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Abstract

We introduce the notions of lower and upper quadratic compensated convex transforms Cé’ 5 (f) and Cé" 5 (f) respectively and
the mixed transforms by composition of these transforms for a given function f:R” R and for possibly large A > 0. We study
general properties of such transforms, including the so-called ‘tight’ approximation of C2 5 (f) to f as A — 400 and compare our
transforms with the well-known Moreau—Yosida regularization (Moreau envelope) and the Lasry-Lions regularization. We also
study analytic and geometric properties for both the quadratic lower transform Cz, A(dlst (x, K)) of the squared-distance function
to a compact set K and the quadratic upper transform C g 5 (f) for any convex function f of at most quadratic growth. We show that

both C! A(dlstz (x,K))and C¥ A( f) are ch1 approximations of the original functions for large A > 0 and C¥ )L( f) remains convex.
Exp11c1tly calculated examples of quadratic transforms are given, including the lower transform of squared distance function to a
finite set and upper transform for some non-smooth convex functions in mathematical programming.
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1. Introduction

In this paper we introduce the notions of compensated convex transforms. In particular, we present a systematic
study of the properties for the quadratic compensated convex transforms and apply them to various problems in applied
analysis. The lower quadratic compensated convex transforms have been used in several places in the context of quasi-
convex functions, the quasi-convex hull and gradient Young measures in the calculus of variations [52-54,56].
Definition 1.1. Suppose that f:R" = R U {400} satisfies

f@) = =CslxlP = C1, xR, (1.1)

for some constants C > 0, C; > 0, then the quadratic lower compensated convex transform (for short: lower trans-
form) for f is defined by

Ch (f®))=C[f @) +Alx*] = Alx[>, xeR", fora>Cy, (1.2)
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where C[ f(x) + A|x|?] is the value of the convex envelope of the function y — f(y) 4+ A|y|? at x € R".
If f:R" > R satisfies the condition

f)<Crlx]?+Ci, xeR", (1.3)

we define its quadratic upper compensated convex transform (for short: upper transform) by
C4(f(®):==C4,(—f(), xeR" fori>Cy. (1.4)
If f:R" > R satisfies the growth condition
|f)| < Crlx*+C1, xeR, (1.5)

we define the two quadratic mixed compensated convex transforms (mixed transforms for short) by
i (f0) =CL,[C0 (fW)]. 655 (@) =Cou[CE (f®)], xeR" A >Cp. (1.6)
Obviously, for general p > 1, we may define the p-compensated convex transforms

CL(f@) = Clf@) +Ax[P] = Alx|?, and €Y, (f)=Alx|? — C[—f(x) +Alx|”]

respectively by using the convex function A|x|?. Later in this paper, we also use more general notions of quadratic
compensated convex transforms to serve our purpose for deriving explicit approximate functions. For example (see
Section 5), we take the simple ‘anisotropic’ convex quadratic function g, (x, y) = )le|2 + 1+ A)|y|2, (x,y) e R" x
R™, A > 0, and define the g;-lower transforms for f(x, y) by Clk(f(x, ) =C[f(x,y)+ g (x,y)] —gr(x,y).

Throughout this paper we only consider functions which are everywhere finite with p = 2. However, many results
in Section 2 can be extended to f:R"” > R U {+o00} or f:R" > R U {—o0}, and to the case of general p > 1.
Clearly, the case p # 2 is more technical and requires estimates of the function x — |x|? [48]. We will present such
generalizations elsewhere.

From the definition of the lower quadratic transform, it is easy to see that for a convex function f, such a transform
has no effect on f, that is Cé’ ,(f) = f. Also note that even if f is of class C*°, the convex envelope C(f) cannot
in general be any better than C11 [23,11,20]. However we can show (Theorem 4.1) that for any convex function of
at most quadratic growth, the quadratic upper transform Cg’ ,, (f) is a convex c!! approximation of f when A —
+00. Also we can calculate le, 5, (f) explicitly for some non-smooth convex functions f widely used in convex
programming. For example, the maximum function in mathematical programming [4,34,6,13,16,37,41] is defined by

fx)= max x;, x=(x1,...,x,) €R". (1.7)

1<in

By applying the quadratic upper transform to f, we show that (see Theorem 5.1 below)

K 1
cY =Alx)? —dist?[x,C == —, 1.8
£/ () =l — dis <x (m + o (1.8)
where K,, ={e;, i =1,2,...,n} consists of the standard Euclidean basis of R"” while C(K"/21) is the convex hull
of K"/2) :={e;/(21), i =1,2,...,n}. In Section 5, among other examples, we will show for the maximum function

f that the geometrically simple function C3 , (f) given by (1.8) is a convex C L1 approximation of f as A — 400
satisfying the uniform error estimate 0 < f(x) — C5, (f(x)) < 1/(24).

We are interested in the study of Cé , (f) for both small and large A > 0 when it can be defined. If f is lower semi-
continuous and maps bounded sets to bounded sets, we establish the following properties for the lower compensated
convex transform Cé, , (f) in Section 2:

(i) the continuity property that A — Cé’ ,.(f) is continuous;
(ii) the monotonicity preserving property that if f is ‘monotone’ then C é , (f) has the same monotonicity property;
(iii) the tight approximation theorem in the sense that lim; _, 4~ Cé’ , (f) = f, and at every point x where the original
function f is of C'lina neighborhood of x, the value f(x) can be reached by Cé’ , (f(x)) in finite ‘time’, that
is Cé‘ , (f(x)) = f(x) when A is greater than certain constant depending on f and the size of the neighborhood;
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(vi) the locality property that for any given ball B(x,§), the value of Cé’ , (f)(x) depends only on the value of
f () + Aly|? in B(x, 8) when A is greater than a constant depending on f and 8.

The well-known Moreau—Yosida regularization (or Moreau envelope) [31,32,47,1] is defined for f:R" > R U
{400} satisfying (1.1) and for small A > 0 by

1 1
— inf —lx =yt 0<i<—.
Ji(x) ylean{f(y)Jr Td } <*<3c,
For convex functions, a classical result due to Moreau [31] (also see [47,3]) says that f; isa C L1 function and as
A—=04, fr— f.
The Lasry—Lions regularizations [27,1] are based on the Moreau envelope and are defined originally [27] in the
space BUC(H) of real-valued, bounded uniformly continuous functions in a Hilbert space H by

1 1
T _ . v 2
(f2) (x)—}§:£1u;an(f(u)+—mlu Y=o ly—xl )

(6900 = inf. sup (g(u) = 3l = yI2 + o[y — 22
MU= T SRS T Y Y
for small A > 0 and 0 < 7 < ). These notions have since been generalized to functions in normed linear spaces which
are quadratic minorized and majorized in the sense of (1.1) and (1.3) respectively. It is known [1] that the Lasry—
Lions regularizations are C!-! approximations of the original function in Hilbert spaces. For the sake of convenience,
when we compare the two different methods, we make the following change of notation from now on for the Moreau
envelope and Lasry—Lions regularization as

Mo (£()) = o) = inf (£O) +2ly = xI?).
M (f(0) = f2"00 = inf () = ply —xP%)

for large A > 0, > 0 so that ( f2/2)%*(x) = M?* (M (f (x))).
We compare our quadratic transforms with Moreau envelopes by showing that in general, our quadratic transforms
are tighter approximations to the original function than the Moreau envelopes. More precisely, we have (Theorem 2.5)

M (f) < Ch, () < f<CY L (f) <M (). (1.9)

We also use several explicitly calculated simple one-dimensional examples to compare our quadratic transforms and
the mixed transforms with Moreau-envelopes and Lasry—Lions regularizations. One of such example (Example 5.4)
is the distance function x — dist(x, {—1, 1}) (see [1, Example 2.4]). This example indicates that the behavior of our
mixed transforms are more predictable than that of the Lasry—Lions regularizations.

Before we briefly describe our applications of compensated convex transforms to the squared distance functions
and convex functions in Sections 3 and 4 respectively, let us provide some motivations for the notions of compensated
convex transforms.

(i) Given a function f bounded below, the convex envelope C(f) can be considered, geometrically, as a poor
approximation of f from below, as the gap between f and C(f) can be very large. To fill this gap, we may, at
least intuitively, try to compensate f by a ‘well behaved’ convex function such as A|x|? to strengthen f by the
re-enforced function f(x) + A|x|?. The convex envelope C[f(x)+Alx 2] is obviously below f(x)+A|x |2. Then
we partially remove the effect of Alx|? from the convex envelope to obtain Cé’ ,, (f) which lies between C(f)

and f: C(f) < Cé’ , (f) < f. Thus we are led naturally to the definition of Cé’ , (f) which is obviously a better
‘convex’ approximation to f than C(f).

(ii) Historically, a more direct motivation of (lower) compensated convex transforms (for small A > 0) is from the
translation method [44,26,28,22,18,24,33,19] in the application of compensated compactness [43] to derive op-
timal bounds of effective moduli for composite materials and in the study of material micro-structure [9,10]
and related quasi-convex functions and quasi-convex envelopes in the calculus of variations. Given a function
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F: MN>*" 1 R, where MV *" is the linear space of real N x n matrices, one can bound F from below by a
quasi-convex ‘translation bound’ C[F(x) — G(X)] 4+ G(X), where G is a quasi-convex function in the sense of
Morrey [30,5]. Although the definition of translation bound does not appear to be the same as lower compensated
convex transforms, when the method is applied to bound the quasi-convex envelope for certain squared-distance
functions [52-54,56], the method leads to a version of the quadratic lower transform of the squared-distance
function for relatively small A > 0.

(iii) Analytically, it has been observed recently that convex and quasi-convex envelopes have certain smoothing effects
upon the original functions [8,20,23,11]. An example is that the quasi-convex envelope Q(dist” (X, K)) of the
p-distance function to a compact set K € MV *" is of class Cy\ if p > 2 and of class C"?~! if 1 < p < 2. This
result remains true if one replaces the quasi-convex envelope by the convex envelope C(dist” (X, K)). Thus by
borrowing the analytic methods from [11] one is naturally led to predict that compensated convex transforms
could be used as a smoothing tool which might be calculated explicitly in many applicable models.

In Section 3 we apply the quadratic lower transforms Cé’ A(distz(x, K)) to the Euclidean squared-distance function

dist?(-, K) for a compact subset K of R”. This is motivated from many applications in various areas of mathematics
[29,9,10,7,51-54,56] and computing sciences [14,15,46,45,12,36,40]. Our main results there are concerned with the
smoothness property of Cé’ A(distz(-, K)), the quasi-convex hull of compact sets in subspaces of MV *" without rank-
one matrices and the effect of lower transforms on the ‘medial-axis’ of a Euclidean domain.

