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Localized Gaussian width of M-convex hulls
with applications to Lasso and convex
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Upper and lower bounds are derived for the Gaussian mean width of a convex hull of M points intersected
with a Euclidean ball of a given radius. The upper bound holds for any collection of extreme points bounded
in Euclidean norm. The upper bound and the lower bound match up to a multiplicative constant whenever
the extreme points satisfy a one sided Restricted Isometry Property.

An appealing aspect of the upper bound is that no assumption on the covariance structure of the extreme
points is needed. This aspect is especially useful to study regression problems with anisotropic design
distributions. We provide applications of this bound to the Lasso estimator in fixed-design regression, the
Empirical Risk Minimizer in the anisotropic persistence problem, and the convex aggregation problem in
density estimation.

Keywords: anisotropic design; convex aggregation; convex hull; Gaussian mean width; Lasso; localized
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1. Introduction

Let T be a subset of R”. The Gaussian width of T is defined as

L(T):=Esup uTg,

ueT

where g = (g1, ..., gn)T and g1, ..., g, are i.i.d. standard normal random variables. For any
vector u € R", denote by |u|; its Euclidean norm and define the Euclidean balls

B2={ueR":|u|2§1}, sBzz{ueR":|u|2§s}, for all s > 0.

We will also use the notation "' = {u € R" : |u|, = 1}. The localized Gaussian width of T
with radius s > 0 is the quantity £(T N sB>). For any u € R", define the £, norm by |u|, =
(Zl'.':l lu;|P)Y/P for any p > 1, and let |u|p be the number of nonzero coefficients of u.

This paper studies the localized Gaussian width

L(sBxNT),
where T is the convex hull of M points in R"”. We will refer to s > 0 as the localization parameter.
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If T = By = {u € R" : |u|; <1}, then matching upper and lower bounds are available for the
localized Gaussian width:

€(sBy N By) < y/log(en(s2 A 1)) A (s4/n), (1)

cf. [23] and [34], Section 4.1. In the above display, a < b means that a < Cb and b < Ca for
some large enough numerical constant C > 1.

The first goal of this paper is to generalize this bound to any 7 that is the convex hull of M > 1
points in R”.

Contributions

Section 2 is devoted to the generalization of (1) and provides sharp bounds on the localized
Gaussian width of the convex hull of M points in R”, see Propositions 1 and 2 below. Sections 3
to 5 provide statistical applications of the results of Section 2. Section 3 studies the Lasso es-
timator and the convex aggregation problem in fixed-design regression. In Section 4, we show
that Empirical Risk Minimization achieves the minimax rate for the persistence problem in the
anisotropic setting. Finally, Section 5 provides results for bounded empirical processes and for
the convex aggregation problem in density estimation.

2. Localized Gaussian width of a M -convex hull

The first contribution of the present paper is the following upper bound on localized Gaussian
width of the convex hull of M points in R”.

Proposition 1. Let n > 1 and M > 2. Let T be the convex hull of M points in R" and assume
that T C By. Then for all s > 0,

L(TNsBy) < (4\/10g+(4eM(s2/\ 1)))A(sVnAM), )
where log  (a) = max(l1, loga).

Proposition 1 is proved in the next two subsections. Inequality
LT NsBy) <svnAM 3)

is a direct consequence of the Cauchy—Schwarz inequality and Eg~n0,1,,,)|P&l2 < Vd where
matrix P € R"*" is the orthogonal projection onto the linear span of 7 and d < (n A M) is the
rank of P. Inequality £(T NsBy) < 4/2Tog M is a direct consequence of the fact that the expecta-
tion maximum of M centered normal random variables with variance at most 1 is bounded from
above by +/2log M. The novelty of (2) is inequality

UT NsBy) <4,/log, (4eMs?). )
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Inequality (4) was known for the £1-ball T = {u € R" : [u|; < 1} [23], but to our knowledge (4)
is new for general M-convex hulls.

An appealing aspect of the above result is that it holds with no assumption on the corre-
lation structure of the vertices of 7. Indeed, if the vertices of T are uy,..., ) and ¥ =

similar (4) only apply to the £; ball or the simplex in RY, where the vertices are orthogonal.
The result above shows that no orthogonality assumption is necessary for (4) to hold. This as-
pect will be especially useful to derive results for regression problems with anisotropic design
distributions as in Section 4.

The above result does not assume any type of Restricted Isometry Property (RIP). The fol-
lowing proposition shows that (4) is essentially sharp provided that the vertices of T satisfies a
one-sided RIP of order 2/s2.

Proposition 2. Let n > 1 and M > 2. Let g be a centered Gaussian random variable with co-
variance matrix Ix,. Let s € (0, 1] and assume for simplicity that m = 1/s? is a positive in-

teger such that m < M /5. Let T be the convex hull of the 2M points {£p,, ..., £p )} where
Wiy € S" L. Assume that for some real number k € (0, 1) we have
k1012 <|mgla  forall @ € RM such that 0]y <2m, (5)

where g = Z;W:l Ojm; and |0y denotes the number of nonzero coefficients of 0. Then

2
(T NsBy) > (V2/4)k /log(MTs) (6)

The proof of Proposition 2 is given in Section B. The lower bound (6) shows that the upper
bound (4) is sharp up to multiplicative constants, not only if T is the £;-ball (cf. (1)) but also
if the extreme points of 7 satisfy the one-sided RIP (5). This suggests that the quantity £(7 N
s B») is maximal when the extreme points of 7 are uncorrelated. We investigate this further with
simulations in Appendix A.

2.1. A refinement of Maurey’s argument

This subsection provides the main tool to derive the upper bound (4). Define the simplex in RM
by

M
AM:{HGRM,ZQ/:LW:1,...,M,«9j20 . @)
j=1
Let m > 1 be an integer, and let

06)=0"x90,

where ¥ = (X1)j, j'=1,..., m iS a positive semi-definite matrix of size M. Let @ € AM be a vector
of interest such that Q (@) is small. Maurey’s argument [41] has been used extensively to prove
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the existence of a sparse vector 0 € AM such that Q(é) is of the same order as that of Q(8).
Maurey’s argument uses the probabilistic method to prove the existence of such 6. A sketch of
this argument is as follows.

