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Abstract

We consider the problem of finite-time identification of linear dynamical systems from T
samples of a single trajectory. Recent results have predominantly focused on the setup where no
structural assumption is made on the system matrix A* € R"*", and have consequently analyzed
the ordinary least squares (OLS) estimator in detail. We assume prior structural information
on A* is available, which can be captured in the form of a convex set K containing A*. For
the solution of the ensuing constrained least squares estimator, we derive non-asymptotic error
bounds in the Frobenius norm that depend on the local size of K at A*. To illustrate the
usefulness of these results, we instantiate them for three examples, namely when (i) A* is sparse
and K is a suitably scaled ¢; ball; (ii) K is a subspace; (iii) K consists of matrices each of which
is formed by sampling a bivariate convex function on a uniform n x n grid (convex regression).
In all these situations, we show that A* can be reliably estimated for values of T' much smaller
than what is needed for the unconstrained setting.

1 Introduction

We consider the problem of finite-time identification of a linear dynamical system (LDS) of the
form
Tpy1 = A'wy + 1 fort=0,1,...,7 and 9 =0, (1.1)

where A* € R™" is the unknown system matrix to be estimated, z; € R™ is the observed state
at time ¢, and 7, € R™ is the unobserved (random) process noise. Such problems arise in many
areas such as control theory, reinforcement learning and time-series analysis to name a few. An
important line of research in recent years has focused on theoretically analyzing the performance
of the ordinary least squares (OLS) estimator, by deriving non-asymptotic error bounds for the
estimation of A* (e.g., [33] 34], BI] [18§]), holding with high probability provided T is sufficiently
large. The analyses depend crucially on the spectrum of A* — in particular on the spectral radius
of A*, namely p(A*).

The focus of this paper is the strictly stable setting where p(A*) < 1. Denoting I';(A) =
S i—o AF(AF)T for s > 0 to be the controllability Grammian of the system, and Amin(+) to be the
smallest eigenvalue of a symmetric matrix, it was shown recently [I8] that the OLS estimate A
satisfies with probability at least 1 — d

||A\—A*||2<\/ log(1/6) +n
~ )\min(z,f:_ol FS(A*))
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provided Amin(Zfz_ol [s(A*) 2 J?(A%)(log(1/8) + n). Here ||-||2 denotes the spectral norm and
(m¢)¢>1 are considered to be i.i.d subgaussian vectors — see Section [2] for a description of notations.
The quantity J(A*) is defined in (1)) and is finite when p(A*) < 1; it is moreover bounded by a
constant if ||A*||2 < ¢ < 1 for some constant c. Since /\min(zzz_ol I's(A*)) > T, we can rewrite the
above bound as

log(1/6) +n

1A~ A%2 S -

if T > J%(A*)(log(1/6) +n). (1.2)
In other words, a meaningful error bound is ensured provided the length of the trajectory is at least
of the order of the dimension n. Furthermore, this bound is also optimal in terms of dependence
on 0,n and T [34].

It is natural to consider the scenario where additional structural information is available re-
garding A* — in this case one would expect that incorporating such information in the estimation
procedure should lead to an improved performance compared to the vanilla OLS estimator. In
many cases of interest, A* actually has an intrinsically low dimensional structure and it is pos-
sible to capture this structural information of A* through a known convex set K containing A*.
Computationally, the estimate A is then obtained by the constrained least squares estimator

T

Ac argminz |1 — Az||3 (1.3)
Ak =5

which is also a convex program that can typically be solved efficiently in practice. From a statistical
perspective, one would expect to be able to improve the error bounds in (L2]) in terms of the
dependence on the (extrinsic) dimension n. Some examples of such K — which will also be used
later for instantiating our more general results — are outlined below.

1. (Example 1) K is a d-dimensional subspace of R™*" for some d < n?. This was considered
recently in [42] which cited applications of this setup in the time series analysis of spatio-
temporal studies and social networks.

2. (Example 2) If A* is k-sparse, i.e., has k non-zero entries, then one can choose K to be a
suitably scaled ¢1 ball such that A* € K. Such assumptions exist in the literature for model
(L)) as will be discussed in Section It is well known in the statistics and signal processing
communities that the resulting estimator — known as the LASSO — promotes solutions which
are sparse (see, e.g., [5, 25] [6]).

3. (Example 3) In this case, we consider A* to be formed by sampling an unknown convex
function fp : [0,a]?> — R on a uniform grid. Then, the set K can be written as

1 -1
! J 1> for some convex f : [0, a)? —>R}-

IC:{AGRTLXTLZ Aij:f<—,

n—1n—
This problem is similar to the problem of convex-regression that has been studied extensively
in the statistics community in the i.i.d setting, see, e.g., [17, 21} [I1] and references therein.
From a computational perspective, it is useful to know that K can be characterized as a
convex cone [32, Lemma 2.2] which thus leads to a convex quadratic program that can be
solved efficiently through standard solvers in practice; there also exist efficient specialized
solvers for convex regression (e.g., [10]).



In examples 1, 2, the intrinsic dimension of A* is essentially captured by the quantities d or k, and we
expect that the error bounds in ([.2]) should improve in terms of exhibiting a milder dependence on
n. In particular, when d, k < n?, we expect the estimation error for A* to be small for moderately
large values of T'. While this is less obvious for example 3, we will see later that a similar conclusion
can be drawn if fj is piecewise affine with a ‘simple structure’.

1.1 Owur contributions

For the setting where p(A*) < 1 and A* € K, we derive non-asymptotic bounds on the estimation
error in the Frobenius norm ||A — A*|p for the estimator ([3), holding with high probability; see
Theorems [I] and 2] for the full statements. Our bounds depend on the ‘local size’ of the set K at
A*, captured via Talagrand’s 71,72 functionals [37] (see Definitions [l and 2] in Section [2). Upon
instantiating our bounds for the aforementioned choices of K, we obtain the following corollaries.

1. (Example 1) In this case, Theorem [I] states (see Corollary [Il) that with probability at least
1-9,

log(1/6) ++/d
VT

Suppose for simplicity that ||A*||; < 1 so that J(A*) is a constant. If d = n?, we obtain the
rate —&= which matches that obtained from (L2) using the standard inequality |4 — A*||r <

V|| A = A*||5. Moreover, we would then also need T > n? in (1) in order to drive |4 — A*||p
below a specified threshold. For general d, however, the sample complexity of estimating A*
is seen to be of order d which is relevant when d < n?.

|A— A*||p < J(AY) ( ) if T2 J*A%) max {d,log?(1/5)} . (1.4)

2. (Example 2) In this case we obtain Corollary 2] of Theorem [ which is best interpreted for
specific regimes of the sparsity level k. For instance, if k is of the order n, we show that

log(1/6) + VirTogn | (nlogm)*”
JT T

if T > J4(A*) max {nlogn,log®(1/)}. Assuming J(A*)is constant, note that 7' > (nlog n)3/?
suffices to drive || A — A*||z below a specified threshold, however, this is still much milder than
what we need in general.