Section 4 is devoted to the study of the smoothing effect of the upper transform C; ,,(f) on convex functions

satisfying the quadratic growth condition (1.5), that is, | f(x)| < C flxl2 + C;. We show (Theorem 4.1), for convex
functions satisfying (1.5) that Cg’ , (f) is both convex and is of C L1 in R" whenever A > Cy. Based on this, we
consider the mixed transforms le, T[Cé’ , ()] and Cé’ T[Cé” 5, (f)]. We show that one can approximate every given
continuous function f satisfying (1.5) by a sequence of C!-! functions Cg’r/_ [Cé’ A (/)] uniformly on compact sets as
Tj > Aj — +00. '

In Section 5, we present two sets of calculated examples. The first consists of lower and upper transforms for one-
dimensional functions and we compare them with the Moreau envelopes and Lasry—Lions regularizations for these
functions. The second is on more specific functions defined in R". We calculate the upper transform Cy ; (f) for non-
smooth convex functions arising from convex programming, such as the maximum function (1.8), and we also use an
anisotropic lower transform to obtain a C!-! approximation of the squared-distance functions to finite sets.

2. Basic properties of quadratic compensated convex transforms

In this section we establish some basic properties of quadratic compensated convex transforms mentioned in Sec-
tion 1. Let us first provide some preliminaries concerning the convex envelope C(f) (see [38,39,21].
For a function f:R” > R U {+o00} bounded below, we define its convex envelope C(f) by

C(f(x)) = sup{g(x), g:R"— Rconvex, g(y) < f(y), y€ R"}. (2.1)

An equivalent definition of C(f(x)) [39] is that we can replace convex functions in the definition by affine functions,
that is,

C(f(x))=sup{l(x), [:R" > R affine, [(y) < f(y), y e R"}. (2.2)
Therefore, for a function f € C!(R"), f is convex if and only if
M2 +Df(x)-(y—x), x,yeR™

Furthermore [39, Cor. 17.1.5],
n+1 n+1 n+1

C(f)=inf] Y 2if), 520, Y Ai=1, Y nxj=x¢. (2.3)
i=1 i=l1

i=1

Let f:R" > R U {400} be a function, we define its epi-graph [39] by
epi(f) ={(x,0) e R 1> f(x0)}.
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Remark 2.1. If f:R"” — R is of super-linear growth in the sense that

fx)

|x|—00 |x|

— 400, 2.4)

then we see that there are x1, ..., X,41 € R” such that C(f(x)) = Zfill Ai f(x;) for some A; >0, Z?ill A = 1 with
Z;’Ll A;jx; = x. This statement should be well known. However, the author cannot find a reference. It can be proved
as follows. Since it is known [39, p. 36] that epi(C(f)) = C(epi(f)) and (C(f (x)), x) € dC(epi(f)) — the boundary
of C(epi(f)) and C(f) is of super-linear growth, we see that epi(C(f)) does not contain any extreme rays hence by
[39, Th. 18.5], C(epi(f)) is the convex hull of the extreme points of epi( f). If we let E C R"*! be the supporting
plane passing through (C(f(x)), x), then the affine dimension of epi(C(f)) N E is at most n. The point (C(f (x)), x)
is then a convex combination of points by the extreme points in epi(f) N E. Therefore by Carathéodory’s theorem
[39, Th. 17.1] (also see the proofs of [39, Th. 17.3, Th. 17.5]), there are at most n + 1 points x1, ..., x,+1 € R" such
that C(f(x)) = Z?:ll Ai f(x;). Also under assumption (2.4), we may claim that there is an affine function [/, such

that I, (y) < f(y) and L, (x) = C(f (x)).

The following are some properties of compensated convex transforms. Theorem 2.1 presents some simple proper-
ties of lower quadratic transforms. Theorem 2.2 says that Cé ,, (f) preserves ‘monotonicity” of f. We call Theorem 2.3

the Recovery Theorem or Approximation Theorem. We show in this theorem that Cé ,, (f) converges to the original

function as A — +oo. Furthermore, at points x € R" where f is of C L1 near x, Cé , (f(x)) = f(x) for large A > 0
depending on the local behavior of f near x. Theorem 2.4 is the Locality Theorem which says that for large A > 0,
the value of Cé’ ,, (f (x)) depends only on that of f(y) + Aly|? in a small neighborhood of x.

Theorem 2.1. Let f:R" — R be a real-valued function.

(1) Suppose f satisfies (1.1), then for A > Cy, the mapping A — Cé’)\(f(x)) is bounded above by f(x), that is,
Coa(f(x)) < f(x) for x e R", and is non-decreasing in the sense that

Cé’)\(f(x)) <Co:(f(x) forxeR"; A<t.

Furthermore, if f:R" > R is bounded below, then Cé’o(f) =C(f).
(i) If f < g in R" and satisfy (1.1), then Cé’k(f(x)) < CQ,A(g(x))forx eR" and ) > max{Cy, C,}.
(iii) Suppose f satisfies (1.1), then for A > T > Cy,
Ch, (). T2
Ch . (f), T<h

Suppose [ satisfies (1.3), then for T, A > Cy,

. CY, (). T=h,
GG (D] = Cé’i(f), T <A

Cé,k [Cé,r (f)] =

(iv) Suppose f satisfies (1.5), then for t > A > Cy,
€3 [Coa(F )] = Cho i, [C(f @)+ alx )] = Alx P,

Ch . [C5, (f)]=Ch o, [-C(=f ) + AIx )]+ Alx .

(v) (Rotation Property) Suppose f satisfies (1.1). Let Q be an n x n orthogonal matrix and let g (x) = f(Qx) for
x € R", then for .. > Cy,

C3,(f(Q0)) =C3 (80 ()).
(vi) (Translation Property) Suppose f satisfies (1.1). Let h € R" be fixed and let gj,(x) = f(x + h) for x e R", then

Ch L (fx+h)=Ch, (gn(x)).
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(vii) If f is bounded on every bounded set, then (x, ) = C3 (f (x)) is locally Lipschitz for (A, x), with A > Cy and
x eR.

Properties of quadratic transforms listed in Theorem 2.1 will be used in later applications.

Given h = (hy, ..., h,) € R", we say that & is non-negative and write h > 0if h; > 0fori =1, ..., n. A function
f:R" = R is monotone increasing (respectively, decreasing) if for any x,h € R* with h > 0, f(x + h) > f(x)
(respectively, f(x + h) < f(x)). A simple example of convex and monotone increasing function is the maximum
function (1.7). We have

Theorem 2.2. Suppose f:R" — R is a monotone increasing function (respectively, decreasing function) satisfying
(1.1). Then x — C i »(f(x)) is monotone increasing (respectively, monotone decreasing) in R" when A > Cy.

The following result is concerned with the effect of continuity, smoothness and local geometry of the original
function f on the speed of convergence of Cé’ ,(f)to fasdh — +o0.

Theorem 2.3. (Recovery/Approximation Theorem). Suppose f :R" — R satisfies (1.1).

@) If f:R* — R is lower semi-continuous, then for every x € R",
lim Cx(f)(x) = £(x). 2.6)
A—+400

(i1) Assume that xo € R" is a local minimum point of f, then there is some Ly, > 0 such that C; (f)(xo) = f(xo)
whenever A > Ay,.

@iii) If f:R" > R is continuous in R", then (2.6) holds uniformly on any compact subset of R".

(iv) If for some xg € R", f € CL1(B(xo, 8)) for some § > 0, then

C2.:.(f)(x0) = f(x0), whenever A\ > max{C(xo), 4C + 812(26} + 1+ |Df (x0)]) } 2.7

) If f e CYY(R) and L > 0 be such that |Df (y) — Df (x)| < L|y — x| for all x, y € R", then Coa(fHx) = f(x)
for all x € R" whenever A > L.
Remark 2.2. Items (iv)—(vi) in Theorem 2.3 show that the analytic property that f € Cllo’c1 guarantees the finite time
attainment of f(x) by quadratic lower transforms. We may therefore view our quadratic lower compensated convex
transforms as ‘tight approximations’ for the original function. This can happen, if for example, the original function is
piecewise smooth. The ‘tightness’ of Cé’ , (f) related to f is a feature of compensated convex transforms which is not
shared by other well-known smooth approximations such as the mollified smoothing or Moreau—Yosida regularization.
Formula (2.7) provides a precise estimate of A for which Cé’ 5, (f (x0)) reaches f(xo).
Item (ii) shows that the geometric property that xg is a local minimum points also implies that C2 ; (f)(xo) reaches
f(x0) in finite time without any continuity assumption. This fact indicates that the quadratic lower compensated
convex transform does not improve the regularity of f at such points for large A > 0.

Theorem 2.4. (Locality Property). Suppose f:R" — R satisfies (1.1) and is lower semi-continuous. Furthermore,
f is bounded on any bounded set. Then for any given R > 0 and any § > 0, there is some A > 0 such that if

n+l n+1
donlfe+axlP]=Clr@ +alx?], > m=1, 120, i=12...n+1,
i=1 i=1

then x; € B(x,d) forall x € B(0, R) whenever A > A. More precisely, the above statement holds if A > C} and

2(Mg +2C; + C(R + 1)2)q1/2
: } (2.8)

O<5<|: ;
A—Cf

where Mg = sup{f(x),x € BO, R+ 1)} and C} > 0 is a constant such that f(x) > —C}(|x|2 + 1) for all x e R"
which is a consequence of (1.1).
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Formula (2.8) provides a precise estimate of the radius § of the ball where the value of Cé, ,,(f(x0)) depends on

f(x) + Alx|? in terms of A > C.
Our last result in this section provides a connection between quadratic transforms and Moreau envelopes.

Theorem 2.5. Suppose f:R" = R U {+00} is not identically +o00 and satisfies (1.1). Then M) (f) < Cé SO S
for A > Cy, where Cy > 0 is the constant given by (1.1).

Remark 2.3. Once we have established Theorem 2.5, we see that if f:R" > R U {—o00} is not identically —oo and
satisfies (1.1), then for 4 > Cy given by (1.1), M2, (f) = C5, (f) = f. Thusif f:R" > R satisfies (1.5), then (1.9)
holds, that is,

Moy (f) < Ch, () < f < CY,(F) < Mo (f).

Proof of Theorem 2.1. Most of the statements in item (i) are either obvious or direct consequences of [39, Th. 10.4].
Let us prove that Cé , (f)(x) is non-decreasing in A. By definition, we need to show that

CLf @) +Alxl] = Alx? < C[f () + plxlP] = plx P, & < pe.
This is equivalent to
CLFE) +MxP]+ (e — W < C[f @) + plx]?].
As C[f(x) + Alx|* 1+ ( — A)|x|? is convex and
CLA@) +AxP] + (e = MIxP < f@) 4+ Alx P+ (= DIxP = £x) + plx],

we see, due to the fact that convex envelope C( f) is the largest convex function less than or equal to f, that the result
follows.

Since (ii) is easy to derive from definition, we now turn to the proofs (iii)—(iv).

Proof of Theorem 2.1(iii). If 7 > 1, we have, by (i) that C} _(f) < f, hence C5,[C} (/)] < C3, (f). We only
need to show that the opposite inequality also holds. By definition, we need to prove that

5, [Ch (F)] = C{[CLF ) +TlxP] = TlxP] + Ax P} = 21> = C[£ () + Alx 7] = A,
which is obviously equivalent to

c{[C[f@) +ixl*] = (c = MIxIP]} = C[f () + Alx*].
Thus we only need to prove that

[CLfG) +Tlxl] = (r = WIx*] = C[ £ (x) + Alx]?].

