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Abstract—Consider the high-dimensional linear regres-
sion model y = X 3" + w, where y € R" is an observation
vector, X € R"*? is a design matrix with d > n, the
quantity 3 € R? is an unknown regression vector, and
w o~ N (0,021 ) is additive Gaussian noise. This paper
studies the minimax rates of convergence for estimating
B* in either /2-loss and /-prediction loss, assuming that
3" belongs to an {g-ball B,(R,) for some ¢ € [0,1]. It
is shown that under suitable regularity conditions on the
design matrix X, the minimax optimal rate in />-loss and

{>-prediction loss scales as Rq(%)k%. The analysis in
this paper reveals that conditions on the design matrix X
enter into the rates for /;-error and /,-prediction error
in complementary ways in the upper and lower bounds.
Our proofs of the lower bounds are information-theoretic
in nature, based on Fano’s inequality and results on the
metric entropy of the balls B, (R,), whereas our proofs of
the upper bounds are constructive, involving direct analysis
of least-squares over /,-balls. For the special case ¢ = 0,
corresponding to models with an exact sparsity constraint,
our results show that although computationally efficient
f1-based methods can achieve the minimax rates up to
constant factors, they require slightly stronger assumptions
on the design matrix X than optimal algorithms involving
least-squares over the /o-ball.
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I. INTRODUCTION

The area of high-dimensional statistical inference con-
cerns the estimation in the d > n regime, where d refers
to the ambient dimension of the problem and n refers
to the sample size. Such high-dimensional inference
problems arise in various areas of science, including
astrophysics, remote sensing and geophysics, and com-
putational biology, among others. In the general setting,
it is impossible to obtain consistent estimators unless the
ratio d/n converges to zero. However, many applications
require solving inference problems with d > n, in which
setting the only hope is that the data has some type of
lower-dimensional structure. Accordingly, an active line
of research in high-dimensional inference is based on im-
posing various types of structural constraints, including
sparsity, manifold structure, or Markov conditions, and
then studying the performance of different estimators.
For instance, in the case of models with some type of
sparsity constraint, a great deal of work has studied the
behavior of /;-based relaxations.

Complementary to the understanding of computa-
tionally efficient procedures are the fundamental or
information-theoretic limitations of statistical inference,
applicable to any algorithm regardless of its computa-
tional cost. There is a rich line of statistical work on
such fundamental limits, an understanding of which can
have two types of consequences. First, they can reveal
gaps between the performance of an optimal algorithm
compared to known computationally efficient methods.
Second, they can demonstrate regimes in which practical
algorithms achieve the fundamental limits, which means
that there is little point in searching for a more effective
algorithm. As we shall see, the results in this paper lead
to understanding of both types.

A. Problem set-up

The focus of this paper is a canonical instance of a
high-dimensional inference problem, namely that esti-
mating a high-dimensional regression vector 3* € R¢
with sparsity constraints based on observations from
a linear model. In this problem, we observe a pair



(y,X) € R™ x R"*?, where X is the design matrix
and y is a vector of response variables. These quantities
are linked by the standard linear model

y=Xp"+w, (1)

where w ~ N(O,aglnxn) is observation noise. The
goal is to estimate the unknown vector 3* € R?
of regression coefficients. The sparse instance of this
problem, in which the regression vector (* satisfies
some type of sparsity constraint, has been investigated
extensively over the past decade. A variety of practical
algorithms have been proposed and studied, many based
on /{;-regularization, including basis pursuit [11], the
Lasso [32, 11], and the Dantzig selector [8]. Various
authors have obtained convergence rates for different
error metrics, including fo-norm error [4, 8, 25, 41],
prediction loss [4, 16, 34], as well as model selection
consistency [24, 36, 41, 43]. In addition, a range of
sparsity assumptions have been analyzed, including the
case of hard sparsity meaning that 5* has exactly s < d
non-zero entries, or soft sparsity assumptions, based on
imposing a certain decay rate on the ordered entries of
G*. Intuitively, soft sparsity means that while many of the
co-efficients of the co-variates may be non-zero, many
of the co-variates only make a small overall contribution
to the model, which may be more applicable in some
practical settings.

a) Sparsity constraints: One way in which to cap-
ture the notion of sparsity in a precise manner is in terms
of the £,-balls’ for ¢ € [0, 1], defined as

d
By(Ry) :={BeR | |B2:=> 18, < R,}.
j=1
Note that in the limiting case ¢ = 0, we have the ¢y-ball

d
Bo(s):={B R | Y T[B; #0] < s},

j=1

which corresponds to the set of vectors (3 with at most
s non-zero elements. For ¢ € (0, 1], membership of § in
B, (R4) enforces a “soft” form of sparsity, in that all of
the coefficients of § may be non-zero, but their absolute
magnitude must decay at a relatively rapid rate. This type
of soft sparsity is appropriate for various applications
of high-dimensional linear regression, including image
denoising, medical reconstruction and database updating,
in which exact sparsity is not realistic.

2Strictly speaking, these sets are not “balls” when ¢ < 1, since they
fail to be convex.

b) Loss  functions:  We consider estimators
B:R" x R"*4 — R? that are measurable functions of
the data (y, X). Given any such estimator of the true
parameter 3*, there are many criteria for determining
the quality of the estimate. In a decision-theoretic
frarllework, one introduces a loss function such that
L(B,5") represents the loss incurred by estimating
8 when * € B,(R,) is the true parameter. In the
minimax formalism, one seeks to choose an estimator
that minimizes the worst-case loss given by

min max L A, ). 2
i max L(5.5°) @

Note that the quantity (2) is random since B depends
on the noise w, and therefore, we must either provide
bounds that hold with high probability or in expectation.
In this paper, we provide results that hold with high
probability, as shown in the statements our main results
in results in Theorems 1 through 4.

Moreover, various choices of the loss function are pos-
sible, including (i) the model selgction loss, which is zero
if and only if the support supp(/3) of the estimate agrees
with the true support supp(5*), and one otherwise; (ii)
the ¢o-loss

d
LB, 8 = 18-6713 = Y 18 - 813,
J=1

and (iii) the lo-prediction loss | X(B — 87)||2/n. The
information-theoretic limits of model selection have been
studied extensively in past work (e.g., [37, 15, 1, 38]);
in contrast, the analysis of this paper is focused on
understanding the minimax rates associated with the
{5-loss and the ¢5-prediction loss.

More precisely, the goal of this paper is to provide
upper and lower bounds on the following four forms of
minimax risk:

18— 87113,

Ms(Bo(s), X) : = min_max |5 83,
3 B*€Bo(s)

M (B, (R,), X) 1= mi
2(By(Ryg), X) Wi e

M, (B,(R;),X) :=min max
(B(R). X) 1= min

1 .
M, (Bo(s), X) :=min max —||X(8—3%)|3.
(Bo(s). X) s = min_max ~1X(5 - )]

1 a2 *\ |12
IX BB

These quantities correspond to all possible combinations
of minimax risk involving either the f5-loss or the
£o-prediction loss, and with either hard sparsity (¢ = 0)
or soft sparsity (g € (0, 1]).



B. Our contributions

The main contributions are derivations of optimal
minimax rates both for £3-norm and ¢5-prediction losses,
and perhaps more significantly, a thorough characteriza-
tion of the conditions that are required on the design
matrix X in each case. The core of the paper consists
of four main theorems, corresponding to upper and
lower bounds on minimax rate for the /o-norm loss
(Theorems | and 2 respectively) and upper and lower
bounds on {y-prediction loss (Theorems 3 and Theo-
rem 4) respectively. We note that for the linear model (1),
the special case of orthogonal design X = /nl,xn
(so that n = d necessarily holds) has been extensively
studied in the statistics community (for example, see
the papers [0, 14, 3] as well as references therein). In
contrast, our emphasis is on the high-dimensional setting
d > n, and our goal is to obtain results for general design
matrices X.

More specifically, in Theorem 1, we provide lower
bounds for the ¢5-loss that involves a maximum of two
quantities: a term involving the diameter of the null-
space restricted to the £,-ball, measuring the degree of
non-identifiability of the model, and a term arising from
the />-metric entropy structure for /,-balls, measuring
the complexity of the parameter space. Theorem 2 is
complementary in nature, devoted to upper bounds that
obtained by direct analysis of a specific estimator. We
obtain upper and lower bounds that match up to factors
that independent of the triple (n,d, R,), but depend on
constants related to the structure of the design matrix X
(see Theorems | and 2). Finally, Theorems 3 and 4 are
for ¢5-prediction loss. For this loss, we provide upper and
lower bounds on minimax rates that are again matching
up to factors independent of (n,d, R,), but dependent
again on the conditions of the design matrix.

A key part of our analysis is devoted to understanding
the link between the prediction semi-norm—more pre-
cisely, the quantity || X 6||2/+/n—and the ¢5 norm ||0||5.
In the high-dimensional setting (with X € R™*? with
d > n), these norms are in general incomparable, since
the design matrix X has a null-space of dimension at
least d — n. However, for analyzing sparse linear re-
gression models, it is sufficient to study the approximate
equivalence of these norms only for elements 6 lying in
the /4-ball, and this relationship between the two semi-
norms plays an important role for the proofs of both the
upper and the lower bounds. Indeed, for Gaussian noise
models, the prediction semi-norm || X (5 — 8*)|l2/v/n
corresponds to the square-root Kullback-Leibler diver-
gence between the distributions on y indexed by 3 and
(*, and so reflects the discriminability of these models.

Our analysis shows that the conditions on X enter in
quite a different manner for fs-norm and prediction
losses. In particular, for the case ¢ > 0, proving upper
bounds on ¢5-norm error and lower bounds on prediction
error require relatively strong conditions on the design
matrix X, whereas lower bounds on {5-norm error and
upper bounds on prediction error require only a very
mild column normalization condition.

The proofs for the lower bounds in Theorems I
and 3 involve a combination of a standard information-
theoretic techniques (e.g. [5, 18, 39]) with results in
the approximation theory literature (e.g., [17, 21]) on
the metric entropy of /,-balls. The proofs for the upper
bounds in Theorems 2 and 4 involve direct analysis of
the least-squares optimization over the £,-ball. The basic
idea involves concentration results for Gaussian random
variables and properties of the £1-norm over /,-balls (see
Lemma 5).

The remainder of this paper is organized as follows.
In Section II, we state our main results and discuss their
consequences. While we were writing up the results of
this paper, we became aware of concurrent work by
Zhang [42], and we provide a more detailed discussion
and comparison in Section II-E, following the precise
statement of our results. In addition, we also discuss a
comparison between the conditions on X imposed in our
work, and related conditions imposed in the large body
of work on /;-relaxations. In Section III, we provide the
proofs of our main results, with more technical aspects
deferred to the appendices.

II. MAIN RESULTS AND THEIR CONSEQUENCES

This section is devoted to the statement of our main
results, and discussion of some of their consequences.
We begin by specifying the conditions on the high-
dimensional scaling and the design matrix X that enter
different parts of our analysis, before giving precise
statements of our main results.

A. Assumptions on design matrices

Let X denote the i*" row of X and X ;j denote the
4" column of X . Our first assumption, which remains in
force throughout most of our analysis, is that the columns
{X;,7=1,...,d} of the design matrix X are bounded
in ¢o-norm.

