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Abstract

We study the predictive performance of ¢;-regularized linear regres-
sion, including the case where the number of covariates is substantially
larger than the sample size. We introduce a new analysis method that
does not require uniformly bounded covariates, an assumption that
was often necessary with previous techniques. This technique provides
an answer to a conjecture of Greenshtein and Ritov [12] regarding the
“persistence” rate for linear regression and allows us to prove an oracle
inequality for the error of the regularized minimizer.

1 Introduction

In this article we study the problem of linear regression with an £; constraint
or with an ¢; regularization. In the f; constraint case, one considers a
random variable (X,Y) € R? x R of which one has n independent samples
X1,Y1,...,X,,Y,. For a fixed b > 0, the ¢ constraint regression produces
(3 defined by

B:argmin{geRd:”ﬁ”E‘fgb}Z (<X“ﬁ> _}/Z,)Q, (11)
i=1

This regression is known as “lasso” regression and it is often motivated by
the fact that it tends to select solutions [ that are sparse [29] (that is, it
selects some 3 € R? with considerably fewer than d non-zero coordinates),
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particularly when compared with least squares or with fo-regularized (or
“ridge”) regression. Naturally, from a practical point of view, sparsity is
desirable because it allows for fast computation of <X .3 > on future samples.

In the standard setup, the dimension d and the ¢¢ radius of the set of
constraints b are fixed, while the sample size n grows to infinity. In this case,
the quality of the prediction of the empirical minimizer B is determined by
an appropriate notion of complexity of the set {3 € R? : ||| o < b}.

A more interesting problem is what happens when the dimension (the
number of explanatory variables) and the radius increase with the sample
size. Motivated by many practical prediction problems, including those
that arise in microarray data analysis and natural language processing, this
problem has been extensively studied in recent years. The results can be
divided into two categories: those that study the predictive power of B 9, 30,
12] and those that study its sparsity pattern and reconstruction properties [4,
32, 18, 19, 17, 8]; this article falls into the first of these categories.

Unfortunately, thus far there have been no satisfactory bounds on the
way the error of the empirical minimizer B depends on the radius b and the
dimension d; the existing estimates in the case where b and d are allowed to
grow to infinity with the sample size n were rather loose. The main aim of
this article is to identify the predictive power of B as a function of all three
parameters b, d, and n.

A notable difficulty in studying this problem arises from the fact that
linear functions are unbounded. And although the problem of empirical
minimization in a fixed function class has been extensively studied already
(see, for example, [3, 6] and the references therein), the most satisfactory
results apply only to function classes that are bounded almost surely. The
problem is made more difficult by our use of the quadratic loss, which takes
away some potential sources of uniform regularity (for example, we cannot
rely on a bounded Lipschitz constant). Thus, the techniques used in the
bounded case break down completely in the unbounded, quadratic setting.

Our main contribution is a method, based on Talagrand’s “generic chain-
ing,” [28] that allows us to avoid the problems arising in the unbounded
quadratic case, under some mild assumptions.

Traditionally, in the study of empirical minimization, one separates the
risk P/ B(X ,Y') into two quantities:

P€B(X,Y): (PEB(X,Y)— inf Péﬁ(X,Y)>+ inf Plg(X,Y) (1.2)
BELBY BELBY

where we use the abbreviation £5(X,Y) = ((X, ) — Y)?. The first of these



quantities is called the sample error and it measures the success of empirical
minimization relative to the best function in our hypothesis class, be; the
second quantity is called the approrimation error and it describes the per-
formance of bB{ without regard to the sample (X1,Y1),...,(Xy,,Y;) that
powered our empirical minimization. There is a well-known conflict between
these two errors: we can reduce the approximation error by enlarging our
function class (that is, by increasing b or d), but doing so will increase the
sample error. For a fixed b and d, the sample error shrinks as the sample
size increases but the approximation error remains constant. If one wishes
to minimize the total error, therefore, one should not consider a fixed ra-
dius b and dimension d but rather increasing sequences (b,) and (d,), each
element of which is chosen to minimize the error (1.2) for that particular
sample size.

Here, we will establish almost sharp estimates (up to the exact power of
a log factor) on the error of the empirical minimizer in {z € R? : ||z, < b}
as a function on the radius b, the dimension d and the sample size n, ‘under
mild assumptions on (X,Y). For example, we will show that if p is an
isotropic (that is, its covariance structure coincides with the Euclidean one),
log-concave measure on R? and Y € Ly, then up to poly-logarithmic factors
in b, d and n, the error of the empirical minimizer is bounded by

in {222 (1 )

An outcome of these estimates is a solution to the question of persis-
tence, posed by Greenshtein and Ritov [12], which is defined as follows. Let
(dn)22, be an increasing sequence, consider a sequence of measures (p, )5
on R% x R and suppose that for every n, one is given n independent sam-
ples (X1,Y1),...,(Xn,Y,) drawn according to p,. For 8 € R%, denote the
squared loss of 3 by £3(z,y) = (<£L‘, ﬁ> — y)2. Fix some increasing sequence
b, and consider, for every n, the empirical minimizer in an‘li":

n
Bn = argmin“mu?ngbn Z; 03(X;,Ys).
1=
The sequence Bn is called persistent if

P(va)’\'l/”ﬂgﬁn (X7 Y) B B, lélﬂgdn P(va)"’ﬂngﬁn (X7 Y) - 07

in probability.



Empirical minimization gives a persistent sequence (/3”) provided that
the sequences (b,) and (d,) do not increase too rapidly. Greenshtein and
Ritov asked for the most quickly increasing sequence (b,) such that empir-
ical minimization is persistent. Under the assumption that d, is at most
polynomial in n (and under some conditions on pu,,), they showed that one
can take b, = o((n/log(n))'/*). They also, however, proved persistence for
bn = o((n/log(n))'/?) in the case of Gaussian measures yi,, and showed that
this was the best possible rate in the Gaussian case. They asked whether
it was possible to improve the persistence result in the non-Gaussian case
under the condition (on the sequence pu,) that || X]|| ¢dn e bounded almost
surely. We answer this question in the affirmative (up to the exact power
of the logarithm) under even milder assumptions on p,. We should point
out that not only do we improve the persistence rates, we also remove the
restriction that d, be polynomial in n; in fact, our result is non-trivial for
sequences almost as large as d,, ~ exp(y/n).

To formulate the result we will need the following assumption.

Assumption 1.1 For every pu, on R set X(7) = (an)7 ...,X(E,:)) to be a
vector distributed according to p,. Assume that there is an absolute constant
¢ such that for every integer n, every 1 <i <d, and everyt > 1,

Pr <|XZ.(")] > t) < 2exp(—ct).

In other words, Assumption 1.1 states that all the coordinates of each X ()
(explanatory variable) are subexponential with uniform constant c.

Theorem 1.1 Suppose that (d,,) is an increasing sequence and that (p,)
satisfy Assumption 1.1. Then empirical minimization is persistent provided

that
b =0 vn .
log®/? n -10g*/?(nd,,)

Alternatively, suppose ]Xi(n)\ < C almost surely for every n € N and
every 1 <1i<d,. Then empirical minimization is persistent provided that

b, =0 vn .
log®?n - log'/?(nd,,)

We have made no particular effort to optimize the powers of the log-
arithms in Theorem 1.1 and that we do not believe them to be best pos-
sible. Also, observe that this estimate implies an almost optimal bound



for a slightly different question: the case where the constraint set consists
of sparse vectors in R%. In this case, instead of performing the empiri-
cal minimization in the set of vectors of Eii norm at most b, one performs
minimization in the set T} 4, which is the convex hull of vectors in RY of
Euclidean norm at most 1 that are supported on at most & coordinates. If
we denote the Euclidean unit ball by B¢ and the unit ball in ¢ by B, then
clearly T}, 4 C \/%Bf N BY. Thus, according to Theorem 1.1, one may allow
for the number k, of non-zero coordinates to grow as quickly as k, = b2
and have the analog of the persistence property for the empirical minimizer
in Tkn,d-

Theorem 1.1 provides an answer to the question posed by Greenshtein
and Ritov, but it does not directly address our original question. Recall-
ing the tradeoff between sample and approximation error, our mission was
to choose a sequence (b,) that exploits this tradeoff to minimize the error.
Persistence does not give the best sequence (by,); it gives a rate of increase
which is not too fast, but it does not provide information on which of the
slower sequences are the best. In other words, the fact that one can se-
lect b, < +/n yields no information on whether b, = n'/4 is better than
b, = n'/3. What’s more, choosing the right sequence (by,) requires some
knowledge of the behavior of the approximation error as the radius our the
¢¢ ball increases.

