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1 Introduction

We study representations of set-valued mappings with convex compact im-

ages in R™ by special single-valued selections constructed by generalized

Steiner (GS-)points of their images. The idea of representing sets in C(R"),

the space of nonempty convex compact subsets of R", with “weighted Steiner

points” obtained by various probability measures on the unit ball, was no-

ticed in [20], and developed by Dentcheva [14] as an entire framework.
Every convex compact in R™ may be represented as

c= |J fst(0),

aEMsp

where Mg, is a rich enough family of probability measures defined on the
unit ball in R™, and St (C') is the GS-point corresponding to such a measure
a. For a set-valued map F(-), the family of generalized Steiner selections
{ Sta(F(-)) | @« € M, } is called here GS-representation of this map. The
term GS-selection is used as an abbreviation for the selection St (F()).

In [14, 12, 13], Mg consists of measures with C'-density functions (we
call them “smooth measures”), and a Castaing representation of set-valued
maps by such GS-selections is constructed and applied to non-smooth anal-
ysis and stochastic optimization.

The following properties of the GS-points make them especially appro-
priate for the analysis of regularity and approximations of set-valued maps.

1. Sto(C + D) = Sto(C) + Sty (D) for the Minkowski sum of sets C, D
2. Sta(AC) = ASta(C) for A > 0
3. sup [[Sta(C) — Sto(D)|| = dp(C, D),

aEMsp
where dp is the Demyanov metric in C(R™)

The well-known representation of convex sets and set-valued mappings
by support functions [22] has properties analogous to the above, with the
Hausdorff metric in the third property. Thanks to these properties, it is
successfully applied to set-valued numerical approximation and integration
(see e.g. [17, 8, 5, 18]) .

In this paper we replace the representing support functions by the GS-
selections. To ensure uniform regularity properties of the selections, we have
to replace the Hausdorff metric with the stronger Demyanov metric [11, 15].

The properties 1.—2. imply the reduction of positive linear operators on
set-valued maps to the same operators on the GS-selections. Also by property
3., regularity properties of a set-valued map (e.g. bounded variation, Lipschitz
continuity etc.) are reduced to the same properties of the parametrizing fam-
ily of GS-selections. Parametrizations of regular set-valued map by smooth
selections are highly applicable in various fields (see e.g. [4, 2, 25, 16]).

Here, we introduce new notions of Lipschitz continuity and bounded vari-
ation of set-valued mappings by their GS-selections, and demonstrate how
these notions can be applied to the analysis of set-valued numerical integra-
tion.
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The third property yields e.g. that the GS-selections in [14] inherit Lip-
schitz continuity of the set-valued map with respect to the Demyanov metric
in a uniform way. Thus, generally, a Hausdorff Lipschitz continuous multi-
function does not have a GS-representation with uniformly Lipschitz selec-
tions, while such a representation exists for mappings which are Lipschitz
continuous with respect to the stronger Demyanov metric.

Motivated by numerical applications, we focus on GS-representations gen-
erated by smooth or special Dirac measures. To achieve the above proper-
ties also for Dirac measures, we modify slightly the definition of generalized
Steiner points of [14], leaving it unchanged in the case of smooth measures.

The main features which distinguish the GS-representation from other
known representations of set-valued maps by selections (see e.g. [19, 24, 4,
16]) are two: first, the parameter set My, is universal, not related to the
considered multifunction, and second, we are not aware of any other selections
satisfying (analogues of) the above three properties.

The paper is organized as follows: Section 2 contains the necessary no-
tation and definitions as well as properties of the Steiner point. In the next
section representations of convex compacts with GS-points are studied. In
Section 4 the relations between arithmetic operations and representations
are discussed. The connection of GS-points to the Demyanov difference and
the Demyanov distance is also clarified there. New notions of variation and
Lipschitz continuity of set-valued maps related to GS-selections are studied
in Section 5. In Section 6 the Aumann integral is represented by integrals of
GS-selections and its simple approximation by Riemannian sums is analyzed.
An outline of future research is presented in the conclusions.

2 Preliminaries

First we introduce some notation. C(R™) denotes the set of all convex, com-
pact, nonempty subsets of R™, B,.(x) is the closed ball of radius r centered at
x € R™, Bj is the closed unit ball in R™ and S,,_1 its boundary, V,, denotes
the Lebesgue volume of the unit ball.

Let C € C(R™). Denote by 6*(I,C) = max (I, z) the support function of

EAS
C in direction | € R™, and by
Y(,C):={ceC|{,c)=6(C)}

the supporting face of C' in this direction.

The Hausdorff distance between the sets A and B is denoted by du (A, B).
The norm of a set C € C(R") is ||C]| := maxgec ||z]. m(C) is defined to be
the (unique) norm-minimal point of C.

