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Abstract

We introduce Lipschitz continuity of set-valued maps with respect
to a given set difference. The existence of Lipschitz selections that
pass through any point of the graph of the map and inherit its Lip-
schitz constant is studied. We show that the Lipschitz property of
the set-valued map with respect to the Demyanov difference with a
given constant is characterized by the same property of its generalized
Steiner selections. For a univariate multifunction with only compact
values in R"™, we characterize its Lipschitz continuity in the Hausdorff
metric (with respect to the metric difference) by the same property of
its metric selections with the same constant.

1 Introduction

The question of existence of selections of set-valued maps that inherit reg-
ularity properties of these maps has been attracting the attention of re-
searchers for a long time. The positive answers of this question may have
essential impact on analysis and numerics in various fields using set-valued
analysis (see e.g. [3, Chap. 9], [2, 1]). For instance, the question of existence
of continuous selections passing through every point of the graph of a con-
tinuous set-valued function is well-known (see e.g. [3, Theorem 9.5.2]). In
the case of a Lipschitz multifunction with compact convex values, there ex-
ists a Lipschitz selection through any point of the graph [3, Theorem 9.5.3],
[16, 24, 1] with a Lipschitz constant depending on the dimension and the
Lipschitz constant of the multifunction.
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For a multifunction with only compact images (not necessarily convex),
this question has in general a negative answer [2, Sec. 1.6], [16, Sec. 3.
But, for continuous mappings of one variable (univariate) having in addi-
tion bounded variation, the answer is positive [20, 16]. In particular, a
Lipschitz mapping (with respect to the Hausdorff metric) defined on a com-
pact interval has a Lipschitz selection with the same Lipschitz constant [20,
Theorem 2], which may also pass through every point of its graph [16, 23],
[18, Chap. 8].

Introducing a new general framework, we define various Lipschitz-type
properties of set-valued functions using various subtraction operations on
sets. Our approach is based on the representation of some distances in the
space of compact (or convex compact) subsets of R™ by set differences. To
be more specific, for any “good” notion of a difference of two sets, A & B,
we can define a distance (or even a metric),

da(4,B) == [[A©a B (1)

with the common set norm || A|| = sup,c 4 ||a||. The corresponding Lipschitz
continuity of the map F' is defined as

[1E(z) ©a Fy)ll < Lz -yl

In particular, the Hausdorff metric can be represented in (1) with the metric
difference of sets [17], [18, Sec. 2.1]. Another example is the Demyanov
metric in the set of convex compacts in R™ [15], which may be also expressed
in the above way with the Demyanov difference [6].

In this paper we focus our attention on Lipschitz properties induced by
various set differences. We review known notions of Lipschitz continuity
and present them with known set differences. We also obtain new Lipschitz
notions based on set differences. A main advantage of this approach is that
the inclusion hierarchy between set differences or the inequality between
their norms immediately implies the hierarchy of the corresponding Lipschitz
conditions.

Special attention is given to Lipschitz conditions with respect to the
metric difference (identical to Lipschitz condition in the Hausdorff metric)
or with respect to the Demyanov difference of convex compacts in R™. It is
shown that Lipschitz conditions on the set-valued functions with respect to
metric or Demyanov difference of sets are equivalent to the same conditions
satisfied uniformly by certain families of special selections. For the metric
difference, this is the family of the so-called metric selections constructed
initially by Hermes [20], [18, Sec. 8.1]. The selections corresponding to the
Demyanov difference are the generalized Steiner selections (see [12, 6]).

The paper is organized as follows. In the next section we define some
notions of set differences and discuss some axioms (basic properties) of such
differences. In Section 3 various Lipschitz conditions with respect to given
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set differences are introduced and compared, and their properties are stud-
ied. Special cases and properties, arithmetic operations, as well as the hi-
erarchy of these notions are studied. The characterization of D-Lipschitz
mappings by their Lipschitzian generalized Steiner selections in Section 4 is
followed by the corresponding characterization of Lipschitz univariate maps
by uniform Lipschitzian metric selections in Section 5. In the last section
a collection of examples is presented illustrating the hierarchy of different
Lipschitz notions.

2 Set Differences and Their Properties

We denote by K(R™) the set of nonempty compact subsets of R", and by
C(R™) the set of nonempty convex compact subsets of R”. By || - || we denote
some vector norm in R™ and by || - [|2 the Euclidean norm, the spectral norm
of a matrix M € R™*" is denoted by || M]||2, and for a set A € K(R") we
denote ||A]| := sup{||a|| : a € A}. By definition, ||}]] = —co. The notation
|| - || is used for the maximum norm in R™. The convex hull of the set A is
denoted by co(A), 6(A) is the closed convex hull of A.
The support function for a set A € K(R™) is defined as
0*(l,A) :==max(l,a) (I €R"),

a€A

the supporting face
Y(I,A) :={a€ A: (l,a) =5"(,A)}

is the set of maximizers (and the subdifferential of the support function). A
supporting point (an element of the supporting face) is denoted by y(l, A).
Recall that the Hausdorff distance between two sets in I(R") is

du (A, B) := max {maxdist(a, B), Iglaécdist(b, A)} ,
€

a€A

where the distance from a point a € R" to a set B € IC(R") is defined as
dist(a, B) := mi —bl2.
ist(a, B) = min a — bl

