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Abstract

The trade-off between statistical and computational performances is key for modern
machine learning algorithms. On the one hand, the ultimate goal is to achieve the best
possible prediction error. On the other hand, time and memory requirements are unavoid-
able constraints in large scale problems. In this view, sketching and stochastic gradient
methods are among the most commonly used techniques to derive efficient large-scale
learning algorithms.

In this thesis, we consider learning binary classification problems in reproducing kernel
Hilbert space with the use of such techniques. Recent studies [43, 42] have shown that the
expected classification error converges exponentially fast with stochastic gradient descent
under the specific condition on label distribution, called strong low noise condition. Based
on these analyses, we give the following two contributions in this thesis.

Firstly, we extend these analyses to the general low noise condition and show that
the convergence of the expected classification error faster than the optimal rate of the
expected risk is achievable with SGD under such a condition.

Secondly, we consider solving the problem with the combination of sketching and
stochastic gradient descent, which yields much better computational efficiency. Analyzing
the error induced by the approximation of random features, which is the most popular
kernel sketching method, we show the exponential convergence of the expected classi-
fication error under the strong low noise condition is achieved even if random features
approximation is applied. Additionally, we demonstrate that the convergence rate does
not depend on the number of features and there is a significant computational benefit in
using random features.

These results suggest the theoretical validity of these commonly used approximation
methods in classification problems.

Keywords Binary classification, Stochastic gradient descent, Kernel method, Random
features, Low noise condition
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Chapter 1

Introduction

1.1 Motivation and Purpose

Classification is one of the main tasks in machine learning and has been frequently ap-
peared in practical problems such as image recognition. We consider an ordinal supervised
setting, where a set of input data and corresponding discrete labels is given as training
data and we aim to learn a classifier that can produce correct labels from unseen data.
The performance of a classifier is usually measured by the expected classification error
(also known as accuracy), which indicates the probability of misclassification by a learned
classifier. However, directly minimizing the expected classification error is known to in-
tractable due to its non-convexity [4]. Thus, convex surrogate losses (e.g., logistic loss
or hinge loss), which upper bounds classification errors, are usually used as an objec-
tive function and we try to minimize the expected classification error through minimizing
the expected risk, which is the expectation of such a tractable convex loss. This convex
approximation is theoretically justified by consistency property of loss functions [10, 66]
and these minimization problems are solved through general criteria of statistical learning
theory, such as empirical risk minimization (ERM).

On the other hand, the size of training datasets is becoming larger and larger in modern
machine learning and it is crucial to investigate computationally efficient methods to
optimize learning models with such large datasets. Stochastic gradient descent (SGD)
[49], that can learn from a single or a few passes over the data, is a workhorse of such a
large scale problems and is widely used in optimizations of practical models, such as deep
neural networks (DNN) and kernel methods, owing to its scalability, wide applicability,
simplicity of implementation, and superior performance. In the optimization literature, a
great deal of works has proposed more sophisticated variants of SGD using, for example,
variance reduction [30, 20, 41] or acceleration technique [2, 37].

From theoretical perspectives, the convergence rates of objective functions (risk) are
extensively studied. For example, optimal convergence rates is known as O(1/y/n) and
O(1/n), where n denotes the sample size, for convex and strongly convex loss functions,
respectively [39, 1] and these rates are actually attained [38].

Going back to the origins of supervised classification problems, we are interested in not
the convergence rates of risk, but the one of classification error. It is known that the
excess classification error (equal to the expected classification error minus the minimal
expected classification error over all measurable functions) is upper bounded by a function
of the excess risk [10], but always such an upper bound results in a loose bound (e.g., no
difference or taking square roots from the excess risk). As a result, the convergence rates
of the expected classification errors are always equal or slower than O(1/y/n) or O(1/n).
However, there are a variety of extra assumptions that could allow for faster rates.

In particular, such general relationships between excess loss and excess error has been
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refined by the use of the low noise condition [63, 10], which indicates how hard the
prediction problems are. Intuitively, if the label probability of an input point is equal over
all labels, it is difficult to decrease the classification error on that point and such cases
are considered as the problems with noisy label distribution. In contrast to this, if labels
are deterministic (i.e., labels have no noise), those are the easiest problems where we only
have to fit the model to the label distribution. The low noise condition quantifies the mass
of input points that have noisy label distribution and this condition can accelerate the
convergence rate of the excess classification errors faster than 1/n and even exponentially
fast, under the specific setting with empirical risk minimization (ERM) [6].

In this thesis, we investigate the effectiveness of SGD in binary classification problems,
where the label set is {—1, 1}, in terms of the convergence of the classification error. Re-
cent studies [43, 42] have shown that the exponential convergence property of SGD in
reproducing kernel Hilbert space (RKHS) under the strong low noise condition, which is
the strongest version of the low noise condition. Inspired by these analyses, we demon-
strate the following two contributions in this thesis.

First, we show that even under the general (not strong) low noise condition, the faster
convergence rate than O(1/n) can be achievable with SGD in Chapter 3. Since the
strong low noise condition is somewhat restrictive when considering real-world datasets,
our results give a better explanation of the practical success of SGD in classification
problems.

After that, in Chapter 4 we consider applying the approximation method of RKHS
called random features [47], which allow reducing data-dimensionality, hence memory re-
quirements, by random projections. Combining this with SGD, it yields much better
computational efficiency and this combination is widely used in practice. We analyze
the required approximated dimension to achieve the exponential convergence of the ex-
pected classification errors under the strong low noise condition and show that there is
the theoretically computational benefit to apply these approximation methods.

1.2 Organization of the Thesis

In Chapter 2, we introduce a problem setting of binary classification problems and details
of algorithm which is treated in this thesis and show some related known results on these
topics. Then we present the results on the convergence analysis of SGD under the general
low noise condition in Chapter 3. Next, we demonstrate the result about the validity of
random features under the strong low noise condition in Chapter 4. Finally, we conclude
the thesis and discuss future directions in Chapter 5. Missing proofs in Section 2-4 are
found in Appendix.

1.3 Notation

In general, for a probability measure i on a topological space X', L?(du) denotes a space
of square-integrable functions with respect to u, that is,

def

LQ(dM) {f X =R | Iz (ap < 00} /N,

1/2
T ( / f(x)!2du(w)> |

where N denotes the kernel space of the norm:

NE {f: X =>R| f(z) =0 for p-almost sure z € X'}.
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We denote one with respect to the Lebesgue measure by L?(X). In addition, L°°(du)
denotes a space of functions for which the essential supremum with respect to u is bounded:
def
L=(dp) = {f X = R | || fllzesan < oo} /N,

1] oo () & inf{C >0 | |f(2)] < C for p-almost sure & € X}.

Similarly, we denote one with respect to the Lebesgue measure by L>°(X).

Let V be a Hilbert space. We denote its inner product and the induced norm by (-, )y
and || - ||y, respectively. For A:V — V, we denote an operator norm of A by ||Al|op, that
is,

Av Vv
[A]lop = sup Al
veV ||UHV

For a,b € V, we define an outer product a @y b: V — V as follows:
(a @y b)v = (b,v)ya, YveV.

Let W be a closed subspace of V', then a projection onto W is well-defined and we denote
its operator by Py,. Then we have

v = PW’U‘{‘,PWLU, Yo e V.

Furthermore, we define a partial order < between linear, positive semi-definite and self-
adjoint operators A, B : V — V as follows:

A=<B << (Av,v)y < (Bv,v)y, Yo e V.



Chapter 2

Preliminary

2.1 Binary Classification Problem

2.1.1 Classification error and surrogate loss

In this section we introduce settings and basic properties of binary classification problem.
Let X and Y = {—1,1} be a feature space and the set of binary labels, respectively; p
denotes a probability measure on X x ), by py the marginal distribution on X, and by
p(-|X) the conditional distribution on Y, where (X,Y’) ~ p. In the classification problem,
our final objective is to choose a discriminant function g : X — R such that the sign
of g(X) is an accurate prediction of Y. Therefore, we intend to minimize the ezpected
classification error R defined below:

R(9) = E(x,v)~p [ (sgn(9(X)), Y], (2.1)
where sgn(x) = 1 if z > 0 and —1 otherwise, and I represents 0-1 loss:
L (y#y
I(y,y') = ( o ,>
0 (=1

Infimum value of R amongst all measurable functions is denoted by R, and it is called
the Bayes classification error. By definition, any function ¢ satisfying sgn(g(X)) =

o ° °
°
5 . & o o o
°© o ,®o
o ° 600 %0 0
4 OQP (PO
o ©° o 2
o o
3] &
o g(x) =0
)
2 ..~o. 0o
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Fig. 2.1: Example of binary classification problems.
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Fig. 2.2: 0-1 loss and surrogate loss functions [10].

sgn(2p(1]X) — 1) almost surely on the set {X | p(1|X) # 1/2} has R(g9) = R., and
such a function is called the Bayes classifier. However, directly minimizing (2.1) to ob-
tain the Bayes classifier is generally intractable because of its non-convexity [4]. Thus,
we generally use the convex surrogate loss [((,y), which is an upper bound of 0-1 loss,
and minimize the expected risk L, which is the expectation of the loss function value with
respect to p:

L(g) = E(x,y)~p [[(9(X),Y)]. (2.2)

Its infimum value amongst all measurable functions is denoted by L, and it is called
the Bayes risk. In general, the loss function [ has a form I({,y) = ¢(Cy) where ¢ : R — R
is a non-negative convex function. The typical examples are logistic loss ¢(v) = log(1 +
exp(—v)) for logistic regression [25], hinge loss ¢(v) = max{0,1 — v} for support vector
machine [18], and exponential loss ¢(v) = exp(—v) for AdaBoost [24]. These functions
are illustrated in Figure 2.2.

Next, we show the relationship between the expected classification error R and the
expected risk L. Firstly, the conditional expected risk on data point x is given as follows:

Elp(Yg(X)IX = a] = p(1]z)d(g9(x)) + (1 = p(1]z))¢(—g(x)).

It is useful to think of this in terms of a generic probability u € [0,1] and a generic
classifier value o € R, and we denote it by C),(c):

def
Cula) = po(a) + (1 = p)o(-a).
For p € [0, 1], define its optimal value with respect to a as follows:
def . .
L(p) = inf Cula) = inf {ug(a) + (1 - p)é(-a)}.

If its infimum is uniquely attained for some «, we can define the link function h, :
[0,1] — R, which connects the hypothesis space and the probability measure:

By (1) def argerﬁin Cula) = argerﬁin {pod(a) + (1 — p)o(—a)}.
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Intuitively, for given data point x, h.(p(1|x)) is the optimal prediction value which mini-
mizes the expected risk on . It can be checked that the following equality holds:

Lo= il L(g)=E[L(p(11X))] = El(hu(p(11X)), Y)).

In addition, define the optimal value of C),(a) under the constraint that the sign of a
disagrees with that of 2u — 1:

Y i Cua)=  inf {ue(a) + (1 p)é(—a)}.

a:a(2p—1)<0 a:a(2pu—1)<0

Then we define transform function 1 : [0, 1] — [0, 00) by ¢ def

i (150) ()

¥**, where

and ¢g** : [0,1] — R is the Fenchel-Legendre biconjugate™ of g : [0,1] — R, which
satisfies*?
epi g** =0 epi g.
Finally, we can relate the excess classification error (equivalent to the expected classi-

fication error minus the Bayes classification error) to the excess risk (equivalent to the
expected risk minus the Bayes risk) through transform function 1 [10, Theorem 3]:

Y(R(g) — R.) < L(g) — L. (2.3)

Since our final objective is minimizing the expected classification error, it is natural to
expect that minimizing (2.2) ensures minimizing (2.1) (the Bayes risk consistency). In
other words, a function that attains L, should also attain R,. The following proposition
shows conditions on ¢ to satisfy this consistency.

Proposition 2.1 (Theorem 3 in [10]). The following conditions are equivalent:

e For any sequence of measurable functions g; : X — R and any distribution p on
X x),
lim L£(g;) = L« implies lim R(g;) = R

71— 00 17— 00
e For any sequence 0; in [0,1],
lim 9(6;) = 0 if and only if lim 6; = 0.
1—00 1—00
When these conditions hold, such ¢ is called classification-calibrated.

Example (Logistic loss). Here ¢(a) = log(1 + exp(—a)). If 4 = 0, then Cy(a) — 0 as
a — —oo; if p =1, then C,(a) = 0 as o — oo. Thus we have [,(0) = (1) = 0 and h,
cannot be defined for y = 0,1. For p € (0,1), we have

ha(p) =1 ,
() = log -— .
L(p) = —plogp — (1 — p)log(1 — p),

I (1) = C1u(0) = log2,

*LFor g : [0,1] — R, its Fenchel-Legendre conjugate g* : [0,1] — R is given by g*(y) =
supze[ovl]{(m, y) — g(z)}, and its biconjugate g** is further conjugate of g*.

*2 Here ¢6 S is the closure of the convex hull of the set S, and epi g is the epigraph of the function g,
that is, the set {(z,t) : z € [0,1], g(z) < t}.



2.1 Binary Classification Problem 7

and so 10 1_g
0(0) = (0) = — " log(1+6) +

lOg(]. - 0)7

where the first equality follows from that 1& is convex. Since 1(0) = 0 and ¥ is strictly
increasing and continuous, it satisfies the second condition in Proposition 2.1 and is thus
classification-calibrated. In addition, we have log(l + 6) ~ 6 around # = 0 and thus
¥(0) ~ 6%, so we can see from (2.3) that the convergence rate of the excess classification
error is bounded by square root of that of the excess risk in the case of logistic loss.

For other loss functions, similar calculation yields that ¥(0) = 1 — v/1 — 62 for expo-
nential loss and (#) = 6 for hinge loss. So they also satisfy the second condition of the
proposition and are thus classification-calibrated.

Remark. For convex ¢, a simpler condition which is equivalent to being classification-
calibrated is known (Theorem 6 in [10]); ¢ is classification-calibrated if and only if ¢ is
differentiable at 0 and ¢’(0) < 0.

If there is a one-to-one correspondence between a probability and a classifier value
thorough the link function h,, one can relate the excess risk to the divergence between
corresponding probability measures. Since [, is a concave function (Lemma 2.1 in [66]),
if additionally [, is differentiable, we can define the Bregman divergence associates with
I« as follows:

def
di. (m,m2) = —lu(n2) + Le(m) + L(m) (n2 — m).
We have the following proposition.

Proposition 2.2 (Theorem 2.2 in [66]). Suppose ¢ is differentiable and h, is well-defined,
differentiable and invertible. Then l, is also differentiable and the following equality holds:

L(g) ~ Lo =E [dy, (h"(a(X)). p(1]X))]

If the divergence d;, is positive, that is, d;, (n1,72) = 0 if and only if 71 = 72, we can
see that the Bayes classifier g., which satisfies £(g.) = L., is equal to h.(p(1]-)) almost
surely.