Hﬁ—mwsJMﬂ<

3. (Example 3) Suppose fj is piecewise affine convex with K pieces, and where the ith piece
lies on a convex subdomain §2; with Q1,...,Qf a partition of the domain [0,a]?. Suppose
each €); is formed by the intersection of at most s pairs of parallel halfspace. Then Corollary
Bl of Theorem (2 implies that if n is large enough and T > J*(A*) max {¢* K log®n, log? (%)}
then with probability at least 1 — §

~ Kcflog®ttn  log(1/6
T ] e

T VT

for some constant ¢ > 0. So if J(A*), K and s are constants then it suffices that T' 2 polylog n
to drive the error below a specified threshold.

1We use the terminology of [21] here. A pair of parallel halfspaces is the set {v cR?*:a<w'v < b} for scalars
a < b and a unit vector w € R



1.2 Related work

Learning unstructured LDS. A recent line of work has focused on deriving non-asymptotic
error bounds for learning linear systems of the form (.I]), without any explicit structural assumption
on A*. The majority of these works analyze the OLS under different assumptions on p(A*), namely:
strict stability (p(A*) < 1) [18,[33]; marginal stability (p(A*) < 1) [34] B1]; purely explosive systems
(p(A*) > 1) [33,31]. While A is known in closed form, the main challenge in the analysis comes
from handling the interaction between the matrix of covariates x;, and that of noise terms 7; due
to their dependencies. Common techniques used in the analysis involve concentration results for
self normalized processes [27, [I], and Mendelson’s “small-ball” method [24], the latter of which
was extended to dependent data in [34] leading to sharper error bounds. When p(A*) < 1, the
authors in [34] interpret the quantity Amin(I'7—1) as a measure of the signal-noise-ratio [34] — larger
values lead to improved error bounds. As mentioned earlier, the results of [18] depend on a similar
quantity, namely )\min(zzz_ol I's), which plays a key role in their error bounds. These terms do
not appear explicitly within our analysis and it is unclear (albeit interesting) how this can be
done. The main tools that we employ involve concentration results for the suprema of second-order
subgaussian chaos processes indexed by a set of matrices [20, [12]; see Section 3] for details.

Learning structured LDS. Existing works for learning structured LDS are typically focused
on specific structures such as sparsity, group sparsity, or low-rank models.

e In [I4], a more general version of (LI]) was considered where x;y; = A*xy + B*up + 4,
with B* € R™™ and u; € R™ denoting the inputs. Assuming the unknown A*, B* to be
k-sparse, and u; = Kox¢ + v where vy is random with a user specified distribution (Kj
is a feedback controller), a LASSO type estimator was analyzed. Assuming x rests at its
stationary distribution, uniform asymtotic stability of the closed-loop system, and certain
technical assumptions involving A*, B* and Ky, entry-wise error bounds were obtained for
the estimation of A*, B*. It was shown that these bounds can sometimes be obtained with
T of the order k?log(n 4+ m). If k is of order n, this means that T' > n?log(n + m) samples
are needed for recovering the support of A*, B*. This is larger than our sample complexity
bound for controlling the Frobenius norm error.

e In [28], the model (1) was considered with A* assumed to be k-sparse and strictly sta-
ble. Under certain assumptions on the problem parameters, it was shown for a LASSO-type
estimator that the support of A* is recovered exactly provided T' 2 poly(k) - log n.

e The model (L)) is a vector autoregressive (VAR) model of order 1. In [23], a more general
order d-VAR model was considered involving matrices A7, ..., AY. They analyzed a penalized
least squares method where the penalty is imposed by a norm-based regularizer R(-); examples
of R including: ¢; norm, group LASSO, sparse group LASSO and OWL (ordered weighted ¢;
norm). The recent work [41] considered an order d VAR as well, but allowed for heavy-tail 7;’s
and model-misspecification. They proposed an estimator based on the Yule-Walker equation
that deploys a regularizer (norm-based) R, this leads to near minimax optimal results for
estimating the model parameters under different structural settings: sparsity, low-rankness,
and linear constraints. Other existing results primarily make sparsity-type assumptions on
the parameters [22] 3] 19, B5]. The recent work [3] considered the model (II) and assumed
that A* has a low-rank plus sparse decomposition, they analyzed a penalized least squares
approach for recovering the low-rank and sparse components of A*.

2Note that an order d-VAR can be written as an order-1 VAR in a higher dimensional space.



e The results in [42] are applicable to model (II]), with additional linear information about A*
assumed to be available. This can be reformulated as saying that for a known d-dimensional
basis {Vi}?:l C R™™ and a known offset V' € R"*" we have A* — V € span {Vi}?zl. This
is identical to Example 1. If p(A*) < 1 and ||A*||s < C for some constant C' > 0, they show

that ||[4* — A p < dl%(d/é) provided the smallest singular value of A* is sufficiently smaller
than 1. This is similar to our bound in ([L4). They also cover the setting p(A*) < 1 where
the analysis uses the small ball method [24].

Learning structured signals from random linear measurements. Consider the relatively
easier setting of linear regression with independent covariates and noise, i.e.,

y=XB"+n (1.5)

where X € R™*" is the matrix of covariates, f* € R™ is the unknown signal, 7 is noise, and X is
independent of . Suppose for simplicity that the entries of X and 7 are i.i.d centered Gaussian’s.
The problem of recovering #* — assuming it belongs to a convex set K C R™ — has received
significant interest over the past decade from the statistical and signal processing communities. It
is now known that the efficient recovery of §* is possible via convex programs (e.g., via solving least
squares with constraint C, or by penalizing the objective) with the sample complexity m depending
on the Gaussian width of the ‘local size’ of K at *; see for e.g., [26, B0, [7, 38, 29] and also [2]
who introduced a related notion of ‘statistical dimension’. For some sets IC (such as the ¢; ball),
sharp estimates for the Gaussian width are available through tools such as Gordon’s escape through
the mesh theorem [I5], that leads to tight sample complexity bounds. While our proof technique
is similar in spirit to these papers (in particular [26] 29]), the model in (L)) leads to additional
technical difficulties. For instance, we cannot use Gordon’s theorem anymore and require other
concentration tools for the underlying second order subgaussian chaos. To our knowledge, existing
works for finite-time identification of (LI]) do not provide bounds for general closed convex sets K;
our main goal is to fill this gap (to an extent) by drawing ideas from the above literature.

Shape constrained regression. There is a rich line of work for the Gaussian sequence model
yi=p0+mn; i=1,...,n,

where 8F = f(z;) (with z;’s the design points) for some unknown function f € F, with the function
class F known. This is known as ‘shape constrained’ nonparametric regression since the shape of
f (depending on F) imparts structure to 5* of the form g* € K C R™ where

K:={(f(x1),....f(zn)) eR": feF}.