It is well-known that the spaces K(R™) and C(R™) are complete metric
spaces with respect to the Hausdorff metric [27, Theorem 1.8.2 and 1.8.5].
We will also use the Demyanov distance between the sets A, B, defined by

Ao (4, B) = sup{lly(l, A) — y(l, B)|2 : 1 € Ta N Tp}, (2)

where T4 C S,,—1 is the set of full measure (in the unit sphere S,_1 C R")
such that the supporting face Y (I, A) consists of a single point y(I, A) for all
[ € Tx (see [15]).
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Recall the notation of the multiplication of a set by a scalar and the
Minkowski sum of sets:

M= J{da} (MeR), -A:=(-1)-4, A+B:=J{a+b}

acA acA
beB

The translation of a set A by a vector b € R™ is denoted by A + b :=
A+{b}. We now recall the definitions of some known differences of compact,
nonempty subsets of R, all of them do not lead to a vector space.

Definition 2.1 Let A, B € K(R"). We define the
(i) algebraic difference as

AcaB:=A+(-1)-B,

(ii) geometric/star-shaped/Hadwiger-Pontryagin difference [19, 26] as
AegB:={zxe€R" : v+ B C A},
(i7i) Demyanov difference [11, Subsec. II1.1.5] as
Acp B:=co{y(l,A) —y(,B) : le TaNTg},
where Ty, Tp C Sp—1 are as in (2),
(iv) metric difference of sets [17] and [18, Sec. 2.1]
Aoy B:={a—10b: |la—bls =dist(a, B) or||b—alls = dist(b, A)}. (3)

Let us note that all these differences are compact sets. The geometric dif-
ference can be empty, contrary to the other differences.

In the special case when B = {b} is a singleton, all these differences
coincide and are equal to the translated set A —b:= A + {—b}.

The Demyanov difference is always convex. Since for A, B € IC(R"),
A©p B = co(A) ©p co(B), we use this difference in practice for convex sets
A, B e C(R").

Rewriting the algebraic difference and the geometric difference with the
help of the translations of A as

AosB=|JA-b), AcegB=()(A4-b),
beB beB
and with [5, proof of Lemma 3.17], we easily get the following inclusions
between the above differences:
Aoy BC Aoy B, (4)
AcgBCASpBCAG,B, (5)
(l,Aog B) <§*(I,A) —6*(,B) < o0*(l,Aep B) (l€S,—1) (6)
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The following lemma does not provide any inclusion between the geometric
difference and the metric one, but together with (4) it yields the norm
inequalities

A Bl < |[A6m Bll2 < |[A©a Bll2. (7)
Lemma 2.2 Let A, B € K(R"), then
|ASc Bll2 < [|[A©ym Bll2 = du(A, B) . (8)

Proof: If the geometric difference A ©¢ B is empty, then the norm equals
—oo by convention and the inequality holds trivially.

Otherwise, let ¢ := ||A ©g Bll2. Due to compactness, there is a vector
r € ASg B C R" with [|z)|s = ¢ such that 2 + B C A. We now prove that
there exist vectorsa € A, b€ B withb=0a — =,

@ —b||s = 6 = dist(a, B).

Consider an element b € Y (z, B), the supporting face of B, and define
the corresponding vector @ := b+ z. Clearly, a € A, since z + B C A.
We show that § = ||a — b||2 = dist(a, B). Since b € Y (z, B), we have

~

(x,b) < 0*(x,B) = (x,b) (b€ B)

~

and therefore (b— b, z) = (b ~b,a— ) < 0. Thus, we arrive at the estimate

@ = blI3 = 11(@ =) + (b= 0)3 = [[a— b3 +2(@—b,b— b) + [b— blI3
> [|a — blJ3 + [Ib = blI5 > [[a — bl = 6%

Hence, bisa projection of @ on B and a —be Aoy B so that
1A &6 Blla = [[a —bll2 < [|A & Bll2.-

|
Similarly, we can also establish a result analogous to (6) for the metric
difference.

Lemma 2.3 Let A, B € K(R"), then

*(l,Aeg B) <d6*(l,A) —6*(I, B) < 6*(l,Aey B) (1€ Sp-1), (9)
co(Aeg B) Cco(Aeu B). (10)

Proof: The inclusion (10) follows from the inequality between the support

functions in (9). To prove (9), consider an arbitrary direction [ € S,,_;.
The case that the geometric difference is empty yields the first inequality,

since the support function equals —oo by convention. In this case it remains



R. Baier, E. Farkhi: Regularity of Maps and Selections. I. Lipschitz Contin.

to prove only the right inequality which is done in step (ii).
(i) Let A ©¢ B be nonempty and choose = € A ©g B such that

(1,%) = 8", Aog B).

Let us choose} € Y(l, B) so that (1,b) = 6*(1, B). Cleatly, T+ B C A so
that a:=7+ b€ A and (l,a) <46*(,A). Hence,

§*(1,Aog B) = (1,%) = (I,a) — (I,b) < 6* (I, A) — §*(1, B)..
(ii) Now, take @ € Y (I, A) such that (l,a) = 6*(I, A). Define b € B so that
@ — b||y = dist(a, B).
Then, @ — b € Ay B so that (I,a — b) < 6*(I, A©y B). Thus,

§*(1, A) — §*(1,B) < (1,a) — (1,0) = (I,a — b) < 8"(1, Acy B).
|

There is no general result on an inclusion between the Demyanov and
the metric difference, which is illustrated by the following example.