The last inequality is equivalent to C} _(f(x)) > C}, (f(x)) which is known by (i).
If T < X, we have

Ch [+ axP = C[f @) +lx P+ (= Dl
which is a convex function already. Thus

ClC[f ] +axPP] = C[f () + TP+ (& = DI,
so that

Ch, [ (F )] = CLF () +lxlP] = Tlx? = €, (£ ().

The proof of the other statement is similar. 0O
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Proof of Theorem 2.1(iv). The conclusions follow from direct calculations as
¢ [Ch,(F)] =tlxP = Clelxl? = G, (F) ] =lxP = Clelx” = [C(f ) + 2lxI?) = Alx ]
= {@+0IxP? = C[(e + Vx> = C[F ) + AlxPP]]} = Alxl?
= C?,H—A[C(f(x) + A|x|2)] — Alx)?.

The proof of the other equality is similar. O

Proof of Theorem 2.1(v)-(vii). We first notice that

Co(f@0)) =Ch,(FD)],_gys  and Ch, (FGx+1) =Cou(fD)| i

Thus by definition,
n+1 n+1 n+1
C(f(Qx) =inf{ Y 7(f )+ rlxil?), m >0, Zr,_l Zrlx,— }
i=l1
Letyi=Q’1xi,i=1,...,n,wehave
n+1 n+1 n+1
C(f(@x) =inf} > i (f(QQ@ %))+ 210 " xil?), 1 >0, Zn—l Zn(Q x»-x}
i=1
n+1 n+1 n+1
=inf} > "% (F(Q) +Alyil), >0, Zr,—l Zr,(m—x} C(go)),
i=1

as Q_1 :R" > R” is both onto and isometric. The proof for (v) is finished.
Next we prove (vi). We have

n+1 n+1 n+1
C(f(x+h) =inf{21’,(f(xl + Axi %), T >0, Zn =1, an, _x+h}
i=1
Similar to the proof of (v), we define y; = x; — h,i =1, ..., n, and notice that the mapping x — x — A is onto in R”",
thus
n+1 n+1 n+1
C(f(x+h) =inf{2 i(f+y) + Ak + yil?), 10 >0, Zr, =1, Zr,yl —x}
i=1
n+1 n+1 n+1
:inf{zn(gh<y,->+x|yi|2), 520 Y n=1 ) 1y =X}+)»(|h|2+2x-h)
i=1 i=1 i=1
= C(gn(x)) + A(In|* +2x - h).
Therefore

Ch o (fx+m) =C(gn () + 111> +2x - h) = Alx + h|* = C} , (3a ().

Finally, we prove (vii). Fix x € R" and A9 > C as required in (1.3). We now show that (y, ) — C[f(y) + k|y|2]
is Lipschitz continuous in the domain B(x, 1) x [Ag, Ao + 7] for any fixed T > 0. Since y — C[f(y) + A|y|?] is
uniformly bounded and Lipschitz in B(x, 1), for » € [Ag, Ao+ 7], we have, by [39, Th. 10.6] that y — C[f(y) +A|y|2]
is uniformly Lipschitz in B(x, 1) with respect to A € [Ag, Ao+ 7]. Let M > 0 be the corresponding Lipschitz constant.
Since for each (y, A) € B(x, 1) x [Ao, Ao + 7], there is a supporting plane E(y,5) of epi(C(f(-) +Al- %)) passing
through C[f(y) + A|y|*], y) and by Remark 2.1, Ky i=Eqx Nepi(f() +Al- 1) is compact for each (y, A) €
B(x, 1) x [Xo, Ao + T]. We denote by P:R"*! - R” the projection P(y,A) = y. Let [y ;)(-) be the affine function
representing the plane E(y ;) and we may write it by [( 5)(z2) = a(y,A) - (z—y) +C[f(y) + Alyl21 witha(y, A) € R”.
Then
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LM =CLfM+AyP]. lon@ < f@+A2? (zeRY),
ly(@) = f@) +Alz?,  z€P[EgayNepi(fC)+Al-1%)].
Now we claim that E(y, ;) Nepi(f(-) + A - )] is uniformly bounded for all (y, 1) € B(x, 1) x [Xo, Ao + ). If the

claim is not true, there is a sequence (y;, A ;) € B(x, 1) x [Ag, Ao + 7], j = 1,2, ... such that there are some x; € R"
satisfying [(y; 1) (x;j) = f(x;) + 4 I)cj|2 and |x;| — 400. Thus

a(yj, aj) - (xj = v) +CLLFG) + A1y %] = Fx)) + Ajlasl%,
a(yj, 1)@ —y)+C[fO) +rjlyiP] < f@) +rjlzl? zeR™M (2.9)

We write a; = a(yj, 1) for short. Now as |x ;| — +o0, clearly by (1.1), (2.9) and the fact that C[ f (y;) + Aj|yj|2] is
uniformly bounded, we have that |a(y;, A ;)| — 400 as j — 00. On the other hand, if we let z =a;/|a;| — y;, then
(2.7) implies that

2

—Yj

k]

2 aj
Iaj|+C[f(}’j)+?»j|yj|]<f(| | y])+)"]
aj

which implies that |a| is bounded. The claim above is then proved by this contradiction. Let

M’ =sup{|z*, z € P[Eqy 0 (epi(f () + 21 )], (x,2) € B(x, 1) x [ro, ho + 71},
and consider for (y1, A1), (32, A2) € B(x, 1) x [Lo, Ao + 7] with A < A2, we have

n+1

Clrom +rylP]=D " ni(fG)+rlzl?)

i=1

for some n; > 0, Zl L ni=1, Z?:ll nizi = y1 and z; € P[E(y,.2,) N (epi(f(-) + Aq] - 12))]. Therefore we have, on
one hand, obviously

CLf oD+ 1P < C[FOD) + ralyiP]-
On the other hand

n+l1 n+l n+1
CLAoD + i P]=d ni(f @) +rlzl?) =Y mi(f @)+ ralzil?) — (M—M)[me}

i=1 i=1 i=1
C[f o) +rlyl?] = G2 — M.
Thus

|IC[f 1)+ r2lyilP] = C[F D) + alyi 2] < Mg = Al

Consequently

|IC[f(2) + Raly1 2] = C[F 1) + Alyi ]|
<|CIFO) + 2l P] = C[£ D) + Ay ]|+ [C[F D) + ralyi P] = C[£ 1) + Ay 1]

2
<SMlyr — yil+ M|y — ] <\/M2+ (M) \/Iyz —yil2+ [ — A2
The proof is finished. O

Proof of Theorem 2.2. Suppose f is monotone increasing and fix 2 € R", h > 0. Let g5 (x) = f(x + h), we have
f(x) < gn(x) for all x € R?, hence for any fixed A satisfying (1.1),

C[f(x) +Alx1?] < gn(x) + Alx > = [ f(x + 1) + Alx + h|*] = 22x - h — 24| |%.
Similar to the proof of Theorem 2.1(iv), we may define the affine function in x by

In(x) := —2xx - h — Alh|%.
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It is also easy to see from (2.2) that
CLf G+ +Alx +h*] = Ce[ f(x+h) + Alx + A
where the convex envelope on the right hand side of the above is taken with respect to the x-variable. Thus
CLf )+ AxP] < CLf (x +h) + Alx +hI*] = 2x - b = 2|,
which implies that
Ch o (f®) <C[f(x+h)+alx +h*] = Alx|* = 2Ax - h — 24 |h|?
=C[f(x+h) +rlx +h*] = Alx +h>=C5, [ f(x +)].

The proof for the case where f is monotone decreasing is similar. O

Proof of Theorem 2.3(i). From the definition of Céﬁ 5, (f), we see that —oo < Cé, , () < f(x) forall A > Cy and
x € R™". We fix x € R" and take any € > 0, we try to prove that for sufficiently large A > 0, we have

f@) <O, (H) +e,  equivalenty, f(x)+Alx|* —e < C[f(x) + Alx|]. (2.10)
Now we take (2.2) as the definition of the convex envelope. We define
€
l,\,x(y)zf(x)—§+A|x|2+2Ax-(y—x). (2.11)
Clearly, [, x(x) = f(x) + Alx|? — €/2. If we can show that

L) <) +Aly?,  yeRY, (2.12)

when A > 0 is sufficiently large, then (2.10) follows and we may conclude our proof. If (2.12) is not true for some
€>0,thereare y; e R", j=1,2,...,suchthat/;(y;) > f(y;) —|—j|yj|2, that is,

fx)— g + P4 25x - (v —x) > F) + jlyi % (2.13)

Now for any 0 < 6 < 1, we claim that for sufficiently large j > 0, |y; — x| < 6. If this is not the case, there is a
subsequence (y;,) of (y;), such that |y; —x|>6,k=1,2,.... Since (2.13) implies that

€ .
FO0 =35> FO50 + k(I = P =22 (v, =)
> —Clh(lyil? + 1) + i (1yie* = 1x17 = 2x - (v = 0)) = =C(Iyie]* + 1) + jielyj, — xI?
> —=2C(Iyje — xI +21x1>) = Cs + jilyj — x> = Gk —2C)yj, —xI> = 2C}|x|> = C
> (ji —2C))8* = 2C x> = C. (2.14)

We see that (2.14) cannot hold for large k£ > 0.

Now by the lower semi-continuity of f at x, we have, for €/4 > 0, there is a § > 0, such that f(y) — f(x) > €/4,
whenever |y — x| < 4. For this § > 0, we see that for sufficiently large j > 0, |y; — x| < 8. Thus for sufficiently large
j >0, (2.3) implies that

€ . . €
=5 = LoD = F 4 (yi? = JIxP = 2% (3 —0) > =7,

and we reach a contradiction. So item (i) is proved. O

Proof of Theorem 2.3(ii). Now we define

L.(y) = f(x0) + Alxol* + 24x - (y — x0). (2.15)

If we can show that

L) < f) +Alyl%  yeRY, (2.16)
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for sufficiently large A, then, as [, (xg) = f(xo) + k|x0|2, we may conclude that

C[f(x0) + Alxol*] = £ (x0) + Alxol?,

the proof is then complete. Similar to the proof of (i), we can show that for any § > 0, (2.16) holds for sufficiently
large A > 0 when |y — xo| = §. Note that in the proof of (i) for the case |y — xo| = 8, we have only used (1.1). We did
not use the lower semi-continuity property which is not assumed in the present case.

Now we only need to show that (2.16) remains true when |y — xo| < 8. This is easy to proof. Since x is a local
minimum point of f, there is a § > 0, such that f(y) > f(xo) whenever |y — x| < §. Inequality (2.16) is equivalent
to

FO) = fxo) + A[Iy1* = Ixol* +2x - (y — x0)

]>o0,
which is obviously true for all A > 0 due to |y — xp| < 6.

O

The proof of Theorem 2.3(iii) is very similar to that of (i) with some minor changes. We leave the proof to interested
readers.