Define the discrete set AY as

1 m
M.

Ay -={n—12uk, uy,...,uy e, ....epyk¢, (8)

k=1
where (eq, ..., ey) is the canonical basis in RM  The discrete set A,A,:I is a subset of the simplex

AM that contains only m-sparse vectors.
Let ®,..., ®, beii.d. random variables valued in {eq, ..., ejs} with distribution

POy =e;) =0; forallk=1,...,m. )

Next, consider the random variable
1 m
0=— Oy. 10
— ; k (10)

The random variable 8 is valued in A,A,;’ and is such that E[é] = 0, where E denotes the expecta-
tion with respect to . Then a bias-variance decomposition yields

E[0@®)] < 0@) + R*/m,

,,,,,

yields the existence of @ € AY such that

0(0) < 00) + R*/m.

If m is chosen large enough, the two terms Q () and R%/m are of the same order and we have
established the existence of an m-sparse vector 0 so that Q(@) is not much substantially larger
than Q(0).

For our purpose, we need to refine this argument by controlling the deviation of the random
variable Q(@). This is done in Lemma 3 below.

Lemma 3. Let m > 1 and define Anj‘;’ by (8). Let F : RM — [0, +00) be a convex function. For
all@ e R et
00)=06"%9,

where ¥ = (X ;1) j'=1,..,m IS a positive semi-definite matrix of size M. Assume that the diago-
nal elements of ¥ satisfy ¥ j; < R forall j=1,...,M.Then forallt >0,

+o0 dx
sup F(0) < / [ max F(0)]—2. (11)
0cAM:Q(0)<r2 1 0eAY: Q)<x(t>+R%/m) X
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In the next sections, it will be useful to bound from above the quantity F () maximized over
AM subject to the constraint Q(#) < 2. An interpretation of (11) is as follows. Consider the two
optimization problems

maximize F(0) for € AM subject to Q(0) < 12,
maximize F()  for® e AY  subjectto Q(8) <Y (> + R*/m),

for some Y > 1. Equation 11 says that the optimal value of the first optimization problem is
smaller than the optimal value of the second optimization problem averaged over the distribution
of Y given by the density y — 1/y? on [1, +00). The second optimization problem above is over
the discrete set A,’Z’ with the relaxed constraint Q(0) < Y (2 + R%/m), hence we have relaxed
the constraint in exchange for discreteness. The discreteness of the set AY will be used in the
next subsection for the proof of Proposition 1.

Proof of Lemma 3. The set {# € AM : Q(0) <%} is compact. The function F is convex with
domain R and thus continuous. Hence the supremum in the left hand side of (11) is achieved at
some 6 € AM such that Q(é) <2 Let®y,...,0,, 0 be the random variables defined in (9) and
(10) above. Denote by E the expectation with respect to @1, ..., ®,. By definition, fc AnAf and

EO=0.Let E = E[Q(é)]. A bias-variance decomposition and the independence of ®1, ..., ®,,
yield

E:=E[0(6)]
=Q@0)+E@-0)T=®6 —0)
=00 + %E[(@l -0)"z(©;-0)].
Another bias-variance decomposition yields
E[(©1—6)"2(®, - 6)] =E[0(©1)] — 0(0) <EQ(O)) < R?,
where we used that Q(-) > 0 and that ®; 20 < R? almost surely. Thus,
E=E[Q®)] < Q@)+ R*/m <1*+ R*/m. (12)

Define the random variable X = Q(é) /E, which is nonnegative and satisfies E[X] = 1. By
Markov inequality, it holds that P(X > 1) < 1/t = ft+°°(1 /x?) dx. Define the random variable ¥
by the density function x — 1/x2 on[1, +00). Then we have P(X > t) < P(Y > ¢) for any r > 0.
By stochastic dominance, there exists a rich enough probability space €2 and random variables
X and Y defined on 2 such that

° }:( and X have the same distribution,
oY anc~1 Y h~ave the same distribution,
e and X <Y holds almost surely on €2,
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see, for instance, Theorem 7.1 in [21]. Denote by Eq the expectation sign on the probability
space 2.

By definition of @ and 6, using Jensen’s inequality, Fubini’s theorem and the fact that € AY
we have

sup  F(0)=F(0) = F(E[6]) <E[F(®)] <E[¢(Q®)/E)].
0cAM:Q(0)<1?

where g(-) is the nondecreasing function g(x) = maxgeaum.o9)<x £ F(#). The right-hand side of
the previous display is equal to E[g(X)]. Next, we use the random variables X and Y as follows:

- - +00
E[s(0)] =Ea[s(X)] =Ee[s(M)] = /1 89 4.

Combining the previous display and (12) completes the proof. (]

2.2. Proof of (4)

We are now ready to prove Proposition 1. The main ingredients are Lemma 3 and the following
upper bound on the cardinality of AM

M M+m-—1 2M 2eM
10g|Am | =log <log <mlog . (13)
m m m

Proof of (4). If s> < 1/M then by (3) we have £(T NsBy) < 1, hence (4) holds. Thus it is enough
to focus on the case s2 > 1/M.

