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Abstract

We study bracketing covering numbers for spaces of bounded convex functions in the L, norms.
Bracketing numbers are crucial quantities for understanding asymptotic behavior for many statistical
nonparametric estimators. Bracketing number upper bounds in the supremum distance are known for
bounded classes that also have a fixed Lipschitz constraint. However, in most settings of interest, the
classes that arise do not include Lipschitz constraints, and so standard techniques based on known
bracketing numbers cannot be used. In this paper, we find upper bounds for bracketing numbers of
classes of convex functions without Lipschitz constraints on arbitrary polytopes. Our results are of
particular interest in many multidimensional estimation problems based on convexity shape constraints.

Additionally, we show other applications of our proof methods; in particular we define a new class
of multivariate functions, the so-called m-monotone functions. Such functions have been considered
mathematically and statistically in the univariate case but never in the multivariate case. We show how
our proof for convex bracketing upper bounds also applies to the m-monotone case.
© 2020 Elsevier Inc. All rights reserved.
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1. Introduction and motivation

To quantify the size of an infinite dimensional set, the pioneering work of [34] studied
the so-called metric entropy of the set, which is the logarithm of the metric covering number
of the set. In this paper, we are interested in a related quantity, the bracketing entropy for
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a class of functions, which serves a similar purpose as metric entropy. Metric or bracketing
entropies quantify the amount of information it takes to approximate any element of a set
with a given accuracy € > 0. This quantity is important in many areas of statistics and
information theory; in particular, the asymptotic behavior of empirical processes and thus of
many statistical estimators is fundamentally tied to the entropy of related classes of functions
under consideration [19].

Let F be a set of functions on some space X and let p be a metric on F. Given a
pair of functions /,u on X, a bracket [I,u] is the set of all functions f: X — R with
| < f < u pointwise. For € > 0, we say [/, u] is an e-bracket (for p) if p(/, u) < €. Then the
e-bracketing number of F, denoted Njj(e, F, p), is the smallest integer N such that there exist
e-brackets [l;,u;],i = 1,..., N, such that for all f € F, f € [l;, u;] for some i. (We do not
actually force /;, u; € F.) The bracketing entropy is the logarithm of the bracketing number.
Like metric entropies, bracketing entropies are fundamentally tied to rates of convergence of
certain estimators (see e.g., [5,41,42]). In this paper, we study the bracketing entropy of classes
of convex functions. Our interest is motivated by the study of nonparametric estimation of
functions satisfying convexity restrictions, such as the least-squares estimator of a convex or
concave regression function on R? (e.g., [30,39]), possibly in the high dimensional setting [45],
or estimators of a log-concave or s-concave density (e.g., [14—16,32,33,40], among others).
Entropy bounds, of the metric or bracketing type, are directly relevant for studying asymptotic
behavior of estimators in these contexts.

Fix the dimension d € {2,3,...}). Let D C R? be a convex set, let vj,...,v; € RY,
be linearly independent vectors, let B, I, ..., I'; be positive reals, and let v = (vy, ..., vg)
and I' = (I',...,Iy). For f : D — R, let L, p(f) = L,(f) = (fD f(x)”dx)l/p for
1 < p < o0, and let Loo(f) = sup,p | f(x)|. We will let C with various arguments denote
different classes of convex functions. We let C = C, be the class of convex functions on R,
where we consider all convex functions f to be defined on all of R and to take the value oo off
of its effective domain dom(f) := {x € R? : f(x) < 0o} [37]. (This approach does not affect
bracketing numbers.) For a function f and a set D C R¢, we will use the notation f: D — R
to mean that dom(f) = D and we let C;(D) = C (D) be the class of convex functions on R4
with dom(f) = D. Then we let

C(D,B, I'v) :={f €C(D): Loo(f) < B, | f(x +Av;) — f(x)]
< Ii|A| if x, x 4+ Av; € D} (1)

be the class of convex functions on D satisfying uniform boundedness and Lipschitz constraints
given by B and I'. When {vy, ..., v,} is the standard basis of R4, we just write C (D, B, I')
for this class. If D is the hyperrectangle ]_[?zl[a,«, b;] (with a; < b;), then [7] and [20] (chapter
8) show that if 0 < € < ¢y (for some ¢; > 0) then

d
logN(e,C(]"[[af, bil, B, F>, Loo> < Ce 2

i=l
for a constant C = Cp p r. Here, N (¢, F, p) is the e-covering number of F in the metric
p, which is defined to be the smallest number of balls of p-radius € that cover F, and
log N (e, F, p) is the corresponding metric entropy of F, discussed in the first paragraph of
this paper.
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One would like to use (2) in the study of asymptotic properties of the statistical estimators
discussed above. Unfortunately, the function classes that arise in those problems generally
do not include Lipschitz constraints, and so the class C (D, B, I') is not of immediate use.
Furthermore, it turns out that without Lipschitz constraints, the L., covering or bracketing
numbers are not bounded. Thus, instead of using the L, distance, we may consider using
the L, distances, 1 < p < oo. Let C(D, B) be the class of convex functions on D
with uniform bound B (and no Lipschitz constraints). Then [18] and [29] found bounds
when d = 1 and d > 1, respectively, for metric entropies of C (D, B): they showed that
logN (e,C(D, B),L,) < € %2, again with D a hyperrectangle and 1 < p < oco. Here <
means < up to a constant which does not depend on € (but does depend on D, B, and p).
The d = 1 case (from [18]) was the fundamental building block in computing global rates of
convergence of the univariate log-concave and s-concave MLEs in [14]. In the corresponding
statistical problems when d > 1, the domain of the functions under consideration is not
restricted to be a hyperrectangle but rather may be an arbitrary convex set D. Thus the results
of [29] are not immediately applicable, and there is need for results on more general convex
domains D with a more complicated boundary and no Lipschitz constraints.

In this paper we are indeed able to generalize the results of [29] considerably by finding
bracketing entropy upper bounds for all (convex) polytopes D, attaining the bound

log Nij(e,C (D, B), L)) S e 2 (3)

with 1 < p < 0o, D a polytope, and 0 < B < oo; this result is given in Theorem 3.5. Note that
we work with bracketing entropy rather than metric entropy. Bracketing entropies are larger
than metric entropies for the L, metrics,

N(e, F,Ly) < NyQ2¢, F, L)), forl<p<oo, and N(e, F, Loo) = N;1(2¢, F, Loo),
“

[42, p. 84], so our bracketing entropy bounds imply metric entropy bounds of the same order.
Along the way, we also generalize the results of [7] to bound the L, bracketing numbers of
C (D, B, I') when D is arbitrary. One of the benefits of our method is its constructive nature.
We initially study only simple polytopes (defined in Section 3.2) and in that case we pay careful
attention to how the constants depend on D.

In Section 5, we consider two further applications of our methods and ideas. In Section 5.1
we define a new class of functions, the so-called multivariate m-monotone functions. In
the univariate setting m-monotone functions have been studied mathematically ([43,44], and
references therein) and statistically [1,2,26], but to the best of our knowledge there has been
no consideration or even definition of m-monotone functions in the multivariate case. We define
a class and show that our proof for the bracketing upper bound for convex functions applies
to the case of m-monotone functions. This is given in Theorem 5.16.

In Section 5.2 we consider level set estimation (where the A-level set of a function f is
{x : f(x) = A}). Nonparametric level set estimation has gained increasing attention in recent
years, since it can capture very complex dependencies in a distribution or dataset. In Bayesian
analysis, the level set of the posterior distribution is commonly used to form a credible set,
and this level set often has to be estimated based on samples generated from the Markov chain
Monte Carlo method. There are a large number of other settings where level set estimation
arises; see, for instance, the introduction of [17]. Here, we consider convex level set estimation.
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For a recent review of convexity-based methods in set estimation, see [8]. In Section 5.2, we
present upper bounds for the so-called local entropy of level sets of convex functions. These
upper bounds are an important step in proving that fast rates of convergence may be achievable
when one is estimating a polytopal level set of a convex function.

During the course of the development of this paper, we became aware of the related
work [27], which was developed simultaneously and separately from our paper. In [27], the
authors demonstrate in their Theorem 1.6 that if D is a sphere then (3) fails when p(d—1) > d.
This shows that if D is not a polytope the situation may be more complicated than when D is
a polytope. They also find upper bounds of order e ~%/> when D is a polytope. Their methods
are quite different than ours and in particular they do not explicitly construct their bracketing
set but rather rely on an algebraic relation (see their function g(-, -) in their Section 2.5); our
method on the other hand is explicitly constructive. Our constants differ from those of [27]. Our
constants depend on the volume (measured in the appropriate dimension) of the faces of the
polytope D, which is perhaps an interesting phenomenon (and is (distantly) reminiscent of the
Minkowski—Steiner formula [23]). Besides the fact that our constants differ from those of [27]
and reflect the geometry of D, the constructive nature of our approach enables consideration
of other problems, not considered by [27], which we do in Section 5 (as described above).

This paper is organized as follows. In Section 2 we prove bounds for bracketing entropy
of classes of convex functions with Lipschitz bounds, using the L., metric. We use these to
prove our main result, Theorem 3.5, for the bracketing entropy of classes of convex functions
without Lipschitz bounds in the L, metrics, 1 < p < oo, which we do in Section 3. We defer
some of the details of the proofs to Section 4. In Section 5 we study two more problems. In
Section 5.1 we consider bracketing numbers related to univariate and multivariate m-monotone
function classes. In Section 5.2 we consider local entropies related to level set estimation.

2. Bracketing with lipschitz constraints

If we have sets D; C R?, i = 1,...., M, for M € N, and D C Uf‘ilD[ then for ¢; > 0,
0 < p < 00, and any class of functions F,

M 1/p M
N[]((ZJ) ,f,L,,) <[ 1™ (e Flo,. L), &)
i=1 i=1
where, for a set G, we let F|g denote the class { f|s : f € F} where f|s is the restriction of f
to the set G. We will apply (5) to a cover of D by sets G with the property that C (D, 1) | C
C (G, 1, I') for some bounded vector I', so that we can apply bracketing results for classes of
convex functions with Lipschitz bounds. Thus, in this section, we develop the needed bracketing
results for such Lipschitz classes, for arbitrary (bounded) convex domains D. Recall the
definition of C (D, B, I', v) and C (D, B, I') from (1). When we have Lipschitz constraints
on convex functions, we will see that the situation for forming brackets for C (D, 1, I') with
D < [0, 1]¢ is essentially the same as for forming brackets for C ([0, 11¢, 1, I').

Theorem 3.2 from [29] gives the result of Theorem 2.1, stated below, when D =
]_[?:1 [ai, b;]; we now extend it in Theorem 2.1 to the case of a general D. When we consider
convex functions without Lipschitz constraints, we will partition D into sets that are contained
in parallelotopes and apply Theorem 2.1 to those sets.