Proof of Theorem 2.3(iv). Consider the affine function /(y) which defines the tangent plane of the graph of f(x) +
Alx|? at xo. We have

L.(y) = [ (x0) + Mxol* + (D (x0) + A2x0) - (¥ — X0). 2.17)

We only need to show that for sufficiently large A > 0, (y) < f(y) + A|y|? for all y € R".

Since f € CH1(B(xg, 8), there is some C(xg) > 0 such that [Df(x) — Df (x0)| < C(xg)|x — xo| whenever |x —
xo| < 8. We first show by a direct argument, rather than quoting the proof of (i) that [, (y) < f(y) + A| y|*> when
|y —xo| = 6, that is

F(x0) + Alxol? + (Df (x0) +2xx0) - (v — x0) < £ () + ALyl

or equivalently,

[£ () = f(x0) = Df (x0) - (v — x0) ] + A[Iy1* = Ix0* = 2x0 - (¥ — x0)] = 0. (2.18)
We have

[£ () = f(x0) = Df (x0) - (v — x0)] + A[|yI* — [x0* = 2x0 - (v — x0)]
—C(IyP* + 1) = £ (x0) = Df (x0) - (v — x0) + Aly — xo/*

—2C% (ly — xol* + Ixol* + 1) — f(xo)——|y—xo|2——|Df(xo>| + Ay — xol?

> <x _2c) - %)32 20} (o +1) — 3| DF G >0,

if we take A such that

11 1 2
A=2C -2 > 5—2(2cf(|xo|2 1)+ 55 |Df (o) )

which is satisfied if
A>4C) + 3 (2cf + 14 |Df (x0)|).-
If |y — xo| < §, we have, in (2.18) that
[£ () — f(x0) — Df (x0) - (v — x0)] + A[Iy1* = Ix0]* — 2x0 - (v — x0)]
1

= f[Df(xo +t(y — x0)) — Df (x0)] - (v — x0) dt + Aly — xo|* = —C(x0)|y — x0l* + Aly — x0[* > 0
0
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when A > C(xg). Thus Cé 5, (f(x0)) = f(x0) whenever

1
A > max{C(xo), 4C% + 8—2(2c} +1+ |Df(x0)|)}
as claimed in Theorem 2.3(iv). O

Proof of Theorem 2.3(v). By the assumption that |Df (x) — Df(y)| < L|x — y| for all x, y € R” and proofs of items
(iii) and (iv), we see that the conclusion follows if we can prove that

[f() = f) = Df ) - (v — )]+ A[Iy) = Ik —2x - (y —0)] >0,
for all x, y € R" when A > L. We have

[f() = F) = Df ) - (v = )]+ A[Iy] = Ix* = 2x - (y = x)]

1
=/[Df(x +1(y=x) = Df W] - (v =) di + Ay = x> = =Lly = x> + Aly = x> > 0,
0
when A > L. The proof is complete. O

Proof of Theorem 2.4. For a given R > 0, let B(0, R) C R” be the closed ball centered at 0 with radius R and let
Mpg > 0 be such that f(x) < Mg forall x € B(0, R + 1). By (1.1) we see that there is some C} > 0 such that

f@)=—=Ch(IxP+1), xeR" (2.19)
Now given any 0 < § < 1/2, we show that for sufficiently large A > C, x; € B(x,8),i =1,...,n+ 1, be such that
n+1 n+l1

G[fe) + Al =C[f@+axl]l. Y u=1 5>0 i=1...n+1
i=1

i=1

If there is some x; in the above representation such that x; ¢ B(x, §), we consider the convex function C[f (y)+A|y 121.
We see that on the line segment J ={y =1tx; + (1 —)x,0 <t < 1}, C[f(y) +_)u|y|2] is an affine function. Let xg be
the unique point in J N dB(x, §) and let z = (x 4 xp)/2, then we have x9, z € B(O, R + 1), |x —z| = |xo — z| = /2
and

1
Clf (@ +rz?] = S(Clr@+ Mx 2] + C[ £ (x0) + Alxol?]).- (2.20)
Thus on one hand,

C[f(2) +rlz*] < Mg + Azl 2.21)

On the other hand, we have

1 1
S (CLA@) + AxP]+ CLf (x0) + Alxol*]) > 5 O = Cp) (1x [ + xo[?) = 2C

1
> 5 0= Cp(IaF* +22- (=) +1x = 27) + (12 + 22+ (x0 — ) + o — 2I%)] = 2
32

> (= CPIP + (= CpTx = 2C). (2.22)

Consequently, by (2.21),

_ 2 _ ﬁ_ / 2
(k= CPI + (= C) o = 2C) < Mg + 2z,

which leads to
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62
(O — C})7 < Mg +2C) + Clz> < Mg +2C + C (R + 1),

This last inequality cannot hold for large A > C } Also from the last inequality we obtain the estimate for § given
by (2.8). The proof is finished. O

Proof of Theorem 2.5. The inequality Cl 5.(f) < f follows from Theorem 2.1(i). Fix x € R" and letx; € R", 7; > 0,

i=1,2,...,n+ 1 such that Z”"’ll 7 =1, Z”"’ll 7;x; = x. The inequality C2 , (f(x)) > M2, (f(x)) can then be
established by the following argument:

n+1 n+1
Ch, (f) =inf Y "5 (f(x) +x|xi|2)} — Alx[? =inf{2fi (f ) + Alxi = xP?)

i=1 i=1

> inf{min f(x) +Alx —x} = Mo (f). O

Remark 2.4. The above inequality shows that our quadratic transforms are more accurate approximations of the orig-
inal function than the Moreau envelopes. However, this better accuracy also leads to some disadvantages. Recall that
for f:R" — R U {+o0} satisfying (1.1), the Lasry—Lions regularity M 21 (Mo (f)) can be defined as an everywhere
finite function. This is due to the fact that if f is not identically 400, the Moreau envelope My, (f) is everywhere
finite and is of quadratic growth. On the other hand, the lower quadratic transform Cé, 5, (f) can still take +o00 as its

value, which makes the mixed transform Cg’ M[Cé, 5. ()] not well-defined. For example, if f is convex and takes +00

as its value somewhere, then as Cé ,, (f) = f, we cannot define the above mixed transform.
3. Quadratic lower transforms and the squared-distance function

Let K C R” be a non-empty compact set. In this section we study analytic and geometric properties of the quadratic
lower transform Cé )L(distz (x, K)) for 0 < A < 4o00. By a direct application of [11, Th. 5.5], we have the following
regularity theorem.

Theorem 3.1. Suppose K C R" is non-empty and compact. Then Cé’ }L(distz(x, K)) € CLY(R™) and the Lipschitz

constant for the gradient DCé A(distz (x, K)) is bounded above by 8 + 10A. Furthermore, Cé A(distz x,K)=01if
and only if x € K and A > 0.

Remark 3.1. The regularity of Cé’ A(distz(x, K)) is a direct consequence of [11, Th. C, Th. 5.5] as the function
fi(x) =dist>(x, K) + A|x|? satisfies a stronger version of the upper subdifferentiability of f; (-):

f+y) = f@) —u-y<Cmax{l, f(x)}]y]?

for some u € R” and |y| < 1 and other requirements in [11, Prop. 3.7, Th. 3.5]. We will come to back to this for a
more detailed study in Section 4.

Proof of Theorem 3.1. We only prove the second statement, that is, c! A(dist2 (x, K)) =0if and only if x € K. For
every x € R", clearly 0 < C2 A(dlstz (x, K)) < dist?>(x, K). Therefore if x € K, we have C2 )L(dlstz (x, K)) =0. Now
assume that Cé’ A(distz (x0, K)) =0 for some x¢ € R", then by Carathéodory’s theorem, there are at most n + 1 points
X1y ..., Xp+1 € R" such that

n+1 n+1
Alxol* = C[dist*(xo, K) + Alxol?) Z [dist® (xi, K) + Al ] = 2 ) idlx)?

witht; >0,i=1,...,n+1, Zl , Ti=1and Z;’:]l T;X; = x0. As the function x > A|x|? is strictly convex, we see
that x; = xo for all i = 1, ...,n+ 1, hence dist’(xo, K) =0. O

The following results concerning the squared distance function to a compact set will be used repeatedly later.
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Lemma 3.1. Suppose K C R" be a compact set, then

() C[dist?(x, K)] =dist?(x, C(K)) for all x € R";
(ii) 0 <dist?(x, K) —dist?(x, C(K)) < diam?(K) for all x € R", where diam(K) is the diameter of the set K defined
by diam(K) = sup{|x — y|, x,y € K}.
(iii) If K C R" is convex and compact, then
dis®(x, K) = |x — Pg(x)|", xeR”, 3.1)
where Pk (x) € K is the unique point in K such that (3.1) holds [25,21]. Furthermore, Px :R" +— K is continu-
ous and D dist*(x, K) =2(x — Pg (x)), for all x € R".

Proof of Lemma 3.1. Item (i) is well known. Even for the more general case of quasi-convex envelope of the
p-distance function to a closed set K € MY*" in the calculus of variations, we have that Q[dist”(X, K)] =
dist? (X, Q,(K)] where Q,(K) is the quasi-convex hull if K is compact and while Q,(K) is the p-quasi-convex
hull of K if K is unbounded [49]. For the convenience of the reader, we give a proof here.

Clearly, distz(x, K)y>C distz(x, K)> distz(x, C(K)). We prove the opposite inequality. Let distz(x, C(K)) =
|x — )col2 for some xg € C(K). By Carathéodory’s theorem [39], there are at most n + 1 points x1, ..., x,+1 € K, such
that xo = 3" A, with 4; >0, Y74 A; = 1. Thus by the convexity of C dist?(-, K), we have

n+1 n+1
C dist(x, K) = C dist? <x + D ki — xo), K) <) xiCdist(x +x; — x0, K)
i=1 i=1
n+1 n+1
< in dist (x + x; — x0, K) < Z’\i X+ x; — x0 — x> =[x — xo|* = dist* (x, C(K)).
i=1 i=1
The proof of (i) is finished.

Item (ii) is a consequence of the Pythagorean theorem. Without loss of generality, we may assume that the
affine dimension of C(K) is n [39]. Clearly dist?(x, C(K)) < dist?(x, K). Now given x € R” and dist?(x, C(K)) <
distZ(x, K)and x ¢ C(K), let xo € C(K) \ K be the unique point such that distz(x, C(K))=|x— x0|2. Note that for
this particular x, dist?(x, C(K)) = dist?(x, dC(K)). Let E C R" be a supporting plane of C(K) passing through x¢
with the smallest dimension, then we see that x — xq is perpendicular to E. Now we take x; € E N K then we have

dist? (x, K) — dist* (x, C(K)) < |x — x1]* — |x — xo|* = |x1 — x0|* < diam? (C(K)) = diam*(K).

The proof for (ii) is finished.

Item (iii) is well known [21,29,46]. The proof is also easy due to the nearest point property for compact convex
sets [25]. So it is easy to see that Pk (-) is continuous [21]. The formula for the gradient follows from the continuity
of Pk and the definition of the squared distance function. O

We need the following two lemmas concerning the geometric properties of Cé’ A(distz(x, K)).