Let r = min(s, 1) and set m = Ll/rzj, which satisfies 1 <m < M. As T is the convex hull of
M points, let wq, ..., py € R" be such that

T =convex hull of {py,...., uy} = {;Lo,0 S AM},

where pg = Z;W:] Ojm; for @ e AM,

Let Q(0) = |ug |§ for all # € RM . This is a polynomial of order 2, of the form Q(0) = 07x0,
where X is the Gram matrix with X = [L]{[,Lj for all j,k=1,..., M. As we assume that
T C B,, the diagonal elements of X satisfy X ;; < 1. Forall 8 € RM let F(0) = g” ny. Applying
Lemma 3 with the above notation, R=1,m = |1/ r2J and t = r, we obtain

+00 dx
E sup glmy < IE/ [ max F(O)] —-
0cAM:0(6)<r? 1 061\%’: Q(0)§x(r2+l/m) X

By definition of m, r?< 1/m so that )c(r2 + 1/m) < 2x/m. Using Fubini’s theorem and a bound
on the expectation of the maximum of |A"“;’ | centered Gaussian random variables with variances
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bounded from above by 2x/m, we obtain that the right-hand side of the previous display is
bounded from above by

+ool

4x1 +00
x0g| ld <\/10g(26M/m/

where we used the bound (13). To complete the proof of (4), notice that we have 1/m < 2r2 and
7 Srdx =4 0

3. Statistical applications in fixed-design regression

Numerous works have established a close relationship between localized Gaussian widths and the
performance of statistical and compressed sensing procedures. Some of these works are reviewed
below.

e In a regression problem with random design where the design and the target are sub-
Gaussian, Lecué and Mendelson [34] established that two quantities govern the performance
of empirical risk minimizer over a convex class F. These two quantities are defined using
the Gaussian width of the class F intersected with an L, ball [34], Definition 1.3,

e If p, p’ > 1 are such that p’ < p < +o0 and log(2n)/(log(2en) < p’. Gordon et al. [23]
provide precise estimates of £(B, N sB,) where B, C R" is the unit L, ball and 5B,
is the L, ball of radius s > 0. These estimates are then used to solve the approximate
reconstruction problem where one wants to recover an unknown high dimensional vector
from a few random measurements [23], Section 7.

e Plan et al. [43] shows that in the semiparametric single index model, if the signal is known
to belong to some star-shaped set 7 C R”, then the Gaussian width of 7 and its localized
version characterize the gain obtained by using the additional information that the signal
belongs to T, cf. Theorem 1.3 in [43].

e Finally, Chatterjee [17] exhibits a tight connection between localized Gaussian widths and
the performance of the least-squares estimator in shape-constrained regression problems.
The machinery developed in [17] is particularly appealing since it provides both a lower
bound and an upper bound on the risk of the least-squares estimator. Theorem 4 provides
sharp oracle inequalities in the same setting as that of [17]; however Theorem 4 does not
provide lower bounds on the risk.

These results are reminiscent of the isomorphic method [2,3,28], where localized expected
supremum of empirical processes are used to obtain upper bounds on the performance of Empir-
ical Risk Minimization (ERM) procedures. These results show that Gaussian width estimates are
important to understand the statistical properties of estimators in many statistical contexts.

In Proposition 1, we established an upper bound on the Gaussian width of M-convex hulls.
We now provide some statistical applications of this result in regression with fixed-design. We
will use the following theorem from [9].
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Theorem 4 ([9]). Let K be a closed convex subset of R" and & ~ N(0,06%1,x,). Let foeR"
be an unknown vector and let y = f + &. Denote by f; the projection of f onto K. Assume
that for some t,, > 0,

N|*N

l]’E[ sup § (u —fo)]

n L1y px 242
uek: .| fo—uly<t;

(14)

Then for any x > 0, with probability greater than 1 — e™*, the Least Squares estimator jA” =
argmin g [y — f|§ satisfies

1 - 1 2 402x
;|f—f0|%§;|f3—f0|2+2t5+7-

Hence, to prove an oracle inequality of the form (4), it is enough to prove the existence of a
quantity #, such that (14) holds. If the convex set K in the above theorem is the convex hull of
M points, then a quantity ¢, is given by the following proposition.

Proposition 5. Let 02 >0,R > 0,n> 1 and M > 2. Let iy, ..., ppy € R" such that 1|p ;13 <
R?forall j=1,...,M.Forall@ e AM let uy :ijl

random variable with covariance matrix ozlnxn. If R\/n < Mo, then the quantity

m Ol ;. Let g be a centered Gaussian

,,,,,

(EMO’) 1 t2
12=310R T RvnT satisfies —E sup gy < é, (15)
n n

2
OeAM: L pngl3<12
provided that t,, < R.

Proof. Inequality

1
—E sup (cg) my < 40R\/10g(4eM min(1, r2/R?))
VI et Liugi<r?

is a reformulation of Proposition 1 using the notation of Proposition 5. Thus, in order to prove
(15), it is enough to establish that for y =31 we have

4eMoy./log(eMo/(R\/n)) <y_21 eMo
Ry/n )‘ 4 °g<Rﬁ>'

As 1 <log(eMo/(R/n)) and logt < t for all ¢ > 0, the left-hand side of the previous display
satisfies

(%) := 64log( (16)

(%) < 64<10g< Af/_> +log(4y) + llog(log(eMcr/(R\/_)))>

< 64(3/2 + 10g(4y)) 10g(Rf>
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Thus (16) holds if 64(3/2 + log(4y)) < y?2/4, which is the case if the absolute constant is y =
31. O

Inequality (15) establishes the existence of a quantity #, such that

1 r 12
-E  sup gipy=<-—=, (1I7)
" perdip3ss? 2

where T is the convex hull of pq, ..., i;,. Consequences of (17) and Theorem 4 are given in the

next subsections.

We now introduce two statistical frameworks where the localized Gaussian width of an M-
convex hull has applications: the Lasso estimator in high-dimensional statistics and the convex
aggregation problem.

