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Abstract

This paper deals with the consistency of the least squares estimator of a convex regression func-
tion when the predictor is multidimensional. We characterize and discuss the computation of such an
estimator via the solution of certain quadratic and linear programs. Mild sufficient conditions for the
consistency of this estimator and its subdifferentials in fixed and stochastic design regression settings
are provided. We also consider a regression function which is known to be convex and component-
wise nonincreasing and discuss the characterization, computation and consistency of its least squares
estimator.

1 Introduction

Consider a closed, convex set ¥ « R, for d = 1, with nonempty interior and a regression model of the
form
Y=¢X)+e (D)

where X is a X-valued random vector, € is a random variable with E(e|X) = 0, and ¢ : R4 — R is an
unknown convex function. Given independent observations (Xj, Y1),..., (X, ¥,) from such a model, we
wish to estimate ¢ by the method of least squares, i.e., by finding a convex function ¢, which minimizes
the discrete %> norm

kil|Yk-1/f(Xk)|2)

among all convex functions y defined on the convex hull of Xj, ..., X,,. In this paper we characterize the
least squares estimator, provide means for its computation, study its finite sample properties and prove
its consistency.

The problem just described is a nonparametric regression problem with known shape restriction
(convexity). Such problems have a long history in the statistical literature with seminal papers like Brunk
(1955), Grenander (1956) and Hildreth (1954) written more than 50 years ago, albeit in simpler settings.
The former two papers deal with the estimation of monotone functions while the latter discusses least
squares estimation of a concave function whose domain is a subset of the real line. Since then, many
results on different nonparametric shape restricted regression problems have been published. For in-
stance, Brunk (1970) and, more recently, Zhang (2002) have enriched the literature concerning isotonic



regression. In the particular case of convex regression, Hanson and Pledger (1976) proved the consis-
tency of the least squares estimator introduced in Hildreth (1954). Some years later, Mammen (1991)
and Groeneboom et al. (2001) derived, respectively, the rate of convergence and asymptotic distribution
of this estimator. Some alternative methods of estimation that combine shape restrictions with smooth-
ness assumptions have also been proposed for the one-dimensional case; see, for example, Birke and
Dette (2006) where a kernel-based estimator is defined and its asymptotic distribution derived.

Although the asymptotic theory of the one-dimensional convex regression problem is well under-
stood, not much has been done in the multidimensional scenario. The absence of a natural order struc-
ture in R?, for d > 1, poses a natural impediment in such extensions. A convex function on the real
line can be characterized as an absolutely continuous function with increasing first derivative (see, for
instance, Folland (1999), Exercise 42.b, page 109). This characterization plays a key role in the computa-
tion and asymptotic theory of the least squares estimator in the one-dimensional case. By contrast, anal-
ogous results for convex functions of several variables involve more complicated characterizations using
either second-order conditions (as in Dudley (1977), Theorem 3.1, page 163) or cyclical monotonicity (as
in Rockafellar (1970), Theorems 24.8 and 24.9, pages 238-239). Interesting differences between convex
functions on R and convex functions on R? are given in Johansen (1974) and Bronstein (1978).

Recently there has been considerable interest in shape restricted function estimation in multidimen-
sion. In the density estimation context, Cule et al. (2008) deal with the computation of the nonparamet-
ric maximum likelihood estimator of a multidimensional log-concave density, while Cule and Samworth
(2009), Schuhmacher et al. (2009) and Schuhmacher and Diimbgen (2010) discuss its consistency and
related issues. Seregin and Wellner (2009) study the computation and consistency of the maximum likeli-
hood estimator of convex-transformed densities. This paper focuses on estimating a regression function
which is known to be convex. To the best of our knowledge this is the first attempt to systematically study
the characterization, computation, and consistency of the least squares estimator of a convex regression
function with multidimensional covariates in a completely nonparametric setting.

In the field of econometrics some work has been done on this multidimensional problem in less gen-
eral contexts and with more stringent assumptions. Estimation of concave and/or componentwise non-
decreasing functions has been treated, for instance, in Banker and Maindiratta (1992), Matzkin (1991),
Matzkin (1993), Beresteanu (2007) and Allon et al. (2007). The first two papers define maximum likeli-
hood estimators in semiparametric settings. The estimators in Matzkin (1991) and Banker and Maindi-
ratta (1992) are shown to be consistent in Matzkin (1991) and Maindiratta and Sarath (1997), respectively.
A maximum likelihood estimator and a sieved least squares estimator have been defined and techniques
for their computation have been provided in Allon et al. (2007) and Beresteanu (2007), respectively.

The method of least squares has been applied to multidimensional concave regression in Kuosmanen
(2008). We take this work as our starting point. In agreement with the techniques used there, we define
a least squares estimator which can be computed by solving a quadratic program. We argue that this
estimator can be evaluated at a single point by finding the solution to a linear program. We then show
that, under some mild regularity conditions, our estimator can be used to consistently estimate both, the
convex function and its subdifferentials.

Our work goes beyond those mentioned above in the following ways: Our method does not require
any tuning parameter(s), which is a major drawback for most nonparametric regression methods, such
as kernel-based procedures. The choice of the tuning parameter(s) is especially problematic in higher
dimensions, e.g., kernel based methods would require the choice of a d x d matrix of bandwidths. The
sets of assumptions that most authors have used to study the estimation of a multidimensional convex
regression function are more restrictive and of a different nature than the ones in this paper. As opposed
to the maximum likelihood approach used in Banker and Maindiratta (1992), Matzkin (1991), Allon et al.



(2007) and Maindiratta and Sarath (1997), we prove the consistency of the estimator keeping the distribu-
tion of the errors unspecified; e.g., in the i.i.d. case we only assume that the errors have zero expectation
and finite second moment. The estimators in Beresteanu (2007) are sieved least squares estimators and
assume that the observed values of the predictors lie on equidistant grids of rectangular domains. By
contrast, our estimators are unsieved and our assumptions on the spatial arrangement of the predictor
values are much more relaxed. In fact, we prove the consistency of the least squares estimator under
both fixed and stochastic design settings; we also allow for heteroscedastic errors. In addition, we show
that the least squares estimator can also be used to approximate the gradients and subdifferentials of the
underlying convex function.

It is hard to overstate the importance of convex functions in applied mathematics. For instance, opti-
mization problems with convex objective functions over convex sets appear in many applications. Thus,
the question of accurately estimating a convex regression function is indeed interesting from a theoreti-
cal perspective. However, it turns out that convex regression is important for numerous reasons besides
statistical curiosity. Convexity also appears in many applied sciences. One such field of application is
microeconomic theory. Production functions are often supposed to be concave and componentwise
nondecreasing. In this context, concavity reflects decreasing marginal returns. Concavity also plays a
role in the theory of rational choice since it is a common assumption for utility functions, on which it
represents decreasing marginal utility. The interested reader can see Hildreth (1954), Varian (1982a) or
Varian (1982b) for more information regarding the importance of concavity/convexity in economic the-
ory.

The paper is organized as follows. In Section 2 we discuss the estimation procedure, characterize the
estimator and show how it can be computed by solving a positive semidefinite quadratic program and a
linear program. Section 3 starts with a description of the deterministic and stochastic design regression
schemes. The statement and proof of our main results are also included in Section 3. In Section 4 we
provide the proofs of the technical lemmas used to prove the main theorem. Section A, the Appendix,
contains some results from convex analysis and linear algebra that are used in the paper and may be of
independent interest.

2 Characterization and finite sample properties

We start with some notation. For convenience, we will regard elements of the Euclidian space R™ as
column vectors and denote their components with upper indices, i.e, any z € R will be denoted as
z=(z!,72,...,2™). The symbol R will stand for the extended real line. Additionally, for any set A c RY we
will denoted as Conv (A) its convex hull and we’ll write Conv (Xj,...,X,) instead of Conv ({Xi,..., X,}).
Finally, we will use (-,-) and | -| to denote the standard inner product and norm in Euclidian spaces,
respectively.

For ¥ ={Xj,...,.XplcXc IRd, consider the set £ of all vectors z = (z4,..., 2" € R" for which there
is a convex function ¥ : X — R such that w(X;) = zJ for all j =1,...,n. Then, a necessary and sufficient

condition for a convex function 1 to minimize the sum of squared errors is that ¢ (X;) = Zlforj=1,...,n,
where

n
Z,,:argmin{z |Yk—zk‘2}. @)
k=1

ZEK oy
The computation of the vector Z, is crucial for the estimation procedure. We will show that such a
vector exists and is unique. However, it should be noted that there are many convex functions v satisfying
w(X;) = Z}) for all j = 1,...,n. Although any of these functions can play the role of the least squares



estimator, there is one such function which is easily evaluated in Conv (Xj, ..., X;). For computational
convenience, we will define our least squares estimator ¢,, to be precisely this function and describe it
explicitly in (7) and the subsequent discussion.

In what follows we show that both, the vector Z,, and the least squares estimator ¢,, are well-defined
for any n data points (X3, Y1),..., (X, Y,). We will also provide two characterizations of the set £ and
show that the vector Z, can be computed by solving a positive semidefinite quadratic program. Finally,
we will prove that for any x € Conv (Xj,..., X,,) one can obtain ¢, (x) by solving a linear program.

2.1 Existence and uniqueness

We start with two characterizations of the set #4-. The developments here are similar to those in Allon
et al. (2007) and Kuosmanen (2008).

Lemma 2.1 (Primal Characterization) Let z = (z},...,z") € R". Then, z € Xy if and only if for every
j=1,...,n, the following holds:

. n n n
zf:inf{zgkzk:ZBkzl,ZQka:Xj,HEO,HE[R”}, 3)
k=1 k=1 k=1
where the inequality 8 = 0 holds componentwise.
Proof: Define the function g:R% — R by
n n n
g =inf{ Y 6%zF: Y 0¥ =1, Y 0*Xp =x, 020, 0eR" @
k=1 k=1 k=1

where we use the convention that inf(@) = +oco. By Lemma A.1 in the Appendix, g is convex and finite on
the X;’s. Hence, if zJ satisfies (3) then z/ = g(X;) for every j =1,...,n and it follows that z € £ .

Conversely, assume that z € £ and g(X;) # zJ for some j. Note that g(X;) < z* for any k from the
definition of g. Thus, we may suppose that g(X;) < z/. As z € Zq, there is a convex function ¥ such
that w(Xy) = zF forall k = 1,...,n. Then, from the definition of g(X;) there exist 6y € R"™ with 6y = 0 and
65 +...+0} =1such that 5 X; +...+6]' X, = X; and

n n . n
Y Oy (X =Y 052" <2l =yp(X)) = w(Z Bé“Xk) ,
k=1 k=1 k=1
which leads to a contradiction because v is convex. O

We now provide an alternative characterization of the set £ based on the dual problem to the linear
program used in Lemma 2.1.

