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Pairs of compact convex sets naturally arise in quasidifferential calculus as a sub- and superdifferentials of
a quasidifferentiable function (see [1]). Since the sub- and superdifferential are not uniquely determined,
minimal representations are of special importance. For the 2-dimensional case, equivalent minimal pairs
of compact convex sets are uniquely determined up to translations (see [3], [14]). For the 3-dimensional
case, this is not longer true. J. Grzybowski [3] gave an example of finitely many equivalent minimal
pairs of compact convex sets which are not connected by translations. A continuous family of equivalent
minimal pairs of compact convex sets which are not connected by translation for different indices is given
in [9]. In a recent paper R. Urbanski [16] investiged the mimimality of pairs of compact convex sets
which satisfy additional conditions, namely the minimal convex pairs. This paper is a continuation of
this research direction. Here we study the minimality under a different type of conditions. Moreover we
give a definition of a “convex hull” of a pair of sets.
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1. Introduction

In this paper we consider the Radstrom-Hormander lattice [4] of equivalence classes of
pairs of nonempty compact convex sets and investigate minimal representants which sat-
isfy additional conditions. As in [6] we denote for a real topological vector space X the
set of all nonempty compact convex subsets by K(X) and the set of all pairs of nonempty

compact convex subsets by K2(X), ie. K2(X) = K(X) x K(X). The equivalence
relation between pairs of compact convex sets is given by: “(A4, B) ~ (C, D) if and only
if A + D = B + (7 using the Minkowski-sum, and a partial order is given by the
relation: “(A, B) < (C, D) if and only if A C C and B C D.” The space K?(X) has been
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investigated in series of papers, (see for instance [3], [6], [7], [8], [9], [14], [16]).

Pairs of compact convex sets arise in quasidifferential calculus as the sub- and superdif-
ferentials of the directional derivative of a quasidifferentiable function (see [1], [13]).

Let us first set some notations: Let X be a real topological vector space, and X* be
the space of all continuous real valued linear functional. For two compact convex sets
A, B € K(X) we will use the notation

AV B :=conv(AU B),

where the operation “conv” denotes the convex hull. With A we denote the closure of a
set A.

During the proofs, an easy identity for compact convex sets, which was first observed by
A. Pinsker [10] will be used frequently, namely: For A, B,C € K(X) we have:

(A+ C)V(B + C)=C + (AVB). (+)

This identity can be proved as follows: Every x € (A V B) + C can be represented
asr =a-a+(1l—a)-b+cwitha € A, b€ B, c € C and 0 < a < 1. Now
r=a-a+(1—a)-b+c = a-(a+c¢) + (1 —a)-(b+c¢) and hence C + (AV B) C
(A + C)v(B + O).

The converse inclusion can be seen as follows: Let x € (A+ C) Vv (B+ C). Then we have:
r=a-(a+c1))+(1—a) - (b+c) withae A, be B, ¢1,c0 € Cand 0 < a < 1. Now
r=a-(a+c))+(1—a)-(b+ec2) = ara+(l—a)-b + a-c1+ (1 —a)-cy. Hence we
see that the converse inclusion (A + C)V (B+ C) C C + (A V B) holds also.

We will use the abbreviation A+ BV C for A+ (BVC) and C+d for C'+{d} for compact
convex sets A, B, C' and a point d. Moreover we will write [a, b] instead of {a} V {b}.
Finally let us state explicitely the order cancellation law (see [4], [15]).

Let X be real topological vector space and A, B,C C X compact convex subsets.

Then the inclusion

A+ BCA+ C
implies
B CC.

Thus from the algebraic point of view the set (X)) of all nonempty compact convex
subsets of a real topological vector space X is a commutative semi-ring with cancellation
property endowed with the “addition # 7 given by:

A# B:=AVBEB
and the “multiplication x” given by:
AxB:=A + B.

Within this context, the elements of K?(X) with respect to the relation ~ can be
considered as fractions.

The starting point of this paper is a characterization, which is proved in [16], of those
convex subsets of a compact convex set, which define a decomposition in the following
sense:
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In [8] the following notation was introduced: Let A, B, S € K(X), then we say that S
“separates” the sets A and B if for every a € A and b € B we have [a,b] NS # (). In this
terminology we have:

Theorem 1.1. Let X be a real topological vector space and A, B € K(X).
Then the following statements are equivalent:

(i) The set AU B is convex

(ii) The set AN B separates the sets A and B

(iii) The set AV B is a summand of the set A+ B
(iviA+ B = AVB + ANB and ANB # 0.