3.1. Convex aggregation

Let f € R"” be an unknown regression vector and let y = f, + & be an observed random vector,
where & satisfies E[§] =0. Let M > 2 and let f,..., f;; be deterministic vectors in R". The
set {fy,..., fy) will be referred to as the dictionary. For any @ = (41,...,0y)7 € RM, let
fo= Zj‘/[: 10;f ;- Ifaset® C RM is given, the goal of the aggregation problem induced by ®

is to find an estimator f‘ constructed with y and the dictionary such that
LF - o< int(Lify - fol2) + (18)
—|f - inf [ — — o,
n 02—06® n 0 0l2 n,M,®

either in expectation or with high probability, where 6, 57 o is a small quantity. Inequality (18)
is called a sharp oracle inequality, where “sharp” means that in the right hand side of (18), the
multiplicative constant of the term infycg %| fo— f 0|§ is 1. Similar notations will be defined
for regression with random design and density estimation. Define the simplex in RM by (7). The
following aggregation problems were introduced in [40,50].

e Model Selection type aggregation with ® = {ey, ..., epy}, thatis, ® is the canonical basis of
R . The goal is to construct an estimator whose risk is as close as possible to the best func-
tion in the dictionary. Such results can be found in [1,35,50] for random design regression,
in [8,18,20,36] for fixed design regression, and in [6,26] for density estimation.

e Convex aggregation with ® = AM | that is, © is the simplex in R™. The goal is to construct
an estimator whose risk is as close as possible to the best convex combination of the dic-
tionary functions. See [32,33,50,52] for results of this type in the regression framework and
[46] for such results in density estimation.

e Linear aggregation with ® = R . The goal is to construct an estimator whose risk is as
close as possible to the best linear combination of the dictionary functions, cf. [50,52] for
such results in regression and [46] for such results in density estimation.
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One may also define the Sparse or Sparse Convex aggregation problems: construct an estimator
whose risk is as close as possible to the best sparse combination of the dictionary functions.
Such results can be found in [44,45,52] for fixed design regression and in [37] for regression
with random design. These problems are out of the scope of the present paper.

A goal of the present paper is to provide a unified argument that shows that empirical risk
minimization is optimal for the convex aggregation problem in density estimation, regression
with fixed design and regression with random design.

Theorem 6. Let f, € R", let § ~ N(0,0%I,x,) and definey = fo+&. Let f1,..., fy €R"
andlet fo =Y 0, f; forall®=©.....00)" €RM. Let

0 c argmin| f, —y|§.
e AM

Then for all x > 0, with probability greater than 1 — exp(—x),

1 ) .1 s oo dox
—\fs— < min — - 2t _—,
n|f9 f0|2_0€AMn|fo Soly +2t, + "

310 R, [log(Me)
ZM g R 1
”” , I Vi ) and R? =4max;—1 _ um ;|fj|%.

where t2 = min(%

Proof of Theorem 6. Let V be the linear span of f,..., f;; and let P € R"*" be the orthog-
onal projector onto V. If tf =40>M/n, then

1 12 t202M
“E swp  ETv=\[ZEIPEL < [ =22, (19)
n veV:%lvl%fzf n n

Let K be the convex hull of f,..., f,,. Let f{ be the convex projection of f, onto K. We
apply Proposition 5 to K — f which is a convex hull of M points, and forall v € K, %|v|§ < R2.
By (19) and (15), the quantity ¢, satisfies (14). Applying Theorem 4 completes the proof. (]

3.2. Lasso

We consider the following regression model. Let x1, ..., x3 € R" and assume that %|x j |% <1
forall j =1,..., M. We will refer to x1,...,xp as the covariates. Let X be the matrix of
dimension n x M with columns x1, ..., x). We observe

y=fo+&  E~N(0,0% L), (20)

where f; € R" is an unknown mean. The goal is to estimate f using the design matrix X.
Let R > 0 be a tuning parameter and define the constrained Lasso estimator [49] by

Be argmin |y—Xg[3. 1)
BeRM:|B| <R
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Note that, although a different notation is used, this model equivalent to the convex aggregation
problem considered in the previous subsection.

Our goal will be to study the performance of the estimator (21) with respect to the prediction
loss

1 ~
2
=1 fo—XBl3.
n
Letxq,...,xpy € R" and assume that ;17|xj|% <lforall j=1,..., M. Let X be the matrix of
dimension n x M with columns xy, ..., X .

Theorem 7. Let R > 0 be a tuning parameter and consider the regression model (20). Define
the Lasso estimator 8 by (21). Then for all x > 0, with probability greater than 1 — exp(—x),

1 A . 1 402x
—IXB—fol3<  min  —|XB— fol3 42+ ——. (22)
n BERM:|B| <R N n
2eMo
2.4 2 K(X) 620 R [log( R
where t; = min( g re:ln , NG ).
Proof of Theorem 7. Let V be the linear span of x1, ..., X7 and let P € R"*" be the orthogonal

projector onto V. If 2 = 402 rank(X)/n, then

1 12 1202 rank(X
B oswp gTo= | SEpgn < [ETE 2 (23)
n veV:%lvl%flf n n

Let K be the convex hull of {=Rx1, ..., =Rxy},sothat K = {XB: B € RM : |B]; < R}. Let 5
be the convex projection of f, onto K. We apply Proposition 5 to K — f{ which is a convex hull
of 2M points of empirical norm less or equal to R%. By (23) and (15), the quantity 7, satisfies
(14). Applying Theorem 4 completes the proof. (]

The lower bound [44], Theorem 5.4 and (5.25), states that there exists an absolute constant
Co > 0 such that the following holds. If log(1 + eM/\/n) < Co+/n, then there exists a design
matrix X such that for all estimator f,

2 10 (1+8MCY
k(X g R
o~ rank( ),O'R Rn >’

n n

1 . |
sup  —ExglXB — fI3> —min<
BeRM:|B, <R ! Co

where for all f, € R", Ef  denotes the expectation with respect to the distribution of y ~
N(f 0 ozlnx,,). Thus, Theorem 7 shows that the Least Squares estimator over the set {Xf, 8 €
RM :|B|; < R} is minimax optimal. In particular, the right-hand side of inequality (22) cannot
be improved.