Example (Logistic loss). Suppose p(1|X) € (0,1) almost surely. Indeed, ¢(a) = log(1 +
exp(—«)) is differentiable and h,(p) = log(p/(1 — p)) is well-defined, differentiable and
invertible on (0,1). Furthermore, we have

1—
di. (111,m2) = 12 log (Z;) + (1= ) log (1 ”1) .

— 12

This coincides with the Kullback-Leibler divergence between two Bernoulli distributions
with parameter 7; and 79, and is thus positive.

2.1.2 Low noise condition

Although properties introduced above hold for any distribution p on samples, it is useful
and reasonable to consider the case where there is small noise on labels. For example, in
image datasets such as MNIST, a label is almost deterministically produced for almost
all images and there are few ambiguous images that can be classified into multiple labels.
From this perspective, it is reasonable to assume the conditional label probability p(1|X)
tends to be bounded away from 1/2. Here we formally introduce this low noise condition.
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Fig. 2.3: The example of a conditonal distribution satisfying strong low noise condition.

Definition 2.1 (Low noise condition [63, 10, 6]). A conditional label probability p(1|X)
satisfies low noise condition if there exists C,a > 0 such that the following inequality holds
for all 6 €10,1/2]:

Pllp(Y =1|X) —1/2] < 4] < Cs°.

The strongest version of the low noise condition, which corresponds to the case of
« = o0, is described as follows:

Definition 2.2 (Strong low noise condition [63, 6]). A conditional label probability p(1]|X)
satisfies the strong low noise condition if there exists 6 € [0,1/2] such that the following
inequality holds for px-almost sure x € X':

p(Y = 1|z) — 1/2| > 6.

In this situation, the conditional probability is uniformly bounded away from 1/2 as
shown in Figure 2.3. Under the low noise condition, there is a tighter version of bound
(2.3) (Theorem 10 in [10]):

C(R(g) ~ R4 (W) < L(g) - L. (2.4

We note that since 9 is convex, it never gives a worse rate than (2.3). However, even if
we set « to 0o, the resulting convergence of R cannot be faster than that of L.

Remark (Relation to the complete separability). In the theoretical analysis of classifica-
tion problems, it is also common to consider labels to be produced deterministically and
sometimes impose the complete separability, where the Bayes classifier can predict labels
with 100% accuracy [56, 29]. This is much stronger condition than the low noise condition
because it corresponds to the extreme case of the strong low noise condition, where ¢ is
close to 1/2.

In this section, we have introduced some basic properties of binary classification prob-
lems, mainly about the relationship between the classification error and the loss function.
However, in order to minimize the expected risk £ in practice, we have to specify a hypoth-
esis space and an optimization method. Throughout this thesis, we consider a reproducing
kernel Hilbert space (RKHS) as the former and stochastic gradient descent (SGD) as the
latter. We introduce them in the following section.
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2.2 Stochastic Gradient Descent on RKHS

2.2.1 Reproducing kernel Hilbert space

Firstly, we introduce a reproducing kernel Hilbert space (RKHS), which is widely adapted
in a non-parametric statistical learning. Here we define a positive definite kernel.

Definition 2.3 (Positive definite kernel). k: X x X — R is called positive definite kernel
if for any finite set {x1,...,x,} C X, the n x n matriz whose (i, j) entry is k(z;,x;) is
positive semi-definite.

Popular examples are Gaussian kernel with k(z1, z2) = exp(—||z1 —x2||3/0?) for a band
width parameter o > 0, and polynomial kernel with k(z1,22) = (1 + 1 -22)? for a degree
parameter j where X = R?. For every positive definite kernel k, a Hilbert space spanned
by {k(-,x) | x € X} is defined:

Definition 2.4 (Reproducing kernel Hilbert space (RKHS)). A reproducing kernel Hilbert
space H associates with a positive definite kernel k : X x X — R 1is a Hilbert space with
inner product (-, )y satisfying the following properties:

1. k(-,x) € H for any xz € X.
2. f(x) = (f,k(-,x))y for any x € X and f € H.

It is known that every positive definite kernel has a unique RKHS [3]. We note that
if X = R? and k(z1,22) = 21 - 79, its RKHS H is equal to R? so the above definition
includes the ordinal finite-dimensional Euclid space. For a more detailed characterization
of RKHS, see Appendix A. Although in general RKHS can be infinite dimensional and
thus have plenty expressive power, the above property enables us to treat the optimization
problem in same algebraic framework as parametric models, and several studies extend
linear parametric models to non-parametric ones on RKHS, such as kernel SVM [12],
kernel PCA [53] and kernel k-means [21].

In this thesis, we consider solving the minimization problem of the expected risk intro-
duced in the last section with RKHS H for some kernel k as the hypothesis space:

min L(g).

min £(g)
In general, non-parametric models have strong expressive power, so it is common to add
regularization term to the loss function in order to avoid over-fitting. Particularly, we
consider the following Tikhonov regularization with regularization parameter A:

miy {£0(0) ™ £(0)+ ol | (25)

gEH

We also use the following notation:

g def argmin £ (g).
geEH
The uniqueness of the minimizer is ensured by the regularization term. We note that the
purpose of the regularization in (2.5) is to accelerate and stabilize the optimization, rather
than to avoid over-fitting since we directly optimize the expected (not empirical) loss L.
See also remark at the end of this section.
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2.2.2 Stochastic gradient descent

Now we introduce stochastic gradient descent (SGD) [49] as an optimization method of
(2.5). It is a workhorse for large-scale machine learning problems due to its computational
efficiency. The main idea of SGD is to replace a gradient of the objective with an unbiased
(sometimes biased) estimate of that which can be calculated from one or small batch of
samples. First, recall the definition of a gradient of a function F on H at g € H; it is an
element VF(g) € H satisfying the following equation:

F(g+h) = F(g) + (VF(g), h)n + o([[h]l%)-

For the expected risk £, when k(z, x) is uniformly bounded on X, its gradient at g takes
the form E[0:1(g(X),Y)k(-, X)], where O, is a partial derivative with respect to the first
variable of [. To see this, we have

L(g+h)= E[l((g + h)(X),Y)]
E[l(9(X),Y) + 0cl(g(X), Y)h(X) + o(|h(X)])]
= »C(g) (E[0c1(g(X), Y)k(, X)], h)yy + o([lAll),

where the last equality follows from the fact that

h(X) = (h, k(- X)),
(M(X)| < ([l vV E(X, X).

Thus, the stochastic gradient of £y at g € H for a sample Z = (X,Y) € X x ) is given
by

G(9:Z) = 0cl(g(X), Y)k(-, X) + Ag.

The algorithm of stochastic gradient descent is described in Algorithm 2.1.

Algorithm 2.1 Stochastic Gradient Descent (SGD)

Input: regularization parameter A\, number of iterations 7', learning rates {n;}i_,
Output: classifier gryq
Initialize g1 € H
fort=1,...,7T do
Randomly draw a sample z; = (¢, y¢) ~ p
ge+1 < gt — 1eGA(Gt, 2t)
end for
return gry

Although this simple scheme is widely used in practice, it is also common to average
all intermediate iterates with specified weights in order to decrease the effect of variance
of stochastic gradients and stabilize the optimization. From theoretical perspective, the
averaging scheme is used to derive the optimal rate of the stochastic optimization [46, 51,
36], which is known to O(1/+/T) for convex and O(1/T) for strongly convex objectives [39,
1]. The algorithm of this averaged stochastic gradient descent is described in Algorithm
2.2. The popular choices of o are uniform weights (called Polyak-Ruppert averaging)
[46, 51] and polynomial decaying weights [32, 42]. For strongly convex objectives, SGD
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Algorithm 2.2 Averaged Stochastic Gradient Descent (ASGD)

Input: regularization parameter \, number of iterations 7', learning rates {n;}1_,, aver-
aging weights {oy}2 5!
Output: classifier g4
Initialize g1 € H
fort=1,...,7 do
Randomly draw a sample z; = (¢, y:) ~ p
Gr+1 < gt — G (Gt, 2¢)
end for

_ T+1
return gr . =, oG

with the polynomial decaying averaging achieves the optimal O(1/T) convergence rate,
whereas that with the uniform averaging only achieve a sub-optimal O(log T'/T) rate [32].
From this reason, we deal with polynomial decaying averaging and a learning rate adopted
in [42], which is described as

B 2(y+t—-1)
T oy )T+ 1)
2
= )\<7+t)7

where v > 0 is an offset parameter for the time index. This learning rate is also used in
[14]. We note that an averaged iterate g, can be updated iteratively as follows:

gl = g1,

B 7 2(y +t)
= 1 — - Y.
Gry1 = (L= 04)g; + 0ige41, O ERCED)

Using this formula, we can compute the averaged output without storing all internal
iterate (gt);fjll. Throughout this thesis, we consider Algorithm 2.2 as an optimization
method and simply refer to it as SGD.

If we assume that a cost of kernel evaluation is O(1), the running time complexity is
O(t) for iteration ¢, thus overall complexity is O(T?) after T steps. Since we have to store

T basis {k(-,x1),...,k(-,zr)} and their coefficients, the space complexity is O(T).

Remark (Regularization and SGD). It should be noted that there are two different
paradigms in analyses of stochastic optimization: finite sum and online setting. In the
former setting, we have all samples before actual training starts and we draw a sample
from them at each iteration. Thus, the goal of optimization is to minimize a (regularized)
empirical risk of given finite samples {(x1,vy1),..., (Zn,Yn)}:

) Lder 1 Al
grél{[l {EA(g) = ;l(g(%)ayz) + 9 HQHH} :

In this setting, the generalization error of generated hypothesis g, is decomposed as
follows:

LGrs1) = Lo = L@Gr41) —L£(92) + L(gx) = L. ,
———

optimization error of SGD  generalization error of ERM
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where g is an empirical risk minimizer:

Jx et argmin £y (g).
geEH

Thus, the performance of SGD is measured only from an optimization perspective, that
is, the number of iterations required to get close to the empirical risk minimizer. In
addition, the regularization term is included in the objective since that is essential for
infinite-dimensional models to learn with empirical risk minimization (ERM) in general
[15, 35, 59]. The trade-offs of optimization and generalization error in this setting are
discussed in [13]. Besides, variance reduction technique [30, 20] gives faster convergence
rates in finite sum setting (e.g., linear convergence with strong convexity), which utilizes
the fact that exact gradients can be computed with O(n) time in this setting.

In contrast to this, in the online setting, we obtain a new sample in each iteration
and thus directly optimize towards a population risk minimizer. In this sense, regulariza-
tion terms are not essential in this setting if we set an appropriate step size to balance
optimization and generalization error. Indeed, some recent studies have shown that the
optimal rates of, in particular, non-parametric least squares regression can be achieved by
SGD without regularization terms [22, 44, 34, 26].

Our analysis lies in the online setting rather than the finite sum setting. However, we
add a regularization term in the objective (2.5) in order to apply stability arguments to
derive a convergence of generalization error as explained in the following section. It is an
important future work to investigate whether the generalization analysis of SGD without
a regularization term for general convex loss function is achievable or not.

Remark. Since we consider the one-pass SGD where we obtain a new sample in each
iteration, sample size n and iteration number 7" have the same meaning throughout this
thesis.

2.3 Convergence Properties of SGD

In this section, we introduce some results about the convergence rate of SGD, which are
from [42]. Since a returned hypothesis g, is a random variable depending on samples
{(®1,91),...,(xr,yr)}, we evaluate the convergence of g, separately; the convergence
of the expected point E[g, ;] to the population risk minimizer gy and the concentration
of gr,, to its expectation E[gy, ;] (see Figure 2.4).

2.3.1 Basic matters in convex optimization

Firstly, we provide some definitions that are widely adapted in the literature of convex
optimization [40]. Let V be a Hilbert space throughout this section. We note that for a
differantiable function f: V — R, its gradient V f is a linear operator from V to V.

Definition 2.5. We say that a function f:V — R is G-Lipschitz continuous (G > 0) if
f satisfies

|f(v1) = f(v2)| < Gllvr = v2|lv
for any vi,v2 € V.

Definition 2.6. f:V — R is called L-Lipschitz smooth (L > 0) if f is differentiable and
satisfies

IVf(v1) =V f(v2)llv < Lfjvr = vzlv (2.6)
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for any vi,ve € V.

If f is convex, (2.6) is equivalent to the following (Theorem 2.1.5 in [40]):

(Vf(v1) = Vf(v2),v1 — va)y < Ly — valff. (2.7)

Definition 2.7. A convexr and differentiable function f : V — R is called p-strongly
convez (p > 0) if it satisfies

F(v2) 2 fn) + (VF(01) v = i)y + o =
for any vi,v2 € V.

As f is convex, it can be easily checked that a function f(-) 4+ 3| - [|3 is A-strongly
convex.

2.3.2 Convergence of the expected point

Next, we show the convergence rate of the expected point to the population minimizer.
Before entering to the result, we have to impose some ordinal assumptions about the loss
function and the kernel function.

Assumption 2.1. [(-,y) : R — R is convez, differentiable, G-Lipschitz continuous and
L-Lipschitz smooth. That is, for any (,{’ € R andy € Y,
0c1(¢, )| < G,
0cU(C,y) — OcU(¢ y)| < LIC = ¢].
To control the boundedness of functions in A, we need the following:

Assumption 2.2. There exists R > 0 such that k(x,z) < R? for any z € X.

This assumption yields an important relationship between different norms of f € H:
[flloeapry = sup (fik( a)n < sup V@, 2)|flla < RIfln-
zEsupp(px) zesupp(px)

Let (g, z) denote {(g(x),y) for z = (z,y) and 04l(g, 2) denote the gradient of I(g, z) with
respect to g € H. Combining Assumption 2.1 and 2.2 yields LR?-smoothness in H, since

(0gl(g,2) = 0gl(g" 2), 9 = 9"V = ((Ocl(g(x),y) — Oclg' (), y))k(-, x), 9 — 9 )n
< L(g(z) — ¢'(2))?
< LR*|lg - g'[%
holds for any z € X x ) and it is known as an equivalent condition of smoothness from

(2.7). Under these assumptions, the convergence rate of the expected point in Algorithm
2.2 is derived.

Proposition 2.3 (Proposition C in [42]). Suppose Assumption 2.1, 2.2 holds. Consider

Algorithm 2.2 with n, = ﬁ and oy = % and assume ||g1|lx < (271+1/N)GR

and m; < min{1/LR? 1/2)\}. Then, it follows that

2 [ 18G?R? My(y—1)
Ela . 2 o~ B 9 .

This result shows that the expected point E[g,, ] converges to the population risk
minimizer gy at sub-linear rate. This is shown by standard arguments in analyses of SGD
and the proof is found in Appendix C.
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2.3.3 Concentration to the expected point

Next proposition shows that the random variable g, ; concentrates to its mean with an
exponentially decaying probability.