Lemma 2.2 (Dual Characterization) Letz € R". Then, z€ #q ifand only if forany j =1,..., n we have
z = sup{(E,Xj) +n:& Xy +n < K vk= 1,...,n, g‘e[Rd, ne IR}. 5)
Moreover, z € X if and only if there exist vectors¢y,...,¢p € R4 such that

EpXp—Xp<zh-2/ Vi jeq,...,nh. ®)



Proof: According to the primal characterization, z € £ if and only if the linear programs defined by (3)
have the z/’s as optimal values. The linear programs in (5) are the dual problems to those in (3). Then,
the duality theorem for linear programs (see Luenberger (1984), page 89) implies that the z/’s have to be
the corresponding optimal values to the programs in (5).

To prove the second assertion let us first assume that z € £. For each j € {1,..., n} take any solu-
tion (§;,n;) to (5). Then by (5), ; = zl — (& j»Xj) and the inequalities in (6) follow immediately because
we must have (¢, Xg) +71; < zk for any k € {1,..., n}. Conversely, take z € R” and assume that there are
&l Ep e RY satisfying (6). Take any j € {1,...,n}, n; = zd - (¢j,X;) and 0 to be the vector in R" with
components ok = 6kj, where 6kj is the Kronecker 6. It follows that (¢, Xi) +77; < ZKvk=1,.,ns0
(¢j,m;) is feasible for the linear program in (5). In addition, 6 is feasible for the linear program in (3) so
the weak duality principle of linear programming (see Luenberger (1984), Lemma 1, page 89) implies that
€, Xpy+n=< zJ for any pair (£,7) which is feasible for the problem in the right-hand side of (5). We thus
have that z/ is an upper bound attained by the feasible pair (¢ j»nj) and hence (5) holds forall j =1,...,n.
g

Both, the primal and dual characterizations are useful for our purposes. The primal plays a key role
in proving the existence and uniqueness of the least squares estimator. The dual is crucial for its compu-
tation.

Lemma 2.3 The set %y is a closed, convex cone in R" and the vector Z,, satisfying (2) is uniquely defined.

Proof: That %4 is a convex cone follows trivially from the definition of the set. Now, if z ¢ £,
then there is j € {1,...,n} for which z/ > g(X i) with the function g defined as in (4). Thus, there is
0o € R"™ with 8y = 0 and 95 +...+ 0§ =1 such that HéXl +...+0§ X, = X; and zgzlegzk < z/. Setting
6 =5 (z/ —X}_,052") itis easily seen that for all { € [T}_, (z* - &, z* + 6) we still have Y}_, 65¢* < ¢/
and thus { ¢ £y . Therefore we have shown that for any z ¢ £ there is a neighborhood U of z with
U c R"\ g . Therefore, #4 is closed and the vector Z,, is uniquely determined as the projection of
(Y1,...,Y,) € R" onto the closed convex set #4 (see Conway (1985), Theorem 2.5, page 9). O

We are now in a position to define the least squares estimator. Given observations (X1, Y1),..., (Xp, Y,)
from model (1), we take the nonparametric least squares estimator to be the function ([3 ne R4 — R defined
by

n n n
([)n(x)zinf{zekz,’lczzekzl,ZHkazx,BZO,QeR"} @
k=1 k=1 k=1
forany x € R%. Here we are taking the convention that inf(@) = +oo. This function is well-defined because
the vector Z,, exists and is unique for the sample. The estimator is, in fact, a polyhedral convex function
(i.e., a convex function whose epigraph is a polyhedral; see Rockafellar (1970), page 172) and satisfies, as
a consequence of Lemma A.1,

~

Pn(x)= sup {y(x)}
Ve, 2z,
where £y 7, is the collection of all convex functions v : R? — R such that w(X;) = Z,£ forallj=1,...,n.

Thus, ¢, is the largest convex function that never exceeds the Z}/’s. It is immediate that ¢,, is indeed a
convex function (as the supremum of any family of convex functions is itself convex). The primal char-

acterization of the set %5 implies that QBn(Xj) =Z)forallj=1,...,n.



2.2 Finite sample properties

In the following lemma we state some of the most important finite sample properties of the least squares
estimator defined by (7).

Lemma 2.4 Let (/3,1 be the least squares estimator obtained from the sample (X1, Y1),...,(Xp, Yy,). Then,

@) Z (W (Xr) —(Z)n(Xk))(Yk —g?)n(Xk)) < 0 for any convex function v which is finite on Conv (X1, ..., Xy);
k=1

n
(i) Y (X)) (Vi — Pn(Xp)) =0;
k=1

n n
(i) Y Y=Y Pn(Xp);
k=1 k=1

(iv) the set on which ¢, < oo is Conv (X, ..., Xp);

() for any x € R% the map (X,...,Xn, Y1,..., Yn) = ¢n(x) is a Borel-measurable function from R"@+D
intoR.

Proof: Property (i) follows from Moreau’s decomposition theorem, which can be stated as:

Consider a closed convex set € on a Hilbert space € with inner product {-,-) and norm | - ||. Then, for
any x € J¢ there is only one vector x¢ € € satisfying |x — x¢| = argmin&cg{llx —&|I}. The vector x¢ is
characterized by being the only element of € for which the inequality (¢ — x¢,x — X¢) < 0 holds for every
¢ € € (see Moreau (1962) or Song and Zhengjun (2004)).

Taking ¥ to be x¢,, and letting k vary through (0,00) gives (ii) from (i). Similarly, (iii) follows from
(i) by letting 1 to be ¢,, + 1. Property (iv) is obvious from the definition of ¢,,.

To see why (v) holds, we first argue that the map (Xj,..., X, Y1, ..., Y,,) — Z, is measurable. This fol-
lows from the fact that Z,, is the solution to a convex quadratic program and thus can be found as a limit
of sequences whose elements come from arithmetic operations with (Xi,..., X;, Y1,..., Y3). Examples of
such sequences are the ones produced by active set methods, e.g, see Boland (1997); or by interior-point
methods (see Kapoor and Vaidya (1986) or Mehrotra and Sun (1990)). The measurability of ¢, (x) follows
from a similar argument, since it is the optimal value of a linear program whose solution can be obtained
from arithmetic operations involving just (Xy,..., Xy, Y1,..., ¥,) and Z, (e.g., via the well-known simplex
method; see Nocedal and Wright (1999), page 372 or Luenberger (1984), page 30). (]

2.3 Computation of the estimator

Once the vector Z,, defined in (2) has been obtained, the evaluation of <,Bn at a single point x can be
carried out by solving the linear program in (7). Thus, we need to find a way to compute Z,,. And here the
dual characterization proves of vital importance, since it allows us to compute Z, by solving a quadratic
program.

Lemma 2.5 Consider the positive semidefinite quadratic program
min Yio 1Yy — 25|2

subjectto  (§, Xj=Xpy szl =28 Vi j=1,..n ®)
Elvn»éﬂERd;ZERn.



Then, this program has a unique solution Z, in z, i.e., for any two solutions (¢1,...,¢p,2) and (11,...,T4,0)
we have z = { = Z,,. This solution Zy, is the only vector in R which satisfies (2).

Proof: From Lemma 2.2 if ({y,...,¢,, z) belongs in the feasible set of this program, then z € £ . More-
over, for any z € £ there are ¢y,...,¢, € R% such that (&1,...,&,, 2) belongs to the feasible set of the
quadratic program. Since the objective function only depends on z, solving the quadratic program is the
same as getting the element of £ which is the closest to Y. This element is, of course, the uniquely
defined Z,, satisfying (2). (]
The quadratic program (8) is positive semidefinite. This implies certain computational complexities, but
most modern nonlinear programming solvers can handle this type of optimization problems. Some ex-
amples of high-performance quadratic programming solvers are CPLEX, LINDO,

MOSEK and QPOPT. Here we present two simulated examples to illustrate the computation of the esti-

Figure 1: The scatter plot and nonparametric least squares estimator of the convex regression function
when (a) ¢(x) = |x|2 (left panel); (b) ¢(x) = —x!+x? (right panel).

mator when d = 2. The first one, depicted in Figure 1a corresponds to the case where ¢(x) = |x|2. Figure
1b shows the convex function estimator when the regression function is the hyperplane ¢(x) = —x' + x2.
In both cases, n = 256 observations were used and the errors were assumed to be i.i.d. from the standard
normal distribution. All the computations were carried out using the MOSEK optimization toolbox for
Matlab and the run time for each example was less than 2 minutes in a standard desktop PC. We refer
the reader to Kuosmanen (2008) for additional numerical examples (although the examples there are for
the estimation of concave, componentwise nondecreasing functions, the computational complexities
are the same).

2.4 The componentwise nonincreasing case

We now consider the case where the regression function ¢ is assumed to be convex and componentwise
nonincreasing. The developments here are quite similar to those in the convex case, so we omit some of
the details. Given the observed values (X3, Y1),..., (X, Y3), we write 24 for the collection of all vectors
z € R" for which there is a convex, componentwise nonincreasing function  satisfying ¢ (X;) = zJ for



every j = 1,...,n. We will denote by R and R?, respectively, the nonnegative and nonpositive orthants
of R%. We now have the following characterizations.

Lemma2.6 LetzeR". Then, z€ Qg ifand only if the following holds for every j =1,...,n:

X n n n
zf:inf{Zszk: Y ok=1,9+) 60X =X;,0=0, QER”,ﬁeRf}.
k=1 k=1 k=1

Proof: The proof is very similar to that of Lemma 2.1. The difference being that we use Lemma A.2 and

the function
n

n n
h(x):inf{z(akzk: Y ok=1,9+) 0*Xp=x 620, eeR",aeRi’}
k=1 k=1 k=1

instead of using Lemma A.1 and the function g. (]

The analogous dual characterization here is given in the following lemma. Its proof is just an appli-
cation of the duality theorem of linear programming, so we omit it.

Lemma 2.7 Letz e R". Then, z€ Qg ifand only if for every j =1,...,n we have
2 =sup{(cf,Xj>+n:((f,Xk>+nSzk Vk=1,.,n €Y, nER}.

Moreover, z € Qg if and only if there exist vectors &y, ...,&, € R? such that
EpXp—Xp<zh-zl Vi jeq,... nh.

Just as in the previous case, we can use both characterizations to show the existence and uniqueness of
the vector

n 2
Wn:argmin{z |Yk—zk‘ }
k=1

ZEQgr

and then define the nonparametric least squares estimator by

n n n
P (x) :inf{ Y okwk: Yy ok=1,0+) Gka:x,GE[RZ”,ﬁeRff}.
k=1 k=1 k=1
Here, the vector W), can also be computed by solving the corresponding quadratic program
min roy Y- zk|?
subject to <§k,Xj—Xk>szf—zk Vikj=1,..,n
&l En R Zze R,

which differs from the program (8) just because here the ¢ ;’s have to be nonpositive. The estimator enjoys
analogous finite dimensional properties to those listed in Lemma 2.4. For the sake of completeness, we
include them in the following lemma.