One way of addressing this problem is to consider a modified minimiza-
tion problem. Redefine 3 using the ¢; regularization

. ' 1 &
[ = argmingcpa <n ZEg(XZ-,Y,-) + )\n||ﬁ||gclz> . (1.3)
i=1

This sort of regularization is well-known [29] and has been extensively stud-
ied in the past. A fact we shall require is that if the reqularization param-
eter A, is chosen carefully then the solution to (1.3) is almost as good as
the solution to (1.1) for the best choice of b [1]. Furthermore, it is possi-
ble to choose such a A,, without knowing how the approximation error be-
haves. Intuitively, this is not so surprising. The heart of the matter is that
inf 51, <v} L5 03(X;,Y;) is likely to be close to the approximation error in
bB‘lj. Thus, if the approximation error decreases quickly as b increases the
regularized ¢; problem is likely to choose B with a relatively large ﬂﬁl norm.
On the other hand, if the approximation error decreases slowly, (1.3) will
select 3 of a small ¢¢ norm. Thus (1.3) is somehow equivalent to choosing
the radius in (1.1) to depend on the approximation error.

The method of analysis that we use for this problem requires, unfor-



tunately, a uniform concentration phenomenon (though it is likely that it
could be avoided using a deviation argument by using uniform tail esti-
mates rather than a concentration argument). Therefore, one has to make
stronger assumptions on the measures i, namely that both Y| and || X{|44
are bounded almost surely by a constant independent of n.

Theorem 1.2 There exist absolute constants ¢ and ¢’ for which the follow-
ing holds. Let (dp)n>1 be any increasing sequence with logd, = o(n) and
let (pin)n>1 be a family of measures on R, Forn > 1, suppose that X is
distributed according to p,, that HXHegg < M almost surely and thatY is a
real-valued random variable with |Y| < M almost surely. If we define

,log®? n - log"?(d,n)
Vn

then for all sufficiently large n (depending on d,, and M ), with probability
at least 1 — exp(—log3 n - log(d,n)), for any

B € afgminﬁeRdn(Pgﬁ + An”ﬂ“e{),

A = cM

we have

Ply < inf (Pfg—i—clx\n(l—l-nﬁnfii)).

/é ﬁERd”

2 Preliminaries

In this section we will present the basic definitions and results that we
require. Throughout, all absolute constants (that is, positive numbers that
are independent of the other parameters of the problem) are denoted by
C,C1,...,c,c1 ete. Their value may change from line to line.

We will consider a Euclidean structure on R%; |z| is the Euclidean norm of
x. We shall abuse notation and denote the absolute value and the cardinality
of a set by | - | as well.

A subset of a vector space is called symmetric if the fact that x is in the
set implies that —z is also in the set. It is a well known fact that if K € R?
is convex and symmetric and has a nonempty interior then it defines a norm
on R? by ||z||x = inf{t : t7'x € K}. For every 1 < p < oo and integer d,
Bg is the unit ball in Eg, that is, Bg ={z: Z?Zl |z;|P < 1}.

A significant part of our work will be devoted to the study of the supre-
mum of a collection of random variables, where each one of them is naturally
associated with a point in R?. This is an example of a rather general idea:
to study the supremum of a family of random variables indexed by a metric
space using the metric structure of the set.



Definition 2.1 A process {Z; : t € T} indexed by a metric space (T, d) is
called subgaussian with respect to the metric d if for every x,y € T and every
t>1

Pr(|Z, — Z,| > td(z,y)) < 2exp(—t?/2).

Two examples of subgaussian process are the following. Let T C R and
for every x € T consider the two random variables

d d
Ga: = E GiTs, and Za: = E EiLyg,
=1 =1

where (gi)‘ij:1 are independent standard Gaussian random variables and
(e:)L, are independent, symmetric-{—1,1} valued random variables. It is
standard to verify that both {G, : * € T} and {Z; : © € T'} are subgaussian
processes with respect to the Euclidean metric on R%. For the Gaussian pro-
cess this is evident because G is distributed as g;|z|. For the Rademacher
process {Z, : x € T}, it is simply a reformulation of Ho6ffding’s inequality,
that for every z € R% and every t > 0,

d
Pr ( Zeiﬁi

i=1
When a random process {Z; : t € T'} is subgaussian with respect to a
metric d, one can use the generic chaining mechanism to control the random
variable sup,cr | Z;| using the so-called y-functionals.

> tm) < 2exp(~2/2).

Definition 2.2 /28] For a metric space (T,d), an admissible sequence of
T is a collection of subsets of T, {Ts : s > 0}, such that for every s > 1,
ITy| = 2% and |To| = 1. Define the o functional by

2T, d) = infsup > 2%/%d(t, T.),
teT =)

where the infimum is taken with respect to all admissible sequences of T .

The following theorem is a corollary of the chaining mechanism. For
results of an almost identical flavor and a comprehensive survey on generic
chaining and its applications we refer the reader to [28].



Theorem 2.3 There exist absolute constants ¢; and co for which the fol-
lowing holds. Let {Z; : t € T} be a subgaussian process with respect to the
metric d. Then, for everyu > 1 and any tg € T,

Pr <sup s~ Z| > cvumn(T, d)) < 2exp(—u?/2)
teZ

In particular,
Esup |Z; — Zy,| < cav2 (T, d).
teT

A straightforward way (though it often leads to suboptimal results) to
construct an admissible sequence is using covers of the metric space (7', d).
Let N(e,T,d) be the smallest number of open balls (with respect to the
metric d) needed to cover T. The corresponding set of centers is called an
e-cover of T. For every integer s, let e = inf{e : N(g,T,d) < 22"}, and let
Ts be a minimal €4 cover of T. Then using this admissible sequence one can
show (see, for example, [28]), that there is an absolute constant ¢ such that

diam(7T,d)
')/2<T,d>§0/ V0og N(e, T, d)de,
0

that is, the ~9 functional may be bounded using an appropriate entropy
integral.

In our analysis we will be interested in empirical processes. Let F' be a
class of functions on a probability space (2, ) and let Xi,..., X, be dis-
tributed according to . Consider the process indexed by F', given by
Zp=n"1Y"" f(X;) —Ef and denote

|P, — P|lr = sup

Zf

and
n

Zf

Unfortunately, under typical assumptions on the class F' and the measure p
an empirical process is not subgaussian. Indeed, by Bernstein’s inequality
(e.g. [31]) which is sharp is many cases, a typical tail behavior of the random
varlable n~t 3" f(X;)—Ef is a mixture of subgaussian and subexponential
tails. One of the possible ways around this problem is to use symmetrization
arguments, due to Giné and Zinn [10]; the resulting metric is a random one.

El|P, — Pllp = ESUP




Theorem 2.4 Let F be a class of functionals on (Q, u). Then,

> eif(Xi)

i=1

)

2
E||P, — P||r < —ExE. sup
n fer

where (€;)1_, are independent, symmetric {—1,1}-valued random variables.

Theorem 2.4 implies that estimating the expectation of the supremum of
the empirical process indexed by F' is reduced to bounding the expectation
of the supremum of the Rademacher process (which is subgaussian with
respect to | - |) of a typical coordinate projection of F,

PoF = {(f(Xi))imy : f € F}.

The best understood situations in Learning Theory are when the given
function class is bounded in Lo (see, for example [3]). Such problems are
much simpler than the general, unbounded one for two reasons. The first
is that the random variable ||P, — P||r is concentrated around its mean
E||P, — P| r in the uniformly bounded case. This concentration result was
established by Talagrand [27].