The point z € C' is called exposed point of C' (with an exposed direction
1 eR™),if Y(I,C) = {z}. Then, we express the dependence on the direction
as x = y(I,C). The set of all exposed points of C is denoted by exp(C).
Denote by Te C R™ the set of all exposed directions [ of C, I € R", for which
x =y(l,C) is an exposed point. T¢ is a set of full measure in R™ (cf. [27]).
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As arithmetic operations in C(R™) we use the classical ones, namely the
Minkowski sum and the scalar multiplication:

C+D:={ct+d|ceC, de D} (for C,D € C(R")),
AC = {\c|ce C} (for C € C(R™), A € R)

Next we recall the notions of Demyanov difference and Demyanov distance
of two convex compact sets C, D € C(R™), which play a central role in our
exposition (see [11, 27, 15]).

C+D=c [J {y(.0)-y(.D)}eCR)

leTcNTp

is the Demyanov difference of C' and D. The Demyanov distance between the
sets C, D € C(R™) is

dp(C, D) = |C =D (2.1)

We recall the definition of the Steiner point of a set C' € C(R™) [32, 33, 31]:

St(C) = Vin / m(Y (p, C)) dp (2.2)
B,

Here and further in the text, dp denotes the Lebesgue measure, du(p) = Vindp
is the normalized Lebesgue measure on Bj (recall that V,, = u(B;)). We
note that the set-valued map ! — Y (I,C) is the marginal map of the sup-
port function of C' and hence is upper semi-continuous (see e.g. [3, Chapter
1.2, Theorem 6]) and measurable w.r.t. the Borel o-algebra (cf. [4, Theorem
8.2.9]). m(Y(-,C)) is measurable by [4, Corollary 8.2.13]. Since Y (,C) is
p-almost everywhere single-valued and bounded, m(Y (p, C)) coincides p-a.e.
with y(p,C) and is p-integrable. Hence,

wm:%r/ymm@ﬁ /ymmmm»

BiNT¢o B1NT¢o
Recall some important properties of the Steiner point.

Remark 2.1 Let C,D € C(R™) and A\,v € R. Then, St(C) € relint C ([28],
[30, (5.4.13)]) and

St(AC 4+ vD) = ASt(C) + v St(D), (2.3)
St(RC) = RSt(C), if R is an orthogonal n X n-matrix, (2.4)
St(-)  is Lipschitz continuous with respect to dg(-,-).  (2.5)

Steiner points of sets in R? are characterized uniquely by (2.3) with A = v =1
and (2.4) for R being a congruence transformation (composition of a rotation,
symmetry and a translation) and only by continuity in (2.5), cf. [29, 31]. The
optimal Lipschitz constant is recorded in [34].
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Definition 2.2 Let B be the Borel o-algebra on B;. We use the notation

o) = [ atp) (4€B)

A

for a probability measure «a on B, i.e. a normalized (positive) measure with
a(B1) =1 (cf. [9, Chapter I1.9], [10, 14]). SM denotes the set of probability
measures o with C!(Bj)-density function 6(-) with respect to . Thus,

/9 dp(p /9

We will call measures from SM shortly “smooth measures”.
The set M consists of all probability measures on 3, AM is the set of atomic
(Dirac) measures a = ay;; € M, concentrated in a point [ € S, 1, i.e.

0, ifi¢ A AcB
A — ) ) )
o (4) {17 ifle A AcB.

Introducing the arithmetic operations on measures o, & € M as
(Ma)(A4) == Aa(A),  (a+a)(4) = a(A) +a(A)
for A € B and A > 0, we define the convex hull of AM in M as

k k
co(AM) == {> Nai| D Xi=1,%>0,0; € AM (i=1,...,k), k € N}.

=1 i=1

Atomic measures concentrated in non-zero vectors of the interior of B; are
equivalent to measures of AM (cf. Remark 3.3).

Recall the definition of a generalized Steiner point of Dentcheva [14] for
a measure a € SM with density function 6(-

Sta(C) = [ m(Y(p,C)) a(dp) = m(Y (p,C))0(p) dp. (2.6)
JRrmen—y

Therefore, Sto (C) = St(C) follows for the uniform measure o with density
function 6(-) = 1 by (2.2).

3 Representations of Sets by Generalized Steiner Points

First we define GS-points for a family of probability measures My, C M. In
this paper My, is one of the classes AM, co(AM) or SM.

Definition 3.1 Let C € C(R") and o« € Ms,. We define the generalized
Steiner point (GS-point) of C' by

— [ stv(.C) atdp) (3.1)
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The definition remains valid for a general measure a € M, since the function
St(Y'(+,C)) is bounded and measurable and hence a-integrable (cf. [9, Section
I1.1]. Definition 3.1 coincides with (2.6) for smooth measures (see Lemma 3.2)
and extends (2.6) to a broader class of measures. Furthermore, the advantage
of (3.1) is that GS-points, defined for measures from Mg, \ SM, also inherit
basic properties of the classical Steiner point, which cannot be achieved with
definition (2.6) (see Section 4).
Next, we give explicit formulae of GS-points for various measures a.