When 7;’s are i.i.d centered Gaussians, then the maximum likelihood estimator (MLE) of 5* would
be the orthogonal projection of y on K. There exist many interesting examples of F which impart
an intrinsically low-dimensional structure to K, thus leading to better error bounds (in terms of
n) for the MLE as compared to the unconstrained case. Some examples include: convex functions
(e.g., [8,21]), isotonic functions (e.g., [8,4]) and Lipschitz functions [26]; see [16] for a nice overview
of this area and also the seminal work of Chatterjee [9]. In this respect, our work can be interpreted
as shape constrained regression for the vector autoregressive model in (LI]).



2 Problem setup and results

Notation. For any vector x € R", ||z||, denotes the usual £, norm of z. For X € R™*"™, we denote
| X |2, | X||F to be respectively the spectral and Frobenius norms of X, while (X,Y) = Tr(X "Y)
denotes the inner product between X and Y. Also, vec(X) € R™ is formed by stacking the columns
of X and || X||11 = ||[vec(X)||1 denotes the entry-wise ¢; norm of X. The symbol ® denotes the
Kronecker product between matrices. Sets will be usually denoted by calligraphic letters, and their
cardinalities by |-|. For any set S C R™*™ and X € R™*™, we will denote

S-X={A-X:AcS}.

For a,b > 0, we say a < b if there exists a constant C' > 0 such that a < Cb. If a < b and a 2 b,
then we write a =< b. For n x n matrices, we denote the unit Frobenius sphere by S,,, the unit
Frobenius ball by B,, and the identity matrix by I,,. The values of symbols used for denoting
constants (e.g., ¢,C,c; etc.) may change from line to line. Finally, recall that the subgaussian
norm of a random variable X is given by [|.X||y, := sup,>; pV2(E|X PP see for e.g. [39]. We
say X is L-subgaussian if || X||y, < L.

2.1 Setup

Consider the autonomous linear dynamical system in (LI)) where (1;);>1 are assumed to be zero-
mean, independent and identically distributed (i.i.d) random variables for t = 0,...,T. Specifically,
7y is assumed to have ii.d L-subgaussian entries (for some constant L), each of unit variance.
Given (:Et)tT:bl, our goal is to estimate A* under the constraint that A* € I for a closed convex
set L C R™*™. We focus on the estimator (L3) which is a convex program that can usually be
efficiently solved by interior-point methods, and in many cases by more efficient methods (e.g.,
projected gradient descent) specialized to the structure of K. Also, if 1, were i.i.d Gaussian’s, then
(I3]) would simply correspond to the maximum likelihood estimator (MLE) of A*.

In our analysis, we will assume A* is strictly stable, i.e., its spectral radius p(A*) < 1. The
quantity J(A*) defined as

J(AT) =D (A ]2 (2.1)
1=0

was introduced in [I8] for the analysis of the OLS estimator for strictly stable linear dynamical
systems, and will also appear in our results. It is not difficult to verify that J(A*) is bounded if

p(A*) < 1, although it could grow with n. If ||[A*|l2 < 1 then J(A*) < 1!]?;'12'2.
Before stating our results, we need to present some definitions which wiﬂ be used later on.

2.2 Preliminaries

We begin by recalling Talagrand’s v, functionals [37] which can be interpreted as a measure of the
complexity of a (not necessarily convex) set.

Definition 1 ([37]). Let (S,d) be a metric space. We say that a sequence of subsets of S, namely
(S/)r>0 is an admissible sequence if |So| = 1 and |S,| < 22 for every r > 1. Then for any
0 < a < 00, the v, functional of (S,d) is defined as

Yo (S, d) := inf sup Z 2T/°‘d(s, Sr)

seS —0

with the infimum being taken over all admissible sequences of S.



The following properties of the v, functional are useful to note.

1. It can be verified that for any two metrics dy, ds such that d; < ads for some a > 0, it holds
that 74 (S, d1) < a74(S, d2).

2. For §' C S, we have that Yo (S, d) < Coava(S,d) for Cy > 0 depending only on a.

The 7, functionals can be upper bounded in terms of the covering numbers of the set S. For any
€ > 0, denote N (S,d,¢€) to be the minimum number of balls of radius € (with centers in §) which
are needed to cover S. Then, one can show@ that

diam(S)
Ya(S,d) < cqo / log!/* N'(S,d, €)de (2.2)
0

where ¢, > 0 depends only on «, and diam(S) is the diameter of S. For oo = 2, the right-hand side
(RHS) of (2.2]) is the well-known Dudley entropy integral [I3]. In fact, by Talagrand’s majorizing
measure theorem [37], v2(S, d) characterizes the expected suprema of centered Gaussian processes
(XS)SES as

072(87 d) < Esup X5 < C’Y2(87 d) (23)

seS

for some universal constants ¢, C' > 0, with the canonical distance d(s, s’) := (E[X, — X¢]?)'/2. For
example, if S C R™*" and X, = (G, s) for a n x m matrix G with iid standard Gaussian entries, we
have d(s,s') = ||s — §'||%. Then Z3)) implies Esup,cgs (G, s) < 72(S, ||| r) where Esup,cg (G, s) is
known as the Gaussian width of the set S, denoted as w(S).

Tangent cone. One of our sample complexity bounds for estimating A* will depend on the local
size of the tangent cone of the set K at A*.

Definition 2 (Tangent cone). For a convex set K and A € K, the tangent cone at A is defined as
Tiea=c{t(B—A):t>0, BeK}
where cl(-) denotes the closure of a set.

As we will see shortly, our first main result, namely Theorem [ below, will involve the gamma
functionals v1 (T, 4« NSy, ||-||) and v2(Tx, 4= NSy, ||-||) with ||-|| corresponding to either the spectral or
Frobenius norm. Small values of these terms will translate to weaker requirements on the sample size
T for accurately estimating A*. By virtue of the earlier discussion, note that vy2(7x 4= NSy, ||| F) <
w('ﬁg A+ N Sn).

2.3 Main results

Our first main result is the following theorem which bounds the estimation error |[A — A*||p. The
proofs of our main results are detailed in Section [Bl

3This holds for the Yo functional defined in [37, Definition 2.2.19] with Cs = 1. However, v, as in Definition [ is
equivalent to that in [37, Definition 2.2.19] up to a constant depending only on «; see [37] Section 2.3].

4This can be deduced using [37, Corollary 2.3.2], and by replicating the arguments after the proof of [37, Lemma
2.2.11] to general o > 1.



Theorem 1 (Tangent cone structure). There exist constants Cq,Co,Cs,Cy > 0 depending only on
L such that for any 6 € (0,1) and B € K, if

T > C1JY(A*) max {73 (Tic,8 N Sn, [-[l2), 10g*(C2/8) } ,
then it holds with probability at least 1 — § that

log(C2/8) +v2(Ti,B N Sn, ||| F) N 71(Tk,B N Sh, H'Hz)>
T T

\M—AWFSQJMﬂ<
+ CuI2(A%)| A" — Bl p.

In the formulation of this theorem a generic matrix B € K is introduced, and a natural choice
for it is B = A*, which minimizes the last term in RHS above. However, the shape of Tx g, which
becomes important in evaluation of v (7x.B N Sy, ||-|[2) for @ = 1,2, may be more suitable for
calculation if B # A* (but sufficiently ‘close’ to A*). We will illustrate this on Examples 1 and 2
in the next section.