The second reason why the unbounded case is much harder is because it
often rules out the use of contraction inequalities, which are standard tools
in empirical process theory. Contraction inequalities are used in the context
of learning as a way of relating the complexity of the loss class (in our case,
{tg = <ﬁ,->2 : B € T}) to that of the base class {<ﬁ,-> : B € T}. Since
contraction inequalities are not valid without a Lipschitz bound, one has to
find other ways of controlling the complexity of an unbounded loss class,
which will be the main topic of the next section.

3 Error rates for linear functionals on R?

The situation we study here is when the class of functions consists of linear
functionals {(t, > .t € T}, where T C R? is a convex symmetric set. In this
section, we will develop an estimate on the error of the empirical minimizer
in T', via an “isomorphic” bound, as will be explained below. This bound,
applied to the set T = bB¢ = {5 € R? : HJ;H@ < b} will yield a sharp
estimate (up to logarithmic factors in b, d and n) on the performance of the
empirical minimization algorithm in bB{.

Let us introduce the following notation. Let p be a probability measure
on R? and consider an unknown (real-valued) random variable Y. Let T' C



R? be a compact, convex, symmetric set and to each 8 € T associate the
function fz = </8,-> : RY — R. Recall that our goal is to estimate the
random variable Y by an element in T' (i.e. by a function fg where g € T)
with respect to the squared loss, using empirical data, which is a random
sample (X;,Y;)™ ; according to the joint distribution of y and Y.

Set F = {(B,-) : B € T}, let £(z,y) = (z — y)* and for every f € F,
define £y = ¢(f(X),Y) to be the squared loss associated with f and Y.

Note that if E||X||£g < oo then F' C Lg is compact and since T is
convex, I is a convex class of functions. One can show that in such a case,
El(f(X),Y) has a unique minimizer in F', and we will denote it by f* = fg-,
where 3* € T (note that 5* is not unique if the measure p is supported on
a subspace of R?%; our analysis, however, only requires the uniqueness of
fp=). Thus, we can define the excess loss function associated with f by
Ly ={;—Ls+ and the excess loss class

/;F:{Zf—ef* :fEF}.

For the sake of simplicity, we shall sometimes abuse notation and write Lg
and {3 for L, and £y,, respectively.

It is clear that our problem is how to obtain an estimate on the condi-
tional expectation

RzE(ﬁf

(X5, Vo))

as a function of the sample size n that holds with high probability.

The function class Lp has certain properties that will be used in our
analysis. First of all, for every f € F', EL; > 0 and equality holds only for
f*. The second property we require is more delicate. To formulate it, define
for any A > 0,

Lry= {Ef KLy < A}

Lemma 3.1 Let F C Ly be a compact, convex set of functions and Let Lp
be the squared loss class. Then, for any A > 0

Lpx C{Ly:Elf = [ <AL

Lemma 3.1 ensures that if ELy is “small” then f must be relatively close to
the true minimizer f* with respect to the Lo(x) norm.

This lemma appeared implicitly in several places (see, for example [21],
Cor. 3.4 and [2], Lemma 14) and in more general situations (for example,
loss functions that are uniformly convex rather than the squared loss). We
present the proof of Lemma 3.1 for the sake of completeness.

10



Proof. Let EL; < A. Then,

A>E(f(X) = f4(X)) - (f(X) + f5(X) —2Y)
= (f(X) = f*(X), f(X) + f*(X) —2Y),

where the inner product here is in Lo with respect to the joint probability
distribution of X and Y, which is denoted by v. Since f* is the best approx-
imation to Y in F' with respect to the Ls(v) and since F' is convex, then by
the characterization of the nearest point in a compact, convex subset in an
inner product space, <f* -Y, f— f*> > 0. Hence,

(JX) = (XD, F(X) + (X)) =2Y) = |If = FlT,0) +(F =Y F = 1)
> |f = 7,0 = ExIf — %
|

It is well known [16] that one way of obtaining an estimate on the error
of the empirical minimizer is by finding a small A (that depends on n) such
that with high probability, for every f € F' with ELy > A,

1 n
(1 S)Eﬁf n iglﬁf(XZ,Yl) (1+E)E,Cf

Hence, for functions with large error, the empirical error and the actual one
are e-equivalent, and this fact implies that the random and deterministic
structures are “almost isometric” (or for a fixed €, isomorphic). In particular,
the empirical minimizer cannot be a function of large error: if it were then
this “almost isometric” structure would apply and we could conclude from
Z?:l ﬁf(XZ,Y;) < 0 that Eﬁf <0.

If one wishes to find a small A for which one can find an isomorphic
condition with, for example, ¢ = 1/2, this can be achieved by controlling
E| P, — P| g, where

GA:{HLf:feF, 0<6<1, P(Qﬁf)zx\}.

Observe that G is the localization at level A of the star-shaped hull of Lp.

The fact that if E||P, — P|lg, < aX for some 0 < o < 1 then with
high probability, the risk of the empirical minimization algorithm is at most
c(a)\ was first noted in [3] for cases in which one has a strong concentration
phenomenon for || P, — P||¢, around its expectation. In fact, one can obtain
the same result without the strong concentration if one is willing to have
confidence that is less than exponential.

11



Theorem 3.2 Let {Ly: f € F} be an excess loss class with respect to some
loss function £ and set

GA:{GEfzogegl, P(@ﬁf):)\}.

IfE||P, — P|lg, < 6\ then with probability at least 1 — 26, the conditional
expectation E(Ef\Xl, Yi,.., X0, Vo) < A

Proof. By rewriting G as

ALy

Gyr={0L;:0<0<1, P(Gﬁf):/\}:{E£
f

:E[:f Z/\}, (3.1)

it is evident that

sup

n Y £4(Xi, Vi) —ELy ‘ _ 1P = Pla,
{LyEL; >N} ELy

A

By Markov’s inequality, with probability at least 1 — 24,

[P — PHGA 1 1
— 2 < —E|P,— Pllg, < =.
) < o llPn = Pl < 5
This gives an isomorphic condition on {L; : ELf > A}: by (3.1), with
probability at least 1 — 24, for all £y with ELy > A,

1 1 ¢ 3
SEL; < =Y Li(X:,Yi) < SELy.
5 f—n; 71X, Yy) < SELy

Since the loss function of the empirical minimizer, £ 2 does not satisfy this
inequality (because Y ;" CJ;(XZ-, Y;) <0), then IEEJ; < ), as claimed. ]

Given a class of functions F' and a sample 0 = (X;,Y;)", recall that
P, F is the coordinate projection of F' onto o, that is,

PoF = {(f(X0, Y, : [ € F} CR™

A key part of our analysis is to bound the Rademacher process indexed by
coordinate projections of L y which, by symmetrization, leads to the desired
bound on E| P, — P||q,. Recall that by Hoffding’s inequality [15], if A C R"
then the Rademacher process indexed by A, given by z — Y ' | ejx; = Z,
is subgaussian with respect to the Euclidean metric.

12



Consider the Ly metric endowed on the parameter space R? by the co-
variance structure HﬂH%Q = E[(X, 8)[* and denote its unit ball by D. Thus,
D ={z eR*:E(X,z)|* <1},

The following lemma allows one to control the Rademacher process in-
dexed by P,Lp ) using the distances between the indexing parameters in
R?. This enables one to overcome the difficulty arising from the fact that
Ly, is a shift of <ﬂ, ->2, which leads to a process that is very different and
considerably more difficult to handle than the one indexed by the linear
functionals <ﬁ, >

Lemma 3.3 For every o = (X;,Y;); the Rademacher process indexed by
P,LF ) is subgaussian with respect to a metric on T', defined by

n

n 1/2
d(Br, B2) = 4|81 — B2lloon < sup Z<Xz‘,v>2 + )ty (Xi,Yi)>
veEVADN2T j—1 i=1
(3.2)

where ||B1 — Balloom = maxi<i<n [(Xi, B1 — B2)|.

