATL n \/53A3H9L4) . (5.28)

k=1 h=1

Finally, putting this and back to [(5.22), we finish the proof that with probability at
least 1 — 6p, for every h € [H]

K
S 6k < O(\/H?’SATL v \/S3A3H9L4> .

k=1

Since we also have Regret(K) < S &% as in the proof of Theorem 5.3.1} rescaling p to
p/6 finishes the proof. O

Proof of Auxiliary Lemma

The next lemma shows how the weighted sum over (V¥ — V;*)(a¥) is upper bounded by the
infinity norm and the one-norm of the weights w. This lemma provides the key to prove

[Lemma 5.7.41

Lemma 5.7.8. Suppose [(5.15) in [Lemma 5.7.3 holds. For any h € [H], let ¢f = (V}F —
Vi) (xh), and letting w = (wy, . .., wy,) be a nonnegative weight vector, we have:

K
> widh < O(SAJwlloVH + v/ SAJwlwll H?)

k=1
where ¢f = (V}F — V;*)(2F).
Proof of[Lemma 5.7.8 For any fixed (k,h) € [K]| x [H], let t = NF(a% aF), and suppose

(2%, ak) was previously taken at step h of episodes ki, ..., k; < k. We then have, for some

absolute constant c:
® ® Lo _ H3,
oh = (Vi = Vi)ah) < (@ — Q). af) < afH + Y aioly, +0(y) =) - (529)
i=1

Here, inequality @ holds from VF(zF) < maxyecq QF(2F,d') = QF (2% af) and the Bellman
optimality equation V*(zF) = max,cq Q5 (x5, a’) > Q5 (a%, af). Inequality @ holds by the
assumption that |(5.15) in [Lemma. 5.7.3 holds.
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Next, let us compute the summation fo:l wy,0F. Denoting nf = NF(xF, af), we have:

K K
Y wpalyH =Y Huwy-Inj = 0] < HSA|lw|w ; and (5.30)

k
K NE(z,0)
Wy k O Z Z Wk;(x,a \l H3
1 ny,

x,a i=1

|5
|I®

®
< O(SAlwllee + VSAwlli[wle) - VH? (5.31)
Above,

e Equality @ is by reordering the indices k € [K] so that the ones with the same (z,a) =
(2%, ak) are grouped together; and we denote by k;(z,a) = k where k is the ith episode

where (z,a) is taken at step h.

K x,a .
e Inequality @ is because ), , vazhl( ’ )wki(x,a) = ||w||;. Therefore, the left-hand side of
@ is maximized when the weights are distributed to those indices ¢ that have smaller
values:

llwlly

NE(x,a) LSAanooJ 1
Y JEEODS il < O(S Al SATTTOT)

T,a =1

To bound the second term in|(5.29), which is
K
ki (xF ok
ZWZ@ Lo (5.32)
k=

1 =1

we regroup the summands in in a different way. For every k' € [K], we group all terms
gbﬁl that appear in the inner summand of (5.32)[—denoting their total weight by w},—and

write:
ZwkZa <O (ehen) Zwk, o (5.33)

k'=1

We make two key observations
e We have [|w'||; < ||w||; because > '_, ai < 1.

e For every k' € [K], we note that the term qbfl;l only appears on the left-hand side of
(5.33) in episode k > k', where (zf,sF) = («F, s¥'). Suppose it appears in episodes
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k' Kb, .... Then, letting 7 = n¥’, we have corresponding weight is w7, Wi Qg Wiy Qo™+
Therefore, the total weight satisfies

n’ 1
d<tole 3 ot < (143 ke
t=nk'+1
where the final inequality uses Y -, ai = 1+ & from [Lemma 3l

Plugging |(5.30)}, (5.31)}, and |(5.33)| back into |(5.29)} we have:

Zwk¢h < HSA“wHoo Z wk' ¢h+1 + O(SA“wHoo + \/SAHU)HleHOO) VHY

k'=1

with [0 < (1 + %)||w|ls and [[w'|li < |lw|o. Recursing this for h,h +1,..., H, we
conclude that

K
> wid} < O(SAlwloVHo + /SAfwl [w]lHr) m

k=1

5.8 Proof of Lower Bound

Recall that Jaksch, Ortner, and Auer (2010)) showed that for any algorithm, there is an MDP
with diameter D, S states and A actions, such that the algorithm’s regret must be at least
Q(vVDSAT). The natural analogous notion of the diameter in the episodic setting is H, and
thus this suggests a lower bound in Q(v HSAT), as presented in (Osband and Van Roy,
2016; Azar, Osband, and Munos, 2017).