Lemma 3.2 Let C € C(R™). Then,

J m(Y (p,C))0(p) du(p), for a € SM with density 6(-),

B1

St(Y(1,C)), for a=ap € AM, 1€ 8, 1,
Stal(C) =940, 0), for a=ay € AM, L€ Sy NTe,

k k

Z i Sta,-, (O), fO’I‘ o = Z i € CO(.AM)

i=1 =1
Proof
(i) a e SM

First, St(Y'(-,C)) is p-integrable by [20, Theorem 4.6]. The subintegral func-
tion in (3.1) differs to that in (2.6) only on a set of zero Lebesgue measure,
thus

Sta(C) = / 2, CIOp) du(p) = - / m(Y (p.C))6(p) dp.  (3.2)
B

B1NTe

(ii) o = appo; € AM with p° € S, 4
The bounded, measurable function St(Y (-, C)) is a-integrable with St (C) =
St(Y (p°, C)) which may be proved in a standard way (cf. [9, Section IL.1]).

(iv) a € co(AM)

For a measure a = ) A\ja; with a; = ap,i € AM concentrated in p; € S, 1,
i=1

E
Ai >0, > A\ =1, the a-integrability and the formula are straightforward:
i=1

k k
Sta(C) = 3" A / SUY (9, ©)) (i) = 3 \iSta, (C).

i=1
O

Remark 3.3 Let C' € C(R") and o = ap; € M be the atomic measure con-
centrated in [ € int(By). Then,

Stz (C), if I # Ogn. Hereby, a € AM is concentrated
St (C) = inn:ﬁ'lesn,l,
St(C), if | = Ogn, since Y (Og~,C) = C.
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The following example illustrates the difference between the GS-points
constructed with measures from AM and those obtained with measures from

SM.

Ezample 3.4 Let C = [-1,1] x {1}, | = (ng((i;) with ¢ € [—

a = apj € AM be the atomic measure concentrated in [. Then,

T 3T
bR 7) and

St(Y(,0) =st(C) = (})  (6€{-3.5}),
Sta(C) =S y(1,C) = (}) (6 €(-%, %)),
y(1,C) = (7 (¢ € (5.5

For a measure § € SM with a density function 6(-) and suppf C B.(m) C
Bl, by (32)

Sts(C) = Vi / SUY (p. C))B(p) dp = Vi / y(p. CYO(p) dp.
B, B1NTc

Denote by Bf' the right half of B; in R? and by By its left half. Then,

soic)= [ () awor+ [ () woe

B NB.(m)NTc By NB.(m)NTc

()0 (7).

where A\ = B(B;" N B.(m)) € [0,1]. Thus, the GS-points for smooth proba-
bility measures cover the complete set C, including its exposed points, while
the ones with measures of AM form a discrete set of three points. Here,
the classical Steiner point St(C) = ((1]) may be represented, e.g. by a smooth

measure J having a radially symmetric density function with e =1, m = (8).

It follows from this example that the GS-points, in contrast with the
classical Steiner point, are not necessary in the relative interior of the set, and
even may be exposed points. Also, the exposed points here are represented
as GS-points in a non-unique way, not only by measures from AM as in
Lemma 3.2, but also by measures from SM.

It is proved in [14, Lemma 5.4] that the set of GS-points obtained by
smooth measures is dense in every convex compact subset of R™

C= [J {st(O)} (3.3)
aeESM

Furthermore, C' could be represented with countably many smooth measures
(am)men (cf. [12, Theorem 3.4]) as

C = |J {Sta..(O)}. (3.4)

meN
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Observe that the inequalities

(1,5t0(C)) = / (LSUY (p, C)) aldp) < 5°(1,C) - / a(dp) = 6°(1,0)

By

for all I € S,,_1, yield that St,(C) € C for every o € Myp,.

We will also show that one may replace SM by co(AM) in the GS-
representation (3.3). The reason that we are interested in the atomic measures
a € AM or a € co(AM) is that they are technically simpler to realize.

Lemma 3.2 yields the following representation of the set of exposed points
of a given convex compact set C' € C(R"):

exp(C) = | J{Sta(C) | = oy € AM, 1 € S,_1 NTc}. (3.5)

The representation of a convex compact set as the closed convex hull of its
exposed points (Theorem of Straszewicz) and (3.5) imply

Corollary 3.5 Let C € C(R"). If &« € AM, then Sto(C) € 0C and

C=w |J Sta(@}= U {8} (36)

aEAM a€co(AM)

The formula (3.6) gives another representation of a convex set different to
the theorems of Minkowski and Straszewicz (cf. [30, Corollary 1.4.5 resp.
Theorem 1.4.7]). This representation is non-minimal in general by (3.5), since
the exposed points are a subset of all GS-points obtained by measures of AM.

In the case of polytopes, all extremal points are exposed ones. Thus, the
closure in (3.6) can be removed, since there is a finite number of atomic
measures concentrated in exposed directions corresponding to all extremal
points.

Corollary 3.6 Let P be a convex polytope with M wvertices. Then, there
exists a; € AM, i=1,..., M, concentrated in the vertices of P, with

P =co({Sta,(P)|i=1,...,M}). (3.7)

Furthermore, there exists 5; € SM, i=1,..., M, such that (3.7) holds with
0B; replacing «;.

