arXiv:1707.01543v2 [stat.ML] 13 Mar 2018

Early stopping for kernel boosting algorithms: A general analysis
with localized complexities

Yuting Weil* Fanny Yang?* Martin J. Wainwright!?

March 15, 2018

Department of Statistics', and
Department of Electrical Engineering and Computer Sciences
UC Berkeley, Berkeley, CA 94720

2

Abstract

Early stopping of iterative algorithms is a widely-used form of regularization in statistics,
commonly used in conjunction with boosting and related gradient-type algorithms. Although
consistency results have been established in some settings, such estimators are less well-understood
than their analogues based on penalized regularization. In this paper, for a relatively broad class
of loss functions and boosting algorithms (including L?-boost, LogitBoost and AdaBoost, among
others), we exhibit a direct connection between the performance of a stopped iterate and the
localized Gaussian complexity of the associated function class. This connection allows us to show
that local fixed point analysis of Gaussian or Rademacher complexities, now standard in the
analysis of penalized estimators, can be used to derive optimal stopping rules. We derive such
stopping rules in detail for various kernel classes, and illustrate the correspondence of our theory
with practice for Sobolev kernel classes.

1 Introduction

While non-parametric models offer great flexibility, they can also lead to overfitting, and thus
poor generalization performance. For this reason, it is well-understood that procedures for fitting
non-parametric models must involve some form of regularization. When models are fit via a form of
empirical risk minimization, the most classical form of regularization is based on adding some type
of penalty to the objective function. An alternative form of regularization is based on the principle
of early stopping, in which an iterative algorithm is run for a pre-specified number of steps, and
terminated prior to convergence.

While the basic idea of early stopping is fairly old (e.g., [32] 1, 36]), recent years have witnessed
renewed interests in its properties, especially in the context of boosting algorithms and neural network
training (e.g., [26] [13]). Over the past decade, a line of work has yielded some theoretical insight into
early stopping, including works on classification error for boosting algorithms [4], [14], [19] 24 140, [41],
L?-boosting algorithms for regression [9, §], and similar gradient algorithms in reproducing kernel
Hilbert spaces (e.g. [12, 11}, 35l 40} 27]). A number of these papers establish consistency results for
particular forms of early stopping, guaranteeing that the procedure outputs a function with statistical
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error that converges to zero as the sample size increases. On the other hand, there are relatively
few results that actually establish rate optimality of an early stopping procedure, meaning that the
achieved error matches known statistical minimax lower bounds. To the best of our knowledge,
Biihlmann and Yu [9] were the first to prove optimality for early stopping of L2-boosting as applied
to spline classes, albeit with a rule that was not computable from the data. Subsequent work by
Raskutti et al. [27] refined this analysis of L?-boosting for kernel classes and first established an
important connection to the localized Rademacher complexity; see also the related work [40, 28] [10]
with rates for particular kernel classes.

More broadly, relative to our rich and detailed understanding of regularization via penalization
(e.g., see the books [18] [34] [33] B8] and papers [3| 21] for details), our understanding of early stopping
regularization is not as well developed. Intuitively, early stopping should depend on the same
bias-variance tradeoffs that control estimators based on penalization. In particular, for penalized
estimators, it is now well-understood that complexity measures such as the localized Gaussian width,
or its Rademacher analogue, can be used to characterize their achievable rates [3, 2], 33, [38]. Is
such a general and sharp characterization also possible in the context of early stopping?

The main contribution of this paper is to answer this question in the affirmative for the early
stopping of boosting algorithms for a certain class of regression and classification problems involving
functions in reproducing kernel Hilbert spaces (RKHS). A standard way to obtain a good estimator
or classifier is through minimizing some penalized form of loss functions of which the method of
kernel ridge regression [37] is a popular choice. Instead, we consider an iterative update involving
the kernel that is derived from a greedy update. Borrowing tools from empirical process theory, we
are able to characterize the “size” of the effective function space explored by taking 7' steps, and then
to connect the resulting estimation error naturally to the notion of localized Gaussian width defined
with respect to this effective function space. This leads to a principled analysis for a broad class of
loss functions used in practice, including the loss functions that underlie the L?-boost, LogitBoost
and AdaBoost algorithms, among other procedures.

The remainder of this paper is organized as follows. In Section [2| we provide background on
boosting methods and reproducing kernel Hilbert spaces, and then introduce the updates studied
in this paper. Section [3]is devoted to statements of our main results, followed by a discussion of
their consequences for particular function classes in Section [dl We provide simulations that confirm
the practical effectiveness of our stopping rules, and show close agreement with our theoretical
predictions. In Section [5, we provide the proofs of our main results, with certain more technical
aspects deferred to the appendices.

2 Background and problem formulation

The goal of prediction is to learn a function that maps covariates x € X to responses y € Y. In
a regression problem, the responses are typically real-valued, whereas in a classification problem,
the responses take values in a finite set. In this paper, we study both regression (¥ = R) and
classification problems (e.g., Y = {—1,+41} in the binary case). Our primary focus is on the case of
fized design, in which we observe a collection of n pairs of the form {(x;,Y;)}!" ;, where each z; € X
is a fixed covariate, whereas Y; € ) is a random response drawn independently from a distribution



Py, which depends on z;. Later in the paper, we also discuss the consequences of our results for
the case of random design, where the (X;,Y;) pairs are drawn in an i.i.d. fashion from the joint
distribution P = PxPy|x for some distribution Px on the covariates.

In this section, we provide some necessary background on a gradient-type algorithm which is
often referred to as boosting algorithm. We also discuss briefly about the reproducing kernel Hilbert
spaces before turning to a precise formulation of the problem that is studied in this paper.

2.1 Boosting and early stopping

Consider a cost function ¢ : R x R — [0, 00), where the non-negative scalar ¢(y, 8) denotes the cost
associated with predicting 8 when the true response is y. Some common examples of loss functions
¢ that we consider in later sections include:

e the least-squares loss ¢(y,0) := 3(y — 0)* that underlies L2-boosting [9],

e the logistic regression loss ¢(y,0) = In(14+e~¥%) that underlies the LogitBoost algorithm [15] [16],
and

e the exponential loss ¢(y,0) = exp(—yh) that underlies the AdaBoost algorithm [14].
The least-squares loss is typically used for regression problems (e.g., [9, 12| 1], 35, [40} 27]), whereas
the latter two losses are frequently used in the setting of binary classification (e.g., [14} 24, [16]).

Given some loss function ¢, we define the population cost functional f+— L(f) via
1 n
() =By [ Y 6V f@)]- (1)
i=1

Note that with the covariates {x;}} ; fixed, the functional £ is a non-random object. Given some
function space %, the optimal functionlﬂ minimizes the population cost functional—that is

£ = angmin (7). 2)

As a standard example, when we adopt the least-squares loss ¢(y, 0) = %(y — 6)2, the population
minimizer f* corresponds to the conditional expectation x — E[Y | z].

Since we do not have access to the population distribution of the responses however, the
computation of f* is impossible. Given our samples {Y;}" ;, we consider instead some procedure
applied to the empirical loss

Lalf) = =0 6%, fla), 3)
=1

! As clarified in the sequel, our assumptions guarantee uniqueness of f*.



where the population expectation has been replaced by an empirical expectation. For example,
when £,, corresponds to the log likelihood of the samples with ¢(Y;, f(x;)) = log[P(Yi; f(x;))], direct
unconstrained minimization of £,, would yield the maximum likelihood estimator.

It is well-known that direct minimization of £, over a sufficiently rich function class .% may lead
to overfitting. There are various ways to mitigate this phenomenon, among which the most classical
method is to minimize the sum of the empirical loss with a penalty regularization term. Adjusting
the weight on the regularization term allows for trade-off between fit to the data, and some form
of regularity or smoothness in the fit. The behavior of such penalized of regularized estimation
methods is now quite well understood (for instance, see the books [18] [34) 33], B8] and papers [3] 21]
for more details).

In this paper, we study a form of algorithmic reqularization, based on applying a gradient-type
algorithm to £,, but then stopping it “early”—that is, after some fixed number of steps. Such methods
are often referred to as boosting algorithms, since they involve “boosting” or improve the fit of a
function via a sequence of additive updates (see e.g. [29, 14l [7, 6, 30]). Many boosting algorithms,
among them AdaBoost [14], L?-boosting [9] and LogitBoost [15, [I6], can be understood as forms of
functional gradient methods |24} [16]; see the survey paper [§] for further background on boosting.
The way in which the number of steps is chosen is referred to as a stopping rule, and the overall
procedure is referred to as early stopping of a boosting algorithm.