Theorem 2.1. Let a; < b; and let D C ]_[?:l[a,-, b;] be a convex set. Let I' = (I, ..., Iy)
and 0 < B, I'l, ..., I'; < 0o. Then there exists a positive constant ¢ = c4 such that

log Ny (e Voly(D)'/?,C (D, B, I'), L,) <log Njj(e,C (D, B, T, Loo) (6)
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d dj2
<ce (B + Y Tibi — a») (7

i=1

for e >0 and p > 1.

Here, Vol;(D) is d-dimensional volume (Lebesgue measure) of the set D. The proof is given
in [13]; we leave it out here due to space limitations.

3. Bracketing without lipschitz constraints

In the previous section we bounded bracketing entropy for classes of functions with
Lipschitz constraints. In this section we remove those Lipschitz constraints. With Lipschitz
constraints we could consider arbitrary domains D, but without the Lipschitz constraints we
need more restrictions: now we will take D to be a simple polytope (defined below). We now
define notation and assumptions we will use for the remainder of the document.

3.1. Notation and terminology

For y,z € R let (y,z) := 30, yizi, let |Iz]|% := (z, z), and for two sets C, D C RY, define
the Hausdorff distance between them by

ly(C, D) := max <sup inf ||x — y||, sup inf ||x — y||) .
xeD YEC ),ECXED
Let B;(z, R) = B(z, R) = {x eRY: x—z| < R}.

We will consider only the case d > 2 since the result when d = 1 is given in [18].
Recall that for a convex set G, a set F C G is a face of G if F is either { (the empty
set), G, or if F = G N H for some supporting hyperplane H [37] of G. A set F C G is
a facet of G if F is a (d — 1)-dimensional face (see e.g., [28]). We will focus on simple
polytopes first (see Assumption 1). A simple polytope is one in which all (d — k)-dimensional
faces (abbreviated “(d — k)-faces”) of D have exactly k incident facets for k € {0,...,d}.
The simple polytopes are dense in the class of all polytopes in the Hausdorff distance (page
82 of [28]). Any convex polytope can be triangulated into O(n!?/?1) simplices (which are
simple polytopes) if the polytope has n vertices (see e.g. [11]), and so we can translate our
theorem into a result for a general polytope D; see Corollary 3.7. For two sets A and B let
A+B:={a+b:ae A,be B}. Foravector v e R, we let [0, v] := {Av : A € [0, 1]}. For a
set G, let d*(x, G,e) := inf{K > 0: (x + Ke) N G # #} (which may in general be infinite).
For a point x, a set H, and a unit vector v, let

d(x, H,v) = inf{|k| : x + kv € H} = min (d"(x, H,v),d"(x, H, —v))

be the distance from x to H along the vector v, and for a set E, let d(E, H,v) =
inf.er d(x, H,v). We let 3G be the boundary of G in R? and we let 3,G be the relative
boundary of G, the set difference between the closure of G and the relative interior of G
(e.g., page 44 of [37]). Let Vol;_4(G) be the (d — k)-dimensional volume of G (and, in
particular, Volo(G) is the number of elements in G).> For a,b € R, we let a vV b be the

2 In general, Voly_; can be defined rigorously using the so-called (d — k)-dimensional Hausdorff measure. We
will only need the (d — k)-dimensional volume of polytopes contained in affine spaces, and in such cases the
definition is straightforward (and only requires Lebesgue measure).
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maximum of @ and b, and a A b be the minimum of a and b. For two vectors e, v € R? and a
linear subspace V of RY, we write e L v if (e,v) =0, we write ¢ L. Vife L vforallveV,
and we let V- be the orthogonal complement linear subspace of V in R?.

3.2. Definitions and assumptions

In what follows, we will assume that D is a polytope, meaning that for some N € N,
D = ﬂ;‘]:lEj where E; = {x eRY: (vj,x) > pj} are halfspaces with inner normal unit
vectors v; such that v; # v; if i # j, and where p; € R, for j = 1,...,N. Let
H; = {x e R?:(x,v;) = p;} be the corresponding hyperplanes and let F; := H; N D be the
corresponding facets of D. For k € {0, ..., d}, we will define J; to index the (d — k)-faces of
D. First let Ji == {(j1, ..., j) € {1,..., N} : ji <--- < ji}, and for j € J, let

Gj=nN_H,ND ifk #0, and let Gj=D ifk=0.

Now let Jo = {1}, and for k € {1, ...,d}, let J, == {j € ik :Gj #0;. The face Gj, j € Ji,
is (d — k)-dimensional and H; N D, ..., H;, N D are the only facets of D containing G, by
Theorem 12.14 of [6]. Thus, by John’s theorem, Theorem 5.22 [31], see also [3] or [4], there
exists x; € G; such that G; — x; contains a (d — k)-dimensional ellipsoid A ; —x; of maximal
(d — k)-dimensional volume and such that

Aj—XjCGj—Xde(Aj—xj). (8)

Let yjo/2 = d*(xj, 0,Aj, ey) be the radius of A; in the direction e o, where € x11, ..., €4
are the orthonormal unit vectors given by the axes of the ellipsoid A; — x;. Let E; =
span {ej7k+1, e ej,d} be the linear space containing G; — x;. Let A be an integer and
u a positive real number, and let

0=38) <8 <+ <8pa<U<a11 <8pyp=00 )

be a sequence. This sequence as well as A and u will be specified in greater detail later. For
kefl,....d}, let I, :={0, ..., A}*, and let I := {A}. Forke{l,...,d},i=0(i1,...,ix) €
Iy, and j = (ji, ..., ji) € Ji let

Gij = {x €D:§, <dx, H,

o

Vj) < 8jg1 fora=1,...,N} (10)

where in the previous display for ¢« > k we let iy = A + 1 and j, take on the
values in {l,..., N} \ {ji,..., jk} (in any order). For the k = 0 case, let G4, =
{x € D:d(x,0D) > u}. These sets are not parallelotopes, since for ¢ > &k, 8,11 = o0.
However, for any x € Gj, (Gij — x) Nspan{vj,,...,vj,}, for B < k, is contained in a
B-dimensional parallelotope by construction; this will be used to understand the volume of
G;.j. We will eventually define u such that D c | J{_, Ujesicr, Gij (see Lemma 3.3).

The setup for our first main results is summarized in the following assumption.

Assumption 1. Let d > 2, let the definitions of the above Section 3.2 hold, and let D C R
be a simple convex polytope.

Additionally, define the support function for a convex set D to be, for x € R? with
x|l = 1, h(D, x) := maxycp {d, x). Then the width function is, for ||u|| = 1, w(D,u) =
h(D, u)+h(D, —u), which gives the distance between supporting hyperplanes of D with inner
normal vectors u and —u, respectively, and let diam(D) := sup,,—; w(D, u) be the diameter
of D.
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3.3. Main results

We want to bound the slope of functions f € C (D, 1) lg; ;> so that we can apply bracketing
bounds on convex function classes with Lipschitz bounds. Note that each G; ; is distance
8;, in the direction of v;, from H;,, which means that if f € C(D,1) |Gi,j then f has
Lipschitz constant bounded by 2/§;, along the direction v;,. However, the vectors v;, are
not orthonormal, so the distance from G; ; along vj, to a hyperplane other than H;, may be
smaller than §;,.

Note that if P C R C R? where R is a hyperrectangle and P is a parallelotope defined by
vectors vy, ..., Vg, then if A is a linear map with vy, ..., vy as its eigenvectors (thus rescaling
P), then AR will not necessarily still be a hyperrectangle, i.e. its axes may no longer be
orthogonal. Thus, we cannot argue by simple scaling arguments that bracketing numbers for
P scale with the lengths along the vectors v;.

For each G; ;j we will find an orthonormal basis such that G; ; is contained in a rectangle R
whose axes are given by the basis and whose lengths along those axes (i.e., widths) are bounded
by a constant times the width of one of the normal vectors v}, . Furthermore, the distance from
R along each basis vector to 9D will be bounded by the distance from G; ; along v;, to H,.
This will give us control of both the Lipschitz parameters and the widths corresponding to the
basis, and thus control of the bracketing number for classes of convex functions. We rely on
the following basic lemma.

Lemma 3.1. If f € C(D, B), B >0, and x € D is such that d(x, 90D, ey) > 8 > 0 then

2| <2
8x,-fx )

where the derivative stands for both the right and left derivative of f.

=

(1)

Proof. Let z; =x — yie, and z; = x + yeq, V1, 2 > 0, both be elements of 3D, so that by
convexity we have for any h € [—yy, 2],

—2B _ f(z) — flzi+der) _ fx+he) = f(x) _ fz2) = flza—dea) _ 2B
§ ~ ) - h - ) -5
Thus, f satisfies a Lipschitz constraint in the direction of e,. [

The following proposition constructs a basis and gives control for the basis elements in
span {G; }. For the basis elements perpendicular to span {G;}, control is given by Lemmas 4.3
and 4.4 in Section 4.

Proposition 3.2. Let Assumption 1 hold for a convex polytope D. For each k € {0, ...,d},
i €Iy, j € Ji, and each G; j, there is an orthonormal basis e; j = e = (e, ..., eq) of R4
such that for any f € C (D, B) lG; ;» [ has Lipschitz constant 2B/, in the direction eo, where
8i, = 0441 if k+ 1 < o < d. Furthermore, there exists a permutation 7w of (1,...,k) such
that for o = 1,...,k, e; j o = e, satisfies

€y € span {vj”(l), e, vjﬂ(a)} , €y L span {vj”(”, e, vjﬂ(afl)} , and (eo,, vj”(a)) > 0,
(12)
and for o € (k+1,...,d}, e, L span{vjn(l), e, an(k)} =: V. In particular, we may take

€k+1, ..., eq to be the orthonormal unit axis vectors of A; — x; as defined on Section 3.2.
Thus it is immediate that neither V nor V* depends on i.
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Proof. Without loss of generality, for ease of notation we assume in this proof that jg =
B for g =1,...,k, and then that

8 <8, <---<8, <96

i = kg

= =3,
where we let iy, = A+ 1 for k < « < N. That is, we assume that Hy, ..., H; are the nearest
hyperplanes to G; ;, in order of increasing distance; we then take 7 to be the identity. To define
the orthonormal basis vectors, we will use a Gram—Schmidt orthonormalization, proceeding
according to increasing distances from G; ; to the hyperplanes H;. Define e¢; := v; and for
1 < j <k, define e; inductively by

ej €spanfur,...,v;}, e; Lspan{vy,...,vj_1}, {e;,v;) >0, and [e;|| = 1.
Let ex41, ..., eq be orthonormal unit vectors given by the axes of the ellipsoid A; — x;. Note
that these vectors form an orthonormal basis of span {vy, ..., vk}l because span {eg+1, ..., eq}
= span(G; — x;) is perpendicular to span {vy, ..., v;} by definition. For @ € {1, ..., k}, for

any x € G; j, since d(x, Hy, v) achieves its minimum when v is v,

d(-x7 Havea) > d(-xv an Ua) = 81'0”
d(x’ vaea) > d(-x7 Hjs vj) > 811 > 3

d(x, Hj, eq) = 00 > §;, for j < a,

forall N > j > «, and

i

since e, L span{vy, ..., vy_1}. Similarly, fore € {k +1,...,d},

d(x,Hj,eq) >d(x, Hj,vj) > 8441, forall N > j > k+1, and

d(x, H;j, eq) = 00 > 8,41 for j <k,

since e, L span{vy, ..., vi}. Thus, we have d(G; ;, Hj, e,) > §;, fora € {1,...,d} and for
j €{1,..., N}. That is, we have shown
d(Gij,0D,ey) = 6, forall a € {1,...,d}. (13)

Thus by (11), f has Lipschitz bound 2B/4;, in the direction e,. O

The next lemma is necessary for us to be able to apply (5). To state it, we first define some
constants. For k € {1, ...,d}, letd; jx == d(E;, F;) where E;,i =1, ..., Ni, is a (d — k)-face
and F;, j =1,..., N, is a facet. Then let

rp=min{d; ;i : dijx #0,k €{l,...,d}} > 0. (14)
Let

_ 2 . . dY(x;,0,G;,e)
u=up:=rp/2 AN272PTV D A i min — L2 70

) (15)
ke(l,...d—1} jeJi.ecEj Li»

where for k € {1,...,d — 1},
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& ()

Lk,Z =1V max max s

e il NI <f. v )
y=1\Jj.r  Yjy

where fj,y are defined in Proposition 4.2, and E; is defined on Section 3.2.