Proposition 2.4 (Proposition 2 and D in [42]). Suppose Assumption 2.1, 2.2 holds.
Consider Algorithm 2.2 with n, = ﬁ and oy = % and assume ||g1|lx <
(2y1 + 1/AN)GR and n; < min{1/LR% 1/2\}. Then, it follows that

q = N2y +T
P (17741 ~ Bzl > o) < 2600 (-5 prcea)

Here we briefly show the idea of the proof. The proof relies on the stability of SGD
and a concentration inequality for martingale differences. Let 71, ..., Z7 be i.i.d. random
variables following p and F; be a o-field generated by Zi,...,Z;. It consists a filtra-
tion since F;_1 C F; holds. Let g, be an output of Algorithm 2.2 trained on samples
Z1,...,Z7 and define

def - .
Dy = E[9T+1|]:t] - E[9T+1|]:t—1]

for 1 <t <T. Then we have

T
9r41 — Elgr] = Z D, (2.8)

t=1
and D1, ..., Dy consists a martingale difference sequence, that is,

e D, is Fy-measurable,
L] E[Dt‘./_‘.tfl] = 0.

We utilize the following concentration inequality to obtain a probabilistic bound of (2.8):

Lemma 2.1 (Theorem 3.4 in [45] ). Let Dy,..., Dy be a martingale difference sequence

taking values in H. Assume that there exists cp > 0 such that 23:1 | D2, < c%, where
ID¢|loc s a essential supremum of || D¢||. Then for any € > 0, we have

2
>e| <2exp <—2> .
2ct
H

The bound on ¢z is obtained in the following manner. Let Z; be a random variable
following p which is independent from Zi,...,Zr and g4, be an output of Algorithm
2.2 depending on (Z1,...,Zt—1,2Z;, Zt41, ..., Z7). Then we have

s
Dy
t=1

IP’[ sup

1<s<T

E[§%+1|ft] = E[gr41|Fi-1]

and

[ Dtlloo = IE[G741|Ft] — Elgri1 | Fi-1]llo
= |E[g711 —gtT+1|-7:t]Hoo
< E[gri1 — TryilloolFe]

= [|gry1 — ?Ef+1 oo
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Fig. 2.4: Convergence of gp_ 4.

Thus, if ||gpy1 — G4 l% is uniformly bounded over Zy,..., Zy, Z] for all 1 <t < T, the
existence of c¢p can be shown. To show the concentration with respect to 7', it is essential
for e to be an decreasing function of 7'. Indeed, we can derive c¢p on the order of 1/ VT
by utilizing a stability of SGD on strongly convex objectives. The full proof is found in
Appendix C.

We note that similar arguments about generalization analysis using a stability of a
learning algorithm is discussed in [55] and that of SGD is also derived in [27] for another
purpose. Intuitively, if an output of an algorithm has small deviation when one of training
samples are replaced with another one, it means that the output generalizes well. The
main characteristic of these arguments is that it does not depend on a complexity of a

hypothesis class, which is necessary for analyses based on the uniform convergence (e.g.,
[54]).

Remark. We could derive ¢y in Lemma 2.1 in a similar manner even if the objective
function is not strongly convex. However the resulting cr is increasing in 7" in the absence
of strong convexity [27], so the meaningful convergence cannot be obtained. This is the
reason why we deal with the regularization term in the objective (2.5).

2.4 Positioning of the Thesis

One of the main purposes of the thesis is to show the effectiveness of SGD in terms of the
convergence speed of the excess classification error. Since the convergence of the expected
risk derived from Proposition 2.3 is O(1/y/T), straightforward analysis introduced in
Section 2.1 yields equal or slower rate than O(1/v/T) of the excess classification error.
Despite this fact, recent studies [43, 42] have shown that the exponential convergence of
the excess classification error is achieved by SGD under the strong low noise condition.
The main idea behind their proof is analyzing the convergence of the excess classification
error not via the convergence of the excess risk (as introduced in Section 2.1), but via
the convergence of the hypothesis, which is described in Proposition 2.3 and Proposition
2.4. This idea is originally used in the classical analysis of the classification problem
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[6], which showed that the ERM classifier achieves the fast convergence of the excess
classification error under the low noise condition. Utilizing these ideas, we demonstrate
a fast convergence of the excess classification under the low noise condition in Section 3.
The relation to the previous results is shown in Table 2.1.

Low noise | Strong low noise
ERM (63, 6] (31, 6]
SGD | Chapter 3 [43, 42]

Table 2.1: Previous research about classification problems.

From practical perspectives, the original kernel methods require O(n?) time and O(n)
space complexity even if applying SGD as an optimization method. Thus, in many situa-
tions, we do not deal with the original RKHS. In Section 4, we consider applying random
features [47], which is the most widely adopted kernel approximation method. Combining
that with SGD yields O(nM) time and O(M) space complexity, where M denotes the
number of features, that is, the dimension of kernel approximation. Thus it is frequently
applied in practical large-scale learning problems where n is very large. From a theoreti-
cal perspective, there is a trade-off between the error induced by the approximation and
its computational cost and it has been shown that random features actually reduce com-
putational cost in a regression setting [16]. In particular, they showed that O(y/nlogn)
features are sufficient to achieve the ordinal O(1/4/n) learning rate of the expected risk.
However, for classification setting, it has only been shown that O(n) features are required
to achieve O(1/4/n) rate of the expected risk, which means computational gain comes at
expense of the approximation accuracy. In Section 4, we show that if we consider the
convergence of the excess classification error, the constant number of features is sufficient
to achieve the exponential convergence under the strong low noise condition. The relation
to the previous research about SGD on RKHS is shown in Table 2.2.

Original RKHS | Random features
Regression [22, 44] [16]

Classification
(strong low noise) [43, 42] Chapter 4

Table 2.2: Previous research about SGD and random features.
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Chapter 3

Stochastic Gradient Descent under Low
Noise Condition

3.1 Motivation

In this study, we consider optimizing binary classification problems on RKHS using
stochastic gradient descent (SGD). As introduced in Section 2.1, the final objective of
classification problems is to minimize expected classification errors and we usually do
that by optimizing the convex surrogate loss instead of 0-1 loss. Such an approximation
is theoretically justified by the consistency property [10, 66] and this property is satisfied
for many practically used loss functions.

When one considers convergence rates of excess classification errors, it can be simply
derived from those of excess risks and it can be accelerated by assuming the low noise
condition as discussed in Section 2.1. However, the resulting convergence rates of excess
classification errors are generally slower than those of the excess risks as shown in (2.4).
Since the optimal convergence rates of excess risks are known to O(1/v/T) and O(1/T),
where T denotes the number of iterations, for convex and strongly convex objectives
respectively [1, 39], it means that the convergence of excess classification errors cannot be
faster than these rates in general.

In [6], it is shown that using empirical risk minimization (ERM) under the low noise
condition and additional assumptions, the convergence rates of excess classification errors
can be faster than those of excess risks and can be super-fast, that is, faster than O(1/n)
where n denotes the sample size. However, these results are somewhat inadequate to
explain the practical success of SGD and it remains unclear such a fast convergence can
be achieved by SGD.

Recently, it has been shown that SGD on RKHS achieves the exponential convergence
rate of excess classification errors in the latter half of the training by assuming the strong
low noise condition holds. In particular, [43] showed that for squared loss function and
[42] extended that to general smooth loss functions including logistic loss. However, the
strong low noise condition is somewhat restrictive, since it does not permit a conditional
probability on any sample to stay around 1/2.

Contributions. In this study, we extend the results in [42] and show that the super-fast
convergence rates of excess classification errors are actually achieved by SGD under the
general (not strong) low noise condition when optimizing general smooth loss functions.
Also, our fast rates hold for all iterations T unlike the exponential rates under the strong
low noise condition, where such fast convergence starts from the middle of the training.
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Chapter organization. This chapter is organized as follows. In Section 3.2, the problem
setting of binary classification and the algorithm of SGD treated in this study are briefly
reviewed. In Section 3.3, we present our primary result describing the fast convergence
rate of the classification error under the low noise condition. Next, a more concrete
condition that is required to derive fast convergence is investigated in Section 3.4.

3.2 Problem Setting

In this section, we briefly describe a problem setting and assumptions for the binary
classification. Let X and ) = {—1,1} be a feature space and the set of binary labels,
respectively; p denotes a probability measure on X x ), by py the marginal distribution
on X, and by p(-|X) the conditional distribution on Y, where (X,Y) ~ p.

As introduced in Chapter 2, our final objective is to minimize the expected classification
error R(g) defined below amongst all measurable functions:

R(9) = E(x,v)~p [I(sgn(9(X)), Y], (3.1)

where sgn(x) = 1 if z > 0 and —1 otherwise, and I represents 0-1 loss:

I e

By definition, g(z) = E[Y|z] = 2p(1|x) — 1 minimizes R. However, directly minimizing
(3.1) to obtain the Bayes classifier is intractable because of its non-convexity. Thus, we
generally use the convex surrogate loss [((,y) instead of the 0-1 loss and minimize the
expected risk L(g) of :

L(g) = E(x,y)~p [[(9(X),Y)]. (3-2)

In general, the loss function [ has a form [({, y) = ¢(Cy) where ¢ : R — R is a non-negative
convex function. The typical examples are logistic loss, where ¢(v) = log(1 + exp(—v))
and hinge loss, where ¢(v) = max{0,1 — v}. Minimizing the expected risk (3.2) ensures
minimizing the expected classification error (3.1) if [ is classification-calibrated [10], which
has been proven for several practically implemented losses including hinge loss and logistic
loss.

As in Chapter 2, we consider a reproducing kernel Hilbert space (RKHS) H associated
with a positive definite kernel function k& : X x X — R as the hypothesis space. Recall
that it satisfies f(z) = (f, k(-,x))» holds for all f € H and = € X, where (-,-)% denotes
the inner product of H. In addition, let || - ||y denote the norm of H induced by the inner
product. Under these settings, we attempt to solve the following minimization problem:

. def A 2
L =L — . 3.3
win { £2(0)  £00) + ol (3.3
We consider solving the objective (3.3) using averaged stochastic gradient descent, which
is described in Algorithm 3.1. Recall that a stochastic gradient of £y at g € ‘H on sample
Z = (X,Y) € X x ) is given as follows:

Gx(9,Z) © 8cl(g(X), Y)k(-, X) + Ag.
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As introduced in Section 2.2.2, we consider the following learning rates n; and averaging
weights o

2y +t—1) 2
2+ DT +1) TN+

ap =

where v > 0 is an offset parameter for the time index.

Algorithm 3.1 Averaged Stochastic Gradient Descent (ASGD)

Input: regularization parameter A, number of iterations 7', learning rates {n;}1_,, aver-
aging weights {oy }7 b
Output: classifier g,
Initialize g1 € H
fort=1,...,T do
Randomly draw a sample z; = (¢, y;) ~ p
gi+1 < 9t — MG (g1, 2t)
end for

_ T+1
return gp . => 2, g

To ensure the convergence of SGD, we make several assumptions. First, we impose the
smoothness of loss functions and boundedness of kernel functions as introduced in Section
2.3.

Assumption 3.1. [(-,y) is convez, differentiable, G-Lipschitz continuous and L-Lipschitz
smooth. That is, for any (,{' €R andy € ),

0¢1(¢, y)| < G,
10cU(C,y) — OIS’ y) < LIC = ¢'].
Assumption 3.2. There exists R > 0 such that k(x,z) < R? for any z € X.

To characterize the Bayes rule (the minimizer of £), we impose several assumptions on
¢. Recall the definition of the link function, which connects the hypothesis space and the
probability measure:

he(p) = argmin (o() + (1~ p)a(~a)}.

In addition, its corresponding value is denoted by [:
L(p) = min {pd(a) + (1 — p)o(-a)}.
Although h, (@) may not be uniquely determined nor well-defined in general, the following

assumption ensures these properties.

Assumption 3.3. p(1|X) takes values in (0,1), px-almost surely; ¢ is differentiable and
h. is well-defined, L’'-Lipschitz continuous, differentiable, monotonically increasing, and
invertible over (0,1). Moreover, it follows that

sgn(p — 1/2) = sgn(h(u)).

As introduced in Section 2.1, for logistic loss we have h, () = log(u/(1 — p)) and the
above condition is satisfied with L’ = 4. Since it is known that [, is a concave function, we
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introduce Bregman divergence for concave function [, to ensure the uniqueness of Bayes
rule g, of L:

d. (m1,m2) = —le(m2) + L(n) + (1) (2 — m).

Assumption 3.4. Bregman divergence d;, derived by l, is positive, that is, d;, (n1,m2) =0
if and only if g1 = 1. For the expected risk L, a unique Bayes rule g. (up to zero measure
sets) exists in H.

For logistic loss, we have shown in Section 2.1 that d;, coincides with Kullbuck-Leibler
divergence, and thus, the positivity of the divergence holds. Here recall that if ¢ is
differentiable and h, is differentiable and invertible, the excess risk can be expressed
using d;, from Proposition 2.2:

L(g) = L(g+) = Ex[di, (h7 (9(X)), p(1]X))].

Thus combining Assumptions 3.3 and 3.4 implies that Bayes rule g, is equal to h.(p(1]|X)),
px-almost surely and contained in the original RKHS H.
The next is the low noise condition on sample distribution introduced in Section 2.1.

Assumption 3.5. The probability distribution p satisfies the low noise condition. That
18, there exists C1,a > 0 such that the following inequality holds for all § > 0:

Pllp(Y = 1)X) — 1/2| < ] < C15°.

Finally, we characterize the induced bias by the regularization parameter A on generated
hypothesis g defined as follows:

g def argmin £ (g).
geEH

Assumption 3.6. There exists Cy, k > 0 such that the following inequality holds for all
A>0:
lgx — gullLoe(@pr) < CoA”.

Although it can be shown that arbitrary small bias is achieved with sufficiently small
regularization parameter A\ (Proposition 3.1), generally it is difficult to show such a con-
vergence has a order parameter k. We investigate the several sufficient condition to satisfy
Assumption 3.6 in Section 3.4.

3.3 Main Results

Here we present our main result, which shows that the convergence rate of the excess

classification errors can be faster by assuming the low noise condition.

Theorem 3.1. Suppose Assumption 3.1-3.6 holds. Consider Algorithm 4.1 with A =
1

(288C2_2G2R4) 2 T_ﬁ, n = ﬁ and oy = % where 7y is a positive value

such that || g1l < (2m+1/A)GR and n; < min{1/LR? 1/2\}. Then there exists constant

C > 0 such that the following inequality holds:

(a+1)r

E [R(Gr.1)] — Rg.) < CT™ #v2n .