Early stopping for LogitBoost: MSE vs iteration Early stopping for AdaBoost: MSE vs iteration

0.12 0.5
Ne e
n h 0.4
| 1 0.
© 0.10 ©
S S
@ 0.08 @ 03
el el
o o
g 5 0.2
2 0.06 o
w w

0.1
0.04 Minimum error
0 50 100 150 200 250 0 50 100 150 200 250
Iteration Iteration

(a) (b)

Figure 1. Plots of the squared error || f* — f*||2 = L 3" | (f*(x;) — f*(w;))? versus the iteration
number ¢ for (a) LogitBoost using a first-order Sobolev kernel (b) AdaBoost using the same first-order
Sobolev kernel K(z,2') = 1 4 min(x,2’) which generates a class of Lipschitz functions (splines of
order one). Both plots correspond to a sample size n = 100.

In more detail, a broad class of boosting algorithms [24] generate a sequence {f'}$°, via updates
of the form

it =ft—algt  with ¢' oc argmax (VL,(fY), d(z})), (4)
lld]] # <1

where the scalar {a!}2°, is a sequence of step sizes chosen by the user, the constraint [|d|# < 1
defines the unit ball in a given function class %, VL, (f) € R™ denotes the gradient taken at the



vector (f(z1),...,f(zn)), and (h, g) is the usual inner product between vectors h,g € R™. For
non-decaying step sizes and a convex objective £,,, running this procedure for an infinite number of
iterations will lead to a minimizer of the empirical loss, thus causing overfitting. In order to illustrate
this phenomenon, Figureprovides plots of the squared error || ' — f*||? : = % py (ft(:nl) —f*(:cz))2
versus the iteration number, for LogitBoost in panel (a) and AdaBoost in panel (b). See Section
for more details on exactly how these experiments were conducted.

In the plots in Figure |1} the dotted line indicates the minimum mean-squared error p2 over all
iterates of that particular run of the algorithm. Both plots are qualitatively similar, illustrating the
existence of a “good” number of iterations to take, after which the MSE greatly increases. Hence a
natural problem is to decide at what iteration 7" to stop such that the iterate f! satisfies bounds of
the form

L) = L(f) Zpn and [IF7 = 7 2 on (5)

with high probability. Here f(n) 3 g(n) indicates that f(n) < cg(n) for some universal constant
¢ € (0,00). The main results of this paper provide a stopping rule 7" for which bounds of the form
do in fact hold with high probability over the randomness in the observed responses.

Moreover, as shown by our later results, under suitable regularity conditions, the expectation of the
minimum squared error p2 is proportional to the statistical minimaz risk inf FSUDfeF E[L(f)—L(f)],

where the infimum is taken over all possible estimators fA‘ Note that the minimax risk provides a
fundamental lower bound on the performance of any estimator uniformly over the function space
F. Coupled with our stopping time guarantee , we are guaranteed that our estimate achieves
the minimax risk up to constant factors. As a result, our bounds are unimprovable in general (see

Corollary .

2.2 Reproducing Kernel Hilbert Spaces

The analysis of this paper focuses on algorithms with the update when the function class % is
a reproducing kernel Hilbert space s (RKHS, see standard sources [37, 17, B3I} [5]), consisting of
functions mapping a domain X to the real line R. Any RKHS is defined by a bivariate symmetric
kernel function K : X x X — R which is required to be positive semidefinite, i.e. for any integer N > 1
and a collection of points {xj}é-v:l in X, the matrix [K(z;,2;)];; € RV*Y is positive semidefinite.

The associated RKHS is the closure of the linear span of functions in the form f(-) = 2,5 w;K(-, 2;),
where {z;}32; is some collection of points in &, and {w;}32; is a real-valued sequence. For
two functions fi, fo € # which can be expressed as a finite sum fi(-) = Zflzl a;K(-, ;) and
fa(t) = 252:1 B;K(-,x;), the inner product is defined as (f1, fo).» = 251:1 ?2:1 a; 3iK(z;, z;) with
induced norm || f1||%, = 251:1 a?K(xi, x;). For each € X, the function K(-,z) belongs to 5, and
satisfies the reproducing relation

(f, K(,z))p = f(z) forall fe 2. (6)

Moreover, when the covariates X; are drawn i.i.d. from a distribution Px with domain X we can



invoke Mercer’s theorem which states that any function in .7 can be represented as
(o)
K(z,2') =) puror(x)dr(), (7)
k=1

where f17 > pp > --- > 0 are the eigenvalues of the kernel function K and {¢y}32, are eigen-
functions of K which form an orthonormal basis of L*(X,Py) with the inner product (f,g) : =
[y f(@)g(x)dPx (x). We refer the reader to the standard sources [37, [I7, B1, 5] for more details on
RKHSs and their properties.

Throughout this paper, we assume that the kernel function is uniformly bounded, meaning that
there is a constant L such that sup,cy K(z,z) < L. Such a boundedness condition holds for many
kernels used in practice, including the Gaussian, Laplacian, Sobolev, other types of spline kernels, as
well as any trace class kernel with trigonometric eigenfunctions. By rescaling the kernel as necessary,
we may assume without loss of generality that L = 1. As a consequence, for any function f such
that || f||.# < r, we have by the reproducing relation that

£l = SUp{£. K (o)) or < [l sup [K () e < 7

Given samples {(x;, y;)}!"_;, by the representer theorem [20], it is sufficient to restrict ourselves
to the linear subspace .7, = span{K(-, z;) }I' ;, for which all f € 7, can be expressed as

= > Wik () (8)

for some coefficient vector w € R™. Among those functions which achieve the infimum in expression
, let us define f* as the one with the minimum Hilbert norm. This definition is equivalent to
restricting f* to be in the linear subspace .77;,.

2.3 Boosting in kernel spaces

For a finite number of covariates x; from ¢ = 1...n, let us define the normalized kernel matriz
K € R™" with entries K;; = K(x;,2;)/n. Since we can restrict the minimization of £, and £
from JZ to the subspace J7;, w.l.o.g., using expression we can then write the function value
vectors f(x]) := (f(z1),..., f(zn)) as f(z]) = /nKw. As there is a one-to-one correspondence
between the n-dimensional vectors f(z}]) € R™ and the corresponding function f € 4, in ¢ by
the representer theorem, minimization of an empirical loss in the subspace .7, essentially becomes
the n-dimensional problem of fitting a response vector y over the set range(K). In the sequel, all
updates will thus be performed on the function value vectors f(x7).

With a change of variable d(27) = \/nvV/ Kz we then have

t(,my . X t ny\ __ \/EKVLn(ft)
€range




In this paper, we study the choice g* = (VL,(f*), d*(27))d" in the boosting update (), so that the
function value iterates take the form

FH @) = f1(a) — anK VL (f1), (9)

where o > 0 is a constant stepsize choice. Choosing fY(z7) = 0 ensures that all iterates f(z7)
remain in the range space of K.

~

In this paper we consider the following three error measures for an estimator f:

n
1 ~ 2

LA(By) norm: |If = fI7 = =D (Flan) = 17(@0),

i=1

L*(Px) norm: || — f*|3:= E((X) — f*(X))*,

Excess risk: .C(f) — L(f),

where the expectation in the L?(Px)-norm is taken _over random covariates X which are independent
of the samples (X;,Y;) used to form the estimate f. Our goal is to propose a stopping time 7" such
that the averaged function f: % Zthl f satisfies bounds of the type (). We begin our analysis by
focusing on the empirical L?(IP,) error, but as we will see in Corollary (1} bounds on the empirical
error are easily transformed to bounds on the population L?(Pyx) error. Importantly, we exhibit
such bounds with a statistical error term 9,, that is specified by the localized Gaussian complexity of
the kernel class.

3 Main results

We now turn to the statement of our main results, beginning with the introduction of some regularity
assumptions.

3.1 Assumptions

Recall from our earlier set-up that we differentiate between the empirical loss function £, in
expression , and the population loss £ in expression . Apart from assuming differentiability of
both functions, all of our remaining conditions are imposed on the population loss. Such conditions
at the population level are weaker than their analogues at the empirical level.

For a given radius r > 0, let us define the Hilbert ball around the optimal function f* as

B (f5r) :={f e NI = [l <7} (10)

Our analysis makes particular use of this ball defined for the radius €%, : = 2max{||f*|?%,, 32,0%}
where the effective noise level o is defined in the sequel.

