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Compensated Convexity Methods
for Approximations and Interpolations
of Sampled Functions in Euclidean Spaces:
Theoretical Foundations

Kewei Zhang® Elaine Crooks' and Antonio Orlando?

Abstract

We introduce Lipschitz continuous and C!' geometric approximation and interpolation
methods for sampled bounded uniformly continuous functions over compact sets and over com-
plements of bounded open sets in R™ by using compensated convex transforms. Error estimates
are provided for the approximations of bounded uniformly continuous functions, of Lipschitz
functions, and of C!! functions. We also prove that our approximation methods, which are
differentiation and integration free and not sensitive to sample type, are stable with respect to
the Hausdorff distance between samples.

Keywords: compensated convex transforms, mized Moreau envelopes, morphological opening and closing, com-
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functions, CY! functions, differentiation-free, integration-free, local-Lipschitz approzimation, CY' -approzimation, er-
ror estimates, piecewise affine, Hausdorff stability, Hausdorff distance, maximum principle, convex density radius

2000 Mathematics Subjects Classification number: 90C25, 90C26, 49J52, 52A41, 65K10

Email: kewei.zhang@nottingham.ac.uk, e.c.m.crooks@swansea.ac.uk, aorlando@herrera.unt.edu.ar

1 Introduction

In this paper we apply compensated convex transforms [47, 48, 49, 50] to define Lipschitz continuous
and smooth (C1!) geometric approximations and interpolations for bounded real-valued functions
sampled from either a compact set K in R™ or the complement K = R" \ Q of a bounded open
set €). The former is motivated by approximating or interpolating sparse data or contour lines
and the latter by the so-called inpainting problem in image processing [17], where some parts
of the image content are missing and the aim is to use other parts of the image to repair or
reconstruct the missing parts. We first define two one-sided approximations, called upper and lower
approximations, from above and below the graph of the sampled function respectively, and then an
average approximation. By using mixed compensated convex transforms [47], we will also define a
smooth (C11) average approximation. Our central aim here is to develop a mathematical theory
for these average approximations. Applications of this theory to level-set reconstruction, scattered
data interpolation and inpainting will be presented, together with some prototype examples, in a
follow-on paper [51].
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Before relating our results to previous work on approximations and interpolations of sampled func-
tions, we first recall the notions of quadratic compensated convex transforms of bounded functions
and present our definitions of upper, lower and average approximations (note that compensated
convex transforms can be defined under more general growth conditions than those given here [47]).

Suppose f : R™ — R is bounded. The quadratic lower and upper compensated convex transform
[47] (lower and upper transforms for short) are defined for each A > 0 by

CA()(@) = colA|- P+ fl(z) = Alz[*,  resp. CX(f)(z) = Alz[* —co[A|-|* = f](z), ~ xeR", (L1)

where |z| is the standard Euclidean norm of € R™ and co[g| denotes the convex envelope [27, 37]
of a function g : R® +— R that is bounded below. For given A > 0 and 7 > 0, two quadratic
mixed compensated convex transforms [47] (mixed transforms for short) are defined, respectively,

by C#(CL(f)) and CL(CY(f))-

One key property of the compensated convex transforms, established in [47], is that C%(f) (re-
spectively, CY(f)) realises a ‘tight’ approximation of f from below (respectively, from above), in
the sense that if f is CY'! in a neighbourhood of some zg, then there is a finite A > 0, such that
f(x0) = CL(f)(wo) (respectively, f(zo) = C¥(f)(wo)) whenever A > A. A second important prop-
erty is that of locality. Since the definitions(1.1) involve the evaluation of the convex envelope of
functions [27, 37], one might think that these notions are global in nature, that is, the values of
these transforms at a given point might involve values of the original function far away from the
point. However, the locality property for compensated convex transforms [48, Theorem 3.10] states
that if f is bounded, i.e., |f(z)| < M in R™ for some M > 0, then the values of C4(f)(zo) and
C4(f)(z0) depend only on the values of f in the closed ball B(zo; R) with R = 2v/2\/M/). As a
result, these apparently global transforms are, in fact, local.

In this paper, we mainly consider two types of data sets in R™, given that the typical applications
we have in mind are approximation of sparse data and of contour lines, and inpainting of damaged
images. We therefore assume in the following that, unless otherwise specified, K C R” is either a
compact set or the complement of a bounded open set 2 C R”, i.e. K = R"\ Q. We denote by
f :R™ — R the underlying function to be approximated. The function fx : K C R" — R is our
sampled function defined by fx(z) = f(x) for x € K, and 'y, := {(z, fx(x)), v € K} is its graph.

Let K C R™ be a non-empty closed set and suppose that for some constant Ay > 0, |fx(x)| < Ao
for all z € K. Given M > 0, we define two functions extending fx to R™\ K, namely

fr(x), =€ K,
M) = f@)xr(@) — Mxgnx = { x(z), z€
—M,  zeR"\K;
(1.2)
@) =f@)xe@) +Mxpmx = fr(@), ek,
K R\ K M’ Ve Rn\K7

where xg denotes the characteristic function of a set G.

Definition 1.1. For M > 0, the upper compensated convex approximation with scale A\ > 0
for the sampled function fx : K — R is defined by

UM (fx)(@) = CX(f")(2), = eR™. (1.3)

The lower compensated convex approximation with scale A\ > 0 for the sampled function



fxk : K — R is defined by
LY (fx)(z) = C\(f¥)(x), = €R". (1.4)

The average compensated convex approximation with scale A > 0 for the sampled function
fx : K — R is defined by

A (o)) = 5 (U@ + M@)o R (1.5)

The mixed average compensated convex approximation with scales A > 0 and 7 > 0 for the
sampled function fr : K — R is defined by

(SA)AN(fx)(2) = %(Ci‘(ci(f%))(w) + OO (fM)) (@), @R (1.6)

In the following, we refer to the approximations in Definition 1.1, for short, as the upper, lower,
average and mixed approximations.

Note that since the mixed compensated convex transforms are C1! functions [47, Theorem 2.1(iv)
and Theorem 4.1(ii)], the mixed average approximation (SA)Y, is a smooth version of our average
approximation. Also, for a bounded function f : R" — R, satisfying |f(z)] < M,z € R" for some
constant M > 0, we have the following estimates [48, Theorem 3.13]

0 < CHCH(@) — ChN@) < M2 0 < () () - CLCI() (@) < 2HA

T T

for all z € R®, A > 0 and 7 > 0, and hence can easily show that for any closed set K C R",

(SAM (fre) () — AV (fre) ()] < WT” A ern.

This implies that for given A > 0 and M > 0, the mixed approximation (SA)%\( fK) converges

to the basic average approximation Aﬁ/[ (fr) uniformly in R™ as 7 — oo, with rate of convergence
16MN/T.

Remark 1.2. We can additionally consider the families of average approzimations
AN (fre) (@) = sCA(R) (@) + (1 = 9)CR(fM) (@), s €[0,1]

and
(SAM (fr) (@) = sCHOL(FR)) (@) + (1 = 5)CLCY(fM)) (@), s €0, 1].

These more general average approximations give some flexibility when dealing with sets which are
not graphs of single-valued functions. For instance, suppose X C R™ X R is a finite set. Let
K =Pgn(X) :={z1,...,2,} be the orthogonal projection of X to R"™, and for x € K, define

fx () = inf{v, (z,v) € X}, fr(z) =sup{v, (x,v) € X}.
Then fx(z) < fx(x) and fx, fx are both single-valued functions. We can then define
AL (X) () = sCL(fRD) (@) + (1 = 9)CY(f™) () (1.7)

for suitable M, and optimise Aﬁ/fs(X) with respect to s € [0, 1] to find a good approximation of
the set X by a single-valued function. For example, we may consider the following nonlinear least



square approrimation of the data set by the family of functions A%S(X),

seiféfl];max{’A%S(X)(%) —)?, (z5,v) € X} .

Howewver, we do not explore this further here, instead focussing on our basic average approximation
AM(fx) and the mized approzimation (SA)M, .

If we consider the special case where K is a finite set, the average approximation Ay (fr) defines
an approximation for the scattered data I'f, = {(z, fx(z)), = € K}. Moreover, although our
extended functions are defined in the whole space R", when K is compact we are interested only in
the values of our average approximation A} (fx)(z) for z in the convex hull co[K] of the sampled
set K. If K is the complement of a bounded open set 2 C R™, we will consider the values of
AM(fx)(z) for z in the whole space R™ or in a large domain containing .