In other words, d(f1, B2) is the random /., distance, multiplied by what
is essentially the empirical £ diameter of the localized set VD N 2T.
Proof. Denote Hg”% = Y1 ¢*(Xi,Y:) and observe that for every v,u €

Rd

n

125, = L1ty = 15, = ally =D (Kivu —0)” ((Xiyu+0) - 27)°.
i=1

Recall that 3* € T' is the element for which infger Ely, is attained. Then
by Lemma 3.1,

(weT: Ly eLryyC{veT: |v— 5 < VA =Tn (B +VAD)
C 8"+ (2T NVAD),

where the last inequality follows from the convexity and symmetry of T" and
using the notation a+ B = {a+b: b € B}.
In particular, if u,v € T and ||v — 3*||L,, |u — 3|z, < VA then

(u+v)/2—B* € 2T NVAD.

13



Thus, for every Ly, L, € LF,

n

1L = LolFy =D (Ko u—v)* ((Xiyu +v) — 2v;) (3.3)
=1
2
< o (= )03 (05 5 ) 4 () - 0)

< 8Hu—ngon< sup Z<X“t +Z€ﬁ* X, Y; )

te2TNVAD =1

where the last inequality follows from |la + b||> < |la + b||?> + |la — b||>.
Hoeffding’s inequality implies the result. ]

The next step is to bound the random diameter

n 1/2
2
sup Xt
(teQTmﬂD ;< > )

from above using the random f., metric. To simplify notation, set for a
given sample (X7, ..., X;;) the random metric

doon(f,9) = max [f(Xi) — g(Xi)l,

1<i<n

and for a class of functions F' let

Upn(F) = (E72(F,doon))*/? and JF:(JscugIEfQ(X))l/Q.
S

The following is a result from [14].

Theorem 3.4 There exists an absolute constant ¢ for which the following
holds. Let F be a class of functions on (Q, ), let X be distributed according
to u and set Xq,..., X, to be independent copies of X. Then,

E sup Z(F( i) — Ef*(X))| < cmax (VnopUs(F), U2(F)) . (3.4)

Jer |4

In particular,

E sup Z<t,Xi>2 < nA+ cmax <\/ﬁUn(F), U,%(F)) . (3.5)
te2TNVAD i=1

14



Thus, the dominating term in the expectation of the worst deviation of
n~t3°"  f3(X;) from the mean Ef? can be upper bounded in terms of the
Ly norm of vo(F, doo ).

The following theorem is the key technical result. In using the notation
Un(K) for a set K C R?, we identify K with the class of functions {(z,) :
x € K}.

Theorem 3.5 There exists an absolute constant ¢ for which the following
holds. For every convex and symmetric T C R* and every X > 0,

Un(K) Un(K) | U2\
— < . *
E|Py— Pllzs, <c i <A+Peﬁ + VA n + = :

where K = 2T N vV/AD.

Proof. By the Giné-Zinn symmetrization theorem, Lemma 3.1 and the
definition of the Ly metric on R? endowed by X,

2 n
B[Py — Plles, <EEsup = |3 &Ly, (Xi, V3)| = (%),

n
BeW i—1

where
W={BeT:|8-0" 1, <V} CB +©2TNVAD)
and D = {z € RY : E[{z, X)|? < 1}.
By Lemma 3.3, for every fixed sample (X;,Y;)? ;, this Rademacher pro-
cess is subgaussian with respect to the metric d defined in that lemma. Thus,
by the generic chaining mechanism, setting K = 27° N vAD,

teK

n 1/2
(%) < %E Y2 (0 + K, doo n) (supz (t, Xi) —i—ZEﬁ*(XZ-,Yi))
i=1

1/2
c
= glE Y2(K, doon) (supZ(t X> —i—zfg* Xi,Yi > )

€1
gﬁ(

where the first equality is evident because the metric d , is translation
invariant, and thus y2(6*+ K, deo n) = ¥2(K, doo ), and the last inequality is
the Cauchy-Schwarz inequality. The claim now follows from Equation (3.5).

|

tek 1

1/2
E’y%(K,doom))lﬂ (Esup Z<X”t> +E€5*) ,

15



Note that the bound that we have established thus far is for P||P, —
P| ., where L) = {L; : ELy < A} for any A > 0. To control E|| P, —P||g,
we require an additional “peeling” argument, following the same path as in
[22].

To simplify notation, define

_ UnlKy) Un(K.) | U(K.)\'"”
u(o) = 05 (x+P€5*+\/E () ) Dl ) ,

where K, = 2T N /xD.

Theorem 3.6 There exist absolute constants c1, co and cg for which the
following holds. For every A > 0,

oo
E||P, = Pllay <1y 27 ¢n(2T1N).
=0

In particular, for every A > 0
Un(T)
Vn

and thus E|| P, — P||q, < d\ provided that
c3 Un(T) Ua(T)
)\z(szmax{ T VELg«, - .

Proof. Observe that for every A > 0,

ALy IRV .
==L pLi> )\ = LN <ELy < 27N G
G {ch ﬁf_A} iL:JO{E['f A<ELs < /\}

Y

1/2
. ()\+E€5*+\[\U"(T) + Ur%(T)>

Hence, setting H; = {% 120N <ELf < 2i+1)\}7 then

o0
E[ P, — PHG)\ < ZEHPrL - PHHz

=0
o0 1 n
<) 27'E sup =N LX) —EL
; {Lp2A<EL <210} [T ; fen !
e .
< Zz_ZE”Pn - P||£F72i+1)\
i=0
e . .
<a ZZ_Zﬁbn(T—H)‘)a
=0
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where the last inequality is evident from Theorem 3.5.
The second and third claims follow using the fact that

2T NV2HIND C 2T

and a straightforward computation. [ |

Combining Theorem 3.2 and Theorem 3.6 with the trivial bound Efg« <
||Y||%2, one obtains the following.

Corollary 3.7 There exists an absolute constant ¢ for which the following
holds. Let T C R% be as above and set 5 € T the parameter selected by
the empirical minimization algorithm. Then, for all 0 < § < 1/2, with
probability at least 1 — 20,

: {Un(T) 1Y |z,

P (L5/(X0, Vi)l ) < 55 max N

Thus, to obtain an estimate on the risk of the empirical minimization
algorithm, all that one has to do is to bound U,,(T"), which, in the case we are
interested in, is U, (bB¢). Observe that an estimate on U, (bB{) would suffice
to handle the two cases considered in [12]; for the first, the indexing set is
T= anf”, and for the second, T is the convex hull of vectors of Euclidean
norm at most a that are supported on at most k& coordinates. Indeed, the
second case follows from the first one: if |¢| < a is supported on at most k
coordinates then by the Cauchy-Schwarz inequality, [[¢]4 < VE[t| < avk.

Hence, if T' is the convex hull of the set of such vectors then T' C a\/%Bf.

UA(T) } |

Remark 3.8 Corollary 3.7 and the second and third parts of Theorem 3.6
follow from the trivial estimate that K, C 2T, which is rather loose unless T
s very small. The fact that the complexity of the indexing set is governed by
the intersections 2T N +/xD is one of the benefits gained by the localization
argument and becomes more significant the larger T is. For the case that
interests us, when T = bB{, it turns out that for a wide range of choices of
d = d(n) and b = b(n) one may safely replace bB{ N v/ AD with bBY, and
bounding Un(bBii) is enough to obtain a sharp estimate (up to logarithmic
factors) in the problem addressed in [12]. However, when d < n, bB{NVAD
is better approzimated by VAD, as will be explained in Section 4.1.

4 Empirical minimization is persistent

Based on the results of the previous section, it is evident that if one wishes
to prove that empirical minimization is persistent, it suffices to control

17



72(bBii7doo,n) for every Xi,...,X,. To that end, we shall use a covering
estimate and upper bound ~» using an entropy integral.

The idea behind the following result appeared in [14] but we will present
a detailed proof for the sake of completeness.

Lemma 4.1 There exists an absolute constant c for which the following
holds. For every b > 0,

72(bBY, doon) < cbQh(n, d),
where Q) = maxi<i<n || Xill¢e and h(d,n) = log®/? n max{log"/? d,log'/? n}.
Proof. First, assume that d > n. Fix X1, ..., X,, € R?, define

and let || ||z, be the quasi-norm on R% whose unit ball is H,,.