We assume that the population loss is m-strongly convex and M-smooth over B, (f*,2C ),
meaning that the



m-M-condition:

SIF = 9ll2 < £(H) = L9)~(VL (), (a}) - g(a})

holds for all f,g € B (f*,2C) and all design points {x;}! ;. In addition, we assume that the
function ¢ is M-Lipschitz in its second argument over the interval 6 € [Hl[l% [ () —2C,p, mfm}( A (x)+
1€n €N

2C,y]. To be clear, here VL(g) denotes the vector in R™ obtained by taking the gradient of £ with
respect to the vector g(z}). It can be verified by a straightforward computation that when L is
induced by the least-squares cost ¢(y,6) = 3(y — )%, the m-M-condition holds for m = M = 1.
The logistic and exponential loss satisfy this condition (see supp. material), where it is key that we
have imposed the condition only locally on the ball Bz (f*,2C ).

In addition to the least-squares cost, our theory also applies to losses £ induced by scalar
functions ¢ that satisfy the
¢’-boundedness:

max
i=1,...,n

00 lo=pa)
for all f € By (f*,2C ) and y € V.

This condition holds with B = 1 for the logistic loss for all ), and B = exp(2.5C ) for the
exponential loss for binary classification with ) = {—1, 1}, using our kernel boundedness condition.
Note that whenever this condition holds with some finite B, we can always rescale the scalar loss ¢
by 1/B so that it holds with B = 1, and we do so in order to simplify the statement of our results.

3.2 Upper bound in terms of localized Gaussian width

Our upper bounds involve a complexity measure known as the localized Gaussian width. In
general, Gaussian widths are widely used to obtain risk bounds for least-squares and other types of
M-estimators. In our case, we consider Gaussian complexities for “localized” sets of the form

En(d:1):={f =g | If = gllr <1, I —glln < 3} (1)
with f,g € 5. The Gaussian complexity localized at scale ¢ is given by
Gn (gn((sv 1)) = |: sup szg T :| (12)
g€5n(5 1
where (wq,...,wy) denotes an i.i.d. sequence of standard Gaussian variables.

An essential quantity in our theory is specified by a certain fixed point equation that is now
standard in empirical process theory [33] 3, 21], 27]. Let us define the effective noise level
min {t | max E[e(V=f"E@0)] < oo} for L.S.
i=1,...,n

4(2M +1)(1 4 2C,p) for ¢'-bounded losses.

(13)

o=



The critical radius 0, is the smallest positive scalar such that

En(0,1 1)
1) o
We note that past work on localized Rademacher and Gaussian complexity [25] [3] guarantees that
there exists a unique 6, > 0 that satisfies this condition, so that our definition is sensible.

3.2.1 Upper bounds on excess risk and empirical L?(P,)-error

With this set-up, we are now equipped to state our main theorem. It provides high-probability
bounds on the excess risk and L?(IP,)-error of the estimator f7 := % Z?:l ft defined by averaging
the T iterates of the algorithm. It applies to both the least-squares cost function, and more generally,
to any loss function satisfying the m-M-condition and the ¢’-boundedness condition.

Theorem 1. Suppose that the sample size n large enough such that 6, < %, and we compute the
sequence { f'}2° using the update (9) with initialization f° = 0 and any step size o € (0, min{ 7, M}].
Then for any iteration T € {O, 1,... LSM%j }, the averaged function estimate f1 satisfies the bounds

52
LT = L(f*) < CM(ﬁ + m—g) and (15a)
T * 12 1 5721
15 =7 < C(—amT + W) (15b)

where both inequalities hold with probability at least 1 — ¢1 exp(—Cy m2"6’21).

We prove Theorem [I] in Section [5.1]

A few comments about the constants in our statement: in all cases, constants of the form c¢; are
universal, whereas the capital C; may depend on parameters of the joint distribution and population

loss £. In Theorem |1, we have the explicit value Cy = {T—;, 1} and C? is proportional to the quantity
2 max{|| f*Hif, 32, 0?}. While inequalities and are stated as high probability results,
similar bounds for expected loss (over the response y;, with the design fixed) can be obtained by a
simple integration argument.

In order to gain intuition for the claims in the theorem, note that apart from factors depending
on (m, M), the first term —L—~ dominates the second term n‘% whenever T' < 1/62. Consequently,
up to this point, taking further iterations reduces the upper bound on the error. This reduction
continues until we have taken of the order 1/62 many steps, at which point the upper bound is of

the order 42.

More precisely, suppose that we perform the updates with step size a = 7;; then, after a total

L 1 . . . .
number of 7 := T max (8.} Many iterations, the extension of Theorem |1 to expectations guarantees

that the mean squared error is bounded as

2
E|f - 72 < ¢ On (16)

m2’



where C’ is another constant depending on C . Here we have used the fact that M > m in
simplifying the expression. It is worth noting that guarantee matches the best known upper
bounds for kernel ridge regression (KRR)—indeed, this must be the case, since a sharp analysis of
KRR is based on the same notion of localized Gaussian complexity (e.g. [2,[3]) . Thus, our results
establish a strong parallel between the algorithmic regularization of early stopping, and the penalized
reqularization of kernel ridge regression. Moreover, as will be clarified in Section [3.3] under suitable
regularity conditions on the RKHS, the critical squared radius §2 also acts as a lower bound for the
expected risk, meaning that our upper bounds are not improvable in general.

Note that the critical radius §2 only depends on our observations {(z;,v;)}"; through the
solution of inequality . In many cases, it is possible to compute and/or upper bound this critical
radius, so that a concrete and valid stopping rule can indeed by calculated in advance. In Section [4]
we provide a number of settings in which this can be done in terms of the eigenvalues {1 };-‘:1 of the
normalized kernel matrix.

3.2.2 Consequences for random design regression

Thus far, our analysis has focused purely on the case of fixed design, in which the sequence of covariates
{x;} is viewed as fixed. If we instead view the covariates as being sampled in an i.i.d. manner
from some distribution Px over X, then the empirical error || f — f*[|2 = 23" | (f(z:) — f* (iL'Z))Z

of a given estim@\te fis a randorll quantity, and it is interesting to relate it to the squared population
L*(Px)-norm || f — f*[I3 = E[(f(X) — f*(X))?].

In order to state an upper bound on this error, we introduce a population analogue of the critical
radius J,, which we denote by d,,. Consider the set

EG.0)i={f =g | f.9e . If —gllwr <1, | =gl < 5}. (7)

It is analogous to the previously defined set £(9, 1), except that the empirical norm || - ||, has been
replaced by the population version. The population Gaussian complexity localized at scale § is given
by

_ 1 @&
Gu(E0,1) i =Fux[ sup — > wig(X)], (18)
geE,1) =1

where {w;}!' | are an i.i.d. sequence of standard normal variates, and {X;}! ; is a second i.i.d.
sequence, independent of the normal variates, drawn according to Px. Finally, the population critical
radius 9,, is defined by equation , in which G, is replaced by G,,.

Corollary 1. In addition to the conditions of Theorem suppose that the sequence {(X;,Y;)}"; of
covariate-response pairs are drawn i.i.d. from some joint distribution P, and we compute the boosting
updates with step size o € (O,min{ﬁ, M} and initialization f° = 0. Then the averaged function
estimate f1 at time T : = Lmj satisfies the bound

2 . =
Ex(f1(X) - f(X)" = IFf = f3<ed;

m2né2
72

with probability at least 1 — ¢1 exp(—Co ) over the random samples.



The proof of Corollary [1| follows directly from standard empirical process theory bounds [3], 27]
on the difference between empirical risk ||f? — £*||2 and population risk || f7 — f*||3. In particular,
it can be shown that || - ||2 and || - ||, norms differ only by a factor proportion to &,. Furthermore,
one can show that the empirical critical quantity &, is bounded by the population d,. By combining
both arguments the corollary follows. We refer the reader to the papers [3, 27] for further details on
such equivalences.

It is worth comparing this guarantee with the past work of Raskutti et al. [27], who analyzed
the kernel boosting iterates of the form @, but with attention restricted to the special case of the
least-squares loss. Their analysis was based on first decomposing the squared error into bias and
variance terms, then carefully relating the combination of these terms to a particular bound on
the localized Gaussian complexity (see equation below). In contrast, our theory more directly
analyzes the effective function class that is explored by taking 7" steps, so that the localized Gaussian
width appears more naturally. In addition, our analysis applies to a broader class of loss
functions.