Lemma 3.2. Let K = (B(0, p))¢ = {x € R", |x| > p} be the complement of the open ball B(0, p) with p > 0, then

A2 2 £

' =7 —Alx|7, x| < )
ch (dist?(x, K)) = { 1+ —IH *
2)»( . K)) {distz(x, K), x| > %7 -

The proof of Lemma 3.2 involves only simple calculations and is left to the reader.

Lemma 3.3. Let n > 2 and let {eq, ..., e,} be the standard Euclidean basis of R", where e; is the vector with its
ith component 1 and others zero. Let K = {—ae1, aer}, where a > 0. We write y = ex2yr + -+ + e, vy € R"! and
xer+y:=,y) =, y2,..., ) €ER" withx, y; € R, 2 <i < n. Then for every A > 0, we have

A2 2 2 .
— — )\. 3 g ’

Cék(distz((x,y),K)) 1‘+1205 x“+yl% X< (3.3)
, dist*((x, ), K), Il > 155
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In particular,

A
Ch, (dist?((0,y). K)) = . Haz +y* <o + [y|* =dist*((0, y), K).

Proof of Lemma 3.3. We prove the first statement. The second follows from a direct calculation.
The explicit formula of Cé A(dist2((x, y), K)), where K = {ae1, —ae;} can be obtained as follows. Fix y € R"~1,

we see that C (dist?((x, y), K) 4+ A|(x, y)|?) must be convex in x. As

dis?((x, y), K) + | (r, ) = min{(x — )%, (¢ + @)%} + 222 + (1 + W)yl
For the fixed y, the convex envelope of the above function in x can be easily calculated as

Ce [dist? ((x, ), K) + 4| (x y)|2]—<1+x>|y|2+{ﬁ“2’ IS w
“ T ' dist?(x, {or, —a}) + Ax2,

where C,, [g(x, y)] is the convex envelope of g(x, y) along the one-dimensional space span[e;]. We see that

C[dist®((x, y), K) + 2| (x, »[7] < Co, dist®((x, y), K) + 2| (x, [T < dist? ((x, ), K) + 2|0, )|

while Cq, [dist®((x, V), K) 4+ Al (x, y)2] given above is already convex. Thus

C[dis?((x, ), K) + 2| (x, »)[*] = Ce, dist®((x, y), K) + 4| (x, )|
so that C5 , (dist*((x, y), K)) is given by (3.3). O

Remark 3.2. The quasi-convex envelope Q(f)(X) for f(X) = dist?(X, {A, B)) for X, A, B € MV *" was first calcu-
lated by Kohn [22] using a Fourier series method and by Pipkin [35] applying a translation type method. The function
Qf(X) was used in several places in the study of quasi-convex functions and quasi-convex hulls [52-56] and ex-
plicit calculations using a version of the quadratic lower compensated convex transform for small A > 0 were used
in [53,54,56] to analyze geometric properties for quasi-convex functions Q[distz(X , K)] when K C E is a compact
subset of a linear subspace E of M *" without rank-one matrices. In particular, the case when K is a finite set was
studied in [56].

Next we study the local behavior of Cé_ 2 (dist?(x, K)) near a compact set K C R under certain regularity of K .
It is well known that a closed set K C R” is convex if and only if K has the nearest point property [25,21] that for
every y € R", there is a unique x € K such that dist(y, K) = |y — x|. We have

Definition 3.1. A non-empty closed set K C R" is said to have the uniform local nearest point property if there is
an € > 0 such that every y € K. = {y € R", dist(y, K) < €} has the nearest point property. The set K C R”" is said
to have the strong local nearest point property if K has uniform local nearest point property for some € > 0 and for
every x in the level set K€ := {z € R”, dist(z, K) = €}, if we denote by y(x) € K the unique point in K such that
|[x — y(x)| =€, then

y(x)

{Z=y(x)+tx_7, 0<r<3s, xer}zK(g\K,
lx — y(x)]

forall0 <é <e.

There are many examples of closed sets possessing the strong local nearest point property. Smooth (C?) compact
manifolds without boundary in R” [29,46], finite sets, objects obtained by rotating the graph of a non-negative C>
function x, = f(x1) in R € R? x R" (n > 2) with respect to the x1-axis are some of the examples. However, I do
not know whether the uniform local nearest point property implies the strong local nearest point property in general.

Theorem 3.4. Suppose K C R" is non-empty, closed and satisfies the strong local nearest point property for some
€ > 0. Then for every A > 0,
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Ch , (dist*(x, K)) =dist*(x, K)  for x € Ks with § < €.

I+

Proof. Let z € K5\ K. By our assumption on K, there is some x € K. and y(x) € K such that z = y(x) + r(x —
y(x))/|x — y(x)| for some 0 < ¢ < §. Clearly y(x) is also the unique point in K such that |z — y(x)| =dist(z, K) =¢
holds. Now we consider the function y > dist?(y, B¢(x, €)). By a simple translation and by replacing p by €, we
obtain from Lemma 3.2 that

Cé’)\(distz(y, B (x, e))) = dist2(y, B¢(x, e)), whenever |y — x| > leﬂ
Now since [z — x| =€ —t > €/(1 4+ 1), we have

Ch , (dist?(z, B (x, €))) = dist*(z, B (x, €)) = 1* = dist’(z, K).

On the other hand, since K C B¢(x, €) we have distz(y, B¢(x,¢)) < distz(y, K) for all y € R” so that by Theorem 1.1,
we have that

Ch , (dist?(y, B (x,€))) < €3, (dist*(y, K)) < dist*(y, K)
for all y € R". Thus at y = z we have C} , (dist*(z, K)) < dist?(z, K). O

Next we apply Theorem 3.4 to the study of the quasi-convex sets in the calculus of variations. Let MV <" be the
space of all real N x n matrices equipped with the Euclidean norm. A function f : MV *" i R is called quasi-convex
[30,5] if for every X € MN>*", every open set 2 C R" and every ¢ € C} (22, R"), we have [, f(X + D¢ (x)) —
f(X)dx > 0. Quasi-convexity is a fundamental concept in the vectorial calculus of variations concerning the weak
lower semi-continuity if variational integrals [2]. Similar to convex envelope for a non-convex function, we may define
the quasi-convex envelope [17] of a given function f:MN*" > R bounded below as Q(f (X)) = sup{g(X), g <
f, g quasi-convex}. The sub-level set of a quasi-convex function is called a quasi-convex set [42,50]. Since quasi-
convex sets need not to be convex, a topological question arises as how complicated a quasi-convex set can be.
Suppose E C MN*" is a linear subspace without rank-one matrices, it is well known [7,56] that any compact set
K C E is a quasi-convex set. This indicates that any topological structure that can be embedded in E as a closed set
can be realized by a quasi-convex set. It is known [53] that every linear subspace E without rank-one matrices can
be extended to a maximal subspace Epx satisfying the same restriction and dim(Emax) = (N — 1)(n — 1). Therefore
any compact set in RV ~D"=D can be embedded in MY *" as a quasi-convex set. On the other hand, it is easy to see
that if any topological embedding of a codimension one compact manifold without boundary that divide MV *" into
disconnected domains cannot be a quasi-convex set. Our question now is whether a tubular neighborhood in MY *"
of a ‘smooth’ quasi-convex set K C E remains a ‘quasi-convex body’.

Now given a linear subspace without rank-one matrices. Let Pr and Pr. be the orthogonal projections from
MN*" to E and its orthogonal complement E+. Given a € R", b € RV (viewing as column vectors) we denote by
a®b=ab” € MN*" the tensor product of a and b. Clearly every rank-one matrix can be written as the tensor product
of some a and b. We define Ag > 0 by

! |Pg(a ®b)I*

— = sup —_.
M la|=|b|=1,aeR" ,beRN |PpL(a ®b)?

It is easy to see that 0 < Ag < 0o and A is the largest positive number such that

|Pp@®b))> > re|Pe@@b)|, acR", beRV,
It is also easy to see that [54,56]
q(X) = |Pee ()] = | Pe(XO), X e MV

is a rank-one convex quadratic form. We have

Theorem 3.5. Suppose K C E C MN*" with E a subspace without rank-one matrices and K has the strong local
nearest point property for some € > 0. Then the closed 8-neighborhood Ky of K in MN*" defined by Ks = {X €
MM dist(X, K) < 8} is a quasi-convex set when 8§ < €g /(1 + AE).
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Proof of Theorem 3.5. Since K C E, we have distz(X, K)= distz(PE(X), K)+ | Pyt (X)|2. We define
F(X) = C[dis?(Pe(X). K) + 2 |PECO ]+ [| Ppe (O = Ae | Pe(X)[]
=}, [dis?(Pe(X). K)] + | e (0],

where Cé . [dist>(Pg(X), K)] is taken in E identified as an Euclidean space and evaluated at Pg(X) € E. Clearly,

we see that dist?(X, K) > F(X) for X € MN>*" and we also see that F(X) is quasi-convex as Cldist*(Pg(X), K) +
Ae|PE(X)|?] is convex and | Pp1 (X)|? — Ag|PE(X)|? is a rank-one convex quadratic form.
The conclusion then follows from Theorem 3.3 with 6, < Age/(1+Ag) andif X € K5, PE(X) € Pp(Ks) CE. O

Remark 3.3. When K C E is afinite set Theorem 3.5 was essentially proved in [56]. From the recovery/approximation
theorem (Theorem 2.3) we see that Cé’ )\(distz (x, K)) converges to dist? (x, K) uniformly on compact sets. By The-

orem 3.1 we also see that Cé’ A(distz(x, K)) is locally a C1! function for any A > 0. It was established in [51] that

the squared-distance function X — dist>(X, K) in MN*" is quasi-convex (rank-one convex respectively) if and only
if the compact set K C MV *" is convex. The key idea in [51] is to use the nearest point property and a version of
Lemma 3.3.

By using the regularity results on Q dist?(X, K), Ball, Kirchheim and Kristensen gave a pure ‘analytic’ proof of this
result in [11, Th. 5.5]. If a compact set K € M *" is not convex, dist?(X, K) is not locally C"! while Q dist*>(X, K)
belongs to C1(MN*m), the conclusion follows. However, if one replace dist? (X, K) by Cé k(distz(X, K)) for some
large A > 0, then the ‘geometric’ argument in [51] still works while the ‘analytic’ argumeﬁt [11, Th. 5.5] based on
smoothness of the function no longer applies. More precisely, we have

Theorem 3.6. Let min{N, n} > 2. For every non-convex compact set K C MN*" there is some A(K) > 0 such that
the C1-! function X +— Céqk(distz(X, K)) is not quasi-convex whenever A > A(K).