Consider the operator A : (7 — R? defined by Ae; = X; and observe that
the number of translates of e H,, needed to cover BY, denoted by N(B{,cH,,),
satisfies

N(B{,eH,) = N(A*B¢,eB").

Indeed, this is the case because u € H), if and only if A*u € BY.
Recall that for an operator A : X — Y between the normed spaces X
and Y, the f-entropy number of A is given by

es(A) = inf{e > 0: N(ABx,eBy) < 2},

where Bx and By are the unit balls in X and Y respectively. By a well
known result of Carl [5], if A : % — (2 then for ¢ <n < d,

. . log(1+n/f)-log(l+d/¢ 1/2
I e I

and clearly, [|A*[| = [[A]| = maxi<i<n [| Xilla, = Q.
Therefore, since n < d, then for every

logd
€ > caQb %8

= &0,

b2Q%logd - logn
5 :

log N(bB{,eH,) < c3
9

18



Using a standard volumetric estimate (see, for example, [26] Chapter 5), for
every € < gg

log N(bB¢,eH,) < log N(bB,e0H,) + log N(soH,,cH,)
b2 2
< 037?10gd -logn + nlog (1 + 8—0>
60 3

< cyn <log (1 + 8—()) + log n) .
€
Also,

=b LX) = b Xl = bQ.
Usetggfllvllﬂn max, max [(e;, Xi)| = b max [|Xilleg, = bQ

By an entropy integral argument, it is evident that

~ b
2 (BB, dog ) < c5 / Vog N(bBf,H,)dz = 5 / Vlog N(bB{, < H,)de
0 0

€0 @ bQ\/Togd -1
gc(;(/ nlog(l—k?)-ﬁ-/ @ ogg Ognda)
0 €0

<cy <\/nlogn50 + bQ+/logd - log nlog <b€Q>)
0
< egbQ+/logd - (logn)*/2.

as claimed.
If n > d then B{ C B?, and one can extend each X; € R? to X;®0 € R™.
Now the bound is as before, but with d replaced by n. [

Let us mention that we have made no effort to optimize the dependency
of 9 on n and d, since our estimates yield a poly-logarithmic dependency in
those parameters. Using a much more delicate approach—a construction of
an appropriate admissible sequence of T' rather than by an entropy integral
argument, as was done in [13]—the power of the logarithms can be reduced
(though not completely eliminated).

We will consider two families of measures on R?. The first is when the
random variable [ X||se is bounded in Lo, and the second is when X is
selected according to a measure satisfying that for every 1 < ¢ < d, the
tail of |<X , ei>| decays quickly. A natural example of such vectors are those
distributed according to log-concave measures.
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Definition 4.2 A measure p on R? is called log-concave if for all nonempty
and measurable sets A, B C R% and every 0 < A < 1,

PAA+ (1= N)B) 2 pM(A)u'A(B).
A measure i on R is called isotropic if for every @ € ST,
E(X,0)° =1,
where X is distributed according to .

There are many natural examples of log-concave measures, and their
study is a central part of modern asymptotic geometric analysis. Among the
examples are measures that have a log-concave density, the volume measure
on a convex body, and many others.

A central part of our analysis will be based on decay properties of random
variables. A useful way of quantifying these properties is using Orlicz norms.

Definition 4.3 Let Y be a random variable. For o > 1 define the a-Orlicz

norm of Y by
: Y|e
|Y |y, =inf < C > 0: Eexp ca <2;.

For basic facts regarding Orlicz norms we refer the reader to [7, 31]. It
is standard to verify that if Y has a bounded v, norm then for every ¢ > 1,

Pr([Y] = t) < 2exp(—t*/[[Y[[,)-

The reverse direction is also true: if ¥ has a tail bounded by exp(—t“/K%)
then ||Y||y, < K. Also, if Y has a bounded 1), norm (denoted Y € Ly,,)
then for every p > 1, [|Y|z, < ep Y ||y, -

A well known fact that follows from Borell’s inequality (see, e.g. [23],
Appendix IIT) is that if u is log-concave and if X is distributed according
to u, then for every z € R%,

1K @)l < el (X 2) s (4.1)

where c¢ is an absolute constant. In particular, the moments of linear func-
tionals satisfy

H<X7x>”Lp < CPH<X7'T>HL1'
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Lemma 4.4 There exists an absolute constant ¢ for which the following
holds. Let j1 be a measure on RY and suppose that X1, ..., X,, are independent
and distributed according to p. Then

1/2
2
. < . .
<E fg%HXl”éd ) clog(nd) 11%1?3){d||<X’ 6]>||¢1.

Therefore, if u is log-concave then

1/2
<IE max HXZ-\@&) < clog(nd) - max (X, ¢;)]|r.,

1<i<n

and if u is log-concave and isotropic then

1<i<n

1/2
(IE max ]X1H2g0> < clog(nd).

Proof. Recall the well-known observation due to Pisier (see, e.g. [31]) that
if Z1,..., Zy, are random variables then

. < .
I max Zilly, < 1 max [ Zily, logm,

where ¢; is an absolute constant.
Since @ = maxi<i<n [ Xillgg, = max; ; (X, e;)| then

QI < callQlluy < eslog(nd) max. (X, ;)]

If p is log-concave,

g?gdH(X, ey < ca g%XdH(X, e, <ea g%de(X, i)l Las

by (4.1) and Jensen’s inequality. If, in addition, p is isotropic, then

e [[(X, e;)ls = max [leg]| = 1.

We are now ready to formulate the first error rate estimate for T' = bBY{,
which follows directly from Lemmas 4.1 and 4.4.
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Theorem 4.5 There exists an absolute constant ¢ for which the following
holds. Set h(n,d) = log®?n -log®?(nd) and p = maxi<j<g [ (X, €;) ||y, -

IfT = be then with probability at least 1 — 26, any empirical minimizer
6 satisfies

212 2
Ecﬁg(;max{lii/‘g.ﬂ/wﬁ*,bzp } (4.2)
If | X|lga is bounded almost surely by U then (4.2) holds with p = cU
and h(n,d) = log*?n -log"?(nd). If X is distributed according to a log-
concave measure then (4.2) holds with p = maxi<j<q|[(X, €)1y, and if p

1s distributed according to a measure that is both log-concave and isotropic
then (4.2) holds with p = 1.

As an example, let u, be a family of isotropic, log-concave measures on
R and assume that d,, ~ n® for some a > 1. Observe that Elg < EY?2,
which is dimension independent. Then, as long as

b2 log®n

— 0,
n

the empirical minimizer is persistent.

More generally, let us formulate an estimate on the optimal choice of the
parameters b, and k, as promised in Theorem 1.1. Recall that T} 4 is the
convex hull of vectors in R% of Euclidean norm at most 1 that are supported
on at most k coordinates, and therefore T} 4 C \/EB?

Corollary 4.6 Let T, be either anf” or Tyz q,-
1. Set b, and d, to satisfy

lim bn log®?n - log*?(nd,) = 0
n—oo 1/N
and let (pn,) be a sequence of measures on R . If u, is isotropic and
log-concave for every n, then for every random variable Y € Lo the
empirical minimization algorithm on T, is persistent. More generally,
if each coordinate of X™ ~ p, is sub-exponential with a constant not
depending on n, then for every random variable Y € Lo the empirical
minimization algorithm on T, is persistent.