(16)

Lemma 3.3. Under Assumption 1, with u given in (15), we have

d
DCU U G,',j.

k=0 jeJy,icly

Proof. Fix x € D. We need to show that there are no more than d facets F such that
dx,F) < u. If d(x,dD) > u then x € G4, (corresponding to k = 0), so we assume
d(x,dD) < u. Then let k, := max{k € {1,...,d}:d(x, G) < u, some (d — k)-face G} and
let G, be any (d — k,)-face such that the minimum is attained. Now for any facet F, if
d(x, F) < u then we also have d(G,, F) < 2u < rp. But this contradicts the definition
of rp unless d(Gy, F') = 0. Because G is nonempty, G, = G for some j € Ji, (rather than
J € JNkX \ Jk,). The distance from x to the boundary of G, is no smaller than u, because
otherwise we would contradict the maximality defining k, since the boundary is given by
(d — (ky + 1))-faces. Thus the distance from x to any facet intersecting but not containing
G, is no smaller than u. Furthermore because D is simple, there are exactly k, < d facets
containing G,; and we have shown that the distance to every facet excluding these k, is no
smaller than u. Thus, G, is unique and x lies in G; ; for some i € I;,. [

The next lemma combines Lemmas 4.3 and 4.4 with Theorem 2.1. The statement depends
on the constants Ly, k € {1,...,d}, and Lj4, j € Ji. These depend only on D and are
defined in (24) and (45).

Lemma 3.4. Let Assumption 1 hold. Fix k € {1,...,d}, i € I, j € Jx. Then for any p > 1
and for € > 0,

log Nij (€ Volu(Gi. )7, € (D, ) Ig, ;. L)

dj2
2d° 5 4 8Liip;a (17)
<cge 1425 max Qetl 4 Z SLkiPja )
Lj_4 a=l1,..., k 51'0,
a=k+1
Proof. Let
2 2 2 2
ri={\—————e ., — -, ..., = (18)
d(G; j, 0D, ey) d(Gi j,0D,ex) u u
where ¢; j o = ey, « =1,...,d, is given by Proposition 3.2. Then
C(D,1)|g;; CC(Gij,1, i e) (19)
where e = (e, ..., eq). Let ij be given by Lemma 4.1 applied to the k linearly independent
unit normal vectors v;,, ..., vj,, and (as in that lemma, with “dg” given by (8,~V+1 — 8iy)), let

fuii = Fy = Gt = 8003,/ (B 03, )- (20)
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Let P;; = Z)k/:l[O, fi, 1, where [0,v] = {Av:Ae€[0,1]}. By Lemma 43, P;; C
Zl;zl[O, Ya€o] Where y, are given by the lemma. Thus by (53), for some x € G; ;,
k d
Gij Cx+ Y [0yl + Y [-2Li1pjalar 2L 1pjata)- 2n
a=l1 a=k+1

Now, using (19), we apply Theorem 2.1 to see

log Nij (€ Voly(Gi. )7, € (D, 1) lg, ;. L, )

k d 472 (22)
_ 27/01 8Lk 10,0
/2 APj,
< cy€ I+)y ——= 4 — L
Now by applying (55), (61), and (62) with v = e,, we see that
S
) 2d ming_;,  x sl
2V ; 2d diam(G;_j, eq) g (;g,v,-ﬂ) 5 d 8yt
d(GiJ', 8D, e(,,) d(Gi’j, 3D, ea) maxg_i. ‘B Lj,4 B=1....k (Si,s
‘ i
(23)
where
Lj4:= min min  |(eqvj,)|- (24)

(We can restrict to v is such that (v igs ea> > 0 in the definition of L ;4 because the numerator
in (23) is finite.) Thus (22) is bounded above by

d/2
242 8 4 8Liipia
ca€ |1+ =— max pt] + Z STk 1Pja . O
.\ i a=k+1 u

Now we present our main theorem. It gives a bracketing entropy of order € “4/?> when D is a

fixed simple polytope. Its proof relies on embedding G; ; in a set R; ; (defined in (52)) which
is a set-sum of a parallelotope and a hyperrectangle with axes given by Proposition 3.2. We
need to control the distance of G; ; to 9D, and we need to control the size of R; ; in terms of
the widths along its axes. Then we can use the results of Section 2 on R; j and thus on G; ;.
We defer some statements and proofs of needed facts about G; ; and R; ; until Section 4.

Theorem 3.5. Let Assumption 1 hold for a convex polytope D C ]_[fl:][ai, b;]. Fix p > 1.
Then for all € > 0,

d 1/p\ d/2
log Ny (e, C(D, B),Lp)SSe_d/2<B<H(b[—a,»)) ) , (25)
i=1

where S is a constant depending only on d and D.

The form of the constant S is given in the proof of the theorem.

Proof. Fix € > 0. First, we will reduce to the case where D C [0, l]d~ and B = 1 by a scaling
argument. Let C be an affine map from ]_[?zl[ai, b;] to [0, 1], where D is the image of D, and
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assume we have a bracketing cover (5,11, ..., [ly,iy] of C (ﬁ 1) Let /; :== Bl; o C and
similarly for u;, so that [Ij, u1], ..., [Iy,u N] form brackets for C (D, B). Their L7, p size is

| it =t ax =87 [ @ -y [Tt - aas.
D D
Thus,

N[]<eB<ﬁ b — ai)l/p, C (D, B), L,,) < N (e, c (D, 1) , L,,) ,

1/p
so apply the theorem with n = ¢/B (]_[d b; — a,-) for €. Note that the constant S depends

on 5, the version of D normalized to lie in [0, 1]¢.
We now assume D C [0, 1]¢ and B = 1. We specify the sequence in (9) and g; y = a; > 0,
which will govern the L ,-sizes of our brackets on G; j, as follows. Let

1\t
8; = exp p(i) loge fori=1,... A, and 8o =0. (26)
p+2
Note that this implicitly defines A, by (9) and (15). For k € {1,...,d} and i € I}, we will let
agy,...ipy) = 2 1f iy, =0 for any o € {1, ..., k}, and otherwise we let
k ig—2
(p+ 1"
g,y = a; € —p———logey.
e 15 H { P ™
For the £k = 0 case, let a4 := €/u. Let
d 1/p
a= <Z > al Volu(Gi, ,)) . 27)
k=0 jeJi,icl;

Then since D C Ui:o Ujen ier, Gij by Lemma 3.3, as in (5),

d
log Npj (@.C (D, 1), L) < 33 > log Ny (a,- Voly(Gi. )7, (D, 1) g, L,,) .

k=0 jeJi icl;
(28)
First, consider the case k € {1, ..., d} and compute the sum over I; for a fixed j € J;,. We use

the trivial bracket [—1, 1] for any G; ; where i, =0 for any o € {1, ..., k}. Otherwise apply
Lemma 3.4 which shows us that the sum over the remaining terms in (28) is bounded by

d d/2

Z ZCd(l_d/z (1 + % max 8’(;—“ + Z —SLk’;p”a> . (29)
i1=1 ir=1 ’ o a=k+1

Since Ly; > 1 and u < pjo by (15) for all k,i,j and ¢ = k + 1,...,d, we have

PN 8‘)""% = 4L Y0 2’1{'”‘ <AL [T 22ie (ysing the fact that for a, b > 2,

ab > a + b). We also bound maxy=1,. k 28i,+1/8i, < ]_[a 1 28i4+1/8i, since 28;,11/8;, > 2.

Thus (29) is bounded above by

d 472 4
.o - 251a
wri(vezon 1 22)0 5yt 1(2) o

a=k+1 i1=1 ir=1
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which is
d df2 4 Ak [os dj/2
27 -1 d—k+2 Pja ig+1
cddLj’4<l+2 Ly 1‘[ 7) ZZH(g ” ) ) (31)
a=k+1 i1=1 ir=1 B=1 BB
Note that when k = d we take the product over an empty set to be 1. Fori =1,..., A, let

G = Gip = eV 1/(Giar), (32)
251ﬁ+l 4/2
so that le L sz | I—[ﬂ W\ 5ya, equals

A A A A
kd/2_—d/2 kd/2_—d/2 d d d
> e /Hc =2y Gy G Db
i1=1 Q=1 i1=1  ip=1 ip=1
6—d/22kd/2Bll:
where, for 0 < e <1
A
B, = Z ;d < Qud/Cp+D(p+2) (33)
: £ < ,
i=1
by Lemma 3.6.

Next, we will relate the term (1 4+ 2¢7%2L, , ]—[Z:Hl p’%)d/z to Vol,—(G ). Recall that
Aj is the ellipsoid defined in (8) which has diameter in the e, direction given by y; . By (8),
P = dYja- The volume of A; is Voly1(4)) = (TTises ¥1./2) 79702/ T((d = k)24 ).