Proof of Theorem 3.6. We combine the method of proof in [51], Lemmas 3.2 and 3.3. If K is not convex, by the
nearest point property for convex sets [25], there is some point Xo € M Nxn and X1, Xs € K, X # X7 such that
dist(Xg, K) = |Xo — X1| = |Xo — X2| =:r > 0. By a simple translation of the origin to (X| + X7)/2 we may assume
that X1 = o Ag, X2 = —aAp with rank(Ag) > 1, |Ag| =1 and « > 0. Let E = span[Ag] be the one-dimensional
subspace of MY > spanned by Ag, Pg and Pg. the orthogonal projections to E and its complement E L. Now we
set Ko = {¢Ag, —aAg} and take A(K) =n — 1 + n|Pg.(Xo)|*/a?, then we have dist>(X, K) < dist(X, K¢) for
X € MN*" and dist?(Xo, K) < dist>(Xo, Ko). Thus by Lemma 3.2, we have, for A > A(K) that

A
I+A

r2 = MX = Xo* = C3, dist* (X, (B(X0.1))
< Ch, [dist? (X, K)] < Ch, [dist* (X, Ko)] < dist* (X, Ko).
It Céy 5 [dist?(X, K)] is quasi-convex, then by the definition of quasi-convex envelope, we have
5, [dist(X, K)] < Q[dist* (X, Ko)]-
Now it is known [22,51,54,56] that
Q[dist* (X, Ko)] = C5 ;.. [dist* (X, Ko)]

| PECO) + [Pee (O],

=+ A*)distz(PE(X),

! C(Ko) | +a? »
PERAR e

1+

where 1* = (1 — Amax)/Amax With Apax the largest eigenvalue of Ang. Note that since |Ag| = 1, we have 1/n <
Amax < 1 as Ag is not a rank-one matrix. Thus A* <n — 1. Now we have

Ch , [dist* (X, K)] < Qdist* (X, Ko).

In particular, at X, by noticing that o+ | Pp1 (X0)|? = r?, we have Pg(X() =0 and
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ey [dist* (X0, Ko)] =< Qdist*(Xo Ko)=a2L+|P L(Xo)?
1+ ’ ’ 14 0 F ’
This implies that
Pp1(Xo)I? Ppi(Xo)?
p< (4 an L OO0 oy P ROF ),
(04 o

This contradict to our choice of A > A(K). O

Next we consider the notion of medial axis related to global shape interrogation and representation in the theory
of computer aided design. For bounded domain £2 C R?, the earlier definition of the medial axis was given by Blum
[12] who generalized the so-called Voronoi diagram [45] for finite sets. We take the definition by Wolter [46]. Given
a bounded open domain 2 C R” whose boundary 9£2 is an (n — 1)-dimensional topological manifold, the medial
axis Mg is the closure of the set M% C 2, where M?z consists all of the points x € £2 and a corresponding radius
r(x) > 0 such that B(x, r(x)) C £2 is the maximal open ball in the sense that any open ball B containing B(x, r(x))
cannot be completely contained in £2. An simple example of points x € M?z is that dist(x, 0£2) is reached at least two
different points on 9£2. The set {(x, r(x)), x € Mg} is called the medial axis transform of 2.

Next we define the cut-locus for £2 under the same assumption as above. We call x € £2 is a non-extender [46] if
for any y € 02 such that dist(x, 0§2) = |y — x|, dist(y + #(x — y), 0§2) < t|x — y| for any 7 > 1. The cut-locus Cg
for £2 is defined as the closure of the set of all non-extenders for £2 [46]. It was proved in [46], among other results,
that Mo = Cg and Q= U xeMg E’(x, r(x)) under the above assumption on £2. It was also established in [46] that if
92 is smooth (C2), then Mg, is a deformation retraction of £2.

For a finite set K C R” we may take £2 = R” \ K and define the medial axis of K by Mg := Mg,. It is well known
that M is the so-called Voronoi diagram [46,45]. In this special case M, = M?z, that is, for every point in x € Mg,
there are at least two distinct points y1, y» € K such that dist(x, K) = |x — y1| = |x — y2|.

Our aim in the last part of this section is to give a geometric description of the approximation Cé’ )L(distz (x,082))
for a bounded open domain §2 C R" and for a finite set K. The main tools we use are Lemmas 3.2 and 3.3. We have

Theorem 3.7. For any A > 0, let

rz(x,)»):lric)A, M= B(x, ::ﬁ)

xeMoN$2

Letx e Mo N2 and K(x) ={y +x €082, |y| =r(x)}. For such an x, we define

Ky (x) = {x + 1Jyrx’ x+yeds2, |yl =r(X)},
M5 = {x € Mo N §2, K(x) contains at least two elements}.
Then

@
Ch, (dist?(x, 802)) = dis*(x, 82), x €2\ M,
Ch, (dist?(y,32)) <dis?(y,882), ye M, »>0;
(ii) Foreachx € Mo N 82,
1
1+

(iii) If we further assume that x € Mg N 2 N C(K (x)), and for every line passing through x, the intersection of the
line and C (K (x)) contains more than one element, then x is a stationary point of Cé A(dist2 (x,082)), that is,
DC}, (dist*(x, 082)) =0 for all 1 > 0.

The above condition is satisfied if x € Mg N $2 is an interior point of C(K (x)). In this case x is also a local
maximum point of Cé )\(distz (x,08)).

Ch , (dis (v, 952)) = Ar2(x) — Ay —x%  yeC[Kaa)]
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Proof of Theorem 3.7. We prove (i) first. Fix y € 2 \ M iz), then there is a unique xg € 952 such that dist(y, 0§2) =
|x — xp|. Now we consider the ray I = {xo + t (x — x¢), ¢ > 0} and let

w=Xx0~+ fo(x — xp), with 1<t0=sup{t,xo+t(x—xo)¢M_Q)}.

Such 79 > 1 exists because §2 is bounded and x € £2 \ Mg, there is some ¢ > 1 such that xo + #(x — xp) is a non-
extender.
Now we have for all y € R",

dist*(y, B(w, r(w))) <dist(y,92),  Ch, (dist*(y, B(w,r(w)))) < C5 , (dist* (v, 3£2)).

By Lemma 3.2(b), we have, by a simple translation of the origin,

A _ —wl? _ < rw)
¢l (dis? (v, B(w, r(w))) = | 2o TH Ayl oy muls ey
' dist“(y, B(w, r(w))°), ly —wl > 15

As x € B(w,r(w)) \ B(w,r(w)/(1+ A), we have

Ch , (dist? (x, B(w, r(w)“))) = dist*(w, B(w, r(w))) = |x — xo|* = dist* (x, 352).
Next we show that

Ch , (dist(x, 382)) < dist*(x, 32)

for x € M,. Taking any two points x, x2 € K (x) with x| # x». By a simple translation of the origin to (x1 + x2)/2
followed by a rotation, we may assume that x; = (—«, 0), x2 = (o, 0) with @ > 0 and x = (0, y) with y € R By
Lemma 3.3, we have x = (0, y),

Ch , (dist(x, 32)) < €3, (dist* (x, {(—e, 0), (o, 0)})) < dist? (x, { (e, 0), (@, 0)}) = dist*(x, 8 2).
Now we prove (ii). Firstly, we give an upper bound of Cé‘ . (dist?(y, 382)). Since
dist*(y, 302) <dist*(y, K(x)), yeR",
we have
Ch , (dist(y,302)) < €, (dist* (y, K (), yeR".
By noticing that |z — x| =r(x) for all z € K (x)
dis?(y, K (0)) + Aly> = inf |y —z[> +Aly?
zeK (x)
=[inf (Iy—xP=2(y—x)-G@—x)+z—xI*)]+Aly—x|?
zeK (x)
+20x - (y —x) + Alx[?
= inf )((1 My = x? =20 = %) - @ —x)+ |z = x1})]+2hx - (v —x) + Alx [
ze X

Z—X
1+
= (1+ ) dist? (y, K2,1.(x)) +1(3).

where [(y) = Ar2(x)/(1 + A) + 2Ax - (y — x) + A|x|? is an affine function of y € R”. Thus

(y — x) +2hx - (y —x) + Alx)?

2} ar2(x)
142

= +A)[ inf
z€K (x)

C[d + 1) dist?(y, K (x)) + AlyI*] = (1 + 1) dist? (y, C[K2,,.(x)]) + 1),

so that
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Ch , [dist? (v, K (x))] = (1 + ) dist* (y, C[K2,,(x)]) +1(y) — Aly|®
Arz(x)> Ar2(x)
141 1+
—2ax - (y —x) — Alx]?

=(1+)»)dist2<y, + 20 - (3 —x) + A2 = ALy —x]?

krz(x)
14+
Note that C[K2 5 (x)] C B(x,r(x)/(1 + 1)), hence we have, for y € C[K2,(x)] that

= (1 + A dist*(y, C[K2,.(x)]) + —Aly —x|%.

I [iee2 Ar?(x) 2 Al (g2 :
Cz’)\[dlst (y, K(x))] =3 rale Aly — x| = Cz’k(dlst (y, B(x, r(x)‘))).
Therefore
I (a2 I [aiee? I (g2 c Ar?(x) 2
Cz’)\(dlst (v, 8[2)) = Czy)h[dlst (y, K(x))] = Cz)k(dlst (y, B(x, r(x) ))) = T x —Aly —x|”. 3.5)

Finally, we prove (iii). By Theorem 3.1, we have Cé’x(distz(-, 32)) € C11(£2). Now we assume that x € Mg N
£2 N C(K(x)), and for every line passing through x, the intersection of the line and C(K (x)) contains more than
one element. Then for any e¢; among the standard Euclidean basis, we have either fe; + x or —te; € C(K3 ;(x)) for
sufficiently small ¢ > 0. Thus

d | /. - d (r?(x) 5
Ecz,x(dISt (x + se;, 89))|S=0 = £< A AMx +se; — x| o =0.
Therefore

a
ax,-

When x € Mo N §2 N C(K(x)) is an interior point of C (K (x)), then in a the neighborhood C[K? ; (x)] of x, by (3.5)
we have

Ch, (dis*(x,d2)) =0, i=1,....n, hence DCj, (dist*(x,d82))=0.

Ar2(x)
1+

C5 (dist* (v, 02)) = “aly—xP yeC[Ku)].

Thus x is a local maximum point of Cé’ A(distz(y, 082)). O
4. Quadratic upper transforms for convex functions

In this section we establish the C!'! smoothness and convexity for the quadratic upper compensated convex trans-
form C5 , (f(x)) for f:R" — R satisfying the growth condition (1.5), that is,

|f)|<Clx*+C1, xeR”, (4.1

where C > 0 and C; > 0 are constants. As a consequence, we also prove a general C!*! approximation theorem on
compact subsets of R” for continuous functions satisfying (4.1).

Theorem 4.1. Suppose f :R" > R is convex and satisfies (4.1). Then for A > C,

G) x+— Cg’k(f(x)) is convex in R™;
(i) C’Z"A(f(x)) e CHY(R™), and more precisely, the gradient of C’i)\(f()) satisfies

|D[C3,(f ()] = D[CY, (FM)]| <8AMx—yl, x,yeR". (4.2)

Corollary 4.1. Suppose f :R" — R is continuous and satisfies (4.1). Then, there are T; > Aj — +00 as j — 00 such
that ngrj [Cé A (f(-)] € CLYR™) and on every compact set, Cc3 - [Cé A (f)] = f uniformly as j — oo.
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Now we turn to the proof of Theorem 4.1. It requires some careful calculations following the line of proof for [11,
Prop. 3.7] and also some ingredient in [23]. However, certain heavy machinery used in [11] for the more difficult quasi-
convex functions can be simplified for convex functions and the results are better as estimates for quasi-convex/rank-
one convex functions in [11] cannot be very sharp because of the restrictions along rank-one directions. On the other
hand, as the results in [11] apply to the convex case, we just follow the line of their proof. We need the following
preparations.