2. Alternatively, if || X|[pa is bounded almost surely and Y € Lo, then
the empirical minimization algorithm on T, is persistent for b, and
d, satisfying

lim bn log®? n -log!/?(nd,) = 0.

n—oo \/N
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4.1 Error rates for empirical minimization

Theorem 1.1 gives the optimal bound (up to logarithmic factors) on the
rate at which one may “expand” the dimension d and the radius of Bf and
still obtain a persistent algorithm. However, if one expands d and b at that
rate, the resulting error rate is arbitrarily slow. Of course, Theorem 4.5, is
stronger in the sense that it yields an estimate on the error rate for each
choice of triplet (b,d,n), but a careful look at the estimate established there
shows that it is suboptimal for certain triplets. For example, for fixed values
of b and d that do not grow with n, one would expect an error rate that is
roughly of the order of 1/n rather than 1/y/n. The reason for that looseness
in Theorem 4.5 is that it was implicitly assumed in the proof that bB{lﬁ\[\D
is essentially equivalent to 2bB‘1i7 enabling us to replace one with the other.
However, if b and d are constant with respect to n, then in the isotropic case
(D = BY), bB{ N VABY = VAB{ as long as A < b%/d. Hence, if there is any
hope that the error rate A, — 0 then one should approximate bB{ N v/ ABY
by VAB{ rather than by bB{.

Let us mention that in certain cases (e.g. if X is an isotropic, Gaussian
vector) one can prove sharp bounds for the “complexity” of the interpolation
body given by (E43(bB¢ Nv/AD, doo’n))l/2 for all values of n,b,d and X (see
[11]). This analysis shows that the gap between the exact estimates and
the bound given by considering the two “extreme” cases of bBld and VD is
logarithmic in the parameters b, d and n. Since the analysis of the complexity
of the interpolation body even in the Gaussian case is technically involved
and its gains are rather minimal we shall not present it here. Instead, we will
now consider the other extreme case, in which one replaces be N VD by
VAD. Our starting point is a modified version of Theorem 3.6. To formulate
it, recall that if T C R? and 3 € T then Ly, is the excess loss associated
with the parameter 3, and G\ = {ALf/EL; : ELy > A}

Theorem 4.7 There exists an absolute constant ¢ for which the following

holds. If
2 2
A> 5% max { U"(T), U”(D)Eﬁﬁ*}

n n
then E|| P, — P|lg, < 0. In particular,

, (zﬁ\(xi,lﬁ>?:1) . cmaX{Ur%(T)7 Ug(D)Egﬁ*}

52

with probability at least 1 — 20.
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Proof. Recall that

Un(F) | Un(K,) | U2(K,)\ "2
NG (m+E£5*+\/E NG + ) ,

where K, = 2T N /D, and that by Theorem 3.6,

Pn(T) =

oo
E| Py = Pllay, < e1 )2 "¢a(2FN).
i=0

Set A; = Up(Kgi+1y)/+/n and thus,

276n(2N) < ep (272 (AN 4 AYPNVA 4 A7) 4 2704 (BEg) )
’ 3/2 2 . .
< o (2—2/2 (U”(T))\l/Q + <U”(T)) AV (U”(T)> ) 1 oitnlD) (2Z+1AEeﬁ*)1/Q> ,

vn vn vn vn

where we used Koir1y, C 20FD/2(/XD for the last term and Kyi+1y C T for
all the others.
Summing over i, it is evident that Y 5% 2%, (271 )) is at most

c Un(T) \1/2 , Un(D) /2 Un(T) 3/2 1/4 Un(T)\?
3<\/ﬁx R (AR) +<\/ﬁ> A +<Jﬁ> .

Therefore, by a straightforward computation, E|| P, — P||g, is smaller than
A provided that

2 2

N e [ VRO DRD),
52 n n

The second part of the claim is a direct application of Theorem 3.2. |

Since we have already bounded U, (T) for the sets T we are interested
in, it remains to bound U, (D).

4.1.1 The complexity of D

Note that D = {z € R : E<X,:c>2 < 1} is an ellipsoid in R%, as the unit
ball of an inner product on R¢ defined by [z,y] = E<X,x><X, y> Thus,
D = ABY for a certain linear operator A. Moreover, if X is a random vector
distributed according to p then A*X is an isotropic random vector on R,
Indeed, for every § € S¢1, Af is on the surface of inD, and thus

E(0, A" X)* = E(A6, X)? = 1.
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Lemma 4.8 There is an absolute constant ¢ for which the following holds.
Let X1,..., X, € R? and set M = max ||A*Xi‘|eg- Then,

Y2(D, doo n) < cM+/lognlogd.
In particular,
Un(D) < ¢(EM?)/2/lognlogd.
Proof. Define
d .
H,={xeR": lrg%)%Km,XiM <1},
d . *
H ={zcR%: 112%>%|<35,A X;) <1},

I, = max |(z, ;)]

I, = max |z, "X,

Again, and at the price of a logarithmic looseness, the proof will be
based on a covering numbers argument. Observe that for every € > 0,
N(D,eH,) = N(BY,eH!). Indeed, if z,y € D = ABY, then z = Au,
y = Awv, for some u,v € Bg and

|z —yllu, = max [(z -y, Xi)| = max [{Au — Av, X;)|

= max [(u = v, A°XG)| = flu = o]l

and thus A : (R4, H') — (R%, H,,) is an isometry, implying that N(D,eH,,) =
N(BY,eH).

Let G = (g1,...,94) € R? be a Gaussian vector on R?. By the dual
Sudakov inequality [24],

E| G| &
log'/? N(BY,eH!) < clng”H",

and observe that
BIGlm, = E max (G, A"X;)| < c2y/lognmax|| A" Xilly.
Fix g9 > 0 to be named later. Applying a volumetric argument, for € < &g
log N(BY,eH!) < log N(BY,e0H) + log N(eoH.,,cH,)
< s (\/mmaXKKn ||A*Xi‘|eg>2 +dlog (1 i Eo)

€0

< (e3+1)dlog (1 + ?)
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for the choice of g9 = \/lognmaxHA*XiHZg/\/g. Also sup,¢ pd vl <
maxi<;<n || A* Xl @ = M. Using an entropy integral argument it is evident
that

Y €0 M e
Y2(D, doon) < €4 Vd log (1+;)d€+M\/10gn ~
0 €0

M
< cs <\/gao + M+/lognlog (s))
0
< cgM+/lognlogd.

Combining the two error bounds, the first obtained by using be N
VAD C bB¢ and the second obtained by using bB¢ N vAD C vAD, the
following error bound is evident.

Corollary 4.9 There is an absolute constant ¢ for which the following holds.
Let hy(n,d) = max{y/Togn,/logd} and hy(n,d) = lognlog?d. Set
Al = — max b (HQHL h1(log®? n)/El ) Q
52 \/ﬁ 2 B8* | n
c

52

(121QI2, 1og® n)} ,

)\2 = max E (HQ||L2h1 10g n) 7T (hQ]Efﬂ*) s

where M = maxi<i<n ||A*Xi‘|g<21; Q = maxi<i<n || Xillea_, and A is the linear

operator satisfying D = AB$. Then
E (£51(Xi, YOy ) < min{As, Ao}
with probability at least 1 — 20.

Let us return to the two families of measures we considered above and
for the sake of simplicity assume in both cases that p is isotropic, that is,
D = B{.

First, if || X||s is bounded in Lo by U then @ < U and M < UVd.
Hence,

2
AL = cmax{(U . hl(log?’/2 n)PZﬂ*) \bf, (U2 - h2log? n) ) b}7
n n
2 oy 3 b d
A2 = cmax < (U?- hilog’n) — (hQEgﬁ*)'ﬁ 7

)
n
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Therefore, up to a poly-logarithmic factor in n and d, the error rate is

wn{E (1))

as was promised in the introduction.

For the second example, assume that p is an isotropic, log-concave mea-
sure on R%. As we showed above, in this case ||Q||z, < clognd < ch?. To
bound M, we need the following deep result of Paouris [25]:

Theorem 4.10 There are absolute constants c1 and co for which the follow-
ing holds. Let X be distributed according to an isotropic log-concave measure
on R Ifd <n< exp(clx/a) and X1, ..., X, are independent copies of X
then

1/2
(E max [ X; HN) < cpVd.