Lemma 2.8 Let ¢, be the convex, componentwise nonincreasing least squares estimator obtained from
the sample (X1, 11),...,(Xy, Yy). Then,



n
@ Y W) —Pn (X)) Yi—@n(Xy)) < 0 for any convex, componentwise nonincreasing functiony which
k=1
is finiteon Conv (X, ..., X,);

n
(i) Y Pn(Xi) Ve — Pn(Xi)) =0;
k=1

n n
i) ) V=) ¢n(Xp);
k=1 k=1

(iv) the set on which §,, < oo is Conv(Xy,...,X,) + Rf;

(v) foranyxe RY the map (Xy,...,Xn, 1,...,Y,) — @n(x) is a Borel-measurable function from R™@+D)
intoR.

3 Consistency of the least squares estimator

The main goal of this paper is to show that in an appropriate setting the nonparametric least squares
estimator ¢,, described above is consistent for estimating the convex function ¢ on the set X. In this
context, we will prove the consistency of ¢,, in both, fixed and stochastic design regression settings.

Before proceeding any further we would like to introduce some notation. For any Borel set X c RY
we will denote by 98y the o-algebra of Borel subsets of X. Given a sequence of events (A,)7> , we will be
using the notation [A, i.0.] and [A, a.a.] to denote mAn and lim A, respectively.

Now, consider a convex function f : R? — R. This function is said to be proper if f(x) > —oo for every
x € R%. The effective domain of f, denoted by Dom(f), is the set of points x € R for which f(x) < co. The
subdifferential of f at a point x € R? is the set 0 f (x) c R? of all vectors ¢ satisfying the inequality

Ehy<flx+h) - f(x) YheR?.

The elements of df(x) are called subgradients of f at x (see Rockafellar (1970)). For a set A < R? we
denote by A°, A and dA its interior, closure and boundary, respectively. We write Ext(A) = R% \ A for the
exterior of the set A and diam(A) := sup, e 4 |x — y| for the diameter of A. We also use the sup-norm
notation, i.e., for a function g : R% — R we write llglla=sup,ealg(ol.

To avoid measurability issues regarding some sets, specially those involving the random set-valued
functions {0¢,, (x)} yex, we will use the symbols P, and P* to denote inner and outer probabilities, re-
spectively. We refer the reader to Van der Vaart and Wellner (1996), pages 6-15, for the basic properties
of inner and outer probabilities. In this context, a sequence of (not necessarily measurable) functions
(W), from a probability space (Q2, %,P) into R is said to converge to a function ¥ almost surely (see

Van der Vaart and Wellner (1996), Definition 1.9.1-(iv), page 52), written ¥, &35 v, if P, (V,—¥)=1.
We will use the standard notation P (A) for the probabilities of all events A whose measurability can be
easily inferred from the measurability of the random variables {J)n (x)} xex, established in Lemma 2.4.
Our main theorems hold for both, fixed and stochastic design schemes, and the proofs are very sim-
ilar. They differ only in minor steps. Therefore, for the sake of simplicity, we will denote the observed
values of the regressor variables always with the capital letters X,,. For any Borel set X c R%, we write

N,(X) =#{1<j<n:X;eX.

The quantities X, and N, (X) are non-random under the fixed design but random under the stochastic
one.



3.1 Fixed Design

In a “fixed design” regression setting we assume that the regressor values are non-random and that all
the uncertainty in the model comes from the response variable. We will now list a set of assumptions for
this type of design. The one-dimensional case has been proven, under different regularity conditions, in
Hanson and Pledger (1976).

(A1) We assume that we have a sequence (X, Yn)j’f:l satisfying

Yi = p(Xi) +ei

[e ]

where (¢,,)}., isani.i.d. sequence with E (ej) =0,E (6?) = 0% <ooand ¢:R% — Ris a proper convex

function.

(A2) The non-random sequence (X,)52, is contained in a closed, convex set X < R4 with X° # ¢ and
X cDom(¢).

(A3) We assume the existence of a Borel measure v on X satisfying:

(i) XeBx:v(X)=0}={XeBx :Xhas Lebesgue measure 0}.
(i) %N, (X)— v(X) for any Borel set X < X.

Condition (A1) may be replaced by the following:

(A4) We assume that we have a sequence (X, Y)7> | satisfying
Yi = p(Xi) +ex

where ¢ : R? — R is a proper convex function and (€x)92, is an independent sequence of random
variables satisfying

(i) E(e,) =0V neNandlim>¥?_E(egl) >0.
2
(i) Yoo, Yarlen) < o
(iii) sup,eniE (€2)} < oo.

Under these conditions we define g2 := E,HOO % }1:1 E (e?)
The raison d’etre of condition (A4) is to allow the variance of the error terms to depend on the regressors.
We make the distinction between (A1) and (A4) because in the case of i.i.d. errors it is enough to require
a finite second moment to ensure consistency.

3.2 Stochastic Design

In this setting we assume that (X, Y,)9> , is anii.d. sequence from some Borel probability measure u on
R4+, Here we make the following assumptions on the measure p:

(A5) There is a closed, convex set X « R with X° # @ such that WX xR) = 1. Also,

f yz,u(dx,dy) < o0.
X xR

10



(A6) There is a proper convex function ¢ : R — R with X ¢ Dom(¢) such that whenever (X,Y) ~ u we
have E(Y - ¢(X)|X) = 0and E (Y — ¢(X)|?) = 02 < co. Thus, ¢ is the regression function.

(A7) Denoting by v(-) = u((-) x R) the x-marginal of y, we assume that

{Xe Bx :v(X) =0} = {X € Bx : X has Lebesgue measure 0}.

We wish to point out some conclusions that one can draw from these assumptions. Consider the class
of functions

Hy = {w ‘R - R | ¥ is convex with flw(x)lzv(dx) < oo}.

Then for any X c X the following holds
fx Ru/(x) (y—puldx,dy) =0 Yy € Xy;

so we get that ¢ is in fact the element of #, which is the closest to Y in the Hilbert space L2(XxR, Byxr, Ww.
This follows from Moreau’s decomposition theorem (see the proof of Lemma 2.4).

Additionally, conditions {A5-A7} allow for stochastic dependency between the error variable Y —¢(X)
and the regressor X. Although some level of dependency can be put to satisfy conditions {A2-A4}, the
measure p allows us to take into account some cases which wouldn't fit in the fixed design setting (even
by conditioning on the regressors).

3.3 Main results

We can now state the two main results of this paper. The first result shows that assuming only the convex-
ity of ¢, the least squares estimator can be used to consistently estimate both ¢ and its subdifferentials
0p(x).

Theorem 3.1 Under any of {A1-A3}, {A2-A4} or {A5-A7} we have,
(i) P|sup{|d,(x) —p(x)|} — 0 for any compact set X< X° | = 1.
xeX

(ii) Forevery x € X° and every & € RY

im lim Pn(x+hé) —dpx) <lim P(x+ hé) — p(x)
n—o0 1|0 h hl0 h

almost surely.
(iii) Denoting by B the unit ball (w.r.t. the Euclidian norm) we have
P. (0, (x) cdp(x)+eB aa.)=1 Ve>0,V xeX°.

(iv) If ¢ is differentiable at x € X°, then

sup {I& - V(x)l} == 0.
fea([)n(x)
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Our second result states that assuming differentiability of ¢ on the entire X° allows us to use the subdif-
ferentials of the least squares estimator to consistently estimate V¢ uniformly on compact subsets of X°.

Theorem 3.2 If ¢ is differentiable on X°, then under any of {A1-A3}, {A2-A4} or {A5-A7} we have,

P.| sup {|E-VpX)|}—0 foranycompactset X< X°|=1.

xex
§€0¢p (x)

3.4 Proof of the main results

Before embarking on the proofs, one must notice that there are some statements which hold true under
any of {A1-A3}, {A2-A4} or {A5-A7}. We list the most important ones below, since they’ll be used later.

* For any set X c X we have

No®) as v(X). 9)

* The strong law of large numbers implies that for any Borel set X < X with positive Lebesgue mea-
sure we have

1 a.s.
Ye—op(Xp)) —0 (10)
N.® kae:x ke~ ¢ Xk
1<k<n
and also
fim ~ Y (Vi-¢(Xp)?=0%as. (11)
n—eon 1<k<n

We would like to point out that in the case of condition A4, A4-(iii) allows us to obtain (10) from an
application of a version of the strong law of large number for uncorrelated random variables, as it
appears in Chung (2001), page 108, Theorem 5.1.2. Similarly, condition A4-(ii) implies that we can
apply a version the strong law of large numbers for independent random variables as in Williams
(1991), Lemma 12.8, page 118 or in Folland (1999), Theorem 10.12, page 322 to obtain (11).

* For any Borel subset X c X with positive Lebesgue measure,

#neN: X, X} L5 +oo (12)

Proof of Theorem 3.1. We will only make distinctions among the design schemes in the proof if we are
using any property besides (9), (10), (11) or (12). For the sake of clarity, we divide the proofin steps.

Step I: We start by showing that for any set with positive Lebesgue measure there is a uniform band

around the regression function (over that set) such that ¢, comes within the band at least at one point
for all but finitely many n’s. This fact is stated in the following lemma (proved in Section 4.1).

12



Lemma 3.1 For any set X € X with positive Lebesgue measure we have,

. A . o
P }Clelg{l(pn(x)—(p(x)l}le.o. =0VYM> =
Step II: The idea is now to use the convexity of both, ¢ and ¢, to show that the previous result in fact

implies that the sup-norm of ¢,, is uniformly bounded on compact subsets of X°. We achieve this goal in
the following two lemmas (whose proofs are given in Sections 4.2 and 4.3 respectively).

Lemma 3.2 Let X © X° be compact with positive Lebesgue measure. Then, there is a positive real number
Ky such that

P (inf{(f)n(x)} <-Ky i.o.) =0.
xeX
Lemma 3.3 Let Xc X° be a compact set with positive Lebesgue measure. Then, there is Ky > 0 such that

P (sup{qi)n(x)} > Ky i.o.) =0.
xeX

Step III: Convex functions are determined by their subdifferential mappings (see Rockafellar (1970), The-
orem 24.9, page 239). Moreover, having a uniform upper bound Kx for the norms of all the subgradients
over a compact region X imposes a Lipschitz continuity condition on the convex function over X (see
Rockafellar (1970), Theorem 24.7, page 237); the Lipschitz constant being Kx. For these reasons, it is im-
portant to have a uniform upper bound on the norms of the subgradients of ¢,, on compact regions. The
following lemma (proved in Section 4.4) states that this can be achieved.

Lemma 3.4 Let X < X° be a compact set with positive Lebesgue measure. Then, there is Ky > 0 such that

P*| sup {lél}>Kyio.[=0.
§€ddn(x)
xeX
Step IV: For the next results we need to introduce some further notation. We will denote by u,, the em-
pirical measure defined on RA+1 by the sample (X3, Y1), ..., (X, Y,). In agreement with Van der Vaart and
Wellner (1996), given a class of functions ¢ on D c R%*!, a seminorm ||-|| on some space containing ¢
and € > 0 we denote by N(¢,%, || - |I) the € covering number of ¢ with respect to | - ||.