In the case of reproducing kernel Hilbert spaces, it is possible to sandwich the localized Gaussian
complexity by a function of the eigenvalues of the kernel matrix. Mendelson [25] provides this
argument in the case of the localized Rademacher complexity, but similar arguments apply to the
localized Gaussian complexity. Letting g1 > pg > -+ > uy, > 0 denote the ordered eigenvalues of
the normalized kernel matrix K, define the function

R(5) = \/1% S min{6?, iy} (19)
j=1

Up to a universal constant, this function is an upper bound on the Gaussian width G, (5(5, 1)) for
all § > 0, and up to another universal constant, it is also a lower bound for all § > ﬁ

3.3 Achieving minimax lower bounds

In this section, we show that the upper bound matches known minimax lower bounds on the
error, so that our results are unimprovable in general. We establish this result for the class of regular
kernels, as previously defined by Yang et al. [39], which includes the Gaussian and Sobolev kernels
as special cases.

The class of regular kernels is defined as follows. Let gy > po > -+ > uy, > 0 denote the ordered
eigenvalues of the normalized kernel matrix K, and define the quantity d,, : = argmin,_; _,{u; < 62}
A kernel is called regular whenever there is a universal constant ¢ such that the tail sum satisfies
Z?:dn LMy < cd,02. In words, the tail sum of the eigenvalues for regular kernels is roughly on the

same or smaller scale as the sum of the eigenvalues bigger than §2.

For such kernels and under the Gaussian observation model (Y; ~ N(f*(x;),0?)), Yang et al. [39]
prove a minimax lower bound involving é,. In particular, they show that the minimax risk over the
unit ball of the Hilbert space is lower bounded as

inf sup E|f— 2 > ced2. (20)
Il lle<t



Comparing the lower bound with upper bound for our estimator f7 stopped after O(1/52)
many steps, it follows that the bounds proven in Theorem [1| are unimprovable apart from constant
factors.

We now state a generalization of this minimax lower bound, one which applies to a sub-class of
generalized linear models, or GLM for short. In these models, the conditional distribution of the
observed vector Y = (Y1,...,Y,) given (f*(z1),..., [*(x,)) takes the form

N s(o)

(2

where s(o) is a known scale factor and ® : R — R is the cumulant function of the generalized linear
model. As some concrete examples:

e The linear Gaussian model is recovered by setting s(o) = o2 and ®(t) = t2/2.

e The logistic model for binary responses y € {—1,1} is recovered by setting s(c¢) = 1 and
O (t) = log(1 + exp(t)).

Our minimax lower bound applies to the class of GLMs for which the cumulant function ® is
differentiable and has uniformly bounded second derivative |®”| < L. This class includes the linear,
logistic, multinomial families, among others, but excludes (for instance) the Poisson family. Under
this condition, we have the following:

Corollary 2. Suppose that we are given i.i.d. samples {y;}I, from a GLM for some function
f* in a reqular kernel class with || f*||» < 1. Then running T : = LWJ iterations with step

size a € (0,min{5;, M} and f° =0 yields an estimate fT such that

E|ff — fln =< inf sup E|f— £ (22)
folflle<t

Here f(n) < g(n) means f(n) = cg(n) up to a universal constant ¢ € (0,00). As always, in the
minimax claim , the infimum is taken over all measurable functions of the input data and the
expectation is taken over the randomness of the response variables {Y;}7 ;. Since we know that

E||fT — f*||2 2 62, the way to prove bound is by establishing inf]?sup”f*”%Sl EHf— 12 = 62

n ~ “n?

See Section [5.2] for the proof of this result.

At a high level, the statement in Corollary [2shows that early stopping prevents us from overfitting
to the data; in particular, using the stopping time T yields an estimate that attains the optimal
balance between bias and variance.

4 Consequences for various kernel classes

In this section, we apply Theorem [I] to derive some concrete rates for different kernel spaces and
then illustrate them with some numerical experiments. It is known that the complexity of an RKHS



in association with a distribution over the covariates Px can be characterized by the decay rate
of the eigenvalues of the kernel function. In the finite sample setting, the analogous quantities are
the eigenvalues {,uj};?zl of the normalized kernel matrix K. The representation power of a kernel
class is directly correlated with the eigen-decay: the faster the decay, the smaller the function class.
When the covariates are drawn from the distribution Py, empirical process theory guarantees that
the empirical and population eigenvalues are close.

4.1 Theoretical predictions as a function of decay

In this section, let us consider two broad types of eigen-decay:

e v-exponential decay: For some v > 0, the kernel matrix eigenvalues satisfy a decay condition
of the form p; < ¢ exp(—c2j7), where ¢, ¢ are universal constants. Examples of kernels in this
class include the Gaussian kernel, which for the Lebesgue measure satisfies such a bound with
~v = 2 (real line) or v = 1 (compact domain).

e [-polynomial decay: For some § > 1/2, the kernel matrix eigenvalues satisfy a decay condition
of the form p; < ¢ j_QB , where ¢ is a universal constant. Examples of kernels in this class
include the k*-order Sobolev spaces for some fixed integer k > 1 with Lebesgue measure on a
bounded domain. We consider Sobolev spaces that consist of functions that have k*-order weak
derivatives f(*) being Lebesgue integrable and f(0) = f1(0) = --- = f*=1(0) = 0. For such
classes, the S-polynomial decay condition holds with 5 = k.

Given eigendecay conditions of these types, it is possible to compute an upper bound on the
critical radius 6,. In particular, using the fact that the function R from equation is an upper
bound on the function G, (5 (6, 1)), we can show that for y-exponentially decaying kernels, we have

1/~ . _ 28 .
62 = %, whereas for S-polynomial kernels, we have 62 < n” 28+ up to universal constants.

Combining with our Theorem [T, we obtain the following result:

Corollary 3 (Bounds based on eigendecay). Under the conditions of Theorem :

(a) For kernels with ~y-exponential eigen-decay, we have

. logl/Wn
EHfT —f Hi < CT at T =< loglﬁ steps. (23a)

(b) For kernels with B-polynomial eigen-decay, we have

E|fT - )2 < en~2B/CBHY) g4 T =< n26/(2B+1) gpeps. (23Db)

See Section [5.3] for the proof of Corollary

In particular, these bounds hold for LogitBoost and AdaBoost. We note that similar bounds can
also be derived with regard to risk in L?(PP,,) norm as well as the excess risk £(fT) — L(f*).

To the best of our knowledge, this result is the first to show non-asymptotic and optimal statistical
rates for the || - [|2-error when early stopping LogitBoost or AdaBoost with an explicit dependence



of the stopping rule on n. Our results also yield similar guarantees for L?-boosting, as has been
established in past work [27]. Note that we can observe a similar trade-off between computational
efficiency and statistical accuracy as in the case of kernel least-squares regression [40, 27]: although
larger kernel classes (e.g. Sobolev classes) yield higher estimation errors, boosting updates reach the
optimum faster than for a smaller kernel class (e.g. Gaussian kernels).

4.2 Numerical experiments

We now describe some numerical experiments that provide illustrative confirmations of our theoretical
predictions. While we have applied our methods to various kernel classes, in this section, we present
numerical results for the first-order Sobolev kernel as two typical examples for exponential and
polynomial eigen-decay kernel classes.

Let us start with the first-order Sobolev space of Lipschitz functions on the unit interval [0, 1],
defined by the kernel K(z,2") = 1 + min(z, 2’), and with the design points {z;}}" ; set equidistantly
over [0, 1]. Note that the equidistant design yields S-polynomial decay of the eigenvalues of K with
B =1 as in the case when x; are drawn i.i.d. from the uniform measure on [0, 1]. Consequently we
have that 62 < n~2/3. Accordingly, our theory predicts that the stopping time 7' = (¢n)?/3 should
lead to an estimate f7 such that ||f7 — f*||2 3 n=2/3.

In our experiments for L?-Boost, we sampled Y; according to Y; = f*(z;) +w; with w; ~ N(0,0.5),
which corresponds to the probability distribution P(Y | z;) = N(f*(2;);0.5), where f*(z) = |[z—1|—7
is defined on the unit interval [0,1]. By construction, the function f* belongs to the first-order
Sobolev space with ||f*||,» = 1. For LogitBoost, we sampled Y; according to Bin(p(z;),5) where

p(x) = %. In all cases, we fixed the initialization f© = 0, and ran the updates @ for

L?-Boost and LogitBoost with the constant step size o = 0.75. We compared various stopping rules
to the oracle gold standard G, meaning the procedure that examines all iterates {f'}, and chooses
the stopping time G = arg ming>1 || f* — £*||2 that yields the minimum prediction error. Of course,
this procedure is unimplementable in practice, but it serves as a convenient lower bound with which
to compare.