There is an extensive literature on risk bounds on oracle inequalities for the Lasso (cf. [5,11-
13,15,16,19,27,30,38,48,49,55] for a non-exhaustive list). However, to our knowledge, the fact
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that the Lasso enjoys the above upper bound with rate

oR /log(%)
NG

holds with no assumption on the correlations of the design matrix, is new. This is an improvement
over the rate o R,/ (log M)/n which is known and which can be easily obtained by using high
probability bounds on the maximum of M normal random variables.

The above result holds in completely anisotropic settings, that is, in situations where the design
matrix X is very far from isotropic. This contrasts with numerous results on the Lasso which
holds for sparse target vectors under Restricted Eigenvalue conditions, Compatibility conditions
which grant isotropy on restricted cones. We refer the reader to [13] or the books [15,22,25] for
more information on these conditions and the risk bounds satisfied by the Lasso in such settings.

Finally, let us note that the risk bounds obtained under such conditions on the design yield
“fast” rates of convergence, of the form O(1/n), while the rate obtained above is “slow”, of the
form O(1/+/n). Although fast rates are appealing, it was recently shown in [7], Section 4.1, or
[10], Section 3, that the compatibility condition is necessary to obtain fast rates of convergence,
hence there is no hope to achieve fast rates of convergence with no assumption on the design.
This motivates the study of risk bounds on the Lasso that are free of any assumption on the design
such as Theorem 7.

4. The anisotropic persistence problem in regression with
random design

Consider n i.i.d. observations (Y;, X;)i=1...» where (Y¥;)i=1,.., are real valued and the
(Xi)i=1,...n are design random variables in RM with E[X; X lT ] = ¥ for some covariance ma-
trix ¥ € RY*M_'We consider the learning problem over the function class

.....

{f8: fs(x) =x" B for some p € RM with |B]; < R}

for a given constant R > 0. We consider the Emprical Risk Minimizer defined by
n
B= argmin Y (vi—pTX;)". 24)
BeRM:|B|1<R ;—
This problem is sometimes referred to as the persistence problem or the persistence framework
[4,24]. The prediction risk of f/; is given by

where (X,Y) is a new observation distributed as (X1, Y;) and independent from the data
(X;,Y)i=1....n. Define also the oracle B* by

B*= argmin R(B) (25)
BeRM:|B|1 <R

,,,,,
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and define o > 0 by
o=y -x"p*,.. (26)

where the sub-Gaussian norm | - |y, is defined by [|Z|ly, = sup,- E[|Z|”]"/?/,/p for any
random variable Z (see Section 5.2.3 in [53] for equivalent definitions of the ¥, norm).

To analyse the above learning problem, we use the machinery developed by Lecué and
Mendelson [34] to study learning problems over sub-Gaussian classes. Consider the two quanti-
ties

rn(y) =inf{r ~0:E sup BTG < yrﬁ}, 7)
B:1811 2R, EI(GT )]s

sn(y) = inf{s ~0:E sup BTG < ys2ﬁ/a}, (28)
B: 1B <2R. EL(GT B)?] <5

where G ~ N (0, X). In the present setting, Theorem A from Lecué and Mendelson [34] reads as
follows.

Theorem 8 (Theorem A in Lecué and Mendelson [34]). There exist absolute constants
c1,¢2,ca > 0 such that the following holds. Let R > 0. Consider i.i.d. observations (X;, Y;)
with E[X; X iT] = X. Assume that the design random vectors X; are sub-Gaussian with respect
to the covariance matrix % in the sense that ||Xl.Tr||¢2 < 10|='2¢|5 for any v € RP. Define B*
by (25) and o by (26). Assume that the diagonal elements of X are no larger than 1. Then, there
exists absolute constants cy, c1, c3, c3 > 0 such that the estimator ﬁ defined in (24) satisfies

R(f3) < R(fg*) + max(s; (c1), 71 (c2)),
with probability at least 1 — 6 exp(—can min(cz, s, (c1))).

In the isotropic case (X = Ijy), [39] proves that

R? M
s log(c3 > ifn <M,

r2y)<y n n (29)
0 ifn>c4M,
for some constants c3, ¢4 > 0 that only depends on y, while
R M
ki 0g<c5 U) ifn§c602M2/R2,
s =q Vn ViR (30)
w\V)= 240
s ifn > c602M2/R2,
n

for some constants cs, cg > 0 that only depend on y.
Using Proposition 1 and equation 10 above lets us extend these bounds to the anisotropic case
where X is not proportional to the identity matrix.
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Proposition 9. Let R > 0, let G ~ N (0, X) and assume that the diagonal elements of ¥ are no
larger than 1. For any y > 0, define r,(y) and s,(y) by (28) and (27). Then for any y > 0, there
exists constants c3, ¢4, c5, c > 0 that depend only on y such that (30) and (29) hold.

The proof of Proposition 9 will be given at the end of this subsection. The primary improve-
ment of Proposition 1 over previous results is that this result is agnostic to the underlying covari-
ance structure. This lets us handle the anisotropic case with ¥ # Iy in the above proposition.
Proposition 9 combined with Theorem 8§ lets us obtain the minimax rate of estimation for the per-
sistence problem in the anisotropic case. Although the minimax rate was previously obtained in
the isotropic case, we are not aware of a previous result that yields this rate for general covariance
matrices X # Iy

Since it holds for any covariance X, the result of the present section holds for covariance struc-
ture that are very far from isotropic. This contrasts with previous results of the literature, such as
[4,42,47] or [39], Section 4.1. More precisely, [39], Section 4.1, assumes that X is proportional
to identity, [4] assumes either that ¥ is proportional to identity or that | X;|. is almost surely
bounded, [47] assumes ¥ satisfies a Restricted Eigenvalue condition which grants isotropy on a
restricted cone of RM | and finally, [42], (1.9) and Section 3, assumes that the condition number
of ¥ is bounded in order to handle anisotropic covariance structures.