Thus, one obtains the following estimate on A\; and Ao.

b b2,
A1 = cmax {\/ﬁ (h:{’(log?’/2 n)\/Eég*) - (RS - log? n)} ,
2

b d
A2 = cmax {n (h? -log®n) - (hQEEB*)} ,

Again, up to a poly-logarithmic factor in n and d, the error rate is

anff £ (05}

5 An oracle inequality for error rates

We remarked in the previous section that persistence is not the end of the
story. As we increase the radius b, towards y/n, the rate of decay of the
error of the empirical minimizer P(L f|(XZ-,Yi)) becomes arbitrarily slow.
On the other hand, if we slow the increase of b, then the approximation
error, inf Beb, Bd Elg, does not decay as a function of the radius b. Without
knowing this approximation error in advance, the previous results do not
allow us to optimize our choice of b,,. In this section, we show that if u
happens to be isotropic and || X;||« is bounded almost surely, then we will
show that the “lasso” estimator
n

3= argmingcpad (Z (B8, Xi) - Y;) +Pn||»3||1>

i=1
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performs almost as well as the empirical minimizer for the best value of b,.
For convenience, let us denote the approximation error by

Ay (b) = inf Elg.
a(b) ot JEbo

Clearly, this is a decreasing function of b. In general, we would expect it
to be bounded below, but in very nice cases (for example, if there is some
“true” noiseless parameter) it might tend to zero as b — oc.

Our analysis of this problem will rely on two additional ingredients:
a model-selection inequality and an “almost-isomorphic” result that holds
with exponential confidence. The second component will be based on the
estimates we have already established for E|| P, — P||q, -

The “almost-isometric” result we need is very similar to one which first
appeared in [3] and has appeared several times since then.

Theorem 5.1 [20] There exists an absolute constant c for which the fol-
lowing holds. Let Lr be a squared loss class associated with a convex class
F and a random variable Y. Set G to be the localization at level A of the
star-shaped hull of F' (that is, Gy = {0L; : 0 < 0 <1 and PLy < A\}). If
R = max{supscp || flloo, Yoo} and E[|P, — Pl|la, < \/8, then with proba-
bility at least 1 — exp(—u), for every f € F

1 A U A U
“PLy— = —c(1+R*)— <EL; <2P, S +e(l+R%)-.
5 WL r 5 e —|—R)n_ Ly < nﬁf+2+c( -I-R)n

To apply this theorem in our case, suppose that || X[, < M and
Y| < M almost surely. If F = {fz : # € bB{} then sup;cp || flloc < bM.
In particular, max{supscp || flloos [|Y [|oo} < max{1,b}M and we obtain the
following corollary of Theorem 5.1, Theorem 3.6 and Lemma 4.1:

Corollary 5.2 Suppose that X is distributed such that max{|| X || , |Y[} <
M almost surely. Then with probability at least 1—exp(u), for every 3 € bB¢,

1 A M? A M?

SPuLy— 2 = (14 W)t <EL; <2PuLy+ o+ c(1+ B)

2 2 2 n
where

3/2 1/2 3
X\ = ¢ M max {blog nlog™/“(dn)\/Aqd, (b) ’ bQMlog nlog(dn) } ’

\/ﬁ n

and c,c are absolute constants.
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For the model selection result that we require, we will first need a few
definitions:

Definition 5.3 Let F' be a class of functions and let {Fy.;r > 1} be a collec-
tion of subsets of F'. We say that {F,;r > 1} is an ordered, parameterized
hierarchy of F' if the following conditions hold:

1. {F, : v > 1} is monotone (that is, whenever r < s, F,. C Fs);

2. for every r > 1, there exists a unique element f¥ € F, such that
Elpe =infrep Ply;

3. the map r — Ely« is continuous;
4. for everyro > 1, (,, Fr = Fyy; and
5. Upsy Fr = F.
Define, for f € F,
r(f) =inf{r > 1;f € F.}.

Note that from the semi-continuity property of an ordered, parameterized
hierarchy (property 4), it follows that f € F. ) for all f € F. Also, the
second property of an ordered, parameterized hierarchy allows us to define,
for r > 1 and f € F,, the excess loss function £,y = (f —Y)? — (ff = V)2
That is, £,  is the excess loss function with respect to the class F;..

One can easily check that F, = {fs : ||3|li < r — 1} defines an ordered
parameterized hierarchy of F = {f3 : 8 € R%} with r(f) = ||8]|1 + 1; the
only condition that is not completely trivial to check is the third condition.
A proof of this fact is given in [20] when F,. is the unit ball of a reproducing
kernel Hilbert space, but the same argument works in our case and so we
omit it.

The model selection result we require has been established in [1]:

Theorem 5.4 Let {F, : v > 1} be an ordered, parameterized hierarchy and
define, for convenience, Ly = L5 5. Suppose that p,(r) is a positive,
increasing, continuous function. If for every f € F,

1
S Pl pu(r(f)) S ELy < 2PuLy + pulr(f))
then a regularized minimizer

f € argmin e p(Pnly + cpn(r(f)))
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satisfies
Eff < }Iellf!? (]ng + C,pn(r(f))) )

where ¢ and ¢ are absolute constants.

Note that the hypothesis in Theorem 5.4 is one that we are prepared
to handle: it is an “almost-isomorphic” condition of the sort that we ob-
tain from Theorem 5.1. However, Theorem 5.1 only gives us an almost-
isomorphic condition for each F, with high probability, while Theorem 5.4
requires an isomorphic condition for each F,.. Fortunately, the exponential
confidence in Theorem 5.1 allows us to apply a union bound to Theorem 5.4,
bringing us to the following result:

Theorem 5.5 Let {F, : v > 1} be an ordered, parameterized hierarchy and
suppose that pn(r,x) is a positive, continuous function that is increasing
in both r and x. Suppose that for every r > 1, with probability at least
1 —exp(—x), for every f € F,,

1
§P"£f —pn(r,x) <ELy <2P,Lf + pp(r, ).
Then for every x > 0, with probability at least 1 —exp(—x), every reqularized
minimaizer
f € argmingep(Pals + c1pa(2r(f), 0(r(f), 2)))

satisfies

El; < inf (Bly + capn(2r(f), 0(r(f), 2))

where

Ely; >
+ logr

O(r,x) =x+c3+cqlo (1+
(r,z) 3 g oLz o)

and c1 through c4 are absolute constants.

Proof. Let (r;)22, be an increasing sequence (to be determined later) such
that r1 = 1 and r;, — oo as ¢ — oo. Fix v > 0 and define, for each ¢ > 1,
u; = u + In(7%/6) + 2Ini. Then

e e}

E e—ui — e—’lL

=0
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and so, by the union bound, with probability at least 1 — e, for every
i>1,

1
ipn»cri,f - pn(riaui) < Ecri,f < QPnACri,f + pn(riyui)-

If we only cared about a sequence of r;, this would be enough for our
result. However, we need an almost-isomorphic condition for all » > 1 and
so the next step must be to find an almost-isomorphic condition for F,. when
r € [rj—1,7;]. In one direction, we have

ELyf=ELy, f —BLy, j:
< 2Pn£rj,f =+ pn(’l“j, Uj) — ]Eﬁrj7f:
= QPnﬁrjf + 2P”l£7’j:fr* + pn(Tj, u]') — Eﬁ'r'j,f:
<2PLy g+ 5pn(rj, uj) + 3EL, px
< 2P, Ly ¢+ 5pn(rj,u;) + 3E£Tj’fi~‘j,1 (5.1)

while in the other direction, we get
2EL, f =2EL,, f —2EL,, ¢
2 Pnﬁrj,f - 2pn(r]7u]) - 2E£rj’f;
= Pn[/r,f + Pn[*rj,f;‘ - 2Pn(7"ja uj) - 2E‘C7’j7f:

5 3
2 Palyy = 5pn(rjug) = SBLy g

5 3
> P.Lf— ipn(rjjuj) — §E£W’fﬁj_1 (5.2)

Now we can choose our sequence 7;: recall that ;1 = 1 and set r;, for all
i > 2, to be the largest number satisfying both

Ty <21
]EETi,f:i_l S p’fL(Tia ul) (53)

Note that choosing the largest number is not a problem because both p, (r, u)
and EL, s+ | are continuous functions of r; that is, the supremum of the
i

set of r satisfying (5.3) is attained.
Our choice of r; ensures that, for all ¢ > 1,

s B, El:, By,
pn(r1; u1)

= pu(riun)  pa(ri,w)

+logy(2r;) < +logy(2r;).  (5.4)

Indeed, for ¢ = 1 this is trivial. For larger ¢ we can proceed by induction: our
definition of r; ensures that either r; = 2r;_1 or ng?-,l =Else + pn(ri, us).