Assumption 1 (Column normalization). There exists a
constant 0 < k. < 400 such that

1
= max Xl < ke )

oY



This is a fairly mild condition, since the problem
can always be normalized to ensure that it is
satisfied. Moreover, it would be satisfied with high
probability for any random design matrix for which
HIX13 = & >, X7 satisfies a sub-exponential tail
bound. This column normalization condition is required
for all the theorems except for achievability bounds for
£y-prediction error when g = 0.

We now turn to a more subtle condition on the design
matrix X:

Assumption 2 (Bound on restricted lower eigenvalue).
For ¢ € (0,1], there exists a constant sy > 0 and a
function f¢(Rg, n,d) such that

X6l
vn
for all 6 € B,(2R,).

> Ky (||9H2 - fZ(quna d)) (5)

A few comments on this assumption are in order. For
the case ¢ > 0, this assumption is imposed when deriving
upper bounds for the /5-error and lower bounds for /5-
prediction error. It is required in upper bounding ¢5-error
because for any two distinct vectors 3,3’ € B,(R,),
the prediction semi-norm || X (8 — §')||2/+/n is closely
related to the Kullback-Leibler divergence, which quan-
tifies how distinguishable (8 is from (3’ in terms of the
linear regression model. Indeed, note that for fixed X
and £3, the vector Y ~ N(X3,021,x,), so that the
Kullback-Leibler divergence between the distributions on
Y indexed by (8 and 3’ is given by 545 || X (8 — 8')|3.
Thus, the lower bound (5), when applied to the dif-
ference § = (3 — (', ensures any pair (3,3’) that
are well-separated in /o-norm remain well-separated
in the /y-prediction semi-norm. Interestingly, Assump-
tion 2 is also essential in establishing lower bounds on
the ¢y-prediction error. Here the reason is somewhat
different—namely, it ensures that the set B,(R,) still
suitably “large” when its diameter is measured in the
{o-prediction semi-norm. As we show, it is this size
that governs the difficulty of estimation in the prediction
semi-norm.

The condition (5) is almost equivalent to bounding
the smallest singular value of X/./n restricted to the
set B,(2R,). Indeed, the only difference is the “slack”
provided by f;(Rg,n,d). The reader might question why
this slack term is actually needed. In fact, it is essential
in the case ¢ € (0,1], since the set B,(2R,) spans
all directions of the space R?. (This is not true in the
limiting case ¢ = 0.) Since X must have a non-trivial

null-space when d > n, the condition (5) can never be
satisfied with f;(R4,n,d) = 0 whenever d > n and
q € (0,1].

Interestingly, for appropriate choices of the slack term
fe(Rg,n, d), the restricted eigenvalue condition is satis-
fied with high probability for many random matrices, as
shown by the following result.

Proposition 1. Consider a random matrix X € R"*¢
formed by drawing each row ii.d. from a N'(0,%) dis-

tribution with maximal variance p*(X) = max X If
§=L,ry
% q (%)1/27(1/4 < ¢ for a sufficiently small

universal constant c¢1 > 0, then

X062 Amin(2'/?) logd,1-q/2
> -1 h) o7

(6)

for all 9 € By(2R,) with probability at least
1 — coexp(—csn).

An immediate consequence of the bound (6) is that
Assumption 2 holds with

p(%)
Amin(21/2)

for some universal constant ¢. We make use of this
condition in Theorems 2(a) and 3(a) to follow. The
proof of Proposition 1, provided in Appendix A, follows
as a consequence of a random matrix result in Raskutti
et al. [29]. In the same paper, on pp. 2248 — 49 it is
demonstrated that there are many interesting classes of
non-identity covariance matrices, among them Toeplitz
matrices, constant correlation matrices and spiked
models, to which Proposition 1 can be applied.

R, (1ogd) 1-q/2 ™

fg(RqJL,d) =c -

For the special case ¢ = 0, the following conditions
are needed for upper and lower bounds in /5-norm error,
and lower bounds in ¢s-prediction error.

Assumption 3 (Sparse Eigenvalue Conditions).
(a) There exists a constant «,, < +oo such that
1
N

(b) There exists a constant kg ¢ > 0 such that

1X6]2 < #u [|6]]2 for all § € Bo(2s). (8)

T80 > w0 9] for all 0 € Bo(25). (9)

Assumption 2 adapted to the special case of ¢ = 0
corresponding to exactly sparse models; however, in
this case, no slack term fy(Rg, n,d) is involved. As we
discuss at more length in Section II-E, Assumption 3
is closely related to conditions imposed in analyses of



{1-based relaxations, such as the restricted isometry
property [8] as well as related but less restrictive sparse
eigenvalue conditions [4, 25, 34]. Unlike the restricted
isometry property, Assumption 3 does not require that
the constants x, and kg, are close to one; indeed,
they can be arbitrarily large (respectively small), as
long as they are finite and non-zero. In this sense, it is
most closely related to the sparse eigenvalue conditions
introduced by Bickel et al. [4], and we discuss these
connections at more length in Section II-E. The set
By (2s) is a union of 2s-dimensional subspaces, which
does not span all direction of R?. Since the condition
may be satisfied for d > n, no slack term f¢(R4,n,d)
is required in the case ¢ = 0.

In addition, our lower bounds on /{s-error in-
volve the set defined by intersecting the null space
(or kernel) of X with the {,-ball, which we de-
note by N, (X):=Ker(X)NB,(R,). We define the
B,(R,)-kernel diameter in the ¢3-norm as

iam(N, (X)) = max [0 = | o (0]
X60=0
(10)

The significance of this diameter should be apparent: for
any “perturbation” A € N, (X), it follows immediately
from the linear observation model (1) that no method
could ever distinguish between $* = 0 and §* = A.
Consequently, this B, (R,)-kernel diameter is a measure
of the lack of identifiability of the linear model (1) over
the set B, (R,).

It is useful to recognize that Assumptions 2 and 3
are closely related to the diameter condition (10); in
particular, these assumptions imply an upper bound
bound on the B,(R,)-kernel diameter in ¢2-norm, and
hence limit the lack of identifiability of the model.

Lemma 1 (Bounds on non-identifiability).
(a) Case q € (0,1]: If Assumption 2 holds, then the
B, (Rg)-kernel diameter is upper bounded as

diama (N, (X)) = O(fe(Ry, . d)).

(b) Case q = 0: If Assumption 3(b) is satisfied, then
diams(No(X)) = 0. (In words, the only element of
Bo(2s) in the kernel of X is the 0-vector.)

These claims follow in a straightforward way from
the definitions given in the assumptions. In Section II-E,
we discuss further connections between our assumptions,
and the conditions imposed in analysis of the Lasso and
other /1-based methods [4, 8, 24, 26], for the case ¢ = 0.

B. Universal constants and non-asymptotic statements

Having described our assumptions on the design ma-
trix, we now turn to the main results that provide upper
and lower bounds on minimax rates. Before doing so,
let us clarify our use of universal constants in our
statements. Our main goal is to track the dependence
of minimax rates on the triple (n, d, R,), as well as the
noise variance o2 and the properties of the design matrix
X. In our statement of the minimax rates themselves,
we use ¢ to denote a universal positive constant that
is independent of (n,d, R,), the noise variance o and
the parameters of the design matrix X. In this way,
our minimax rates explicitly track the dependence of
all of these quantities in a non-asymptotic manner. In
setting up the results, we also state certain conditions
that involve a separate set of universal constants denoted
c1, ¢o etc.; these constants are independent of (n, d, Ry)
but may depend on properties of the design matrix.

In this paper, our primary interest is the high-
dimensional regime in which d > n. Our theory is
non-asymptotic, applying to all finite choices of the
triple (n, d, R,). Throughout the analysis, we impose the
following conditions on this triple. In the case ¢ = 0,
we require that the sparsity index s = Ry satisfies
d > 4s > c5. These bounds ensure that our probabilistic
statements are all non-trivial (i.e., are violated with
probability less than 1). For ¢ € (0, 1], we require that
for some choice of universal constants c¢i,cy > 0 and
d € (0,1), the triple (n,d, R,) satisfies

d © (i4)
anq/2 Z C1 d5 Z Co.

(1)

The condition (ii) ensures that the dimension d is suffi-
ciently large so that our probabilistic guarantees are all
non-trivial (i.e., hold with probability strictly less than
1). In the regime d > n that is of interest in this paper,
the condition (i) on (n,d, R,) is satisfied as long as the
radius I, does not grow too quickly in the dimension
d. (As a concrete example, the bound R, < 03d%_5/ for
some ¢’ € (0,1/2) is one sufficient condition.)

C. Optimal minimax rates in {3-norm loss

We are now ready to state minimax bounds, and we
begin with lower bounds on the ¢5>-norm error:

Theorem 1 (Lower bounds on ¢5-norm error). Consider

the linear model (1) for a fixed design matrix X € R"*¢,

(a) Case ¢ € (0,1]: Suppose that X is column-
normalized (Assumption [ holds with k. < o0), and



Rq(%)l’q/ 2 < ¢ for a universal constant cy. Then
M2(Bq(Rq)»X) >

a LB (1)

& max { diam2(N, (X)), R, (RQ =

with probability greater than 1/2.

(b) Case ¢ = 0: (ppose that Assumption 3(a) holds
with Kk, > 0, and Slog < ¢y for a universal constant
c1. Then

MQ(BO(S),X) Z

émax{diam%(J\fO(X)L “%(d/s)} (13)

o?
K
with probability greater than 1/2.

The choice of probability 1/2 is a standard con-
vention for stating minimax lower bounds on rates.’
Note that both lower bounds consist of two terms.
The first term corresponds to the diameter of the set
Ny (X) = Ker(X) NB,(R,), a quantity which reflects
the extent which the linear model (1) is unidentifiable.
Clearly, one cannot estimate (3* any more accurately
than the diameter of this set. In both lower bounds, the
ratios 02/k2 (or 02/k2) correspond to the inverse of
the signal-to-noise ratio, comparing the noise variance
o? to the magnitude of the design matrix measured by
Ky, since constants ¢, and ¢y do not depend on the
design X. As the proof will clarify, the term [log d]'~2
in the lower bound (12), and similarly the term log(¢)
in the bound (13), are reflections of the complexity of
the £,-ball, as measured by its metric entropy. For many
classes of random Gaussian design matrices, the second
term is of larger order than the diameter term, and hence
determines the rate.

We now state upper bounds on the ¢5-norm minimax
rate over {, balls. For these results, we require the
column normalization condition (Assumption 1), and
Assumptions 2 and 3. The upper bounds are proven
by a careful analysis of constrained least-squares over
the set B, (R,)—namely, the estimator

5 € arg min ||y X33 (14)
BEB,(Rq

Theorem 2 (Upper bounds on ¢2-norm loss). Consider

the model (1) with a fixed design matrix X € R™*? that

is column-normalized (Assumption | with k. < 00).

3This probability may be made arbitrarily close to 1 by suitably
modifying the constants in the statement.