Although Lemmas 3.5 and 3.7 may seem unrelated to what has been done so far, they are crucial for
the further developments. Lemma 3.5 (proved in Section 4.5) shows that the class of convex functions is
not very complex in terms of entropy. Lemma 3.7 is a uniform version of the strong law of large numbers
which proves vital in the proof of Lemma 3.8.

Lemma3.5 Let X ¢ X° be a compact rectangle with positive Lebesgue measure. For K > 0 consider the
class Gk x of all functions of the form y (X) (Y — (X)) 1 x(X) wherey ranges over the class Pk x of all proper
convex functions which satisfy

@ lylr=K;

® U ©@cl-kK%
feaw}x)
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Then, for any € > 0 we have

nli_rn N(e, %k 1, L1 (X xR, uy)) <oo almost surely,
—00

and there is a positive constant A, < oo, depending only on (Xy,...,Xy), K and X, such that the covering
numbers N(% Z}?zl 1Y; —d(Xj)N, %k, 1, L1 (X x R, uy)) are bounded above by Ae, for all n e N, almost surely.

The proofs of Lemmas 3.7 and 3.8 (given in Sections 4.7 and 4.8 respectively) are the only parts in the
whole proof where we must treat the different design schemes separately. To make the argument work,
a small lemma (proved in Section 4.6) for the set of conditions {A2-A4} is required. We include it here for
the sake of completeness and to point out the difference between the schemes.

Lemma 3.6 Consider the set of conditions {A2-A4} and a subsequence (ny){., such that

Let (X1m)S,_, be a an increasing sequence of compact subsets of X satisfying v(Xm) — 1. Then,
lim lim — Z E(e-):o.
M—=00 " Nk (<ichX:
oo (1=j=ng:X;eXm}
We are now ready to state the key result on the uniform law of large numbers.

Lemma 3.7 Consider the notation of Lemma 3.5 and let X c X° be any finite union of compact rectangles
with positive Lebesgue measure. Then,
} =%0.

sup {
WEDK x
Step V: With the aid of all the results proved up to this point, it is now possible to show that Lemma 3.1

is in fact true if we replace M by an arbitrarily small > 0. The proof of the following lemma is given in
Section 4.8.

1
- Y wX) - X))

n {lsjsn:XjeX}

Lemma 3.8 Let X< X° be any compact set with positive Lebesgue measure. Then,

@) P(in£{¢(x)—(f)n(x)} =1 i.o.) =0 V7>0,

(ii) P(sup{(p(x) —Pn(x)}<-n i.o.) =0 Vn>0.

xeX

Step VI: Combining the last lemma with the fact that we have a uniform bound on the norms of the
subgradients on compacts, we can state and prove the consistency result on compacts. This is done in
the next lemma (proof included in Section 4.9).

Lemma 3.9 Let X < X° be a compact set with positive Lebesgue measure. Then,

G) P in;f({gi;n(x) —¢p(x)}<-nio.|=0 Vn>0,
X€
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(ii) P|supid,(x) —px)}>n io.|=0 Vn>0,
xeX
(iii) sup{ln(x) — px)[} =5 0.
xeX

Step VII: We can now complete the proof of Theorem 3.1. Consider the class € of all open rectangles 2
such that Z < X° and whose vertices have rational coordinates. Then, ¢ is countable and Ugee Z = X°.
Observe that Lemmas 3.2 and 3.3 imply that for any finite union A := 2, U--- U %, of open rectan-
gles #1,...,%m € € there is, with probability one, ny € N such that the sequence ((f)n)‘,’f’:no is finite on
Conv (A). From Lemma 3.9 we know that the least squares estimator converges at all rational points in
X° with probability one. Then, Theorem 10.8, page 90 of Rockafellar (1970) implies that (i) holds if X° is
replaced by the convex hull of a finite union of rectangles belonging to €. Since there are countably many
of such unions and any compact subset of X° is contained in one of those unions, we see that (i) holds.
An application of Theorem 24.5, page 233 of Rockafellar (1970) on an open rectangle C containing x and
satisfying C < X° gives (ii) and (iii). Note that (iv) is a consequence of (iii). U

Proof of Theorem 3.2. To prove the desired result we need the following lemma (whose proof is pro-
vided in Section 4.10) from convex analysis. The result is an extension of Theorem 25.7, page 248 of
Rockafellar (1970), and might be of independent interest.

Lemma 3.10 Let € c R? be an open, convex set and f a convex function which is finite and differentiable
on €. Consider a sequence of convex functions (f,)5., which are finite on € and such that f, — f point-
wise on €. Then, if X © € is any compact set,

sup {IE-Vf(x)|}—o0.
xeX
§€dfn(x)
Defining the class € of open rectangles as in the proof of Theorem 3.1, one can use a similar argument to
obtain Theorem 3.2 from an application of Theorem 3.1 and the previous lemma. O

3.5 The componentwise nonincreasing case

The regression function ¢ is now assumed to be convex and componentwise nonincreasing. Recalling
the notation defined in Section 2.4, we now have that Theorems 3.1 and 3.2 still hold with ¢,, replaced by
¢n- In view of the fact that the proof of the results is very similar to that when ¢ is just convex, we omit
the proof and sketch the main differences. The proof of the main results in Section 3 relied essentially on
two key facts:

(i) The finite sample properties of ¢,, established in Lemma 2.4.

(ii) The vector (¢, (X1),...,Pn(Xn))' € R" is the &, projection of (V1,..., ¥;,) on the closed, convex cone
H o of all evaluations of proper convex functions on (X3, ..., X;). Also, note that (¢p(X1),...,¢(Xp)) €
Ho.

We know from Lemma 2.8 that ¢, has similar finite sample properties as its convex counterpart. Note
thatif ¢ is convex and componentwise nonincreasing (¢p(X1),..., ¢(X,)) € g and (P, (X1),...,Pn(Xp)) €
R" is the %, projection of (Y1,...,Y,) onto 24 .

From these considerations and the nature of the arguments used to prove Theorems 3.1 and 3.2, it
follows that all but one of those arguments carry forward to the componentwise nonincreasing case; the
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only difference being the entropy calculation of Lemma 3.5. At some point in that proof, one breaks the
rectangle [-K, K]¢ into a family of subrectangles in order to approximate the subdifferentials of the class
Dk x. Itis easily seen that the same argument holds in the componentwise nonincreasing case if one
instead uses a partition of [-K,0]¢ to approach the subdifferentials of the corresponding class Dk x for
componentwise nonincreasing convex functions. By doing this, the resulting function g will be convex
and componentwise nonincreasing and (30), (31) and (32) will still hold for the corresponding class ./, .
Then, the conclusions of Lemma 3.5 are also true for the componentwise nonincreasing case and we can
conclude that our main results are valid in this case too.

4 Proofs of the lemmas

Here we prove the lemmas involved in the proof of the main theorem. To prove these, we will need ad-
ditional auxiliary results from matrix algebra and convex analysis, which may be of independent interest
and are proved in the Appendix.

4.1 Proofof Lemma 3.1

We will first show that the event

[infyex {¢n(x) — p(x)} = M i.0.] has probability zero. Under this event, there is a subsequence (%,
such that inf,ex {(ﬁnk (x) — gb(x)} > MV k eN. Then (10) implies that for this subsequence, with probabil-
ity one, we have

klﬂooNnk(X)Xze"x{Y] d)nk(X])} = M (13

On the other hand, it is seen (by solving the corresponding quadratic programming problems; see, e.g.,
Exercise 16.2, page 484 of Nocedal and Wright (1999)) that for anyn >0, meN

1 o1 ,
inf{— o=y ffzn,feRm} = 7 (14)
l<sj=m l<j=m
1 1 ;
inf{— o= Y £fs—n,EeRm} = 1 (15)
mlsjsm l<sj=sm

For 0 <6 < M, using (15) with n = M — 6 together with (12) and (13) we get that, with probability one, we
must have

1
lim — Z(Y, B (X2 = V() (M - 5)>.
k—oo k]

Letting 6 — 0 we actually get

1 1
lim —kZ(Y, P (X)? 2 vOM? > 0% = lim —Z(Y] PX;)* as.
k—oo It Jj=1

which is impossible because <,Bnk is the least squares estimator. Therefore,

P in){{([)n(x)—qb(x)} >Mi.o0.|=0
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A similar argument now using (14) gives
P{sup {$,(x) - p(x)} < -Mio.| =0,
xeX

which completes the proof of the lemma. O

Before we prove Lemmas 3.2 and 3.3, we need some additional results from matrix algebra. For con-
venience, we state them here, but postpone their proofs to Section A.2 in the Appendix.
We first introduce some notation. We write e; € R for the vector whose components are given by

ej? = § jr, where 6 j is the Kronecker §. We also write e = e; +... + e, for the vector of ones in R%. For

aE {—l,l}d we write
d
%az{ZHkakek:QEO,He[Rd}
k=1

for the orthant in the a direction. For any hyperplane # defined by the normal vector ¢ € R? and the
intercept b € R, we write A = {x € R4 : & xy=b}, At ={xe R4 : (¢, xy>b}and A ={x€ R4 : (&, x) < b}.
Forr >0and xj € R4 we will write B(xg,r)={x€ RY: |x— Xol| < r}. We denote by R%*4 the space of d x d
matrices endowed with the topology defined by the | - [l norm (where || All2 = sup <1 {1 Axl} and can be
shown to be equal to the largest singular value of A; see Harville (2008)).

Lemma4.1 Letr >0. Thereis a constant R, > 0, depending only on r and d, such that for any p. € (0, R;)
there are p, p* > 0 with the property: for any a € {—1,1}% and any d-tuple of vectors p = {x1,..., x4} c R?
such that xj € B(afrej,p) Y j=1,...,d, there is a unique pair (fa,ﬁ,ba,ﬁ); with fa,ﬁ € [Rd, |fa,ﬁ| =1 and
bg,p > 0 for which the following statements hold:

(i) B form a basis forR?.

(ii) X1,...,Xq € Ao p:={x €RT: (Eq 5,X) = by pl.
. J
(iii) 121]'1251{'6“"3” >0.

(iv) B(0,p:) = H, 5.

@ (xeR?:|x|2p*INRa < 4.

i) B(—ajrej,p) cixeR?: CapX)<Otforallj=1,...,d.

(vii) Foranyw; € B (0, ﬁ) and w, € B (83\’)/’;7(1, 8%) we have

; -1 J
12‘121{()(5 (w1+t(wz—w1))) }>0 Vi=1

where Xg = (x1,...,%q) € R4 js the matrix whose j'th column is x;.