Let us remark, that if AN B separates the sets A and B, the basic relationship between the
Minkowski-sum, the convex hull and the intersection is given by property (iv) of Theorem
1.1. The algebraic analogue of this formula is, that the product of two integers a,b € IN
is equal to the product of its greatest common divisor d(a,b) with its smallest common
multiplier m(a,b).i.e. a-b = d(a,b)-m(a,b).

In [16] a pair (A4, B) € K2(X) is called “convez” if AU B is a convex set. Moreover it is
shown, that every pair (A, B) € K%(X) is equivalent to a convex pair, namely:

Proposition 1.2. Let X be a real topological vector space and (A, B) € K?(X).
Then:
(i) The pair (A+ AV B, B+ AV B) € K*(X) is convex
(i) (A+AVvB)N(B+AVB) = A+B
(iii) (A,B) ~(A+ AV B,B+ AV B).
(iv) Let (C,D) € K*(X) and (A, B) ~ (C, D) and assume that the pair (A, B) is conver.
Then
A+ D =B+ C =CVD + ANnB.

Let us recall that for a real topological vector space X a pair (A, B) € K2(X) is minimal if
and only if for every equivalent pair (C, D) € K?(X) the relation (C, D) < (A, B) implies
C = A and B = D. Therefore we define:

Definition 1.3. Let X be a real topological vector space. Then a convex pair (A, B) €
K2(X) is minimal convez if and only if for every equivalent convex pair (C, D) € K?(X)

the relation (C, D) < (A, B) implies C' = A and B = D.

It is shown in [16] that for every convex pair (A, B) € K2(X) there exists an equivalent
minimal convex pair and the following characterization of minimal convex pairs holds.

Theorem 1.4. Let X be a real topological vector space. Then the convex pair (A, B) €
K2(X) is minimal convex if and only if the pair (AN B, AU B) is minimal.

2. Algebraic Properties of Compact Convex Sets

In this section we prove several algebraic properties of compact convex sets, which are
usefull for further discussions and also interesting in itself. Let us start with the following
observations:
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Lemma 2.1. Let X be a real topological vector space and A, B,C C X nonempty
subsets.

Then
AUB + C = (A + C)U(B + C).

Proof. Forz € AUB+ C, exists ¢ € C' and d € AU B such that x = ¢+ d. Hence
re€(A+C)U(B+C),ie. AUB4+CC(A+CYU(B+(O).

Conversely, for z € (A+ C) U (B + C) there exist elements ¢ € C and d € Aor d € B
such that z = c+d. Hence t € AUB+C,ie. (A+C)U(B+C)CAUB+C. O

Lemma 2.2. Let X be a real topological vector space with dim X > 1 and (A, B) €
K2(X).
If for every singleton C = {c} € K(X)

(AVC)U(BVC) = AVBVC (2.2.1)

holds, then AN B # ().

Proof. Suppose that AN B = (). Then there exists a € A and b € B such that
(a,b) N (AU B) = 0, where (a,b) is the open line segment between the points a, b.

Let us denote by [ the line passing through the points a and b.

Now we consider two cases:

(i) A,B Cl,i.e. the sets A and B are intervalls lying in {. Then for every ¢ € X \ [ and
C = {c} we have (AV C)N(BVC) = {c}. But {¢} N[a,b] = 0. From this follows
that {c} does not separate the sets AV C and BV C. Hence the set (AVC)U(BV(C)
is not convex which is a contradiction to the assumption.

(ii) Now let us assume, that one of the sets A and B is not contained in the line [,
for instance that B ¢ [. Then there exists a point by € B with by ¢ [ such that
(a,b1) N B = (. Now put C; := {b1}. Then it follows from equation (2.2.1) and
Theorem 1.1 (ii) that the set (A V b1) N B separates the sets AV by and B. Hence
there exist numbers o, 5 > 0, a+f = 1, such that a-a + 3-b € (AVb;)NB. But by
assumption we have (a,b) N (AU B) =, hence « = 0 and 3 = 1, and we obtain that
b € AVby. From this follows, that b = a1 -b; + (1-a; for some aq, 51 > 0,01+ 061 =1
and a; € A.
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Now we proceed analogously for the set Co := {a;1} and obtain that a = ag-a; + (2 - by
for some g, 32 > 0,9 + B2 = 1 and by € B. Hence we have (a,b1) N [b, ba] # (. Since
(a,b1)N[b,ba] = {p} for some p € (a,by), this is a contradiction to (a,b;) N B = (). Hence
we have AN B # (). O

Remark 2.3. IfdimX =1, and A, B € £(X) with AN B = 0.
Then for every C' € K(X) we have (AVC)U(BVC)=Av BVC.