Theoretically, we may also set M = +o0o and consider the following functions, which are commonly
used in convex analysis, in place of (1.2):

oo flx), zeK, o flx), zekK,
Tk (x):{—oo, xeR"\ K; ]Jg (x):{+oo, reR"\ K. (1.8)

This method of extension can help to establish better approximation results than those obtained us-
ing fI}M and f¥ (compare Theorem 3.6 with Theorem 3.7). Note, however, that the corresponding
average approximation,

AT (o)) = 5 (CLAE)@) + ™))z e R,

is not Hausdorff stable with respect to sample sets in the sense introduced in Section 4, in contrast
to the basic average approximation A} (fx).

We turn now to some background and motivation. Selected recent developments on approximation
and interpolation methods are discussed in [30]. The literature on approximation and interpolation
theory for sampled functions over the real line R by polynomials and other functions is quite rich
[44, 18]. When n > 2, however, many methods for R no longer apply directly to R™. In particular,
there is no direct construction of interpolations for randomly placed sample functions based on one-
dimensional interpolation methods. For scattered data, Delaunay triangulation-based direct spline
designs have been widely used in computational geometry [35, 21]. Thin plate spline methods,
variational methods, which are related to radial basis function methods, and more general kernel
methods, have been used extensively in applications [45, 14, 30], and morphological reconstruction
methods based on level sets using geodesic distance [43, see Ch.6.4 and Ch.7.1.2] have also been
developed. Nonlinear partial differential equations and variational methods using various total
variation (TV) based models [40] have been used for image reconstruction problems, salt & pepper
noise reduction [16] and image inpainting [10, 17]. Although there is a well-developed mathemat-
ical theory on the existence and uniqueness of their weak solutions [22, 2, 3, 8|, the quantitative
effectiveness of such methods is mostly assessed on the basis of numerical experiments.

Note that many methods are sensitive to the type of data to be interpolated or approximated,
that is, to the sample type. The spline function interpolation and finite element based methods
design interpolations require precise knowledge of the sample locations. In this case, Delaunay
triangulation or other types of decomposition typically must be constructed first [35]. The radial



basis function method relies on solving systems of linear equations [45]. In order to apply any
of these methods to interpolate or approximate data sets, one has to assume that the data set is
scattered, that is, the set is finite and the points are isolated. If the data set is given by contour
lines (or by level sets), further discretisation is required before such methods can be used.

Our approach, on the other hand, is not sensitive to data types. We only assume the underlying
function to be bounded and uniformly continuous, and the sample sets to be compact or to be the
complement of a bounded open set. In the digital setting, the data are always finite sets, and in
a ‘point cloud’; a line can be formed by discrete points next to each other, which, by definition,
should not be thought of as scattered data. Therefore further down sampling might be needed in
order to apply spline or radial basis function methods. But our average approximation Ay (fK),
on the contrary, applies directly to these data sets. In addition, collected data are bounded in a
given window, and thus the assumption of boundedness of the underlying functions covers most
situations in applications. It should be noted that the idea of using averages for approximations is
natural and has also been used before by several authors, for example [7, 6, 5] introduce the notion
of proximal average, a parametrized convex function that provides a continuous transformation of
a convex function into another. In [25] this transformation has also been applied to non-convex
functions and with non-quadratic weights by exploiting its relationship with the Moreau envelopes,
and has been used as a fundamental tool to justify the application of parallel proximal algorithms
in nonsmooth optimization [46, 36].

The exact form of an interpolation is of interest but is often not known. An advantage of Delaunay
triangulation-based spline interpolation methods is that for simple geometric examples, one can
describe precisely what the interpolation is, in contrast to, for instance, radial basis function and
partial differential equation based methods. Although we do not deliberately design the form of
our interpolations, it can be shown that our average approximation Aﬁ” (fr) produces particular
forms for us automatically. For example, if K is finite and A > 0, M > 0 are large, we will prove
in a follow-on paper [51] that AY (fx)(z) is a piecewise affine interpolation from K to co[K]. We
can also give explicit calculations of our approximations in some other simple geometric cases.

A further natural and practical question in data approximation and interpolation is the stability of a
given method. For approximations and interpolations of sampled functions, we would like to know,
for two sample sets which are ‘close’ to each other, say, under the Hausdorff distance [1], whether
the corresponding approximations are close to each other. It is easy to see that differentiation and
integration based approximation methods are not Hausdorff stable because continuous functions
can be sampled over a finite dense set. One of the advantages of our method is that for a bounded
uniformly continuous function f, and for fixed M > 0 and A > 0, the mapping K — AV (fx)(z) is
continuous with respect to the Hausdorff distance for compact sets K, and the continuity is uniform
with respect to z € R™. This means that if another sampled subset F C R™ (finite or compact) is
close to K, then the output A} (fg)(z) is close to AY(fx)(x) uniformly with respect to z € R™.
As far as we know, not many known interpolation/approximation methods share such a property.

To shed further light on the theory we develop, it is worth observing the connection between the
compensated convex transforms and our proposed average approximation on the one hand, and the
critical mixed Moreau envelopes and mathematical morphology on the other hand. The lower and
upper transforms can be viewed as ‘one-step’ morphological opening and closing, respectively [48].
They in fact coincide with the critical mixed Moreau envelopes, that is,

CA(f)(x) = MA(MA(f)(z) and  CX(f)(z) = Ma(M(f)(x), (1.9)



where

My(f)(z) = inf{f(y) + Az —y|>, y €R"} and M*(f)(z) =sup{f(y) — Az — y|*, y € R"}

are the lower and upper Moreau envelopes [33, 34, 31, 4, 15], respectively. If we denote by by(z) =
—\|z|? the quadratic structuring function, introduced for the first time in [28, 11, 12, 29], then with
the notation of [41, 43], we have!

M(f)(z) = inf{f(y) —br(x —y), y eR"} = fS by,

M(f)(z) = sup{f(y) + ba(z —y), y €R"} = f @ by

that is, the Moreau lower and upper envelopes can be viewed as ‘greyscale’ erosion and dilation
with quadratic structuring function, respectively [11, 32]. Compared with (1.9), we thus have

Ch(f)=(fob)®by and CY(f)=(f®by)Oby,

and hence, using the definition of AY (fx), it follows that

AN (fr) = % (R INEDERECIN YR

Given such an interpretation for AY (fr ), the properties of AY (ff) could therefore also be analysed
by tools from the theory of morphological filtering [42, 24].

The plan of the rest of this paper is as follows. In Section 2, we introduce notation and recall
some useful results from convex analysis and compensated convexity theory. Our main sources of
references for convex analysis are [27, 37, 39] whereas for the properties of compensated convex
transforms we refer to [47, 48, 49, 50]. In Section 3 we state our general approximation/interpolation
theorems for a compact sample set K C R™ (Theorem 3.6) and for K = R" \ Q with Q a bounded
open set (Theorem 3.7). We consider uniformly continuous, Lipschitz and C*! functions f : R® — R
as the underlying functions to be approximated. We show that when M > 0 is sufficiently large,
AM(fx) approaches fx in K as A — oo. If f is a Cb! function, we also show that A (fx) is
an interpolation of f in the convex hull co[K] of K when A > 0 is large enough. For points = in
co[K] \ K, we introduce the notion of convex density radius r.(x) which is the smallest radius of
a closed ball B(x; r.(z)) such that z is in the convex hull of K N B(z; r.(z)). We use r.(z) to
bound the errors of our approximations |AS°(fx)(x) — f(z)|. For a finite M > 0 and for a compact
sample set K, we extend fx to be a constant ¢y outside a large ball B(0; R) containing K and
define Kr = KUB®(0; R). We then prove similar error estimates to those obtained for A (fx)— f
(Corollary 3.9). For example, for a bounded uniformly continuous function f,

AN (Ficp) (@) = f(2)] S wlre(x) +a/A+/2b/X), @ €R",

where w : [0, +00) — [0, +00) is the least concave majorant of the modulus of continuity of the
function f [20] which satisfies w(t) < at + b for ¢ > 0 and some constants a > 0 and b > 0. Better
estimates are also established for Lipschitz functions and for C! functions.