Figure [2| shows plots of the mean-squared error ||f7 — f*||2 over the sample size n averaged over
40 trials, for the gold standard T'= G and stopping rules based on T' = (7n)" for different choices of
k. Error bars correspond to the standard errors computed from our simulations. Panel (a) shows
the behavior for L2-boosting, whereas panel (b) shows the behavior for LogitBoost.

Note that both plots are qualitatively similar and that the theoretically derived stopping rule
T = (7Tn)" with k* = 2/3 = 0.67, while slightly worse than the Gold standard, tracks its performance
closely. We also performed simulations for some “bad” stopping rules, in particular for an exponent
k not equal to k* = 2/3, indicated by the green and black curves. In the log scale plots in Figure
we can clearly see that for k € {0.33,1} the performance is indeed much worse, with the difference
in slope even suggesting a different scaling of the error with the number of observations n. Recalling
our discussion for Figure [T} this phenomenon likely occurs due to underfitting and overfitting effects.
These qualitative shifts are consistent with our theory.
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Figure 2. The mean-squared errors for the stopped iterates f7 at the Gold standard, i.e. iterate
with the minimum error among all unstopped updates (blue) and at 7' = (7n)" (with the theoretically
optimal x = 0.67 in red, x = 0.33 in black and x = 1 in green) for (a) L?-Boost and (b) LogitBoost.

5 Proof of main results

In this section, we present the proofs of our main results. The technical details are deferred to
Append A

In the following, recalling the discussion in Section [2.3] we denote the vector of function values
of a function f € J evaluated at (z1,x2,...,2,) as 0 := f(a]) = (f(z1), f(22),... f(zn)) € R,
where we omit the subscript f when it is clear from the context. As mentioned in the main text,
updates on the function value vectors 6 € R™ correspond uniquely to updates of the functions
ft € . In the following we repeatedly abuse notation by defining the Hilbert norm and empirical
norm on vectors in A € range(K) as

1 1
|A1% = “ATKTA and A2 = ~A3,

where KT is the pseudoinverse of K. We also use B (6, 7) to denote the ball with respect to the
|| - || sz-norm in range(K).

5.1 Proof of Theorem [1I

The proof of our main theorem is based on a sequence of lemmas, all of which are stated with the
assumptions of Theorem [1|in force. The first lemma establishes a bound on the empirical norm | - ||,
of the error A : = g!*+1 — 9* provided that its Hilbert norm is suitably controlled.

Lemma 1. For any stepsize « € (0, ﬁ] and any iteration t we have

1

m
e At-‘rl 2 ~

{188 — 1A513 } + (VLE" + AY) = VL (07 + AT), A,
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Figure 3. Logarithmic plots of the mean-squared errors at the Gold standard in blue and at T' = (7n)"
(with the theoretically optimal rule for £ = 0.67 in red, x = 0.33 in black and k = 1 in green) for (a)
L?-Boost and (b) LogitBoost.
See Section [A ] for the proof of this claim.

The second term on the right-hand side of the bound involves the difference between the
population and empirical gradient operators. Since this difference is being evaluated at the random
points Af and A1 the following lemma establishes a form of uniform control on this term.

Let us define the set
S :—{A,& ER" | |Allx > 1, and A, A € B (0, 20%)}, (24)

and consider the uniform bound
+202(| ALy + Z|A]2 forall A,A €S, (25)
c3

Lemma 2. Let £ be the event that bound (25) holds. There are universal constants (c1,c2) such
2 2
that P[] > 1 — ¢y exp(—ca m;é(sn).

See Section for the proof of Lemma
Note that Lemma [I| applies only to error iterates with a bounded Hilbert norm. Our last lemma
provides this control for some number of iterations:

Lemma 3. There are constants (C1,Ca) independent of n such that for any step size o € (O, min{ M, ﬁ}] ,
we have

A7 < Oy for all iterations t < % (26)

with probability at least 1 — Oy exp(—Cand?2), where Cy = max{?—;, 1}.



See Section [A3] for the proof of this lemma which also uses Lemma 2]

Taking these lemmas as given, we now complete the proof of the theorem. We first condition on
the event £ from Lemma 2, so that we may apply the bound . We then fix some iterate ¢ such
that t < ﬁ — 1, and condition on the event that the bound in Lemma (3| holds, so that we
are guaranteed that [|A"!]|,» < C,. We then split the analysis into two cases:

Case 1 First, suppose that |A!Y]|, < §,C. In this case, inequality (I5b]) holds directly.

Case 2 Otherwise, we may assume that A", > §,[| A" . Applying the bound with
the choice (A, A) = (Af, A1) yields

(VLO + A = VL (0F + AY), AT < 46, | A, + ?HNHHZ- (27)
3

Substituting inequality back into equation yields

1

m
e AtJrl 2

m
{183 = IA™ B0 } + 480 A o+ 22 A,

Re-arranging terms yields the bound

yml[ AT < D+ 480 | AT |, (28)

where we have introduced the shorthand notation D! := i{HAtHQ}f - ||At+1||3f}, as well as
_1_1
T=3 7 &
Equation defines a quadratic inequality with respect to [|A**1]|,; solving it and making use
of the inequality (a + b)? < 2a? + 2b? yields the bound

62 2D!
a2 < 2 = (29)
¥m ym
for some universal constant c¢. By telescoping inequality , we find that
T T
1 62 1 2D!
- At 2 < n = o= 30
r LIRS e+ p (30)
c6? 1
<= 1A°%05 = 1AT115]. (31)

— y2m?2  aymT

By Jensen’s inequality, we have

N

T
) 1 1
177 = f07 = HTZNH?L < TZHNH%,
t=1

t=1

so that inequality (15Db]) follows from the bound (30).



On the other hand, by the smoothness assumption, we have
* M *
L)~ () < ST - IR,

from which inequality (15a)) follows.

5.2 Proof of Corollary

Similar to the proof of Theorem 1 in Yang et al. [39], a generalization can be shown using a
standard argument of Fano’s inequality. By definition of the transformed parameter § = DUa with
K = UTDU, we have for any estimator f = \/nU%0 that || f — f*||2 = ||@ — 6*||3. Therefore our
goal is to lower bound the Euclidean error [|§ — 6*||3 of any estimator of 6*. Borrowing Lemma 4 in
Yang et al. [39], there exists §/2-packing of the set B = {§ € R™ | ||[D~Y20||y < 1} of cardinality
M = /6% with d,, : = arg minj—y,__n{p; < 62}. This is done through packing the following subset
of B

n 2

5(5)::{0€Rn | Zmin{?Wg}.

Jj=1

Let us denote the packing set by {6',...,0M}. Since § € £(§), by simple calculation, we have
16%]]2 < 0.

By considering the random ensemble of regression problem in which we first draw at index
Z at random from the index set [M] and then condition on Z = z, we observe n i.i.d samples
Yy :={y1,...,yn} from Py-, Fano’s inequality implies that

~ 52 I(y}; Z) + log 2
P(|6 — %]y > —) > 1 — =21 .
(-6l = %) 2 i

where I(y}; Z) is the mutual information between the samples Y and the random index Z.

So it is only left for us to control the mutual information I(y}; Z). Using the mixture representa-
tion, P = ﬁ Ef\i 1 Pyi and the convexity of the Kullback-Leibler divergence, we have

M
1 _ 1
I(y1; Z) = Vi Z [P, Pllxr < Wz |Pgi, Pos k-
Jj=1 2

We now claim that
nL|6— 0|3
s(o)

Since each [|0%]|2 < 4, triangle inequality yields [|6; — 6|2 < 28 for all i # j. It is therefore guaranteed
that

IPo(y), Por(y)llkr < (32)




Therefore, similar to Yang et al. [39], following by the fact that the kernel is regular and hence
s(o)dy, > cn52 any estimator f has prediction error lower bounded as

sup  E|f — f*)2 > 02
[1f*]l o<1

Corollary [2] thus follows using the upper bound in Theorem [T}

Proof of inequality Direct calculations of the KL-divergence yield

IBa(u). Bor(s)ls = / 1og<§9,(( o )iy

Z¢> (g, 0)) — ®(v/nlui, 6))

(s, 0 — 0')|Pody. (33)

To further control the right hand side of expression (33)), we concentrate on expressing [ > | y;u;Ppdy
differently. Leibniz’s rule allow us to inter-change the order of integral and derivative, so that

dPy d
— == —_— pu— . 4
/ 7 dy = ] Pydy =0 (34)

Observe that

- / Zuu Vi, 0)))dy

so that equality yields

/Zyzuzpﬂdy = ZUZ u,, >)

Combining the above inequality with expression , the KL divergence between two generalized
linear models Py, Py, can thus be written as

IPo(y), Por(y)llkr = Zq> n(u;, 0')) — ®(v/n{u;, 0))
—\/ﬁ<ui, 9’ — 0)(13’(\/ﬁ<ui, 0)). (35)
Together with the fact that

[B(v/nlus, ) — B(Vn(us, 6)) — Vin(us, 8 — O)F (Vn(uy, 6))
<nL|o o3

which follows by assumption on ® having a uniformly bounded second derivative. Putting the above
inequality with inequality establishes our claim ((32]).