(a) For ¢ € (0,1]: Suppose that R,(*°&%)1-4/2 <
c1 and X satisfies Assumption 2 with kg > 0 and
fe(Rgyn,d) < czl%q(%)l_q/2 Then

K2 o? logd]l qa/2

M2(Bq(Rq) X) < ¢ Ry {RQ 2
JARAY

(15)
with probability greater than 1 — c3 exp (—cylogd).

(b) For q = 0: Suppose that X satisfies Assumption 3(b)
with ko ¢ > 0. Then

k2 02 slogd
B X)<ée =%+ — 16
MQ( 0(8)7 ) scC Hg’e H(Q)}Z n ( )

with probability greater than 1 — ¢ exp (—cq log d). If;
in addition, the design matrix satisfies Assumption 3(a)
with Kk, < 0o, then

k2 o? slog(d/s)

Ma(Bo(s), X) <€ 5= ————,

17
’ff),e "@(2),4 n a7

this bound holding with probability greater than
1 — ¢ exp (—coslog(d/s)).

In the case of ¢y-error and design matrices X that
satisfy the assumptions of both Theorems | and 2, these
results identify the minimax optimal rate up to constant
factors. In particular, for ¢ € (0,1], the minimax rate in
f5-norm scales as

o?logdyl-a/2
Ma(B,(R,), X) = ©(R,[==25] ), as)
whereas for ¢ = 0, the minimax ¢s-norm rate scales as

Mo(Bo(s), X) = @(M).

19)

D. Optimal minimax rates in {s-prediction norm

In this section, we 1nvest1gate minimax rates in terms
of the ¢5-prediction loss ||X(B £*)||3/n, and provide
both lower and upper bounds on it. The rates match the
rates for /o, but the conditions on design matrix X enter
the upper and lower bounds in a different way, and we
discuss these complementary roles in Section II-F.

Theorem 3 (Lower bounds on prediction error).
Consider the model (1) with a fixed design matrix
X € R"™4 that is column-normalized (Assumption |
with k. < 00).

(a) For ¢ € (0,1]: Suppose that Rq(lo%'d)l_‘”2 <,
and the design matrix X satisfies Assumption 2 with
ke > 0 and fi(Ry,n,d) < CQRq(%)liq/2. Then

1 1—q/2
Mn(Bq(Rq)aX) >c Ry 53 {0- Ogd} !

2
2 (20)



with probability at least 1/2.

(b) For ¢ = 0: Suppose that X satisfies Assumption 3(b)
with Ko > 0 and Assumption 3(a) with k, < oo, and

that Slogi(d/) < ¢y, for some universal constant c1. Then

2
M, (Bo(s), X) > Erd, = slogT(d/s)

- @1

with probability least 1/2.

In the other direction, we state upper bounds obtained
via analysis of least-squares constrained to the ball
B,(R,), a procedure previously defined (14).

Theorem 4 (Upper bounds on prediction error).
Consider the model (1) with a fixed design matrix
X e R"Xd.

(a) Case ¢ € (0,1]: If X satisfies the column nor-
malization condition, then with probability at least
1 — ¢y exp (—caRy(log d)'=9/2n%/2), we have

2 logdiyl-%
< & g2 9
Mo (By(Ro), X) < €2 Ry [75 =2

(22)
(b) Case q = 0: For any X, with probability greater than
1 —cyexp(—ceslog(d/s)), we have

My (Bo(s), X) < ¢ (23)

We note that Theorem 4(b) was stated and proven in
Bunea et. al [7] (see Theorem 3.1). However, we have
included the statement here for completeness and so as
to facilitate discussion.

E. Some remarks and comparisons

In order to provide the reader with some intuition, let
us make some comments about the scalings that appear
in our results. We comment on the conditions we impose
on X in the next section.

o For the case ¢ = 0, there is a concrete inter-
pretation of the rate SIL(d/S), which appears in
Theorems 1(b), 2(b), 3(b) and 4(b). Note that there
are (;1) subsets of size s within {1,2,...,d}, and
by standard bounds on binomial coefficients [13],
we have log () = ©(slog(d/s)). Consequently,

the rate SlL(ds) corresponds to the log number of
models d1V1ded by the sample size n. Note that in
the regime where d/s ~ d7 for some v > 0, this
rate is equivalent (up to constant factors) to %.

e« For ¢ € (0,1], the interpretation of the rate
Rq(%)l_w ? which appears in parts (a) of The-
orems | through 4 can be understood as follows.

Suppose that we choose a subset of size s; of
coefficients to estimate, and ignore the remaining
d — s, coefficients. For instance, if we were to
choose the top s, coefficients of 3* in absolute
value, then the fast decay imposed by the /,-ball
condition on (* would mean that the remaining
d — s4 coefficients would have relatively little im-
pact. With this intuition, the rate for ¢ > 0 can be
interpreted as the rate that would be achieved by
choosing s, = Rq(%)_q/ ?, and then acting as
if the problem were an instance of a hard-sparse
problem (g = 0) with s = s,. For such a problem,
we would expect to achieve the rate 24252 logd , which
is exactly equal to Rq(%)l 4’2 Of course, we
have only made a very heuristic argument here; we
make this truncation idea and the optimality of the
particular choice s, precise in Lemma 5 to follow
in the sequel.

It is also worthwhile considering the form of our
results in the special case of the Gaussian sequence
model, for which X = y/nl,«, and d = n. With
these special settings, our results yields the same
scaling (up to constant factors) as seminal work
by Donoho and Johnstone [14], who determined
minimax rates for £,-losses over £4-balls. Our work
applies to the case of general X, in which the
sample size n need not be equal to the dimen-
sion d; however, we re-capture the same scaling
(Rq(l"%)l_‘ﬂz)) as Donoho and Johnstone [14]
when specialized to the case X = +/nl,xn
and ¢, = (5. Other work by van de Geer and
Loubes [35] derives bounds on prediction error for
general thresholding estimators, again in the case
d = n, and our results agree in this particular case
as well.

As noted in the introduction, during the process
of writing up our results, we became aware of
concurrent work by Zhang [42] on the problem of
determining minimax upper and lower bounds for
£p-losses with £,-sparsity for ¢ > 0 and p > 1.
There are notable differences between our and
Zhang’s results. First, we treat the ¢5-prediction
loss not covered by Zhang, and also show how as-
sumptions on the design X enter in complementary
ways for /5-loss versus prediction loss. We also
have results for the important case of hard sparsity
(¢ = 0), not treated in Zhang’s paper. On the other
hand, Zhang provides tight bounds for general £-
losses (p > 1), not covered in this paper. It is also
worth noting that the underlying proof techniques
for the lower bounds are very different. We use



a direct information-theoretic approach based on
Fano’s method and metric entropy of {,-balls. In
contrast, Zhang makes use of an extension of the
Bayesian least favorable prior approach used by
Donoho and Johnstone [ 14]. Theorems 1 and 2 from
his paper [42] (in the case p = 2) are similar to
Theorems 1(a) and 2(a) in our paper, but the condi-
tions on the design matrix X imposed by Zhang are
different from the ones imposed here. Furthermore,
the conditions in Zhang are not directly comparable
so it is difficult to say whether our conditions are
stronger or weaker than his.

o Finally, in the special cases ¢ = 0 and ¢ = 1,
subsequent work by Rigollet and Tsybakov [30] has
yielded sharper results on the prediction error (com-
pare our Theorems 3 and 4 to equations (5.24) and
(5.25) in their paper). They explicitly take effects
of the rank of X into account, yielding tighter rates
in the case rank(X) < n. In contrast, our results
are based on the assumption rank(X) = n, which
holds in many cases of interest.

F. Role of conditions on X

In this subsection, we discuss the conditions on the
design matrix X involved in our analysis, and the
different roles that they play in upper/lower bounds and
different losses.

1) Upper and lower bounds require complementary
conditions: It is worth noting that the minimax rates
for £9-prediction error and f5-norm error are essentially
the same except that the design matrix structure enters
minimax rates in very different ways. In particular, note
that proving lower bounds on prediction error for ¢ > 0
requires imposing relatively strong conditions on the
design X—namely, Assumptions | and 2 as stated in
Theorem 3. In contrast, obtaining upper bounds on
prediction error requires very mild conditions. At the
most extreme, the upper bound for ¢ = 0 in Theorem 3
requires no assumptions on X while for ¢ > 0 only the
column normalization condition is required. All of these
statements are reversed for />-norm losses, where lower
bounds for ¢ > 0 can be proved with only Assumption |
on X (see Theorem 1), whereas upper bounds require
both Assumptions | and 2.

In order to appreciate the difference between the
conditions for ¢5-prediction error and /5 error, it is useful
to consider a toy but illuminating example. Consider the
linear regression problem defined by a design matrix
X = [Xl X5 Xd] with identical columns—
that is, X; = )2'1 for all j = 1,...,d. We assume that
vector X; € R? is suitably scaled so that the column-

normalization condition (Assumption 1) is satisfied. For
this particular choice of design matrix, the linear obser-
vation model (1) reduces to y = (Z?Zl B3)X1 +w. For
the case of hard sparsity (¢ = 0), an elementary argument
shows that the minimax rate in /o-prediction error scales
as O(=). This scaling implies that the upper bound (23)
from Theorem 4 holds (but is not tight). It is trivial to
prove the correct upper bounds for prediction error using
an alternative approach. * Consequently, this highly
degenerate design matrix yields a very easy problem
for ¢5-prediction, since the 1/n rate is essentially low-
dimensional parametric. In sharp contrast, for the case of
£o-norm error (still with hard sparsity ¢ = 0), the model
becomes unidentifiable. To see the lack of identifiability,
let e; € R? denote the unit-vector with 1 in position i,
and consider the two regression vectors 3* = ce; and
B = cesq, for some constant ¢ € R. Both choices yield
the same observation vector y, and since the choice of
c is arbitrary, the minimax {s-error is infinite. In this
case, the lower bound (13) on /5-error from Theorem |
holds (and is tight, since the kernel diameter is infinite).
In contrast, the upper bound (16) on {s-error from
Theorem 2(b) does not apply, because Assumption 3(b)
is violated due to the extreme degeneracy of the design
matrix.

2) Comparison to conditions required for (i-based
methods: Naturally, our work also has some connec-
tions to the vast body of work on ¢;-based methods
for sparse estimation, particularly for the case of hard
sparsity (¢ = 0). Based on our results, the rates that
are achieved by /;-methods, such as the Lasso and the
Dantzig selector, are minimax optimal up to constant
factors for /3-norm loss, and ¢2-prediction loss. However
the bounds on ¢y-error and ¢5-prediction error for the
Lasso and Dantzig selector require different conditions
on the design matrix. We compare the conditions that
we impose in our minimax analysis in Theorem 2(b) to
various conditions imposed in the analysis of ¢;-based
methods, including the restricted isometry property of
Candes and Tao [8], the restricted eigenvalue condition
imposed in Meinshausen and Yu [25], the partial Riesz
condition in Zhang and Huang [41] and the restricted
eigenvalue condition of Bickel et al. [4]. We find that
in the case where s is known, “optimal” methods which
are based on minimizing least-squares directly over the
£o-ball, can succeed for design matrices where ¢;-based
methods are not known to work for ¢ = 0, as we discuss
at more length in Section II-F2 to follow. As noted

4Note that the lower bound (21) on the £2-prediction error from
Theorem 3 does not apply to this model, since this degenerate design
matrix with identical columns does not satisfy Assumption 3(b).



by a reviewer, unlike the direct methods that we have
considered, ¢1-based methods typically do not assume
any prior knowledge of the sparsity index, but they do
require knowledge or estimation of the noise variance.