31



In the first case, logy7; = logy7i—1 + 1 and the inductive step follows. In
the second case, assuming that

IEef ?1 ng i1

1—1< — + logy 1i—1
pn(ri,ur)  pp(rie1, uiz1) 2

then

i< — Bel 41+ logs (27
pn(ri,ur)  po(rici,wi—1) g2(2ri)
Ely; Bty o211
< - —— + 1+ logy(2r;

pn(riu1)  pn(ri, ) S215t
Ely;, Elfs,

= — + ].0 2T'
Pn(rl,ul) pn(rivui) gQ( Z)
which proves (5.4) by induction. In particular, for any ¢ > 1 and any r > r;,
u; < 0(r,u). Therefore

pn(""iv Uz) < pn(2r7 9(T7 u))

for any r € [r;_1,7].

Note that (5.4) implies that the sequence r; tends to infinity with 4.
Then by (5.1), (5.2) and (5.3), with probability at least 1 —e™", for all » > 1
and all f € F,.,

1
iPnL:T’f —2pn(2r,0(r,u)) S EL, ¢ < 2P, Ly ¢ + 8pn(2r,0(r,u)).

We conclude the proof by applying Theorem 5.4. [

Combining this model selection result with our previous estimates on
the complexity of B, we obtain the following oracle inequality:

Corollary 5.6 There are absolute constants ¢ and ¢’ for which the following
holds. Let (d,) be any increasing sequence and let (u,) be a sequence of
measures on R¥. Assume further that for every n > 1, X is a random
vector in R distributed according to pi, and that | X| e, < M almost
surely. If Y is a real-valued random variable with |Y| < M almost surely,
then for all w > 0, with probability at least 1 — exp(—u), for any integer n
and any

B € argmingegan (Pals + pu(1+ 1Bl )
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we have

El, < 55@” (Efﬁ + (1 + HﬁHe«;vU))

where pp(ryu) > 1 (r,u) and
Tn(r,u) = c(1+ M)
1 3/2 1 1/2 dn 1 3 1 2 1
max 4 108 108" A (dnn)/ A, (1) 5, log"nlog(dnn) 5 u Mr?loglogr |
vn n n n

Proof. With Corollary 5.2 in mind, define

log®/? nlog!?(d,n)\/Aqg, (1) e log® nlog(dn) Mr?u
vn ’ n " on ’

By Corollary 5.2, it is evident that p,, satisfies the hypothesis of Theorem 5.5.

To complete the proof, we only need to expand the (r,u) function from
Theorem 5.5 and simplify. Indeed, p,(1,u) > p,(1,0) > cM?n~! and so

Eéfl* < M?
p(Liu+cs) = p(1,0)
Then 0(r,u) < u+ ¢(1 +logn + loglogr) and thus,

pn(ryu) = ¢(1+M) max {r

< cn.

log®/? nlog'/?(d,n) Aqg, (1)
Vn |
3 2 2
T’2M10g nlog(alnn)7 r Mu7 Mr loglogr} N —

n n n

pn(r,0(r,u)) < e(l + M) max {r

Note that this is not the “lasso”-type regularization that we promised.
Indeed, the regularization parameter contains quadratic terms like ||3]|? in-
stead of only linear terms like ||3];. Our next and final result will use the
trivial bound Ag, (b) < Aqg,(0) < [[Y]|7, to simplify Corollary 5.6 and pro-
vide the promised regularization parameter. First, though, let us briefly
discuss the case in which Ay, (b) is, for sufficiently large n and r, zero, which
is the case when there is a true, noiseless parameter for all sufficiently large
n. Then there exists s € R such that for a sufficiently large n,

inf (Eﬁ@ + 7 (14 |8 g u)) < Ag, (8) + n(s,u)
BERIn 1
log® nlog(d,n) u loglog s

2682(1—1—M2)max{ s = }
n n n
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If, for example, d, is at most polynomial in n, then one obtains error rates
that are ~ 1/n up to logarithmic factors in n.
We conclude with the promised, lasso-type result:

Corollary 5.7 There ewist absolute constants ¢ and ¢’ for which the follow-
ing holds. Let (dy), X, Y and M be as in Corollary 5.6. If logd, = o(n)
then for all sufficiently large n (depending on d,, and M ), with probability
at least 1 — exp(—log3 nlog(d,n)), for any

. 1 3/2 1 1/2 d,
B € argmin g, (Pn€g+CM2||,3||eclz og " nlog T7(dun) |

NG

we have

Ely < inf <E£5+c’M2(1+\|ﬂlleg)

log3/% nlog"?(dnn)
BERdn ’

NG

Proof. Define

log®/2 nlog'/%(d,, log® n log(d,, 21og1
ﬁn(r,u)zc(1+M2)max{r og”“nlog “(dan) ,log”nlog(dnn) ,u r”loglogr

vn ’ n o’ n

and note that (for an appropriate choice of the absolute constant ¢) p, > 7,.
Therefore Corollary 5.6 holds with p, = p,. To complete the proof, one has
to remove the 72 terms from p,. To this end, fix u = log® nlog(d,n), and
define

log®? nlog!/? (dnn)

\/ﬁ )

on(r) = c¢(1+ M?)r
and

Sn(B) = Bl + cpn(1 + [ Bll g, )
S(8) = Pals + ¢ pu(1+ (1Bl g> w)
Tn(B) = Bl + con(1 + | Bll4)
T(8) = Pulp + ¢on(1+|6]la)-

)
)
)
)

We claim that

~ A~

argmingegd, Sp(f) O argmingega, T (5) (5.5)
and that

Jinf S,(8) < inf T (). (5.6
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Observe that if (5.5) and (5.6) hold, then they, together with Corollary 5.6,
imply the desired result, because argmin(P,¢g+0,(1+||5||1)) = argmin(P,{g+
on(|1Bll1)), as o, (r) is a linear function of 7.

Suppose there is some « such that Sy, () > T, («). Then py, (1+|| |1, w) >
on(1+ ||a|l1), which implies (setting r = 1+ ||c||; for ease of notation) that

log3/2 nlog%(d,, log® nlog(d,
,Jog”“nlog ( n)<max{r20g nlog(d,n)

N4 n

With our choice of u, the first two terms on the right hand side are the same,
and we infer that either

1
,7’23,7”2 loglogr} .
n n

7nlog?’/2 nlog'?(d,n) o2 log® nlog(d,n)
NZD n

or

log®/? nlog!/? (d,n) r?loglogr
r < .
NLD n

In either case, for sufficiently large n,

log®/? nlog'/?(d,n)
r
vn
(the first case is immediate; note that the second case implies that y/nlog v/n <

rlogr and so 7 > \/n). In particular, T},(a) > con(1 + [|al1) > (1 + M?).
On the other hand,

>1

(14 M?)log®? nlog"/?(dnn)
NG :

Therefore, if logd,, = o(n), then infg T,,(3) < 2M for sufficiently large
n, and thus, T}, (a) > infg T5,(8), provided that the c in the definition of T,
satisfies ¢ > 1. In other words, the only way to come close to the infimum of
T, (B) is if Sy (8) < T5,(B), which implies that infg Sy, (8) < infg T, (5) and
so (5.6) is confirmed.

Suppose we can choose a such that S,(a) > T,(a). Then j,(1 +
|lal|1, u) > on(1+]|lal]1), and repeating the previous argument, it follows that
for sufficiently large n (depending only on M and d,), « is not a minimizer of
T,,. That is, a € argmin T}, only if T},(c) > Sy (a). Since T, (8) < Sn(3) for
every 3, then T),(a) = Sp(a). Hence, « is a minimizer of S, proving (5.5).

|

i%an(ﬁ) <Tn(0) £ M +cop(1) < M+ ¢
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