Example 2.4 Let A= [3,6] CR and B =10,1] CR. Then
AoepB=1[3,5]C Aoy B =[2,5],
while for A =[3,4]U[5,6] CR and B =[0,1] C R,
AepB=1[3,5, Aoy B=[23]U[4,5].

The following example in R? shows that even for convex sets the Demyanov
difference does not have to be a subset of the metric one:

A={@y) el < 5l < 5h B =co({(-1,0),(1,0))

Then,

o= (-40) (50 om{(0-2)- () 4

Some of the properties of the set differences listed below, called here axioms,
are used further in some proofs and allow to formulate the main conditions
independent from a specific set difference. For compact sets A, B, C, A;, B; €
K(R™), i = 1,2, the following axioms should hold:

(Al) AoaB={0} < A=B,
(A2) [|Bea Al =|Aea B,
(A3) [[Aea Bl <[[Aeall +]|Coa B,
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[(cA) ©a (aB)|| = |a| - [[A©a B|| (a€R),
) [(ed) on (BA)| <la—=pB]- Al (a>p2>0),
) (A1 + A2) ©a (B1 + Bo)|| < ||A1 ©a Bl + || A2 ©a Bs||

S
CTJU!\»-I_;/

For all the above differences “©OaA”, except for the geometric one, con-
verting the order of the sets A, B in (A2) leads to multiplying the difference
by -1.

If the set difference “©a” satisfies the axioms (A1)—(A3), then the defi-
nition

da(A,B):=||Aca B|| (A,BeX) (11)
gives a metric and this leads to the following lemma.

Lemma 2.5
(i) The space X = KC(R™) is a metric space with the metric [17]

du(A, B) = | A& B (ABeK®Y).  (12)
The space X = C(R™) is a metric space with the metric [15, Sec. 4], [6]
dp(C, D) = [[C©p Dl (C,D e C(R")), (13)

since in both cases (A1)-(A3) are satisfied.

(ii) The metric difference also satisfies (A4)-(A5), the algebraic one satisfies

(A2)-(A4), (A6).

(i7i) The Demyanov difference satisfies the azioms (A2)-(A6) in K(R™) with
Aoa B={0} < co(A) = co(B) (14)

replacing (A1).
(iv) The geometric difference satisfies the axioms (A4)—-(A5) for X = C(R™).

We further present properties which are stronger forms of some of the
axioms listed above and indicate for which set difference they hold.

(A2) BopaA=—(AcaB),
(A3’) AopBcC(AeaC) + (Coa B),
(A1) (@A) ©a (aB) =a(Aca B) (a>0),
(A5?) (@d) ©a (BA) = (a=p)A  (a=520),
(A6") (A1 + A2) ©a (B1+ B2) C (A1 ©a B1) + (A2 64 Ba)
The Demyanov difference satisfies (A2’)-(A6’) on KC(R"), for proving (A6’)

we use [15, Lemma 3.1]. (A2’) and (A4’) are satisfied by the metric and
algebraic difference. The algebraic difference also satisfies (A3’) and (A6’),
the geometric one fulfills (A4’) and (17), (A5’) holds only in C(R"™).
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The following property holds for A € {M,D, A} and follows from (A2’)
and (A4’):

(aA) & (aB) = |a|(BSa A) (a <0) (15)

We can also weaken axiom (A6) resp. (A6’) by only considering translation
of sets:

[(A1 + a2) ©a (B1 +b2)|| < [|[A1 ©4a Bil| + |laz — b2, (16)
(A1 + a2) ©a (B1 +b2) = (A1 ©a B1) + (a2 — ba), (17)

where ag, by € R™. (16) holds for the metric difference, whereas the stronger
form (17) is fulfilled by A € {G, D, A},
Instead of (A4’) the geometric difference satisfies

(@d) &g (aB) = a(A6¢ B) (a<0). (18)

Furthermore, it satisfies (A6’) with the opposite inclusion “D” (while the
algebraic difference satisfies (A6’) even as an equality).

Example 2.6 The metric difference satisfies the weaker azioms (A5) and
(A6), but not the stronger forms (A5’) and (AG6’).
To see this, consider in the special forms (16) resp. (17) of (A6) resp. (A6’)

A1:[1,2], Blz[O,l], CLQZO, bgzl,
(A1 +a2) ©um (B +b2) = [1,2] o [1,2] = {0},
(Al OMm Bl) + (CLQ — bg) = [0, 1] —1= [—1,0],

so that equality in (17) does not hold. Nevertheless, the estimate (16) still
holds, since

(A1 + a2) ©A (B1 +b2)|l2 =0
<1=[-1,0]llz = [[(A1 ©m B1) + (ag — ba)|l2 -

For the following choices

A1:[1,2], 31:[1,2], aQ:O, bg:—l,
(A1 +CL2) SV (Bl +b2) = [1,2] OM [0, 1] = [0, 1],
(A1 ©m Bi) + (a2 — b2) = {0} + 1 = {1},

even the inclusion “C” in (17) is prevented.
We note that the remarkable property (Al), i.e.

Aoy B=1{0} < A=B (19)
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holds for the metric difference in C(R"™), whereas for the Demyanov differ-
ence it holds in C(R™). For general compact sets we can only claim (A1’),
ie.