Indeed, every vertex v € P can be obtained as a GS-point with a smooth
measure § € SM. For each vertex v there is a cone K(v) of corresponding
exposed directions with nonempty interior. Therefore, one may find a mea-
sure 8 € SM with a density function 6 such that supp(6) C K(v). Then,
V= Stlg(P).

We note that the measures in Corollary 3.6 are non-unique, since a vertex
in a polytope has many exposed directions.

The equality (3.3) and Corollary 3.5 show that every GS-point generated
by a smooth measure can be approximated by a converging sequence of con-
vex combinations of atomic measures and vice versa. We prove next that



Integration and Regularity of Set-Val. Maps Represented by GS-Points 9

every exposed point may be approximated by GS-points obtained with mea-
sures from SM depending only on its exposed direction, which is important
for the further theorems.

To do this, we introduce the notion of a normal Dirac sequence which
slightly simplifies the one of [21, Chapter 4.3].

Definition 3.7 A sequence of C!-functions 6,, : R — R, m € N, is called
a normal Dirac sequence, if for all m € N

0m(-) >0, /Hm(p) du(p) =1 and suppb,, C B1(0).
R7l

The existence of such a normal Dirac sequence is obvious and may be found
e.g. in [21, Chapter 7.1C].

Lemma 3.8 Let C' € C(R") and a € AM be concentrated inl € S,_1NT¢.
Consider a normal Dirac sequence (0,(-))men. Then, the measures o, €
SM with density functions 0,,(- —U'"™), I™ = ’”T_l I, meN, fulfill

lim St (C) = Sto(C) = y(I,C),

m—00

i.e. for all e > 0 there exists M € N such that for all m > M we have
[| Sta,, (C) = Sta(C)]| < e.

Proof Remark that St (C) = y(I,C). As we have noted, the set-valued map
I — Y(I,C) is upper semi-continuous. Hence, for every ¢ > 0 there exists
d = 6(e) > 0 such that for every p € R™ with ||[p — || < § we have Y(p,C) C
Y (l,C) + €By, and if p € T with |[p — || < 6, then |y(p,C) —y(l,C)|| < e.
Now, for m € N such that L < §, we use that supp 6,,(-—I"™) C B (I™) C B,
and that it generates a probability measure a,,, € SM: "

I Ste,, (C) = y(1, Ol

oy / SU(Y (. C))bun(p — I™) du(p) — (1, C) - / Oun(p — ™) da(p)|
By

By

IN

/ (P C) = y(0.C) | - B (p — I™) da()

B1NT¢e

< [ et dut e
B, (Im)NTc
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4 Generalized Steiner points and Arithmetic Set Operations

We start with some properties of GS-points.

Lemma 4.1 Let C,D € C(R"), o, 8 € My, R be an orthogonal matriz, and
let \,v > 0. Then,

Staarrs(C) = ASta(C) + vSt5(C), ifA+v=1, (4.1)
Sta(AC + D) = ASta(C) + v Sta (D), (4.2)
St (RC) = RSt5(C). (4.3)

Hereby, a(B) = a(R- B) for a measurable subset B € B in (4.3). If « € AM
is concentrated in I, & € AM is concentrated in Rl

Proof The equality (4.1) follows from the definition of convex combination of
measures and simple properties of integrals. (4.2) is shown in [14, Remarks
after Theorem 3.6] and for atomic measures it is a consequence of (2.3) and
the fact that Y (I, A\C +vD) =AY (I,C) + vY (I, D) for A\,v > 0.

Let R be an orthogonal matrix. For a measure a € SM with density
function 6(-), we substitute 2 = R'p and use the obvious relation Y (p, RC) =
RY (R'p, C), the equality St(RB) = RSt(B) in (2.4) and |det R| = 1:

Sta(RC) = / SU(Y (p, RC))0(p) du(p) = / RSt(Y (R'p, C))0(RR'p) dyu(p)

B B1

=R / St(Y (z,C))0(z)| det RY| du(z) = RSt5(C),
B,
where 6(z) = §(Rz) and & € SM is the corresponding measure.
If « € AM concentrated in [ € S,,_1, then & € AM is concentrated in R!l
and

Sto(RC) = St(Y (I, RC)) = St(RY (R'l,C)) = RSt(Y(R'l,C)) = RStz(O).
The last equalities may be easily adapted for o € co(AM). O

Remark 4.2 For « € SM, (4.2) is known [14, Remarks after Theorem 3.6].
Note that if A or v are negative, equation (4.2) holds only for the Steiner
point, and may be invalid for a generalized one. In particular, from (4.3)
follows that Sto(—A) = —Stz(A), where & is the “reflection” of a with
respect to the origin, i.e. &(B) = a(—DB) for any measurable set B C Bj.
It is easy to prove (4.3) for any congruence transformation, showing that
a(B) = a(RB) for any set B € B.