One set of conditions, known as the restricted isometry
property [8] or RIP for short, is based on very strong
constraints on the condition numbers of all sub-matrices
of X up to size 2s, requiring that they be near-isometries
(i.e., with condition numbers close to 1). Such conditions
are satisfied by matrices with columns that are all very
close to orthogonal (e.g., when X has i.id. N(0,1)
entries and n = Q(log (;S ))). but are violated for
many reasonable matrix classes (e.g., Toeplitz matrices)
that arise in statistical practice. Zhang and Huang [41]
imposed a weaker sparse Riesz condition, based on
imposing constraints (different from those of RIP) on
the condition numbers of all submatrices of X up to a
size that grows as a function of s and n. Meinshausen
and Yu [25] impose a bound in terms of the condition
numbers or minimum and maximum restricted eigenval-
ues for submatrices of X up to size slogn. It is unclear
whether the conditions in Meinshausen and Yu [25] are
weaker or stronger than the conditions in Zhang and
Huang [41]. Bickel et al. [4] show that their restricted
eigenvalue condition is less severe than both the RIP
condition [8] and an earlier set of restricted eigenvalue
conditions due to Meinshausen and Yu [25].

Here we state a restricted eigenvalue condition that is
very closely related to the condition imposed in Bickel
et. al [4], and as shown by Negahban et. al [26], and is
sufficient for bounding the ¢s-error in the Lasso algo-
rithm. In particular, for a given subset S C {1,...,d}
and constant o > 1, let us define the set

C(S;a):= {0 €R? | [|fse]1 < al|fsly + 4] 851},
(24)

where 0* is the true parameter. Note that for ¢ = 0,
the term ||5%.|[1 = O which is very closely related to
the restricted eigenvalue condition in Bickel et al. [4],
while for ¢ € (0,1], this term is non-zero. With this
notation, the restricted eigenvalue condition in Negahban
et al. [26] can be stated as follows: there exists a constant
& > 0 such that

1

Vn
Negahban et. al [26] show that under this restricted
eigenvalue condition, the Lasso estimator has squared
(>-etror upper bounded by O(R,(*2%)1~9/2). (To be
clear, Negahban et al. [26] study a more general class
of M-estimators, and impose a condition known as
restricted strong convexity; however, it reduces to an RE

| X602 > k|6l for all 6 € C(S;3).

condition in this special case.) For the case ¢ € (0, 1],
the analogous restricted lower eigenvalue condition we
impose is Assumption 2. Recall that this states that for
q € (0,1], the eigenvalues restricted to the set

{6 €RY | 6 €By(2R,) and [|0]2 > fe(Rg,n,d)}

remain bounded away from zero. Both conditions impose
lower bounds on the restricted eigenvalues over sets of
weakly sparse vectors.
3) Comparison with restricted eigenvalue condition:

It is interesting to compare the restricted eigenvalue
condition in Bickel et al. [4] with the condition un-
derlying Theorem 2, namely Assumption 3(b). In the
case ¢ = 0, the condition required by the estimator
that performs least-squares over the {y-ball—namely,
the form of Assumption 3(b) used in Theorem 2(b)—
is not stronger than the restricted eigenvalue condition
in Bickel et al. [4]. This fact was previously established
by Bickel et al. (see p.7, [4]). We now provide a simple
pedagogical example to show that the ¢;-based relaxation
can fail to recover the true parameter while the optimal
£y-based algorithm succeeds. In particular, let us assume
that the noise vector w = 0, and consider the design

matrix
1 -2 -1
X = {2 -3 3] ’

corresponding to a regression problem with n = 2 and
d = 3. Say that the regression vector * € R3 is hard
sparse with one non-zero entry (i.e., s = 1). Observe that
the vector A := [1 1/3 1/3] belongs to the null-
space of X, and moreover A € C(S;3) but A ¢ By(2).
All the 2 x 2 sub-matrices of X have rank two, we have
Bo(2) Nker(X) = {0}, so that by known results from
Cohen et. al. [12] (see, in particular, their Lemma 3.1),
the condition By(2) N ker(X) = {0} implies that (in
the noiseless setting w = 0), the ¢y-based algorithm can
exactly recover any 1l-sparse vector. On the other hand,
suppose that, for instance, the true regression vector is
given by * = [1 0 0]. If the Lasso were applied
to this problem with no noise, it would incorrectly
recover the solution 3 := [0 —1/3 —1/3], since
1Bl =2/3 < 1= |5°].

Although this example is low-dimensional with
(s,d) = (1, 3), higher-dimensional examples of design
matrices that satisfy the conditions required for the min-
imax rate but not satisfied for ¢;-based methods may be
constructed using similar arguments. This construction
highlights that there are instances of design matrices
X for which ¢-based methods fail to recover the true
parameter 3* for ¢ = 0 while the optimal ¢y-based
algorithm succeeds.



In summary, for the hard sparsity case ¢ = 0, methods
based on ¢;-relaxation can achieve the minimax optimal
rate O (%64 for ¢,-error. However the current analyses
of these /1-methods [4, 8, 25, 34] are based on imposing
stronger conditions on the design matrix X than those
required by the estimator that performs least-squares
over the ¢y-ball with s known.

III. PROOFS OF MAIN RESULTS

In this section, we provide the proofs of our main
theorems, with more technical lemmas and their proofs
deferred to the appendices. To begin, we provide a high-
level overview that outlines the main steps of the proofs.

A. Basic steps for lower bounds

The proofs for the lower bounds follow an
information-theoretic method based on Fano’s inequal-
ity [13], as used in classical work on nonparametric
estimation [20, 39, 40]. A key ingredient is a sharp
characterization of the metric entropy structure of £,
balls [10, 21]. At a high-level, the proof of each lower
bound follows three basic steps. The first two steps are
general and apply to all the lower bounds in this paper,
while the third is different in each case:

(1) In order to lower bound the minimax risk in some
norm || || », we let M(4,,B,(R,)) be the cardi-
nality of a maximal packing of the ball B,(R,) in
the norm | -| ., say with elements {3',..., 3™}.
A precise definition of a packing set is provided in
the next section. A standard argument (e.g., [19,
, 40]) yields a lower bound on the minimax
rate in terms of the error in a multi-way hypothe-
sis testing problem: in particular, the probability
P[mingmaxﬁegqmq) 1B — BlI2 > 53/4] is at
most min P[3 # B|, where the random vector
B € R? is uniformly distributed over the packing
set {3, ..., 3M}, and the estimator (3 takes values
in the packing set.
The next step is to derive a lower bound on
P[B # (]; in this paper, we make use of Fano’s
inequality [13]. Since B is uniformly distributed
over the packing set, we have

_ I(y; B) +log?2
1OgM(5nan(Rq)> 7

2

PB# 7] 21

where I(y; B) is the mutual information between
random parameter B in the packing set and the
observation vector y € R"™. (Recall that for two
random variables X and Y, the mutual information
is given by I(X,Y) = Ey[D(Pxy || Px)].) The
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distribution Py is the conditional distribution
of Y on B, where B is the uniform distribution
on ( over the packing set and Y is the gaussian
distribution induced by model (1).

The final and most challenging step involves upper
bounding I(y; B) so that P[§ # B] > 1/2. For
each lower bound, the approach to upper bounding
I(y; B) is slightly different. Our proof for ¢ = 0 is
based on Generalized Fano method [18], whereas
for the case ¢ € (0, 1], we upper bound I(y; B)
by a more intricate technique introduced by Yang
and Barron [39]. We derive an upper bound on
the e,-covering set for B,(R,) with respect to
the ¢5-prediction semi-norm. Using Lemma 3 in
Section III-C2 and the column normalization con-
dition (Assumption 1), we establish a link between
covering numbers in ¢o-prediction semi-norm to
covering numbers in f5-norm. Finally, we choose
the free parameters 6,, > 0 and ¢, > 0 so as to
optimize the lower bound.

3)

B. Basic steps for upper bounds

The proofs for the upper bounds involve direct anal-
ysis of the natural estimator that performs least-squares
over the £,-ball:

E € arg H‘}in

Blla<R
The proof is constructive and involves two steps, the
first of which is standard while the second step is more
specific to each problem:

ly — X5]3.
q

(1) Since ||3* ||g < R, by assumption, it is feasible for
the least-squares problem, meaning that we have
ly — XBlI3 < lly — X3*[|3. Defining the error
vector A =  — [3* and performing some algebra,
we obtain the inequality

N
Lixap < 2w X8l
n n

(2) The second and more challenging step involves
computing upper bounds on the supremum of the
Gaussian process over B,(2R,), which allows us

to upper bound IwTTXAl. For each of the upper
bounds, our approach is slightly different in the
details. Common steps include upper bounds on
the covering numbers of the ball B, (2R,), as well
as on the image of these balls under the mapping
X : R — R™. We also make use of some chaining
and peeling results from empirical process theory
(e.g., van de Geer [33]). For upper bounds in /-
norm error (Theorem 2), Assumptions 2 for ¢ > 0



and 3(b) for ¢ = 0 are used to upper bound A2
in terms of || XA|3.

C. Packing, covering, and metric entropy

The notion of packing and covering numbers play a
crucial role in our analysis, so we begin with some back-
ground, with emphasis on the case of covering/packing
for £4-balls in £5 metric.

Definition 1 (Covering and packing numbers). Consider
a compact metric space consisting of a set S and a metric
p:S xS —R;,.

(a) An e-covering of S in the metric p is a collection

{B%,...,BN} CS such that for all 3 € S, there
exists some i € {1,..., N} with p(3,3°) < e. The
e-covering number N (e; S, p) is the cardinality of
the smallest e-covering.
A é-packing of S in the metric p is a collection
{BY,...,8M} C S such that p(3%,3) > § for
all ¢ # j. The §-packing number M (6; S, p) is the
cardinality of the largest J-packing.

(b)

It is worth noting that the covering and packing
numbers are (up to constant factors) essentially the same.
In particular, the inequalities

M(&;S,p) < N(&S,p) < M(€/2;S,p)

are standard (e.g., [27]). Consequently, given upper and
lower bounds on the covering number, we can immedi-
ately infer similar upper and lower bounds on the pack-
ing number. Of interest in our results is the logarithm of
the covering number log N (¢; S, p), a quantity known as
the metric entropy.

A related quantity, frequently used in the operator
theory literature [10, 21, 31], are the (dyadic) entropy
numbers € (S; p), defined as follows for k = 1,2,. ..

ex(S;p) 1 = inf{e >0 | N(gS,p) < 2k_1}. (25)

By definition, note that we have € (S;p) < 9§ if
and only if log, N(J;S,p) < k. For the remainder of
this paper, the only metric used will be p = {5, so to
simplify notation, we denote the ¢>-packing and covering
numbers by M (¢;S) and N(¢; S).