Proof is found in Appendix D. We can see that when o > 1 + 2/k, the resulting
convergence rate is faster than 1/7 (super fast rate). Note that the convergence rates
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derived by the one of excess risk is the following form (Theorem 10 in [10]):

C(Rlg) ~ R4 (W) < L(g) - L.,

where 1 is a transform function defined in Section 2.1. As discussed in Section 2.1, the
obtained convergence rate of excess classification errors from the above inequality does
not be faster than the one of excess risk even if we set o to oco. Thus this never gives a rate
faster than 1/T since the convergence of right hand side is slower than 1/7" in general.

We also note that derived fast rate under low noise condition is valid for all T" > 1,
whereas under the strong low noise condition, the exponential convergence only occurs in
the final phase of learning [42, 43].

3.4 Dependence on Regularization Parameter

In this section, we consider a sufficient condition to satisfy Assumption 3.6 and discuss
its validity. First we describe a result from [42], which provides the consistency of g, as
A goes to 0.

Proposition 3.1 (Proposition A in [42]). Suppose Assumption 3.2, 3.5, 3.6 hold. Then,
for any € there exists sufficiently small X > 0 such that ||gx — g«|| Lo (dpr) < €.

Although g, converges to g, as A — 0 as shown in above, specifying its convergence rate
is difficult in general. To derive its rate, first we need the local strong convexity, which is
a strong convexity on a arbitrary compact set.

Assumption 3.7. ¢ : R — R is u(U)-strongly convex on a bounded set [-U,U] C R, i.e.,

8() - 662) — 9@ 6~ ) > PO - o

holds for any (1,(s € [-U, U].

For logistic loss, we have ¢” (&) = ﬁ and thus Assumption 3.7 is satisfied with

2+
w(U) = W Furthermore, to ensure the convergence in terms of L°-norm, we

impose the norm condition on RKHS H.

Assumption 3.8. There exists 0 < p < 1, and a constant C3 > 0 depends on 0 < § <1
that satisfies, for any f € H,

1—
£ = tapn) < Cal PN N L2 (ap)-

This condition is common in the analysis of kernel methods ([59, 35]) and has an
important relation to interpolation spaces, see Proposition B.1. If k£ is Gaussian kernel
and py has a density with respect to Lebesgue measure which is uniformly bounded from
0 and oo, Theorem 4.2 in Chapter 4 shows that it holds with any 0 < p < 1.

Theorem 3.2. Suppose Assumption 3.2, 8.7 and 3.8 holds. Then it holds that

)\ 2
I 2o (dpac) sllo-l \ 3R oo

Thus Assumption 3.6 is satisfied with k = 1_7}’ .

Proof is found in Appendix D. Applying these results to Theorem 3.1, we obtain the
following result.
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p(1]x) p(1]x)

density of py density of py-
(a) (b)

Fig. 3.1: Two different situations of the low noise condition.

Corollary 3.1. Suppose Assumption 3.1-3.5, 3.7 and 3.8 holds. Consider Algorithm 4.1
with \ ~ T_ﬁ, N = ﬁ and oy = % where v is a positive value such that
g1l < (2m + 1/N)GR and n; < min{1/LR? 1/2)\}. Then there exists constant C > 0
such that the following inequality holds:

(e+1)(1—p)

E [R@Tﬂ)] —R(gs) < CT™ o2

Remark. There are two cases that satisfies the low noise condition as shown in Figure
3.1. If we assume that the conditional probability p(1|z) is smooth, the density of pyx must
be vanished around the point where p(1|x) crosses the level 1/2 (a). On the other hand,
if we assume py has a density which is uniformly bounded away from 0, the conditional
probability p(1|z) must take off the level 1/2 abruptly (b). Thus, when we consider this
density condition to satisfy Assumption 3.8, the regression objective p(1|x) becomes to be
less likely to be contained in RKHS. In the case where H is a function class with S-Holder
smoothness, [6] shows the trade-off of smoothness parameter 5 and low noise parameter
o

Proposition 3.2 (Proposition 3.4 in [6]). Suppose px has a density with respect to
Lebesgue measure which is uniformly bounded away from 0 and oo and p(1|-) is 5-Hélder
smooth. In addition, suppose Assumption 3.6 is satisfied with o such that min{o, oS} > 1.
Then p(1|-) cannot crosses the level 1/2 in the interior of the support of px.

We note that there exists a distribution which satisfy the above condition but never
crosses the level 1/2. Example of such distribution p is given in [6], such as the one with
px is the uniform distribution on a ball centered at 0 in R? and p(1|z) = 1/2—C||z||? with
an appropriate C' > 0. In this case, p(1|-) belongs to S-Holder class with arbitrary large
B and Assumption 3.5 is satisfied with o = d/2. Further investigation about the trade-off
between norm condition (Assumption 3.8) and the low noise condition (Assumption 3.5)
is an important future work.
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3.5 Conclusion

In this study, we show that the convergence of the expected classification errors faster than
O(1/n) is achievable with SGD under such a condition. This result is rather surprising,
since it is known that the optimal convergence rates of the expected risk is known to
O(1/y/n) or O(1/n). Additionally, since we need additional assumptions to derive such
fast rates, we investigate sufficient conditions to satisfy these assumptions and discuss
trade offs between assumptions.

The primal future direction is further investigations and characterizations of such trade
offs. Additionally, it could also be interesting to explore the convergence speed of more
sophisticated variants of SGD, such as stochastic accelerated methods and stochastic
variance reduced methods [52, 30, 20, 2].
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Chapter 4

Learning with SGD and Random
Features under Strong Low Noise
Condition

4.1 Motivation

Kernel methods are commonly used to solve a wide range of problems in machine learn-
ing, as they provide flexible non-parametric modeling techniques and come with well-
established theories about their statistical properties [15, 59, 35]. However, computing
estimators in kernel methods can be prohibitively expensive in terms of memory require-
ments for large datasets.

There are two popular approaches to scaling up kernel methods. The first is sketching,
which reduces data-dimensionality by random projections. A random features method
[47] is a representative, which approximates a reproducing kernel Hilbert space (RKHS)
by a finite-dimensional space in a data-independent manner. The second is stochastic
gradient descent (SGD), which allows data points to be processed individually in each
iteration to calculate gradients. Both of these methods are quite effective in reducing
memory requirements and are widely used in practical tasks.

For the theoretical properties of random features, several studies have investigated the
approximation quality of kernel functions [57, 61, 62], but only a few have considered the
generalization properties of learning with random features. For the regression problem,
its generalization properties in ERM and SGD settings, respectively, have been studied
extensively in [50] and [16]. In particular, they showed that O(y/nlogn) features are suffi-
cient to achieve the usual O(1/4/n) learning rate, indicating that there is a computational
benefit to using random features.

However, it remains unclear whether or not it is computationally efficient for other
tasks. In [48], the generalization properties were studied with Lipschitz loss functions
under /.-constraint in hypothesis space, and it was shown that O(nlogn) features are
required for O(1/4/n) learning bounds. Also, in [33], learning with Lipschitz loss and
standard regularization was considered instead of {.-constraint, and similar results were
attained. Both results suggest that computational gains come at the expense of learning
accuracy if one considers general loss functions.

In this study, learning classification problems with random features and SGD are con-
sidered, and the generalization property is analyzed in terms of the classification error.
Recently, it was shown that the convergence rate of the excess classification error can be
made exponentially faster by assuming the strong low-noise condition [63, 31] that condi-
tional label probabilities are uniformly bounded away from 1/2 [43, 42]. We extend these
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analyses to a random features setting to show that the exponential convergence is achieved
if a sufficient number of features are sampled. Unlike when considering the convergence
of loss function, the resulting convergence rate of the classification error is independent of
the number of features. In other words, an arbitrary small classification error is achievable
as long as there is a sufficient number of random features. So our result suggests that
there is indeed a computational benefit to use random features in classification problems
under the strong low-noise condition.

Remark. Although several studies consider the optimal sampling distributions of features
in terms of the worst-case error [9, 7, 33|, we do not explore this direction and treat the
original random features algorithm because these distributions are generally intractable
or require much computational cost to sample [9]. Note that for the case of Gaussian
kernel, a constant time sampling algorithm from the optimized distribution is proposed
in [7], but their proposed distribution depends on the sample size n and the goal of their
analysis is a good approximation of a gram matrix on given data points. In contrast
to this, in our one-pass SGD setting, the sample size cannot be determined beforehand
and SGD is aimed to optimize a population risk, not an empirical risk, so we cannot
apply this distribution directly. Moreover, there is still a gap to apply those analysis to
general kernel functions because they utilized the exponential decaying property about
eigenvalues of Gaussian kernel.

In addition, we should refer to Nystrom method [64], which is also a popular method to
scale up kernel methods. In contrast to random features, Nystrom method approximates
kernel function in data-dependent way. As a result, similar to calculating an optimized
sampling distribution on random features, Nystrom method also requires data points
before actual training starts and needs O(nM) memory, which is more expensive than
O(M) in random features. These are reasons why we dealt with original algorithm of
random features in this study.

Contributions. Our contributions are twofold. First, we analyze the error induced by
the approximation of random features in terms of the distance between the generated
hypothesis including population risk minimizers and empirical risk minimizers when using
general Lipschitz loss functions. Our results can be framed as an extension of the analysis
in [17, 61], which analyzed the error in terms of the distance between empirical risk
minimizers when using a hinge loss.

Second, using the above result, we prove that the exponential convergence rate of the
excess classification error under the strong low-noise condition is achieved if a sufficient
number of features are sampled. Based on this, we show that there is a significant com-
putational gain in using random features rather than a full kernel method for obtaining a
relatively small classification error.

Chapter organization. This chapter is organized as follows. In Section 4.2, the algo-
rithm of random features and SGD treated in this study are briefly reviewed. In Section
4.3, an error analysis of the generated hypothesis using random features is presented, after
which a more sophisticated analysis is given for the case of a Gaussian kernel. Our pri-
mary result describing the exponential convergence rate of the classification error is given
in Section 4.4. Finally, numerical experiments using synthetic datasets are presented in
Section 4.5.
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4.2  Problem Setting

In this section, we provide notations to describe a problem setting and assumptions for
the binary classification and kernel method treated in this study.

4.2.1 Binary Classification Problem

Let X and ) = {—1,1} be a feature space and the set of binary labels, respectively; p
denotes a probability measure on X x ), by py the marginal distribution on X, and by
p(:|X) the conditional distribution on Y, where (X,Y) ~ p.

In the classification problem, our final objective is to choose a discriminant function
g : X = R such that the sign of g(X) is an accurate prediction of Y. Therefore, we intend
to minimize the expected classification error R(g) defined below amongst all measurable
functions:

R(9) = E(x,y)~p [ (sgn(9(X)), Y], (4.1)

where sgn(z) = 1 if z > 0 and —1 otherwise, and I represents 0-1 loss:

I(y,y') = {(1) EZ i z:;

By definition, g(z) = E[Y|z] = 2p(1|x) — 1 minimizes R. However, directly minimizing
(4.1) to obtain the Bayes classifier is intractable because of its non-convexity. Thus, we
generally use the convex surrogate loss [((,y) instead of the 0-1 loss and minimize the
expected risk L(g) of I:

L(g) = Ex,y)~p [[(9(X),Y)]. (4.2)

In general, the loss function [ has a form [({,y) = ¢((y) where ¢ : R — R is a non-negative
convex function. The typical examples are logistic loss, where ¢(v) = log(1 + exp(—v))
and hinge loss, where ¢(v) = max{0,1 — v}. Minimizing the expected risk (4.2) ensures
minimizing the expected classification (4.1) if [ is classification-calibrated [10], which has
been proven for several practically implemented losses including hinge loss and logistic
loss.

4.2.2 Kernel Methods and Random Features

In this study, we consider a reproducing kernel Hilbert space (RKHS) # associated with
a positive definite kernel function k : X X X — R as the hypothesis space. It is known [3]
that a positive definite kernel k uniquely defines its RKHS H such that the reproducing
property f(xz) = (f,k(-,x))y holds for all f € H and = € X, where (-,-)3 denotes the
inner product of H. Let ||- || denote the norm of A induced by the inner product. Under
these settings, we attempt to solve the following minimization problem:

. A
min L(g) + 5 llgllz (4.3)

where A > 0 is a regularization parameter.
However, because solving the original problem (4.3) is usually computationally ineffi-
cient for large-scale datasets, the approximation method is applied in practice. Random
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features [47] is a widely used method for scaling up kernel methods because of its sim-
plicity and ease of implementation. Additionally, it approximates the kernel in a data-
independent manner, making it easy to combine with SGD. In random features, a kernel
function k is assumed to have the following expansion in some space ) with a probability
measure 7 and a feature function ¢ : & x Q — C:

k(. y) = /Q (2, ) (G, D) (). (4.4)

The main idea behind random features is to approximate the integral (4.4) by its Monte-
Carlo estimate:

ivid.
En(z,y) = Zgo z,wi)o(y,w;), w; ~ T (4.5)

For example, if k is a shift invariant kernel, by Bochner’s theorem (Proposition A.2), the
expansion (4.4) is achieved with ¢(z,w) = C’ e’ where C' is a normalization constant.
Then, the approximation (4.5) is called random Fourier features [47], which is the most
widely used variant of random features.

We denote the RKHS associate with k£ and kj; by H and H s, respectively. These spaces
then admit the following explicit representation [9, 8]:

H={ [ setware) ’ pe an},
o)

We note that the approximation space Hjas is not necessarily contained in the original
space H. For g € H and h € H s, the following RKHS norm relations hold:

||g||H:inf{|muLz<dT>\ - [ s, w)dT(w)},
=y A

> i)

[12fl3¢,, = inf {Ilﬁllz

As a result, the problem (4.3) in the approximation space H ;s is reduced to the following
generalized linear model:

min, (57 6r) + 313 (1.6

BERM

where ¢y is a feature vector:

drr = jﬂm-,wl), o)

In this paper, we consider solving the problem (4.6) using the averaged SGD. The details
are discussed in the following section.
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4.2.3 Averaged Stochastic Gradient Descent

SGD is the most popular method to solve large scale learning problems. In this section,
we discuss a specific form of SGD following Section 2.2.2. For the optimization problem
(4.6), its gradient with respect to f3 is given as follows:

E [0:1(8" dar(X), Y)onr (X) + NG,

where O¢ is a partial derivative with respect to the first variable of I. Thus, the stochastic
gradient with respect to 3 is given by 9:L(8" dar(X),Y)prr(X) + AB. We note that the
update on the 8 parameter corresponds to the update on the function space H,; instead
on H as introduced in Section 2.2.2, because a gradient on H ;s is given by

E [0(8T 6a1(X),Y)onr(X) + A8] s

The algorithm of random features and averaged SGD is described in Algorithm 4.1.