5.3 Proof of Corollary

The general statement follows directly from Theorem [I] In order to invoke Theorem [I] for the
particular cases of LogitBoost and AdaBoost, we need to verify the conditions, i.e. that the m-
M-condition and ¢’-boundedness conditions hold for the respective loss function over the ball
By (0*,2C ). The following lemma provides such a guarantee:

Lemma 4. With D := Cy + ||6%]
condition with parameters

w, the logistic regression cost function satisfies the m-M -

1 1
- - M== d B=1.
M= "D D19 R

The AdaBoost cost function satisfies the m-M -condition with parameters

m=e¢P, M=¢e", and B=¢".

Y

See Section for the proof of Lemma

v-exponential decay If the kernel eigenvalues satisfy a decay condition of the form p; <
c1 exp(—cej7), where c¢1,co are universal constants, the function R from equation (19 can be
upper bounded as

2 | \/5 - .
—,/2 E in{02, ;) < /2 2 E —c2j?
R(9) \/; 2 min{o?, pu;} < - ko= 4 cre=e2i”,

j=k+1

where k is the smallest integer such that ¢j exp(—cok?) < 62. Since the localized Gaussian width
Gn (En(é, 1)) can be sandwiched above and below by multiples of R(d), some algebra shows that the

o . . 2 - n
critical radius scales as 0 =< Tog(m) 17707

log(n)!/7o2

Consequently, if we take T = -

estimator 67 satisfies the bound

B 1 1 logt/Y
187 — 6|2 < (+ )g”a

~ 2
am m n

steps, then Theorem |1| guarantees that the averaged

with probability 1 — ¢jexp(—cam? log/7 n).

B-polynomial decay Now suppose that the kernel eigenvalues satisfy a decay condition of the
form p; < 1 j728 for some § > 1/2 and constant ¢;. In this case, a direct calculation yields the
bound

2 N
R(&)g\/; k62 4y Y j2

j=k+1



where k is the smallest integer such that cok=2 < §2. Combined with upper bound cz Z?:k 1J 2 <
C ka §72 < k62, we find that the critical radius scales as 62 < n—28/(1426)

Consequently, if we take T' < n~28/(1+28) many steps, then Theorem [1| guarantees that the
averaged estimator A7 satisfies the bound

_ 1 1 2\ 26/(26+1)
-0 < (onrae) (5)
am m n

with probability at least 1 — CleXp(—Csz(%)l/(Qﬁ—H)).

6 Discussion

In this paper, we have proven non-asymptotic bounds for early stopping of kernel boosting for a
relatively broad class of loss functions. These bounds allowed us to propose simple stopping rules
which, for the class of regular kernel functions [39], yield minimax optimal rates of estimation.
Although the connection between early stopping and regularization has long been studied and
explored in the theoretical literature and applications alike, to the best of our knowledge, this paper
is the first one to establish a general relationship between the statistical optimality of stopped
iterates and the localized Gaussian complexity. This connection is important, because this localized
Gaussian complexity measure, as well as its Rademacher analogue, are now well-understood to play
a central role in controlling the behavior of estimators based on regularization [33| [3 2], 38].

There are various open questions suggested by our results. The stopping rules in this paper
depend on the eigenvalues of the empirical kernel matrix; for this reason, they are data-dependent
and computable given the data. However, in practice, it would be desirable to avoid the cost of
computing all the empirical eigenvalues. Can fast approximation techniques for kernels be used to
approximately compute our optimal stopping rules? Second, our current theoretical results apply to
the averaged estimator f7. We strongly suspect that the same results apply to the stopped estimator
T, but some new ingredients are required to extend our proofs.
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A Proof of technical lemmas

A.1 Proof of Lemma [

Recalling that KT denotes the pseudoinverse of K, our proof is based on the linear transformation
zi=n"VH KN —= 0=nK'?.

as well as the new function J,,(z) : = £, (v/nVK z) and its population equivalent J(2) : = EJ,(2).
Ordinary gradient descent on 7, with stepsize a takes the form

=2t VT () = 2 — avnVEVL,(VnVKZY). (36)

If we transform this update on z back to an equivalent one on 6 by multiplying both sides by
VNV K, we see that ordinary gradient descent on 7, is equivalent to the kernel boosting update
oIl = 9t — anKVL,(0Y).

Our goal is to analyze the behavior of the update in terms of the population cost J(z%).
Thus, our problem is one of analyzing a noisy form of gradient descent on the function 7, where the
noise is induced by the difference between the empirical gradient operator V7, and the population
gradient operator V.J.



Recall that the £ is M-smooth by assumption. Since the kernel matrix K has been normalized
to have largest eigenvalue at most one, the function J is also M-smooth, whence

T € T + (VT d) + I

where df:= 2T — 2t = —aV 7, (2.

Morever, since the function J is convex, we have [J(z*) > J(z') + (VT (2'), 2* — 2'), whence

TE) = I < (VI d 42— ) + S 1B

M
= (VI - )+ (37)
Now define the difference of the squared errors V* : = %{Hzt —2*)2 — ||t — 2 H%} By some simple
algebra, we have
t Lpn e xp2 to ot k|2
vt = S{llst =28 = It + 2 — =13 )

1
= — (!, o = 2) - S
1
A A B
N 1
= — (!, 2 =2 R

Substituting back into equation (37) yields

t
VE+ (VT (Y + dg, 21— 2%

|~

j(zt—i-l) —j(z*) <

Vt + <Vj(zt) _ an(zt)’ Zt—‘rl _ Z*>,

2 |—=R

where we have used the fact that é > M by our choice of stepsize a.

Finally, we transform back to the original variables § = \/nV/K z, using the relation V.7 (2) = /nvVKVL(),
so as to obtain the bound

1
1y * L 2 | At+L)2
L6 = £0%) < 5 {1815 — 1A 3 |
+ (VL") — VL, (0Y), 6171 — ).

Note that the optimality of 8* implies that V.L(6*) = 0. Combined with m-strong convexity, we are
guaranteed that Zt|A"1|2 < £(6") — £(6*), and hence

m t+12<i 2 A2
A2 < = { A3 - 1A% )
+ (VL(O* + AY) — VL, (6F + AY), ALY,

as claimed.



A.2 Proof of Lemma 2l

We split our proof into two cases, depending on whether we are dealing with the least-squares loss
o(y,0) = %(y —6)2, or a classification loss with uniformly bounded gradient (||¢/[|oo < 1).

A.2.1 Least-squares case

The least-squares loss is m-strongly convex with m = M = 1. Moreover, the difference between the
population and empirical gradients can be written as VL(0* + A) = VL, (0" + A) = (w1, ..., wy),
where the random variables {w;}?_; are i.i.d. and sub-Gaussian with parameter 1. Consequently, we
have

(VLO* +A) — VLo (0" + A), A)| :‘Z zn:wiA(a:i) :
=1

Under these conditions, one can show (see [38| for reference) that

=1

1
< 25nHAIIn+25iIIAH,yf+EHAH?L, (38)

which implies that Lemma [2 holds with ¢3 = 16.

A.2.2 Gradient-bounded ¢-functions

We now turn to the proof of Lemma 2] for gradient bounded ¢-functions. First, we claim that it suffices
to prove the bound for functions g € 0.7 and ||g||,» = 1 where 0 :={f —g | f,g9 € H}.
Indeed, suppose that it holds for all such functions, and that we are given a function A with
|Al|» > 1. By assumption, we can apply the inequality to the new function g : = A/||A|| Lz,
which belongs to 0.7 by nature of the subspace ¢ = span{K(-, z;)}I" ;.

Applying the bound to g and then multiplying both sides by ||A||», we obtain

(VL + A) = VL, (0" + A), A)

All7
<20, ||Alln + 262||A + 7 A
1A 1A N

m
<26, || Alln + 207 | Alle + gHAH%,

where the second inequality uses the fact that ||A||,» > 1 by assumption.