1) Metric entropies of £4-balls: Central to our proofs
is the metric entropy of the ball B,(R,) when the
metric p is the /5-norm, a quantity which we denote by
log N (e;B4(R,)). The following result, which provides
upper and lower bounds on this metric entropy that
are tight up to constant factors, is an adaptation of
results from the operator theory literature [17, 21]; see
Appendix B for the details. All bounds stated here apply
to a dimension d > 2.

11

Lemma 2. For ¢ < (0,1] there is a con-
stant Uy, depending only on q, such that for all

€€ [Uqqu/q(%)%7qu/q], we have
2 1,2
log N(&;By(Ry)) < Ug (Rg7 (E) “logd). (26)

Conversely, suppose in qaddition that ¢ < 1 and
€2 = Q(RE/(%q)k{;%d)l_E Jor some fixed v € (0,1),
depending only on q. Then there is a constant Lq < Uy,
depending only on q, such that

2 1, 20
log N(€;By(Ry)) > Lq (RF 4 (E) i logd). (27)

Remark: In our application of the lower bound (27), our
typical choice of €2 will be of the order O(% oz
It can be verified that under the condition (11) from
Section II-B, we are guaranteed that € lies in the range
required for the upper and lower bounds (26) and (27)
to be valid.

2) Metric entropy of q-convex hulls: The proofs of
the lower bounds all involve the Kullback-Leibler (KL)
divergence between the distributions induced by different
parameters 3 and 3 in B, (R,). Here we show that for
the linear observation model (1), these KL divergences
can be represented as g-convex hulls of the columns
of the design matrix, and provide some bounds on the
associated metric entropy.

For two distributions P and Q that have densi-
ties dP and dQ with respect to some base measure
1, the Kullback-Leibler (KL) divergence is given by
D(P|Q) = [logg; P(du). We use Ps to denote
the distribution of y € R under the linear regression
model—in particular, it corresponds to the distribution
of a N(X3,02I,x,) random vector. A straightforward
computation then leads to

1
D(Ps [ Py) = 55 1X5 ~ XI5

Note that the KL-divergence is proportional to the
squared prediction semi-norm. Hence control of KL-
divergences are equivalent up to constant to control of
the prediction semi-norm. Control of KL-divergences
requires understanding of the metric entropy of the ¢-
convex hull of the rescaled columns of the design matrix
X. In particular, we define the set

Lo

absconv,(X/v/n) : = {% ZHij | 0 €By(Ry)}-
j=1

(28)

We have introduced the normalization by 1/+/n for later
technical convenience.



Under the column normalization condition, it turns out
that the metric entropy of this set with respect to the /o-
norm is essentially no larger than the metric entropy of
B,(Rg4), as summarized in the following

Lemma 3. Suppose that X satisfies the column nor-
malization condition (Ass%mption | with constant k)
=9
and € € [Uqqu/q(%) % R,'9). Then there is a

constant U, depending only on q € (0,1] such that

2—q

log N (e, absconv, (X/v/n)) < U; [Rq

The proof of this claim is provided in Appendix C.
Note that apart from a different constant, this upper
bound on the metric entropy is identical to that for
log N(€¢;B4(R,)) from Lemma 2.

D. Proof of lower bounds

We begin by proving our main results that provide
lower bounds on minimax rates, namely Theorems |1
and 3.

1) Proof of Theorem 1: Recall that for /5-norm error,
the lower bounds in Theorem 1 are the maximum of
two expressions, one corresponding to the diameter of
the set NV, (X) intersected with the £,-ball, and the other
correspond to the metric entropy of the £,-ball.

We begin by deriving the lower bound based on the
diameter of N, (X) = B,(R,) Nker(X). The minimax
rate is lower bounded as

min max ||ﬂ—5||%2min max ||ﬁ—ﬁ||§,

B BEBG(Rq) B BEN(X)

where the inequality follows from the inclusion
Ny(X) C By(Ry). For any 8 € N, (X), we
have y X0 + w w, so that y contains
no information about 5 € N (X). Consequently,
once B is chosen, tlEire always exists an element

B € Ny(X) such that |3 — B2 > 5 diamy (N (X)). In-
deed, if HB”Q > 1 diamy (N, (X)), then the adversary
chooses 3 = 0 € N (X). On the other hand, if
18]l2 < L diams (N, (X)), then there exists 3 € N, (X)
such that || 8]|2 = diamg (N, (X)). By triangle inequality,
we then have

16 = Bl 2 18112 — Bl 2 5 diams (A (X))

Overall, we conclude that

18~ Bl > {5 dimm (N (X))}

min max

B BEBq(Rq)
In the following subsections, we follow steps (1)—(3)
outlined earlier so as to obtain the second term in our
lower bounds on the /3-norm error and the ¢s-prediction

aq

2q
(%) 2~ log d} .
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error. As has already been mentioned, steps (1) and (2)
are general, whereas step (3) is different in each case.

a) Proof of Theorem I(a): Let M(4,,B4(R,)) be
the cardinality of a maximal packing of the ball B,(R,)
in the ¢y metric, say with elements {3, ..., 3™}. Then,
by the standard arguments referred to earlier in step (1),
we have

P [ min max

e | 18— Bl5 > 53/4] > ménpw# Bl.

where the random vector B € R? is uniformly dis-
tributed over the packing set {BY,...,BM}, and the
estimator [ takes values in the packing set. Applying
Fano’s inequality (step (2)) yields the lower bound

_ I(y;B) +1og2
log M (4y, IBgq(Rq))’

PB#p]>1

(29)

where I(y; B) is the mutual information between ran-
dom parameter B in the packing set and the observation
vector y € R"™.

It remains to upper bound the mutual information
(step (3)); we do so using a procedure due to Yang and
Barron [39]. It is based on covering the model space
{Ps, B € B,(R,)} under the square-root Kullback-
Leibler divergence. As noted prior to Lemma 3, for
the Gaussian models given here, this square-root KL
divergence takes the form

1 /
1 X(8— )]l
o

\/D(Ps || Pgr) = o

Let N(en;B4(R,)) be the minimal cardinality of an
en-covering of B,(R,) in fe-norm. Using the up-
per bound on the metric entropy of absconv,(X)
provided by Lemma 3, we conclude that there
exists a set {XAB',...,XBN} such that for all
X € absconvy(X), there exists some index ¢ such that
| X(B = BY)|2/v/n < ckee, for some ¢ > 0. Following
the argument of Yang and Barron [39], we obtain that
the mutual information is upper bounded as

02’1’L

I(y; B) <log N(en;By(Ry)) + 2

2.2
KL€, .

Combining this upper bound with the Fano lower
bound (29) yields

(9

52” K2 €2 + log 2

(Rq))

PIB # 7] > 1-

log N(en; By(Ry)) + ©
log M (6,,; B,

(30)

The final step is to choose the packing and covering radii
(6, and ¢, respectively) such that the lower bound (30)



is greater than 1/2. In order to do so, suppose that we
choose the pair (€, d,) such that

2

n
?mi e2 <log N(en, By (R,)), (31a)
log M (6,,,Bg(Ry)) > 4log N(e€,,,By(R,)).  (31b)

As long as N (e,,B,(R,)) > 2, we are then guaranteed
that

PIB £ 5] > 1— 08 N(en: By(fy)) +log2

4log N(ep,B,(Ry))

1/2,

as desired.
It remains to determine choices of ¢, and ¢, that
satisfy the relations (31). From Lemma 2, relation (31a)

. . . 2
is satisfied by choosing €, such that $HkZel

29
L, [Rqﬁ ( ?i) >~ log d}, or equivalently such that

).

In order to satisfy the bound (31b), it suffices to
choose §,, such that

2 02 logd

—q —

()™ = 0(R,

n

(i)z%qq log d

2 12
Uy [Ry7 () logd| > 4L, [R, ™ .
or equivalently such that
U 2-q
2—q 4 2
52 < 9 1 7¢ n 2—q
2< ) { )}
Uy 1222 224 o2 logdq*3*
- (7 [
[4Lq] 1 T1k2 n
Substituting into equation (12), we obtain
2 logd 1

P{MﬂBq(Rq)vX) > ¢q Ry (%

)1_%:| Z o)

2
for some absolute constant c,. This completes the proof
of Theorem 1(a).

b) Proof of Theorem 1(b): In order to prove The-
orem 1(b), we require some definitions and an auxiliary
lemma. For any integer s € {1,...,d}, we define the

set

n

H(s) := {z € {—1,0,+1}d | Izllo = s}

Although the set H depends on s, we frequently drop
this dependence so as to simplify notation. We define
the Hamming distance pg(z, 2’) = E?Zl [[z; # 2} be-
tween the vectors z and 2. Next we require the following
result:

Lemma 4. For d, s even and s < 2d/3, there exists a
subset H C 'H with cardinality |H| > exp(£ log )

N s/2
such that py(z,2') > 5 for all z,2 € H.

|,
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Note that if d and/or s is odd, we can embed ﬁ into a
d —1 and/or s — 1-dimensional hypercube and the result
holds. Although results of this type are known (e.g., see
Lemma 4, [6]), for completeness, we provide a proof
of Lemma 4 in Appendix D. Now consider a rescaled

version of the set 7—7, say \/génﬁ for some 6, > 0 to

be chosen. For any elements 3,3’ € \/génﬁ, we have

252 % pu(5,) < 18— B < 502 x pu (5, 7).

Therefore by applying Lemma 4 and noting that
pu(B,0) < s for all 8,3 € H, we have the follow-
ing bounds on the {s-norm of their difference for all

elements 3,3 € \/%(LL?-N[:
18 =613 > o5,
18 =83 < 86

and (32a)

(32b)

Consequently, the rescaled set \/génﬁ is an J,,-packing
set of By(s) in £y norm with M(6,,Bo(s)) = |H|
elements, say {3',...,3*}. Using this packing set, we
now follow the same classical steps as in the proof of
Theorem 1(a), up until the Fano lower bound (29) (steps
(1) and (2)).

At this point, we use an alternative upper bound
on the mutual information (step (3)), namely the
bound I(y; B) < ﬁzi# D(B"|| %), which fol-
lows from the convexrzity of mutual information [13].
For the linear observation model (1), we have
D(B' || ) = 5,21 X (6° = B7)||3. Since (8 — ') €
Bo(2s) by construction, from the assumptions on X and
the upper bound bound (32b), we conclude that

8nk2 52
202

Substituting this upper bound into the Fano lower
bound (29), we obtain

I(y; B) <

8nk2 <o

~ w iy +log(2)

PIB >1_ 20> n ' oM
B#B21- 20

10?2 s d—s

Setting 62 = 16 o7 57 108 < 77 ensures that this proba-
bility is at least 1 / 2. Consequently, combined with the
lower bound (12), we conclude that

2

1 ,0° s d—s
P Mz (Bo(s), X) > 6 (/73% og 5/72)} >1/2.

As long as d/s > 3/2, we are guaranteed that
log(d/s — 1) > clog(d/s) for some constant ¢ > 0,
from which the result follows.