Q) rd—k)/2+1)

Thus, letting Cy := =G5> ——, We have
d
l_[ Pja < CqVoly_r(Aj) < CyVolyg_(Gj).
a=k+1

Thus we have shown that (31) is bounded above by
cad®L7 29 (14 29742 L, =@, Vol (G )" BE - e79/2. (34)

Therefore, letting ¢4 = cqd?2k2%4/2 we have shown that

Zlog N (a,- Voly(Gi j)/?,C (D, D) g, . L,,)
iel (35)

=L Cdkukd/Z(pH)(pH) (1 + 2772 Ly R e Vol (Gj ))d/2 —dr2,
Display (35) holds for k € {1, ...,d}. When k = 0, recalling ay = €/u, we have
log Ny (aa Voly(Ga,)"?.C(D. 1) |G, - Lp) < ca (u+2d)"* e (36)

by Theorem 2.1 since C (D, 1) |g,, C C(Ga1, 1, %1) where 1 € R? is the vector of all 1’s.
Then, combining (35) and (36), the cardinality of the collection of brackets covering the entire
domain D is given by summing over j € J; and k € {0, ..., d}.
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We have computed the cardinality of the brackets. Now we bound their size. Let I,? be the
subset of i € I; such that some i, is 0, and let IkJr =1\ I,?. We have

d
a? <alVolyD)+ Y " Y 2"Voly(Gy )

k=0 jey ier?

+Z<2Lk1>f’ “3 Voly (G Y al H (;l — >
a> Vjy

Jedk AN

(37

by Proposition 4.2 with f, = fjﬂ defined there. Recalling §; = €”, note that

d
> > 2P Voly(Gij) < 2P€” Voly_1(3D). (38)

k=0 jey.ierf
Fixing k € {1, ..., d}, we have

A
Y o Yol '(?,, e S weopts; 5 3 Tt
as Vg

Jjedy tel,+ a=1 JjeJ i1=1 ir=1a=1
A
P
=< E Vol; (G )L 3 E a,1511+1 E a; Sig41.
Jedy i1=1 ir=1

where Lj 3 = maxXqe(, ..., l/<fj,a, Uj¢,>- We have

1/kg A
Zal’aaﬂ = er/k Z E o kN2 erlkg,, (39)
a=1

where A, < 20/ (1) by Lemma 3.6. Thus

A A
D Volae(GLE 5 | D alidier |- | Do afdin | < €AY D Vola—i(G )L 5,

JjeJx i1=0 ir=0 Jjelx

so by (37) a < Sé/fje where

D,s =

G2 _ (Vold(D) 427 Vol,_, (D) + Z(ZLk Dk Ak ZVOld WG )L, 3) /p, (40)

k=1 JeJy
We have thus bounded the bracketing entropy when D C [0,1]¢ and B = 1. Thus, by
the scaling at the beginning of the proof, for any convex polytope D C ]_[, 1lai, b;] and any

1/p
B >0, Wehaveshownf0r0<e§B(]_[llb—a) that

d r_ap
log Ny (esf)/" C (D, B), Lp) < Sﬁﬁce—"/z(B (]_[(b,» _ a,-)) )
i=1
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where S . equals

d
cd(u +2d)d/2+2 Z L;’aéd,kukd/Z(p+l)(p+2) (1 + 2d_k+2Lk,1u_(d_k)Cd VOld,k(Gj))d/z .
k=1 jeldi
1)
Letting § := Slzj/ ‘je, we have shown that
d I NEY)
log Nj; (8,C(D, B),L,) < Sp .S58 (B (l—[(bi — ai)> ) (42)
i=1

for 0 <8 < Si{‘jB l‘[le(bi —ap)'r.
Finally, we can extend from requiring § < Sp ;B Hle(bi — a)"/? to allowing any § > 0,

just as in the proof of Theorem 2.1, in [13] (at the slight cost of increasing the constant on the
right hand side of (42)). O

Note that the constants Sj ; and Sp . should be calculated using the rescaling of D that lies

in [0, 114, D. The following lemma was used above.

Lemma 3.6. Forany y > 1,0 <€ <1, with {; given in (32), and with A and u given by
(9) and (26), we have

A
Z 7 < 2uY @)
J < :

a=1

Proof. Straightforward algebra shows

2 (p 1)0172 }
= 7
g, = €xp {p 7+ 2" oge

We have, fora =1,...,A—1,

= el s (5ra) |
—:eXp 9
Catl 20+ DX(p+2) \p+2

which is bounded above by

ploge p+1 Al log u o
exp > SeXpyis o, A =R -
2p+D(p+2) \p+2 2Ap+DX(p+2)

Then, ¢J(RY — 1) < Za RY — (R{q—1)” s0 Lo < (RY/(RY — 1)) (¢ —¢)_,) and thus

(43)

A A

RY RY RY
§ : )4 § : 14 _ =V 14 14 14
a:1§y§§] +Ry_la:2(§o}[/_ a—l)_é‘l +RV—1(§A_§1)§RV—14A (44)

and ¢} < u?/@PrDeT2) Since u < exp (—2(p + 1*(p + 2)log 2) by its definition (15), R > 2
so RV/(RY —1)<2forany y > 1. 0O

For any convex D and convex subset D C D, note that C(D,1)|5 C C([), 1).
Thus by covering any convex polytope D by simple polytopes D; C D, we can bound
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Ny (e, C(D, B), Lp) by applying Theorem 3.5 repeatedly to C (D;, 1) and using (5). A cover
of D can be attained by, for instance, subdividing D into simple polytopes [35], such as
simplices. The constant in the bound then depends on the subdivision of D.

Corollary 3.7. Fixd > 1and p > 1. Let D C ]_[flzl[a,-, b;] be any convex polytope. Then for
€ >0,

d 1/p
log Njj (,C(D, B), L,) < Cd,De—d/z(BG_[(b,- — ai)> )
i=1

d)2

Proof. By the same scaling argument as in the proof of Theorem 3.5 we may assume
[a;,b;] = [0,1] and B = 1. The d = 1 case is given by [18]. Any convex polytope D
can be triangulated into d-dimensional simplices (see e.g. [11,38]). We are done by applying
Theorem 3.5 to each of those simplices, by (5). U

4. Properties of G; ;

In this section we show how to embed the domains G; ;, which partition D, into hyperrect-
angles. We used this in the proof of Theorem 3.5 so we could apply Theorem 2.1. Theorem 2.1
says that the bracketing entropy of convex functions on domain D with Lipschitz constraints
along directions ey, ..., e; depends on w(D, ¢;) (since that gives the maximum “rise” in “rise
over run”). In our proof of Theorem 3.5 we partitioned D into sets related to parallelotopes.
Thus we will study these parallelotopes. We know the width of G; ; in the directions vj,,
which are 8,41 — §;,, by definition.

A polytope P is a d-parallelotope if P = Zidzl[ai, b;] for vectors g;, b; € R, where for
all 7, [a;, b;] is not parallel to the affine hull of [a;, b;] for any j # i ([28] page 56). We will
rely on the following representation for a k-dimensional parallelotope.

Lemma 4.1. Let k be a positive integer and let P = ﬂiﬁ,:lEﬂ be a parallelotope where

E,g = {x eRF:0< (x, vﬂ) < d,g} for k linearly independent normal unit vectors vg. Let
Hg = {x e Rf . (x, vﬂ> = 0}. Let f}; be the unit vector lying in ﬂ;‘/:w#ﬁﬁg with <fﬂ, vﬁ> > 0,
for B=1,..., k. Then 0 is a vertex of P and we can write

k
P =310, fs]
p=1

where f5 = dﬂfﬂ/<fﬂ, vﬁ>, [0, f51 = {3fs : 2 € [0, 11},

Proof. Since the vectors vg are unique, ﬂ’E,:ng = 0 and the intersection of any k — 1 of

the hyperplanes Hf? gives a 1-dimensional space, span { fﬂ} A k-dimensional parallelotope
can be written as the set-sum of the k intervals emanating from the vertex, each given by
the intersection of k — 1 of the hyperplanes Hg. See page 56 of [28]. Note that fz satisfy
(fp.vp) = dg so that fz € Hf = {x € RF: (x, v5) = dp}; thus the k intervals are given by
[0, fgl. B=1,....k. O

Note the vector fﬂ can be written as (I — Q)vg where I is the identity projection in R* and Q
is the projection onto span {vl, e s UB—1, UBgls -+ -5 Uk } The next proposition uses Lemma 4.1
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to bound the widths of G; j, in certain directions, in terms of the width of G; in those
directions. We will need the following constant (depending on D). For k € {1,...,d — 1},
let
-1
Ly, =1V max max max (—e, v,~) , 45)
J€Jk KHE:' Jjell N (0 ) <0 ’
<vl-.vj)>0. some i€j

where E; := span {e Jktls € j,d} from Proposition 3.2, and we abuse notation as convenient
to treat j as if it were a set rather than a vector. We also (arbitrarily) define L, ; := 1, for ease
of presentation later on.

Proposition 4.2. For each k € {1,...,d -1}, i € It, j € Ji, and each G, ;, and the basis
e = e; ; from Proposition 3.2, for o e {k+1,...,d}, we have

w(Gi j, eq) < 2L 1w(Gj, ey). (46)
Then for k € {1,...,d}, let f, iju, be the unit vector with <fu,, vja> > 0 lying in

span {v;,, ..., v;} N le;l,yiaHJ(‘))’ o =1,...,k where HJQV = {yeR:(y,v;,)=0}
Then for k € {1, ..., d}, we have
k
Voly(Gi j) < QLi1) ™ Vola—i (G;) - || ;
a=1 <0t7 Uja>

where Ly is given by (45) for k € {1,...,d — 1} (and we set L, = 1 arbitrarily).

Sius1 —
o+l o (47)

Proof. Fix k € {1,...,d — 1}. Let x = x; € G; (from (8)). Let f;, be as given in (20). Let
P; ;= Zl}i:l[o, f jy]. We will show that G; ; is contained in the set-sum of a hyperrectangle
and P; ;. To begin with let G; ; 5z =x + Zf,:l fj?: where fj*y =d,, ij where

0<dj, <(@i,+1—38,)/ (f,,-y, v,,-y) <u/ (f}y, v_,«y>. (48)

Take an arbitrary e € span {exy1, ..., eq} with [le]| = 1. Let ., := d*(z,3G; j, e) and let j
give the corresponding facet of G; ; that x + A_ e hits, so that (z + A..e,v;) = p; + u for
some j ¢ j (abusing notation to treat j as if were a set rather than a vector). Note that this
means

(e, vj) < 0. 49)
If (35, £ ;) < 0 then
)‘z,e =< d+(X, aGi,j’ e). (50)
Thus if (50) does not hold then { f; . vj> > 0 for some y € {1,...,k}, so (vj,, v;) > 0 for
some o € {1,..., k}. Now, since (z + A, e, v;) = p; + u, we have
e ()
X, 0j)—pituy . 1~
i (2. v) (x,vj) = p; = (o

Aze =

fe.v) (—e.vj)
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Now
(x,v;) = pj < d(x, Hy) <d*(x,9,Gj, e)

since H; is the closest hyperplane to x in the direction e. Recall the definition of L ; in (45).
Now, by (15) and the definition of Ly, (16), we have shown

Aze <2Lg1d*(x,0,Gj, e), (5D
by (49) and (50). This means that
(Gi,j —2)Nspan{eii, ..., eq} C 2Lkt (Gj — x)

so we can conclude that w(G; ; — z, eq) < 2Ly 1w(Gj, ey) and w(G; j, eq) < 2L; 1 w(Gj, ey)
since (z, e,) = 0 for all djy given by the range (48), « =k+1,...,d,fork=1,...,d — 1.
Let pj o == w(Gj, ey). Then let

d
Rij=Pij+ > [-2Lc1pjaea:2Li1pjata)- (52)
a=k+1
Then for any x € G; ; such that (x, vja> = pj, + 6, fora € {1, ..., k}, we have shown
GijCx+R;;. (53)

It then also follows that

k
Voly(Gi ) < (2L )" Vol (G;) - Vol (Z [0, f,«a]> . (54)
a=1
Since of parallelotopes with given axis lengths, the one with largest volume is the hyperrect-
angle, Vol <Z§:1 [0, fju]) <[5, % and so we have shown (47) (with this bound
JaoVja

on Vol (Z];:l [0, fja]) being all that is needed in the k = d case). [

The previous proposition controls the width and volume of G; ; in directions lying in

span { G; } Next we control width, volume, and also distance to d D in directions perpendicular
to span {G}.