Tn convex analysis, the infimal convolution of f with g is denoted in [37] as fOg and is defined as (fOg)(z) =
inf {f(y)+9g(z—y)}, whereas in [26] the deconvolution of f with g is denoted as f©&g and, under the condition that for
y

some zo € R™ and r € R, we have f(x) < g(x —x0) +r for all x € R", is defined as (f© g)(x) = sup{f(z—y) —g(v)}.
Y

Thus M (f) is the inf-convolution of f with —by whereas M™>(f) is the deconvolution of f with by.



In Section 4 we state the Hausdorff stability property for the average approximation Ay (fx) of
bounded uniformly continuous functions, showing that given two non-empty closed sets K and FE,
for fixed M > 0 and A > 0, |[AM(fr)(z) — A¥(fg)(z)| is uniformly small in R with explicit
estimates whenever K and E are closed. For a bounded Lipschitz function f : R™ — R with
|f(z)] < Ag < M for some constant 4y > 0 and all z € R", the mapping K — AY(fx)(z)
is Lipschitz continuous with respect to the Hausdorff metric, uniformly with respect to x € R™.
This result generalises an earlier Hausdorff-Lipschitz continuity result for the upper transform of
characteristic functions K — C§{(xx) established in [48, Theorem 5.5]. We conclude Section 4
by proving regularity properties of our approximations. For example, we show that Af\w (fr)is a
globally Lipschitz function in R™ and give an explicit estimate of its Lipschitz constant.

The proofs of our main results are presented in Section 5.

In the follow-on paper [51] we will present some applications of the theory developed here, such as
interpolation and approximation of scattered data and for contour lines. We will also give some
prototype examples with analytical expressions of our approximations, and numerical experiments
on salt-and-pepper denoising, inpainting and contour-line based reconstructions.

2 Notation and Preliminaries

In this section we collect basic results and definitions from convex analysis, referring to [27, 37, 39]
for further references and proofs, and recall the notion of the Hausdorff distance between two
non-empty sets. We then list some selected basic properties of compensated convex transforms
[47, 48, 49, 50] that will be needed in the following.

Proposition 2.1. Let f : R™ — R be coercive in the sense that f(x)/|z| — oo as |x| — oo, and
zo € R™. Then

(i) The value co[f] (xo) of the convex envelope of f at zog € R™ is given by
n+1 n+1 n+1
co [f] (-TO) = izl,i.I.l.,fn—f—l { z; )\Zf(l‘l) : z; )\i = 17 z; )\ixi = Xy, )\i > O, x; € Rn} . (2.1)

If, in addition, f is lower semicontinuous, the infimum is attained by some (A}, x¥) for i =
1,2,....,n+1 with (z}, f(z}))’s lying in the intersection of a supporting plane of the epigraph
of f, epi(f), and epi(f) (see [9, Lemma 3.3(ii)], [23, Theorem 2.1], and [39, Corollary 3.47]).

In this case,
n+1

co[f](wo) = Y Aff(a). (2.2)
i=1
(ii) The value co [f] (x0), for f taking only finite values, can also be obtained as follows:
co[f] (o) =sup{l(zp) : ¢ affine and {(y) < f(y) for all y € R"} (2.3)
with the sup attained by an affine function £* € Aff(R™).
(iii) If f is differentiable at xo and
f(x) > f(zo) + Df(xo) - (x —x9) for allx € R™, (2.4)

then co[f](zo) = f(xo).



Next we recall the definition of Hausdorff distance between two non-empty sets [1], which mea-
sures how far the sets are from each other. To do so, we first need the notion of §-neighbourhood
of a set, and also define the diameter of a set.

Definition 2.2. Given a non-empty subset E C R™ and 6 > 0, we define the §-neighbourhood E°
of E by
E° = {z e R", dist(z; E) < 6}.

where dist(z; E) = inf{|z — y|, y € E}, and the diameter of E by

dg = sup{|z —y|, z, y € E}.

Definition 2.3. Let E, F' be non-empty subsets of R™. The Hausdorff distance between E and F
is defined by

disty (B, F) = inf {5 >0:FCE and EC F‘S} . (2.5)

For general closed sets K, G C R”, if there is some § > 0 such that K ¢ G%, G C K?, then
the Hausdorff distance between F and G is finite and is given by (2.5). Otherwise we say that
disty (K, G) = +oo.

We now list some properties of the quadratic compensated convex transforms. Recall first the
following ordering properties [47]:

CA(f)(@) < f2) < CX(f)(@), @ E€R", (2.6)

whereas for f < g in R™, we have that
CA(H)(2) < Ci(9)(x) and C}(f)(z) < CR(g)(x), = €R". (2.7)
Furthermore, the compensated convex transforms are affine invariant [48], that is,
CLf+0) =Ch(f)+¢ and CY(f +0) = CL(f)+1 (2.8)
where / is any affine function, and we also have [47, Theorem 2.1(iii)]

CY(f) ifm> A,
CH(f) 7 <A

Cl(f) ifT >,

and CLCL(P)) = { @29)

CH(C3(1)) = { ) e

The following translation-invariance property will often be used in our proofs, since it allows us to
refer our arguments to the point o = 0 without loss of generality.

Proposition 2.4. (Translation-invariance property) For any f : R™ — R bounded below and for
any affine function £ : R™ — R, co[f + €] = co[f] + £. Consequently, both C¥(f) and CL(f) are

translation invariant against the weight function, that is:
CL(f)(@) = co [A|() = zof* + f] (x) = Az — @o/?,

CX(f)(@) = Alz = @of” = co [A|(-) — @ol” — f] (@)



for all z € R™ and for every fized xo. Hence, at xg,

CA(f)(@o) = colA|(-) —@ol® + fl(z0),  CX(f)(wo) = — co[Al(-) — zof* — fl(xo).

For some theoretical developments and proofs, it can be convenient to view the lower and upper
compensated convex transforms as parametrized semiconvex and semiconcave envelopes, respec-
tively. We recall the following definition from [15, 19].

Definition 2.5. A function f : R"™ — R is called 2\-semiconvex (respectively, 2\-semiconcave) if
x> f(x) + Nz|? (respectively, if x — —f(x) + Nz|?) is convez.

Remark 2.6. In convex analysis, the semiconvexity property as given by Definition 2.5 is some-
times also referred to as the uniform lower-C? property; compare Definition 2.5 with that of lower-C?
in [13, page 228]. Such functions enjoy local reqularity properties; note, for instance, the character-
ization of the locally Lipschitz functions as locally lower-C? - see [38, Theorem 6] and [15, Theorem
2.1.7].

In our approximation theorems for bounded and uniformly continuous functions f, we make use of
the modulus of continuity of f, which is defined as follows [20].

Definition 2.7. Let f: R" — R be a bounded and uniformly continuous function in R™. Then,
wr:tel0, 00) = wp(t) = sup{]f(:n) —fy)|: z,y e R" and |x —y| < t} (2.10)

is called the modulus of continuity of f.
The modulus of continuity of f has the following properties.

Proposition 2.8. Let f : R" — R be a bounded and uniformly continuous function in R™. Then
the modulus of continuity wy of f satisfies the following properties:

(1)  ws(t) = wp(0) =0, ast —0;
(i) wy is non-negative and non-decreasing continuous function on [0,00); (2.11)
(iii) wy is subadditive: wy(t1 + t2) < wy(t1) +wy(ta) for all ty, to > 0.

Any function w defined on [0, co) and satisfying (2.11) (), (i), (iii) is called a modulus of continuity.

A modulus of continuity w can be bounded from above by an affine function (see [20, Lemma 6.1]),
that is, there exist constants a > 0 and b > 0 such that

w(t) <at+b (forallt>0). (2.12)

As aresult, given wy, one can define the least concave majorant of wy, which we denote by w, which
is also a modulus of continuity with the property (see [20])

%w(t) < wp(t) <w(t) (forall t € [0, 50)). (2.13)

3 Approximations and Interpolations

In this section we consider the general theory of our interpolation and approximation problem when
either K C R" is compact or K = R"™ \ Q where Q2 C R" is a bounded open set.



Let f: R"™ — R be a bounded function and denote by fx : K C R™ +— R the restriction of f to K.