Our second main result is useful in situations where K does not have a small tangent cone
structure at A*, or at points in K sufficiently close to A*.

Theorem 2 (without tangent cone structure). There exist constants Cy,Co,Cs,Cy > 0 depending
only on L such that the following is true. For any 6 € (0,1), x > 0 and B € K, suppose that

(K = B) NaBy, ||-]l2)

72

T> ClJ4(A*)max{ ,log2(C2/5)}.

Then with probability at least 1 — §, the estimate A satisfies

log(Cy/4) n 71((K = B) NaBy, |-]2) . 72((K — B) NxBp, H'HF)]
VT Tx VTz
+ C4J?(AY)||A* — B||p + =

|@—Awpsaumw[

Suppose we take B = A* and say A* lies in the interior of . Then Tj 4+ = R™"™ which
renders Theorem [I] to be unhelpful. In such a situation, Theorem [ can be meaningful in terms of
capturing the local size of K at A* at a suitably small scale z = o(1) (as T'— oc0). The optimal
choice of z will depend on how the terms involving the v; and 7, functionals scale with z. We will
apply Theorem [2l on Example 3 in the next section. Interestingly, we will see that both the v, and
2 terms are bounded by quantities depending linearly on x. In this case, the limit x = 0 is the
optimal choice.

Remark 1. Both Theorems[d and[2 have analogues in the literature for recovering (in the {2 norm)
a structured signal B* in the linear model (L), where the design matriz X and the noise n are
typically independent; see for instance [206, [29]. Indeed, our proofs are structured along the same
lines as that in [26] (which in turn follows ideas from [29]). However, our linear model in (1)
is different, especially due to the temporal correlation between x; and Mg, Mi—1,.....n1. This leads
to additional technical difficulties in the analysis — as opposed to [26], [29] we cannot use Gordon’s
mesh theorem [15] and need to intead use a different set of concentration tools (see Section[31)) for
controlling the terms in Lemma [l (see Section [3.2). One implication of this is the appearance of
the v, term in our bounds which can often be larger than the ~o term.

2.4 Instantiating our results on examples

We now recall the examples from Section [l for which the bounds in Theorems [Il and 2l can be made
explicit in terms of n. The proofs are detailed in Section [l



Example 1 (d-dimensional subspace). In this case, observe from the definition of Tx p that
Tx,B = K for any choice of B € K. One can then use standard covering number bounds to bound
the y,-functionals in Theorem [Il This leads to the following corollary of Theorem [l where we take
B = A*.

Corollary 1. Let K C R™" be a d-dimensional subspace. If T 2 J*(A*) max {d, log2(1/5)} for
0 € (0,1), then it holds with probability at least 1 — § that

log(1/8) +Vd
— =

In the unconstrained case where K = R"*", so that d = n?, (L3) is the OLS estimator. Then
Corollary [ states that if 7' > J*(A*) max {n?,log®(1/5)}, we have

14— e 5 g (ELZER), (2.4)

Existing error bounds in the literature for the OLS estimator are typically in the spectral norm,
but can of course be converted to the Frobenius norm with an extra factor of \/n. Indeed, the
result of [I§] in (L2]) implies

|A — A*||p < J(A") (

nlog(1/8) + n?

|4~ A%lr < Vil A - A%z S J T

(2.5)
provided T > J%(A*)(log(1/6) + n). The bound in (Z.3)) is of the same order as in ([2.4]), barring
the extra J(A*) term in our bound. Moreover, when J(A*) is a constant, note that 7' needs to be
at least of the order n? — in both (Z4) and (23] — in order to drive the error below a specified
threshold. Of course, in case d < n?, then the requirement 7' > d in Corollary [ is relatively mild,
as one would expect, given that K has an intrinsic dimension d.

Example 2 (¢; ball). We now consider the setting where A* is k-sparse, i.e., has at most k non-
zero entries for some 1 < k < n?. A standard strategy for recovering sparse matrices (resp. vectors)
is to take IC to be a suitably scaled ball in the ||-||;1 (resp. ¢;) norm. We take K := ||A*||11B1,
where

Bin:={AeRY™": | Al <1} (2.6)

so that A* lies on the boundary of K. Then the tangent cone Tx 4~ has the form
77C,A* =cl {tU : ”A* + U”l,l < HA*”Ll? t> 0}.

One can bound w(7k, 4= NS;) by using existing results in the literature [30] (see also [36, 2 [7, 38]) —
these results apply for vectors but can be directly invoked in our setting by treating n X n matrices
as vectors in R"". This leads to the same order-wise bound on v, (Trc, 4= NSy, |||l F) due to (23) with
S = Tk, 4=NS,,. Furthermore, the v; functional term can be bounded in terms of w(7Tx 4= NS,,) using
Sudakov’s minoration inequality [40, Theorem 7.4.1]. These considerations lead to the following
corollary of Theorem [

Corollary 2. Suppose A* is k-sparse and KC = ||A*||1,1B1,n where By, is the unit ball defined in
2.6), and denote B(n,k) := \/klog(n?/k) + k. For any 6 € (0,1), if

T > J*(A*) max { #*(n, k), log*(1/0) }

9



then with probability at least 1 — § it holds that

log(1/0) + B(n. k) | nf(n, k)1 +log(557)]
VT T '

As a sanity check, note that when k = n? then B(n,k) = n and we recover the statement of
Corollary [l with d = n?. This is expected since A* does not possess any additional structure, and
hence the constraint K — the purpose of which is to promote sparse solutions — does not provide
any benefit. The non-trivial sparsity regime is when k& = o(n?). Consider for instance the case
where k =< n. Then, we have 3(n, k) < v/nlogn and Corollary 2 gives the error bound

log(1/6) + v/nlogn +(nlogn)?’/z
JT T

provided T' > J*(A*) max {nlogn,log?(1/5)}. Notice that while this condition on 7" implies the
error bound in (27)), we actually need T' to be at least of the order J(A*)(nlogn)3/? to drive the
error in (Z7) below a specified threshold. This “gap” is of course due to the term (nlogn)®/2/T
in (2.7) — this term arises from the bound on v (7k, 4= NSy, ||-||#) within the proof of the corollary
and is likely suboptimal. Nevertheless, the bound in (2.7)) clearly has a milder dependence on n as
compared to that obtained for the OLS in (2.4]).

|M—AWF5JMﬂ<

HE—AwFstw< (2.7)

Example 3 (convex regression). We will now illustrate the use of Theorem [2 in the context
of convex regression. Consider the case where IC is the collection of matrices formed by sampling
bivariate convex functions on a square grid of Q = [0,1/v/2]?, i.e.,

i—1 ji—1
(n—1V2 (n—1)V2

Then the following corollary of Theorem [2]is obtained taking B = A* with A* formed by sampling
a convex function with a simple (i.e., piecewise affine) structure.