Aop B ={0} <= co(A) = co(B).
For the geometric difference one can observe that A ©g B = {0} whenever

A D B and there is no other nonempty set C' such that B+ C C A.
For the algebraic difference, it is straightforward to see that only

AS4B={0} < A=DB={a} (20)

holds, i.e. both sets must be singletons.
Further, one can express the Hausdorff and the Demyanov metric in
terms of metric and Demyanov difference respectively.

Remark 2.7 Although one cannot establish an inclusion relation between
the Demyanov and the metric difference of two given sets, one can get an
inequality between their norms. Namely, it is proved in [15, Lemma 4.1]
and [25, Proposition 2.4.5] that for A, B € C(R™), it holds

dH(Aa B) < dD(A7 B) = sup dH(Y(laA)vy(l’B)) (21)

lESnfl
which implies that ||A Sy Blla < [|[A©p Bll2. The topology induced by the
Demyanov metric is stronger than the Hausdorff one (see [15, Example 3.1

and Sec. 4]).

Taking advantage of (12) or (13), we can express regularity notions of
multifunctions with respect to the Hausdorff metric in K(R"™) resp. the De-
myanov metric in C(R") in terms of the corresponding set differences. We
discuss this in a general setting in the next section.

3 Regularity Notions for Multimaps through Set
Differences

As remarked earlier in Lemma 2.5, the definition da (A, B) := [|[A©a B|| for
A € {M, D} defines a metric space X = K(R") (resp. X = C(R")).

Throughout the paper we consider a closed set X C R™ and set-valued
maps F' : X = R".

3.1 Lipschitz Continuity

Definition 3.1 A set-valued function F : X — K(R") is called Lipschitz
on X with respect to the set difference “Oa” (or shortly A-Lipschitz) with
a constant L > 0 if

[1F(z) ea F(y)ll < Lllz =yl (for all z,y € X).
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Therefore, in view of (12), a multifunction is Lipschitz (in the Hausdorff
metric) resp. satisfies the Lipschitz condition (LC) iff it is Lipschitz with
respect to the metric difference. Similarly, a multifunction F' : X — C(R")
is Lipschitz in the Demyanov metric (D-Lipschitz) iff it is Lipschitz with
respect to the Demyanov difference resp. Lipschitz with respect to geometric
difference (G-Lipschitz) iff the geometric difference is chosen for the set
difference and we set —oo as the norm of the empty set.

In a similar way one can introduce continuity, modulus of continuity
and the variation of multifunctions with respect to any given set difference
by applying (11), e.g. with respect to the Demyanov differences of sets [6].
These notions with respect to the metric difference coincide with the classical
notions of variation and moduli of continuity in the Hausdorff metric.

To demonstrate the power of regularity with respect to set differences,
we prove the single-valuedness of a set-valued map at the points of continuity
with respect to the algebraic difference (A-continuity), similarly to results
on monotone maps in [28, 21].

Proposition 3.2 Let F' : X = R" be continuous (with respect to ©4) at
the point xog € X with nonempty images. Then, F(-) is single-valued at x.

Proof: Due to the A-continuity in xq, for € > 0 there exists § > 0 such that
for all z € R™ with ||z — z¢|| < ¢ it follows that

|F(z) ©4 F(z0)|| < €.

Clearly, ||F(z¢) ©4 F(x0)|| = 0 and the algebraic difference F'(xg) ©4 F(x0)
equals the origin. Thus, by (20), F'(xo) is a singleton. [

Corollary 3.3 If F : X = R" is Lipschitz with respect to the algebraic
difference (A-Lipschitz), then F(x) = {f(x)} (i.e. F(-) is single-valued) and
f(-) is Lipschitz.

If F(x) ={f(x)} and f: X — R™ is Lipschitz, then F(-) is A-Lipschitz.

Remark 3.4 If one closely looks at the proof of the theorem that every
monotone map is a.e. single-valued in [21], one can see that in fact it is
proved there that F(x)© 4 F(x) = {0} for a.e. x, which by (20) implies that
F(x) is a singleton for a.e. x.

Next we give examples of classes of set-valued maps which are D-Lipschitz
(a stronger property than Lipschitz continuity with respect to the Hausdorff
distance as we will see in Proposition 3.10).

Lemma 3.5 Consider a convex, compact, nonempty set U C R"™ and a
Lipschitz function r : X — [0, 00) with constant L.
Then, F(zx) :=r(z)U for x € X is D-Lipschitz with constant L||U||z.

10
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Proof: We rewrite the Demyanov metric by (21) as
€9n—1
<|r@@) =r@Il- sup [[Y(U)l2 <L-[[Ullz2-[lz—yl2-

lESnfl

|
Setting r(z) = 1 we get that constant set-valued maps are D-Lipschitz
with constant 0. Another example class is given by moving ellipsoids.

Lemma 3.6 Let R: X — R™ " be a Lipschitz function such that uniform
invertibility for the transposed matrices holds, i.e. there exists € > 0 with

|IR(z) |2 >e (zeX,leS, 1), (22)

and let us set U := PB1(0) with an invertible matriz P € R™™" and the
closed unit ball B1(0) C R™.
Then, F(z) := R(zx)U for x € X is D-Lipschitz with constant L. := L (E%)

Proof: Using [6, Remark 2.1] we use the formulas

1
Y(LR@)U) = { PR

M(z) := R(z)PP T R(z)" .