Lemma 4.3. Let P = 2221[0, fu] be a parallelotope in R* where fi, ..., fi are k linearly
independent vectors. Then there exists an orthonormal basis of RF er,...,ex € R and
Vi, ..., Yk € R, such that
k
P C Z[O, Vool where |Ve| < kdiam(P, eg). (55)
a=1
Proof. We will construct a permutation 7 of {1,...,k} and inductively define ey, ..., e
based on the sequence fr(, ..., fr@). Let e1 = fray/ll fzyll where || fryll is maximal
over {|| full}:_,. Now let Q;_; be the projection of R¥ onto span {e;, ..., e;_;} and let 07,
be the projection onto span {el, ...,ej,l}J'. Then let ¢; = lelfn(j)/”Qlefn(j)H where

m(jye{l,....,k}\{z(),...,7(j — 1)} is defined so that ||Q]{1fﬂ(j)|| is maximal.
Let P; = Zé:l[o, fx(»]. Now, diam(P;, e,) is given by the value of (x —y,e,) such

that x,y € P; and (x — y, ey) is maximal. Since fr¢;) ¢ span {fn(,-)}i#, we also have that
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e; ¢ span {fn(i)}i?&j. Thus for i > j, diam(P;, e;) < (f,,(j), ej> and so in fact diam(P;, e;) =

diam(P, ej) = <fﬂ(j), Ej).
Now we prove by induction that

J
P; C Y10, ¥jatal (56)

a=1
where 0 < y; o < jdiam(P;, e,) = j diam(P, e,). The statement is immediate for j = 1. Thus
let 1 < j <k and assume the induction hypothesis holds for j — 1. Then for 1 <i < j

llei, fp)| MO fripl < NQF frinll = |(ei fry)| = diam(P, e;) (57)

where the first inequality is because e; € span{e, ...,ei_1}", and the next inequality and
equality are by the definition of e;. Also, (57) is immediately verifiable for i = 1.
Now, we can write

fﬂ(j)Z)uj’lel-i-"'-l-)\j,jej (58)
where |A; ;| < diam(P, ¢;) by (57). For any x € P; = P;_1 + [0, fz(j)], we can write

j—1
X=) 0j-taa + Nfxi) (59)
a=1
where 0 < <1 and |n;_1| < (j — 1)diam(P, e,) by the induction hypothesis. Thus (59)
equals
—1
(Mj-1.0 + 1k ja) € + 1) je;.
1

~.

and [nj_1,o +nAj ol < (j—1)diam(P, e,)+diam(P, e,) fora < j—1and |A; ;| = diam(P, e;),
so the induction hypothesis is shown. [

To state the next lemma we make the following definitions. For a set D C R? and a unit
vector v, let
diam(D,v):= sup |lx —y|. (60)

x,yeD
x—yespan{v}

Lemma 4.4. Let Assumption 1 hold. Let k € {1,...,d}, i € Iy, and j € Ji. Then for any
unit length v € span{v;, ..., v},

S
diam(G; j,v) < min —<_ " and 61)
o0 o]
S
d(G;j,0D,v) > max ————. (62)
aefl,....k} }(—U, U_]a>|
Proof. Fix k € {1,...,d},i € I, j € Ji. Fix v € span{vj,,...,v;} with v] = 1, fix
a €{l,...,k}. Since diam(G; j, v) = diam(G; j, —v), we restrict attention to v such that

(—v, va> > 0. (63)
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We will upper bound diam(G; j, v). Consider x,y € G; ; such that x — y € span{v}. In
particular, assume without loss of generality that x — y = Av for A > 0. Since x,y € G; j,
(v, viu) = Pju+8ig1 and pj, +8;, < {x, v, )i thus &, =81 < pj, +8i, — (v, vi,) < A (v, vj,).
Since (—v,v;,) > 0, we have A < (§;,+1 — &8,)/ (v, vj,). Thus we see diam(G; ;, —v) =
diam(G; j,v) < (8jy+1 — 8i)/I{v. vj,)|. This holds for all @ € {1,...,k}, so for any

U € span {vj], Ujk} (where we do not assume (f), Uja) >0)
8i,+1 — 6;
diam(G; j, 9) < min Qiatl — Cla (64)
aellk) |(D, vy, )|
Next we take v as above and now lower bound d(G; j,dD,v). Fix a« € {1,...,k}. We

begin by considering d(G; j, Hj,, v). Again, since d(G; j, 0D, v) = d(G; j, 0D, —v), we can
and do assume (63) holds. Fix x € G; ;. Consider A > 0 such that x + Av € Hj,. Then
A(v, Uja) = Pj, — (x, vja) < —$§;, since (x, vja) > 6;, + pj,» and so A > 8l~a/<—v, Uja>- This

shows for any g € {1, ..., k} that

84
Uk F O
d(Gi j, Yy Fj,, v) = (Cmin Tl (65)

To complete the proof, note for j € {1,..., N}\ j, that

. -1
dix,Fij,v)>u=u nlnnk |<v vja>|

a=1,...,

which is larger than the right hand side of (65). O

5. Further applications

We now consider further entropy bounds that rely on the above ideas, results, or their proofs.
In Section 5.1 we consider so-called univariate and multivariate m-monotone functions. In
Section 5.2 we briefly consider estimation of level sets of convex functions and the question
of adaptation to polytopal level sets. Further discussion is given at the beginning of the two
subsections.

5.1. Bracketing entropy of m-monotone function classes

The shape constraint of m-monotonicity, for m € {0, 1,2, ...}, is useful because it serves,
roughly, as a higher order convexity restriction (when m > 2). An m-monotone function f
satisfies further convexity restrictions besides simply convexity of f, and so in many settings
is even nicer to work with than convex functions are. When d = 1, m-monotonicity is defined
as follows (by, e.g., [43,44]).

Definition 5.1. A function f: [0, c0) — R is O-monotone if it is nonnegative, 1-monotone
if it is nonnegative and nonincreasing, and 2-monotone if it is nonnegative, nonincreasing, and
convex; f is m-monotone for m > 2 if (—1)! f() exists and is nonnegative, nonincreasing, and
convex for [ =0,1,...,m — 2.

(Here f© is the Ith derivative, with @ = f.) When m = 1 or 2, a large body of statistical
work and results exists (some of which also allows the case where d > 1), some of which
is referenced in the introduction of this paper. Statistical properties of two (nonparametric)
estimators of a (univariate) m-monotone density, for general m (and d = 1), were introduced
and studied in [1,2]; see also [26]. For instance, in statistical settings, if a function being
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nonparametrically estimated is known to be m-monotone, then it can be estimated at a faster
rate of convergence than if it were just convex [1,2,26]. As discussed in Section I, in the
univariate setting m-monotone functions have been studied, but we do not even know of
a formal definition of m-monotonicity in the multivariate case. In fact, as discussed below,
there are several possible definitions one could use for m-monotonicity that generalize the
univariate definition. We present one definition which has the benefit of being amenable to
finding bracketing upper bounds. We then show that our proof for the bracketing upper bound
for convex functions, Theorem 3.5 (and Corollary 3.7), applies to yield a bracketing bound
for classes of m-monotone functions. This is the main result of Section 5.1 and is given
in Theorem 5.16. Recall that the proof of Theorem 3.5 relies on Theorem 2.1. There is no
known or immediate analog for Theorem 2.1 in the general m-monotone case. Thus we prove
an analog, Theorem 5.11 (under a certain technical restriction, given below in Definition 5.2
Part A), which we use to prove Theorem 5.16.

As mentioned above, there are many possible methods for defining a class of m-monotone
functions in the multivariate setting. This is perhaps illustrated by the fact that there are many
competing definitions of monotonicity (i.e., 1-monotonicity) in dimension d > 2. One can
define a function f to be multivariate monotone (or unimodal) via star monotonicity, meaning
that along all rays emanating from a special fixed point, f is monotone. This, for instance, is a
suggested definition used in the related context of hyperbolic monotonicity by [9, p. 600]. [25]
consider entropy bounds for block-decreasing densities. Even “block decreasing” can be defined
in multiple ways: [25] and [12] differ in their definitions of this term. Very recent statistical
work has considered entire monotonicity in the regression setting [22]. See [12, chapter 2]
for several other possible definitions of unimodality (they focus on unimodality rather than
monotonicity, but the two settings are very similar). Many of the above definitions are not
amenable to accurate entropy computations, at least with the tools we are aware of at present.
In Sub Section 5.1.1 we present a definition of multivariate m-monotonicity that is amenable
to entropy calculations; the results we get suggest that the entropies are of the “right” order of
magnitude (¢ 4/ as € \( 0) that we might expect a priori. This suggests that our definition is
indeed a reasonable one. In Sub Section 5.1.2 we return briefly to the particular d = 1 case.

5.1.1. Multivariate m-monotone functions

Fix the dimension d > 1. We will use so-called d-dimensional multi-index notation: a vector
of nonnegative integers i = (iy, ..., iy) is a multi-index. We let |i| := i;+- - -+i4. Let [,, be the
set of multi-indices i with |i| = m. For two vectors K = (Ky,...,K;),L=(Ly,...,Lj) € R/

. K . i Ii|
with L; > 0, we let LX := Lfl oL /. For any function f, we let f@ be ﬁf, whenever

this is well-defined. We let % f(x) denote %h:o f(x + te;), and for an orthonormal basis
. ’ j 1l
e:={el,...,eqt and j €I, we let £V = ﬁf.
1 0% . . .

Our m-monotone classes are based on any subclass C* of convex functions having a certain
needed property. The idea of multivariate m-monotonicity involves convexity of partial deriva-
tives in certain directions; since such convexity is not preserved by rotation (see Remark 5.4),
we will define m-monotonicity to be relative to a domain Dy. In the case where Dy is a

hyperrectangle, the definition simplifies (see Remark 5.4).

Definition 5.2.