2) Proof of Theorem 3: We use arguments similar
to the proof of Theorem I in order to establish lower
bounds on prediction error || X (3 — 8|2/ V7.

a) Proof of Theorem 3(a): For some universal
constant ¢ > 0 to be chosen, define

02 logd,1- 2
02 :=¢R, &? o) (33)
and let {g%,...,8M} be an §, packing of the

ball B,(R,) in the ¢, metric, say with a total of
M(6,;B4(R,)) elements. We first show that if n is
sufficiently large, then this set is also a kgd,-packing
set in the prediction (semi)-norm. From the theo-
rem assumptions, we may choose universal constants
c1,¢2 such that fi(Rg,n,d) < c2Ry (%)17(1/2 and
R, (%)1_(1/2 < ¢;. From Assumption 2, for each
i # j, we are guaranteed that

1X(8° = 37)ll2
N
as long as ||3° — 37|z > fi(Ry, n,d). Consequently, for
any fixed ¢ > 0, we are guaranteed that

(1)
Z CQRq

> k|| B — B |2, (34)

() logd\1—q/2
~ B2 = on (<25) .
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where inequality (i) follows since {#7}}1, is a
d,,-packing set. Here step (ii) follows because the theo-
rem conditions imply that

logd,1- log d 1/2
Ro(P0) T < v ry () T

and we may choose c; as as small as we please. (Note
that all of these statements hold for an arbitrarily small
choice of ¢ > 0, which we will choose later in the
argument.) Since f;(Rq,n,d) < c2Ry (%)kq/2
by assumption, the lower bound (34) guarantees that
{8Y,32,...,8M} form a kyd,-packing set in the pre-
diction (semi)-norm || X (38" — 37)2.

Given this packing set, we now follow a standard
approach, as in the proof of Theorem 1(a), to reduce
the problem of lower bounding the minimax error to
the error probability of a multi-way hypothesis testing
problem. After this step, we apply the Fano inequality
to lower bound this error probability via

I(y; XB) + log 2
log M (3,,;B4(Ry))’

where I(y; X B) now represents the mutual information’

PIXB # Xp] > 1~

SDespite the difference in notation, this mutual information is the
same as I(y; B), since it measures the information between the
observation vector y and the discrete index i.

14

between random parameter X B (uniformly distributed
over the packing set) and the observation vector y € R™.

From Lemma 3, the x.e-covering number of the
set absconv,(X) is upper bounded (up to a constant
factor) by the e covering number of B, (R,) in ¢2-norm,
which we denote by N (¢,,; B, (Ry)). Following the same
reasoning as in Theorem 2(a), the mutual information is
upper bounded as

I(y; XB) SIOgJ\T(En?IB%q(Rq))'i' ﬁfEi-

202
Combined with the Fano lower bound, P[X B # X 3] is
lower bounded by

_ logN(emBq(Rq)) + % Hc n + 10g2
a))

log M (6,,; B(R

Lastly, we choose the packing and covering radii (9,
and ¢, respectively) such that the lower bound (35)
remains bounded below by 1/2. As in the proof of Theo-
rem 1(a), it suffices to choose the pair (¢, d,) to satisfy
the relations (31a) and (31b). The same choice of ¢,
ensures that relation (31a) holds; moreover, by making
a sufficiently small choice of the universal constant ¢
in the definition (33) of 4,,, we may ensure that the
relation (31b) also holds. Thus, as long as Na(e,) > 2,
we are then guaranteed that

(35)

_ log N(6n;Bg(Ryg)) + log 2

v
—_

1/2,

as desired.

b) Proof of Theorem 3(b): Recall the asser-
tion of Lemma 4, which guarantees the existence of
a set H is an ¢ n-packing set in {o-norm with
M(dn,IBS (R,) = |H| elements, say {8',...,5M},
such that the bounds (32a) and (32b) hold, and such
that log [H| > 5
—37) € By(2s), so that by Assumption 3(a),

vectors (3
we have

X (5" = 89

NG

In the reverse direction, since Assumption 3(b) holds,
we have

< KJuHBi_ﬁjHQ S Hu\/§6n~

(36)

IX (8" — 67)ll2

NG

We can follow the same steps as in the proof of Theo-
rem 1(b), thereby obtaining an upper bound the mutual

> K0,00n. (37)



information of the form I(y; X B) < 8x2nd2. Combined
with the Fano lower bound, we have

o

52 + log(2)

20’2

PIXB # Xp) > 1~

log 8/2

Remembering the extra factor of x, from the lower
bound (37), we obtain the lower bound

o? d—s

s/2
Repeating the argument from the proof of Theorem 1(b)

allows us to further lower bound this quantity in terms
of log(d/s), leading to the claimed form of the bound.

>

P[Mn(IBO(s),X) > ¢, K2 slog ———| > %

7
K;u

E. Proof of achievability results

We now turn to the proofs of our main achievability
results, namely Theorems 2 and 4, that provide upper
bounds on minimax rates. We prove all parts of these
theorems by analyzing the family of M -estimators

ﬁEarg min ||y—Xﬁ||§. (38)

8I1E<Rq
Note that (38) is a non-convex optimization problem
for ¢ € [0,1), so it is not an algorithm that would
be implemented in practice. Step (1) for upper bounds
provided above implies that if A = § — %, then
1oane o 2wTXA
LixRjp < 2 XA (9)
n n

The remaining sections are devoted to step (2), which
it
involves controlling %

bounds.

for each of the upper

1) Proof of Theorem 2: We begin with upper bounds
on the minimax rate in squared /5-norm.

a) Proof of Theorem 2(a): Recall that this part of
the theorem deals with the case ¢ € (0, 1]. We split our
analysis into two cases, depending on whether the error
|All2 is smaller or larger than fe(Rg,n, d).

Case 1: First, suppose that ||A||2 < fi(Rq,n,d).
Recall that the theorem is based on the assumption
R, (%)1_(1/2 < ¢9. As long as the constant cp < 1
is sufficiently small (but still independent of the triple
(n,d, Ry)), we can assume that

¢R, (logd)1 q/2<\/>|:

This inequality, combined with the assumption
fe(Rg,n,d) < e1Ry (%)kq/2 imply that the error
|[A]|2 satisfies the bound (15) for all ¢ > 1.

K 02 log d} 1/2—q/4

/43[ Ii[ n
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Case 2: Otherwise, we may assume that ||Al, >
fg(Rq,n d). In this case, Assumption 2 implies that
”XAH? > n2||A 3, and hence, in conjunction with the
1nequahty (39), we obtain

~ - 2 N
rZIAlF < 2fw” XAl/n S;EIIwTXHooHAIIL

Since w; ~ N(0,0?) and the columns of X are normal-
ized, each entry of %wTX is zero-mean Gaussian vector
with variance at most 402k2/n. Therefore, by union
bound and standard Gaussian tail bounds, we obtain that
the inequality

3logd

K2|A2 < 20k 1A (40)

holds with probability than
1 — ¢y exp(—cylogd).

It remains to upper bound the ¢;-norm in terms of the
2-norm and a residual term. Since both [ and 5* belong
to By(R,), we have [|A[9 = 7 |A;|7 < 2R,. We
exploit the following lemma:

greater

Lemma 5. For any vector 0 € B,(2R,) and any positive
number T > 0, we have

1] < /2Ry 2012 + 2R, 77 (41)
Although this type of result is standard (e.g, [14]), we
provide a proof in Appendix E.

We can exploit Lemma 5 by setting 7 = 27{#\ / %,
4

thereby obtaining the bound ||A[|2 < 7||A|l;, and hence
IA115 < 2Re7' =2 | A2 + 2R, 7.

Viewed as a quadratic in the indeterminate x = ||£H2,
this inequality is equivalent to the constraint g(z) =
ar? +bxr + ¢ <0, with a = 1,

b= —\/2Rq7'1_‘1/2,

Since ¢g(0) = ¢ < 0 and the positive root of g(x) occurs

at 2% = (—=b+ b2 — 4ac)/(2a), some algebra shows
that we must have

and ¢=—2R,T*"

2 logd

/
S

A2 < 4max{b?, ||} < 24R, [ :

2
"51 Ky

with high probability (stated in Theorem 2(a) which
completes the proof of Theorem 2(a).

b) Proof of Theorem 2(b): In order to estab-
lish the bound (16), we follow the same steps with
fe(s,n,d) = 0, thereby obtaining the following simpli-
fied form of the bound (40):

3logd
n

g
A< e 2
N

1AL



By definition of the estimator, we have Ao < 2s, from
which we obtain [|Afl; < +/2s]|Alf. Canceling out a
factor of ||Al]|2 from both sides yields the claim (16).

Establishing the sharper upper bound (17) requires
more precise control on the right-hand side of the
inequality (39). The following lemma, proved in Ap-
pendix F, provides this control:

Lemma 6. Suppose that %fe‘l‘ﬂ Ky for all

0 € Bo(2s). Then there are universal positive constants
c1, Co such that for any r > 0, we have

1 log(d
sup f’wTXQI <607 Ky M
llello<2s,||6]l2<r T n
(42)
with probability greater than

1 — ¢1 exp(—co min{n, slog(d/s)}).

Lemma 6 holds for a fixed radius r, whereas we would
like to choose = ||Al|2, which is a random quantity. To
extend Lemma 6 so that it also applies uniformly over
an interval of radii (and hence also to a random radius
within this interval), we use a “peeling” result, stated
as Lemma 9 in Appendix H. In particular, consider the
event & that there exists some 6 € By(2s) such that

1 log(d
= [w"X6] > 60%,]|6)|2 slog(d/s) 43
n n
Then we claim that
Pl] < 2exp(—cslog(d/s))
1 — exp(—cslog(d/s))
for some ¢ > 0. This claim follows from

Lemma 9 in Appendix H by choosing the function
f(; X) = Lw'Xv|, the set A=By(2s), the
sequence a,, = n, and the functions p(v) = ||v||2, and

g(r) = 601"/%\/51%(;1/5). For any r > ok, y/ S0eld/s)

n b
we are guaranteed that g(r) > o2x228U/5) " 4pq
= 02/@%%(:1/5), so that Lemma 9 may be applied.
We use a similar peeling argument for two of our other

achievability results.

Returning to the main thread, we have

1 ~ ~ slog(d/s
LixAIE <60 Rl wy 2EY,

with_high probability. By Assumption 3(b), we have
| XAl3/n > k2||Al|3. Canceling out a factor of [|All2

and re-arranging yields Hﬁ”g < 12547 4/ Sk%(d/s) with
4
high probability as claimed.
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2) Proof of Theorem 4: We again make use of the
elementary inequality (39) to establish upper bounds on
the prediction error.

a) Proof of Theorem 4(a): So as to facilitate track-
ing of constants in this part of the proof, we consider the
rescaled observation model, in which w ~ N(0, I,,) and
X:=0"1X. Note that if X satisfies Assumption 1 with
constant ~., then X satisfies it with constant Re = Ke/O.
Moreover, if we establish a bound on || X (3 — 5%)|13/n,
then multiplying by o recovers a bound on the original
prediction loss.

We first deal with the case ¢ = 1. In particular, we
have

1 e~ ol X
=0 X6| < [|—— [l 16111
n n

~.2 21
< ,/M@Rl),
n

where the second inequality holds with probabil-
ity 1 — ¢y exp(—czlogd), using standard Gaussian tail
bounds. (In particular, since || X;||2/y/n < A, the variate
w? X;/n is zero-mean Gaussian with variance at most
Re? /n.) This completes the proof for ¢ = 1.