A function g : co[K] C R™ — R is said to be an interpolation of fx if g = f in K, while for A > 0,

a family of functions gy : co[K] C R™ — R is said to approzimate f if )\lim g) = f uniformly in
—+00

K.

We will see that the precise approximation and interpolation properties of fx depend on the
smoothness of the function f under consideration.

The following is a first simple observation.

Proposition 3.1. Let f : R" — R be a bounded 2\-semiconvez (respectively, 2\-semiconcave)
function and K C R™ a non-empty closed set. If |f(x)| < M for all x € R™, then for any T > X,
CL(fMY (respectively, Cﬁ(fI}M)) is an interpolation of fx, that is,

CL(fi)(x) = f(x) (respectively, CX(fx")(z) = f(z)), z€ K.

In general, if we are given sample values only in a closed set without any knowledge of the underlying
function, we do not know whether or not our transforms are approximations of the original function.
However, for any bounded function f : R™ — R, we have [48, Prop. 3.1]

CA(H)(@) = CX(f)(@), and  CY(f)(x) = CY(f)(x) (3.1)

for all x € R”, where f and [ are the upper and lower semicontinuous closures of f, respectively,
and

lim CY(f)(2) = f(z),  lim CY(f)(x) = f(x) (3.2)

A—00 A—00
for all x € R™. As a result, we have the following general approximation theorem.

Theorem 3.2. Let f : R" — R be bounded, such that |f(x)| < M for all x € R™, and let K C R"
be non-empty compact set. Then for all z € R,

Jim UM @) = M), lim SR @) = @),
1 . (3.3)
Jim AV (fi0)(@) = 5 () + T (@)
—+o00 2
and if f:R"™ +— R is continuous, then for all z € K,
Jim CX(f)(@) = f2), lim CA(fE)(@) = f(@), -

Jim AV (fr)(x) = f(2),

and the convergence in (3.4) is uniform on K.

Note that the equalities fI_(M = (?)I_(M and fIA(/[ = ( i)][\(/[ do not hold in general. For example,
in R, if we define f(x) = 1 if z is rational, f(x) = —1 if z is irrational and take M = 2, then
we have f = 1 and f = —1. But if we choose K to be a finite set of rational numbers, then

M
& = XK + 2Xr\k, Whereas (i)K = —XK T 2XR\K -

Note also that Theorem 3.2 suggests that we can apply our approximation methods to data sets
which may not define a function, as discussed in Remark 1.2.

The following proposition provides conditions sufficient to ensure that our average approximation
does not attain the value M or —M.

10



Proposition 3.3. Let K C R™ be a non-empty compact set and denote by di the diameter of K.
Suppose fr : K C R™ — R is bounded, with |fx(x)| < Ao for all x € K. Then for A > 0 and
M > Ay + /\d%{,

—Ag S A (@) < M, =M < CX(f")(@) < Ao, —M < AY(fx)(2) < M,
for all x € co[K].

Next we state our weak maximum principle. To make our statement simpler, we assume that
the median of values of fx over K is zero, which in practice can be easily satisfied by a simple
translation of values.

Theorem 3.4. Let K C R" be a non-empty compact set. Suppose fx : K — R is bounded and
assume that

m(fx) = %(sup{f;{(x), x € K} +inf{fx(x), x € K}) =0. (3.5)

Then
inf{fr(y), y € K} < AL (fx)(x) < sup{fx(y), y € K}

for all x € co[K] and A > 0.

Before stating the error estimates for our approximations, we introduce the notions of density radius
and convex density radius.

Definition 3.5. Suppose K C R™ is a non-empty closed set, and denote by dist(x; K) the Euclidean
distance of x to K.

(i) For x € co[K], the density radius r4(x) of x with respect to K is just the Euclidean distance
of x to K, i.e. we setrq(x) = dist(z; K), whereas the density radius of K in co|K] is defined
as

rq(K) = sup{rq(z), = € co[K]}.

(ii) For z € co[K], consider the balls B(x; r) such that x € co[B(z; r) N K|. The convex density
radius of x with respect to K is defined as follows

re(x) = inf{r > 0, x € co[B(z; r) N K|},
whereas the convex density radius of K in co[K] is defined by

re(K) = sup{r.(x), € co[K]}.

From the definition above, we see that if K is compact or K¢ is a bounded open set, 7.(K) is
finite. The convex density radius is zero if K is convex. If A and B are two compact sets such that
K C A C B C colK], then r.(A) > r.(B). Also, the smaller r.(K) is, the denser the set K is in
co[K]. In general, if K is compact, r.(K) can be as large as the diameter of K. In this case, in
order to make the convex density radius of K small, we require not only the density radius r4(K)
of K in co[K] to be small but also that K is ‘dense’ in 0 co[K], the relative boundary of co[K]. If
K¢ is bounded, then r.(K) can be as large as the diameter of K°.

The following is a simple illustrative example for the case K compact. Consider the box D =
{(z,y) € R?, |z| < 1, |y| < 1}. For any 6 > 0, let Ko C D be a finite set with rq(Kg) < 6, so that
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D C Kj, and let K = KoU {£1,£1}. Then rq(Ko) < d, whereas r.(K) = 1 if we consider, say, the
point (1,0) € co[K] = D.

We now formulate error estimates for our average approximations. Consider first the case when K
is compact and M = +o0o. The estimates are expressed in terms of the modulus of continuity of
the underlying uniformly continuous function f and the convex density radius. As special cases,
we also consider bounded Lipschitz functions and C! functions.

Theorem 3.6. Suppose f : R™ — R is a bounded uniformly continuous function satisfying | f(z)| <
Ag for some constant Ag > 0 and all x € R™, and let K C R™ be a non-empty compact set.

(i) Denote by w the least concave majorant of the modulus of continuity wy of f. Leta >0,b >0
be such that w(t) < at +b for t > 0. Then for all A > 0 and = € co[K],

A (f)(z) — f(2)] S w <Tc(x) + ; + ?) , (3.6)

where re(x) > 0 is the convex density radius of x with respect to K.

(ii) If we further assume that f is a globally Lipschitz function with Lipschitz constant L > 0,
then for all A > 0 and x € co[K],

L2
[AX (Fr)(2) = f(@)] < Lre(2) + - (3.7)
(iii) If we further assume that f is a CY' function satisfying |Df(x) — Df(y)| < L|x — y| for
z,y € R" and for some fized L > 0, then for all A > L and x € co[K],

A3 - ) < § (31 +1) e (39

Furthermore, in case (i), A (fx) is an interpolation of fgF in co[K].

Next we consider the case when 2 C R” is a non-empty bounded open set and define K = Q€ :=
R™\ Q. Clearly, co[K] = R” for such K. We then have the following estimate of the average
approximation Aﬁ/l (fK).

Theorem 3.7. Suppose f : R" — R is bounded and uniformly continuous, satisfying |f(z)| < A
for some constant Ag > 0 and all x € R™. Let  C R™ be a bounded open set and K = 2¢. Denote
by dq the diameter of €.

(i) Let w be the least concave majorant of the modulus of continuity wy of f. Assume a > 0,
b >0 are such that w(t) < at+0b fort > 0. Then for A\ >0, M > Ay —I—)\d% and all x € R™,
we have

A (fre) (@) = ()] < w <rc<m> +2 T) , (39)

where r.(x) > 0 is the convexr density radius of x with respect to K.

(ii) If we further assume that f is a globally Lipschitz function with Lipschitz constant L > 0,
then for A >0, M > Ay + Ad% and all x € R™, we have

L2

|AY (fre) (@) = f(a)] < Lre(a) + DY (3.10)
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(iii) If we further assume that f is a CY' function such that |Df(z) — Df(y)| < L|x — y| for all
x,y € R", where L > 0 is a constant, then for X\ > L, M > Ag + )\d?) and all x € R", we
have

A () - ) < % (72 1) ). (3.11)

Furthermore, in case (iii), AN (fx) is an interpolation of fr in R™.

Remark 3.8. Theorem 3.6 can be used for the solution of practical problems such as salt & pepper
noise removal, in which case K is the compact set given by the part of the image which is noise free.
On the other hand, Theorem 3.7 can be applied, for instance, to inpainting of damaged images,
where  will be the domain to be inpainted using information about fr, with K = Q¢. We will
discuss these applications of the theory developed here in our follow-on paper [51].