A. For a convex set G C ]_[flzl [a;, b;], let C*(G) be any subclass of C(G) such that for all B, I,
C*(G, B, I') .= C*(G)NC(G, B, I') satisfies the following L, cover property. For all € > 0,
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there exists a L,-€-cover of log cardinality no larger than ce (B + Zle Ti(b; —ap))?.
The cover must satisfy the following. For any f € C*(G, B, I'), any x,y € G, and any
rotation matrix A € R¥*¢ (detA =1 and A’ = A™!), we have

0
8x,~
foralli € {1,...,d}, where h is the Ly,-closest element of the cover to f.

B. Let Dy C [0, oo)d be a convex polytope, let 0 < B < 0o, and let m > 2 be an integer. We
define the class of m-monotone functions relative to Dy, denoted C"(Dy, B), to be the set
of all f € C(Dy, B) satisfying the following. For each vertex of Dy, for all (d! possible)
orthornomal bases e given by Proposition 3.2, either £ or — ) lies in C*(Dy) for all
iel;,0<j<m-2

1
/0 [h(A(x 4 1(y — x))) — f(A(x +1(y = x))Idt < € (66)

Remark 5.3. The fundamental idea of m-monotonicity is given by Part B of Definition 5.2.
The technical requirement (66) of Part A is needed for the proof of our bracketing bound. It
is not clear at this point if it can be removed or not. When y = x + x; and A is the identity,
for continuously differentiable % and f, the property holds automatically by the Fundamental
Theorem of Calculus. Ideally we would like to replace C* by the full class C (which is possible
when d = 1, see Remark 5.13 and Sub Section 5.1.2). We leave an investigation of whether
this is possible for future work.

Remark 54.  The property of m-monotonicity is preserved by translation and rescaling.
However, while rotations of convex functions are still convex, if f () is convex, |j| > 2, then
after rotation (by, say, a matrix A), g = f (A)YP) is not necessarily convex. This is because
a mixed partial derivative of a rotation is a linear combination of mixed partial derivatives;
if some of the linear coefficients are negative, then the resulting function may no longer be
convex. This is why our definition is relative to the domain, Dy (so an m-monotone function
after a rotation will be m-monotone relative to the rotated domain). Note that when Dy is a
hyperrectangle, for f to be m-monotone relative to Dy, it is sufficient that %) be convex for
aliel;,0<i<m-—2.

Remark 5.5. Our definition of multivariate m-monotonicity captures a higher order type of
convexity. It does not enforce the alternating sign condition “(—1)/ f/ > 0” that is generally
required in the univariate case. That is, we allow fe(” to be either convex or to be concave. In
the univariate case, there is only one direction in which one is computing a derivative. In the
multivariate case, since we consider many different bases e, and may have instances where a
vector e; and its opposite —e; are contained in two different bases, thus potentially switching
the sign of £, we must allow £ to be either convex or concave. Further restrictions to our
definition could be enforced if needed in a specific application; our entropy bounds would of
course still apply.

Example 5.6. Leta € R? have nonnegative components and let b > 0; let (-)+ := max(-, 0).
The function f(x) := b (1 — {(a, x))ﬂ’1 H[O,w)lf(x) is a primary example of an m-monotone
function (i.e., satisfies Part B of Definition 5.2). For any m > 1, the function f(x) =
eblax) 1,9,00y¢ (x) is m-monotone. Both are m-monotone relative to any hyperrectangle. Further
examples of m-monotone functions can be generated by taking linear combinations.
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Example 5.7. The functions in Example 5.6 are also m-monotone relative to polytopes beyond
hyperrectangles. For simplicity, let f(x) := (1 — (x; + xz))ﬁ_l L9 002 (x). Note that if we let
gx)=0—(aix; + agxz))’ﬁfl]l[o’oo)z(x), then for k <m — 1,

ak (m - 1)' j k—j m—1—
mg(x) = - k)'(—l)kafa]; T —ayx; — azxz)sr 1=k (67)
1942 :
Thus (—l)kajg—kk,jg(x) isconvex if a; > 0,i =1,2,and k <m — 2.

Lete; = (i, 6)’, e, = (0, 1) (where ' denotes transpose), and let the basis d := {d}, d»} be
defined by d; :== Ae; where
A <cos9 —sin@)
sinf  cosf
is the matrix giving rotation by angle 6. If g(y) := f(Ay’) then g\/) = ft;j). Thus, by (67), f
is m-monotone relative to any polytope since the partial derivatives are always either convex
or concave.

Furthermore, as long as cos¢ + sinf > 0 and cos® — sinf > O, ie., as long as
—r/4 <0 < m/4, f‘;’ is convex (for j € I;, 0 < j < m — 2). Thus, for instance, if we
take —7/4 < 0 <0, and let Hy := {x : (d>, x) < cos @} (the rotation of the line {x, = 1} by
angle 6 about the point (0, 1)), then if we let Dy := [0, 112 N H,, then f;’ ) is convex where d
is one basis given by Proposition 3.2 at the upper right vertex of Dy. (The other basis given
by Proposition 3.2 is the standard basis e = {ej, e>}.)

We now define classes of Lipschitz bounded m-monotone functions, which are needed for
us to generalize Theorem 2.1.

Definition 5.8. Let D, C [0, c0)? be a convex polytope, let 0 < B < oo, and let m > 2 be
an integer. For all vertices v of Dy, for all orthonormal bases e given by Proposition 3.2, and
alli € l,,—1, let 0 < I, ; < oo, and let I" be the set of all such I, ;. Let CJ} (Do, B, I') be the
class of functions f € Cj'(Dy, B) such that for all i € Il,,_, and orthonormal bases e (given by
Proposition 3.2 for any vertex of Do) the function £ is Lipschitz in the following sense. For
eachi eI,y and j € I,_», i — j is 1 in a single coordinate, which we denote «; ;. Then,
for any j € T,,—», assume for all x, x +Aey,; ; € Do that | fP(x 4 Aeq; ;) — [P0 < TeilAl.

Remark 5.9. Let C;"°(D, B, I') denote the subset of f € C(Dy, B, I') that are (m — 1)-
times continuously differentiable. Note that for such f, we have | f#)| < I';. Let C"~' denote
the class of (m — 1)-times continuously differentiable functions. Then C 'N Cy(Dy, B, T)
is Lyo-dense in Cy(Dg, B, I'), so C;”’O(Do, B, I') = Cc"'n Cl(Do, B, I') is dense in
Cl(Dyg, B, I') [10]; see also Lemma 1.1 of [24]. This means that any L, (bracketing or metric)
entropy bound for CZ‘ "°(Dy, B, I') implies the same bound on CJJ'(Dy, B, I'). We will use this
in our proofs.

The following lemma provides uniform bounds on the smoothness of the functions in
CH(D, 1)|Gi,j’ which, together with Theorem 5.11, allows us to later prove Lemma 5.15 and
thus prove the main Theorem 5.16.

Lemma 5.10. Let Dy be a convex polytope, let C;j*°(Dy, 1) be as defined in Remark 5.9 for
m > 2, and let f € C;;"°(Dy, 1).
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A. If x is interior to Dy such that B(x, ry) C Dy, ro > 0, then for any j € 1;, 0 < j <m—1,
we have | fP(x)| < Kj/r({ for a constant 0 < K.

B. Let e be any orthonormal basis of R? such that f is convex for all i € I,0<j<m-2
Assume we have d(x, 9Dy, e;) > &;, where §; > 0 fori =1,...,d. Let § = (81, ..., 8q).
Then for any j €1;, 0 < j <m — 1, we have |fe(”(x)| < Kj/(Sj.

Proof. We first show part A. We will show, by induction on / < m — 1, that for i €
: 1(14-3)/2

I;, we have that (f(l))lB(x ro/2) € C(B(x, ), Z(H/ =——). When [ = m — 1, the statement

2/<z+s)/z

72[

UfODBeerg/ay < holds. The base case of l = 0 is satisfied trivially by assumption,

since f € C;"°(Dy, 1). Now we show the induction hypothesis holds for a general [ < m — 1
by assuming it holds for the [ — 1 case. Take i € I;. Write (non-uniquely) i = i; + i, for
iy € I,y and i, € I,. Since I — 1 < m — 2, f%) is convex by assumption, so by the

1—-1)(1+2)/2
2002 )H)/ =——). Note forzeB(x ) that

induction hypothesis (f V)] ,/21-1) € C(B(x, 5%), 3

d(x,dB (x, 2,’—01> ei) > ro/2' for any i. Since f® = f(”))(’Z) Lemma 3.1 implies for any

1
z€B (X ) that | f(z)| < /21 2= I;UTD/Z = 21( H) . Thus part A has been shown. Part B

follows from part A by a simple scalmg argument: let A be the diagonal matrix of §, so that
g(y) == f(Ay) is defined on a hyperrectangle E where d(Ax, dE, e;) > 1. Note 8 ) = g@,
and then apply part A. U

Theorem 5.11. Let m > 2. Let D = I—[;j:l[a,v,b,-] be a hyperrectangle, with —oo <
a, < by < o0. Foralli € 1,1, let 0 < [} < ocoand let I' = {I;:i €1,_1}. Let
0 < B < maxer, , Ii(b — a)t. Then there exists ¢ = Cm.q such that for all € > 0,

.\ d/m
Fi(b—a)')

€

m max; €ly—1
Ny (e.CJ(D, B, T'), Lo) <expc (68)

where a = (ai, ...,aq) and b = (b, ..., bg). Note in (68), Cj'(D, B, I') may trivially be
replaced by Ci/ (D, B, I')|g for any G C D.

The proof proceeds via several lemmas. The following lemma was inspired in part by
Lemma 1 in [26].

Lemma 5.12. Let F be a class of functions on ]_[?:][O, L1, 0 < L; < oo, let x € [0, 174,
and let

1
g .= {yr—)/ f(x—}—t(y—x))dt:fe]:}.
0

Assume log Njj(e, F, Ls) < ¢(€) < 00 for some function ¢ and all € > 0, and assume further
that the e-bracketing cover of F can be taken to satisfy (60) with A the identity (and where h
is replaced by the lower and upper bracket of f). Then there exists 0 < C < oo such that

log N (e/¢(6)'/, G, Loo) < Co(e).

Proof. By (4), we will bound the metric covering number rather than the bracketing number,
just for ease of notation. Without loss of generality, assume ¢(¢) takes on integer values and
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take x = 0. Let {£;}"} be an e-Loo-net for F. For f e F write g(y) == [, f(ty)dt =

Jo(fay) = fiey)dt + gi(y) where gi(y) == [, fity)dt and Loo(f — f;) < €. Define

1
G = {g(y) =/O (f(ty) — fity)dt 1y € [0, 119, f € F, Loo(f — f1) < e}.

Thus G C U;(G; + g)-
Now, for each i, G; consists of functions g satisfying L. (g) < €, and also (by (66))
satisfying

a
Loo(—g> <eforje{l,....d}.
8xj

Thus, by Theorem 5.23 (in the Appendix), we see that log N(8, G, Lo) < C(2¢/8)? for a
constant C and any § > 0. Take § = ¢/¢(€)"/¢ and see

log N(e/p(€)/4, Gi, Loo) < 2Ce(€),

and let g;;, 1 < j < ¢“?©, denote a corresponding cover. Then {g; + g;;}, . is an Los-cover

i

of G with size (e/¢'/%(¢)) and with cardinality no larger than ¢?¢+Dé©) so we are done. [J

Remark 5.13. The above lemma depends on (66). Note that in the d = 1 case, this property
is satisfied for the entire class C(L, B, I'): see Lemma 5.18.