Proof of Proposition 9. In this proof, ¢ > 0 is an absolute constant whose value may change
from line to line. Let y > 0. We first bound r, (y) from above. Let r > 0 and define

T,(R)={B R’ :|Bl; <2R, T2 <r*}.

The random variable G ~ N (0, ¥) has the same distribution as X1/ 2g where g ~ N (0, Iy).
Thus, the expectation inside the infimum in (27) is equal to

E sup BTx!2g. (1)
BT, (R)

To bound r,, (y) from above, it is enough to find some r > 0 such that (31) is bounded from above
by yr/n.

By the Cauchy—Schwarz inequality, (31) is bounded from above by r~/M, which is smaller
than yr./n for all all r > O provided that n > c4M for some constant ¢4 that only depends on .
Hence, r,,(y) = 0 provided that n > c4aM.

We now bound r,(y) from above in the regime n < c4M. Let uy, ..., uy be the columns
of £1/2 and let T be the convex hull of the 2M points {fu;, ..., 4uy}. Using the fact that
T.(R) = 2RT,/0Rr)(1) C 2R(T N (r/(2R))B»), the right-hand side of the previous display is
bounded from above by

2
2R (T N (r/R))Ba) < 8R\/10g+ (%M(é) ) (32)

where we used Proposition 1 for the last inequality. By simple algebra, one can show that if
r=cs3 (y)%,/log(q (y)M /n) for some large enough constant c3(y) that only depends on y,
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then the right-hand side of (32) is bounded from above by yr./n. This completes the proof of
(29).
We now bound s, (y) from above. Let s > 0. By definition of s, (y), to prove that s, (y) <'s,
it is enough to show that
oEg sup ﬂTEl/zg
BET:(R)

is smaller than ys%./n. We use Proposition 1 to show that the previous display is bounded from

above by
s 2
camin(va,R 10g+<4eM<§) ))

By simple algebra similar to that of the proof of Proposition 5, we obtain that if s> equals the
right hand side of (30) for large enough c¢s = ¢5(y) and cg = ce(y), then the right-hand side of
the previous display is bounded from above by ys2./n. This completes the proof of (30). ]

5. Bounded empirical processes and density estimation

We now prove a result similar to Proposition 1 for bounded empirical processes indexed by the
convex hull of M points. This will be useful to study the convex aggregation problem for density
estimation. Throughout this section, €1, ..., &, are i.i.d. Rademacher random variables that are
independent of all other random variables.

Proposition 10. There exists an absolute constant ¢ > O such that the following holds. Let
M >2,n > 1 be integers and let b, R, L > 0 be real numbers. Let Q(0) = 0'x0 for some
positive semi-definite matrix . Let Z1, ..., Z, be i.i.d. random variables valued in some mea-
surable set Z. Let hy,...,hy : Z — R be measurable functions. Let hg = Z;W:] Oih; for all

0=(,..., QM)T e RM . Assume that almost surely
|hj(Z)| <0, O(ej) =3;; < R?, E[hﬁ(zl)]SLQ(ﬂ), (33)

forall j=1,...,M and all ® € AM . Then for all r > 0 such that R/~M < r < R we have

[log(eMr2/R?) bR*log(eMr?/R?
]E[ sup F(0)] Scmax(«/ZR ogleMr/ ), og(e2 - )), (34)
0cAM: 0(0)<r2 n ren

where F(0) = 1|30 e;hg(Z;)| for all § € RM.

Proof of Proposition 10. Letm = | R%/r?| > 1. The function F is convex since it can be written
as the maximum of two linear functions. Applying Lemma 3 with the above notation and t = r
yields

+o00 d +o00 d
E sy F@O) <E M0 :/ E[M®)]S, (35)
0ecAM:Q0)<r? 1 X 1 X
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where the second inequality is a consequence of Fubini’s theorem and for all x > 1,

M((x) = max F().
0cAM: Q(0)<x(r2+R2/m)

Using (33) and the Rademacher complexity bound for finite classes given in [29], Theorem 3.5,
we obtain that for all x > 1,

2 2 M M
E[M(x)]gc/max<\/Lx(r +R /m)10g|Am|7b10g|Am|)’ (36)

n n

where ¢’ > 0 is a numerical constant and |Aff | is the cardinality of the set A,A,:I . By definition of
m we have r> < R?/m. The cardinality |AY| of the set AY is bounded from above by the right-
hand side of (13). Combining inequality (35), inequality (36), the fact that the integrals ﬁoo %

and [ 1+O° X—‘g)/‘z are finite, we obtain

log(eM bmlog(eM
E  sup F<0>5c"max(ﬁR og(eM/m) bmlog(e /m))
0eAM:0(0)<r? n "

for some absolute constant ¢”” > 0. By definition of m, we have R? / (2r2) <m<R? / r2. A mono-
tonicity argument completes the proof. g

Next, we show that Proposition 10 can be used to derive a condition similar to (15) for bounded
empirical processes. To bound from above the performance of ERM procedures in density esti-
mation, Theorem 13 in the Appendix C requires the existence of a quantity r, > 0 such that

2
E[ sup F(o)] < 37
0eAM: Q(0)<r? 16

where F is the function defined in Proposition 10 above.
To obtain such quantity r, > 0 under the assumptions of Proposition 10, we proceed as follows.
Let K = max(b, \/Z) and assume that

MK > R/n.

Define r2 = CK R\/ log(eM K /(R+/n)) where C > 1 is a numerical constant that will be chosen
later. We now bound from above the right-hand side of (34). We have

log(eMr?/R?) <1og(C) +log(eM K /(R/n)) + (1/2)loglog(e MK /(R/n))
< (log(C) +3/2) log(eM K /(R/n)),

where for the last inequality we used that loglog(u) < logu for all # > 1 and that log(C) <
log(C)log(eM K /(R\/n)), since C > 1 and MK /(R/n) > 1. Thus, the right-hand side of (34)
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is bounded from above by

cmax(, /1og(cC) +3/2 log(C)z—i— 3/2>r2.

o

It is clear that the above quantity is bounded from above by r2/16 if the numerical constant C is
large enough. Thus, we have proved that as long as M K > R./n, inequality (37) holds for

2 Cri \/ log(eM K /(Ry/m)

n

where C > 1 is a numerical constant.