Figure 2a illustrates the above lemma when d = 2 and a = (1,1). The lemma states that whatever points
x1 and xp are taken inside the circles of radius p around alre; and a®re,, respectively, B(0,p.) and
{xe R4 : |x| = p*} N Z, are contained, respectively, in the half-spaces Jf;ﬁ and Jﬁ;ﬁ. Assertion (vii) of
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Figure 2: Explanatory diagram for (a) Lemma 4.1 (left panel); (b) Lemma 4.2 (right panel).
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the lemma implies that all the points in the halfline {w; + (w2 — w } 11 should have positive co-ordinates
with respect to the basis § as they do with respect to the basis {a/e j}?zl. We refer the reader to Section
A.2.1 for a complete proof of Lemma 4.1.

We now state two other useful results, namely Lemma 4.2 and Lemma 4.3, but defer their proofs to
Section A.2.2 and Section A.2.3 respectively.

Lemma 4.2 Let r > 0 and consider the notation of Lemma 4.1 with the positive numbers p, p. and p*
as defined there. Take 2d vectors {Xs,...,xsq} < R? such that X+j € B(xrej,p) and for a € {-1, 134 write
Ba = (X411, %20, .., Xgagh, Ea = Sa,par Da = ba,p, and #o = 764 g, all in agreement with the setting of
Lemma 4.1. Then, if K = Conv(x41,...,X+q) we have:

() K=Ngepo1ya{x €R: (Eq,x) < ba}.

(i) K°=Mye-11yaix €RY: (€4, X) < ba}.

(iii) 0K =Uge(_1.1ya Conv(xg1y,. ., Xqay)-

(iv) 0K = (Uge(_1,1ax€RY : G %) = bal ) N [Nge 1y 1¥ € RY : ) < bad).
W) B(0,p.) K",

(vi) 0B(0,p™) < Ext(K).

Figure 2b illustrates Lemma 4.2 for the two-dimensional case. Intuitively, the idea is that as long as the
points x.; and x., belong to B(+rey, p) and B(+re;, p), respectively, we will have B(0, p.) and 6B(0, p*)
as subsets of K° and Ext(K), respectively.

Lemma4.3 Let|[a,b] c RY be a compact rectangle and r > 0, withr < ﬁ ifd = 3. Foreach a € {-1, 1}d
write zq = a+ Zj.izl ”2—“] (b/—al)e; so that {za} ge(_1 1,4 i the set of vertices of [a, b). Then, there is p >0
such that ifxq € B(zg +1(2q —2-¢),p) V @ € {—1, 139, then

[a,b] c Conv (xa raef{-1, 1}d)

18
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Figure 3: Explanatory diagram for (a) Lemma 4.3 (left panel); (b) Lemma 3.2 (right panel).

Figure 3a describes Lemma 4.3 in the two-dimensional case. As long as the points x(+1,11) are chosen in
the balls of radius p around z(+1,+1) + ' (2(1,+1) — Z31,51)), Conv (x(x1,+1)) will contain Conv (z(41,41))-

4.2 Proofof Lemma 3.2

Since any compact subset of X° is contained in a finite union of compact rectangles, it is enough to prove
the result when X is a compact rectangle [a, b] c X°. Let r = iminlsksd{bk - ak} and choose p € (0, ir),
p*>0and0<p. < %r such that the conclusions of Lemmas 4.1 and 4.2 hold for any « € {~1,1} and any
B=(z1,....z4) e R with z; € B(a/rej, p). Take N € N such that

1 1
— bk —aky < —p, 16
N < g 19

and divide X into N rectangles all of which are geometrically identical to % [0,b— a]. Let € be any one
of the rectangles in the grid and choose any vertex zy of € satisfying

2o :argmax{ max {zf —al, b’ —z]}}.
€€ I<j=d

Then, from the definition of zy and r, there is ag € {—1, 134 such that
B(z0,1) N (20 + Ray) < X
Additionally, define

0«
B, = B(z,—),
' “16vd
30+ [
By = Blzpg+ —ag,——=],
8vd ~ 8Vd
Aj = Blz+ajrej,p)n(zo+Ra,) Y j=1,....d,
Aj = B(zo—aérej,p) Vj=1,...,d.
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Observe that all the sets in the previous display have positive Lebesgue measure and that the A_’s are not

necessarily contained in X. Let M; = , My > g , M = My + My and K¢ >6M.
Y 1= [l Mo /M (B),v(Ba) V(AL v (Ag)] 1o €

Also, notice that € < B; because of (16). We will argue that

P(inf{([)n(x)} < K¢ i.o.) =0. (17)
X€€
From Lemma 3.1, we know that
d
P(ﬂ inf {|¢n(x) —p0)|} < My a.a. ): 1, (18)
j=l xeAj

so there is, with probability one, np € N such that inf ¢ A {\(ﬁn(x) - (p(x)|} < M, for any n = ng and any
j=1,...,d.

Assume that the event [infxecg{(fﬁn(x)} <—-Kg¢ i.o.] is true. Then, there is a subsequence nj such that
infx€<g{(f>nk (x)} < —K for all k € N. Fix any k = ng. We know that there is X, € € < B; such that (Z)nk (X)) <
—K«. In addition, for j =1,...,d, there are Zajj € Aj such that |‘Z’"k(Zafj) - (/)(Za,-j)l < My, which in turn

0 0 0

implies (Z)nk(Zajj) <M.PickanyZ ;€ A_jandletK= Conv(Zs1,...,Z+q) = zo+Conv(Ze1 — 2o, ..., Zag — 20)-
0 0

Take any x € B,. We will show the existence of X* € Conv (Za,(lll, ..

.,Zadd) suchthat x € Conv (X, X™),
0
as shown in Figure 3b for the case d = 2. We will then show that the existence of such an X* implies that

[p(x) — P, (%) > M. (19)

|

But from Lemma 3.1, the event on the right is a null set. Taking (18) into account, we will see that (17)
holds and then complete the argument by taking Kx = max¢{K¢}.

To show the existence of X* consider the function ¢ : R — R4 given by y (1) = X, + t(x — X.). The
function vy is clearly continuous and satisfies ¥(0) = X, and (1) = x € B, < K°. That B, c K° is a con-
sequence of Lemma 4.1, (iv). The set K is bounded, so there is T > 1 such that y(T) € Ext(K) = RY\K.
The intermediate value theorem then implies that there is ¢* € (1, T) such that X* := y/(¢*) € K. Observe
that by Lemma 4.2 (iii) we have

Consequently, since x is an arbitrary element of B, we will have

A

j=1

;gg{én(x)} <Ky io. xiél/fj {|([>n(x) - (p(x)|} < M a.a.

[

inf {|¢p(x) = P, (01} = My i.0.
X€EBy

K= |J Conv(Zyy, ..., Zyay).
aef-1,1}4
Lemma 4.1 (i) implies that {Za(l)l—zo, . Zagd_ZO} forms a basis of R% so we can write X* —zy = Z;’.’ZI Bj(Zajj—
. 0
zp). Moreover, Lemma 4.1 (vii) implies that 6/ > 0 for every j = 1,...,d as 0 = ©1,...,09 = (Zw(l)1 -
20,y Zydg —20) M (X* — zp). Here we apply Lemma 4.1 (vii) with w; = X, € B), wp =x€ By and t* > 1.
0

For a € {-1,1}% consider the pair (éq, bg) € R% x R as defined in Lemma 4.2 for the set of vectors {Z41—
2o, ..., Z+q— 2o} (here we move the origin to zp). Observe that Lemma 4.1 (ii) implies that (o, Za(])-j —2zZg) =
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by, for all j =1,...,d. Consequently, ({4, X* — 20) = bq, Z;.i:l@j, but since X* € 0K, Lemma 4.2 (iv)
implies that (¢, X* — 20) < by, and hence 27:1 6/ < 1. Additionally, for a # ay we can write (£ 4, X* — zo)
as

d . . .
Zef@a,zagj—z()): Y. 0/bg+ ) 07 Car 2,1, = 20) < ba (20)

J=1 al=al al#a)

as{q, Zyj —20) = be (by Lemma 4.1 (i7)) and (o, Z_,; — 20) < 0 (by Lemma 4.1 (vi)) forevery j =1,...,d.
Since ({q, w—zg) = by forall w e Conv(Za11,...,Zadd) andallx e {—1.1}d, (20) and the fact that X* € 60K

imply that X* € Conv (Za(l)l, . Zagd). Hence ¢, (X*) < Z;.i:l 07 Py, (Zy1) <M. We therefore have

G X)Y<M ,  Pp (X)) <K, 1)
1
X*+t—*(X*—X*) = X. (22)
Since X, € By and d = 1 we have
1
|20 — Xs| < rlas (23)

By using the triangle inequality we get the following bounds

1 1

—px <l|lzg—X|< =px. 24

2P |zp — x| P (24)
And from Lemma 4.1 (iv) and the fact that ({4, X*) = b, We also obtain

lzo— X*| = p«. (25)
From (22) we know that t* = 'fi*__xxl‘ Using the triangle inequality with (23), (24) and (25) one can find
lower and upper bounds for | X* — X, | (as |X* — X«| = | X* — 29| — |29 — X«|) and |x — X,| (as |x — X.| <
|x — 29| + |29 — X«1), respectively, to obtain ¢* = % Then, (21) and (22) imply

. 1). 1. 2 5
By () < (1 - ;)(Pnk(X*) = P, (X*) =< ~Ke+-M<-M.

Consequently,
[p(X) = pp, (X)| > M — My = M.

This proves (19) and completes the proof. O

4.3 Proofof Lemma 3.3

Assume without loss of generality that X is a compact rectangle. Let {z, : a € {—1,1}%} be the set of ver-
tices of the rectangle. Then, there is r € (0,1) such that B(zq,7) € X° V a € {-1,1}%. Recall that from
Lemma 4.3, there is 0 < p < %r such that for any {n, : a € {-1, l}d} if ng € B(zg + %(za —Z_gq),p) then
X< Conv(ng:ae{-1,1}9).

Let AazB(za+%r(za—z_a),g) and M, > g

Vmin{v(Ag):ae{-1,1}4}

M, = sup {lp(0)1}.

xeConu(Uadil,l}d Aa)

and choose
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Take Kx > My + M;. Since

inf {|¢p, (x) — p(x)|} < My, a.a.