Let D C ]_[f:l[O, L;] be convex, and for simplicity assume 0 € D. Let 0 < B and
I =d,,...,I;). Form >3, let

1 21 Zm—
Gy (D,B, I') = {x|—>f / / 2f(sx)dsdzy,,_z-'odzl . f €Cy(D, B, F)},
o Jo 0

be a class of functions, where x € D. Note that the functions in G7'(D, B, I') are normalized
so their size does not increase with the size of D.

Lemma 5.14. Fix D C ]_[;1:1[0, L;] be convex with 0 € D. Let I" := (I}, ..., I) € (0, 00)?
and L = (Ly,...,Ly) € (0,00). Let 0 < B < Z?:l I;L;. Let m > 2 be an integer and
p > 1. Then, abbreviating G} = GJ(D, B, I'), we have

Zd 'L d/m
log Nyj(e Voly(D)'/?, G L) < log Ny (€, G, Log) < cm <L> : (69)
€
Proof. The first inequality of (69) is immediate. The proof of the second inequality is
by induction. We can start with the base case of m = 2 by identifying gg(D, B, I') with
C4(D, B, I') and then the result is by Theorem 2.1. Now we assume the m — 1 case holds,
ie.,

d d/(m=1)
i1 LiLi
i ) , a0)

logN[](e,ng_l(D, B, F), Loo) Scmfl ( €
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and show (69) holds. By (70) and Lemma 5.12, we have

d
d m—1
S L
log Ny ,G"(D,B, T), Lo, | <Cp <—" ) (71)

€

€
_1
T
(Z?:l FiLi)m
€

which is equivalent to (69).

Proof of Theorem 5.11. We consider (only) f € C;"°(D, B, I'), by Remark 5.9. Since D has
nonempty interior there exists an open ball contained in D, which, by translation, we take to be
B(0, ro) without loss of generality, for 7y > 0. Now, by iterated application of the Fundamental
Theorem of Calculus, for any (m — 1)-times continuously differentiable #: R — R, we can

write

h(m—2)(()) X rzy Zm—2

h(x):h(0)+-~+—xm—2+/ f / R V($)dsdzm—s - - -dz1. (72)
(m —2)! 0 0

By applying (72) to t — f(ty), for any y € D we can write

fo) = ZZ f“><0>yf+ > ( )JI S(fDy (73)

i=0 jE]I Jel,—

where

. 1 21 im-3 .
Imfz(f(])’y) = / / / f(J)(SY)deZm73"'dZI
0 Jo 0

-3
Py Y Y e 054 56

i=0 jel;

Let

where ¢; := K,,/ry' j! and where K,, := max; K; comes from Lemma 5.10.
Now, for i € I,,_p, let j, (i) =i+ (0,...,0,1,0,...,0), where the 1 is in the o index.
Let I'; .= (I'j,Gy> - - - » L' ji))- This is the vector of Lipschitz constraints for f(i). Let

Flh=1yr Z < . >yj1m2(gjay):gj €Cy(D,B, I'j);¢. (74)

Jel, -
Then C}'(D, B, I') C P" 4+ F™ so
N(e,Cj(D, B, I'), Loo) < N(€/2, P", Log)N(€/2, F", Loo)- (75)

Recall by (4), Ly-e-bracketing numbers equal L.,-(€/2)-covering numbers, and so simply for
ease of notation and without any loss of generality, we form a L, (metric) cover rather than
L, bracketing cover.

First we form a cover for P™. For an integer N > 1, we can construct a grid to cover P™ by
taking aj € {c;/N, ..., Ncj/N}. Since j € I;, 0 < i < m takes on no more than m‘ values,
the cover has cardinality N"’d. The L size is deL“/N where C .= max;cj, L :=b —a,
and = (m —3,...,m — 3). Take N to be [e 'm?CL*]. Then we have formed a cover
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for P™ in the L, norm with distances no larger than € and log cardinality bounded above by
m?log(1 + m¢CL" ™).

Now consider forming an L.,-cover for 7. By Lemma 5.14, for a fixed j € I,,_,, we
can form an e-Ly-cover, hj;, fori =1, ..., Nj, for the functions I,,_»(g;), where log N; <

Cm (Zflzl F,-,iLi/e)d/m and L; = b — a;. Let f7,(9) = (";2)y/h (). i = 1., Nj. Let
L=(Ly,...,L;). Then for. a function f(y) = (m;z)yjlm—z(gj), with Loo(fji — f) < €, we
have Loo(fj; — f) < m™L/e. Equivalently, we can cover the same function class with size €
and log cardinality ¢, 2 (Z?:l Fj,,-LiLj/e)d/m. Let g;; denote such a cover. Then the class

F™ is covered by the set of functions ) , 8j.i Which have Lo, distance bounded above

Jel,—

. d/m
by > ;o ,€ and log cardinality bounded above by ¢z i (Zle IjiLiL /e .
Equivalently, 7™ can be covered by a class with €/2 L-distance and log cardinality bounded
above by cmﬁe’d/’"(maxje]lm_1 Fij)d/’". Then, by (75), we have

) d/m
log N(e,C7'(D, B, I'), L) < m¥log(1 +m*2CL e ™) + ¢ 3¢ /™ ( max F,LJ) )

JEln—1

This completes the proof. [

We can now prove the following bound on bracketing entropy of m-monotone function
classes, using the same approach used to prove Theorem 3.5. We use the same G; ; partition
construction as in the proof of Theorem 3.5, except that we modify the §;’s. First we have the
following m-monotone version of Lemma 3.4.

Lemma 5.15. Let Assumption 1 hold. Fixk € {1,...,d}, i € I, j € Jy. Then for any p > 1
and € > 0,

m—1\ d/m
1 i
log Nj, (e Vol (G; j)''?, Ci'(Dy, Dlg; Lp) <cpa (Z max a+l> .

Proof. Lete; jo =ey, @ =1,...,d be given by Proposition 3.2, so that d(G; j, d Do, ey) >

.....

No = ((Siﬁl Y ey aiﬂk’ 2/Lt, ey 2/1/{) and n = ((Siﬂl_H, ey aiﬁk"'l’ 4Lk,1,0j,k+17 ey 4Lk,1)0j,d)«
For I € Iy, let I7 = sup,cq, ;. recmpy.ny |.f(@)]. Then by Lemma 5.10 we have

o

l
n ig+1
lelfc—;fc max :l_l.
’ pell.k 871

Now we can apply Theorem 5.11. We use the fact that G; ; is embedded in a hyperrectangle
H with axes given by the orthonormal basis e = {e()[}g=1 specified by Proposition 3.2. Thus
Ci (D, Dlg, ; is contained in Cj'(H, Dlg, ;. Thus, letting I' := {I'; : I € I,,_,}, we may apply
Theorem 5.11 to C"(H, 1, I')|g, ; (after applying a rotation, see Remark 5.4). By (68) (and
the logic leading to (6)), the proof is complete. [

We are now in a position to prove the following m-monotone version of Theorem 3.5.
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Theorem 5.16. Assume the setup and conclusions of (68) hold. Fix p > 1. Then for all € > 0,

d —d/m
log Ny (e,Cy (D, B), L,) < Ce™¥/™ (B l_[(b,- - ai)'/”) ) (76)

i=1

Proof. The same scaling argument as given in (the beginning of) the proof of Theorem 3.5
applies here, since rescalings of m-monotone functions are still m-monotone. Thus assume
D C [0, 1]¢ and B = 1. Now we define

d*(xj,9,Gj,e)

u=up:=rp/2A 2= m+pm=DP2CHpm=1) A mip min ————~ (77
ke(l,...d—1} jeJy.ecE; Ly

(where Ly ; is still given by (16)). We define A and {51'}?:1 as in (9), by

p—1/m—1\""
8; = exp p(—) loge for i=1,...,A, and §, = 0. (78)
p+2/(m—1)
For k € {1,...,d},i € Iy we let ag, ;) =2if i, =0 for any @ € {1, ..., k}, and otherwise
let
k ig—2
1/k (p+1/(m—1))¢ }
Ay i) = a; e’"ex - loge ;. (79)
i) Q v 1_[ p{ P+ 2/m -y *

When k£ =0, let a4 := €/u. Now define a by (27), as before, and then

d
log Ny (a, CJ(D, 1), L) < 33 S log Ny (ai Voly(Gi, )/, €D, D, L,,) .

k=0 jeJy icly

(80)

holds. We consider the case where k € {1,...,d} (i.e., k # 0), and compute the sum above
over I for a fixed j € Ji. We again use the trivial bracket [—1, 1] for any G; ; where i, =0
for any o € {1, ..., k}. By Lemma 5.15, the sum over the remaining terms is bounded above
by

A A d/ 5m% d/m

—d/m ig+
> Z ( xk—am_l) 81)
= = et

which (using maxeeqi,.. x} 28i,+1/8i, =< Hl;:l 26i,+1/8i, as in the proof of Theorem 3.5) is

bounded above by

A A (Slm_'_ll d/m
CZZ"'ZI_[(S’”E'@ ) . (82)

The constants ¢y, ¢; depend on D and d.
We now let

m m— 1/m
G = Gam = (/4805 180 ) " (83)

.....
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By Lemma 5.17, Zle ;‘id < K, < oo for a constant K;. Now,

d
1_[ PT,QI < Cyq Voly_(A;)"™" < Cy Voly_i(G )" (84)
a=k+1
Thus we have shown that (82) is bounded above by Ke~%/". where K depends only on D, d,
m, and p, but not on €. Therefore, for a different constant K, we have shown that the right
side of (80) is bounded above by Ke™ /™ for all € > 0.

‘We now bound the size of the brackets, a. Define 1, ,j s I,? as in the proof of Theorem 3.5. Just
as in Theorem 3.5, (37) holds (using the current definitions of §;, and g;,). For the middle term
on the right side of (37), recall (38), and for the first term recall a4 := €/u. It remains only to
bound the last term. We can check that a!’§; 41 < er/ kg“im (equality holding when m = 2). Thus,
arguing as in the proof of Theorem 3.5, we can see we need only bound €”/k Zgz 1 ¢4 which
by Lemma 5.17 is bounded above by €”/*A,. Thus a < Ce for a constant C not depending
on €. This completes the proof. [J

In the m-monotone case, we did not relate the constants involved in the bound to the volumes
of the faces of D as explicitly as we did in the convex case. The following lemma was used
to bound both the cardinality and the size of the brackets in Theorem 5.16.