Lemma 2.4. Let X be a real topological vector space and A, B € KC(X).
Moreover assume, that AN B # () and that for every segment C' = [a,b] € K(X)
(AvO)n(BvC) = (AnB)vVC

holds.
Then the set AN B separates the sets A and B.

Proof. First observe, that if dim X = 1 and AN B # () then AU B is convex and hence
AN B separates the sets A and B.

Now suppose that dim X > 1 and that AN B does not separate the sets A and B. Then
there exist elements a € A and b € B such that [a,b] N (AN B) = (). For an arbitrary
element p € AN B let us consider the sequences (ay),cn and (b,),cn given by:

1 1 1 1
an::_.p+(1_—).a and bn:—p+(1——)b fOI' nG]N
n n n n

Denote I, := [an, by] = 2 -p + (1—2)[a,b]. It is easy to observe that I,,, N [a,b] = 0 for
some ng € IN. Namely, assume that for every n € IN we have I,, N [a,b] # (). Then there
exits a sequence (cy), o With:

cn::%-p + (1—%)-[an-a+(1—an)-b]

and 1 > a;, > 0. Since there exist a subsequence (ay, ),y Which converges to ag € [0, 1],
it follows, that the sequence (cy, ), Which converges to co = ap - a + (1 — ag) - b. Since

AN B is compact and for every n € IN we have ¢, € AN B it follows additionally that
co € [a, b)) N (AN B).

H+
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Now let H be the linear manifold generated by the points a, b, p. Moreover let [,, be the line
which passes through the points a,, and b,. This line devides the plane into the halfplanes
H™ and H~ where we assume that p € H~.

Suppose that HT N (AN B) # (. Then there exists x € HT N (AN B) and therefore
[z,p] N1 # 0. Let us put {y} := [z,p] NI, then we have I, N AN B # (). But this is a
contradiction, hence H* N AN B = (.

Now put {z} := [an,b] N [a,by], then z € Ht. First observe that z = ({a} vV {b,}) N ({b} V
{an}) C (AV I,)N(BVI,), and that z ¢ I,.

Furthermore choose u € {[(AN B) V I,,] \ I,} N H. Then there exist a, 5 > 0,0+ 3 =1
such that u = a-q¢ + (- v for some ¢ € AN B and v € [,, C H~. This implies that

q = é-u—gwj andé—g = 1. Hence ¢ € AN BN H C H™, and we obtain that
vea-H +p8-H C H™.

Now suppose that z € [(AN B) V I,] N H. Since z ¢ I, this implies that z € {[(AN B) V
I,)\ I,} N H C H™. But this contradicts the assumption that z € H™.

Now for C' := I, we have that (AV C)N(BV C) # (AN B)V C, hence AN B separates

the sets A and B. O

Now we are able to prove the following equivalences:

Proposition 2.5. Let X be a real topological vector space and (A, B) € K?(X).

Then the following assertions are equivalent:

(i) AU B is convex

(ii) For every C' € K(X) we have (A+C)U(B+C)=AvB+C

(iii) AN B # 0 and for every C € K(X) we have (A+C)N(B+C)=ANB+C

(iv) ANB # 0 and for every segment C € K(X) we have (AVC)N(BVC) = (ANB)VC

(v) For every singleton C' € K(X) we have (AVC)U(BVC)=AVBVC, if ANB#0
ordimX > L

Proof. (i) <= (ii). If AU B is convex then AU B = AV B. But from Lemma 2.1
follows that for every C' € K(X) we have (A+ C)U (B+ C) = AU B + C. Hence
(A+C)U(B+C)= AV B+ C. For the converse direction observe that (i) follows from
(ii) for C' := {0}, then AUB = AV B.

(ii) <= (iii). By formula (%) and Theorem 1.1 we have A+C+B+C = AVB+C+(A+
C)N(B+C). This implies A+ B4+C = AVB+(A+C)N(B+C). But (ii) is equivalent
to (i), hence we know that AU B is convex and therefore we have A+ B = AV B+ ANB.
From this we obtain that

AVB+ANB+C=AVB+(A+C)Nn(B+C).
Hence by the law of cancellation we get
ANB+C=(A+C)N(B+(C).
(ili) = (i). Observe that for C':= AV B, we get from (iii):
A+BC(A+AVB)N(B+AVB)=ANB+AVB.