ERM and convex aggregation in density estimation

We now study density estimation with respect to the squared loss. Consider a measurable space
(Z, n) with measure o and an unknown density pg with respect to the measure p. We observe
Z1, ..., Z, distributed according to pp and we are given preliminary estimators pp,..., py €
Lo (). We assume that the preliminary estimators p1, ..., py have been constructed with data
different than Z1, ..., Z,, and for the purpose of the present section, we assume that py, ..., py
are deterministic functions in L2(u). For instance, p1, ..., py may be kernel density estimators
with different bandwidth parameters, we refer the reader to [51], Section 2.1, and the references
therein.

Linear, convex and model-selection type aggregation of density estimators with respect to the
L? loss is studied in [6,46]. Aggregation of density estimator with respect to the Kullback-Leibler
loss is studied in [31,54].

The goal is to construct an estimator that performs almost as well as the best convex combina-
tion of pq, ..., py. Since we consider the L? loss, the empirical loss function

2 n
p— fpzdu— ;X;P(Zi)
i=

is an unbiased estimator of the L2 loss [(p— p0)%d i, up to an additive constant that is inde-
pendent of p.
The minimax optimal rate for the convex aggregation problem is known to be of order

n

log(ﬂ
oS (n) = min(ﬂ, i )
n

for regression with fixed design [44] and regression with random design [50] if the integers M
and /n satisfy eMo < R/nexp(y/n) or equivalently ¢, (n) < 1. The arguments for the convex
aggregation lower bound from [50] can be readily applied to density estimation, showing that the
rate qbf,[(n) is a lower bound on the optimal rate of convex aggregation for density estimation.
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We now use the results of the previous sections to show that ERM is optimal for the convex
aggregation problem in density estimation.

Theorem 11. There exists an absolute constant ¢ > 0 such that the following holds. Let
(Z, 1) be a measurable space with measure . Let po be an unknown density with respect
to the measure . Let Z1, ..., Z, be i.i.d. random variables valued in Z with density pg. Let
Pls..., pm € Lo(u) and let pg = Z;W:l Ojpj forall @ = (6, T eRM | Let

. , 2 <
0 e argmm(/ pgd,u - Zpg(ZQ).
i=1

0cAM

Then for all x > 0, with probability greater than 1 — exp(—x),

/(1’0 P0)2du< m1n f(pg—po)zdu—i—cmax(
where R* = 4max ;... przdu and boo = max;j=0.1,.M 1 Pl Loo(10)-

Proof. It is a direct application of Theorem 13 in the Appendix C. If M/bo < R./n, a fixed
point t, is given by Lemma 14. If M\/b, > R./n, we use Proposition 10 with Q(0) =
i (py — p6)%, L = by and b = bs,. The bound (37) yields the existence of a fixed point
in this regime. ]

Appendix A: Simulations: How correlations affect £(7 N s B,)

The upper bound on £(T N sBy) given in Proposition 1 applies to any convex set T with M
extreme points and this bound is sharp for the £1-ball. However, the upper bound of Proposition 1
does not involve geometric characteristics of the set T'. Since this upper bound is sharp for the
£1-ball, one may conjecture that correlations among the extreme points of 7" will decrease the
value £(T NsBy).

We study here with simulations how correlations among the extreme points of the convex
set T affect the Gaussian width £(T N sB,). For a given correlation parameter p € (0, 1) and a
given localization parameter s € (0, 1), we construct a set T, as follows. First, we construct a
matrix X € R"*? with n i.i.d. rows distributed according to N (0, X,), where X, € RM*M ig the
matrix with diagonal entries equal to 1 and off-diagonal entries equal to o. Then we set T, to be
the convex envelope of {£x1/|x1]2,...,£xpm/|xm|2} where x1, ..., x ) are the columns of X.
Thus, T, is a convex set with 2M extreme points, and any two extreme points have correlation
approximately equal to p. Next, we compute the Gaussian width £(T, N sB;) approximately,
by drawing k independent standard normal vectors g, ..., g, and by taking the average, that
is, we report the value V (s, p) = %25{:1 maxyeT,NsB, uTg,. Computing V (s, p) can be done
by solving k convex programs. The values V (s, p) are reported on Figure A.1 with n = 100,
M = 300.
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Figure A.1. Heatmap of the approximate values of the Gaussian width £(T), N (s Bp)) for different correla-
tion parameter p € (0, 1) and localization parameter s € (0, 1). Red is largest, blue is smallest. The x-axis
represents the localization parameter s, the y-axis represents p the approximate correlation of two extreme
points of 7.

We see on Figure A.1 that the Gaussian width £(7, N sB;) is monotonic with respect to the
correlation parameter p for every fixed localization parameter s. This supports the theoretical
conclusions of Propositions 1 and 2, which shows that the upper bound of Proposition 1 holds
for any set 7" and that this upper bound is sharp for the £1-ball or for sets T whose extreme points
have small correlations.

However, let us emphasize that the situation highlighted in Figure A.1 is specific to the con-
struction of the sets T),. It is still unclear, for general sets T', whether £(T N s B3) is monotonous
with respect to correlations among the extreme points of 7. More theoretical work is needed
to understand the geometric features of the set 7 that characterize £(T N sBy); we leave these
questions open for future work.