In order to establish the bound for functions with ||g||» = 1, we first prove it uniformly
over the set {g | |lgll.e =1, |lglln < t}, where t > 1 is a fixed radius (of course, we restrict our
attention to those radii ¢ for which this set is non-empty.) We then extend the argument to one that
is also uniform over the choice of ¢ by a “peeling” argument.



Define the random variable

Z,(t):=  sup (VL +A) = VL,(0* +A), A). (39)
AAE(t,1)

The following two lemmas, respectively, bound the mean of this random variable, and its
deviations above the mean:

Lemma 5. For anyt > 0, the mean s upper bounded as
where o : = 2M + 4C ,p.

Lemma 6. There are universal constants (c1,c2) such that

cona’? )

2 (41>

]P’[Zn(t) > EZ,(t) + a} <crexp ( -

See Appendices [A.2.3] and [A.2.4] for the proofs of these two claims.

Equipped with Lemmas |5{ and |§|, we now prove inequality . We divide our argument into two
cases:

Case t = 6§, We first prove inequality for t = 6,,. From Lemma [5, we have

EZ,(0,) < 0Gn(E(5,,1)) (g) 62, (42)

where inequality (i) follows from the definition of ¢, in inequality . Setting a = 82 in expres-

sion yields
P[Zn(5n) > 2(53} < c1exp (—@néﬁ) , (43)

which establishes the claim for ¢ = §,.

Case t > 0, On the other hand, for any ¢ > é,,, we have

© 1y Gale:1)

EZ,(t) 2 0Gn(E(t 1)) < < t6,,

where step (i) follows from Lemma , and step (ii) follows because the function u +— W is
non-increasing on the positive real line. (This non-increasing property is a direct consequence of
the star-shaped nature of 9.¢.) Finally, using this upper bound on expression EZ,,(d,) and setting
a = t>m/(4c3) in the tail bound yields

£2
P[Zn(t) > toy + 47771} < c1exp (fczantz) . (44)
C3

Note that the precise values of the universal constants c; may change from line to line throughout
this section.



Peeling argument Equipped with the tail bounds and , we are now ready to complete
the peeling argument. Let A denote the event that the bound is violated for some function
g € 0 with ||g||» = 1. For real numbers 0 < a < b, let A(a,b) denote the event that it is violated
for some function such that ||g||, € [a,b], and ||g||» = 1. For k =0,1,2,..., define t; = 2¥5,. We
then have the decomposition € = (0,tp) U (Up—q A(tk, tkt1)) and hence by union bound,

P[E] < )]+ Z PLA(t tre1)]- (45)

From the bound (43)), we have P[A(0,d,)] < c1 exp (—cznd?Z). On the other hand, suppose that
A(t, tg+1) holds, meaning that there exists some function g with ||g||.» = 1 and ||g|» € [tk tr+1]
such that

* A * A m
(VLO + A) = VLL(0" + A), g) > 26]lg]ln + 2657 + ;3\\9”121

(2)
> 20, t + 202 + @tﬁ
3

(#1) m
> Onlry1 + 25721 + TtiJrl»

implies that Z,,(txy1) > tpr10n + +1 and applying the tail bound . 44)) yields

where step (i) uses the ||g/, > tk and step (ii) uses the fact that t;11 = 2t;. This lower bound

2

t m
PA(tes 1)) < B(Zaltins) > b+ £E0)

< exp (—CQanZQk“(ﬁ) .
Substituting this inequality and our earlier bound into equation yields
P(E) < ¢ exp(—canm?52),

where the reader should recall that the precise values of universal constants may change from
line-to-line. This concludes the proof of Lemma

A.2.3 Proof of Lemma [5]

Recalling the definitions and of £ and L,,, we can write
n

1 . .
Zut)= sup > (&' (i, 0 + i) — B (5,07 + A))A;
AAeet ) Vi

Note that the vectors A and A contain function values of the form f(z;) — f*(x;) for functions
f €Bp(f*,2C ). Recall that the kernel function is bounded uniformly by one. Consequently, for
any function f € Bz (f*,2C ), we have

[f (@) = fH (@) = [{f = f K )
< = K, 2) e < 2C.



Thus, we can restrict our attention to vectors A, A with ||Al|se, | Allse < 2C from hereonwards.

Letting {e;}!' ; denote an ii.d. sequence of Rademacher variables, define the symmetrized
variable

Zn(t):= sup Zw (i, 07 + Ag) A (46)
AAEE(t, 1)

By a standard symmetrization argument [34], we have E,[Z,(t)] < 2E, [Z,(t)]. Moreover, since

~ 1 - 2 1
O ir 07 + B0) B < 5 (/905 +B)) + 547

we have
1 — . % 2
EZ,(t) <E sup — Z i ((ﬁ’(yi, 0; + Al)) sup Z SZA2
Aeg(t,1) n i=1 AEg t,1)
1 — ~ 1 —
<2E sup -— Zeiqﬁ'(yiﬁ;‘ +A)+4CHE sup — Z&iAi,
Ae&(t,1) n i=1 Aeg(t,) M i=1
Ty T2

where the second inequality follows by applying the Rademacher contraction inequality [23], using
the fact that ||¢||cc < 1 for the first term, and |A|loo < 2C ¢ for the second term.

Focusing first on the term 77, since Ele;¢/(y;, 0))] = 0, we have

1 . .
Ti=F sup — > (00 + A0) — 0/ 0))
A€&(t,1) n i=1

(i) 1 e ~
< ME sup -— E i\,
Ace) ™

u)
\f MG (E(1,1))

where step (i) follows since each function ; is M-Lipschitz by assumption; and step (ii) follows since
the Gaussian complexity upper bounds the Rademacher complexity up to a factor of \/; . Similarly,

we have
1< [3 Gt 1)

and putting together the pieces yields the claim.

A.2.4 Proof of Lemma

Recall the definition of the symmetrized variable Z,. By a standard symmetrization argu-
ment [34], there are universal constants c1, ca such that

P[Zn(t) >EZ,[t] + cla} < P [én(t) >EZ,[t] + a]



Since {;}7_, are {y;}7, are independent, we can study Z,(t) conditionally on {y;}?,. Viewed as
a function of {g;}7_,, the function Z,(¢) is convex and Lipschitz with respect to the Euclidean norm
with parameter

2 1 ~ 2 12
2= s > (b +A)A) < 5
AAest) VA n

where we have used the facts that ||¢'||cc <1 and ||A||, < t. By Ledoux’s concentration for convex
and Lipschitz functions [22], we have
- - n na?
P[Zn(t) >EZ,[t] + o | {yi}izl} < ¢z exp ( — C4t—2>.
Since the right-hand side does not involve {y;}!" ;, the same bound holds unconditionally over the

randomness in both the Rademacher variables and the sequence {y;}? ;. Consequently, the claimed
bound follows, with suitable redefinitions of the universal constants.

A.3 Proof of Lemma [3

We first require an auxiliary lemma, which we state and prove in the following section. We then
prove Lemma [3] in Section [A-3.2]

A.3.1 An auxiliary lemma

The following result relates the Hilbert norm of the error to the difference between the empirical
and population gradients:

Lemma 7. For any convex and differentiable loss function L, the kernel boosting error A1 : = gi+1 —
satisfies the bound

A2, < A%l A
(VL0 + A — VL, (0% + AY), ATH), (47)

Proof. Recall that [|A?||%, = ||6" — 6*[|%, = ||2! — 2*||3 by definition of the Hilbert norm. Let us
define the population update operator G on the population function 7 and the empirical update
operator G,, on 7, as

G =2t — aVI(VnVKZ),
and 2= G, () = 2t — aV T, (VaVEK ). (48)

Since J is convex and smooth, it follows from standard arguments in convex optimization that G is
a non-expansive operator—viz.

1G(z) = G)ll2 < [le =yl forall z,y €C. (49)



In addition, we note that the vector z* is a fixed point of G—that is, G(z*) = z*.

ingredients, we have

From these

1A%
_ <zt+1 o Z*, Gn(zt) _ G(Zt) + G(Zt) _ Z*>
(4)
<2 = 2o llG (") = G ()2
+a(VnVK[VLO" + AY) = VL, (07 + AN, 21T = 2%)
(49)
< AT el A e

+a(VLO* + AY) — VL, (0F + AY), AP

where step (i) follows by applying the Cauchy-Schwarz to control the inner product, and step (ii)
follows since A = \/nVK (21 — 2*), and the square root kernel matrix v/ K is symmetric.  [J

A.3.2 Proof of Lemma [3]

We now prove Lemma[3] The argument makes use of Lemmas [I] and [2] combined with Lemma [7]

In order to prove inequality , we follow an inductive argument. Instead of proving
directly, we prove a slightly stronger relation which implies it, namely

4M
max{1, | A%} < max{1,[|A°|%} + o5 =—. (50)
8
Here ¥ and c¢3 are constants linked by the relation
1 1
Fi= o= ——=1/C%. 51
V=51 = Uk (51)

We claim that it suffices to prove that the error iterates A*! satisfy the inequality . Indeed, if
we take inequality as given, then we have

1
IAY]15, < max{1, |A%]3} + % S Co»

where we used the definition C%, = 2max{||6*||%,, 32}. Thus, it suffices to focus our attention on
proving inequality .