Thus by [16] Theorem 2.3 we have that AN B separates the sets A and B and hence AUB
is convex.
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(i) = (iv) and (v). For C € K(X), then we have:
AVC+BVC = (AVC+B)V(AVC+C)
A+B)V(B+C)V(A+C)Vv(C+C)
AUB+ANB)V(AVB+C)V(C+(C)

(
(
(AUB+(ANB)VvC)V (C+(O)
(AUB+(ANB)VC)V((AnB)vC+C)
(

(

(

AUB)VC+ (AnB)VvC
AvC)v(BVC)+(AnB)vC
AvC)V(BVC)+(AvC)n(BVCO).

NN 1NN

Hence
AVC+BvVC C(AvCO)V(BVCO)+(AvC)n(BVCO),

and by [16] Theorem 2.3 and Theorem 1.1 we have:
AVC+BvVC = (AvC)V(BVC)+(AvC)n(BVO).

Hence we have
(AvC)n(Bv(C) = (AnB)VvC
and

(AVC)U(BVC) = (AVB)VC.

(iv) = (i). By Lemma 2.4 we have that A N B separates the sets A and B, hence the
set AU B is convex.

(v) = (i). f AN B # 0, then for x € AN B and C := {z} we obtain AUB = AV B.
If dimX > 1, then from Lemma 2.2 we get AN B # () and proceed as in the above
mentioned case. O

Proposition 2.6. Let X be a real topological vector space and (A, B), (C, D) € K?(X)
are two equivalent pairs and assume that the pair (C, D) is conver.
Then the pairs (A+ C, B+ C),(A+ D, B+ D) are convez.

Proof. From Proposition 1.2 we have that
A+D = B+C = AVB + CnD.
This implies that
A+C+B+C = AVB+C+A+CnND,

and

A+D+B+D AVB+D+B+CnD.

Moreover,
(A+C)v(B+C) = AvB+C and (A+D)V(B+D) = AVB+D.

Now from Theorem 1.1 follows, that (A+C, B+ (') and (A+ D, B+ D) are convex pairs.
(|



8 D.Pallaschke, W.Urbariska, R.Urbariski / C-minimal pairs of compact convez sets

3. C-minimal pairs

Definition 3.1. Let X be a real topological vector space and C' € K(X). Then the
pair (A, B) € K2(X) is called “C-minimal” if the pair (A + C, B + C) is convex, and if
for every C € K(X) with €7 C C and such that (A + Cy, B 4+ C}) is a convex pair it
follows that C; = C.

Remark 3.2. The pair (A, B) is convex if and only if the pair (A, B) is C-minimal and
the set C' is a singleton.

Theorem 3.3. Let X be a real topological vector space and C € K(X).

Then the pair (A, B) € K?(X) is C-minimal if and only if there exists a D € K(X) such
that the pair (C, D) is minimal and equivalent to (AV B, A+ B).

Proof. “=" Since the pair (A, B) € K?(X) is C-minimal, we know by Theorem 1.1
(iv) that
A+C+B+C = (A+C)U(B+C)+(A+C)n(B+C).
Since
(A+C)u(B+C) = (A+C)v(B+(C) = (AVvB)+C
we obtain that

A+B+C = AVB + (A+C)N(B+0).

If we put D := (A+ C)N (B + C), then it follows, that

(AVvB,A+ B) ~ (C,D). (3.3.1)
Now suppose that there exists a C7 C C and Dy C D such that (C, D) ~ (Cy, Dy). Then
(AV B,A+ B) ~ (C1,Dy). Hence we have AV B + D1 = A+ B + (4, which implies
(A+C)V(B+C1)+ Dy = (A+C1)+(B+Cy). Thus (A+Cq)V(B+Ch) is a summand
of (A+ C1) + (B + C1), which means that the set (A4 C1) U (B + C}) is convex. Hence
by the C-minimality of (A, B) it follows that C = C7 and D = D;.
“~=" Now if (AV B,A+ B) ~ (C,D) and (C, D) minimal, then (A+ C,B + C) is a
convex pair. Then for every (C1,D1) < (C, D) which is equivalent to (C, D) we have
C = Ciand D = Ds. O

Corollary 3.4. For every pair (A, B) € K?(X) there exists a set C € K(X) such that
the pair (A, B) is C-minimal.

Theorem 3.5. Let X be a real topological vector space and A, B,C € K(X).
Then the pair (A + C, B+ C) is minimal convez if and only if there exists a D € K(X)
such that (AV B, A+ B) is equivalent to (C, D) and (AV B + C, D) is a minimal pair.

Proof. “<=" First observe, that the minimality of the pair (AV B+ C, D) implies, that
(C, D) is minimal since

(AVB+C,D)=(AV B,0) + (C,D)

and (A V B,0) is minimal (see [6]). Now by Theorem 3.3 the pair (A, B) is C-minimal.
But then we have:

(A+C)U(B+C) = AVB+C and (A+C)N(B+C) = D.
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Hence it follows from Theorem 1.4 that (A + C, B + (') is a minimal convex pair.