The following example shows that the equation (4.2) is not true for atomic
measures with the definition (2.6) of GS-points. This explains, why we choose
the Steiner point of the supporting faces in Definition 3.1 instead of the
minimal norm element.
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Example 4.3 Let A =v =1, C := co{(g), (g)}, D := co{(_?’) _01)} and

0): (
a € AM be concentrated in [ = ((1)) Then, C+ D = CO{(_O3), ((1))} and

m(Y(,C)) + m(Y (I, D)) = (8) + <_01> - (_01> 4 <8) — m(Y(,C+ D))

which would lead to inequality in (4.2) for Sta(-), in contrast to Sta(-) with

St(Y(1,C)) + St(Y (1, D)) = <(1)> + <02> = (01> =St(Y(,C + D)).

The following GS-representations of Minkowski operations on sets are
straightforward consequences of Corollary 3.5 and Lemma 4.1, or follow easily
from (3.3) and [14] for SM.

Corollary 4.4 Let C,D € C(R™) and \,v > 0. Then,

co |J {ASta(C)+rvSte(D)}, if Mgy =AM,
aEAM

U {7Sta(C) + vSta(D)},  if My, € {SM, co(AM)}.

acMs,

ANC +vD =

The next theorems provide explicit forms of the Demyanov difference of
two sets in terms of their GS-representations.

Theorem 4.5 Let C,D € C(R™). Then,

C=D= | {Sta(C) - Sta(D)}. (4.4)
aeESM
Proof Denote U := |J {Sta(C) — Sto(D)}. The convexity of the set U

aeESM
follows easily from the convexity of SM and (4.1). We prove now that
C=D=U.
“”: Let y(I,C) —y(,C) e C=D withl € S,,_1 NTc N Tp. By Lemma 3.2,
y(,C) —y(l, D) = Sto(C) — Sto(D) with o € AM concentrated in such I.
According to Lemma 3.8, there exists a normal Dirac sequence (0,,,(*))men C
CY(B;) with corresponding measures (ty, )men C SM and

Stq,, (C) —— y(I,C), Stq,, (D) —— y(I, D).

m—00 m—00

Since Stq,, (C) — Stq,, (D) € U for every m € N, we have

y(1,C) —y(l,D) = lim (St,,, (C) — Sta,, (D)) € U.

m—00

Taking the closed convex hull on both sides over all considered I, we complete
the proof of this inclusion.



12 R. Baier, E. Farkhi

“D7: Let Sty (C) — Sto(D) € U with a € SM and density function 6(-) €
C(B1). Then,

&acw—&4D>=/Y&u«nc»—qu@J»»wmdmm

By
= [ 6.0~y 0)60) dutr)
BiNTcNTp
By the convexity and compactness of C' —D we have
St (C) — Sto(D) € C =D, (4.5)

since y(p,C) — y(p,D) € C =D and C =D equals the Aumann integral
J5, 0(»)(C = D)du(p). Taking the closed union over all a € SM in (4.5)
completes the proof. |

In the next theorem we replace the set SM in (4.4) by co(AM).
Theorem 4.6 Let C,D € C(R"™). Then,

C=D= |J {Sta(C)=Sta(D)} =co |J {Sta(C)—Sta(D)}. (4.6)
a€co(AM) acAM

Proof Denote

U= |J {8ta(C)-Sta(D)}, (4.7)
a€co(AM)

Vi=co (J {St(Y(l,C))—St(Y(,D))}. (4.8)
leS,_1

The convexity of the set U follows from the convexity of co(AM).

First we show that V = C = D.

The inclusion “D” is obvious. To prove “C”, we use Theorem 4.5 for the
sets Y(I,C) and Y (I, D) and the normalized Lebesgue measure, thus we get
St(Y(1,C)) — St(Y(I,D)) € Y(I,C)=Y(l,D). Since Y(I,C) =Y (l,D) is a
subset of C' =D ([15, Lemma 3.2]), it follows that V = C = D.

Now, we show that U = V.

“D” follows from Lemma 3.2 and the convexity of U.

“C”: For Sto(C) — Sto(D) € U with a € AM concentrated in [ € S,,_1,

Sta(C) — Sta (D) = St(Y (1,C)) — St(Y (I, D)) € V.

For a convex combination a = Zle Aic; € co(AM) we have by Lemma 3.2

k
Sta(C) = Sta(D) = Y Ai(Sta, (C) — Sta, (D)) € co(V) = V.
i=1
Taking the union over all « € co(AM) and the closure of both sides, we get
the needed inclusion. O
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Theorem 4.6 also motivates the use of the Steiner point instead of the
minimal norm element in Definition 3.1. The following example shows that
the equality (4.6) is not true with definition (2.6) for GS-points with a €
AM.

Example 4.7 Take C := co{(g), (3)}, D= CO{(_()3)7 (_01)}
Clearly, C =D = {(})} and

o | {sTta(Y(z,C))—é}a(Y(z,D))}zco{G)@}20_1).

acAM

The following representations of the Demyanov distance on C(R™) hold
due to Theorems 4.5 and 4.6.