Turning to the case ¢ € (0,1), in order to establish
upper bounds over B,(2R,), we require the follow-
ing analog of Lemma 6, proved in Appendix Gl. So
as to lighten notation, let us introduce the shorthand

W(Ryymd) = /Ry (S84,

Lemma 7. For ¢ € (0,1), suppose that there is a
universal constant ¢y such that h(Rg,n,d) < ¢1 < L.
Then there are universal constants c;, 1 = qQ, ..., D such
that for any fixed radius v with v > caf.2 h(Rg,n,d),
we have

1, 13 g log d
sup f|wTX9| < cyr iyt VR ( & )%*%7
0€B,(2R,) T n
IXell, =7
NG
with probability greater than

1 — cyexp(—cs nh?(Ry,n, d)).

Once again, we require the peeling result (Lemma 9
from Appendix H) to extend Lemma 7 to hold for
random radii. In this case, we define the event £ as there
exists some 6 € B,(2R,) such that

P X0z s logd. 1 4

- X6\ > e R 271,

n ’w ’ = e n ke /Ry ( n )
By Lemma 9 with the choices f(v; X) = |wT Xv|/n,
A = B2R,), an = n, plv) = B2 and



g(r)=csr @%h(Rq, n,d), we have
PlE] < 2exp(—cnh?(Ry,n,d)) '
1 —exp(—cnh?(Ry,n,d))
Returning to the main thread, from the basic inequal-
ity (39), when the event £ from equation (43) holds, we

have
XAI3 XAl [, Jlogdi1i-
KA 1Kl [ op, (o8dioun
n Vn n
Canceling out a factor of HX\/AEHQ, squaring both sides,

multiplying by o2 and simplifying yields
XA|3 c logd,1-
| 12 <2 02(%)q Rq( og )1 q/2

n
log d
n

2 2 1- q/ 2
R,
(& e
as claimed.
b) Proof of Theorem 4(b): For this part, we require

the following lemma, proven in Appendix G2:

Lemma 8. As long as % > 2, then for any r > 0, we
have

slog(<
sup f‘wTXﬂ <9r g(5)
0By (2s) T n
1X002 <.

with probability greater than 1 — exp ( — 10s log(%)).

By using a peeling technique (see Lemma 9 in Ap-
pendix H), we now extend the result to hold uniformly
over all radii. Consider the event £ that there exists some
0 € By(2s) such that

1 X0

1 1
— |wTX0| > 90‘ 508 d/s
n Vn

}

We now apply Lemma 9 with the sequence a,, = n, the
function f(v; X) = +|w” Xv|, the set A = By(2s), and
the functions

X 4 [slog(d
p(v) = I \/1%||2, and g(r) = 97 &, ? %(/8)
We take 7> oryy/ 2285 which implies  that
g(r) > o2k2 28U - ang = 22 slesldls) gy

Lemma 9. Consequently, we are guaranteed that
2exp(—cslog(d/s))

1 —exp(—cslog(d/s))’

Combining this tail bound with the basic inequality (39),

we conclude that

PlE] <

2
IXAI _,

XA [slos(d
NZD n

n
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with high probability, from which the result follows.

IV. CONCLUSION

The main contribution of this paper is to obtain
optimal minimax rates of convergence for the linear
model (1) under high-dimensional scaling, in which the
sample size n and problem dimension d are allowed
to scale, for general design matrices X. We provided
matching upper and lower bounds for the ¢o-norm and
{o-prediction loss, so that the optimal minimax rates
are determined in these cases. To our knowledge, this
is the first paper to present minimax optimal rates in
{y-prediction error for general design matrices X and
general ¢ € [0,1]. We also derive optimal minimax
rates in ¢o-error, with similar rates obtained in concurrent
work by Zhang [42] under different conditions on X.

Apart from the rates themselves, our analysis high-
lights how conditions on the design matrix X enter
in complementary manners for the f¢s-norm and /-
prediction loss functions. On one hand, it is possible to
obtain lower bounds on ¢5-norm error (see Theorem 1)
or upper bounds on {s-prediction error (see Theorem 4)
under very mild assumptions on X—in particular, our
analysis requires only that the columns of X/y/n have
bounded /5-norms (see Assumption 1). On the other
hand, in order to obtain upper bounds on ¢3-norm error
(Theorem 2) or lower bound on /¢5-norm prediction
error (Theorem 3), the design matrix X must satisfy,
in addition to column normalization, other more restric-
tive conditions. Indeed both lower bounds in prediction
error and upper bounds in fy-norm error require that
elements of B,(R,) are well separated in prediction
semi-norm || X (-)||2/+/n. In particular, our analysis was
based on imposed on a certain type of restricted lower
eigenvalue condition on X7 X measured over the /-
ball, as formalized in Assumption 2. As shown by our
results, this lower bound is intimately related to the
degree of non-identifiability over the ¢,-ball of the high-
dimensional linear regression model. Finally, we note
that similar techniques can be used to obtain minimax-
optimal rates for more general problems of sparse non-
parametric regression [28].

APPENDIX
A. Proof of Proposition 1

Under the stated conditions, Theorem 1 from Raskutti

et al. [29] guarantees that
||X9||2 mln(zl 2) 2(2) lOgd 1/2
> 0 LA S’ et = g 0
2 > e Dy, — g (LB 2 g,
(44)



for all # € RY with probability greater than
1 —c¢ exp(—cgn). When 6 € B,(2R;), Lemma 5
guarantees that

1611 < /2Ry~ 972|6)|2 + 2R,

for all 7 > 0. We now set 7 = % and substitute
the result into the lower bound (44). Following some

algebra, we find that ‘Xi\/%“z is lower bounded by

)\min 21/2 logd -
[P 18p(m) VB, (D) ),

logd,1-
18 ) (2

Consequently, as long as

Amin (X212 logd,1/2—q/4
% > 18p(X) /Ry (T) ",

then we are guaranteed that
HX9H2 )‘min(zl/2)
>
N 4
for all § € B,(2R,) as claimed.

logd\1-¢/2
[0]12 = 18 Ryp(x) (=2=)"

B. Proof of Lemma 2

The result is obtained by inverting known results on
(dyadic) entropy numbers of ¢,-balls; there are some
minor technical subtleties in performing the inversion.
For a d-dimensional ¢, ball with ¢ € (0,1], it is
known [17, 21, 31] that for all integers k € [logd, d],
the dyadic entropy numbers ¢ of the ball B, (1) with
respect to the ¢o-norm scale as

d
ex(B, (1)) = C, (%)M(ﬂ/z.
Moreover, for k € [1,1og d], we have €x(B,(1)) < C,.

We first establish the upper bound on the metric

entropy. Since d > 2, we have

(45)

ex(Bq(1)) < Cq(bg(lkfg))l/qw

< Cq(log d)l/q71/2.

k
Inverting this inequality for k& = log N(¢;B,(1)) and
allowing for a ball radius R, yields

1/q

Ry 2
log N (&;B4(R,)) < (Cy qe )77 log d,

(46)

as claimed. The e < R,

1/q(logd\ 255
€ > CyR,M1(*%89) 20 ensure that k € [logd, d].
We now turn to proving the lower bound on the metric
entropy, for which we require the existence of some fixed

conditions and

v € (0,1) such that k < d'~. Under this assumption,
we have 1+ % > % > d¥, and hence

log(1+ ). 1/q— -

og(1l+ k))l/q 2 Cq(ulogd)uq /2
k k

Accounting for the radius R, (as was done for the upper

bound) yields

Cy(

Cqqu/fI 2g

log N(&;B,(R,)) > V( )ﬂ log d,

as claimed.

Finally, let us check that our assumptions on %k needed
to perform the inversion are ensured by the conditions
that we have imposed on e. The condition k£ > logd
is ensured by setting e < 1. Turning to the condition
k < d'7¥, from the bound (46) on k, it suffices
to choose ¢ such that (C"qul/q)ﬁ logd < d'=v.
This condition is ensureg by enforcing the lower bound
€ = Q(Rq2/(2_Q)£%)Tq for some v € (0,1).

C. Proof of Lemma 3

We deal first with (dyadic) entropy numbers,
as previously defined (25), and show that
€ak—1(absconvy(X/y/n), || - ||2) is upper bounded

by
log(1+ %) 1_1
CKe min{l,(Og(k k))}z 5}.

We prove this intermediate claim by combining
a number of known results on the behavior of
dyadic entropy numbers. First, using Corollary 9 from
Guédon and Litvak [17], for all £k = 1,2,...,
€ak—1(absconvy(X/y/n), || - ||2) is upper bounded as
follows:

e ex(abscoms (X/v). | 4]2) min{ 1, (2

Using Corollary 2.4 from Carl and Pajor [9],
ex(absconvy (X/+/n), || - ||2) is upper bounded as fol-
lows:

(47)

log(1 + g>);1}.

¢ . log(1 + &
n I X012 mln{L (g(kk))lﬂ}’

where || X||1—2 denotes the norm of X viewed as an
operator from ¢¢ — (3. More specifically, we have

| Xh—2 = sup || Xull2

L B
vn VI jufl=1
1

T

=— sup sup v Xu
V7 olla=1 fluli =1

Zi:rlllaXdHXng/\/ﬁ S Ke.



X

), 1)

Overall, we have shown that ez, 1 (absconv,
is upper bounded by
log(1+4) 11
e ming 1, (———F2)e 2 5,
Cck mm{ ( - )

as claimed. Finally, under the stated assumptions, we
may invert the upper bound (47) by the same procedure
as in the proof of Lemma 2 (see Appendix B), thereby
obtaining the claim.

D. Proof of Lemma 4

Our proof is inspired by related results from the
approximation theory literature (see, e.g., Kiihn [21]
and Birgé and Massart [6]). For each even integer
s =2,4,6,...,d, let us define the set

Ho={ze{-1,0,+1}" | |lz]o=s}. (48

Note that the cardinality of this set is 1| = (¢)2°, and
moreover, we have ||z—2’||p < 2s for all pairs z, 2’ € H.
We now define the Hamming distance pg on H X H via
pu(z,2') = ijl [[z; # 2;]. For some fixed element
z € H, consider the set {z' € H | pu(z,2") < s/2}.
Note that its cardinality is upper bounded as

> 3°/2,

[ e oue) <52 < (),

To see this, note that we simply choose a subset of size
s/2 where z and 2z’ agree and then choose the other s/2
co-ordinates arbitrarily.

Now consider a set A C H with cardinality at most

A <m:= A

/2
within Hamming distance s/2 of some element of .4 has
cardinality at most

Hze™H |:pu(z,2") < s/2 for some 2’ € A}
d
< s/2
< | A (8/2>3 < |H],

where the final inequality holds since
m(872)35/ 2 < |H|. Consequently, for any such
set with cardinality |.A| < m, there exists a z € H such
that pp(z,2') > s/2 for all 2’ € A. By inductively
adding this element at each round, we then create a set
with A C H with |A| > m such that py(z,2') > s/2
for all z,2" € A.