Corollary 3. Let Q1,...,Qf be convex subsets of Q = [0,1/v/2]? which (a) form a partition of Q,
and (b) are such that each Q; is an intersection of at most s pairs of parallel halfspaces. Suppose
A* € K for some convexr fy which is affine on each ;. Then there exists a constant ¢ > 0 such
that the following is true. For any 6 € (0,1), if

n2

K= {A eER™™: Ay =f < > for some f: Q) — R convex } : (2.8)

1
> Kc® and T > JY(A*) max {csKlogs n,log? <S> } ,

s

log®n
then with probability at least 1 — 6,

—~ Kcslogsnlog(%) log(1/8) + ¢5/2K1/2105/2

T VT

The proof uses metric entropy estimates from [2I], Section 4] for a collection of bivariate convex
functions lying within a ball of radius x around fy. This then leads to bounds for the v, and 7o

functionals appearing in Theorem [2l Interestingly, we find for the specified A* that
* S s n2
(K =AY NnzxB,, ||2) < zc° K log® nlog <m> ,

Y (K — A N aBy, ||-||l2) < zc? K% 1og®/? n.
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Hence the only dependence on x in the error bound of Theorem [ is through the last term, and
since the bound holds for any = > 0, we can take the limit z = 0.

The scaling factor of v/2 in the definition of  essentially ensures that © lies within the unit £,
ball in R?, which is needed in order to use the results of [2I]. Note that in order to drive the error
below a threshold, it suffices to have

2 1
T3> JhA “Klog® nlog | ——— ] ,log? (= ) }.
= JY( )max{c og®nlog <csKlogsn> log™ { 5

If, e.g., s and K are constants (i.e., fo has a simple structure), then

T > J*(A*) max {polylog(n), log? <%> }

is sufficient, which is much milder then the requirement for OLS.

3 Proof of main results

We begin by outlining in Section B.1] some important concentration tools used in the proof of our
main results. Section contains the proof of Theorem [I] while Section [B.3] contains the proof of
Theorem 2

3.1 Technical tools

For a set of matrices A, let us define the terms

dp(A) = sup [[Alp,  da(A) = sup [[A]l2, (3.1)
AcA AcA

which can be thought of as other types of complexity measures of the set A4 (the “radius” of A).
The following result from [20] provides a concentration bound for the suprema of second order
subgaussian chaos processes involving positive semidefinite (p.s.d) matrices.

Theorem 3 ([20]). Let A be a set of matrices and & be a vector whose entries are independent,
zero-mean, variance 1, and are L-subgaussian random variables. Denote

P =y (A [[-2) 2 (A, [I-ll2) + dr(A)] + dr (A)da(A)
V = dy(A)r2(4 [l2) + dr(A)], and U =dj(A)

where dy,dp are as in BI)). Then there exist constants c1,co > 0 depending only on L such that
for any t > 0 it holds that

(ot
P | sup H\A{H% — E[HAgH%H >caP+t) <2exp|—comin{ —, — .
AcA VU

We will also use the following result from [12] for bounding the suprema of general second order
subgaussian chaos processes, where the matrices are not necessarily p.s.d. The bound on moments
in part 1 is stated on page 15 in [12]; part 2 follows by passing from moment bounds to tail bounds
in a standard manner via Markov’s inequality, see for example [12, Lemma A.1].

Theorem 4 ([12]). Let A be a set of matrices and £ be a vector whose entries are independent,
zero-mean, 1-subgaussian random variables. For A € A, denote Ca(€) := £ A¢ — E[¢T AL]. With
da,dp as in (B1), the following is true.

11



1. There exists a universal constant ¢ > 0 such that for any p > 1,

1/p
(Ejg |0A<s>|p) < e On (A [Fl2) +22(A I 2) + v/Fde(A) + pda(A)
= CQ(A7p)'

2. There exists a universal constant ¢ > 0 (depending on c) such that for any u > 1,

P <sup CA©)] = oA, u>) <o
AcA

3.2 Proof of Theorem [I]
Let us define the matrices (each of size n x T)

X =[zy: arp], X =[z1-2r), and E= [ nri],
so that X = A*X + F with xo = 0 and x1 = n;. Then, (L3) can be rewritten as

A € argmin| X — AX||3. (3.2)
Aek

Step 1. Our starting point is the following inequality which follows from first-order optimality
conditions for constrained convex programs.

Lemma 1. For any B € K the solution A of (B2) satisfies
I(A~ B)X|} < (A~ B)X.E) + (4"~ B)X|[¢ll (A~ B)X] r.
Proof. We first expand || X — fAlXH%7 as
IX — AX|} = X ~ BX|} + (B~ D)X} +2(X - BX, (B~ A)X)
= |X = BX|} ~ (B~ DX} +2(X - AX, (B - A)X)
<X - BX|; — (B - A)X|} (3.3)
where the last inequality follows due to <)Z' — AX , (B — E)X > < 0 by the first order optimality
condition for A. Using X = A*X + E, we obtain
1%~ AXJ = (A~ X[+ B} + 2 (4" - DX, B),
IX = BX||} - (B - A)X |} = (A" = B)X|} + | Ell}
+2((A" = B)X, E) — (B — A)X|[.
Plugging these expressions in ([B.3]) leads to the inequality
J(4* = D)X} < (A" = B)X|[} +2((A- B)X. E) - |[(B - X[}, (3.4)
Expanding the LHS of (34]) leads to the lower bound
(A" = D)X = (A"~ BIX[3 + (B~ DX[F +2((4" - BX.(B - Ax))
> (A" = B)X [+ (B~ D)X — 2|(A" = B)X|p (B~ DX,
and plugging this in ([3.4]) readily leads to the stated inequality in the lemma. O

Our next goal is to bound the terms appearing in Lemma, [II

12



Step 2. Consider first the term ||(A — B)X]||% which can be written as

T
(A~ B)X |} =S _II(A~ B)aell} = [I(Ir ® (A~ B)) vec(X)]3.
t=0

One can verify that vec(X) = I'¢ where

I, 0O ... 0O m
A* I, ... 0
I'= . . . S RT”XT”) 5 = ,’7.2 € RT”)
(AT AT I, nr

and so, we can write ||(A — B)X|% = ||(Ir ® (A\—B))I‘Q’H%. As shown in [I§], we can bound
IT|l2 < J(A*); recall its definition from (2.1). Now let us define the set

T = {(Ir ® AT : A€ T g NSy}

we then clearly have

(IT®A(A_B))P _ (IT® ( 7/{1_B )) FG%}C,B
|A—BllF A= B|r

since A— B € Tik,B. Therefore we can bound the term (A - B)X|% as

< inf HW£H§> |A= Bl < (A= B)X| < ||A- Bll% ( sup ||W£||§> - (3.5)
WeTk, B WeTk, B

The term |[W¢||2 is a second order subgaussian chaos involving p.s.d matrices, and we wish to
control its infimum and supremum over the set Tx p in (B.5]). This is done using Theorem [B] and
leads to the following lemma.