Corollary 4.8 Let C,D € C(R™). Then,

dp(C,D) = sup |[Sta(C) = Sta(D)[| = sup |[|Sta(C) = Sta(D)]|
aESM a€co(AM)
= sup [[Sa(C) = Sta(D) = sup || SHY(LC)) - SY (L, D))
aEAM leSn—1

Proof The first two equalities are due to Theorems 4.5 and 4.6 as well as
(2.1). For the last two equalities, we note that due to Lemma 3.2 and the
triangle inequality of the norm,

sup || Sta(C) = Sta(D)[| = sup || Sta(C) = Sta(D)] (4.9)
acAM acco(AM)

Again, Lemma 3.2 yields St,(C) = St(Y'({,C)) for & € AM concentrated in
l € S,,—1 which completes the proof. O

In the next section we consider set-valued maps defined on a finite in-
terval I = [to,T] with images in C(R™). By (3.3) and (3.6) such maps have
representations by GS-selections with smooth measures resp. convex com-
binations of atomic measures. For computational purposes a finite number
of directions Gpr = {I*,...,I1M} C S,_1 NT¢ approximating S,,_1 N T¢ are
chosen and the convex hull of the corresponding atomic measures are used
to generate finitely many GS-selections.

5 Regularity Properties of GS-Selections

In this section, we aim to characterize regularity properties of set-valued
maps by the same properties possessed uniformly by a family of GS-selections
obtained by atomic and smooth measures.

Given a measurable set-valued map F(-) with images in C(R™) on I and
a probability measure o € M, a GS-selection of this map is defined by
t +— St (F(t)), i.e. the GS-point of the image F'(t), t € I.
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The equations (3.3) and (3.4) immediately imply the equalities

Ft)= |J {Sta(F®)} = J {Sta,, (F®)} (teD) (5.1)

aESM meN

with (am)men C SM. The latter equality forms a Castaing representation
of the set-valued map (cf. [12, Theorem 3.4]).

In [14, 12] results of the following type were obtained: If the set-valued
map F : I — C(R™) has a regularity property (e.g. continuous, Lipschitz,
pseudo-Lipschitz and semi-differentiable) w.r.t. Hausdorff distance, then each
GS-selection is regular, but this regularity is not necessarily uniform in the
family of all GS-selections.

Recall that F(-) is Lipschitz with respect to the Demyanov metric (D-
Lipschitz) on the domain I with a constant L, if

dp(F(s),F(t)) < L-|s—t|, stel. (5.2)

The following equivalence between the D-Lipschitz continuity of a multimap
and the uniform Lipschitz continuity of its GS-selections follows directly from
Corollary 4.8.

Proposition 5.1 The mapping F : I — C(R™) is D-Lipschitz with a con-
stant L, if and only if the GS-selections (Sto (F'(+)))acm,, are uniformly Lip-
schitz with the same constant L, i.e.

sup || Sta(F(s)) — Sto(F(@))|| < L-|s—t, s,tel. (5.3)
aEMg,

In [14, Theorem 3.6] and [12, Proposition 2.4] it is shown that the Lipschitz

constant L of a GS-selection of a Lipschitz (w.r.t. the Hausdorff metric)
multifunction, generated by a measure a € SM, equals

and depends linearly on the sup-norms of the density 6(-) of o and of the
gradient of 6(-). If the multifunction is Lipschitz w.r.t. the Demyanov metric,
a uniform Lipschitz constant for its GS-selections in (5.1) (i.e. a uniform
bounded derivative of the corresponding densities) exists.

Moreover, the D-continuity of a multifunction F(-) is equivalent to the
uniform continuity of the family of GS-selections (Sta (F(-)))ac.,,-

Note that D-continuity is stronger than Hausdorff-continuity. The next
example modifiying Example [15, Example 3.1] presents a multifunction
which is Lipschitz continuous with respect to the Hausdorff metric, but not
with respect to the Demyanov metric and has discontinuous GS-selections
generated by atomic measures.

3m
2

Ezample 5.2 Consider I = [—%,
;)} Consider the atomic measure o € AM

C(R?) with F(t) = co {(7), (°>

sin

] and define the set-valued map F : I —

i
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concentrated in [ = ((1)) Then, Lemma 3.2 shows:

), te (=33

Stag, (F(t) = %0((1))7 t=1, 3
g0)0 te (g’ 7;)7
5(71)» t==E, 38

Clearly, Stq,,(F(-)) is discontinuous, and the same is true for any measure

a € AM.

Definition 5.3 Consider I = [tg,T] and a multimap F : I — C(R™). F has
bounded D-variation, if there exists a constant V' < oo such that for any
partition tg < t; < ... <ty =T, N € N,

The minimal of such numbers V is called the D-variation of F' and denoted
by Vi F

For the family of measures My, we say that F(-) has bounded M-
variation on I, if there exists a constant V' < oo such that for all partitions
to<t1 <..<ty=Twith N €N,

sup ZHSt (ti41)) — Sta(F(t:)] < V.

aEMgp i—0

The minimal of such constants V' will be called Mgp-variation of F' and will
be denoted by \/?Ap F.

Note that, by the convexity, the above variation will not change, if one
takes the set AM instead of the index set co(AM). By Lemma 3.2,

AM
\ F= Sup Z ISt(Y (1, F(ti41))) — St(Y (1, F(t:)))]-
I to<t1<. 7L<;N T
NEN

For the purpose of numerical set-valued integration, the weaker Mg-
variation is applied instead of the D-variation.