The following corollary of Theorem 3.7 can be thought of as an extension of Theorem 3.6, which
concern AS°(fx), to the case of finite M > 0, under an extra restriction.

Corollary 3.9. Suppose f : R" = R is bounded and uniformly continuous, with |f(z)| < Agy for
some constant Ag > 0 and all x € R™. Assume that f(x) = co for || > r > 0, where ¢y € R and
r > 0 are constants. Let K C R™ be a non-empty compact set satisfying K C B(0; r). For R > r,
define K := K U B°(0; R).

(i) Let w be the least concave majorant of the modulus of continuity wy of f. Assume a > 0,
b > 0 are such that w(t) < at +b fort > 0. Then for A >0, M > Ag+ MR +7)? and all
x € co[K], we have

143 (Fre) (@) = F(@)] S w (TC@) + 24 i”) . (3.12)

(i1) If we further assume that f is a globally Lipschitz function with Lipschitz constant L > 0,
then for A >0, M > Ag + MR+ 7)? and all x € co[K], we have
L2

[AY (frep)(x) = f(@)] < Lre(w) + N (3.13)

(iii) If we further assume that f is a C1' function such that |Df(z) — Df(y)| < L|x — y| for all

z,y € R" and L > 0 is a constant, then for \ > L, M > Ao+ MR+ 7)? and all x € coK],
we have

A (o) — fa)] < 5 (1) 2. (3.14)

Furthermore, in case (iii), AN (fx,) is an interpolation of fi in R™.

Remark 3.10. Corollary 3.9 can be viewed as an extrapolation result for bounded uniformly con-
tinuous functions and for globally Lipschitz functions defined on a compact set. For example, we
can define f to be zero outside a large ball containing K and then apply Theorem 3.7. Another
reason for such extensions is that if we simply replace +00 by a finite M > 0 in Theorem 3.6, we
are not able to obtain an error estimate independent of M, particularly near the boundary of co[K].
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4 Hausdorff Stability and Regularity

In this section we establish stability and regularity results for our approximations. The stability
properties will be expressed in terms of a notion of Hausdorff continuity, and we first introduce a
definition of Hausdorff continuity with respect to closed samples for transforms of bounded functions
on R™.

Definition 4.1. Let B(R™) be the class of bounded real-valued functions from R™ to R and choose
a fized f € B(R™) that is uniformly continuous. A transform T : B(R™) — B(R") is said to
be Hausdorff continuous with respect to closed sample sets at f if the mapping K — T(fxk) is

Hausdorff continuous at each non-empty closed set Ky C R™, in the sense that for every e > 0,
there exists 6 > 0 such that

IT(fxr)(@) = T(fxKo)(@)| <e€

for all x € R™ whenever K is a non-empty closed set with disty (K, Ky) < J, and to be uniformly
Hausdorff continuous with respect to closed sample sets at f if & can be chosen independently of K.

A transform T : B(R") — B(R") is said to be Hausdorff-Lipschitz continuous with respect to
closed sample sets at f if the mapping K — T (fxk) is Hausdorff-Lipschitz continuous, in the
sense that there exists L > 0 such that

T (fxr)(x) = T(fxc)(z)| < Ldisty (K, G)

for all x € R™ whenever K, G C R™ are closed sets with disty (K, G) < oco.

Remark 4.2. It is well known that the Euclidean distance function to a non-empty closed set K,
i.e. the mapping K — dist(+; K), is Hausdorff-Lipschitz continuous in the sense that |dist(x; K) —
dist(z; G)| < disty (K, G) for all x € R™ and non-empty closed sets K,G, and this is, to our
knowledge, the only well-known example of a function satisfying a Hausdorff-Lipschitz property. A
further example, which we will extend here, is given in [48, Theorem 5.5], where it is shown that
the mapping K — CY\(xk) is Hausdorff-Lipschitz continuous when K is compact.

Our first objective is to show that the mappings K — LY (fx), K — UM(fg) and K
Aﬁ\w (fr) are uniformly Hausdorff continuous for every bounded uniformly continuous function f
with sup,cpn | f(2)] < M.

Lemma 4.3. Suppose f : R" — R is bounded and uniformly continuous, with supgn |f(z)| < Ao
for some constant Ay > 0, and let M > Ag. Then for any fired A > 0 and any non-empty closed
set K C R,

CASK) =M = CX((M = f)xx) and CX(f™) = =M + CR((M + f)xx).-

Now by the assumption that supg. |f(z)| < A9 < M, both M + f and M — f are strictly positive
in R™. Hence, by Definition 1.1 and Lemma 4.3, the Hausdorff continuity of the mappings K —
LM (fr), K — UM (fk) and K — AY(fk) reduces to the Hausdorff continuity of K — C%(gk) for
uniformly continuous functions g : R — R satisfying

0<M—A)<g(x) <M forall zeR" (4.1)

We will thus extend [48, Theorem 5.5], that proved Hausdorff-Lipschitz continuity of K — C}(xk)
corresponding to the special case f = 1 in Definition 4.1, to the general case of any bounded
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uniformly continuous function f. In the terminology of Definition 4.1, we will show that the
upper transform CY is uniformly Hausdorff continuous with respect to closed sample sets at each
bounded uniformly continuous function f, and is Hausdorff-Lipschitz continuous with respect to
closed sample sets at each such f that is also globally Lipschitz continuous.

Motivated by the analysis in [48], we introduce a squared distance-like function D3 s> the upper
transform of which is equal to the upper transform C{(fx) of fx and which proves to be a useful
tool in the following.

Definition 4.4. For f: R" — R with 0 < f < M, we define the following distance-like functions
for a closed set K C R™:

dy,f(x, K):inf{]y—:d— f(/\y), yEK}, x € R™; (4.2)
and
Dy s(z, K) = —VAmin{0, dy ;(z, K)}, =¢€R" (4.3)

Remark 4.5. In the definition of dy ¢(x, K), if f is continuous on R™ and K is closed, the
minimum in (4.2) is attained, that is, for every x € R", there exists ™ € K such that dy ¢(z, K) =
|oB — x| — \/f(xK)/X\. Thus if f is continuous, the inf’ in (4.2) can be replaced by ‘min’.

In Theorem 4.10 below, we will follow an indirect approach to proving the Hausdorff continuity
of C¥(fk) that exploits the squared function D% f(m K). Note that it is also possible to give
a direct proof of Hausdorff continuity, avoiding use of D? f(x K), which yields a weaker result,
namely that for every e > 0, there exists ¢ > 0 such that |C’)\(fK)( x)) — CY(fE)(x))| < € whenever
disty (K, E) < 6. Additionally, we can derive a Hausdorff continuity result using the Hausdorff
continuity of the Moreau envelopes, since C¥(f) = My(M*(f))) [48], and it can be shown that

|M)\(fK)(fL‘) — MA(fE)(fL‘H < 2) <diSt7.[(K, E) + 4/ 21\4) diStH(K, E) er(diStH(K, E)),

|M)‘(fK)(ac) — M’\(fE)(x)| < 2\ (distH(K, E) 44/ 2?\4> disty (K, F) + w(disty (K, E)),

from which a version of Hausdorff continuity of CY(fx) follows.

Note that the function D) ¢(z; K) defined in (4.3) is a generalisation of Dy (z; K) for the charac-
teristic function x g introduced in [48, Definition 5.1], since if we take f =1 in (4.3), we have

Di(z; K) = max {0, 1 — v/dist(z; K)} — max {0, VA (\% — dist(z; K)> }

)

:_\me{o mln{|y—$|—1/\f}} Dy s(z; K).
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As well as being a tool to investigate the stability of the upper compensated convex transform of
characteristic functions, the geometry-based function D, (z; K) has also, for instance, been used
to find geometric features such as interior corners [52]. Hence our generalised function D) f(x, K)
might also have other applications which we will explore elsewhere.

We start by stating a few preliminary lemmas, the proofs of which are given in Section 5.