Lemma 2. Denote U,V ,P as

U = A7), V= JA) 3T o) + VTI(AT)]
P = 5T I12) [2(Tep [Fll2) + VTI(A%)] + VT2 (A%,

Then there exist constants c1,co > 0 depending only on L such that for any t > 0, it holds with
probability at least 1 — 2 exp(—co min {%22’ %}) that

1. inf (WEI2>T — 1P —t, and

WE%)C,B |
2. SUpycg IWEN3 < TI*HAY) + 1 P+ t.

Proof. We will use Theorem [3 to obtain the stated bounds. Let us first bound the terms dF(7~7C, B),
da2(Tx,B) as follows.

dp(Tep) = swp [Wlr= suwp |[(Ir @ AT||r < J(AWVT (3.6)

WeTk.n A€Tic,BNSK

13



since ||(It ® A)T||p < ||T||2||I7 @ Al|p < J(A*)VT for any A € T g NS,. Furthermore,

do(Te,p) = swp [Wlla=  sup [[(Ir @ A)T|2 < J(A7) (3.7)

We%}C,B A€Tk,BMSn

since ||(I7 ® A)T|l2 < || Al2|ITll2 < [|A||p||T]l2 < J(A*) for all A € T,z NS,,.

Next, we use almost matching bounds on E[||(Ir ® A)T'¢||3] holding uniformly over A € Txc, NS,
as
< TJ?(A¥)

21 _ 2 _
Elll(Ir @ A)T¢|2] = [[(Ir @ AT[[F = {2 TIAIL =T

where for the lower bound we used the fact that A appears T' times within (/7 ® A)I'. Finally, one
can readily verify that the terms P, U,V are (resp.) upper bounds for P,U and V, the latter terms
defined in Theorem [Bl This concludes the proof. O

Hence the event in Lemma 2] implies the bounds

(A~ B)X|3% > | A~ B|3(T — 1P —t), (3.8)
(A~ B)X||r <||A— B|p(TJ*(A*) + P +1)'/2, (3.9)
and [|[(A* — B)X|p < ||A" — BHF(TJ?(A*) +c P+ t)1/2. (3.10)

Step 3. Our goal now is to control the term <(A\ - B)X, E> We can first bound it as

((A-B)X.E) = |A- Bl A28 VX EY<A-Ble| sw  (AX,B)).
||A_BHF A€Tk, NSy

It remains to control the supremum term, which in fact is the supremum of a second order sub-
gaussian chaos involving matrices that are not necessarily p.s.d (as will be seen in the proof below).
This is achieved via Theorem [4] and leads to the following lemma.

Lemma 3. For any u > 1, we have with probability at least 1 — exp(—u),

sup  |(AX, B)| < e (wI(4") + VAT I(A) + (T IHla) + 22T 1))
A€Tk,BNSy

for some constant c3 > 0 depending only on L.

Proof. We begin by rewriting (AX, F) as

72

(AX.B) = (ATE,X) = {(Ir © ATIETE) = €7 ((Ir ® AT)6 where E=vee(B) = | '+ | €B™™.

nr+1

Denoting 7 € R+ to be the vector formed by stacking 71, ..., 7711, we can further simplify
ET((I7 ® A)T)E as

£ ((Ir@AN)E=n" |:(IT g A)r 8} n=n'Man.

M4
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This in particular implies E[(AX, E)] = E[n" Man] = 0. Denoting the set
M :{MA:AG 77C7BﬂSn}

we obtain

sup (AX,E)= sup n' Man.
A€Tic,BNSK MaeM

We now use Theorem Hl to control this suprema. To this end, we observe that

dp(M) = sup ||[Mallr= sup |7 @ AT|p < VTJ(A"), (using (3.6)
AEM A€Tk,BNSh

do(M) = sup |[Malz2= sup |[[(Ir @ A2 < J(A"). (using (B.7))
MyeM A€Tk, NSy

It is easy to see that 7o (M, ||-||) = Ya(Tk.5, ||-||) where ||| denotes any matrix norm. Then by using
Theorem @l with £ therein corresponding to %, we readily arrive at the statement of the lemma. [

The event in Lemma [3] implies the bound
(A= B)X,E) < sl A= Bllr (I (A7) + VAT I(A) + 1 (T, l2) + 2T 1))
= cso(Ti,p,w)l|A — B (3.11)
with (-, ) as defined in Theorem [}
Step 4: Putting it together. Using the results from ([B.8)), (3.9), (3.10), (3.11) in Lemmal[ll we
have with probability at least 1 — 2 exp(—cy min {%22‘, %}) — exp(—u) that

IA = BI#(T = exP 1) < e3o(Te,p- w)| A = Bllp + | A" = Blpl|A = Bl (TJ*(A") + 1P + 1)

Tc.B, . TJ?(A* P+t

<— A\—B <ec —
| lF < es—, P— T—c,P—t

(3.12)

Our aim is to simplify the above bounds and also showcase the dependency on the local tangent
cone T, p. To this end, the following claim is useful.
Claim 1. For any a > 0,

Yo(Tic,3, [I1l2) < J(A")Va(Tic.8 NS, |1-[12),

Yo Tie.8> | 117) < VTI(A*)7a (T O S, |1 )-

Proof. For any X,Y € Tk g NSy, consider the matrices A; = (I, ® X)I' and Ay = (I, ® Y)T".
Clearly, ||A1 — Asglls < J(AY)||X — Y2 and |41 — As|lp < VTJ(A*)||X — Y||r. This then readily
implies the stated bounds using the definition of =, functionals. O

Claim [ leads to the following bounds on the terms P, V.

!
il

< Py i= 72(A%) (BT, 08w [Hl2) + VT2 T NS l2) +VT)

= J2(A )(’Yz(TICB”SmH H2)+\/_)

<l
<I|

<
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Furthermore, for 1 < u < T we can bound g(’7~7g7B, u) as
0T, u) < J(A") (VT + 31 (Te,s O Sns [Fl2) + VT7(Trp (S, 1))
The above considerations lead to the following simplification of (B.12)),

_ J(A%) (VAT + 31 (Tie, 08 [F112) + VT2 (T, 1S 1))
|A= Bllp < ey

T—Clﬁl—t
. TJ?(A*) + 1Py +t
+ A% - B|p (A7) + e Py (3.13)
T—Clpl—t

which holds with probability at least 1 — 2exp(—co min{%, Uil}) — exp(—u).
Now choosing t = V'1,/u, note that
2t Vv
min { —, = ¢ = min {u, \/E:I} > min(u, vu) = Vu
T, U

where the inequality holds since V| > U, and the final equality uses the condition u > 1. Also note
that (3I3]) holds provided c¢; Py +t < T. Using the condition u > 1, it is then easily verified that

APy +1 2 & I2A%) (3(T5 08 ) + V7T s 0, I 2) + VT

for some constant ¢j > 0 depending on ¢;. So it suffices to ensure that c1Py +t < T/2 for which a
sufficient condition is

2
a0 40y (2T NS0, [ ll2) | 22(Tie.s OSns [Il2) | [u 1
J2(A") ( T + Wi + T < 2 (3.14)

Since J(A*) > 1, hence (3I4]) holds provided
T > & JHA*) max {73 (Tic,5 O S, [|[|2), u}

for a suitably large constant ¢/ > 1 (depending on ¢}). Observe that the above condition implies
u<T.
The above considerations are summarized in the form of the following theorem.