R(x)PPTR(m)Tz} :

Hence, the assumptions guarantee Lipschitz continuity of the function z —
y(l, R(x)U) uniformly in [ € S,,_1. Equation (21) yields

dp(F(x), F(y)) = Sup du (Y (l, R(z)U), Y (I, R(y)U))

1 1

su —M xT l— _—
P NP R PR T

l€Sn -1

M| < Le|lz—yllz2.

2

|
Note that (22) holds e.g. for orthogonal matrices R(z) with € = 1.

3.2 Properties and Hierarchy of Lipschitz Maps

The properties in the next proposition are well-known for the case of Lip-
schitz maps in the Hausdorff metric.

Proposition 3.7 Let Fi, F5 : X = R™ with images in K(R™) be Lipschitz
with respect to the set difference “oa” and o € R. We set F(-) = aFi(-)
(i) If (A4) holds for the set difference “Oa”, then F(-) is Lipschitz with
respect to the set difference “Oa” for a > 0.

11
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(ii) If either (A2) with (A4) or (18) holds for the set difference “Oa”,
then F(-) remains Lipschitz with respect to the set difference “Oa” even for

a < 0.
(iii) If (A6) holds for “Oa”, then G(-) = Fi(:) + F»(:) is Lipschitz with
respect to the set difference “Oa”.

Proof: (i) For a >0
[1F(x) ©a Fy)ll < lof - [[Fi(z) ©a Fi(y)l| < |af - L- [z =y

(ii) For @ < 0 and A € {G, D, A} we have the same estimate due to (A2)
and (A4) resp. (18), since

[1F(z) ©a F(y)|l < laf - max{[|Fi(z) ©a Fr ()], [F1(y) ©a Fi(2)]}-
(iii) The result for the sum follows from (A6):
1G(z) ©a G| < [[F1(z) ©a Fi(y)ll + [[Fa(z) ©a Fa(y)||

|

Conditions (A2), (A4) resp. (18) hold for the geometric, the metric and
the Demyanov difference, hence for G-Lipschitz, Lipschitz and D-Lipschitz
maps, whereas condition (A6’) or (A6) holds for the Demyanov and algebraic
difference resp. metric one and not for the geometric difference (the opposite
inclusion holds for the latter).

Let us note that since all differences in Definition 2.1 coincide for sin-
gletons, the Lipschitz property with respect to any of these differences co-
incides with the Lipschitz condition for single-valued F'(-). Hence, there is
no difference in the Lipschitz notions with respect to various differences for
single-valued maps.

Proposition 3.8 (single-valued case) Let f : X — R" and set F(x) :=
{f(z)}. Then, the properties D-Lipschitz, Lipschitz and G-Lipschitz coin-
cide with the usual Lipschitz condition for f(-).

Proof: The claim follows from F(x) ©p F(y) = F(x) ©4 F(y) and
F(z) ¢ Fy) = F(z) om Fy) = F(z) ©p Fy) = {f(z) = f(¥)},
1F(z) ©¢ F(y)ll2 = du(F(x), F(y)) = dp(F(x), F(y)) = [If(z) = f ()2

which shows that D-Lipschitz and Lipschitz condition coincide in this case
and the set-valued Lipschitz condition is equivalent to the pointwise case.
|

In the 1d case several notions coincide.

Proposition 3.9 (1d case) Let F': I — C(R) be given with I C R closed.
Then,

12
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(i) F(-) is G-Lipschitz with F(s) ©¢ F(t) # 0 for s,t € I if and only if
F(-) is Lipschitz.

(i) The properties D-Lipschitz and Lipschitz coincide.

(i5i) If F(-) is given with F(t) = [a(t),b(t)], then F(-) being Lipschitz is
equivalent to a(-),b(-) being both Lipschitz.

Proof: Consider C' = [c1,¢2], D = [d1,d2] with C,D € C(R). Since the
geometric and the Demyanov difference in C(R) are equal by

CoeD={rel :Vi=+1:1.2<§(C)—5(,D)}
:{ZEGI s —z < —c1 +dy, CL‘SCQ—dQ}:[Cl—dl,CQ—dQ]
:CO{y(—l,C)—y(—LD),y(l,C’)—y(l,D)}:C@DD

under the condition of nonemptiness in (i), we can apply this for C' = F(z),

D = F(y) and (6) yields
du(F(2), F(y)) = [|[F(2) ©c F(y)ll2 = [|F(z) ©p F(y)|2 = dp(F(z), F(y)) -

Hence, we have equality in (6) so that (i)—(ii) follow.
(iii) follows from (ii), since y(1, F'(t)) = b(¢t), y(—1, F(t)) = a(t). [ |
The assumption in (i) that the geometric difference is never empty is
quite restrictive and requires that the diameter of F(-) is constant. Exam-
ple 6.1 shows such an example.
The next proposition generalizes [6, Sec. 5] to multivariate maps and
shows the hierarchy of the Lipschitz notions.