Algorithm 4.1 Random Features + SGD

Input: number of features M, regularization parameter \, number of iterations 7', learn-
ing rates {n;}1_,, averaging weights {a;}; '
Output: classifier g,
Randomly draw feature variables wq,...,wp ~ 7
Initialize 8, € RM
fort=1,...,7 do
Randomly draw samples (z¢,y:) ~ p
Bey1 < Be —n (8Cl(6tT¢M(xt>ayt)¢M($t) + /\515)
end for

o) T+1
/8T+1 = Zt:1 o By

_ —T
return gr = Br 1 0m

As introduced in Section 2.2.2, we set the learning rate and the averaging weight as

follows:
2 2(vy+t—-1)

RO N R [

where v is an offset parameter for the time index. We note that an averaged iterate 3,
can be updated iteratively as follows:

Bl - /817

- - 2(y + 1)
=(1-460 + 6 , = ——"—.
Pror = (1= 00)8, +6:Beer, 0 (t+1)(2y+1t)

Using this formula, we can compute the averaged output without storing all internal

iterate (3;)71".

4.2.4 Computational Complexity

If we assume the evaluation of a feature map ¢(z,w) to have a constant cost, one iteration
in Algorithm 4.1 requires O(M) operations. As a result, one pass SGD on n samples
requires O(Mn) computational time. On the other hand, the full kernel method without
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approximation requires O(n) computations per iteration; thus, the overall computation
time is O(n?), which is much more expensive than random features.

For the memory requirements, random features needs to store M coeflicients, and it
does not depend on the sample size n. On the other hand, we have to store n coefficients
in the full kernel method, so it is also advantageous to use random features in large-scale
learning problems.

4.3 Error Analysis of Random Features

Our primary purpose here is to bound the distance between the hypothesis generated
by solving the problems in each space H and H ;. Population risk minimizers in spaces
H,H s are defined as below:

. A
o = arguin (£(9) + o1 ).
geEH

) A
g = angmin (£09) + 5ol ).
gEH M
The uniqueness of minimizers is guaranteed by the regularization term.
First, the L (dpy)-norm is bound between gy and gasx when the loss function [(-,y)
is Lipschitz continuous. Then, a more concrete analysis is provided when k is a Gaussian
kernel.

4.3.1 Error analysis for population risk minimizers

Before beginning the error analysis, some assumptions about the loss function and kernel
function are imposed.

Assumption 4.1. [(-,y) is convex and G-Lipscitz continuous, that is, there ezxists G > 0
such that for any (,{' € R andy € ),

This assumption implies G-Lipschitzness of £ with respect to the L?(dpx) norm, be-
cause

L(g) — L(W)| < G / l9(x) — h(x)|dpa ()
< Gllg = hlr2(dp)

for any g, h € L?(dpx). For several practically used losses, such as logistic loss or hinge
loss, this assumption is satisfied with G = 1.

To control continuity and boundedness of the induced kernel, the following assumptions
are required:

Assumption 4.2. The function ¢ is continuous and there exists R > 0 such that
lo(xz,w)| < R for any x € X,w € Q.

If k£ is Gaussian and ¢ is its random Fourier features, it is satisfied with R = 1. This
assumption implies sup, ,cy k(z,y) < R?sup, ,cx ku(z,y) < R? and it leads to an
important relationship R - ||z > || - [[oe (x)s BRIl - 1220 = || - [l o0 (x)-

For the two given kernels k& and ks, k + kas is also a positive definite kernel, and its
RKHS includes H and Hjps. The last assumption imposes a specific norm relationship in
its combined RKHS of H and H ;.
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Assumption 4.3. Let 7—[;(4 be RKHS with the kernel function k + ky;. Then there exists
0<p<1,and a constant C(§) > 0 depends on 0 < § < 1 that satisfies, for any f € H},,

£l < CONFIE 171720

with probability at least 1 — 4.

For a fixed kernel function, the Assumption 4.3 is a commonly used condition in an
analysis of kernel methods [59, 35]. It is satisfied, for example, that the eigenfunctions of
the kernel are uniformly bounded and the eigenvalues {y;}; decay at the rate i~/ [35].
In Theorem 4.2, specific p and C(9) that satisfy the condition for the case of a Gaussian
kernel and its random Fourier features approximation are derived.

Here, we introduce our primary result, which bounds the distance between gy and gas,x
in terms of L>°(dpx)-norm. The complete statement, including proof and all constants,
are found in Appendix E.

Theorem 4.1 (Simplified.). Under Assumption 4.1-4.3, with probability at least 1 — 2§
with respect to the sampling of features, the following inequality holds:

R* log?
lgx — gl (@pr) S (M

min{(1-p)/4,1/8}
C(6)RG*[lg. I
A4 '
The resulting error rate is O(M ~ ™t =7/4%/5}) Tt can be easily shown that a consistent
error rate of O(M~"/#) is seen for L?(dpx)-norm without Assumption 4.3.

Comparison to previous results. In [17, 61], the distance between empirical risk
minimizers of SVM (i.e., [ is hinge loss) were studied in terms of the error induced by Gram
matrices. Considering K and Kj; to be Gram matrices of kernel k and kjs, respectively,
they showed that [|gx—garall Lo (dpr) S O(HK—KMHE,/S), where ||-||op is an operator norm,
defined in Chapter 1. Because the Gram matrix can be considered as the integral operator
on the empirical measure, we can apply Lemma A.1 and obtain || K — K p|lop < O(M™Y2),
so the resulting rate is O(M ~"®). This coincides with our result, because when py is an
empirical measure, Assumption 3 holds with p = 0. From this perspective, our result is
an extension of these previous results, because we treat the more general Lipschitz loss
function [ and general measure py including empirical measure.

In [50, 16], the case of squared loss was studied. In particular, in Lemma 8 of [50], the L?
distance between gy and gy is shown as O(M~1/2) (without decreasing \). While this
is a better rate than ours, our theory covers a wider class of loss functions, and a similar
phenomenon is observed in the case of empirical risk minimizers for the squared loss and
hinge loss [17].

In [9], approximations of functions in H by functions in H »; were considered, but this result
cannot be applied here because gas,x is not the function closest to gy in Hs. Finally, we
note that our result cannot be obtained from the approximation analysis of Lipschitz loss
functions [48, 33], where the rate was shown to be O(M ~'/2) under several assumptions,
because the closeness of the loss values does not imply that of the hypothesis.

4.3.2 Further analysis for Gaussian kernels

The following theorem shows that if k£ is a Gaussian kernel and k), is its random Fourier
features approximation, then the norm condition in Assumption 4.3 is satisfied for any
0<p<l
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Theorem 4.2. Assume supp(px) C R? is a bounded set and px has a density with respect
to Lebesgue measure, which is uniformly bounded away from 0 and oo on supp(px). Let k
be a Gaussian kernel and H be its RKHS; then, for any m > d/2, there exists a constant
Cm.,a > 0 such that

d/2m 1—d/a2m
£l oy < Comall FIZ™ 1l (4.7)

for any f € H. Also, for any M > 1, let ky; be a random Fourier features approximation
of k with M features and H]J\r/[ be a RKHS of k+ kas. Then, with probability at least 1 — 9§
with respect to a sampling of features,

d/4m
1 d/2m l—d/Qm
11l (o) < Crmna (1 T 5) T P v (4.8)

for any f € H},.

We note that the norm relation of the Gaussian RKHS (4.7) is a known result in [59]
and our analysis extends this to the combined RKHS H},. The proof is based on the
following fact:

Let us denote supp(px) by X”. First, from [59] we have

m d
[L2(X), W (X)) gy = BEC(X)

and there exists a constant C; > 0 such that

d/o2m 1—d/2m

I Itz wm@n), o, < Cl”va/vw(X/)Hf”L?(;f/)’
where W™ (X') and Bg ,/12(2\’ ") denote Sobolev and Besov space, respectively, and [E, Flg ,
denotes real interpolation of Banach spaces E and F' (see [58]). Also, by Sobolev’s em-

bedding theorem for Besov space, Bg’/f(ét' '} can be continuously embedded in L>°(X’).
Finally, from the condition on py, there exists a constant Cs > 0 such that

1 2o (dpx) = Il Loo )
1l 22@apr) = CollfllLzcar)-

Therefore, if it can be shown that RKHS #}, is continuously embedded in W™ (X’), the
norm relation (4.8) holds. The complete proof is found in Appendix E.

Remark. Although we consider k as Gaussian, the statement itself holds if the probability
measure 7 has finite every order moments (see proof in Appendix E). In particular, for a
shift-invariant kernel k, if ¢)(x — y) = k(x,y) belongs to the Schwartz class (including the
case of a Gaussian kernel), 7 (Fourier transform of 1)) also belongs to it, indicating that
every moment is finite from the property of the Schwartz class [65] and the statement of
Theorem 4.2 holds.

Using this theorem, it can be shown that in the case of a Gaussian kernel and its
random Fourier features approximation, Assumption 4.3 is satisfied with p = 1/2 and
C(6) = Cy (1 +1/6)"/4, and the resulting rate in Theorem 4.1 is O(M~"/®).

4.4 Main Results

In this section, we show that learning classification problems with SGD and random
features achieve the exponential convergence of the expected classification error under
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certain conditions. Before providing our results, several assumptions are imposed on the
classification problems and loss function.
The first is the smoothness of the loss function.

Assumption 4.4. [(-,y) is differentiable and L-Lipschitz smooth. That is, for any (,¢" €
R andy e ),

10c1(¢, y) = Ocl(¢",y)| < LIC = (.

This yields LR?-smoothness of [ with respect to || - ||%,, norm from the same arguments
as Section 2.3. The second is the margin condition on the conditional label probability,
which is introduced in Section 2.1.

Assumption 4.5. The strong low-noise condition holds:
36 € (0,1/2), [p(Y =1|z)—1/2| > (px-a.s.)

The third is the condition on the link function h, [10, 66], which connects the hypothesis
space and the probability measure:

ha(pz) = arg min {g(a) + (1 = p)é(—a)}-

Its corresponding value is denoted by [,:
1 () = min {s6(0) + (1 = p)é(—a)} .

It is known that [, is a concave function [66]. Although h.(x) may not be uniquely
determined nor well-defined in general, the following assumption ensures these properties.

Assumption 4.6. p(1|X) takes values in (0,1), px-almost surely; ¢ is differentiable
and h, is well-defined, differentiable, monotonically increasing, and invertible over (0,1).
Moreover, it follows that

sgn(p — 1/2) = sgn(hs(p)).

For logistic loss, h.(n) = log(p/(1 — p)), and the above condition is satisfied. Next,
following [66], we introduce Bregman divergence for concave function [, to ensure the
uniqueness of Bayes rule g,:

d, (11,m2) = —le(n2) + L(nu) + () (n2 —m).

Assumption 4.7. Bregman divergence d;, derived by L, is positive, that is, d;, (n1,m2) = 0
if and only if n1 = 1. For the expected risk L, a unique Bayes rule g. (up to zero measure
sets) exists in H.

For logistic loss, it is known that d;, coincides with Kullbuck-Leibler divergence, and
thus, the positivity of the divergence holds. If ¢ is differentiable and h, is differentiable
and invertible, the excess risk can be expressed using d;, [66]:

L(g) — L(gx) = Ex|dr. (hy (9(X)), p(1]X))].

So, combining Assumptions 4.6 and 4.7 implies that Bayes rule g. is equal to h.(p(1]X)),
px-almost surely and contained in the original RKHS H.
Finally, we introduce the following notation:

m(8) = max{h, (0.5 + ), |h.(0.5 — 5)[}.

Using this notation, Assumption 4.5 can be reduced to the Bayes rule condition, that is,
|g«(X)| = m(9), px-almost surely. For logistic loss, we have m(d) = log((1+20)/(1—2J)).
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Remark. As in Section 3, we can also impose Lipschitz continuity on h ! instead of
specifying m(d). However, the use of Lipschitz continuity would yield looser bounds since
h;! is generally almost flat when an input is far away from 0 and a deviations on such a
large value does not affect the corresponding probability value.

Under these assumptions and notations, the exponential convergence of the expected
classification error is shown.

Theorem 4.3. Suppose Assumptions 4.1—4.7 hold. There exists a sufficiently small X > 0
such that the following statement holds:
Taking the number of random features M that satisfies

R*log B

max ﬁ,Q
R4c4<6'>c3|g*||%¢) {72}
&

M >
~ < A3m4(0)
2(y+t—1)

Consider Algorithm 4.1 with n, = ﬁ and oy = T T T where vy is a positive value

such that ||g1]|u,, < (271 +1/AN)GR and n; < min{1/LR? 1/2)\}. Then, with probability
1 — 28, for sufficiently large T such that

oy ] 0GP (= Dllgr — gaallie, | m* ()
N2y +T) (2 +T)(T+1) = 64R2’

we have the following inequality for any t > T':

A2(2 tym?2(8
E[R(gys1) — R(E[Y|2])] < 2exp (— élz_j;G)%%( ))

The complete statement and proof are given in Appendix E. We note that although a
certain number of features are required to achieve the exponential convergence, the result-
ing rate does not depend on M. In contrast to this, when one considers the convergence
rate of the loss function, its rate depends on M in general [50, 16, 48, 33]. From this
fact, we can show that random features can save computational cost in a relatively small
classification error regime. A detailed discussion is presented below.

As a corollary, we show a simplified result when learning with random Fourier features
approximation of a Gaussian kernel and logistic loss, which can be obtained by setting
m(d) = log((1 +25)/(1 —29)), R=G =1 and L = 1/4 in Theorem 4.3 and applying
Theorem 4.2.

Corollary 4.1. Assume supp(px) C R? is a bounded set and px has a density with respect
to Lebesgue measure, which is uniformly bounded away from 0 and oo on supp(px). Let
k be a Gaussian kernel and | be logistic loss. Under Assumption 4.5-4.7, there exists a
sufficiently small A > 0 such that the following statement holds:

Taking a number of random features M that satisfies

2
~ A\ Mlog! 155 o

Consider Algorithm 4.1 with n, = ﬁ and oy = % where v 1s a positive value

such that ||g1llm,, < (2m + 1/A) and n1 < min{4,1/2\}. Then, with probability 1 — 2¢',
for a sufficiently large T such that

w36 0= Dl — g, } L log” 155
N2y +T) (2y+T)(T+1) - 64
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we have the following inequality for any t > T':

E [R(F;11) — R(E[Y]a])] < 2exp (_A (2v+1), 21+ 25) |

2129 % 195

Computational viewpoint. As shown in Theorem 4.3, once a sufficient number of fea-
tures are sampled, the convergence rate of the excess classification error does not depend
on the number of features M. This is unexpected because when considering the conver-
gence of the loss function, the approximation error induced by random features usually
remains [50, 33, 48]. Thus, to obtain the best convergence rate, we have to sample more
M as the sample size n increases.