A special case of the combination of [11, Th. 3.1, Lemma 3.2] can be stated as follows.

Lemma 4.1. Suppose f: MN*" > R is bounded below, continuous and upper semi-differentiable. Assume that for
some p € [0, 00),

X
liminf )>0 and limsup S&X)

EAS A 4.3)
IX|—>o0 | X|P | X|— 00 |X|p+l

Then Q(f) is a C! function.

In our present situation, as in R”, C(f,) = Q(f) [5,17], where f; (x) := A|x |2 — f(x) with f the convex function
in Theorem 4.1 satisfying (4.1). Since f is convex, for any u € df (x), where df (x) is the subdifferential [39,21] of f,
we have, as f(x +y) — f(x) —u -y >0, hence

[Mx +y12 = f+ 0] = [AxPP = f)] = Rrx -y —u-y1= Ay = [fx +y) — fF&x) —u-y] <Alyl%
4.4)

This implies that f; (x) above is upper semi-differentiable. Furthermore, for p =2 in Lemma 4.1, as A > C, where
C > 0 is the bound given by (4.1), we have
G=ORP-C _ i) _G+OKP+C  A-OkP-C _ A& _(+OkP+C
< < ) < <
|x|2 x| |x|2 Jx[? x| |x[?

Therefore (4.3) holds. By Lemma 4.1, we have C(f3) € C L(R"). However, our first aim is to show that
C(fr(x+y) = C(£(x) = DC(fr(x)) -y <Ay, x,yeR" (4.5)
Next we have (see [11,23, Cor. 2.5])

Lemma 4.2. Suppose h: B(xg,r) — R is convex and g: B(xo,r) — R is upper semi-differentiable at xo such that
h < g on B(xg,r) and h(xo) = g(x0). Then h and g are both differentiable at xo and Dh(xg) = Dg(xp).

Lemma 4.3. Under the assumptions of Theorem 4.1, inequality (4.5) holds.

Proof. We follow the proof of [11, Prop. 3.7] in the case of M'*" = R", where quasi-convexity and convexity are
equivalent.

We may add the positive constant C1 +1 > 0 to f; (x) = Alx)? = f(x) by letting g, = f,, + C1+ 1 such that g, > 1.
We now fix x¢ and follow [11] as in their proof of [11, Th. 3.1]. There is a sub-probability measure v [11, Prop. 3.6]
(in our case, v is a probability measure supported at most n + 1 points) satisfying

g =C(gy), v-ae., Dg, = DC(g,) v-ae.,
DC(C(8:)) (xo) = f Dg;.dv. / g dv < C(g,(x0))

and for all y,

C(gr(x0+y)) — C(g1(x0)) — DC(gxr(x0)) - y < /[C(gx(x +3)) — C(g.(x)) — DC(g:.(x)) - y]dv(x).

Now for v-a.e. x,
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C(gr(x +y)) — C(gr(x)) — DC(g1(x)) - y < ga(x + ) — g1 (x) — Dgy(x) - y,
hence by (4.4) we have, for all y,
0< C(grxo+)) — C(g(x0)) — DC(gi(x0)) - y < Ayl
as C(gx(x)) is convex. Since C(gx(-)) = C(fr(-)) + C1 + 1, we see that (4.5) holds. O
In order to prove Theorem 4.1 based on Lemma 4.3, we need another preparation. We denote by lip(g; B(xo, 7))

the Lipschitz constant for a Lipschitz function and we define the oscillation of a function g in a set S by osc(g; S) =
sup{|g(x) — g(»)|, x, y € S}. By slightly modifying [11, Lemma 2.2], we have (see also [23])

Lemma 4.4. If g : B(xg, 2r) — R is convex, then

osc(g; B(xg,2r))

lip(g., B(xo, 7)) < ;

Note that if g is differentiable in B(xg, r), we have |Dg(x)| < lip(g, B(xo, r)) < osc(g; B(xp, 2r))/r.

Proof of Theorem 4.1. By definition, Cg’k(f(x)) = Alx|? — C(fi(x)), where f(x) = Alx|?> — f(x). By Lemma 4.3,
we see that, for every x, y € R”,

Cy,(fx+y)—C3,(f) = D[CE,(f(0)] -y
=Aly? = [C(fax +)) — C(ga(x)) — DC(ga(x)) - y] = 0.

Thus x — C;ﬂk(f(x)) is convex. Also by Lemma 4.3, we see that

G5, (f & +3)) = C5,(f () = D[Cy, (f(0))] - y| < ALyl (4.6)

Now we fix x and assume that 0 < |y| < r. Define

h(y)=C5, (fx +3) = €3, (f (@) = D[4, (f )] - ¥
Since y — h(y) is convex, we have

h; B0,2
lip(h: B, ) < SV BO20) by @6)  osc(h: BO,2) < 8372,

r

Because Dh(y) exists, we have

| Dh(y)| <lip(7; B(0, 1)) < 8Alyl.
Since Dh(y) = DCé")\(f(x +y) — DCg’A(f(x)), we see that

|DC5, (f(x+y)) — DCy, (f(x))| < 8Alyl
for any y # 0. The proof is finished. O

Remark 4.1. If we apply the arguments in the proof of Theorem 4.1 to C(f3), we can also see that

|D(filx + ) = D(fa(0))| <8Alyl. x,yeR".
Proof of Corollary 4.1. For each fixed integer j > 0, by Theorem 2.3 there is some A ; > 0 such that

1 (F0) = F0)] < % x€ B, j). 4.7
Now we take 7; > A and consider Cé"rj [Cé,xj (f(x))]. By Theorem 2.1(iv),

C3 (G, (F)]=CE s [C(f )+ jlx?)] = Ajlxl. (4.8)
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For the fixed A j, when 7, is sufficiently large, we see that
1 =
€5 [Co, (FO0)] = o, (F )| < Gooxe B(0, j). 4.9)

By (4.8) and Theorem 4.1, we see that Cg, - [Cé! A (f()ecC LI(R"Y and is convex with the Lipschitz constant for the
gradient at most 87; + 10A ;. Combining (4.7) and (4.9), we see that

2 =
€5 [C, (FO)] = F)| < o xeBO.).
The conclusion then follows. O
5. Examples
In this section we give some calculated examples for lower, upper and mixed quadratic transforms. The first set
of examples consists of some functions of one variable. We compare the quadratic transforms of the functions with
their Moreau envelopes and sometimes with their Lasry—Lions regularization. Then we consider examples of upper

transforms for maximum-like functions and lower transforms for the squared distance function to a finite set.

Example 5.1. Consider the signature function f(x) = sign(x) defined by sign(x) = x/|x| if x # 0 and sign(x) = 0 if
x =0. We have

-1, x <0,
Cé’x(f(x))z{%/ﬁx—)»xz—l, 0<x <2/,

1 x =2/,

-1, x <0,
sz(f(x))zikxz—l, 0<x <2/A,

1, X>~/7~

The modification of the original function for both the lower transform and the Moreau envelope occurs in the same
interval [0, »/2/A]. Observe that Cé,l(f) is locally C"! near x = /2Z/x while My, (f) is and is locally C'! near
x = 0. These indicate that M», (f) smooths the lower part of f at x = 0 and connect to the upper half in a non-
differentiable manner while Cé’ , (f) starts from the lower half at x = 0 with and tries to connect the upper half
smoothly.

Example 5.2. Let f, (x) =1/]x]%, x %0 and f(0) = +oo with @ > 0. We can easily derive that

55 (9)70 4 ()7 <(n>%,
>
=

o

1

x> | ( A) e

Clearly, Cé, 5 (fa(x)) modifies f near x = 0 by a simple quadratic function and is a tight approximation of f (x).
On the other hand, the calculation of the Moreau envelope of f,(-) is non-trivial for any of o > 0. Even for o =
1, the calculation of the Moreau envelope F2,(f1(x) = infycr(A(y — x)2 + fi(y)) involves the solutions for the

cubic equation y3 — xy? — 1/(24) = 0 and the resulting expression for Fa; (f1(x)) is very complicated. In general,
F5; (fo(x)) can only be obtained numerically.

Cé,x(fa(x)) =

x|

To compare with the Moreau envelope, we have to use the very special example g(x) = —log|x|, x # 0 and
2(0) = +o0 for which the calculation of Moreau envelope is not very involved. We have

(1 +1og(2h) — ax2, x| < 1/,

l —
Coals0) = { —log|x, el > 1/

The effect of Cé’ , (g(x)) is again on the points with large second order derivative and it is easy to see that the formula
gives a simple approximation of g(-).
The Moreau envelope is given by
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Fy(x) := inf (A\(y —x)* 4+ g(x)
2x(X) 2 °R y—x 8x
y

AWx2+2/ —x)z—log(Verz/k NI, x>
(VX2 F2/h 4 x)? — log (LR -y <

The effect of Moreau envelope is everywhere and is less as obvious to see that it is an approximation of the simple
function — log |x|.

0
0

Example 5.3. Consider the simple function f(x) = x2, we have Moy (f(x)) = sz/(l + 1). Clearly, M», (f(x)) does
not converge uniformly to f in R and is not a tight approximation. On the other hand, we have, by Theorem 2.3(v)
that Cé“k(f(x)) = f(x) for all x € R when A > 2. We see in this simple example that M>, (f) is a much poorer chl
approximation of the convex function f than Cé‘, 5, ().

The following example will show that the Moreau envelope and Lasry—Lions regularization are much less pre-
dictable than the quadratic transforms and the mixed transforms. Since we are only interested in the approximation
and smoothing effects of the transforms upon the original function, we only consider the transforms with large para-
meters A > 0 and u > 0.

Example 5.4. Consider f(x) =dist(x, {—1, 1}) = min{|x — 1], |[x 4+ 1|}, x € R. We have

l_ﬁ_)\xza |x|\2k’

Cé,x(f(x)) = {

1) Xl > A o> 172):
u _lx =D+ 20 k= 1< 5
Ciuls (x))_{ F0), M otherwise: (11> 1/2).

One of the mixed transform for A > 1 and p > 1 is given by

1— & —ax2, x| < 5
C3 [ Co (distlx, (=1, D)= p(lxl = 12+ g el = 11 < 5

dist(x, {—1, 1}), otherwise.

Due to the locality property of quadratic transforms, we see that in this example CIZA, M [Cé’ Z(f)l=C é M [C’f, , (f ()]
for large A > 0 and u > 0 due to the fact that the lower and upper transforms act on different part of the graph
respectively, upper near non-smooth local convex points —1 and 1 while lower near the concave point 0.