Proposition 3.10 (hierarchy for Lipschitz maps)
Let F : X = R" be a set-valued map with images in C(R™).
Then, the following implications hold:

D-Lipschitz = Lipschitz = G-Lipschitz

Proof: The left implication follows from (21), the right implication holds
due to Lemma 2.2. [ |

4 Lipschitz Generalized Steiner Selections

We would like to adapt some results in [4, 6] about the representation and on
selections of set-valued univariate maps to the multivariate case. Generalized
Steiner selections are introduced and studied in [12, 13, 14]. They are defined
for set-valued maps with convex images via generalized Steiner points which
introduce a smooth measure in the original definition of the Steiner point.
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Thus, a Castaing representation of the set-valued map F' : X = R" can be
obtained in [13, Theorem 3.4] for z € X, i.e.

Fz)= |J {Sta(F(2))}, (23)

aeSM

where we define the generalized Steiner (GS) selection via the generalized
Steiner point of the corresponding image of the set-valued map, i.e.

Sto(F(-))(z) := Sta(F(z)).

Here as in [13], SM is the set of probability measures o with C'(B1(0))-
density functions. In [6] this representation result is extended to a set AM
of atomic measures ap; which is concentrated in a single point [ € S, via

Sta[z] (F(z)) == St(Y (I, F(z))) .

For abbreviation we denote Mg, to be either AM or SM. The representa-
tion (23) also holds for AM as

F(sc):co{ U {Stamw(w))}}. (24)

leSn—l

We first discuss Lipschitz continuous selections of special type which
inherit the Lipschitz continuity of the set-valued function in the Hausdorff
metric. In [12, Theorem 3.6] it is proved that each GS-selection for smooth
measures is Lipschitz with a varying Lipschitz constant depending on the
measure provided that the set-valued map is Lipschitz. If we require that
the mapping F : X — C(R™) is even D-Lipschitz, the Lipschitz constant of
all GS-selections will be uniformly bounded which is proved for univariate
maps in [6, Proposition 5.1].

Proposition 4.1 The set-valued map F : X = R™ with images in C(R™)
is D-Lipschitz with a constant L > 0, if and only if the GS-selections
(Sta(F(+)))acm,, are uniformly Lipschitz with the same constant, i.e.

sup ISt (F(z) = Sta(F(y)ll2 < Lllz —yl2  (z,y € X).

Proof: The assertion follows immediately from [6, Corollary 4.8], since

dp(F(x), F(y)) = Sup [ Sta(F(x)) = Sta(F(y))ll2 -

14
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5 Lipschitz Metric Selections

We recall the known result (see e.g. [10, Lemma 9.2]) that a Lipschitz uni-
variate map F : R! — K(R") has a family of selections, passing through
every point of its graph, which are Lipschitz with the same Lipschitz con-
stant as F. We give here a proof which is a modification of the proof of
Hermes [20] for the existence of a Lipschitz selection of such a map (see
[17] and [18, Sec. 8.1]). The constructed selections using the Arzela-Ascoli
theorem are called metric selections.

The GS selections from the previous section are uniformly Lipschitz only
if the stronger condition of D-Lipschitz continuity of the set-valued map F'
is satisfied while the metric selections are uniformly Lipschitz whenever F
is Lipschitz in the Hausdorff metric.

Let us recall the construction of metric selections.

Definition 5.1 Let F : [a,b] — K(R"). We take a uniform partition of
[a,b], a=x9p <21 < ..<zNy=0bwithax;=a+i(b—a)/N,i=0,..,N.
For a given (x,y), = € [z, Tkt1], y € F(x), we define yi as a projection of
y on F(xy), and then, starting from yi, we find subsequently for any given
Yi, © >k, a point yiy1 satisfying ||yi+1 — yill2 = dist(yi, F(xiy1)). Similarly,
starting backwards from vy, we project for any i < k the vector y; onto
F(zi—1). Thus we construct a sequence of points y; € F(x;), i = 0,..., N,
such that for any i =20,....,N — 1,

lvit1 — yill2 = dist(yit1, F(x5)) or ||yit1 — yill2 = dist(yi, F(xit1)).  (25)

A sequence {(zi,yi)}i=o,. N satisfying (25) is called metric chain. Any
piecewise-linear interpolant y™ (x) of such points (x;,v;), i = 0,....,N, of
a metric chain is called metric piecewise-linear interpolant.

Remark 5.2 If F : [a,b] — K(R"™) is Lipschitz continuous (with respect to
the Hausdorff metric), this piecewise linear function is also Lipschitz con-
tinuous with the same Lipschitz constant. In this case, by Arzela-Ascoli
theorem, the constructed sequence of functions y™ () has a uniformly con-
vergent subsequence. Then any (pointwise) limit function of a convergent
subsequence of metric piecewise-linear interpolants is a selection of F', and
1s called metric selection. Since F' is Lipschitz, it is easily verified that the
metric selections are also Lipschitz with the same Lipschitz constant as F
(see e.g. [18, Sec. 8.1]).

One can formulate the following characterization of Lipschitz mappings
F :la,b] — KC(R™).

Proposition 5.3 F : R — K(R") is Lipschitz (in the Hausdorff metric)
with constant p if and only if all metric selections of F' are uniformly Lip-
schitz with constant .