“=" Now let us assume that (A + C, B 4+ (') is a minimal convex pair. Then the set
(A+C)U(B+ () is convex and by Theorem 1.1 the pair (AV B, A+ B) is equivalent to
(C,D), with D = (A+C)N(B+ (). Now from Theorem 1.4 follows that (AV B+ C, D)

is a minimal pair. O

Corollary 3.6. The pair (A+ AV B,B+ AV B) € K2(X) is minimal convez if and
only if the pair (AV B, A+ B) is minimal.

Proof. The minimality of the pair (AV B, A+ B) is equivalent to the minimality of the
pair (2-(AV B), A+ B). Hence we obtain from the above Theorem, that (A+ AV B, B +

AV B) € K%(X) is a minimal convex pair if and only if (AV B, A+ B) is a minimal pair.
O

Remark 3.7.

(i) The set D € K(X) of Theorem 3.5 is uniquely determined and coincides with (A +
C)n(B+0).
(ii) If the pair (A + C, B 4 C) is minimal convex, then (A, B) is a C-minimal pair.

Proposition 3.8. Let X be a real topological vector space and (A, B), (C, D) € K?(X)
are two equivalent minimal pairs and assume that the sets AU C and BU D are convex.
Then A = C and B = D.

Proof. Observe that by Proposition 2.5 (iii)
A+ (BND) = (A+B)N(A+D) = (A+B)N(B+C) = B + (ANC),

since the sets AU C and B U D are convex. By assumption the pair (A, B) € K2(X) is
minimal. Hence

ANnC = A and BND = B.
Since the pair (C, D) € K?(X) is is also minimal, it follows that A = C and B=D. 0O

In analogy to the above Proposition 3.8 and the results of J. Grzybowski [3] and S. Scholtes
[14] we have:

Theorem 3.9. If (A, B), (C1,03) € K2(R"), 1 < n < 2 and the pair (A, B) is
Ci-minimal for i = 1,2, then there exists an x € R" such that Cy = C + x.

Proof. Since for i = 1,2 the pair (A, B) is Cj-minimal, there exists by Theorem 3.3
elements D; € K(IR"), such that the pairs (Cj, D;), ¢ = 1,2 are both minimal and
equivalent to (A V B, A+ B). Hence it follows from the resultes of J. Grzybowski and S.
Scholtes (see for instance: [3], Lemma 3.7) that Cy = C} + z for an x € R". O

Now we study some properties of C-minimal equivalence classes.

Lemma 3.10. Let X be a topological vector space and A, By € K(X), for a € A.
If the family {Ba},cp is a chain, then (\,ep Ba # 0 and

A+ () Ba = [)(A+Ba).

a€A aeN
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Proof. Since the family F := {Bs}aeca has the finite intersection property, we have

Naca Ba 7 0 (see [2]).
If we define for o, € A a partial order by:

a <@ ifandonlyif BgC B,

then the set A is directed by <.
Now observe that
A+ () Ba € [)(A+Ba).
acl acl
To prove the converse inclusion, let us choose an arbitrary element z € [,cp(A+ Ba).
Then for every o € A there exist a, € A and b, € B, such that x = ao + b,. Since the
set S := {aq | @ € A } is a net in the compact set A, there exists a cluster point a € A

of S. Now b, = x — a, and since X is a topological vector space, there exists an element
b € X which is a cluster point of the net 8" := {b, | « € A } with x =a + 0.

To complete the proof, it suffices to show, that b € X belongs to all members of the family
F. Therefore take a B, € F. Then for every neighborhood V' of b there exists an index
[ > a such that bg € V. Since bg € Bg C By, we conclude that B,NV # 0. Furthermore,
the set B, is closed which implies, that b € B,,. O

Definition 3.11.  Let X be a real topological vector space and A, B,C € K(X).
The class [A, B] is called “C-convex” if for every representant (Aj, By) € [A, B] the pair
(A1 + C, B + C) is convex.

Definition 3.12. Let X be a real topological vector space and A, B,C' € K(X). The
class [A, B] is called “C'-minimal” if for every C € K(X) with C; C C for which the class
[A, B] is C}-convex, follows that C; = C.

Theorem 3.13. Let X be a real topological vector space.
Then for every class [Ao, Bo], with Ao, By € K(X), there exists a set Cy € K(X) such
that the class [Ag, Bo] is Co-minimal.