We show that, in our episodic setting of this work, one can obtain a stronger lower bound:

Theorem 5.3.3. For the episodic MDP problem studied in this work, the expected regret for
any algorithm must be at least Q(V H2SAT).

This result seemingly contradicts the O(v HSAT) regret bound of Azar, Osband, and
Munos (2017). There is no contradiction, however, because Azar, Osband, and Munos (2017))
assumes that the transition matrix P, is the same at each step h € [H]|. On the contrary,
in this work we consider the more general setting where the transition matrices Py, ..., Py
are distinct for each step. Our setting can be viewed as a special case of the non-episodic
MDP studied by Jaksch, Ortner, and Auer (2010), obtained by augmenting the state space
to 8" =S8 x [H].

Rather than providing a formal proof of [I’heorem 5.3.3| we give the intuition behind the
construction and its analysis. The formalization itself is an easy exercise following well-
known lower-bound techniques from the multi-armed bandit literature; see, e.g., (Bubeck
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and Cesa-Bianchi, 2012)). For the sake of simplicity, we consider A =2 and S = 2 (again the
generalization to arbitrary A and S is routine).

We start by recalling the construction from Jaksch, Ortner, and Auer (2010), which we
will refer to as the “JAO MDP.” The reward does not depend on actions: state 1 always has
reward 1 and state 0 always has reward 0. From state 1, any action takes the agent to state
0 with probability d, and to state 1 with probability 1 — 4. In state 0, there is one action a*
takes the agent to state 1 with probability J 4+ ¢, and the other action a takes the agent to 1
with probability . A standard Markov chain exercise shows that the stationary distribution
of the optimal policy (that is, the one that in state 0 takes action a*) has a probability of
being in state 1 of
€

1
= 0+e€ 1
o — >_4+ —fore<$.
T T %+ 2 6 0°S

In contrast, acting sub-optimally (that is, taking action a in state 0) leads to a uniform
distribution over the two states, or equivalently a regret per time step of order /5. Moreover,
in order to identify the two actions a, a* (each with probability ¢ and § + ¢), the number of
observations in state 0 needs to be at least Q(d§/€?). Thus, taking the latter quantity to be
T, one obtains the following lower bound on total regret:

T x Qe/8) = QU/T/9).

In the JAO MDP, the diameter is D = ©(1/6). This proves the /DT lower bound from
Jaksch, Ortner, and Auer (2010).

The natural analogue of the JAO MDP for the episodic setting is to put the JAO MDP in
“series” for H steps (in other words, one takes H steps in the JAO MDP and then restarts,
say starting in state 0). The main difference with the non-episodic version is that, in H
steps, one may not have time to miz, i.e., to reach the stationary distribution over the two
states. Using standard theory of Markov chains, one can show that the optimal policy on
this episodic MDP has a mixing time of ©(1/4). By choosing H to be slightly larger than
©(1/6), we have a sufficient number of steps (in each episode) to mix, and thus the previous
non-episodic argument remains valid for the episodic case. This leads to a lower bound
Q(VHT) for the episodic case, as illustrated by (Osband and Van Roy, 2016; Azar, Osband,
and Munos, 2017)).

Finally, recall that in our episodic setting, the transition matrices Py,...,Py may not
necessarily be the same. Therefore, we can further strengthen this lower bound to Q(H+/T)
in the following way.

Let us use H distinct JAO MDPs, each with a different optimal action aj, when putting
them in series. In other words, for at least half of the steps h € H, one has to identify the
correct action af for that specific step. (If not, the per-iteration regret will again be Q(g/9).)
However the number of observations in that specific step h is only 7/H, and thus one now
needs to take T/H = O(§/e?) (instead of T = Q(d/€?) previously). This gives the claimed
Q(H\/T) lower bound.
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