From this fact, it can be shown that to achieve a relatively small classification error,
learning with random features is indeed more computationally efficient than learning with
a full kernel method without approximation. As shown in Section 4.2.4, if one runs SGD
in Algorithm 4.1 with more than M iterations, both the time and space computational
costs of a full kernel method exceed those of random features. In particular, if one can
achieve a classification error € such that

c SJ exp (_ 10g2max{(1+p)/(1fp),3} m(6)> ’

then the required number of iterations n exceeds the required number of features M in
Theorem 4.3, and the overall computational cost become larger in a full kernel method.
Theoretical results which suggest the efficiency of random features in terms of generaliza-
tion error have only been derived in the regression setting [50, 16]; this is the first time
the superiority of random features has been demonstrated in the classification setting.
Moreover, this result shows that an arbitrary small classification error is achievable as
long as there is a sufficient number of random features unlike the regression setting where
a required number of random features depend on the target accuracy.

4.5 Experiments

In this section, the behavior of the SGD with random features studied on synthetic
datasets is described. We considered logistic loss as a loss function, a Gaussian ker-
nel as an original kernel function, and its random Fourier features as an approxima-
tion method. Two-dimensional synthetic datasets were used, as shown in Figure 4.1.
The dataset support is composed of four parts: [—1.0, —0.1] x [-1.0, —0.1], [-1.0,—0.1] x
[0.1,1.0],]0.1,1.0] x [-1,—0.1],[0.1,1.0] x [0.1, 1.0]. For two of them, the conditional prob-
ability is p(1|X) = 0.8, and for the other two, p(1|X) = 0.2. This distribution satisfies
the strong low-noise condition with § = 0.3. For hyper-parameters, we set v = 500 and
A = 0.001. The averaged stochastic descent was run 100 times with 12,000 iterations and
the classification error and loss function were calculated on 100,000 test samples. The
average of each run is reported with standard deviations.

First, the learning curves of the expected classification error and the expected risk are
drawn when the number of features M = 1000, as shown in Figure 4.2. Our theoretical
result suggests that with sufficient features, the classification error converges exponentially
fast, whereas the loss function converges sub-linearly. We can indeed observe a much faster
decrease in the classification error (left) than in the loss function (right).

Next, we show the learning curves of the expected classification error when the number
of features are varied as M = 100, 200, 500, 1000 in Figure 4.3. We can see that the exact
convergence of the classification error is not attained with relatively few features such as
M = 100, which also coincides with our results.
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Fig. 4.1: Subsample of data used in the experiment.
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Fig. 4.2: Learning curves of the expected classification error (left) and the expected risk
(right) by averaged SGD with 1000 features.

Finally, the convergence of the classification error is compared in terms of computational
cost between the random features model with M = 500,1000 and the full kernel model
without approximation. In Figure 4.4, the learning curves are drawn with respect to
the number of parameter updates; the full kernel model requires increasing numbers of
updates in later iterations, whereas the random features model requires a constant number
of updates. It can be observed that both random features models require fewer parameter
updates to achieve the same classification error than the full kernel model for a relatively
small classification error. This implies that random features approximation is indeed
computationally efficient under a strong low-noise condition.
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46 Conclusion

This study shows that learning with SGD and random features could achieve exponential
convergence of the classification error under a strong low-noise condition. Unlike when
considering the convergence of a loss function, the resulting convergence rate of the classi-
fication error is independent of the number of features, indicating that an arbitrary small
classification error is achievable as long as there is a sufficient number of random features.
Our results suggest, for the first time, that random features is theoretically computa-
tionally efficient even for classification problems under certain settings. Our theoretical
analysis has been verified by numerical experiments.

One possible future direction is to extend our analysis to general low-noise conditions to
derive faster rates than O(1/4/n), as in [43] in the case of the squared loss. It could also be
interesting to explore the convergence speed of more sophisticated variants of SGD, such
as stochastic accelerated methods and stochastic variance reduced methods [52, 30, 20, 2].
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Chapter 5

Conclusion

5.1 Concluding Remarks

In this thesis, we have analyzed the validity of two approximation methods in binary
classification problems on RKHS under the low noise condition. The first is SGD, which
is an approximation from optimization perspectives. In Chapter 3, we showed that SGD
can achieve a faster rate than O(1/n) under the general low noise condition. It can be
seen as interpolation of recent studies [43, 42], that show the exponential convergence
under the strong low noise condition and conventional results [10, 66] that reveals the
connection between the convergence rate of loss functions and that of classification errors
under the general setting. In Chapter 4, we considered applying random features, which is
the second approximation from the modeling perspectives. We showed that the required
number of features to get an exact convergence is independent of sample size under the
strong low noise condition, thus it means there is indeed a computational benefit to apply
random features approximation. We believe these results give a better explanation of the
practical success of these widely used approximation methods.

5.2 Future Perspective

Currently, we are aware of at least three future extensions of these results. First, it is
important to consider different hypothesis spaces. Throughout this thesis, we consider
kernel methods as a learning model, whose hypothesis space is RKHS. Although these
models are general as linear estimators, it is somewhat inadequate when considering the
great success of nonlinear estimators, in particular, deep neural networks (DNN). Recent
studies have analyzed two-layer neural networks (i.e., those with one hidden layer) with
over-parametrization where the number of neurons exceeds the sample size, and revealed
the connection to kernel models [28, 23, 5]. Such an interpretation is called neural tangent
kernel (NTK) and convergence properties of gradient descent on such models have been
extensively studied for both regression and classification settings. Then one natural di-
rection is to extend our analysis on classification problems under the low noise condition
to such models optimized by SGD. These extensions may contribute to an understanding
of the superior performance of SGD on DNN.

Secondly, it is worth applying more sophisticated variants of SGD to our analysis.
Specifically, it can improve the stability of SGD with the use of variance reduction tech-
nique [30, 20, 41]. In particular, [26] considers the streaming (online) version of the
variance reduction technique and analyze its generalization properties. These analyses
may yield a better convergence of the expected classification error under the low noise
condition. Other refinements, such as acceleration [2, 37] also have the possibility to
improve the convergence.
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Lastly, investigating whether it is possible or not to derive generalization error on clas-
sification problems optimized by SGD without regularization terms is also of great signifi-
cance. Some recent studies [22, 43] shows that the optimal rates of least squares regression
on RKHS is achievable without regularization terms by using step sizes instead of reg-
ularization parameter to balance generalization and optimization errors. Although our
analysis heavily relies on the strong convexity of the objective, this extension, if possible,
may give a better explanation of the superiority of SGD.
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A

Reproducing Kernel Hilbert Space
(RKHS)

In this section, we introduce some properties of RKHS. For more thoroughly introduction,
we refer to Chapter 4 in [58] and [22].

Definition of RKHS

Firstly, we introduce a reproducing kernel Hilbert space (RKHS), which is widely adapted
in a non-parametric statistical learning. Here we define a positive definite kernel.

Definition A.1 (Positive definite kernel). k : X x X — R is called positive definite kernel
if for any finite set {z1,...,z,} C X, the n X n matriz whose (i,j) entry is k(z;,x;) is
positive semi-definite.

Example. The following kernels are positive definite:
e Polynomial kernel on X = R¢ with a integer degree parameter j > 0:
k(z1,22) = (14 27 - :vg)j
e Binomial kernel on X = {z € R? | ||z||; < 1} with a integer degree parameter j > 0:
E(zy,20) = (1 — 1 - x0) ™7

e Gaussian kernel on X = R? with a band width parameter o > 0:

kw1, 22) = exp(—|la1 — 22][3/0%)

e Laplacian kernel on X = R¢ with a band width parameter o > 0:

k(z1,22) = exp(—|lz1 — 22(2/0)
For every positive definite kernel k, a Hilbert space spanned by k is defined:

Definition A.2 (Reproducing kernel Hilbert space (RKHS)). A reproducing kernel
Hilbert space H associates with a positive definite kernel k : X x X — R is a Hilbert space
with inner product (-, Yy satisfying the following properties:

1. k(-,x) € H for any z € X.
2. f(x) = (f,k(-,x))y for any x € X and f € H.
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It is known that every positive definite kernel has a unique RKHS and every RKHS
has a unique reproducing kernel (Theorem 4.20, 4.21 in [58]). Here we introduce some
facts and theorems which is related to the thesis. The following proposition characterizes
a RKHS of sum of two kernel functions.

Proposition A.1 (RKHS of sum of kernels). Let ki, ks : X X X — R be positive definite
kernels and H1 and Ho be their associated RKHSSs, respectively. Then, ki + ko is also a
positive definite kernel and its RKHS H™ is given by

HY ={fi+f2| fr €Hi, fo € Ho}
I fllgr = inf{l fillae, + 1 fallae | £ = f1 + fo, f1 € Ha, fo € Ha}

The next proposition shows an important characteristic of shift-invariant kernels such
as Gaussian and Laplacian kernel introduced above, and it is utilized in kernel approxi-
mations by random Fourier features [47] in Chapter 4.

Proposition A.2 (Bochner’s theorem [65]). Let k : RY x R — R be a kernel and assume
that there exists 1) : R? — R such that k(x1,22) = ¥(x1 — x2) for all x1,x2 € RY. Then k
is positive definite if and only if there exists a unique finite Borel measure p on R?® such
that

vl = [ )

Characterization of RKHS by integral operators

It is well known [58] that RKHS can be characterized using an integral operator associated
with a kernel function. In this section, we introduce these connection used in the analysis.
We note that although it is common for analyses of kernel methods to assume X is
compact, py has the full support and k is continuous because under such assumptions
we utilize Mercer’s theorem to characterize RKHS [19, 3], such an assumption may not
be adopted under classification problems we consider in the thesis. In particular, when
the low noise condition is considered, py may not have full support. So we explain some
basic properties of reproducing kernel Hilbert space (RKHS) under more general settings
based on [22, 60].

First we impose a boundedness on k as same as previous sections.

Assumption A.1. There exists R > 0 such that k(x,z) < R? for any x € X.

For given kernel function k& and its RKHS H, we define a covariance operator ¥ : H — H
as follows:

(f,29)n = (f.9)12(dpx)> Vf,9 € H.
It is well-defined through Riesz’ representation theorem [65]. Using reproducing property,

we have

Y =Exnpn [k(, X) @2 k(-, X)),

(X)(2) = Exepa [f(X)R(X, 2)], VfeH. (A1)
where expectation is defined via a Bochner integration, which is an extension of Lebesgue
integration to general Banach spaces [65]. From the representation (A.1), we can extend

the covariance operater to f € L?(dpx). We denote this by T : L?(dpy) — L?(dpx) as
follows:

(TF)(2) = Exmpr [f(X)R(X, 2)], Vf € L?(dpx).
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Im(T) C L?(dpy) is verified since k(-,z) is uniformly bounded by Assumption A.1. In
addition, we denote a set of square integral function itself (without dividing by almost
sure equivalence class) by £2(dpx). Then we define the extended covariance operator
T : L*(dpx) — L3(dpx) as follows:

(Th)(2) = Exnpn [f(X)E(X, 2)], Vf € L*(dpx).

Here we present some properties of these covariance operators >, T, T from Appendix I
in [22].

Proposition A.3.

1. ¥ is self-adjoint, continuous operator and Ker(X) = {f € H | || fllz2(dpx) = 0}

2. T is continuous, self-adjoint, positive semi-definite operator.

3. T2 : Ker(T)+ — Ker(X)* is well-defined and an isometry. In particular, for
any f € Ker(X)t C H, there emists g € Ker(T)t C L?(dpx) such that || f||x =

H9HL2(dpx)-
Thus, a square root of an integral operator 7 represents an isometric correspondence

between L?(dpy) and H up to zero measure sets. Next, we consider the case where a
kernel k is represented as a feature expansion form as introduced in Chapter 4.

Assumption A.2. There exists p : X x  — C and a probability measure 7 on  such
that the following inequality holds:

k) = [ oo wlelrdr(o) (4.2)
Then, we can write T using feature expansion (A.2) as

T=Ey~r [90(‘7 w) ®L2(dpx) 90('70‘))]7 (A3)
since it holds that
(TF)(2) = Exmpx [f (X)Eunr[p(X, w)p(z,w)]]
= Ew~7’[<f7 90(7 w)>L2(dpx)90(Z7 (,U)]
Moreover, define a finite dimensional approximation of (A.2) as

M

kM(x’y) = Z(p('f’wi)@(vai)a Wi ~ T.
i=1

and denote its RKHS by Hjs and extended covariate operators by Ty : L?(dpx) —
L?(dpx) and Ty : L?(dpx) — L2(dpx). As with (A.3), we have

M
M Z i) ®r2(dpx) P wi),
E[Ty] =T.

In the following section, we show some inequalities about the approximation error of H
by Har, which is used to derive Theorem 4.1.
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Finite dimensional approximation of RKHS

The following inequality shows that the difference between the square root of two self-
adjoint positive semi-definite operators is bounded by the square root of the difference of
them.

Proposition A.4. Let V' be a separable Hilbert space. For any compact, positive semi-
definite, self-adjoint operators S,S :V — V, the following inequality holds:
157 = §2lop < |15 = S|l (A4)

Proof. Since S'/? — 52 is also a compact and self-adjoint operator, it allows eigendecom-
position of itself. Then let An.x be the eigenvalue wiEh largest absolute value and v be
the corresponding normalized eigenfunction of S/2 — S i.e.,

(82 — 8Y*)1 = Amaxv.

Since (A.4) obviously holds if S = S, we can assume that Amax > 0 without loss of
generality. Because S'/? is positive semi-definite, we have

(v, Sv)y = ||S7*v||}
= ||§1/2U + Amaxv”%/
= (0, S0)v + A2 + 2Amax (v, S20)y

max

> <v7§U>V + )\2

max*

Thus we have

IS = Sllop > (v, (S = S)v)v
> A2 _ H51/2 . 571/2

max ||C2)p7

which completes the proof. O

The following inequality is a generalization of the Bernstein inequality to random op-
erators on separable Hilbert space and used in Lemma A.1 to derive the concentration of
integral operators.

Proposition A.5 (Proposition 3 in [50]). Let V' be a separable Hilbert space and let
X1,Xo,..., X, be a sequence of independent and identically distributed self-adjoint ran-
dom operators on V. Assume that EX; = 0 and there exists B > 0 such that || X;|lop < B
almost surely for any 1 <i <n. Let S be the positive operator such that EX? < S. Then
for any 6 € (0,1], the following inequality holds with probability at least 1 — §:

288 [2lS[wP
- 3n n

op

_ 2trS
where = log Tolas

The next lemma provides a probabilistic bounds about the difference of the two covariate
operators T and Ty.
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Lemma A.1. For any § € [0,1), the following inequality holds with probability at least
1-4:
2
HT—Hm)<W<£Z+ ﬁ)

where § = log ”T” =5

Proof. Let X; =T — ¢(-,w;) ®2(dpn) ¢(-wi). Then T — Ty = 45 Zf\il Xi. Also, we have

EX; = 0,
X, <T < R*I,

Xi t —QO(,LUZ) ®L2(dp;() ‘P(Nh) i _R2I7

| Xi||op < R?, as a result of two previous inequalities,

2
EX? =E [p(-,wi) ®r2(dpa) p(wi)]” —T°
2
[(:0 awz ®L2(dp;y) 90( )]
E [{( ,wi)) L2 (dpr) P (> Wi) @r2(apr) (- wi)]
ij T,

trT :/ k(z,z)dpx(z) < R
X

Let B = R? and S = R?T in Proposition A.5, we have

LM
1T =Tl MZXi
=1 op
2 2
_2R8 | [2RTTop
- 3M M

which completes the proof.