Proof. For the pair (Ag, By) € K2(X) let us consider the family
Clag,Bo] == 1C | C € K(X) such that for every (A, B) € [Ag, By
the pair (A+ C, B + () is convex }.

This family is non empty, namely Ag + Ao V By € Cj4,, B,], Which can be seen as follows:

Observe first that the pair (Ag, By) is equivalent to the convex pair (Ag + Ag V Bo, By +
Ap V By). If we put now C* := Ay + Ag V By then the rest follows from Proposition 2.6.
Now we can order the class Cj4, g, by inclusion, namely C, C C3 <= a < . Now

consider an ordered chain {Cy},c,- Then by Lemma 3.10 we have:
A+ ((Ca = [(A+Ca)
acA aEA

and

f3+frw c, = (](£3+’Cﬂ)

aeN aeN
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for arbitrary elements A, B € K(X).
Now consider (4, B) € [Ag, Bo]. From the definition of the class C4, g, follows, that for

every a € A the pair (A + Cy, B + Cy) is convex. Therefore we have: (AV B, A+ B) ~
(Cas (A+ Cy) N (B + Cy)), which means that

A+B+Cy = AVB+(A+Cy) N (B+Ca).

Now by Lemma 3.10 we have:

(YA+B+Ca) = A+ B+ () Ca,

a€A aeN

and also

(YAVB+(A+Ca)N(B+Ca)) = AVB+ [|(A+Ca)N(B+Ca).
a€A a€A

Co = () Ca.

aEA

Denote

Hence

A+ B+ Cy = AVB + (A+Cpy) N(B+ Cy).
Now from Cy € Cj4, B, and the Lemma of Kuratowski-Zorn follows, that Ci4, g, has a
minimal element. O

Proposition 3.14. Let X be a real topological vector space C € K(X) and (Ag, By) €
K2(X) be a C-minimal pair. Moreover let us assume that Ay or By is a summand of

(Ag+C)N(By + C).
Then the class [Ag, Bo| is C-minimal.

Proof. For every (A, B) € [Ap, Bo| we have (A, B) ~ (Ao + C, By + C). Hence
A+ By +C = A+ C+ B = AVB + (A+C)N(By+C). (3.14.1)

Now assume that By is a summand of (Ag + C) N (By + C). Hence we have (Ag + C) N
(Bo+C) = By + S, for some S € K£(X). Now we obtain from (3.14.1) that

B+ C=AVB + S,

and by adding A+ Cweget A+ B+ C + C = AVB + C + A + S, and therefore
we have:
(A+C)+ (B+C)=(AvB +C) + (A + 9)
le.
A+C) + (B+C)=A+CO)V(B+C)+ (A+09).

From Theorem 1.1 and the formula (A +C) Vv (B + C) = (AV B + C), follows that
(A +C)U(B + Q) is convex. Since (Ag, By) € K?(X) a C-minimal pair it follows, that
the class [Ag, Bo] is C-minimal. O
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Proposition 3.15. Let X be a real topological vector space.

Then a convex pair (Ag, By) € K?(X) is minimal convex if and only if for every convex
pair (A, B) € K?(X) equivalent to (Ao, Bo) with AU B C Ag U By follows that A = Ay
and B = By.

Proof. “=" Let (A, B) be a convex pair which is equivalent to (Ap, Bp) and such that
AUB C ApU By. Then

A+ By = A + B = AUB + AgNByC AyUBy + AyNBy = Ay + By.

Now from the order cancellation law we get that A C Ag and B C By. From the convex
minimality we deduce that A = Ap and B = By.

“<=" Now let (A, B) ~ (Ao, Bp) be a convex pair with A C Ap and B C By. Then
AU B C Ap U By, and therefore by assumption we have AU B = Ay U By. This means
by Theorem 1.1 that

A+ By = B + Ay = AgUBy + AgNBy = Ay + By,
and hence A = Agand B = By. O

4. Convex hull of pairs of compact convex sets

In this section we give a definition of a convex hull of a pair of compact convex sets. The
intention is, that the convex hull can be considered as a smallest convezification of the
set, and this is the motivation for our definition:

Definition 4.1. Let X be a real topological vector space and and (A4, B) € K?(X).
A convex pair (O, D) € K?(X) is called a “conver hull” of the pair (A, B) if (A, B) <
(C,D) ~ (A, B) and if for every convex pair (Cy, D1) € K?(X) with (C1, D1) ~ (C, D)
and (A, B) < (C1,D1) < (C, D), it follows that (C,D) = (C1, D).