XEAy

P( N ) =1
ae{-1,1}4

by Lemma 3.1, there is, with probability one, ng € N such that for any n = ny we can find n, € Ay, a €
{=1,1}%, such that |}, (14) — Pp(na)| < My. It follows that ¢, (ns) < Kx V a € {~1,1}%. Now, using Lemma

4.3 we have X < Conv (n, : a € {~1,1}4) and the convexity of ¢,, implies that ¢,,(x) < Kx forany x e X. [

4.4 Proofof Lemma 3.4

Assume that X = [a, b] is arectangle with vertices {z, : ¢ € {1, 1391, The function Y(x) = infnem{lx—nl}
is continuous on R¥ so there is x, € X such that w(x,) = infyepx{w(x)}. Observe that y(x,) > 0 because
X« € 0X c X°. By Lemma 4.3, thereis a r < %w(x*) for which there exists p < ir such that whenever
naeAa::B(zoﬁ%r(

Za—Z—a
|2g—2-al

,0| forany a € {—1,1}4 and
).p) for any

1 —-Z_
K, = Conv(za +=r (M) raef-1, l}d)
2 \lzg—2_ql
K, = Conv(na ‘@€ {—lyl}d)
we have
XcKZCK,;’CK,,CX". (26)
Let My > z and M; € R be such that
Vminfv(4g):ae{-1,1}9}
P in)t;{an(x)} <-Mpi.o.|=0 and M = sup {Pp(x)}.
X€E

xEConv(UaE(iLl}d Aa)
From Lemmas 3.1 and 3.2 we can find, with probability one, ny € N such that infxex{([)n(x)} > —Mj and
infyea, {I(/A)n(x) — (x|} < My for any n = ngy. Define

M = M;+ My
4|b— al
rminlsjsd{bj —al}

Kxy =

and take any n = ng. Then, for any a € {-1, 139 we can find Na € Aq such that Ig?)n(na) - Pyl < M.
Then, (26) implies that ¢, (x) < M Vx € X. Take then x € X and ¢ € ¢, (x). A connectedness argument,
like the one used in the proof of Lemma 3.2, implies that there is 7. > 0 such that x + £.{ € 0K;,. But then

inj<j<q{b/—a’} . .
we must have ¢, > % as a consequence of (26), since the smallest distance between 0K, and

rminlsjsd{bj—af

0X is W} and 0K, < Ext(K;). This can be seen by taking a look at Figure 4, which shows the
situation in the two dimensional case. Thus, using the definition of subgradients,

"minlsjsd{bj —al}

(£,6) < (&, 1.8 < Pr(x+ 1.8 — Pp(x) <2M

2l¢llb - al
which in turn implies |[{| = Kx. We have therefore shown that, with probability one, we can find ng € N
suchthat [{|<Kx Ve a(ﬁn(x), VY x €X, V n= ng. This completes the proof. O
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ri:‘

rmin;<;<a{b? —a’}
= 2|b — al

rming<;<4{b/ —a’}
- = 2|b — al

rminlsjgd{bj_aj}

Figure 4: The smallest distance between 0K, and 0X is at least Sib—al

4.5 ProofofLemma 3.5

The result is obvious for conditions {A1-A3} and {A5-A7} when o2 = 0. So we assume that 2 > 0 for
{A1-A3} and {A5-A7}. Let e > 0 and M = sup,x1{lxl}. Choose § > 0 satisfying

€ €

<6< 27)
22M+KvVd+1 2M+KvVd+1
AMAVID o1 |V -pxp)l DKLy - gox)

for n large. Notice that 6 is well-defined and the quantity on the left is positive, finite and bounded away
from 0 as lim % Z;‘zl |Y; —¢(X;)| > 0 a.s. under any set of regularity conditions (for {A2-A4}, conditions
A4-(i) and A4-(iii) imply that we can apply the version of the strong law of large number for uncorrelated
random variables, as it appears in Chung (2001), page 108, Theorem 5.1.2 to the sequence (|¢; I);?‘il; for
{A1-A3} and {A5-A7} this is immediate as ¢ > 0). The definition of the class Dk x implies that all its
members are Lipschitz functions with Lipschitz constant bounded by Kv/d, a consequence of Rockafellar

(1970), Theorem 24.7, page 237. Hence, (27) implies that

[x—yl<d

sup  A{ly(x) -y =+
n Zj
X, yeX,WeDk x

LY=ol

Now, define N, e Nby N, = [W-‘ Vv PK(S‘/E -‘ , where [-] denotes the ceiling function. Observe that (27)
implies

n
Np—-1< (diam(X) v 2K\/Z) M ( L

-y |Y,~—¢>(xj)|). 28)
nia
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Then, we can divide the rectangles X and [-K, K1%in N,‘f subrectangles, all of which have diameters less
than §. In other words, we can write

d
KK = U R
1<j<N¢
x = U
1<j<N¢

with diam(R;) < 0 and diam(V;) < oVvj=1, ...N,‘f. In the same way, we can divide the interval [-K, K]
in N, subintervals .91,..., #y, each having length less than §. Foreach j=1,..., N9, let ¢; and x; be the
centroids of R; and V;j respectively and for j = 1,..., N, let ; be the midpoint of .#;. Consider the class
of functions .7,  defined by

an,ez{ max {<§S)'_xt>+77j}35ﬂc{1y-~-,Ng}2X{l;---;Nn}}-
(s,t,j)eS

Observe that the number of elements in the class %7, is bounded from above by 2N Now, take
any ¢ € Dix. Pickany Z; € oy (X;). Then, for any j such that X; € X, there are s;,f; € {1,...,N% and
7j€{l,..., Ny} such that |=; - ésj [ X - x,jl and Iw(xtj) - nTjI are all less than 6. We then have that

il:g{‘(ésj,x—xtﬁmfj - (<E,-,x—Xj>+w(Xj)))}

< 2Ml&s, - Ejl+KVdlx; - Xj|+6 < @M +KVd +1)8 29)

by an application of the Cauchy-Schwarz inequality. But then, (27) implies that if we define the functions
¥ and g as

Px) = I}ggKE,‘,x—Xﬂ +y (X))},
gx) = g{}g{@j,x—xg) +15)
then we have
¥(X;) = w(X;) for jsuchthat X; €X, (30)
lg -l s |1/€,~—¢(Xj)| (from (29)), (31)
g € Sy 32)

Note that (30) follows from the definition of subgradients. All these facts put together give that for any
Fx ) =ypx)(y—¢px) €9k x, ¥ € Dk x there is g € A,  such that

fxlf(x, V) -8X)(y—p)lunldx,dy) <e

and hence e
N(e, Gk x, L1 (X xR, ) < #Fbp e <20

But then, the strong law of large numbers and (28) give that lim N, < oo a.s. Furthermore, by replacing e
with £ Z;?zl |Y; — ¢(X;)| in the entire construction just made, we can see that the covering numbers

N(%Z;‘Zl 1Y = (X)), Gk x, L1 (X x R,un)) depend neither on the Y’s nor on ¢. Taking B, = (diam(X) v K\/ﬁ) MJF

land A¢ = 282" it is seen that the second part of the result holds. O
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4.6 ProofofLemma 3.6

Note that for every m, we have

1 1 Ny, (X\ Xp)

— Ele?) < — E(e?]+ 22" qup{E 2.)},

e, BlG) = I Bl T s e(
1<j<ny

Taking limit inferior on both sides as k — oo, we get

% < lim — E|é? +v(X\X,;,) sup{E €2 }.
k—oo 1k X];(m ( ]) " j€£ ( ])

Now taking the limit as m — oo we get the result because the opposite inequality is trivial. O

4.7 Proof of Lemma 3.7

We may assume that X is a compact rectangle. Here we need to make a distinction between the design
schemes. In the case of the stochastic design, the proofis an immediate consequence of Lemma 3.5 and
Theorem 2.4.3, page 123 of Van der Vaart and Wellner (1996). Thus, we focus on the fixed design scenario.

For notational convenience, we write M = sup jeN {E (6?)} and Y} Xjex instead of the more cumbersome
Yisjsn: Xjex- Letting €; = Yj — ¢(X;) (and using the same notation as in the proof of Lemma 3.7) first
observe that the random quantity

1
sup { }:sup{ sup { — ) gXje;j }}
WEDk x meN gea”fn%
by (30), (31) and (32) and is thus measurable.
All of the following arguments are valid for both, {A1-A3} and {A2-A4}. Lyapunov’s inequality (which

N (Xiexy
states that for any random variable X and 1 < p < g < oo we have | X|l, < [ Xll4) and the strong law of
large numbers imply

1
= 3 w(X)e;

1 (xjex

— 1 — 1
im — 3 lejl= lim — 3 E(lej)) = VM as. (33)

Letn > 0. From Lemma 3.5 we know that the covering numbers a,, := N (% 27:1 IY; — (X, G x, LiX xR, pn))
are not random and uniformly bounded by a constant A;. Therefore, for any n € N we can find a class
ofp < D x with exactly a, elements such that {y(x)(y — ¢(x))}ye, forms an (% Z;’zl Y —p(X;) |)-net for
%y x with respect to Ly (X x R, ). It follows that
}. (34)

sup
WEDK x

1
L WX)ej
XjEX

1 n
— Y(Xei|l p=— le:] + sup
Zx 7 nlsjsn] yesty ||

anE
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With (34) in mind, we make the following definitions

1
B, = sup{ = ) v(X)ej },
ey aneX
1
Co = sup{l— 3} vXpep,
vestn | | i<j=lyn)?: Xjex
1
D, = sup % > vXpej| g,
wedy n?<j<k: XjeX

n?<k<(n+1)?

where |-] denotes the floor function. Now, pick § > 0 and observe that

P(B,>6) = P( U || X v(Xj)ej|>né )
wesly | [XjeX
1 K*MA
< —M Xp)? < U
w;dn n262 X;Xw( ]) < n62

The Borel-Cantelli Lemma then implies that P (B,,2 > § i.0.) = 0. Letting § — 0 through a decreasing se-
quence gives
B2 £50. (35)

On the other hand, the definition of C,, implies that

lv/n)?
Cox W Bap+2 Y el (36)
n M <jstyn?
which together with (35) and (33) gives
limC, < nv'M almost surely. (37

Note that (36) is a consequence of the fact that for any y € </, there exists g € &, 52 such thatif ¢, =
{1=j<|vn]*:X;eX} then

1 1 1
- _% vXpej| = | _% (X)) - gXDej| +| _% g(Xj)e;
JE€Sn JE€Sn J€Fn
VOB 1L Wm?
( n ) /72 1sj§\/ﬁjz|€]|+ . By /2
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Now, a similar argument to the one used in (35) gives

P(D,>08) = P U Y wXjej|> kb
YeA) n2<jSk2Xj€X
n?sk<(n+1)?
< > P Y w(Xjej|>ké
yeddy n?<jsk:XjeX
n?<k<(n+1)?
K*M(k—n? K?MA,(2n+1)?
= 2 (2 2 ) = 774 2 (38)
west; k=0 nté
n*<k<(n+1)?
Again, one can use (38) and the Borel-Cantelli Lemma to prove that
P (D, > di.0.) =0 and then let § — 0 through a decreasing sequence to obtain
D, <3 0. (39)
Finally, one sees that
1
sup { — Y w(X)(Yj—P(X;)) } =Bn=Cu+D\/mp
yesty (|1 X;ex
which combined with (37) and (39) gives
limB,, < nv'M almost surely.
Taking (34) into account we get
—_— 1
nh_r’rgo sup { - Z (X)) (Y —p(X;) }sZn\/M almost surely.
YEDK x 1=j=mXjeX
Letting n — 0 we get the desired result. O

4.8 Proofof Lemma 3.8

We can assume, without loss of generality, that X is a finite union of compact rectangles. Consider a
sequence (X,,)5._, satisfying the following properties:

(@ XcX,cX°VmeN.

(b) vXp)>1-L v meN.

(©) XmcXme1 VmeN.

(d) EveryX,, can be expressed as a finite union of compact rectangles with positive Lebesgue measure.