Theorem 5. There exist constants C1,Csy,Cs,Cy > 0 depending only on L such that the following
is true. For any u > 1 and B € K, suppose that

T> C1J4(A*) max {’Y%(R,B N Sp, ””2)7u} :

Then with probability at least 1 — Cyexp(—C3+/u), the estimate A in B2) satisfies

~ o [ v n(Tes08Sy|IFll2) | 72 (T8 NS, |IIF) 9wkl A%
_ < _ ) ) _ .
HA BHF_C4J(A )( T—|- T + \/T +3J (A )HA BHF

The statement of Theorem [Ilis obtained by choosing u = 5135 logQ(%) for any 0 € (0, 1), and by

the triangle inequality
[A—A%|p < |A=B|r+[A" - B|r

< CLI(A") <\/g+ llen 7 Bultle) | 22T P2 e ) aaryia - i

This completes the proof.
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3.3 Proof of Theorem

We will follow similar notation as in the proof of Theorem [Il Our starting point is inequality in
Lemma [I] which we recall below.

I(A - B)X[} < (A= B)X, B) + (A" = B)X|[r[(A~ B)X]r.

Suppose Hg — B||r > x since otherwise the statement of the theorem holds trivially. Denote

a= 7 xB|| < 1. Since K is convex, hence U = aA+ (1—a)B € K which implies a(A—B) = U — B.
- P

Denoting K = K — B from now on, note that Kis a star-shaped setﬁ since K is convex and K
contains the origin. We would like to obtain an analogue of [29, Lemma 4.4] to our setting where
we lower bound

_inf  [MX[[p=_inf  [|(Ir ® M)[¥|>
ME’CvllM”FZx MeKvIIM”FZZ'

Denoting M=z IZ\%IF for any M € K such that |M||p > x, clearly M € K since K is star-shaped.
This implies

nf |(Ir ® M)TE|la f H(IT®M)F5H2.

_ _ (3.15)
MeR, | M| >z | M| MeknaSy, T

Now we can bound E[||(I7 ® M)FﬁHg] uniformly over M € KN S, as

< 22T J?(A¥)

—~ 2 ar 2
E[|(Ir @ M)TE[3] = || (Ir @ M)T||% {2 TN = Ta2.

Furthermore, denoting S, := {(IT ® M)F :MeKn xSn}, it is easy to verify that

dp(Sy) < J(AMaVT,  dy(S,) < J(A")z.
This implies the following bounds on the terms P,U and V.
P < 32(Ser 1) (S ) + 2/ (A)WVT) + 2> (AWT =: P,
V < 2I(A) (%S, | l2) + 2 (AWT) =V,
U =d3S,) <az?J*(A") = T.

Note that (B.I5) also holds with inf replaced by sup on both sides. Hence using Theorem [3] it

follows that with probability at least 1 — 2 exp(—ce min {é—i, %}),

. _ |(I7@M)TE||2 (Tx2—c1 P—t)'/?
Loinfyreg mtpza ™ Tarle - 2 & and
3 |Ur@MTels  (Ta?I2(A%) e P2
2. SWDN R IMpze TMTE S z )

A set X is star shaped if AX C X for any A € [0,1]. Any convex set containing the origin is star-shaped.
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(3.16)

which in turn implies the bounds
G- myxip = M= Blr e op oy,
(A= B)X||p < HA_iB”F(Tx2J2(A*)+c1F+t)1/2, (3.17)
(T2 J*(A*) 4 ¢, P + )12

(3.18)

T
A" — Bl
Y

and [[(A" — B)X|r <

We now have to bound <(2— B)X, E> Denoting § = ||A — B||p, the fact that K is star-shaped
(UX,E)=— sup (UX,E)

T veknaB,

implies 01K C 271K (since ~1 < z~1). This then implies
(UX,E) < sup
Uez—1KNBy,

A= Bllr Ues-1KNB,,
UX, EB).

which means that

~ A-B
<(A — B)X,E> < 14 = Bllr sup
UeKnzB,

Now as in the proof of Theorem [Il we can write
0 0
} n=mn'Myn
My

(UX.E)=n' [(IT @ U)T 0

with E[(UX, E)] = 0. Denoting U, := {MU Uekn xlS’n}, we then obtain
sup (UX,E)= sup n' Myn.
My €Uy

UeknzBn
It can be checked that dp(U,) < zJ(A)WT and do(Uy) < J(A*)z. Moreover, denoting S, :=
(Ir@ UL : U € KN By b, we have that voUs, ||-]|) = Ya(Se, ||-||) for @ > 0 and any norm |-||.

Then by invoking Theorem [ it follows that for v > 1, it holds with probability at least
(UX,B)| < e5 (1(Se IFl2) +72(Ses Il ) + VT2 (A) + uz (4%))

1 — exp(—u) that
sup
UeknazBy

= @(SXv x, U),
i g N

HF@(Sm,w,u)- (3.19)

s
(3.20)

— <(E—B)X,E> <ol

Hence using [B.10), B.17), (318) and B.19), it holds w.p at least 1 — 2exp(—cs min{
Tz J*(A*) + o P + t>
Tl‘2 — Clﬁ -1 .

exp(—u) (for u > 1) that
zo g’x,m,u .
2O nt) s~ Bile (

A-B|p<c
| | 32:172—61P—t
18



It remains to simplify the expressions of the terms involved in our bounds. To this end, we obtain
analogous to Claim [I] that for any a > 0,

Ya(Sa: [Ill2) < Yo (K N aSy, [[]]2)J(A"),
Yo S Il 7) < VT I (A )70 (K 0 28y, ||| #) T (A"),
Ya(Szs [l12) < YalK N 2By, ||-[l2) T (A7),
Yo (e Il 7) < VT I (A" )70 (K N 2By, ||| p)J(AY).

Furthermore, we can bound P,V as
P < (R 0280 | 12)7(A%) (32(K 1 285, [H1)T(A%) + 2 J(AWT) 4+ 2 (AW = P,
V < zJ?(AY) (72(16 NSy, ||-||l2) + xﬁ) =V,
and since 1 < u < T, we also obtain
o(Se, w,u) < (K NaBy, ||-[l2) (A7) + 32K 0 2By, ||| ) VT J(A*) + 2VuTx.J (A*)
= (A7) (1R N Bos ||12) + VT12(K N 2By, |11 ) + 20VuT )
Hence when 1 < u < T, we can simplify ([8.20) as

_ 2 (A7) (20VT + 31 (K 0 @By, ||l2) + VT12(K 0 2By, |11 )
|4~ Bllr < ey

Tz2 —cP—t
. T2 J?(A*) + P+t
e ]
Tx —Clp—t

which is analogous to (BI3]). The remaining steps of the proof follow the same calculations as in
the proof of Theorem [Il (details omitted) which leads us to the statement of the theorem. We only
remark that the condition on 7" follows from the fact v2(KC N zS,, ||-[|2) < ¥2(K NxBy, ||-||2) since
S, C B,.