Proposition 4.2. Let X be a real topological vector space and (C, D) € K*(X) a convex
pair, which is equivalent to (A, B) € K2(X). Then the following statements are equivalent:
(i) The set C' N D separates the sets A and B,

(i) (4,B) < (C,D),

(ili) AUB C CUD.

Proof. “(i) = (ii)” Since the pair (C, D) is convex and equivalent to (A, B) by Theorem
1.2 we have that A+ D = B+C = AVB+CND. Since C'ND separates the sets A and
B we have by (see [8]) that A+ B C AV B+CnND. Therefore A+ BC A+D = B+C
and from the order law of cancellation we get that A C C'and B C D.

“(ii) == (i)” is obvious by (see [8]).
“(iil) == (ii)” Since the pair (A + AV B, B + AV B) is convex and equivalent to the
convex pair (C, D) it follows immediately from Lemma 1.2 that

A+AVB+D = B+AVB+C = A+B+CUD D A+B+ AV B.

The inclusions A C C' and B C D follow now from the order law of cancellation.
“(ii) = (iii)” This implication is obvious. O
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Theorem 4.3. Let X be a real topological vector space.
Then for every pair (A, B) € K*(X) there exists a convex hull of (A, B).

Proof. For the pair (A, B) € K2(X) let us consider the family

Ca,B)
{(C,D) | (C,D) € K*(X) such that (A, B) < (C,D) ~ (A, B) and (C, D) is convex}.

This family is non empty, namely for every arbitrary x € AV B we have by Proposition
1.2 that the pair (A+ AV B — z,B+ AV B — x) is convex and equivalent to (A, B).
Moreover

(A,B)<(A+AVB — 2,B+AVB — 1),

Analogously to the proof of Theorem 3.13 we can show that for an arbitrary totally
ordered set B C C(4 py, with B := {(Aqa, Ba) | @ € A}, the pair (Ao, Bo) is equivalent to

(A, B), where
Ay = () Aa and By = () Ba

acl acl
It is obvious that (A, B) < (A, Bp). Hence by the Lemma of Kuratowski-Zorn there
exists a minimal element in C(4 p) and this is a convex hull of the pair (A, B). a

Remark 4.4. If the pair (A, B) is equivalent to (C, D) and is such that (A, B) < (C, D)
and (C, D) is minimal convex, then (C, D) is a convex hull of (A, B).

5. Reduction of pairs of compact convex sets

In this part of the paper we discuss algorithmic concepts of reducing a pair of compact
convex sets within its equivalence class and such that given properties of a pair remain
preserved under the reduction.

In [16] the following result is proved:

Theorem 5.1. Let X be a real topological vector space and (A, B) € K?(X) be a convex
pair. Then for every pair (F,G) € K?(X) which is equivalent to (AN B, AU B) such that
(F,G) < (AN B, AU B) there exists a convex pair (Ao, By) ~ (A, B) with AgN By = F
and Ao U By = G.

Now we show:

Proposition 5.2. If (A,B) € K*(X) is a convex pair and F,G € K(X) such that
AUB+F=ANB+ G, F C AN B. Moreover let us assume that AUG = AU B or
BUG=AUB.

Then AU B is a summand of A+ G or AU B is a summand of B + G.

Proof. From Theorem 5.1 follows, that there exist Ag, By € K(X) such that
A+ By = B+Ay = AUB+F = ANnB+G,

with
BpnAyg = F and ByUAy = G.
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Hence we have:
B+Ay +AUB = ANB4+AUB+G = A+ B+G,

and
Ay+AUB = A+G. (5.2.1)

Analogously
Bop+AUB = B+G. (5.2.2)

If AUG = AUB then A+ G = ANG+ AU B, and we obtain that
Ag+AUB = ANG+ AU B,

which gives A9 = ANG. From the assumption BUG = AU B follows analogously,
that By = BNG. O

Proposition 5.3.  Let X be a real topological vector space and (A, B) € K?(X) a

convex pair. Moreover let us assume that there exist sets Ay, B1,C € K(X), such that
A=AUC, B=BiUC and CNA; =CnN B;y.
Then (A1, B1) is a convez pair which is equivalent to (A, B).

Proof.

Let us put S := C' N Aj. Then we have:
A+S = C+ A B+S = C+ Bs. (5.3.1)
Hence
AUB+S = C+A1 VB A+B+2S = 20+ Ay + B;. (5.3.2)
From the last equation we get:
AUB+S+ANB+S = 2C+ Ay + By. (5.3.3)

But
C+AiNB = ANB+S, (5.3.4)
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hence from (5.3.3) and (5.3.4) follows, that
A1+ By = Ai1VB+ANB;.