The existence of such a sequence follows from the inner regularity of Borel probability measures on R?
and from the fact that since X° is open, for any compact set F ¢ X° we can find a finite cover composed by
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compact rectangles with positive Lebesgue measure and completely contained in X°. Also, from Lemmas
3.2,3.3 and 3.4 and the fact that X < Dom(¢), for any m € N we can find Kj,, > 0 such that

Ipllx,, <Km and  P(Idalx, > Kp i0)=0; (40)
sup {€}<K,, and P*| sup {|é}>Ky, io.|=0. (41
xe€Xm xeXpm

Eedp(x) Eeddp (x)

Fixn > 0 and consider the sets

b
Il

[inf{(p(x) —Pu(x)} 27 io.
xeX

(Ipnlx,, < Kn aa.

sup {I€} = Ky a.a.].

xeXm,
fEaﬁbn (x)

Suppose now that AnBNC is known to be true. Then, there is a subsequence (n4)77 ; such that infyex {¢p(x)—

¢ne ()} =0V keNand - Z;’il E(e?) — 0. Taking (40) and (41) into account, we have that for k large
enough the inequality

1 I N 1
— Y V=P (X)P 2 — Y (Yj-p(X))?
ny j=1 ng XjeXm

2 o 1 o
+ Y V=X B =P X+ — Y (DX)) = by (X))

135 Xj€Xm ng Xj€Xm
implies

1 & R s 1 ’
— 2 Y =¢nX)?2— 3 (V=X +
ny j=1 ng XjeXm

Ny, (X) 1

ST -4 sup { — > ¥ (X)) (Y; - p(X)) }

ng YeDkmxm || Tk {l<jsngXjeXp}

Thus, from Lemma 3.7 we can conclude that

1 .
lim — Y (V= ¢n (X)) = v(Xm)o? +v(X)n* if {A1-A3} hold.
k—oo Ik 1<j=<ny

Under {A2-A4} and {A5-A7} the left-hand side of the last display is bounded from below by

1
lim — Y (Y- oX)* +vXn?
k—oo Tk XX

and
fx (¥ — p(x) uldx, dy) +v(X)n?,

respectively.
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Finally, using (a)-(d), the strong law of large numbers (for {A2-A4} we can apply a version of the strong
law of large numbers for independent random variables thanks to condition A4-(ii); see Williams (1991),
Lemma 12.8, page 118 or Folland (1999), Theorem 10.12, page 322) and Lemma 3.6 we can let m — oo to
see that, under any of {A1-A3}, {A2-A4} or {A5-A7},

1 .
lim — 3 (¥~ n (X)) 2 0% +v(On?
k—o0 N 1<j<ny

which is impossible because ‘Z’nk is the least squares estimator.
Therefore P* (AN BN C)=0and, since P, (BNC) =1,

P(A) =P|infi¢(x) - Gn(x)} =7 io.|=0.

This finishes the proof of (i). The second assertion follows from similar arguments. O

4.9 ProofofLemma3.9

We can assume, without loss of generality, that X is a finite union of compact rectangles. Pick Kx such
that

sup {|¢[} <KxandP*| sup {l¢|}>Kx i.o.[=0.
xeX xeX
§edp(x) E€0Py(x)
Letn>0andd = % We can then divide X in M subrectangles {6}, ..., 6} all having diameter less than
6. Define the events

4 LsQMxierggfk{(z)”(x)_¢(x)}<ga.a_
B = | sup (€h=Kxaal.

xeX
§€d¢n(x)
We will show that AN B < [sup .ex{pn(x) —p(x)} <1 a.a.]. Suppose An B is true. Then, there is N € N
such that for any n = N we can find Z,, ;. € €} such that (/A)n(En, H—PEnr) < g Moreover, we can make
N large enough such that for any n = N, Ky is an upper bound for all the subgradients of ¢»,, on X. Then,
for any ¢ € 6} we obtain from the Lipschitz property,

Qz’n(f) - = ((ﬁn(En,k) —PEnK) + (PEnK) — ) + ((lsn(f) - (Z)n(En,k))
< E% + Kx0 + Kx6 < 1.
Therefore,
sup {pn(x) —p)i<n Y1<ksMVn=N
x€<€k
which implies

sup{pn(x) —px)}<n Vn=N.

xeX

Considering Lemmas 3.8-(ii) and 3.4; ANB < [sup ,ex{n (x) — p(x)} <n a.a.] and P, (AN B) = 1 we obtain
(i7). The first assertion follows from similar arguments and (iii) is a direct consequence of (i) and (ii).
O
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4.10 Proofof Lemma3.10

Throughout this proof we will denote by B the unit ball (w.r.t. the euclidian norm) in R?. From Theorem
25.5, page 246 on Rockafellar (1970) we know that f is continuously differentiable on €. Let

h.= inf {I{-nl}>0.
EeXneRN\E

Pick € > 0. We will first show that there is 7, € N such that
&m=(Vfx),m+e, VE€dfu(x), VXxeX, VNeEB, Vnzne. (42)

Suppose that such an n. does not exist. Then, there is an increasing sequence (1m,)>, such that for any
neNwe can find x,, €X, &, €0 fin, (X1m,,), Nim,, € B satistying (i, Nm,,) >V f (Xm,), Mm,) +€. But X and
B are both compact, so there are x. € X, 17 € B and a subsequence (k)5 of (m,)$, such that xi, — x.
and 1, — 1«. Then, for any 0 < h < h, we have

fi, X, + B0k,) = fie, (Xk,)
h

= &k Mk, >V (Xm,),Nk,) +€ Y nEN,

and therefore
o ey Ok, ) = fie, (X,)
lim lim
n—oo R0 h

=(Vf(x:),ns) +e.

But this is impossible in view of Theorem 24.5, page 233 on Rockafellar (1970). It follows that we can
choose some n, € N with the property described in (42). By noting that —B = B, we can conclude from
(42) that

|<§,77> - <Vf(x)rn>| <€ V é‘ Eafn(x), V xEX) V n EBr V n= né"
By taking n¢ = éig—% when ¢ # V f(x) we get

sup {IE-Vf(x)|}<e Vnz=ne.
xeX
feafn(x)

Since € > 0 was arbitrarily chosen, this completes the proof. (]

A Appendix

A.1 Results from convex analysis
LemmaA.l LetzeR", x1,...,x, € R% and define the function g : R >R by
n n n
g(x):inf{Zkak: Y ok=1,Y 6Fx=x 020, HER”}.
k=1 k=1 k=1

Then, g defines a convex function whose effective domain is Conv(xy,...,x,). Moreover, if X , is the
collection of all proper convex functions y such thaty(xj) <z’ forall j=1,...,n, then g = supyc z {y}.
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Proof: To see that g defines a convex function, for any x € R write
n n
Ac={0eR": Y 0=1, Y 0Fx=x,020
k=1 k=1
and observe that forany x, y € R4 te(0,1),9¢€ Ay and 0 € Ay we have 10+ (1-1)9 € Asx1(1-ny and hence

gltx+(1-ny)--nxyp_ 0%z
t

n
<Y gkt
k=1
Taking infimum over A, and rearranging terms, we get

g(tx+1-0y)-tgx)
1-1¢

< zn: 9k k
k=1

and taking now the infimum over A, gives the desired convexity. The convention that inf(g) = +oo
shows that the effective domain is precisely the convex hull of x,..., x,. Finally, for any y € £ ; and
x€ Conv (x1,...,x,) we have, for 0 e R” with0 =0, x = 27:1 6/ xj and Z;?Zl 6/ =1,

n . n . .
v <) 0lyxps) 072
j=1 j=1
since ¥(x;) < zJ for any j = 1,...,n. The definition of g as an infimum then implies that ¢ (x) < g(x) V
W € Ky z Xx€Conv(xy,..., x,). The result then follows from the fact that g € % .. O

LemmaA.2 LetzeR", x1,...,x, € R% and define the function h : RY R by

n n n

h(x)zinf{zekzk: Y oF=1,9+) 0"Xp=x, 020, eeR",ﬁeRi}
k=1 k=1 k=1

Then, h defines a convex, componentwise nonincreasing function whose effective domain is Conv (x1,..., X))+

[R{f. Moreover, if 2, . is the collection of all componentwise nonincreasing, proper convex functionsy such

thaty(xj)<z! forallj=1,...,n, thenh = SUPyea, {w}.

Proof: The proof that h is convex is similar to the proof that g is convex in Lemma A.1. Now, if x <
yE R4, observe that for any e R", 9 € [R{f with ZZZIGIC =19 +ZZ:1 Gka =x, 0 =0, we also have
I+ y-0+Xi, 0 Xy =yand 9+ (y—x) € R¢. Then, from the definition of h we see that h(x) = h(y).
Thus, h is componentwise nonincreasing. That the effective domain of h is Conv (x1,...,x,) + Rf is clear
from the fact that for any x not belonging to that set, the infimum defining . (x) would be taken over the
empty set. Finally, for any ¢ € 2, and x € Conv (x,...,x,) + [R‘f we have, for § e R"” and 9 € Rﬁf with
0=0,x= 19+Z;’:19ij and Z;’zlgf =1,

n . n . n . .
Yy(x) < w(z Qij) <) Olyxj)<) 6/2
j=1

j=1 j=1

since ¥(x;) < zJ for any j = 1,...,n. The definition of % as an infimum then implies that ¢ (x) < h(x) V
WY ey, xeConv(xy,...,x,) + Rﬁf. The result then follows from the fact that h € 2, ,. O
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A.2 Results from matrix algebra

Before proving Lemma 4.1, we need the following result.
LemmaA.3 Letje{l,...,d},ac{-1,1}% andp, > 0. Then, the optimal value of the optimization problem

min (ajej, Wy — W)

3P* P
—_ <
S:I ‘wz sva*| = sva
< P

Il = 1575

wl,wzele
is =2=p. and it is attained at w} = L~ ale; and w} = 30 o~ L2 gle;.