15
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Proof: We have sketched in Remark 5.2 the proof of one (the non-trivial)
direction of the claim. The second direction is easier. Indeed, let all met-
ric selections be Lipschitz with the constant L. We have to show that F
is Lipschitz in the Hausdorff metric with the same constant. Take arbi-
trary «/,2” € [a,b], and ¢ € F(2'), vy’ € F(2”) such that ||y — ¢"||2 =
dy(F(z"), F(z")), for instance let ||y’ — y”||o = dist(y’, F(y")). There is
a metric selection y(x) passing through (2/,%'), such that y(z') = ¢’ and
ly(@') — y(&")l2 < Lla’ - 2"|. Thus

du(F (), F(2")) = lly(2) = y"ll2 < lly(@') —y(@")|l2 < Lla" = 2"],
which completes the proof. |

Remark 5.4 In a similar way one can prove necessary and sufficient con-
ditions for a set-valued map to be of bounded variation (in the Hausdorff
metric) via the uniform bounded variation (with the same bound on the
variation) of its metric selections. In this case, in the proof of the necessity
(the non-trivial direction), one cannot use the Arzela-Ascoli theorem, but
the Helly’s selection principle ([22, Chap. 10, Subsec. 36.5]). Results in this
spirit can be found e.g. in Chistyakov [10, 8, 9].

6 Examples

In this section we present examples illustrating different notions of Lipschitz
continuity as well as the obtained theorems on Lipschitz selections.

6.1 Examples for Different Lipschitz Notions
Example 6.1 Set F': R — R as
F(t) = [sin(t),sin(t) + 1] (t € R).

Then, F(-) is G-Lipschitz and Lipschitz, but not A-Lipschitz.

The Lipschitz property follows from Propositions 3.7, 3.8 and 3.9 for F(t) =
[0, 1]+sin(t), since the sine function is Lipschitz. Although Proposition 3.9(i)
holds with

diam(F(t)) = (sin(t) +1) —sin(t) =1 (t € R),
F(s)o¢ F(t) = {sin(s) — sin(t)},

let us directly check the G-Lipschitz property:
I1F(s) ©c F(t)|| = |sin(s) —sin(t)| < |s — 1|

Hence, F(-) is G-Lipschitz with constant L = 1. Since the map is not
everywhere single-valued, it cannot be A-Lipschitz (see Proposition 3.2).
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We next state an example of a G-Lipschitz map which is not Lipschitz
which shows that G-Lipschitz is a weaker assumption than Lipschitz conti-
nuity.

Example 6.2 Set F : [0,00) x R — R? as

F(x):co{(8>,<\/%|>} (x € R?).

Then, F(-) is G-Lipschitz, but not Lipschitz.

(1) If we assume that F(-) is Lipschitz, there exists L > 0 forming the
Lipschitz constant. The special choice

= am = ()= () e
yields

(i) (o) (i) 1) = (i)~ (Vi)
(5 < du(F (&™), FG™) < Lla™ — 4™
|(ivz ")

This leads to the contradiction

2
\/i—lg\/hm+(x/§—1)2§L\/ﬂ

2

for large m € N.
(i) F(-) is G-Lipschitz with constant L = 0, since for x = (x1,x2) and
y = (y1,42) € R?

0 for x,y with x1 # y1,
{0} fOT’ x,y with xq =Y,
for x,y with x1 # 1 }

for x,y with x1 = 1

F($)@GF(3J):{

<0.

IF() &6 F)| = {0‘ -

There exist Lipschitzian maps which are not D-Lipschitz, see [15, Exam-
ple 3.1] and [6, Example 5.2].

6.2 Examples for Lipschitz Selections

In [12, Theorem 3.6] it is shown that a Lipschitz set-valued map generates
Lipschitz continuous generalized Steiner selection for smooth measures, but
the Lipschitz constants of these selections are not uniformly bounded. The
stronger requirement of D-Lipschitz continuity implies that the Lipschitz
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constants of the GS selections are the same as for the set-valued map. There
is a Lipschitzian set-valued map F : [a,b] = R? in [6, Example 5.2] which
has even discontinuous generalized Steiner selections for an atomic measure.
Obviously (in the view of Proposition 4.1), this set-valued map cannot be
D-Lipschitz. The next example shows that the GS-selections corresponding
to atomic measures need not be Lipschitz for a Lipschitz set-valued map (in
the Hausdorff metric).

Example 6.3 ([15, Example 3.1]) Set F : R? — R? as

=) ()} er

We claim that Sta, (F(-)) is not Lipschitz for | = ((1)) inx = g(fl), it is
even discontinuous while F'(-) is Lipschitz.

From the example above we can calculate

Sty (F(2)) = St(Y (1, F()))

(gﬁf((ill))) : if 1 cos(x1) + lasin(z1) > 0,
=< St(F(x)) = %(‘:f((ii;) , if 1y cos(x1) + la sin(x1) = 0,
(8) , else.

(i) Stay, (F(+)) is not Lipschitz:
Let us consider the sequence (™), with x™ = (5 — %)(_11) form € N which
converges to x = %(_11)

Forl = ((1)) the above formula shows that

cos(

Sty (F(z™)) = (

) ()

But the value of the generalized Steiner selection for x does not coincide

with this limait:
10
—2\1

As claimed the generalized Steiner selection is discontinuous, hence F(-)
cannot be D-Lipschitz by Proposition 4.1.

1
m
sin( 1

1

Sta (Fl) = 3

Motivated by Lemma 3.5 we next give a D-Lipschitzian map which has
uniform Lipschitz continuous GS-selections.