4 Proof of corollaries for examples

4.1 Proof of Corollary [l

Since Tx,p = K for any B € K, we choose B = A*. We will bound the terms v (K NSy, ||-||r),
v (K NSy, ||-|l2) using ([2.2). We first employ the simplified bound

(K NSy, [|-l2) < 1K NSy, ||-|F)

since ||-]|l2 < [|-[7- Now the set K N B, C R"*™ is a d-dimensional unit ball w.r.t the ||-||z norm,
hence it follows” from standard volumetric estimates (see for e.g. [40, Corollary 4.2.13]) that

3\ d
NN By, |||F,€) < <€> fore <1
and N (KNB,, ||||F,€) = 1 for € > 1. Since diam(KNB,,) = 2, it follows from (2.2]) that for « = 1,2,

1
3
(K08 16 S 200 Bl S [ togte (2 de s atle
0

where the first inequality holds since X N'S,, C X N B,. This completes the proof.

SWe simply treat a matrix X € R™*™ by its vector form vec(X) € R™.
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4.2 Proof of Corollary

Since A* is k-sparse, we can bound w(Tx 4+ N'S;) as

w(Tie.a NSy) < Vklog(n2/k) + k =: B(n, k);

see for instance [38], Section 4.3] which can be directly applied to our setting. Then using (Z3]) and
the fact ||-||2 < ||| 7, we obtain

V2(Tic,a N Sn, [Ill2) < 72(Tic,a= NS, [1-lF) S w(Tic,a= N Sn) S Bl k).

Now starting with the inequality v1(7x, 4= NSy, ||-]2) < 1 (Tx, 4= NSy, ||-||F), we seek to bound the
term 1 (7ic,a= N Sy, ||||F) using (Z2). To this end, we can use Sudakov’s minoration inequalit
which yields for any € > 0,

< w2(T]C,A2* NSy) < ,Bz(n,k)

logN(T;c,A* ns,, ”HF, 6) N c S 2 . (4.1)

We can also obtain an alternate bound on N (7i a4+ NSy, |||, €) by using the following useful fact
[40, Exercise 4.2.10]: for a metric space (S,d) and 8’ C S, it holds for € > 0 that N(S’,d,¢e) <
N(S,d,e/2). Applied to our setting, this yields the bound

12\
N(Ticae 08, [l €) < NS |1+ €/2) < N B [l 6/4) < (—) , (4.2)

where the final bound follows directly from [40, Corollary 4.2.13]. Hence from ([@.1), (£.2]), we have
for all € > 0 that

2
log N (Tic,a* NSy, Il 7, €) < min {@779 log <1_€2> } .

Since diam (7, 4« N'Sy) = 2, we can employ (2.2) to obtain the bound

2 €1 5 2 ,82(71, k)
M (Tc,.a= NSy, Il F) < log N (Tic, 4= NSy, ||| 7, €)de < n-log(12/€)de + Tde,
0 0 €1

u1 u

for any €; € (0,2). It is easy to verify that

12 12
u =neq (log <—> + 1> < 2n2¢; log <—> ,
€1 €1

and ug = <2 — 61) B2(n, k).

261

Using this in (43)), and choosing ¢; = 3(n, k)/n, we obtain the bound
n
NSy, [|-F) S k) (1 — 1.
(T 18 [4e) S ) 108 (52 +1]
The statement of the corollary now follows directly. Note that for the above choice of €¢; to be in
the interval (0,2), we need n > f(n, k)/2 to hold but this is always satisfied.

"see for instance [40, Theorem 7.4.1]; the canonical metric therein is ||| .
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4.3 Proof of Corollary 3]

The proof relies on using metric entropy bounds developed in [21, Section 4] for the collection of
convex functions lying within a ball around fy. In what follows, we will borrow some notations and
definitions from [21].

Let S denote an equispaced n x n grid of Q = [0,1/v/2]? with spacing § = L 7 along each

(n—1)
axis. Note that  lies within the unit £ ball of R? (centered at origin). This is a requirement for
the results in [2I] to hold, but can be ensured by a suitable scaling. For any function defined on

Q, let us define the quasi-norm

1/p
bs(f, 2 p) = <ﬁ Z ’f(b)\p> :

beQNS

Then for any convex fy defined on €2, and x > 0, define a ball centered at f,
BL(fo;z; ) ={f : Q@ = Rs.t fis convex and ls(f — fo,Q,p) < x}.
Now denoting K=K- A*, note that
KnaB,={A-A*: Ack, |A—A*|p <z}.

We need to bound the metric entropy log V(K N 2By, ||| 7, €). To this end, it is not difficult to
verify that

c . — 2 (4. L. . £
NEK O 2B, |||l7.€) = N (BS (fo, nQ) s(-,0,2), n) : (4.4)
The RHS of ([@4) is bounded by [21], Corollary 4.2], which in our setup implies
log N'(K N 2By, ||| 7, €) = log N (B?g (fo; %; Q) As(+,9Q,2), %) <K (%) log®n
for some constant ¢ > 0. Moreover, using standard volumetric estimates as earlier (e.g., 40|
Proposition 4.2.12, Corollary 4.2.13]), we also have log N'(K N zBy, ||-||r,€) < n?log(6z/¢), thus
implying

log N'(K N 2By, ||| 7, €) < min {csK <E> log® n,n?log <6_x> } .
€ €
Now it remains to bound the gamma functionals by deploying (2.2]).
1. (Bounding v, (K N By, |-||2)). Since diam(K N zB,) = 2z, we have using 2.2), for any
0 < € <2z, that

N NaBy, [-l2) < n(KNaBy, |-|F) 5/ log N (K N 2By, ||| 7, €)de
0

€1 6 2 1
< n2/ log <—$> de +c’Kx logsn/ —de
0 € a €

2
< n?¢ log <6_x> + ¢’ Kxlog®nlog (_a;) .
€1 €1

In the final inequality above, we used similar calculations as within the proof of Corollary 2

Choosing €; = CKZ# then implies

AF) < zc * S TS
n(KNnzBy,||lr) S zc° K log® nlog <(38Klogsn>

where we note that ; < 2z is ensured provided n? > Kc®log® n.
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2. (Bounding 75(K N 2B, |||2)). Again using (Z2), we obtain

(K N By, | l2) < 72 (K N aBy, || ]|F)

~

2x 1/2
< / 2B T s g
0 Ve

~
€

2z »
</ log 2 N (K 1 2By, |||, €)de
0

< QZ‘CS/2K1/2 logs/2 n
Plugging these bounds in Theorem [2, we see that the dependence on x cancels out from all terms

barring the additive term at the end. Since Theorem 2 is true for any =z > 0, we can now take the
limit x = 0 to obtain the corollary.
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