On the other hand, the Moreau—Yosida regularization M»;, (f(x)) and the Lasry—Lions regularization M 2T (M>y)
are given by [1] as (under our notation)

I—lx| =2, x<1-2,
(xP=1)? N ,
sz(f(x))z x4/;L ) 1-2<|x|<1+2,
Wl —1—f k=143
(2 <2).
_ 1 kI? <
AooAw x| <2/u,
1 —|x[— (——ﬁ)v %<|x|<1_(% %)’
2
M (Mo (f (1)) = 4‘(x_|_1_)) - (2-2)< i<+ (2-2),
|x|—1—(%—%), |x|>(%_%);
(0 <2/ < min{2/a, 132,

From the above explicit calculations, we see that at least for one-dimensional piecewise affine functions, the mixed
transform can be easily predicted as to attach quadratic arcs in neighborhoods of points where the function is not
differentiable. The graph of the mixed transforms can easily be sketched by hand. We may imagine that for large
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u > X > 0, the behavior of the mixed transform ng M(Cé’ , (f(+)) on higher-dimensional piecewise affine functions
would be similar and the mixed transform equals the original function outside a neighborhood of points where f is
not differentiable due to the tightness of the quadratic transforms. On the other hand, the Moreau—Yosida and Lasry—
Lions regularization are much less predictable.

Given a subset K of R”, we write tK ={tx,x € K} fort e Rand K +y ={x + y,x € K} for y € R". As before,
we denote by C(K) the convex hull of K. Recall the definition of the maximum function

f(x):lrélaé( Xi, x=(x1,x2,...,x) € R". 5.1

RN

Note that f is convex, ‘monotone increasing’ and is of linear growth.
Letey, ey, ..., e, be the standard Euclidean basis of R”. Let K,, = {e1, e, ..., e,}, then

Theorem 5.1. For every A > 0,

1
Cél’)\(f(x)) = Alx|*> — A dist <x C<2k)) + TR eR". (5.2)
Furthermore, we have the following uniform bounds
1
0<Ch,(f(0)— fx) < R |DCY, (f(0)| <1, xeR™ (5.3)

Without direct calculations, we can draw the following conclusions for C5, (f(x)) from our general theory for
quadratic compensated convex transforms.

(i) The quadratic upper transform C; ,, (f(x)) is convex and belongs to C LI(Rrm) (Theorem 4.1).
(i1) The function x > C'z{ ,, (f(x)) is monotone increasing (Theorem 2.2) and f(x) < Cé‘, 5, (f(x)) (Theorem 2.1).
(iii)) Theorem 2.3 implies that lim)_, 4 Cz", , (f()) = f(-) uniformly on any compact set of R".

A new feature of Theorem 5.1 is that we have the uniform estimate of approximation of f by its quadratic upper
transform (5.2) which is independent of the dimension n. This is in contrast with the classical entropy regularization
of the maximum function G¢(x) = elog(}_/_, exp(x;/€) which has the uniform error estimate depending on the

dimension n [4,6,13,41,34]: f(x) < G¢(x) < f(x) +€logn.

Proof of Theorem 5.1. For any A > 0, we have

1\ 1
Alx> — =Alx|> - ma ; = min (A - = min A BTN
x| = f(x) = Alx]| 1<iénx' 1gi1<n( |x|? x;) 1<,l<n|:< Zx) < 2,\> 4A:|

J#i
2

i ¢ L ase(y, KoY 2 1 (5.4)

= min _ —_ = 1S - | — —. .

1ien\|" T 2 an ) T w
Thus firstly we have

F) =alx? = (Ax? = () = Alx|* — adist?( x Ky +i (5.5)

o) an ’

Secondly, we see, by (5.4) and Lemma 3.1 that

i AN AN R Ky 1
C[Mxl _f(x)]_C|:dISt (x, 2A> 4k:| = A dist (x C(ZA)) TR

so that

1

C4 (f(®) =Alx* = C[Alx* = f(x)] = Alx|* — Adist® <x C<2A)) + (5.6)
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Thus (5.2) is established. Next we establish estimates (5.3). By (5.5), (5.6) and Lemma 3.1, we first observe that
diam(K,) = +/2 and

0< Gy, (f() = fx)

[t () ] s ) 4]
(o) (5 o (55 () -2

Thus the first estimate concerning the error of the approximation is proved. The second estimate on gradient follows
from Lemma 3.1 as

DCY, (f (%)) =2hx — 24(x — Pe(k, /1) (X)) = 2APc(k, /21)) (%),

where Pc(k, /(2)) (x) is the unique nearest point in C (K}, /(2A)) such that dist(x, C (K, /(21))) = |x — Pc(k, /2r) (X))
Thus

Ky
|DC3, (f ()] = 24| Peck, /a0 < ZA'C<§>‘ =1l O

Next we consider the support function [39] for a given compact set K C R” defined by ¢ (x) = max{y-x), y € K}.
Note that if K = K, where K, is the set of standard Euclidean basis defined in Theorem 5.1, the resulting support
function is the maximum function. Since the set K can be non-convex and not necessarily finite now, the smoothing
method using (5.4) may lead to very complicated calculations. To derive a simple approximation for ¢, we perturb
¢ slightly and calculate the quadratic upper transform for the perturbed function. Let |K| = sup{|y|, y € K}, we
consider, for A > 0

¢ (x) =max| y-x — ﬁ
yek 4
Clearly, we have the error estimate

|K|?

0S ()=o) < - (5.7)

2
K
4 — A dist? x,— ).
A 2A

Now we calculate C2 5 (#1.(x)). Firstly we have

X — —

2
xl? — — 5 mi 2 Y- X [yl — 3 mi
x| (]5)\()6) ;Iél}g<|x| A + (2)02 ;Iél}(l
Thus C[Alx]? — ¢(x)] = A dis® (x, C(K /A)) and

C4  (62.(0)) = Alx|? —kdist2<x,C<§)). (5.8)

We have

Theorem 5.2. For A > 0, Cg, , (@1.(x)) given by (5.8) is convex and belongs to C 11 (R™) with the Lipschitz constant
bounded above by 8A. Furthermore

dlam(K)) |K|?

[C3,(2(0) =] < — Ty

. |DCY, (o1 ()| < IKI. (5.9)

Proof of Theorem 5.2. The error estimate 0 < C g 3 (@1 (X)) — ¢ (x) < diam?(K) /(2A) follows from a similar calcula-

tion as in Theorem 5.1 which, combined with (5.7) implies the required estimate. The convexity and C!-!-smoothness
of C‘z‘, , (@1 (x)) are both direct consequence of Theorem 4.1. O
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Remark 5.1. It is interesting to compare the upper transforms of the maximum-like functions obtained in Theo-
rems 5.1 and 5.2 with the Moreau envelope of the same functions. Let ¢ (x) be the function in Theorem 5.2, as it is
well known and easy to check that maxyex x - y =maxy € C(K)x - y, we have

M2 (¢(x)) = min ( max)x'y—l—My—xlz): max [min(y~z+k|y—x|2)],

yeR" ‘yeC(K zeC(K) yeR"
|Z|2 2 . 4 : 2 .2 K
max (x-z— — )| =A|x|"—A min |x — —| =Alx|"=Adist*(xC| — ) | =C¥ x)).
zeC(K)( 4 ] eCK)| 2A ] 21 2(92(0)

The exchange of min and max follows from [39, § 37]. If we take ¢ to be the maximum function f(x) in Theorem 5.1,
we have ¢, (x) = f(x) — 1/(4A), we have

1
Moy (f () = C3, (£ () = 1/(40) = G4, (F () = 35+ hence €3, (£()) = Maa (£ () + -

Thus the lift of the C!-!-approximation Ma; (f(x)) by 1/(41) gives the tight C!-!-approximation C;” 5, (f(x)).

From the calculations in the proof of Theorem 3.7 we realize that in general it is difficult to find explicit quadratic
lower transforms for the squared-distance function to a general compact set K even if K is finite. In order to overcome
this difficulty, at least for a finite set, we modify our quadratic lower transform and derive an explicit C!-! lower
approximations of dist’(-, K) for finite sets.

Our example is concerned with a smooth approximation of a squared-distance-like function in the form

G(x)= min (Jx —x;[*+b;), xeR"
1<i<m
with K,,, = {y;, 1 <i < m} afinite set. Without loss of generality we assume that b; > 0. When all b;’s are zero, G (x)
is exactly the squared distance function to K,,. Note that even in the special case that G (x) = dist>(x, K,»), in general
the explicit formula for Cé’ 5 (dist>(x, K,»)) could be difficult to calculate. However, by modifying the quadratic lower

transform and by a dimension reduction method, we can still find an explicit C!:! approximation for G(-).
Now we write G(x) as

_ , lyil? Ayil?
6= min (=2 ) = i (1 =20 25 )+ (20

for A > 0 and consider for (x,#) € R" x R™ the function

12
Fa(r, 1) = lgigm((uﬁ—zxw + 1|yi|x> —2r,»).

If we define [y = (|y1/%, ..., |[ym|>) and b= (b1, ..., by) € R™, then

G(x) = F(x, —A[y*/(2(1 + 1)) — b)2).

Now we take the anisotropic quadratic lower transform C(lgk (F(x,1t)) against
@D =AxP+ A+ 0P, (&0 eR7,

we first have

F(x,t) + ga(x, 1)
— : 2 ) |yi|2 2 ] 1 1
= min A4+1)|x]"=2x-y; + +1 A+ -2t +—— ) — ——

1<i<m 1+ 14+ 1+A
K 1
=1+ dis?( (x, 1), —= ) = ——,
(+4)d <(x )1+/\> 1+
where 12m ={(yi,ei),i =1,...,m} with ¢; € R™ the ith unit vector of the standard Euclidean basis of R"”. Now

clearly
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C(K 1
C[h.x.n+&xn]=d —i—k)distz[(x,t), %} T
hence
. cu% ) 1
l 2 m
CgA(F(x’t)) = (1 +2)dist |:(x, £), m] —grlx, 1) — m
Theorem 5.3. Let

AyP b
w0, (¢(« 555 3))

then G, € CLY(R") with the Lipschitz constant of the gradient bounded above by 16(A 4 1) and

diam?(K

0< G(x) — Gy (x) < T (K)o, (5.10)
1+ A

|DG.(x)| <2|Knl. xeR". (5.11)

The Lipschitz constant 16(A + 1) is a consequence of [11, Th. 5.5]. It also follows from the proof of Theorem 4.1.
The error estimate (5.10) is a direct consequence of Lemma 3.1 as

0< F(t,x) = Cp (F(x,1))
. K : C(Kn)
=1+ 1) dist?| (x, 1), —= | — dist?| (x, 1), — ==
(+)<ls|:(X)l+k:| is (x)1+k
K _ diam(K,,)
1+x) 14+r
The gradient estimate (5.11) follows from Lemma 3.1. Let P;(x, t) = x be the projection from R” x R to R" then

DCl (F(x,t)) =2(1+1)(x — PU(Peg, /14y D)) =201+ M)x = =2Py (P g 1 (x,1),

<142 diam2< (5.12)

where D, C(é,x(F (x,1)) is the gradient against the x-variable and PC( R/ (142)) (x, 1) is the nearest point from (x, t) to
C(I%m/(l + A)). The conclusion then follows. O
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