Lemma 4.6. Suppose f : R"™ — R is bounded and uniformly continuous such that for some constant
M > 0,0 < f(x) < M for all x € R™. Let w be the least concave majorant of the modulus of
continuity of \/f, which is itself a modulus of continuity. Let K, E C R™ be non-empty closed sets
with disty (K, E) < +00. Then for all x € R,

w(distw(K, E))

dy f(x, K) —dy r(x, B)| < disty(K, F) +
dxr (2, K) — dy y(z, E)| H( ) S

Lemma 4.7. Under the assumptions of Lemma 4.6, we have

D3 (2, K) — D3 f(x, E)| < 2V AMdisty (K, E) + 2V Mw(disty (K, E)), x€R" (4.4)

Lemma 4.8. Suppose a > 0 is a constant and xg € R™, then for A > 0,

M|z — zo| — Va/N)?2, |z —z0] < V),
0, |z — xo| > Va/\

CX(ax{ap}) (2) =

Lemma 4.9. Suppose f satisfies the assumptions of Lemma 4.6 and K C R™ is closed. Then for
A >0 and for all x € R",
CX(fxr)(@) = CX(D3 4 (- K))(2).

We are now in a position to state our key result on the Hausdorff stability of the upper compensated
convex transform with respect to closed sample sets at a bounded uniformly continuous positive
function f.

Theorem 4.10. Suppose f : R" — R is bounded and uniformly continuous, with 0 < f(x) < M
for some constant M > 0 and all x € R™. Let w be the least concave majorant of the modulus of
continuity of \/f, which is itself a modulus of continuity. Let K, E C R™ be non-empty closed sets
with disty (K, E) < 400. Then for all x € R", CY{(fxK) is Hausdorff continuous in the sense that

CY(fxr) (@) = C(fxp) (@) < 2V AMdisty (K, E) + 2V M w(disty (K, E)). (4.5)

Corollary 4.11. Under the assumptions of Theorem 4.10, if we further assume that f : R™ — R
is a globally Lipschitz continuous function satisfying |f(xz) — f(y)| < Llz —y| and 0 < a < f < M,
then for all x € R, CY(fxK) is Hausdorff-Lipschitz continuous in the sense that

(07

[CX(Fxr) () — CX(fxe) ()] < (2W+LW> disty (K, E) . (4.6)
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We can now easily state the Hausdorff stability theorem for our approximations.

Theorem 4.12. Suppose f : R" — R is bounded and uniformly continuous (respectively, globally
Lipschitz continuous) and |f(z)] < Ao for x € R™. Then for M > Ay, the mappings K +—
LM (fr), K — UM(fr), K — AM(fk) and K — (SA)M(fx) are uniformly Hausdorff continuous
(respectively, Hausdor(f-Lipschitz continuous).

We conclude this section by stating the regularity, or smoothness, of our approximations. Since
our upper, lower and average approximations are globally Lipschitz functions on R” and our mixed
approximation is a C1'! function, we have the following.

Theorem 4.13. Let K C R" be a non-empty closed set and fx : K C R®™ — R be a bounded
function with |f(x)| < M for all x € K. Suppose A\ >0 and 7 > 0 are fized. Then

(i) U)]\w(fK), Lﬁ/[(fK) and Aﬁ/[(fK) are globally Lipschitz continuous on R™, with the Lipschitz
constant bounded above by 8v M A;

(ii) (SA)%T(fK) is a CV1 function on R™, and satisfies

16 M A

[(SA (fr) () — AV (fi) ()] < for all z € R™. (4.7)

5 Proofs of the Main Results

Proof of Proposition 3.1: Since f is 2\-semiconvex, CL(f)(x) = f(z) for x € R" and 7 > \. As
f(z) < fM(z) for z € R, we have, for any z € K,

f(@) = CL()(z) < CLUD(@) < i (@) = f(2),

where we have applied the ordering property (2.6) to show that CL(f)(x) < CL(fM)(z) and (2.7)
to state that CL(fM)(z) < fM(z). Thus CL(f¥) is an interpolation of fx. Similarly, if f is 2\-
semiconcave, C¥( fI}M ) is an interpolation of fx. O

Proof of Theorem 3.2: The first part is immediate from (3.1) and (3.2). If f is continuous, it
follows from [47, Theorem 2.3(iii)] that, uniformly on any compact set,

lim CL(f)(z) = f(z), lim CY(f)(z) = f(x),

A—400 A—400

whereas the ordering properties (2.6) and (2.7) imply that

CA\(f) < CRURY < fiE, ov(f) = Cu(f™) > fM

Since f% =f= f;(M on K, it follows that

Jim CLUR@) = f@), lm CRUEM@) = f@), Tim AV (fi)(@) = £(@)

A——+o00

uniformly on K, as required. O
Proof of Proposition 3.3: By Proposition 2.4, without loss of generality, we may assume that
o = 0. Taking the constant function ¢(y) = —Ap for y € R", we see that —Ag = £(y) < 4 (y)+A|y|?
so that —Ag < CL(fM)(0).
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Since 0 € co[K], by Proposition 2.1, there exist x;,...,zn41 € R" with \; > 0fori=1,...,n+1
such that S0\ = 1 and 377 \iz; = 0. We then have

n+1 n+1
CA(FK)(0) = co[f5 + Al - | <ZA (FR () + Alzil?) <) (Ao + M) <
=1 =1
The proof for the upper transform follows similar arguments. O

Proof of Theorem 3.4: Let supy f = Ag, so that by our assumption (3.5), infx f = —Ap. Fix
x € co[K]. By Proposition 2.4, without loss of generality, we assume that £ = 0. Notice that
K is compact, C4(f2)(0) = CL(f2)(0), and f5° is lower semicontinuous. Also, C¥(f;c°)(0) =

CY(f>)(0), and f;°° is upper semicontinuous. Thus, by Proposition 2.1, there are two finite

generating sets I = {‘T;}f:l C K and Ky = {x:r}fil C K, two sets of positive numbers A; =
D ¥ioy and Ay = (N} satisfying 1< koo ke < 0 LSS = LS5 A = 0,
S AT =1, 3 Ara =0, such that

co[ /i + Al | ZA [fR (7)) + Al ]
n+1 n+1 n+1
= inf { Z /\Jﬁ(l’z) + )\’.CE‘Z"Q], x, € KUK, A\; >0, Z)\Z =1, Z N = 0}
=1 =1 =1
> By — Ao,

where By = Ainf { S N 2if?, 3 € KjU Ky, A >0, SN = 1, S0 Ay = 0} Likewise

co[fg + Al - 2](0) < By + Ao,

and thus
By — Ao < CY(f)(0) < By + A .

On the other hand, we also have, by Proposition 2.1, that

ky
oAl 2 = fzX1(0) = DA a2 — Fre(a))]

i=1

n+1 n+1 n+1

= inf {Z )\z[)\’.l‘z‘z — f}—{OO(:L,Z)]’ x, € KUK, \; >0, 2)\1 =1, Z N = 0}
=1 =1 =1

> By — Ao,

and similarly
co[A| - |* = f£™1(0) < Bo + Ao,

so since C¥(f7c™°)(0) = —co[A| - |> — f™° ]( ), we obtain
—Bo — Ao < CX(f™)(0) < =Bo+ Ao .

Thus
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which concludes the proof. O

Proof of Theorem 3.6. Part (i): By Proposition 2.4, without loss of generality we again
assume that z = 0. Since both y — A|y|> + f2(y) and y — A|y|> — f>°(y) are coercive and lower
semicontinuous, we have, by Proposition 2.1, that

CLFR( ZAI (Al2h? + f(2h),  —CR(fx™) ZA“ (Al ? = f(=z})),
7=1
where 2 < by, ky <n+1, M > 0,2 e K, j=1,. k;,,zj P A Z] bz =0; A% >0,

$7€K7]:17 k’luZ]lj_lZ] 1A;L;L_O
We also define

n+1 n+1 n+1
Bozmm{ZAk\xk\?, Me>0, ap €K k=1,2...,n+1,Y =1, ZAWZO}
k=1 _ _

fordsi)me2§m*§n+1, A; >0, 27 € K" for j=1,2,...,m", Z;nl)\;—land ZTI/\;‘:/U;“—O
and let

n+1 n+1 n+1
C() = min{Z)\k]ka, )\k > 0, T € BTC(O)(O) ﬂK, k= 1,.. LN+ 1,2)\k = 1, Z)\kxk = 0}

k=1
n+1
=D Al
k=1

Clearly Cy < r2(0), and by definition,

By = Ailzi|* < Co < r2(0).
k=1

By the Cauchy-Schwarz inequality, we also have

*

m
Agly] < re(0).
1

k=
Now
CLFR)(0) <Y NNz + f(2}) = ABo + £(0) + Z A (f(zy) — £(0))
k=1 k=1
m (5.1)
< A\By + f(0 Z)\kw (lzx]) < ABo + £(0) +w<z)\kz|$k|>
k=1