Proposition 5.4 If F': I — C(R"), then
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Proof Clearly, \/}AM F< \/;O(AM) F. Take a convex combination of measures
o= 2521 Ajoj, oy € AM. Then, for an arbitrary partition (¢;);—o,.. .~ of I
we have by (4.1) and the convexity of the norm

3 ISt () - St ()]
s

<3N D 18t (F(tir)) = Sta, (F(t)]
B

< 2 3 ISta(Ftien) = Sta(F(ED)|

which shows that \/$"“M F < \AMF,

On the other hand, Corollary 4.8 shows || Sto(F(tix1)) — Sto(F ()] <
dp (F(tiy1), F(t:)) for o € Mgy, 4 =0, ..., N—1. With this fact the inequality
\/?Asp F< \/ID F follows easily.

We conjecture that the SM-variation of F' equals its AM-variation, but
this is still an open question. At least, the following criterion is obvious.

Corollary 5.5 If F : I — C(R™) has bounded D-variation, then F(-) has
bounded AM-variation and bounded S M-variation.

6 Approximate Set-Valued Integration

The commutation between the classical Steiner selection and the integral
operator is well-known (cf. [20]) and is based on the well-known formula of
the support function of the Aumann integral [1]:

6*(p,/F(t) )dt = /5*(p,F(t)) dt, peR™ (6.1)
I I

Let us recall some classical notions for a set-valued map F': I — C(R™). It
is called measurable, if the inverse image of each open set is a measurable set
(cf. [4, Definition 8.1.1]). In [23, Corollary 2.5] it is proved that a measurable
map can be approximated by measurable, simple maps. Furthermore, F(-)
is integrably bounded, if ||F'(-)|| is bounded by an integrable function (cf. [4,
Section 8.6]).

Proposition 6.1 ([20, Proposition 4.5]) Let F' : I — C(R™) be measur-
able and integrably bounded. Then,

St ( / F(t) dt) = / St(F(t)) dt.
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We will provide in this section generalizations of this commutation to
GS-selections w.r.t. smooth and atomic measures.

Proposition 6.2 Let F': I — C(R™) be measurable and integrably bounded
and a € SM. Then,

St ( / Ft) dt) = / St (F (1) dt.
I I

Proof For o € SM, St (F(+)) is integrable as a composition of the Lipschitz
continuous Sty () (cf. [14, Theorem 3.6]) and the measurable and integrably
bounded F(-) (cf. [4, Theorem 8.2.8]). Denote C' := [, F(t)dt € C(R"). It
follows from [14, Theorem 3.6] and Lemma 3.2 that

Sta(C) = 1 / p- 6 (p, C)O(p) w(dp) — / 5 (p.C)VO(p) dp)  (6.2)

Snfl B,

with w(-) being the Lebesgue surface measure on S,,_1. Replacing 6*(p, C') by
(6.1) in the last equation, and using Fubini’s theorem and (6.2) for St (F'(¢)),
we get

Sta(C) = / o / P 6" (p, F(1))0(p) w(dp) — / 5" (p, F(£))V0(p) dp) dt
I S B,

n—1

- / Sto (F(1)) dt.
I

a

For later use, we prove that the supporting face of the Aumann integral
is the Aumann integral of the supporting face of the integrand in the same
direction .

Proposition 6.3 Let F : [ = R” be measurable and integrably bounded with
images in C(R™) and let | € S,_1. Then, Y (I, F(+)) is measurable, integrably
bounded and fulfills

Y(l,/F(t) dt) = /Y(Z,F(t)) dt.

I I

Proof First of all, Y(I, F(-)) has images in C(R™) and is integrably bounded
by the same function as F'(-) itself. Since Y (I, F'(-)) = argmax,c g, (l, ) is
the marginal map of f(x) = (I, z), it follows that Y (I, F'(-)) is measurable by
[4, Theorem 8.2.11].

“C”: Let z € Y(I, [, F(t)dt). Then, z € [, F(t)dt and

0,2) :6*(1,/F(t) dt) = /6*(Z,F(t)) dt.
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From the definition of the Aumann integral, an integrable selection f(-) of
F(-) must exist with z = [, f(t)dt. Assume that there exists a measurable
subset J C I with Lebesgue measure greater 0 and f(t) ¢ Y (I, F(t)) on J.
Then,

/ﬁ@ﬂmﬁ:@@:/@ﬂmﬁ
I

I
</$mﬂmﬁ+/$mﬂmﬁ:/$@ﬂmﬁ

nNJ J T

which is a contradiction. Hence, f(t) € Y (I, F(t)) for almost every ¢ € I and
thus, z € [, Y (I, F(t))dt.

“D”: Let g(-) be an integrable selection of Y (I, F'(+)). Then,
(I, g(t))y =6*(I, F(t)) (ae.in ),
(l,/g(t) dt) :/<l,g(t)> dt = /6*(Z,F(t)) dt = 5*(l,/F(t) dt).