Example 6.4 Consider the set-valued map F(t) = r(t)U for t € R with
U=[-11] x{1} andr : R — [0,00), e.g. r(t) = |t|, and | = (Cos(i)) € 5.

sin(¢)

18
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Then, the GS-selections are uniformly Lipschitz.
From Lemma 3.5 we know that F(-) is D-Lipschitz. By

StY(LU) =StU) = (}) (€ {-5.3})
Stay, (U) = y(1,U) = (}) (b€ (-3.3)),
y(1,U) = () @€ (3.%))

and the calculus rules in [6, Lemma 4.1] for generalized Steiner points we
see that

Stag (F(£)) = 7(t) Stay, (U) = r(t) SUY (1, U)) .

Hence, the generalized Steiner selections

t]- (9) (be{=3:3})
Stay (FO) = 1H- ()~ (9 €(=5.5)),

-3 0e3.F)
are different for various directions l, but uniformly Lipschitz with constant

V2 which also follows from
I Stay, (F'(s)) = Stag, (F'()ll2 = [Ir(s) StV (1, U)) — r(t) StV (I, U))]l2
<|lsl =[St (Y, U)) l2 < [[U]l2 - [s — ¢
—_———
eU
The following example is a slight variant of [18, Example 8.1.3]. One

single metric selection which is not Lipschitz is enough to prevent a set-
valued map from being Lipschitz as the following example demonstrates.

Example 6.5 Consider F : [0,00) = R with images in K(R") defined as

{[—1, 1-V1—¢3  forte|0,1],

) = [~1,1] fort > 1.

F(-) is not Lipschitz and has metric selections which are Lipschitz and at
least one which is not Lipschitz.

(i) There exists a metric selection which is not Lipschitz.
The metric selection n(-) passing through the point (1,1) of the graph is not
Lipschitz (compare Figure 1), since

n(t):{i—\/l—tz fort €[0,1],

fort > 1.
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For h,, = % we have

In(1) =0 = ha)| = |1 = (1= VI= T ha)?) | = /20 = 2.

Assuming the Lipschitz continuity in t = 1, this expression must be bounded
by L|1—(1—hy,)| = Lhy, which leads to the contradiction /2 — hy, < Ly/hp,
for large m € N. Hence, |n(1) — n(1 — hy,)| < Lhy, cannot hold.

(i1) All other metric selections would be Lipschitz, but if they approach the
point (1,1) in the graph with constant first coordinate t = 1, their Lipschitz
constants will explode.
(iii) F(-) is not Lipschitz
This follows directly from Proposition 3.9(iii).

Only one metric selection of this map is non-Lipschitz (left picture in
Figure 1), all the other metric selections are Lipschitz (right picture).

17 19

0.8
0.5

0.6 y

0.4+

0.29 -0.5

Figure 1: non-Lipschitz metric selection (left) and other metric selections
(right) in Example 6.5

We consider a variant of Example 6.5 with a Lipschitz map that has
uniform Lipschitz metric selections.

Example 6.6 Consider F : [0,00) = R with images in K(R") defined as

F(t) = {[_Lt] fort €10,1],
L1 fort>1.

F(-) is Lipschitz and has metric selections which are uniformly Lipschitz.

(i) F(-) is Lipschitz
Obviously, F(-) = [a(t),b(t)] has Lipschitz functions a(t) = —1 and

b(t) — t fort €0,1],
)1 fort > 1.
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By Proposition 3.9(iii) this assures the Lipschitz property (with constant 1).

(ii) all metric selections are uniformly Lipschitz

The metric selections 1y(+) passing through the point (0, o) with o € [—1,0]
of the graph equal 1o (t) = « (Lipschitz with constant 0). The ones passing
through (2, 8) with 8 € (0,1] are

s )t fort e 0,0],
"<t>_{ﬁ fort > .

Hence, all selections are Lipschitz with uniform constant 1 (coinciding with
the Lipschitz constant of F(-)) which is guaranteed by Proposition 5.3.

All metric selections are Lipschitzian including the boundary selection
(left picture in Figure 2). Other metric selections are depicted in the right
picture.

0.87

0.5

0.6

044 118 T T

0.2 -0.5

Figure 2: boundary metric selection (left) and other metric selections (right)
in Example 6.6

Conclusions

In this paper we investigated the characterization of a set-valued Lipschitz
map by uniformly Lipschitz selections in the two cases: for D-Lipschitz maps
with convex images or for univariate Lipschitz (in the Hausdorff metric)
maps with only compact images.

Part of our results may be easily extended to Holder-continuous set-
valued mappings (as Proposition 4.1). The case of metric selections is more
complicated and requires more investigation.

As we already mentioned, in one dimension, the class of D-Lipschitz
maps coincides with the class of Lipschitz convex-valued maps.

Generalized Steiner selections for the convex case give an interesting way
to derive new selection results for set-valued maps. They are closely related
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to the Demyanov difference of sets. Uniformly Lipschitz GS selections pro-
vide a characterization of the class of D-Lipschitz set-valued maps. As we
show in the second part [7] of this paper, uniformly OSL generalized Steiner
selections provide a characterization of the class of D-OSL mappings, for
properly defined D-OSL condition for set-valued maps, with respect to the
Demyanov difference.

Results for the rather weak notions G-Lipschitz and G-OSL set-valued
maps remain a future task. The collection of examples presented here illus-
trates the established hierarchies and hopefully provide more insight in the
various regularity classes for set-valued maps.
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