< ABy + f(0) + w(r.(0)),
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since w is non-decreasing and concave. Furthermore, we also have

ABy + f(0) + w(re(0)) < MZ(0) + £(0) + w(rc(0)), (5.2)
and
CLFR)( ZA’ (Alh? + (2! +ZM (b = 1 £(zh) = £(0)])
= . (5.3)
0) + > - N(A|zh? = w(l2h]) = £(0) + ZAﬁ-(Alﬂcé-l2 — al2}| - b).
j=1 j=1

By comparing (5.1), (5.2) with (5.3), it follows that

ki
0) + Y N[ * — alaf] — b) < Ar2(0) + £(0) + w(re(0)),

j=1
and hence
il ' aN2 _ o w(r.(0)) a? b 9 a a® 2b a\2 2b
;Aj <|x]~|—ﬁ> <reO+ ="+t SO+ T+t - (rc(0)+ﬁ) +5

Here we have used the fact that w(t) < at + b for t > 0. Thus by the Cauchy-Schwarz inequality,

1/2
Z”‘lxll— )<<< (0)+;/\)2+2Ab> <r (0)+ﬁ+ 20/\,
so that
Z Aizh| < re(0 2b/X.

Now

ky
CL(f72(0 Z N2+ F(@h)) = £0) + > AP = [ £(=h) = £(0)])
j=1

7j=1

i (5.4)
> f(0) + ABy — Y Nw(|2}|) > f(0) + ABo — (Z jl] )

> f(0) + ABy — w (rc(O) +a/A+ x/2b/)\> :

and by combining (5.1) and (5.4), we obtain

£0) + ABo — w (re(0) + a/A+ /2b/X) < CL(fR)(0) < ABo + £(0) +w(re(0)).

Similarly, we can prove

F(0) = ABo — w(re(0)) < CL(f®)(0) < F(0) +w (re(0) + a/A+ v/2B]X) — ABo,
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and thus

A5 (F1)(0) — F(O)] < 5 (w(re(0)) + (re(0) + a/A + VE]R))

The proof of Part (i) is thus complete.

Part (ii): We only need to note that in this case, w(t) = Lt for t > 0, taking a = L and b = 0. The
result then follows.

Part (iii): By Proposition 2.4 we again assume that = 0. The proof is similar to that of Part
(i), and in the following we use the same notation as in the proof of Part (i) for AL, x!, A%, o and
s o7 Thus since

n+1

By _ZAk|xk|2<Z)‘ |k ? < r2(0),

we have
CLURI0) < SN @) + Naif?) = ABo+ £(0) + S Ni(Faf) = £(0) = DF(O) -
k=1 k=1
< 2B+ 50) + LN < ABo+ 70+ L) < 10+ (5 +4) r20).
k:
1 (5.5)
and also
CL(F9)( ZAZ zb) 4+ Alzk?) —I—)\Z)\ZW\ +Z>\l F(0) = Df(0) - 24
1,02 L 11,012 L L0112
DESY SF IS Pt =f<o>+<A—2)ZAi|xi| .
=1 =1 i=1
(5.6)

By comparing (5.5) and (5.6), we then obtain

L\ & L
70+ (A= 5) AR < 50+ (5 02 00
so that

ki L

A+ 5
oMl < S 200).
i=1 2
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Thus from (5.6), we have
AR ZM D)+ Alzil?)

ki
0) + A Z NI+ 3 A (a) = £(0) = DIO) ) (5.7)

L
> F(0)+ABo — 5 Zkl\xz\2>f )+)\B0—§<)‘+2>r3(0).

By combining (5.5) and (5.7), we finally get

ABg — —
f(0) +ABy 2 \n-L

(A *2 ) re(0) < CA(fE)(0) < f(0) + ABo + §r3<0> :

Similarly we can show that

L
f(O)—ABo—grf(O) < CX(f™)(0) < f(0) = ABo + 5 (AJF 2)?"3(0)-

The conclusion then follows. O

Remark 5.1. From the proof of Part (i) of Theorem 3.6 we observe that for a finite M > 0, if
C4(fM)(0) can be calculated by using values of f in K (0 € K), that is,

n+1
C)\ fK Z)‘ wz +)“xz‘ )

with \; > 0, z; € K, ST\ = 1 and S0 Niws = 0, and if a similar result holds for the
upper transform, then the arguments of the proof of Part (i) can go through without any changes.
However, it is possible that one of the x;’s does not belong to K. In this case the situation is more
complicated. In fact, we do not know whether Part (i) still holds for a finite M > 0. However, if
we extend fx outside a large ball as zero, we can still derive error bounds (see Corollary 3.9).

Proof of Theorem 3.7. Part (i): We first give estimates for C4(f¥)(z). Without loss of
generality we assume that x = 0. Since y — f I]‘g (y) + Ay|? is lower semicontinuous and coercive,
there are z; € R", \; > 0 for i =1,2,...,m <n+ 1 such that, >_""; \; =1, >, \iz; = 0 and

colfi + AL+ [21(0) = S (£ () + Nail?)
=1

This implies that there is an affine function ¢(y) such that ¢(y) < fM(y) + Ay|* for y € R™ and
Ux;) = M () + Mg |2
We first show that z; € K for i = 1,2,...,k. If this is not the case, there is some 1 < 49 < k such

that z;, € Q. Since £(z;,) = M (x,) + Az, |2, £(y) is an affine support function of M + A|y|? at z;,,
and hence is the unique tangent plane of the function M + A|y|?. Thus £(y) = M + Xz, |2+ 2 x4, - .
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If z;, = 0, £(0) = M, which contradicts the assumption that M > 24y + Ad3. If x;, # 0 and
xi, € £, then since 2 is a bounded domain, there are two points x;; € 00 and some 0 < a < 1,
such that z;, = ax] + (1 — a)z} . We also have

10"

a(fi (@) + Maj, [?) + (1 — ) (F& (=) + Nz |?) = a(f(2),) + Mi|?) + (1 — ) (f(2]) + A2] %)
< Ag + M3
<M < M+ Nzip|? = M (zi) + Mg |2

Here we have used the fact that 2 , i € 9Q and 0 € , so that |z;, — 0| < dg and |z — 0] < dq.
Thus

m m
=S [ 30 ) rer (-,
=1 1=1,i710
m m
0= Z NiL; = Z Nz |+ )\ioaxéo + )\10(1 — Oé).’E;/O s
=1 1=1,i7#1io

and

colfi + Al I(0) = D Mlf (i) + Alif?]

i=1

> (S0 MU () + Nal?]) + g (£ ) + M ) + (1 = a)hig (£ () + Alal ).

But this contradicts the definition of the convex envelope. So z; € K for all i = 1,2,...,k. The
rest of the proof of Part (i) then follows from a similar argument to that for Part (i) of Theorem
3.6.

For Part (ii) and Part (iii), we can use similar arguments to the proof of Part (i) to show that
all z;’s are in K, so that the conclusions then follow from Part (ii) and Part (iii) of Theorem 3.6,
respectively. ]

Proof of Corollary 3.9: The proof is very similar to that of Theorem 3.7 and is left to interested
readers. O

Proof of Lemma 4.3: This lemma is a direct consequence of the definitions (1.2) of f, f;{M
and the definition of the upper and lower compensated convex transforms (1.1). O

Proof of Lemma 4.6: Fix z E R” For every ¢ > distH(K E), by Remark 4.5, there is some
z¥ € E, such that dy f(z, E) = — x| — /f(xF)/\. For ¥ € E, there is some 2 € K such
that |2 — 2F| < 4. Thus

dr (@, K) = dyg(2, E) < [a% — 2 =/ f(@) /A = |27 — 2| + 1/ f(2F) /A

S\xK—xE]—i— —$ED

(e
\/wa
L w0)

vV

~—

<5
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for all 6 > disty (K, E'). Hence,

w(disty (K, E)) '

dy¢(x, K) —dy¢(z, E) < disty (K, E) +
)\,f( ) )\,f( ) 'H( ) \/X
Similarly, we can show that

w(disty (K, E))
\/X )

and conclusion then follows. O

d)\,f(l', E) - d)\,f(xv K) < diSt’H(Ka E) +

Proof of Lemma 4.7: We have
| D3 (2, K) = DX 4(z, E)| < (IDxs(x, K)| + Dy s(z, E))|Dxs(z, K) = Dys(, B)|.
By definition of D) ¢(z, K), we then have if mingcx (ly — x| — /f(y)/A) > 0,
Dy ¢(z, K)| =0,

and if mingex (Jy — 2| — /f(y)/A) = |25 — 2| — \/f(2K) /A < 0 for some 2& € K, then

D g, K)| = V2™ =2 =/ f(@) /A = VA F(@F) /A = |5 —z]) < \/f(2K) < VM.