For t = 0, it is trivially true. Now let us assume inequality holds for some ¢ < o775, and
then prove that it also holds for step ¢ + 1.

If |A™1Y 0 < 1, then inequality follows directly. Therefore, we can assume without loss of
generality that ||A™Y| . > 1.

We break down the proof of this induction into two steps:

e First, we show that [|A"Y]|,, < 2C so that Lemma is applicable.



e Second, we show that the bound holds and thus in fact ||AL||» < Cup.

Throughout the proof, we condition on the event £ and &) := {ﬁ\ly —Ely | 2|2 < V20}.

Lemma |2 guarantees that P(£¢) < ¢j exp(—c2 m%éﬁ) whereas P(&y) > 1 — e follows from the fact

o2

that Y2 is sub-exponential with parameter o?n and applying Hoeffding’s inequality. Putting things
together yields an upper bound on the probability of the complementary event, namely

P(£° U ES) < 2¢1 exp(—Cand?)

with Cy = max{’:—;, 1}.

Showing that ||A'*!||,» < 2C, In this step, we assume that inequality holds at step ¢, and

show that |A*1]|,» < 2C . Recalling that z : = (K\T/)%/Q

P =2t a/nVKV L) - 2
+ a/nVK (VL (0Y) — VL(OY)).

0, our update can be written as

Applying the triangle inequality yields the bound

121 = 2%|l2 < || 2 — av/nVK VL") —2"||2
G(zt)
+ lav/nVK (VL (%) — VLEO) |2

where the population update operator G was previously defined , and observed to be non-
expansive (49). From this non-expansiveness, we find that

12771 — 2% ||a < [|2F — 2%|]2 + eV K (VL (0%) — VL)),

Note that the 5 norm of z corresponds to the Hilbert norm of #. This implies

1A L < 1AL + [lon/nVE (V£4(6) — VL))l

=T

Observe that because of uniform boundedness of the kernel by one, the quantity 7' can be bounded
as

1
T < a/nl|VLA(6") = VL") [l2 = av/n—|[v = Ev]5,

where we have define the vector v € R" with coordinates v; : = ¢/(y;, 6%). For functions ¢ satisfying
the gradient boundedness and m — M condition, since 6° € B (6%, C ), each coordinate of the
vectors v and Ev is bounded by 1 in absolute value. We consequently have

TSQSCJf7



where we have used the fact that « <m/M <1 < CT” For least-squares ¢ we instead have

LD o)
T< oY ly—E —. Yy <Var<C
<a=lly - Ely | 2] NG <V20 < Cy

conditioned on the event & := {ﬁHy —E[y | z]|l2 € v20}. Since Y? is sub-exponential with
—-n

parameter o2n it follows by Hoeffding’s inequality that P(&) > 1 —e

Putting together the pieces yields that ||A!TY| 0 < 2C, as claimed.

Completing the induction step We are now ready to complete the induction step for proving
inequality using Lemma and Lemma since ||A!Y| » > 1. We split the argument into two
cases separately depending on whether or not ||A™Y 8, > ||A™Y|,. In general we can assume
that [|A™Y]| x> ||AY||», otherwise the induction inequality satisfies trivially.

Case 1 When ||A™| 20, > [|AHY]],,, inequality implies that
(VLO + A) — VL, (0*+A), AT

<ATNAH e + A, (52)

Combining Lemma [7] and inequality , we obtain

1A% <IATL# I AT e + 4adZIA™ L + a HN“H2

1

TLCs

= A" < A" +4a53], (53)

where the last inequality uses the fact that ||AL||,, < 8, [|AL| .

Case 2 When ||A™| 20, < ||A™Y|,, we use our assumption |A™Y| > ||AY||» together with
Lemma m and inequality which guarantee that

AT, <IAY5, +2a(VLEO" + AF) = VL (07 + AY), AT
<[|A*1% + 8ad, [ Al + 2o~ IIAt“Hn-
Using the elementary inequality 2ab < a? + b%, we find that
~ 1 m
1A% <[IAY5 +8a [mA AT + 752 + 20EHN+1H2
20062

<||A? AL 4
| ||;f+04 | 7+ Fm (54)

where in the final step, we plug in the constants 7, cs which satisfy equation (51J).



Now Lemma [I] implies that

m m
S IATHE < D+ 4] Ay + gIIAt“IIi

QDt+4 ?mHAt—H‘Pﬁ-;éQ +THAH_1H27
- " 4am " c3 "

where step (i) again uses 2ab < a® 4 b%. Thus, we have 2| A™1|2 < D! + 142

= On- Together with
expression , we find that

1 do
185 < 1815 + AW = 1A ) + 20

4
= 1A B < A, + = 67 (55)

Combining the pieces By combining the two previous cases, we arrive at the bound
max {1, |A71)1%, }
AM
< max {1, k(|| A"l + 4002)?, | A" + =02, (56)
. Am
where K : = W and we used that o < min{4;, M}.

Now it is only left for us to show that with the constant ¢3 chosen such that 7 = 3% — ﬁ =1/0%,,
we have

AM
K2(|AY] 7 + 4ad2)? < [|AY)1%, Tméi.

Define the function f : (0,Cx] — R via f(€) : = k(€ +4a62)? — €2 — M52 Since x > 1, in

ym

order to conclude that f(£) < 0 for all £ € (0, C], it suffices to show that argmin, g f(z) < 0 and
f(Cu) < 0. The former is obtained by basic algebra and follows directly from x > 1. For the latter,
since v = % - ﬁ =1/C%, a < {7 and 62 < %—22 it thus suffices to show

1 _am
(I-g?— m
Since (42 4+ 1)(1 — £)? > 1 for all z < 1 and §+ < 1, we conclude that f(C) < 0.

Now that we have established max{1, [|A™]2,} < max{1, ||A!|%,} + %5%, the induction
step follows. which completes the proof of Lemma

A.4 Proof of Lemma [4]

Recall that the LogitBoost algorithm is based on logistic loss ¢(y,6) = In(1 4+ e ¥Y), whereas
the AdaBoost algorithm is based on the exponential loss ¢(y,6) = exp(—yf). We now verify the
m-M-condition for these two losses with the corresponding parameters specified in Lemma [4]



A.4.1 m-M-condition for logistic loss

The first and second derivatives are given by
9%¢(y, 0) y?

O¢(y,0)  —ye v q B
00 Trew U (@07 T (e w0y e

It is easy to check that |%] is uniformly bounded by B = 1.
Turning to the second derivative, recalling that y € {—1,+1}, it is straightforward to show that

2

max su Y <

ye{—-1,+1} gp (e—y9/2 + €y0/2)2

1
47
which implies that 22%8) is a 1/4-Lipschitz function of 6, i.c. with M = 1/4,

Our final step is to compute a value for m by deriving a uniform lower bound on the Hessian.
For this step, we need to exploit the fact that § = f(z) must arise from a function f such that
Iflle <D :=Cu+ |0 Since sup, K(z,x2) < 1 by assumption, the reproducing relation for
RKHS then implies that |f(z)| < D. Combining this inequality with the fact that y € {—1,1}, it
suffices to lower the bound the quantity

min M = min min y2
ye{-1,+1}10|<D | (00)2 y|<110]<D (e~¥0/2 4 ey0/2)2
1

>
e Prel 2
D e

m

which completes the proof for the logistic loss.

A.4.2 m-M-condition for AdaBoost

The AdaBoost algorithm is based on the cost function ¢(y,6) = e ¥? which has first and second
derivatives (with respect to its second argument) given by

2
8¢(8:y0> 9) — _yefye7 and 0 qb(y?e) — efyO‘

(06)>

As in the preceding argument for logistic loss, we have the bound |y| < 1 and |#| < D. By inspection,
the absolute value of the first derivative is uniformly bounded B : = e, whereas the second derivative
always lies in the interval [m, M] with M : = e” and m : = e~ P, as claimed.
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