Appendix B: Proof of the lower bound (6)

Proof of Proposition 2. By the Varshamov—Gilbert extraction lemma [22], Lemma 2.5, there
exist a subset Q of {0, 1} such that

lw|o = m, 0 — |, >m, log 2| = (m/2)log(M/(5m))

for any distinct @, @’ € .
For each w € 2, we define sgn(w) € {—1,0, I}M, a signed version of w, as follows. Let
£1,...,&y be M i.i.d. Rademacher random variables. Then we have

M
£l [Conms| |~ Lormton

M 2
Za’jgjﬂj
j=1

2

Hence, there exists some sgn(w) € {—1,0, 1} with lsgn(w) j| = w; forall j =1,..., M such
that |I"'sgn(co)|% =m.
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Define Tq = {szusgn(w),w € Q). Since s> = 1/m, each element of Tg is of the form
(1/m)(£p; £...+£p; ) where wj ..., pu; are m distinct elements of {gy, ..., py}, hence
by convexity of T we have Tq C T. By definition of sgn(®), it holds that Tq C s B>, and thus
T C T NsB;. For any two distinct u, v € Tq,

2 2.4 2.2

lu — |3 > ks inf|sgn(co)—sgn(co/)|§>/c stm =«?s?,
®,0

where the supremum is taken over any two distinct elements of Q2. By Sudakov’s inequality (see
for instance [14], Theorem 13.4) we have

LT NsBy) = U(Te) = (1/2)ks+/log 2 > 1/(2\/§)Ks\/ﬁ,/log(M/5m).

Since 1/m = s2, the right hand side of the previous display is equal to the right hand side of (6)
and the proof is complete. (I

Appendix C: Local Rademacher complexities and density
estimation

In the last decade emerged a vast literature on local Rademacher complexities to study the per-
formance of empirical risk minimizers (ERM) for general learning problems, cf. [2,3,28] and
the references therein. The following result is given in [2], Theorem 2.1. Let ¢y, ..., &, be in-
dependent Rademacher random variables, that are independent from all other random variables
considered in the paper.

Theorem 12 (Bartlett et al. [2]). Let Zy, ..., Z, be i.i.d. random variables valued in some
measurable space Z. Let H : Z — [—bso, bo] be a class of measurable functions. Assume that
there is some v > 0 such that E[h(Z)*] < v for all h € H. Then for all x > 0, with probability
greater than 1 — exp(—x),

1 « [2 8b
sup(P — P,)h < 4IE|:sup - Zsih(Z,')i| + kol + Oox.
n 3n

heH heH n i=1

Theorem 12 is a straightforward consequence of Talagrand inequality. We now explain how
Theorem 12 can be used to derive sharp oracle inequalities in density estimation.

Theorem 13. Let (Z, 1) be a measurable space with measure (1. Let po be an unknown density
with respect to the measure |u. Let Z1, ..., Z, be i.i.d. random variables valued in Z with density
po. Let ‘P be a convex subset of Lz(,u). Assume that there exists pé € P such that f (po —
p(*)‘)2 du=inf,ep J(po— p)? du. Assume that for some t, > 0,

1 < 12
]E|: sup = Z&' (p— Pé)(zi)] < 1_*6 (38)
peP: [(p—p)?du<2 ;T
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Assume that there exists an estimator p such that almost surely,
1 n
p € argmin f prdu— — ZZp(Zi) .
pE'P n i=1

Then for all x > 0, with probability greater than 1 — exp(—x),

4 8bec /3
/(ﬁ—Po)zduSmig/(p—l?o)zd,u—}-2max<tf, U0l zenge + 800/ )x>,
pe

n
where bog = SUp ,ep 121 Looo)-

Proof of Theorem 13. By optimality of p we have

~ 2 -
f(P—Po)szS/(pS—po) dpu+285,

where for all p € P, E,, is the random variable

1
Ep=P—P)(p—pi) - 3 /(pé‘ —p)du.

Let p = max(tf, 4(]l poll Leo () + 8D /3)x /1) and define

H= {h = pg — p for some p € P such that fhzdu < ,0}.
2
The class H is convex, 0 € H and tf < p so that h € H implies %h € H. For any linear form L,

1 1 12 1
— sup L(h) < sup L<—*h) <= sup L(h)
P heM:[h2du<p I he:[n2du<p \P L5 heM:f h2du<i?

so that by taking expectations, (38) holds if tf is replaced by p.

For any h € H, E[h(Zl)z] < 1Poll Loy P and A is valued in [~2byo, 2boo] p-almost surely.
We apply Theorem 12 to the class H. This yields that with probability greater than 1 — e™*, if
p € P is such that pg — p € H, then

P 2pllpoll Loyx | 16boox
(P—=P)(ps—p) <7+ = 4
4 n n
o X
=3 + 21 Poll Lo ) + 8boo/3); <p.

On the same event of probability greater than 1 — e ™, if p € P is such that [ ( Py — p)2du > p,

consider h = \/p(p§ — p)/+/ [ (p§ — p)?di which belongs to H. We have (P — P,)h < p,
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which can be rewritten

(P = P)(p§ = p) S«/ﬁ,/f(PS—P)szSp/ZJr/(p’é —p)du/2,

so that E,, < p/2 < p. In summary, we have proved that on an event of probability greater than
1 —e ™, sup,cp Ep < p. In particular, this holds for p = p which completes the proof. (|

Appendix D: A fixed point ¢, for finite dimensional classes

Lemma 14. Consider the notations of Theorem 13 and assume that the linear span of P is finite
dimensional of dimension d. Then (38) is satisfied for tf =256|Ipoll Lo (yd/n.

Proof. Let ey, ..., e4 be an orthonormal basis of the linear span of P, for the scalar product
(p1, p2) = fp]pzdu. Then

n n d
1 . 1
E|: sup _Zgi(P_Po)(Zi):| <E sup ;Z&'Zej(xi)

peP: [(p—p)Pdu<i2 ™ OeRe03<2 ™ =1 j=1

d n 2
<t, Z(% ZSiej(Xi))

j=1 i=1
- Ly IPollLad é
- Jn 16’
where we have used the Cauchy—Schwarz inequality, Jensen’ inequality, and that Ee; (X )2 <
lpoll ooy forall j=1,...,d. O
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