16vd 1 7 1eva - 27 8/a 8va

Proof: Writing w = (w;; w,) with w;, w, € R? for any w e R%4 consider f8,8: R24 — R defined as:

fw) = (ajej,wz—wl),
_ L[ _p« 2_ 2)
aw) = 2((16\/3) el
L[ p« \? 3p. |?
g2t 2\\8vd w2 8\/Ea

Then, f,g1,g> are twice continuously differentiable on R?? and the optimization problem can be re-

written as minimizing f(w) over the set {w € R*? : g (w) = 0, g2(w) = 0}. The proof now follows by noting
that the vector w* = (w}; w;) € R?“ and the Lagrange multipliers Al = % and A; = %ﬁ are the only
ones which satisfy the Karush-Kuhn-Tucker second order necessary and sufficient conditions for a strict
local solution to this problem as stated in Theorem 12.5, page 343 and Theorem 12.6, page 345 in Nocedal

and Wright (1999). U

A.2.1 ProofofLemma4.1

. . _ 1 ; 1 =L _
Without loss of generality, we may assume that r = 1. Let R, be 73 and pick § € (0, \/3)’ Px =5 6

and p* = 1_%’1\/3. Consider a matrix Z = (z1,...,24) € R4*? with columns z,,...,z4 € R? and define the
function & : R4*? — R as
el z—zf - z;—zi
&zy=| - : : :
eq -zl o zi-zd

where the bars denote the determinant and the equation is written symbolically to express that £(Z) is a
linear combination of the vectors {e;}, < <4 with the cofactor corresponding to the (j, 1)’th position as the
coefficient of e;. This is a common notation for “generalized vector products”; see, for instance, Courant
and John (1999), Section 2.4.b, page 187 for more details. Since the determinant and all cofactors can be
seen as a continuous function on R%*4 it follows that 5 is continuous on R?*%, Now choose a € {-1,1}¢
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and observe that

zr1
ialey,...,a%ey)

I
~.
T~
Q
~.
N —
RS

f(alel,...,aded)’ = Vd,

. d
Ea'ey,...,a%ey), adle;) [Tafvij=1,...4
k=1

Since R%*? has the product topology of the d-fold topological product of R? with itself, the continuity
of & and of (,-) imply that we can find p, € (0, Ld —6) such that if x; € B(a’ej, pq) forany j =1,...,d,
B=1{x1,..., x4} and Xg = (x1,...,x4), then

||€(Xﬁ)| —\/3| < 6,

~X <j< ]
{Xp Ihsjsac < 5 (43)
1§ (Xp)] vd
E(Xp) ¢, a*
= ,JXj )—————| < 6Vj=1,...,d. (44)
‘<|6(Xﬁ)| ’> v /
Taking this into account, define
d .\ &Xp)
Eap= al | = , and by g = (g6, X1)-
@b (,H_l )|£(Xﬁ)| @p = bap

From the definition of the function € it is straight forward to see that ({46, x; —x1) =0 Vj € {l,...,d}, so
we in fact have
X1,...,X4 € Jfa'ﬁ ={xe R . (fayﬁ,x) = ba,ﬁ}.

Moreover, (43) and (44) imply

1 1
—+0>bypg>—=-6>0,

vd vd
i 1
1rsnjl£d{|§“vﬁ|}> = 0>0.

For simplicity, and without loss of generality (the other cases follow from symmetry), we now assume
that a = e, the vector of ones. By solving the corresponding quadratic programming problems, it is not
difficult to see that

1
§ = —— 6 <b = inf { X }
P="a wp EapX)=bg g o
" 2d ba,,B
pr = > - = sup  {|x[}.
1-6Vd min < 'sd“fj I} Ca,pX)<bq,p
J @p x=0

For the first inequality see, for instance, Exercise 16.2, page 484 of Nocedal and Wright (1999). For the

second one, one must notice that 2v/d > \/LE +6 > b, s and that the optimal value of the optimization
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problem must be attained at one of the vertices of the polytope {x € Rf : {Ca,p %) = by g}. The latter
statement can be derived from the Karush-Kuhn-Tucker conditions of the problem.

The inequalities in the last display imply that B(0, p.) Jf{;ﬁ and {(xeR%: |x| = p*}N Ry Jﬁ;ﬁ.

Finally, for x € B(-a/ej, p4) we have |x+X;| < pq and therefore (¢4, 5, X) < — (£, Xj) + o < O — \/LE +

Pa < 0. We can then take any p < mlnae{—l,l}d{Pw} to make (i)-(vi) be true. We'll now argue that by
making p smaller, if required, (vii) also holds.

Let By = B(O 16\F) By = B(s\‘;’i sf) and consider the functions ¢,y : R?*? — R given by
pX) = inf { min {(X(wZ— wl))f}},
w1€B1,w2€B; (1<j<d
(X) = su {max Xw )j }
w wlell)h lstd{ ! }

Both of these functions are Lipschitz continuous with the metric induced by the || - ||>-norm on R4*4 with
Lipschitz constants smaller than p.. To see this, observe that

9
| X (w2 —w1) =Y (wo —w)| = | X=Y2lwz —wi| < EP*HX— Y2

forall w; € By, wo € By and X, Y € R4*?_ Also, simple algebra shows that |min15j5d{xf} - minlsjsd{yj}| <
lx—y| V x,y € R%. From these assertions, one immediately gets the Lipschitz continuity of ¢. Similar
arguments show the same for .

Let .%, € R%*4 be the diagonal matrix whose j’th diagonal element is precisely a/. From LemmaA.3

itis seen that ¢(.%,) = 3’1} On the other hand, it is immediately obvious that w(.%,) = f Using one

more time the continuity of ¢ and ¢ and that the topology in R?*? is the same as the topology of the
d-fold topological product of R?, for each a € {-1,1}¥ we can ﬁnd re for which Xg = (x1,...,x4) € R4

and [p(X5") - 30+

and |xj—a’'ej| <rqforall j = L,...,d imply [y (X5

16\f 32f 16Vd 16f
that
inf min (Xfl(w +t(wy —w )))j
t=1 1<j=d B ! 2 1
W1€Bl,wZEBg
j j
= inf i txL _ _ X1
s {1%{( ptoes =] |- sup i {5 ) }}
w1 EBy,W2€By
P 3,0* P x
= <.0( ) - (X > — = >0.
v 8vd 32vd 32Vd
The proof is then finished by taking p =min,¢_; 1)a {ra A 7”} 0

A.2.2 ProofofLemma4.2

Assume again, without loss of generality, that r = 1. Lemma 4.1 (ii) and (vi) imply that x,; ;, x ef{xe

—alj
RY : (x,€a) < bg} forany j =1,...,n and any a € {—1,1}%. It follows that, in addition to being convex,
Naef-1,1jd1X € R4 : (g, x) < by} contains {x.1,...,X+4} and hence it must contain K. For the other con-
tention, take x € Ngef-1,114 W € R% : (¢, w) < by} with x # 0 and any a € {-1, 1}4 for which x € %,. Then,
(& q, x) > 0 for otherwise we would have

KXE R\ FHy YK=0
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which is impossible by (v) in Lemma 4.1. Thus, ¢, ={a € {-1, 119 (éq, x) >0} # @ and we can define

Ty= min{

[ andas=argmind 2}
and a, = argmin .
min x=arg

(fa;x> aejx <§a;x>

Note that r = 1. Since f,, is a basis, thereis 0 € R? such that ryx = t91xa}rl +... +9dxadd. But then,
Lok Lok
bax=<rxx»<fax>: 20 (xal)gk,fax>:bax Ze
k=1 k=1
where the last equality follows from (i) of Lemma 4.1 and therefore 8! +...+ 69 = 1. Now assume that

07 <0forsome je({l,...,d} and set y, € {—1,1}¢ with yX = aX for k # j and y{( = —ai. But then, Zk;éj@k =
1-67>1, (xakk,fyx) =by, fork # jand (xajj,fyx> <0by (ii) and (vi) in Lemma 4.1. Therefore,
* j

(e Sy) = 0 Ep)+ Y 05 gy, 45)
X k#j X
> Y 05(x ;08 > by, (46)
k#j !

which is impossible because it contradicts the definition of ry. Hence, 6 = 0 and we have ryx € Conv(Bq, ).
Note that since 0 belongs in the interior of N,y jja{w € R : (¢4, w) < by}, there there is x > 0 such that
—KX € Nyei_1.1)d {we R : ($q, W) < by}. Applying the same arguments as before to —xx instead of x, we
can find 7, > 0 and @, € {—1,1}% such that —7,x € Conv (,de). It follows that — 7, x, rx € K and therefore
0, x € K since ry = 1. Hence, we have proved (i).

To prove (ii), note that A:= N, ja{we RY : (g, w) < by} is open and, by (i), it is contained in K.
Thus, A c K°. That K° c A follows from the fact that if x € K\ A, then (£, x) = b, for some a € {-1, 114,
which implies that B(x, 7) N Ext(K) # @ for all T > 0 and hence x ¢ K°.

It is then obvious that (i v) follows from the identity 9K = K \ K° and the fact that K is closed.

Pick any @ € {~1,1} and observe that (i) and (vi) from Lemma 4.1 imply that for any y € {~1,1}% we
have ) ok ok

= ify*=a
€y Xake) { <0 syby if;k =—ak

which by (iv) of this lemma show that

Yo € (W ERT: (Eay ) = bad 0 ey o lw €RY: (G w) < by
forall ¢ € {-1, l}d and j =1,...,d. Since the sets on the right-hand side of the last display are all convex
we can conclude that

Conv (xall,...,xajj) c{we RY . Ca,w) =bgln (n},e{fl'l}d{w er?: &y, wy =< by})

for all a € {~1,1}4. Thus, Ugei-1,13¢ Conv (xaq,...,xajj) c OK. Finally, take x € 0K. Then, there is ay €
{-1,1}4 such that (€ayr X) = bg,. Since By, is a basis we can again find 6 € R4 such that x = 91xai1 +...+
09x,a,. Justas before, ({ax,xajj) = by, implies that Y. 6/ = 1. And again, if §/ < 0 for some j, we can take
yx € {=1,1}% with y* = af for k # j and y). = —a’ and arrive at a contradiction with similar arguments to

those used in (45) and (46). This shows that x € Conv(f,,) and completes the proof as (v) and (vi) are
direct consequences of (i) — (iv) and Lemma 4.1. O
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A.2.3 ProofofLemma4.3

Let r € (0, ﬁ) if d =3 and r > 0 if d < 2. Since the geometric properties of any rectangle depend only
on the direction and magnitude of the diagonal, we may assume without loss of generality that b > 0 and
that @ = 11~ b. This is because we can define b=0+r)(b-a)>0and a=a-r(b- a) to obtain [a, b] =
a-+ [ﬁf?, b]. For any a € {-1, 1}4, define aj=a —2ajej e R and wy = zq + 1'(24 — z_q). Additionally,

define the functions ¥4, 9q : R¥4 x R? — R by

V/a (9) 9) = <ey G(Z(X _9)>
= i -9))/
9a(0,0) min, {© -0}
Considering R4*4 with the topology generated be the || - |, norm and R%*4 x RY with the product topology,
it is easily seen that both functions defined in the last display are continuous. Now, let W, € R?*? be the
matrix whose j'th column is precisely wq ; — we. Itis not difficult to see that yo (W, L we) = % <1and
(Pa(ng, We) = H’Zr > 0. For instance, one can check that for « = —e, one has w, = 0 and Wa; = 11++2rr bfej

and the result is now evident. By symmetry, the same is true for any a € {-1,1}%. Therefore, for any
a € {-1,1}4 there is pq such that whenever Ixaj - wajl <pqV j=1,...,nand X, is the matrix whose j’th
column is x, j ~ Xa, we get

V(X hxa) < 1, 47)
Pa(X;' %) > 0. (48)

Letting p =min,,_, ;e {pa} completes the proof as (47) and (48) imply z4 € Conv(Xa, Xay, .-, Xa,) - 0
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