To conclude, let us lower bound the cardinality m. We
have

()

. The set of elements z € H that are

(d—5/2)!(s/2)

(572) (d—s)!s!
s/2 .
et s/2+ 7 s ’
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where the final inequality uses the fact that the ratio
i?;j? is decreasing as a function of j (see Kiihn [21]
pp- 122-123 and Birgé and Massart [6], Lemma 4 for

details).

E. Proof of Lemma 5
Defining the set S = {j | |¢;] > 7}, we have

1651
1611 = 11051l + D 1651 < V/1S]lI6l2 +7273-
Jgs j¢s
Since |0;|/7 <1 for all i ¢ S, we obtain

16l < VIS0l + 7> (16:]/7)°
Jj¢s
< V9102 + 2R,

Finally, we observe 2R, > 3. 5 0;|7 > [S|r%, from
which the result follows.

F. Proof of Lemma 6
For a given radius r > 0, define the set

S(s,r):= {9 eRY | 16]lo <25, ||0]l2 < 7’},
and the random variables Z,, = Z,(s,r) given by

1
sup —|w? X4).

Zn(s,7):
( ) 0€S(s,r) n

For a given € € (0,1) to be chosen, let us upper bound
the minimal cardinality of a set that covers S(s,r) up
to (re)-accuracy in fo-norm. We claim that we may
find such a covering set {#',... 0N} C S(s,r) with
cardinality N = N (¢,S(s,)) that is upper bounded as

log N(e;S(s,r)) < log (2(1) + 2slog(1/e).

To establish this claim, note that here are (2(18) subsets of
size 2s within {1,2,...,d}. Moreover, for any 2s-sized
subset, there is an (re)-covering in {3-norm of the ball
By(r) with at most 22s10g(1/€) elements (e.g., [23]).

Consequently, for each 6 € S(s, r), we may find some
6% such that ||§ — 6%||y < re. By triangle inequality, we
then have

1 1 1 ,
“wTX0] < ~|wT X6%| + —|w X (6 — 6|
n n n
1 X(0—oF
< L xor + lwll2 [|X(6 — 6)ll2

Given the assumptions on X, we have |X(0 —
0F)||2/v/n < Ku||0 — 0%|l2 < kK, re. Moreover, since
the variate ||w||3/0? is x? with n degrees of freedom,
we have 1212 < 95 with probability 1 — ¢; exp(—can),

n —




using standard tail bounds (see Appendix [). Putting
together the pieces, we conclude that

1 1
“wt X6 < —|wT X0 + 2k, 07 €
n n

with high probability. Taking the supremum over 6 on
both sides yields

<

Zn <
k=

1
max —wT X0%| 4 2k, o re.
, n

It remains to bound the finite maximum over the
covering set. We begin by observing that each vari-
ate w' X0%/n is zero-mean Gaussian with variance
02|| X 6||2/n?. Under the given conditions on §* and X,
this variance is at most o2k2r2/n, so that by standard
Gaussian tail bounds, we conclude that

anarmu\/

3log N(e;S(s, 7))

+ 2Ky 0T €
n
3log N(e;S
:amu{\/ = (;’ (5,7)) +2p (49)
with probability greater than

1 — ¢y exp(—calog N(e;S(s,7))).

Finally, suppose that ¢ = 4/ %. With this

choice and recalling that n < d by assumption, we obtain

log N(8(s,1)) _ log (5,) 3198 swogtayzs)
n o n n
log (2ds) N slog(d/s)
o n n
< 2s 4 2slog(d/s) N slog(d/s)’

n n

where the final line uses standard bounds on bino-
mial coefficients. Since d/s > 2 by assumption,
we conclude that our choice of e guarantees that
w < 5slog(d/s). Substituting these rela-
tions into the inequality (49), we conclude that

Zn < 0T Ry {4\/810g7§d/s) + 2\/810g7§d/5)

as claimed. Since log N(e;S(s,r)) > cslog(d/s), this
event occurs with probability at least

1 — ¢y exp(—co min{n, slog(d/s)}),

as claimed.

G. Proofs for Theorem 4

This appendix is devoted to the proofs of technical
lemmas used in Theorem 4.
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1) Proof of Lemma 7: For q € (0,1), let us define
the set
Sq(Rg,7) :=By(2R,) N {0 € R | || X0|2/v/n <7}
We seek to bound the random  variable
Z(Rg,7) 1= suPges, (r,r) 1@ X0|, which we do
by a chaining result—in particular, Lemma 3.2 in van

de Geer [33]). Adopting the notation from this lemma,
we seek to apply it with e = 6/2, and K = 4. Suppose
that % <r, and

V/nd > eqrr (50a)

Vné > cl/ \/1og N(t;Sy)dt =: J(r,8). (50b)

where N (¢;Sy;||-]|2/+/n) is the covering number for S,

in the {y-prediction norm (defined by || X6||/v/n). As
~12

long as % < 16, Lemma 3.2 guarantees that

no?

—Cy——

@3
P[Z(Rq,r) >4, Tz < 16] < ¢qexp ( 2

).

By tail bounds on 2 random variables (see Appendix I),
we have P[||w]|3 > 16n] < ¢4 exp(—csn). Consequently,

we conclude that
2

)
P[Z(Ry,7) > 8] < c1exp (—02%) + cqexp(—csn)
For some c3 > 0, let us set
5:637“/%1% VR (

and let us verify that the conditions (50a) and (50b) hold.
Given our choice of §, we find that

0 Vit = Q(nt/(log d) 120/

By the condition (11), the dimension d is lower bounded
so that condition (50a) holds. Turning to verification of
the inequality (50b), we first provide an upper bound
for log N(S,,t). Setting v = % and from the defini-
tion (28) of absconv,(X//n), we have

1, 7= I
sup  —|wlX6| < sup — @l
0€Sy(Rq,r) T y€Eabsconvy (X//n) Vn
7ll2<r
We may apply the bound in Lemma 3 to

conclude that log N(&S,) is upper bounded by
P
¢ Ry7a (52)21 logd.
Using this upper bound, we have

J(r,6) : = / log N(Sq, £)dt
5/16
<c Ry f,7a \Jlogd |t/ Dt
5/16

1 . _a __9
=R, .77 \/logd r'~ 7.

T



Using the definition of 4, the condition (11), and the
condition r = Q(r,% VR, (lof’;d)%*%), it is straight-
forward to verify that (§/16,r) lies in the range of e
specified in Lemma 3.

Using this upper bound, let us verify that the inequal-
ity (50b) holds as long as r = Q(i. 2 VRq (f2dy3-1),
as assumed in the statement of Lemma 7. With our
choice of §, we have

1 .
J C’quq K’J\J(.ﬁ /logd Tlfﬁ
< - n
= ~Z logd\1_4
Vno c3T Re? /Ry (F25)27 3
1

et
c3
¢
=
C3

so that condition (50b) will hold as long as we choose
c3 > 0 large enough. Overall, we conclude that

log d
n

P(Z(Ry,7) > e37 Re? /Ry (— =) 4]
is at most ¢; exp(—R,(logd)'~%n?), which concludes
the proof.

2) Proof of Lemma 8: First, consider a fixed subset
S c {1,2,...,d} of cardinality |S]| s. Applying
the SVD to the sub-matrix Xg € R"* %, we have
Xg VDU, where V. & R"*% has orthonormal
columns, and DU € R**®. By construction, for any
Ag € R®, we have | XgAgll2 = ||[DUAg]|2. Since V
has orthonormal columns, the vector wg = Viw € R?
has i.i.d. N(0,02) entries. Consequently, for any Ag
such that w < r, we have

‘wTXSAS‘ _ ‘@DUAS‘
< lwsli2 [DUAs |2
N

lwsl2

NG

Now the variate o~ 2||wg||3 is x? with s degrees of free-
dom, so that by standard y? tail bounds (see Appendix I),
we have

~ 112

P[w > 14+ 45] < exp(—sd), valid for all § > 1.
o?s

Setting § = 20log(4) and noting that log(+) > log2

by assumption, we have (after some algebra)

[ws]|3 Uis(

n

]P’[ > - 8110g(d/s))}§exp(—20510g(%)).
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We have thus shown that for each fixed subset, we have
the bound

8102slog (L)
n

)

T
”LU XsAS ‘ <r
n
with probability at least 1 — exp(—20slog()).
Since there are (;S ) < ()25 subsets of size s,
applying a union bound yields that

wl X0
n

8102slog(L)
n
%)
d
< exp (—10s log(%)),

P

EX

sup |
0€By(2s), % <r

}

d d
< exp ( — 20s log(g) + 2slog ¢

as claimed.

H. Peeling argument

In this appendix, we state a tail bound for the con-
strained optimum of a random objective function of
the form f(v; X), where v € R? is the vector to be
optimized over, and X is some random vector. More
precisely, consider the problem sup, ()<, yea f(v; X),
where p : R? — R is some non-negative and increasing
constraint function, and A is a non-empty set. Our goal
is to bound the probability of the event defined by

E:={XeR™ |Jveds. t fv;X)>29(p(v))},

where g : R — R is non-negative and strictly increasing.

Lemma 9. Suppose that g(r) > p for all r > 0, and
that there exists some constant ¢ > 0 such that for all
r > 0, we have the tail bound

sup

P|
vEA, p(v)<r

f(v; X) > g(r)] < 2exp(—cay g(r)),
(51

for some a,, > 0. Then we have

PlE] < 2 exp(—4ca, i) .
1 — exp(—4canp)

Proof: Our proof is based on a standard peeling
technique (e.g., [2], [33], p. 82). By assumption, as v
varies over A, we have g(r) € [u, 00). Accordingly, for
m =1,2,..., defining the sets

Ap 1= {U €A | 2" < g(p(v)) < Qmﬂ}a



we may conclude that if there exists v € A such that
fv,X) > 2g(p(v)), then this must occur for some m
and v € A,,. By union bound, we have

PE] < i P[3 v € Ay, such that f(v, X) > 2g(p(v))].

m=1
Ifv € A, and f(v, X) > 2g(p(v)), then by definition of
A,,, we have f(v, X)>2(2m"1) = 2™pu. Since for
any v € A,,, we have g(p(v)) < 2™u, we combine

these inequalities to obtain

PEI< > P[  sup  f(v,X)>2"y

p(v)<g=1(2mu)

m=1
o0
<> 2exp (—can [9(g™ (27 w))])
m=1
=2 Z exp ( — Ccan Qmu),
m=1

from which the stated claim follows by upper bounding
this geometric sum. ]

L. Some tail bounds for x>-variates

The following large-deviations bounds for centralized
x? are taken from Laurent and Massart [22]. Given a
centralized x2—variate Z with m degrees of freedom,
then for all x > 0,

]P’[Z —m > 2v/mx + 2x} <exp(—z),and  (52a)
IP’[Z —m < —2y/mz| < exp(—x). (52b)

The following consequence of this bound is useful: for
t > 1, we have

Z—m

]P’[ > 4t} < exp(—mt). (53)
Starting with the bound (52a), setting x = tm yields
P[£=™ > 2\/t42t] < exp(—tm), Since 4t > 2v/t+2¢
for t > 1, we have P[Z_Tm > 4t] < exp(—tm) for all

t>1.
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