Lemma 5.17. Define A, u, §;, and a; by (9), (77), (78), and (79), respectively. Assume
0 <€ < 1. Let g be defined by (83). Then for any y > 1,
A

D4 =2/@ ).
i=1
Proof. Straightforward algebra shows

Pt i
(m—1)p (m)
m(1 + (m — 1)p)?

g =exp loge

Thus, fora =1, ..., A — 1, further algebra shows

b’ = exp {(m — 1)p(1 +pen — D) loge}
Cat 2+ pim — 1))*+! ’
which (since « < A — 1) is bounded above by
{ (m—1)p (14 p(m — 1)) }
Xp loge
(I + pm = 1))*2+ p(m — 1)) 2 + p(m — 1))A~!
{ log u } m
< exp = R™".
(I+ p(m — 1))*2 + p(m — 1))

Now, note that ¢4 < 1 (since € < 1), and by its definition (77), we see R > 2. The rest of the
proof follows in fashion similar to the proof of Lemma 3.6. [

5.1.2. Univariate m-monotonicity
In this subsection, we prove that when d = 1, (66) holds, and so the conclusion of
Theorem 5.11 holds with C* replaced by the full class C. We point out that [26] provide
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bracketing entropy for classes of bounded (univariate) m-monotone functions on a com-
pact interval in Hellinger distance, but their result does not immediately give a bound for
L -bracketing entropy. The methods of the previous section do give such a bound though.
Recall A is Lebesgue measure.

Lemma 5.18. Let F be a class of functions on [0, L] and let G := {x — fox fdx: f e ]7}
be the class of primitives of F on [0, L]. Assume log Nji(€, F, L) < ¢(€) < o0 for a function
¢ and € > 0. Then there exists 0 < C < oo such that

log N[] (E/¢(€), L_lg, Loo) < Co¢(e). (85)

Proof. By (4), we will bound the metric covering number rather than the bracketing number,
just for ease of notation. We take L = 1, by rescaling: if 7 and G are classes of functions
defined on [0, 1], let F be {x > f(xL): f € F} and define G = {x > Lg(xL): g € G}.
Then N(e, F,Ly) = N(e,F,Ly) and G is the class of primitives of F. We see that
N (6,G, Ly) = N |¢, L’IQN, L~ ) so we can take L = 1. Now, by the Fundamental Theorem
of Calculus, (66) holds, and so we can apply Lemma 5.12. This completes the proof. [

Now let G' = G!'(L, B) be the class of non-decreasing functions f on [0, L] satisfying
0< f <B, and let

X pz Zk—2
G"=G4L.B) = {g(x)=/ / / f(s)dsdzi—---dzy: f € gl} (86)
o Jo 0
where g is defined on [0, L]. Note, when f is continuous, then 0 < g%~ < B.

Lemma 5.19. Fix L, B > 0 and define GK(L, B) by (86). Let k > 2 be an integer and p > 1.
We have

L1\ /¢
log N(eL'?,G*(L, B), L,,) < log Ny (¢, G*(L, B), Loo)gck( ) . (87)
€

Proof. This follows from using Lemma 5.18 in the proof of Lemma 5.14 (i.e., from the fact
that (66) is satisfied when d = 1). 0O

For L, B, "' > 0, let C"(L, B, I') be the class of m-monotone functions (per Definition 5.1)
f on [0, L] satisfying 0 < f < B and f™~? is Lipschitz with constant I.

Theorem 5.20. Let B, L, I' > 0. Let m > 2 be an integer. Assume B < 'L, Then there
exists a constant c¢,, > 0 (not depending on B, L, I', or €) such that for all € > 0,

FLm_l I/m
€ ) '

log Ny (¢,C"(L, B, I'), Log) < i ( (88)

Proof. This follows from Theorem 5.11 together with the fact that (66) is satisfied when
d=1. 0

5.2. Entropy of classes related to level set estimation

Now, we consider the entropy of certain classes of functions related to estimating the level
sets of convex functions; we may consider, for instance, estimating the level set of a convex
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or concave regression function, or of a so-called log- or s-concave density.” We refer to [14]
for the definition of log- or s-concavity. We are specifically concerned with the case when the
level set is a polytope.

In the present paper, we are concerned with bracketing entropy bounds, rather than statistical
methodological developments. We provide here an extremely brief discussion of methodology
to motivate the classes we are developing bounds for. The methodology is to first pick a
bandwidth # > O, then to minimize an objective function Q, based on i.i.d. data points,
over functions of the form f|z(s)4p,n for convex f. The bandwidth 4 will converge to 0
as the sample size increases. The model will need to satisfy some regularity conditions for
M-estimation theory to apply (it must be such that if H(p, py,) < & then [z (L(f), Dp) < C$
where H?(p fDPfy) = f /Pr— \/p_fo)2d 1 is Hellinger distance for some dominating measure
w on the sample space, and p is the data generating density corresponding to convex function
1)

We now proceed to find bracketing entropy bounds for a function class that will govern
rates of convergence for the above procedure, specifically when the level set is a polytope. We
operate under the following basic setup or assumption.

Assumption 2. Let Cy be a closed, bounded convex set in R? with nonempty interior. Let
fo € C(Co, B) satisfy infiec, fo(x) < infresc, fo(x). Let & € R satisfy infec, fo(x) < A <
Sup,cc, fo(x). Assume further that Dy := L(fy) is a polytope.

The assumption restricts attention to functions which attain their minimum on the interior of
Cy and are strictly larger everywhere on their boundary than the minimum. (This is somewhat
analogous to the assumption of so-called “coercivity”, except that we are restricting attention
to a compact domain Cy.) For a function f, define £L(f) = L;(f) = {x e R?: f(x) = A}.
For two sets C, D C R?, define the Hausdorff distance between them by

xeD y€C ye

ly(C, D) := max <sup inf ||x — y||, sup inf ||x — y||> .
CX€D
Let S5 .= {D :lg(D, Dy) < 8}. Define set addition A; + Ay := {a; +a> : a1 € A1, a; € Ay}

and recall that f|4, is the restriction of a function f to the set A;. For 4 > 0, the class of
functions we consider is

Cs.1(Co, B) = { flecpyesom : f € C(Co, B), L(f) € S5} 5 (89)

this is a class of bounded convex functions on Cj restricted to a neighborhood about their
A-level set (which is generally not a convex set).

Let F;, j =1,..., N, be the facets of Dy. Let T; := F; + B(0, + h). Note that T; is a
convex set. Thus for any f € C(Cy, B) with [5(L(f), Dy) < 8, we have L(f) + B(0,h) C
U?/:1Tj- Thus for € > 0, restating (5), we have

N
Nij (N'7e, Cs.n(Co, B), L) < [[ My (€. Cs.4(Co. B)lz;. L) - (90)

j=1
To bound the terms on the right side of the above display we will use Theorem 2.1. To do so,
we need to compute Voly(T;), we need to find a hyperrectangle containing 7, and we need

3 As shown by [14] in the univariate log- or s-concave cases and [32] in the multivariate log-concave case,
bracketing entropies of log- or s-concave density classes are related to those of bounded concave function classes.
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to show that Cs 5 (Co, B)|r; is Lipschitz, which we will do by using an idea from the proof of
Theorem 3.5.

By ASSUlTlpti()Il 2, 0 < ZH(D(), Co). Let No = lH(Do, C()). Thus for any f (S C,gyh(CO, B),
for 8, h small enough, for any j € {1,..., N}, Ig(T;, Co) = no — 38 — h > no/2. Thus by
Lemma 3.1,

Cs.4(Co. B)|7, € C(T}, B, T) o1
where I' := (4B/no, ..., 4B/n9). Now, let V, ; := Vol,_{(F;). Then
Voly(T;) < 2Vo - 2(8 + h). 92)

Next, note each facet F; is compact so can be embedded in a hyperrectangle. Let ]_L 1laji, bjil
be a hyperrectangle of minimum volume containing F; (after an orthogonal rotation). Then by
its definition, T; is (after rotation) contained in ]_[?:_1l laji —6—h,bj; +5+ h]) x [=8 —
h,§ + h], for §,h > 0 small enough. Thus by Theorem 2.1, for 1 < p < oo, for any
j €{l,..., N}, and for §, h small enough, log N|| (¢, C(T;, B, I'), L,) is bounded above by

Vol (T)/? dJ2 4B d—1 d/2
C( = ) Bt = |20 +m+ 3o+ +bji - ai)
0

i=l

1/p 5+ h dj2
< (%) <B+— (Zz(b,, a,,))> :

Let Uy = Z?j,l(g iy aj;). Then the right side of the above display is bounded above by
( 1/”(8 + h)/e) (B + BUO,j/no)d/z. Thus the log of the right of (90) is bounded above

d/
by Zj:] s (Vol’ép(S + h)/e) (B + BUQ’j/nQ)d/z. Thus we have shown the following.

Theorem 5.21. Let Assumption 2 hold. Fix § > 0, h > 0, and let Cs ;,(Cy, B) be defined as
in (89). Then

+h\?
log Nij (€, C5.1(Co, B), L) < So ( . ) ,
where Sy is a constant depending on B, fy, and Cy.

This result suggests that fast rates of convergence may be possible when estimating polytopal
level sets of convex functions. As mentioned above, we do not here develop a full estimation
procedure. To do so will require studying the optimal choice of the bandwidth &. If we can
take 4 = & for instance, then the bound is of order (8/€)?/2. When d = 2 or 3, one can
then compute the entropy integral (see, e.g., [21,41,42]), f(f \/log Ny (e, Cs n(Co, B), Lz)de =

§4/4 foa €% de and see that it is of order §4/48'~¢/* = §. This corresponds, at least
heuristically, to a /n rate of convergence (the rate /n arises from combining, e.g., Lemma
3.4.2 (p. 324) and Theorem 3.2.5 (p. 289) of [42]). These calculations are only suggestive in
nature (and indeed we have not formally proposed an estimator in a specific model!). They are
presented to explain potential repercussions of Theorem 5.21.
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Appendix

Theorem 5.22 (John's Theorem, [31]; Theorem 13.4.1 [36]). Let K C R? be a bounded closed
convex body with nonempty interior. Then there exists an ellipsoid E of maximal volume such
that E C K C nE.

Theorem 5.23 (Theorem 2.7.1 of [42]). Let L be a class of functions on ]_[?21[0, L;],
0 < L; < oo, such that for all f € L, we have Loo(f) < B < o0 and f has Lipschitz
constant in the direction x; given by I'; < co. Then

B + Z?:l IiLi
€

logN(e, £, Loo) < K (93)

Proof. The theorem is given by [42] when the domain is [0, 11¢ and the sup and Lipschitz
bounds are all 1. A scaling argument gives the general form. [
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