T T T T
Since g(+) is also an integrable selection of F'(-), we have from above that

g(t) dt e Y(I, | F(t) dt).
favmers |

I

a

The following proposition is the generalization of Proposition 6.1 to GS-
selections for (convex combinations of) atomic measures.

Proposition 6.4 Let F : I — C(R™) be measurable and integrably bounded
and o = ap) € AM, 1 € Syp_1, or a € co(AM). Then,

&J/F@dﬂz/&“F@ﬁh
I I

Proof Proposition 6.3 shows that Y'(I, F(-)) is measurable and integrably
bounded with images in C(R™). By Proposition 6.1,

W/WUWDw:/&W@Hth
1 1
Applying once more Proposition 6.3 we arrive at

W/HU%DM=&W@/HﬂM)
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Lemma 3.2 shows that for a = ap; € AM

Sty ( / F(t) dt) = St(Y (1, / F(t) dt))

I

I
= / St(Y (I, F(t))) dt = / Stag (F(t)) dt.
I I

The equality for o € co(AM) is obvious. O

The last propositions and (3.3) yield the following GS-representation of
the Aumann integral.

Corollary 6.5 Let F' : I — C(R™) be measurable and integrably bounded.
Then,

co U {[Sta(F(t)) dt} for My, =AM,

/F(t) di — acAM T
s eL/%/( {If Sto (F(t)) dt} for Mg, = co(AM), SM.

In order to give error estimates for the approximation of the integral
J ; F(t)dt by Riemann sums, we first study a property for the Demyanov
distance and then a convergence result with the D-variation of F.

Proposition 6.6 Let F': I — C(R"™) be bounded, measurable and has bound-
ed Mp-variation. Then,

N-1 My

| Sta(/ F(t)dt)—h > Sta(Ft:)|<h\/ F
I

T =0

for NeN, h=1Zle,
Proof The proof is straight forward and uses Propositions 6.2 and 6.4:

N—-1
A Stal [ F®) dt) - 1Y Sta(F()]

T 1=0

N-—1 N-1
'Y St / F(t) dt) = 3 h-Sta(F(t))d]|
1=0

o
‘ [ti,tita]

N-—1
<Y [ talF) - Sta(F)
1=0

[tistita]
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The estimations

I [ StalF®) - Sta(F(e)

[titit]
< [ s -swEaaas [V s
[tistita] [to tosa] [Eiot]
< [V suroa=n \ s
[ti,tita] [tistit] [ti,tita]
show
N—
<hd \ StalF() =h\/StalF
=0 [t;,ti41] I

a

Remark 6.7 Let F,G : I — C(R™) be measurable and integrably bounded
and C;, D; € C(R™),i=1,...,k. Then,

ZC“ZD gzk:
/ dt/tht g/_ dp (F(1), G(1) dt,

where it is easy to check that dp(F(-), G(+)) is integrable.

(Ci, D;) (cf. [15, Lemma 6.2]),

Taking the supremum over a € M, in Proposition 6.6 or repeat the idea
of the proof and use the estimations of Remark 6.7, we obtain the following
result in view of Corollary 4.8.

Corollary 6.8 If F': I — C(R™) has bounded M gp,-variation, then,

My D
dp / ) dt, hZF y<h\/ F<\/F
T I I

The last two estimates are analogous to the estimate obtained in [5, Ko-
rollar 1.3.5] and [17] in terms of the Hausdorff distance, supposing that F'
has bounded dg-variation. Please notice that here we obtain an estimate in
the stronger Demyanov metric under the stronger condition on the variation.
One advantage is that Corollary 6.5 shows that the Aumann integral can be
densely represented with the help of GS-selections (by smooth resp. convex
combinations of atomic measures). Hence, the set-valued approximation of
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the Aumann integral is reduced to the approximation of the pointwise inte-
grals of the GS-selections. Moreover, Proposition 6.6 and Corollary 4.8 imply
the uniform convergence of

N—oo

N—-1
hY " Sta(F(t) —— [ Sta(F(t)) dt
=0 T

in & € Mg, if F(-) has bounded D-variation or (slightly weaker) bounded
Mg,-variation. Thus, the integrals of piecewise constant approximations of
GS-selections of F' with measures in My, approximate the integral of the
GS-selections of F' of order 1 uniformly in Mp.

7 Conclusions

Generalized Steiner points are a proper tool for the representation of convex
compact sets, because of the arithmetic and metric properties 1.-3. (cf. the
introduction). Moreover, the differences of GS-points corresponding to the
same measure generate a dense representation of the Demyanov difference
and the supremum norm of these differences yields the Demyanov distance.
In a forthcoming paper, we will study an embedding of the cone of the convex,
compact subsets in R™ into a linear metric space with the help of the GS-
points, in the spirit of [26, 22, 6, 7].

Further research will also be directed towards the study of regularity
and approximations of set-valued maps in terms of their GS-selections. We
have demonstrated here how this approach works for the notions of Lipschitz
continuity and bounded variation of a multifunction, and for one numerical
set-valued quadrature method.
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