283 B
<R <3M+\/M)’
O

Let H and Hjas be RKHSs associate with kernels k and ks, respectively. Using Propo-

sition A.3 and Lemma A.1, we have the following proposition, which is essential in the
proof of Theorem 4.1.

Lemma A.2. For any ¢ € (0,1] and & > 0, if

8 ( R\’ <R)4 2R?
M>max<-—=] ,32(— log ———
{3(5) ¢ Tl
holds, the following statement holds with probability at least 1 — 0

For any g € H, there exists g € Has that satisfies

o |lg— gHL?Lde) <¢llglln
o lglln > 19!l -

Also, for any g € Hr, there exists g € ‘H that satisfies
® g —dll2apr) < ElGN#n
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 [lglln < [[9ll# -
Proof. We show the first part of the statement. The latter half can be shown in the same
manner.
~ 1
For g € H, set g = TA4/2PKer(TM)J_T_l/QPKer(E)J_g € Hpr. Then we have
19020 = | Prerrany= T~ *Prer(z)2 91l L2 (dpa)
<17 Prer(s) - 911 L2 (dpie)
= || Pker(=)- 9l
< llgll#-

Moreover, by Proposition A.4 and Lemma A.1, with probability at least 1 — §, we have

g — §HL2(dpx) - ||7>Ker(E)LQ - §HL2(de) (".- Proposition A.3.1)
= IT"2h = Ty} Prcer(ran) - L2 (o)
= IT2h — Ty hll L2 (dpae)
<7 = T3 llop |2l 22 (o)
< |IT — Toe || 221191

1/2
28 23
< 2| 27 -
< <R <3M+\/;)) ol
28\ (28\""
a2\ (2
< n ((W) +(32)) lal
o 71/2 2 — i
where h = T~"/*Pyer(nyrg € L*(dpx) and 8 = log 7.

: , 26 \7* (28\7"| ¢ -
Solving the equation max (W) , (ﬁ) < 53, we get a desired result. O
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B

Interpolation Space

In this section, we introduce real interpolation of two Banach spaces.

Definition B.1 (Interpolation space [11, 59]). For given Banach spaces E and F such
that F C E and id : F — E is continuous, we define the K-functional of x € E by

def

K(z,t) = inf ([z—yle+tlyllr), t>0.

inf
yeF

Then, the real interpolation space [E, Flg,, where 0 < 6 <1 and 1 < r < oo, is a Banach
space that consists of those x € E with finite norm

1

I aot | (Jo (0K (1) t71dt) T (r < o)
E,Flg, =

o sup;so t 0K (2, 1) (r =00).

Moreover, the limiting cases are defined by

[E,Flos € B, [E,Flie ©F.

It is known that for all 0 < § < 1 and 1 < r < ¢’ < oo, [E, Flp, is continuously
embedded in [E, Fy .+, that is, there exists a constant C' > 0 such that for any f € [E, Flg .

HfH[EF]g,T, < Clflie,Fp..-

In analyses of kernel methods, the case where E = L?(dpy) and F = H (RKHS) is usually
considered to characterize how difficult the target function f is to learn with functions in
H [59]. When r = 1, there is a useful relation about norms, which are used in the proof
of Theorem 4.2.

Proposition B.1 (Proposition 2.10 in [11]). For any f € [E, F|g 1, there exists a constant
C > 0 such that

£l m10, < CIFI P I1F 11
Setting F = L?(dpx) and F = H, the norm condition (Assumption 4.3)
1Flimcy < CIFIEE o 1712,

is reduced to the condition that [L?(dpx),H]p,1 is continuously embedded to L>(X).
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C

Proofs in Chapter 2

In this section, we show the missing proofs in Chapter 2. They are essentially appeared
in [42].

Proof of Proposition 2.3

Proposition 2.3 (Proposition C in [42]). Suppose Assumption 2.1, 2.2 holds. Consider

Algorithm 2.2 with n, = ﬁ and oy = % and assume assume ||g,|x <

(271 +1/AN)GR and my < min{l/L,1/2)X}. Then, it follows that

2 [ 18G*R? My(y—1)
Elg . 2 <z _— 2 .

Proof. First, we show that the norm of Gx(g¢, Z;) can be uniformly bounded for all ¢ in
this setting. By Assumption 2.1 and 2.2, we have the following bound on the stochastic
gradient of [ in H:

10c1(g(x), y)k(-, z) |l < GR.

Therefore, if ||g||3 > +GR, then

H9t+1||7-t = ||gt - Th@gl(g(Xt), Y;t)k’(',Xt) - nt)\gtHH
< (L=l gellw +mGR
< [lgell2-

Otherwise, we have

ge+1llae = llge — m:0cl(g(Xe), Yi) k(s Xi) — neAgel|n
< lg¢lln + 2m:GR
< llg¢lln +2mGR

From this, we can see that a generated sequence {g;};=1,. 741 is contained in a close
ball centered at the origin with radius (29, + 1/A)GR as long as an initial function g is
contained in this ball. Thus, the norm of the stochastic gradient G (gs, Z;) is bounded as

1Gx(gt, Ze) |l < [10cU(ge(Xe), Yi)k(- Xo)llw + Allgelln
< GR+ \2m + 1/NGR
< 3GR, (C.1)
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where the last inequality follows from the condition 77 < 1/2.
By (C.1) and the strong convexity of £y, we have

E”gt+1 - g/\Hg-L = EH% - 9/\”3{ - 277tE[<gt — 9 G,\(gn Zt)>’H] + H?EHGA(gt, Zt)”%—[
< Ellg: — 9xll5 — 2mE[{g: — 9x, VLA(9)) ] + In; G* R

A
< Bl - onl% — 20 (SIE(0)] - £a(02) + SElon — I3 ) + 9 GC° R

Thus we obtain

1—\n 1 I, G?R?
E[£x(9:)] — L2 (9) < “Ellge — gal3 — 5 -Ellgrer — aalf + =5
204 2, 2
Ay +t—2) 5 Ay +1) 5  9G?*R?
=2 YR|g — - E - .
4 gt — gxll5 At lge+1 — gally + A+ 1)
By multiplying v + ¢ — 1 and taking sum over ¢t € {1,...,T + 1}, we get
T+1
D (v +t=D(E[Lx(g0)] — La(9n)
t=1
)\ T+l
<72 A+ t=DO+t=2E]g = oall = (v + (v + = DEllger — gall3}
t=1
9G?R*(T +1
L 9GRA(T +1)

A

9G?R*(T + 1)

—

Dividing by (2v + T')(T' + 1)/2 and applying Jensen’s inequality, we obtain

A
< 17(7 —Dllgr — arll3, +

T+1

2(y+t—-1)
> (27+T)(T+1)gt>] — Lx(9»)

t=1

E [£x(G741)] — La(gx) =E !L,\ (

Mooyt —1

< ; (27(1 ;)(T +)1)E [£x (96)] = L£x(gx)
My —1) 18G2R2

>~ 2(2,7 + T)(T + 1) Hgl - gAH’QH + m

Using the strong convexity of £, and applying Jensen’s inequality again, we get

[Elgr41] ~ 92l < 5 (E7(Eria]) — £2(02))
< (E[L2@r1)] ~ £2(92)

and obtain a desired bound. O
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Proof of Proposition 2.4

Proposition 2.4 (Proposition 2 and D in [42]). Suppose Assumption 2.1, 2.2 holds.

Consider Algorithm 2.2 with n; = ﬁ and oy = %

(271 + 1/AN)GR and m < min{l/L,1/2)X}. Then, it follows that

q = A2y + T
el > <2 (0

and assume |[g||ln <

Proof. From (C.1) and the fact that g, = g}, we have

lge1 = gt 1llae = nellGa(gr, Z) — Galgr, ZD)lae < 6mGR. (C.2)

For simplicity, let (g, z) denote I(g(x),y) for z = (x,y) and J4l(g, z) denote the gradient
of I(g, z) with respect to g € H. Then Assumption 2.1 and Theorem 2.1.5 in [40] yields
that for any ¢,¢’ € H,

1
(091(9,2) = Ogl(g',2),9 = 9'vm = Tz 1051(9,2) = Dl 2) I3
Thus we have that for s > ¢t + 1,

lgs+1 = gapall3e = (1= ns0)?llgs — gallz — 20s(1 = 0sX)(0gl(gs, Zs) — Dgl(gs, Zs): 9s — 94)n

1210490 Zs) — 0,191, Z0)
1
< =l B = (g ) 1900000 22) ~ 041061, Z2)

< (1= 15N)?llgs — g2l
where the last inequality follows from the condition n, < n; < 1/LR?. By substituting

Ns = ﬁ and (C.2), we have
ytr—2 t
lgs+1 = garallze < H 2 lgess - il
r=t+1
12GR
Ay +s)

Recall that g, = (1 — 04)g; + 0¢g¢+1, where 0, = % Then we have

19741 — Tl < (1= 00) gy — Trllne + Ocllgr1 — 9741 1%

T
{ H }9 1gs4+1 — 9§+1HH
,

=s+1

IN

(2v + ) 12GR
(T + D)2y +T) Ay +s)

IN

S 1M IIM’%

2UGR
= Z T+ 1)y +T)

24GR( —t+1)
SMNT+1)(27+7)
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Finally, we obtain

T+1

D IIDe% <
t=1

By substituting ¢% =

24°G? R?

N(T+1)2(2y+1T)?

242G2 R?

T+1

Z —t+1)?

T(T +1)(2T + 1)

N(T +1)2(2y + T)2

24 -4G?R*(2T + 1)

288G>%R?
A2(2y+T)

A2(2y +T)2
288G2R?

N2 (2y+T)

6

in Lemma 2.1, we obtain a desired bound.
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Proofs in Chapter 3

Proof of Theorem 3.1

The following lemma shows that the low noise condition on p(1|X) yields that on g.(X)
with the use of the Lipschitz continuity of h;!.

Lemma D.1. Under Assumption 3.3 and 3.5, there exists Cy > 0 such that the following
inequality holds for all § > 0:

Plg.(X)] < 8] < Cad®

Proof.
Pllg.(X)| < 6] <P [[h7 " (g4(X)) — hiH(0)] < L'9]
=P[lp(Y = 1|z) — 1/2| < L'¢]
S 6121‘//0(5047
and setting Cy = CoL'®, we get a desired result. O

Using the above lemma, the fast convergence of expected classification errors is shown.

Theorem 3.1. Suppose Assumption 3.1-3.6 holds. Consider Algorithm 4.1 with A =

1
(288C§2G2R4) 22 T*ﬁ, n = ﬁ and o = % where 7y is a positive value
such that ||g1 || < (271 +1/A)GR and m < min{1/LR? 1/2\}. Then there exists constant

C > 0 such that the following inequality holds:

(a+1)r

E [R(Gr.1)] — R(gs) < CT™ 353,

Proof. For simplicity, we denote the conditional label probability p(1|X) by n(X) and the
training samples by z1.7 = {(1,v1),- .., (z7,yr)}. For given § > 0, choose A > 0 so that

193 = gxll oo (apr) < 0. (D.1)
Consider the sets A; C X',j =0,1,..., defined as
Ao = {w € X | sgn(g.(2))ga (@) < 6},
Aj={zex| 27715 < sgn(gs(2))gr(z) < 276} for j > 1.
Then we have the following inequality:
P [sgn(g.(X))gr(X) < 276] <P [|ga(X)| < 274]
< P [|g.(X)| < 2+14]
< 200D, 5, (D.2)
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where the first inequality follows from the fact that we have |g\(X)| < ¢ in the case of
sgn(g«(X))ga(X) < 0 because of (D.1), and the last inequality follows from Assumption
3.5 and Lemma A.2. Also, we have

X € ;= 1g.(X)| £ 275 = [ox) - | <20 03)

from Assumption 3.3. Now let us fix 7" > 0 such that

L2 2 -1 — 2 52
max{ 36L°R*  y(y—1)lo gAH’H}< (D.4)

X2y+T) 2y+T)(T+1) [~ 8R*’

then we obtain

| s

HE[gT—J—l] - g/\HLoo(de) < R”E[§T+1] - g/\H'H <

from Proposition 2.3 and

P [H§T+1 — gxllzeo(dpx) = 2j_15} <P [H?Tﬂ —gxlln = 2j_15/R]
<P [H?TH —E[grllln > 2J725/R}

92i-10\2(2y + T)
< 2exp <— 22Ri 0 > (D.5)
from Proposition 2.4. Moreover we have
E [R(§T+1) - R(Q*)]
=Exzr [|277(X )= 1 Jlsgn@m(xn;ésgn(g*(X))]
=Ex:ir ) [\277()() — 1| Lagu(gy, (X)) #sen(g. (X)) ° ﬂAj]
j=0
<Ex e [120(X) = 1] - 1a,] + Ex zp Z “277()() — 1| Lsgn(gyp,, (X)) #sgn(g. (X)) ° ]lAJ}
j=1

<AL'S - 2%C46°

oo
+ DV RLEX [Bavr [ Lugn(gra, (X))sen(0- (X)) * L2t <sgn(o. (002 (%) | Lsgn(a. (Xr (X)216]
j=1

< 20F2L/Cy6 T ) T 2L S exp

Jj=1

(_ 227-10\2(2y 4 T)

32[2RA 52) 20U+ (0 (D.2),(D.3),(D.5))

- : 22710)2(2y + T)
_ oa+2 a+1 a+1)j+1 2
= 20T/ Cy6 14 20+t exp <— g0 )

j=1

Now we set A and ¢ as

_1

A= CsT 252x § = CT 2,



57
where
1
Cs = (288C; 2L*R*) 7%

1 4y(y—1)R? oll2)?
Cs = max { (288/{022L2K,R4l€) 212r ’ ’Y(’V )R 2(’.?;“17{ + Hg H’H) } ]
Y

Then we can check that it satisfies the conditions (D.1) and (D.4) using Assumption 3.6.
Indeed for (D.1) we have

lgx — gullLoo (@p(ay < C2A™ (.- Assumption 3.6)
= CyCET ™ 272
S 57

and for (D.4), we have

36L2R? 2
— < 36L2R2C:(T 7
N2y +T) = 5 ’

<8 'CER T 7=
52
" 8R?

and

YO =Dlgr = aallg, _ v(v = Dllgrlln + llg=ll2)?