Similarly, we have
|Dyf(x, E)| < VM.

Next, by the formula min{0, a} = (a — |a|)/2 for a € R, we have

|Dx.f(z, K) — Dy g(x, E)| =

Y2 iy, K) — [dy . )|~ (Ao g o B) .5, )

< \/X‘dA,f(xvK) - dA,f(l‘,E)‘

w(disty (K, E))) .

<V (distH(K, E)+ o

Thus we obtain

D3 ¢(z, K) — D3 4(z, E)| < 2V AMdisty (K, E) + 2V Mw(disty (K, E)),
which completes the proof. ]
Proof of Lemma 4.8: The proof of this lemma is an easy exercise and is omitted here. O
Proof of Lemma 4.9: We first show that

f(@)xk () < D3 4(z, K) (5.8)

for all z € R", so that by (2.7),



for all z € R". If ¢ K, clearly, xx(x)f(z) =0 < D%\’f(x, K). If z € K, since
dag (2, K) = min(ly — 2| = /f(y)/A) < =/ f(z)/A <0,

we have

Dy s(w, K) = =V Amin{0, d (2, K)} = =V Ady s (2, K) = VAV [(@)/A = /[ (@),
and thus Dif(az, K) > f(z). Therefore (5.8) holds for all x € R", from which (5.9) follows.

Next we show that the opposite inequality, C’}\L(Dif(-, K))(xz) < C¥(fxk)(x), also holds. If
dy. (2, K) = min(ly — 2| = /f(y)/) > 0, (5.10)
then by definition, Dy f(x, K) = 0, and hence Di,f(a:, K) = 0. We show in this case that

CX (D34 ( K))(x) = 0 < CX(fxx) ().

We will consider the function z + Az — x| — Di’f(z, K) for z € R™ and show that the value of the
convex envelope of this function at z is zero. Consider the affine function ¢(z) = 0 for all z € R”
and show that

0= 0(z) = ()\]z—a:|2 —D?\ﬁf(z,K))\Z:x, (5.11)

and
0=14(z) S)\]z—x|2—D§7f(z,K), z € R™. (5.12)

Equality (5.11) is obvious as [A|z —z|? — Dif(z, K)|=¢ = _Di,f(xv K) = 0. Now we prove (5.12),
that is, 0 < A|z — z|? — Dif(z, K), which is equivalent to

D3 (2, K) < Az —af>, ze€R™ (5.13)

If dy f(z,K) > 0, then D?\’f(z,K) = 0, hence (5.13) holds. If dy ¢(2, K) < 0, then D?\J(z,K) =
)\d?\f(z, K). We need to show that A(minyex (|y — 2| — v/ f(y)/A)? < Az — z|?, which is equivalent

to —mingex (Jy — 2| — /f(y)/A) < |z — x|, which is in turn equivalent to
12— 2l + min(ly — 2| — VF@) /) > 0. (5.14)
yeK
By the triangle inequality and (5.10), we have
_ i — = A) = mi — —z| - A
=~ al 4 min(ly — =1 /TN = min(lz —al + 1y — 2|~ VTGN
> min(ly —z[ =/ f(y)/A) = dx s (2, K) > 0.
yeK

Thus (5.12) holds. Therefore

0= coA| - —a|* = DX (-, K)](x) = —~CX(D3 4(-, K))(x),
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which implies
D 4(z, K) < CX(D ;(-, K))(x) = 0 < CX(fxx) () - (5.15)

Finally, we consider the case
dap(@, K) = min(ly — 2| =V ()/A) = | — x| — /(=) /A <0, (5.16)

where 2% € K is the minimum point. Now we consider the function f (Y)x(zxy(y) for y € R™. By
Lemma 4.8, we have

2
. Ay =51 IR K] < 1R
CX(fX{ary)(y) =
0, ly — ™| >/ f(&5) /A
In particular, since 2% € K, we have FWx i (y) < f(y)xx(y) for all y € R™, so that by (2.7),
CX(fXery) (W) < OX(fxk)(y) forally € R™.

By our assumption (5.16), we also have |2 — x| < \/f(2K)/\, thus

2
C”X(fx{xK})(x)ZA(w—xKl— f<a:K>/A> — D} ,(z.K)

as dy, f(x, K) < 0. Thus, in this case, D?\,f(ac,K) = CY(fx{xy)(®) < CY(fxk)(z). By combining
this case and (5.15), we have, for all x € R", that D?\’f(a:, K) < CY¥(fxx)(z), so that

CX (D3 4 (- K))(x) < CR(CX(fxr)) (@) = CX(fxx)(x) .-
Since the opposite inequality (5.9) also holds, we have
CX (D3 4 (- K)) () = CX(fxx)(2)
for all x € R™, which completes the proof. O
Proof of Theorem 4.10: By Lemma 4.9, we only need to prove
|C3(D3 4 (-, K))(x) — CY(D3 4 (-, B))(2)] < 2VAMdisty (K, E) + 2V Mw(disty (K, E)) . (5.17)
By Lemma 4.7 we have, for all z € R™ that
D3 (z, K) — D} 4(z, B)| < 2V AMdisty (K, E) + 2v/Muw(disty (K, E)) .
Thus
D3 ¢(z, E) — 2v/AMdisty (K, E) — 2V Mw(disty (K, E)) < D3 ;(z, K)
< D} ;(z, B) + 2V AMdisty (K, E) + 2/ Muw(disty (K, E))

for all x € R™. By the ordering and the affine covariance properties of compensated convex trans-
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forms, we have
CY(D3 4 (-, B)) () — 2V AMdisty (K, E) — 2V Mw(disty (K, E)) < C{(D3 4(-, K))(«)
< CU(D3 (-, B))(z) + 2V AMdisty (K, E) + 2V Mw(disty (K, E)).

Hence (5.17) follows. O

Proof of Corollary 4.11: This is a direct consequence of Theorem 4.10 where w(t) = Lt/(2y/«)
for ¢t > 0, with L > 0 the Lipschitz constant of f, since |\/f(z) —+/f(y)| < Lz —y|/(2y/«). O

Proof of Theorem 4.12: The cases of LY (fx), UM (fx) and AM(fx) are direct consequences
Definition 1.1, Lemma 4.3, Theorem 4.10 and Corollary 4.11. Note that for the Hausdorff-Lipschitz
continuity properties, the assumption that M > Ag ensures that the uniform positivity assumption
in Corollary 4.11 is satisfied by both M — f and M + f. For the mixed average approximation
(SAN (i) = L(CHCLF) + CLCH(F™)), we use (2.7). Since |CL(FY)(x) — CL(FY ()] < e
for all x € R™ with € = 2v/AMdisty (G, K) + 2V Mw (disty (G, K)), we have

CLUH ) (@) — e < CL(FEN (=) < CA(fK) (@) + €,
and hence
|CHCA(fEN) (@) = CHCAFE) ()] < e,
since CX(CL(fM) £€) = CH(CL(fM)) £ €. Similarly,

CHCX(fa™)) (@) = CLCR(f" N ()] < e

since |CY(f5™) () — CL(f™)(x)| < €. The proof for (SA)A (fx) then follows. The proof for the
Lipschitz case is similar, using arguments from Lemma 4.3 and Corollary 4.11. O

Proof of Theorem 4.13: Part (i) and the error estimate (4.7) follow from [48, Theorem 3.13].
The fact that mixed transforms are C1! is a consequence of [47, Theorem 2.1(iv), Theorem 4.1(ii)].
Note that this latter regularity result also follows from the fact that if g is both 2A-semiconvex and
2)\-semiconcave, then g is a Cb! function [15, Corollary 3.3.8]. O
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