2y +T)(T+1) = 2y +1)T
= =D lgillpe + g l20)*(C5 )
- 2v+1
52
< —.
~ 8R?

By substituting them, we obtain

(a+1)k

E [R(Gr41) — R(gs)] < 2°T2L'CLOEH T~ 792

oo 5
: 227 100202(2’}/—1— 1)
22 a+1)j+1 5Y6
1+ ( & CXp <_ 32 [2 R4 >

=1

for any 7' > 1. Since the last sum converges, we get a desired result. O

Proof of Theorem 3.2
Theorem 3.2. Suppose Assumption 3.2, 8.7 and 3.8 holds. Then it holds that

1—p

)\ 2
lgx = gl Lo (dpx) < 2°Csllgslln <> :
(dpx) (Rl gell#)

Thus Assumption 3.6 is satisfied with k = 1_7’).
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Proof. By definition of gy, we have

A A
L£(g+) + 5 llg4ll3 = £(9x) + Flloallz. (D.6)
gll% > [lgalln- (D.7)
In addition, it holds that
g«(z) < R|| gl (D.8)
9 () < Rllgrlln < Rlg«lln

for all z € X. Furthermore, since g, attains infimum of £ among all measurable functions,
we have

/y Bcl(g. (). w)dp(y]) =0, (D.9)

where 0, denotes a partial derivative of [ with respect to the first variable.
Then we obtain

195 — 612200y = /X 0a(2) — gu (@) dp(2)

2
< /X T o) 10w,

— 0cl(g+(x),y)(gr(z) — g« (x)) }dp(x,y) (. (D.8) and Assumption 3.7)

2 ..
N /Xxy m {Ugr(z),y) — U(g«(2),y)} dp(z,y) (. (D.9))

2

= m (E(QA) - 5(9*))
A 2 2 .
A 2 .

< 7u(R||g*||H)Hg*”H (.- (D.7).

Finally, applying Assumption 3.8 we have

1—
195 = gxll o= (apx) < Csllar — g:ll3llgn = 9xll120apn)

)\ 2
e () gullre
gl o

1—p
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Proofs in Chapter 4

Proof of Theorem 4.1

In this section, we give the complete statement and proof of Theorem 4.1.

Theorem 4.1. Define £ > 0 such that

¢ = min ( ¢ )Vl_p A€
2011C(6) | g2 124 3R?L|g.|l%’

A\3¢d 1/2 3¢t
(27 : 3234!325(9*)) ’ (27 - 32RALA| gl

Then a number of random features M which satisfies

8 (R\° <R>4 2R?
M >max<s - | — | ,32( — log ———
- {3(5) &) [ Tllopd

is enough to guarantee, with probability at least 1 — 24§, that

lgx — gmxllLo(apa) < €

Proof. By Lemma A.2, for given & > 0, if we have a number of feature M such that

8 [ R\? <R>4 2R?
M>maxd - () .32( =) Yiog =0
- {3(5) £) [T TTopd

we can take gx € Har, gu,x € H which satisfy the following conditions:

lgallae = lgall#a,

lgar 20 = 1901,

%

1gnx — gvallz2(apa) < Ellgmallan

19x — gallz2(dpx) < Ellgnlln

By A-strong convexity with respect to RKHS norm, we have

A A _ - A
L(gx) + §||9AH3¢ + §H9A — guallf < LG + §H9M,>\H§{

A A _ - A
L(garx) + 5\\9M,AH3{M + §HQM,A — 3, < L@+ §HQAH%¢M-

59

)}

o T N
N I
N N N N
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H Hoy
FaENY ’ ;’---<‘-\ ------ -\\
A 2
1 ® 1 i ] I
1 1 1 |
1 1 1 |
1 1 | |
1 1 1 |
| 1 | |
1 1 1 |
| 1 1 |
1 1 | |
1 1 1 |
| L |
: ° : 1 L I
] dma | 1 Ima |
\ \ U4 V4
\_———————3———‘£ ——————— ‘,

Fig. E.1: A schematic drawing of the proof of Theorem 4.1.

In addition, by L-Lipschitzness of £ with respect to L?(dpx) norm in Assumption 4.1 and
(E.3)(E.4), we have

L(grrx) < L(garx) + Llgara — guall2dox)
< L(gmn) + LElgnaallan (E.7)
L(gx) < L(gx) + Lllgx — 9xllz2(dpx)
< L(gx) + L&l galln (E.8)

By inequalities (E.5)(E.6)(E.7)(E.8) and (E.1)(E.2), we have

A A - -
L(gx) + 5”9/\”% t35 (lgx = Garallzs + lgnex — 9all3,,)
< L(gnm,n) + §H9M,A”H + §HQM,>\ — 3,
< L(garn) + LElgar x4 + §||9M,A||HM + §||9M,A — 3,
- A
< L(gx) + §H9AH3¢M + L& gnrall 90
A
< L(gx) + 5\\%“% + L& ([lgallz + llgazall#a) -

Thus we have

N ~ 2L¢
lgx = GniallFe + lgars — axli3,, < — Ulaallze +llgarallze) - (E.9)

In addition, by (E.6) and (E.8), we have

A A
Slamalie, < £@0) + 595,

A
< L(gx) + LEllgalla + §||g>\||’2}-[' (E.10)
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Combining (E.9) and (E.10), we obtain

~ N 2LE 2 9LE Y2
llgr — Garallz; + llgarx — 9all3e,, < —~ (HQA\H + (A/J(QA) + THQAHH + HQAH?{)

2L

782%

1/3
2 2LE
(HQ*HH + <AE(9*) + THQ*”H + H%H%) )

21 2 oL >
sf(zng*nw(ﬂm) + (gl ) )

In the second inequality, we used [|g.|l% > [|gall2 and £(g.) + 3«3, > L(gx) + 3 lgr 13-

In the third inequality, we used /a4 v/b > v/a + b for a,b > 0. Then by Assumption 4.2,
we obtain

A
>~

B 12L¢ /2
lgnrn — GallLoe (@pa) < Rmax { <)\H9*HH> )

72L2 2 /a 72L3 3 1/4
< )\3‘5 E(Q*)) ) <)\3§Hg*||7-i> } (E.ll)

On the other hand, by Assumption 4.3, we have

~ ~ ~ l—
l9x = gallz= (apr) < C(O)llgr = Gal5 4 I9x = nll (i)

< C©O)(lgallze + 1gallzen )P (Ellgallze) =7
< 27C(0)E P gslln (E.12)

with probability at least 1 — §. In the second inequality, we used the fact that

19llags, = nf{llgrlla + lg2llan | 9= 91+ 92,91 € H, 92 € Hur}

from Proposition A.1. Combining (E.11) and (E.12), we have

lgx — gmxllLos(@pr) < llgx — Gallzoe(dpr) + 191 — gnrallLoe (dp )
_ 24.3L 72
< max {2p+lc<6>\|g*|mgl (5 )

27 . 32L2§2 /4 7. 32L3§3 1/4
R <)\3£(g*)> R (/\3”9*’?-[> :

As a result, define £ > 0 which satisfies

¢ = min ( ¢ )l/l_p A
2011C(6) | gl 124 3R?L|g|l%’

A3et /2 Adet /2
(27 : 32R4L2£(9*)> ’ (27 : 3234L3Hg*lla> ’

then we have [|gx — garA [l o (dpx) < € with probability at least 1 — 24. O
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Proof of Theorem 4.2

The following theorem shows that if k£ is a Gaussian kernel and kj; is its random Fourier
features approximation, then the norm condition in the assumption is satisfied. The proof
is inspired by the analysis of Theorem 4.48 in [58].

Theorem 4.2. Assume supp(px) C R? is a bounded set and px has a density with respect
to Lebesque measure which is uniformly bounded away from 0 and oo on supp(px). Let k
be a Gaussian kernel and H be its RKHS, then for any m > d/2, there exists a constant
Cpm.a > 0 such that

d/om 1—d/am
£l @y < Comall FIZ™ N I

for any f € H. Also, for any M > 1, let kp; be a random Fourier features approximation
of k with M features and ’HL be a RKHS of k + k. Then with probability at least 1 —§
with respect to a sampling of features,

d/4m
1 d m 1 d m
Iflle=n < Coma (14 5) U1 IS IEREE

for any f € H3,.

Proof. For notational simplicity, we denote supp(px) by X’. From the boundedness of X’
and the condition on py, the following relation holds for any f € L (dpx):

£l (apr) = 1 Lo ) (E.13)
£l z2(dpx) = Crll fllz2(arys (E.14)

where C; > 0 is a constant. From the discussion after Theorem 4.2, for any f €
W™(X") (m > d/2) there exists a constant Cy > 0 such that the following inequality
holds:

d/2m 1—d/2m
1z ey < Call Flyyim o 11 ey (E.15)
Here W™ (X') is Sobolev space with order m defined as follows:
wmx') = {f e L*(Xx") ’ O f e L?(X') exists for all @ € N with |a| < m} ,
where 9(®) is the a-th weak derivative for a multi-index o = (a,... a(®) € N¢ with

ol = Xy o,
Combining (E.13), (E.14) and (E.15), we have

d/a2m 1—d/2m
1F 1z (o) < CUFIman I I L (E.16)
where C' > 0 is a constant. So it suffices to show that H and HL can be continuously

embedded in W™ (X”). For H, it can be shown in the same manner as Theorem 4.48 in
[58]. For H},, we first define a spectral measure of the kernel function k + kj; as

M
Z w—w;) + 7(w),
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where ¢ is a Dirac measure on €). Then a kernel function k + kj; can be written as
(o an)(o2') = | plop@)dr @)
and from [9], for any f € H},, there exists g € L?(dr ") such that
f@) = [ allple,w)drt ).

Hf”yﬂg = HgHLQ(dTJr)-

Let us fix a multi-index a = (a®,... o) € N? and |a| = m. For a € N?, we write
0% = 0{““) . -85“(@. We then have

10 ey = [ (22 [ atwete w>d7+(w))2dx
/X, </ |9(w)]05 e (x, w)dr T (w ))de

< 19122 4 / / 102 (. w0)|Pdr (w)da.

Because we consider ¢ as a random Fourier feature, = R% and

SO(«T,OJ) — Cleiw—rm7
oy o(r,w) = waC’ei“’TI

where €’ > 0 is a normalization constant and w® =[], w®* for w = (w®,...,w@) e
R? and o = (a®M,...,al¥) € N?. So we have

10° 2 < NolErqary | C% [ @t (w)da

M
1
S CIQVOI(X,)HinL <]Ew,\,7— [WQa] + M E w,?a) .
i=1

We note that because 7 is Gaussian, E, . [wm] is finite for any « € N¢. Because w; ~ T
and w?® is non negative, from Markov’s inequality we have

1
il Zw S o [wza}

with probability at least 1 —J. As a result, we have

o 1 N
10% 722 < <1 + 5> Cvol(X)||f 135 Bumr [0°°]
So we can compute Sobolev norms of f as follows:

£ ey = > 10%F 11722

jal<m

s<1+;> Vol FZ Y Buvmr %] (E.17)

|a|Sm
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)

d/4dm
Substitute (E.17) to (E.16) and define Cpy g = C (0/%01(2(/) > jat<m Eunr [oﬂa])

we get a desired result. O

Remark. We note that the assumption that k£ is Gaussian is only used to derive
B~y [w?*] is finite for all v € N This means that if ¢(z — y) = k(z — y) belongs to
Schwartz class (a space of rapidly decreasing function) [65], its Fourier transform 7 also
belongs to this class, thus the above finite moment property is satisfied.

Proof of Theorem 4.3

In this section, we provide the complete statement and the proof of Theorem 4.3. First,
we provide a useful proposition which is appeared in [42]. this result suggests that there
exists a sufficiently small A > 0 such that g, is also the Bayes classifier.

Proposition E.1 (Proposition A in [42]). Suppose Assumption 4.3, 4.5, 4.6, 4.7 hold.
Then, there exists X > 0 such that ||gx — g« || Lo (apr) < m(5)/2.

Our main result about the exponential convergence of the expected classification error
is shown as follows.

Theorem 4.3. Suppose Assumptions 4.1-4.7 holds. There exists a sufficiently small A > 0
such that the following statement holds:
Taking the number of random features M that satisfies

8 (R’ R\* 2R?
.1\421113}({3 <§) ,32 <£> }1ng (E18)

where £ > 0 is defined as below:

5=mm{< m(9) >/ Am? ()

203C(0") || gl 28 - 3R2G|gs 2
A3mA(5) itk A3mA(5) &
215 . 32 R1G2L(g,) "\ 215 . 32R4G3 | g, || :
Consider Algorithm 4.1 with n, = ﬁ and oy = % where v 15 a positive value

such that |91, < (2m1 + 1/AN)GR and 1 < min{1/L,1/2X}. Then, with probability
1—2¢, for sufficiently large T such that

i 36G2R? (v — 1llgr — gnall3,, < m?(8)
N1 T) 1D T+ [ R

we have the following inequality for any t > T':

_ A2(2y + t)m?3(9)
E [R(Gry1) — RE[Y]a])] < 2exp (— 212.9G2RY )
Proof. Fix A > 0 satisfying the condition in Proposition E.1. From Theorem 4.1, if we set

a number of features M satisfying (E.18), we have

lgar.x = gellLos(dpr) < Nlgnrx — gallzoe (dpa) + 190 — Gl oo (dp)
< m(9) n m(J) _ 3m(6).
- 4 2 4
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Fig. E.2: A schematic drawing of the proof of Theorem 4.3;
We can take a ball B” around gp,» in which all hypotheses are the Bayes classifiers if g, x
is sufficiently close to g,.

Then sgn(g(X)) = sgn(g.«(X)) almost surely for any g € H s satisfying [|g — gar ]|z, <
m(J)/4R, since

19 = gl (apx) < N9 — grrnllo(apr) + 19028 — gull oo (dp)

< Rllg — gmll#ar + 1903 — gsll oo (dp)
m(d) =~ 3m(0)

< Ay T
<0t m(0)

and [g.«(X)| > m(d) almost surely. In other words, g is also the Bayes classifier of R(g).
Assume
m(9)

2B (E.19)

BG4 1] = gmallan <
Then, substituting ¢ = m(J)/8R in Proposition 2.4, we have

11L(5)
< — 7
[ < 4R

19741 — 9n ‘HM <|[gr+1 — E[§T+1]||HM + [E[gri1] — gm

2 2
with probability at least 1 — 2exp (—%). In other words, g, is also the

Bayes classifier with same probability. By definition of the expected classification error,

we have
A2(2y + T)m?2(5)
212, 32(;2 R4

E[R(gr41)] — REY|2]) < 1 - 2exp (—

Finally, to satisfy (E.19), the required number of iteration T is obtained by Proposition
2.3, which completes the proof. O