Now by Theorem 5.1 we know that the pair (A;, By) is convex and from (5.3.1) follows
that A+ By = B+ Aj. O

Corollary 5.4. Let (A, B) € K2(X) be a convex pair and let G € K(X) be such that
AUG=BUG=AUB.
Then the pair (AN G, BN G) is convex and equivalent to (A, B).

Proof. Put A; := ANG, By := BNG, and C := ANB. Then CUA; = (ANB)U (ANG) =
AN(BUG) = A, and CUB; = B. Moreover CU(A1NB;) = (ANB)U(ANBNG) = ANB
and CNA; =CnNB;y =ANBNG. Hence by the above Proposition 5.3 we obtain that
(ANG,BNG) is a convex pair, which is equivalent to the pair (A, B). O

Corollary 5.5. Let (A, B) € K?(X) be a convex pair and assume that conv(A U B\
ANB)#AUB.
Then (A, B) is not convex minimal.

Proof. Denote
F=(AnB)neonw(AUB\ANB) and G:=conv(AUB\ AN B).

Then AUB+ F = AN B+ G and since AUG = BUG = AU B, we obtain from
Proposition 5.2 that (ANG, BNG) ~ (A, B). Since ANG is an essential subset of A, we
see that the pair (A, B) is not convex minimal. O

Proposition 5.6. Let X be a real topological vector space and (A1, By), (A2, Ba) €
K2(X) convex pairs such that:

(A1N By +x)U(A2U By) = A1 U By,
(A1NBr+x)N(A3UBy) =AsN By + z, forsome x¢€ X.

Moreover assume that
A1UBy = AsUBy and A1NBy = A1NB; (561)

or
AoUB; = AjUB; and AsnNBy = Asn Bs. (562)

Then
(A1, B1) ~ (A2, B2) and (A2, Bp) < (A1, By).

Proof. Let us first observe that
(A1ﬂ31+1‘) + (AQUBQ) = AUB; + (AlﬂBl+ZL‘)ﬂ(AQUBQ),

and hence
AiNB; + AbUBy = A1UBy + AsN Bo. (563)
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Without loss of generality we may assume that assumption (5.6.1) is satisfied. Then by
Proposition 1.2 we have:

Al + Bo = AiUBy + AiNBy = AsUBy + AN By. (5.6.4)

Now let us put F := As N By and G := Ay U By. Then we have G C A; U By and
F C A1NBy, and by Theorem 5.1 there exists a pair (Ag, Bg) € K?(X) which is equivalent
to (Aj, By) and such that

Al + Bp = AAUB; + F = A1nBy + G = By + A (565)

and moreover AgN By = F and AgUBy = G.
From equation (5.6.4) we obtain Ay + By = A; + Bz, and hence By = Bs.
Now we observe that Ag + By = F + G = Ay + By, and hence we have Ay = As. O

6. Application to the quasidifferential calculus

For an arbitrary real topological vector space X a characterization of a convex pair
(A, B) € K?(X) has been given in [16] and is stated in Theorem 1.1. In the follow-
ing we restrict our attention to the case of a locally convex topological vector space X
and will describe the charactization of a convex pair in terms of its support functions.
Therefore let X be a locally convex topological vector space and X* the topological dual,
i.e. the linear space of all continuous linear functional defined on X, endowed with the
weak-*-topology. Moreover let us denote by

() X*xX—>R
be the dual pairing given by
(v, ) = v(z).
Then the “support function” of A € K(X) is given by
pa: X" — R
with

pa(x) = max (a,z).
acA

It was shown by L. Hérmander [4] that the support function is sublinear and continuous
with respect to the weak-*-topology on X*.
There exists a partial order on the set of support functions, namely

pa <pp if and only if for every z € X* py(z) <pp(z) < ACB.

For a locally convex topological vector space X we will now give a characterization of a
convex pair (A, B) € K?(X) in terms of the support functions p4 and pp.

Let us furthermore denote by
D(X*):={p=pa—pp| (4 B) € K*(X)}

the real vector space of differences of support functions.
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Theorem 6.1. Let X be a locally convex topological vector space and (A, B) € K?(X).
Then the pair (A, B) is convez if and only if

min{pa,pp}: X* — R
s a conver function.

Proof. “=" By Theorem 1.1 the pair (A, B) € K?(X) is convex if and only if AVB is a
summand of A+ B. This means that there exists an S € IC(X) such that A+B = AVB + S.
From property (iv) of Theorem 1.1 follows easily that S = AN B. Hence we have:

A+B=AVB+ANB.

But since for the support function of AV B the formula (see [4]) payp = max{pa,pp}
holds this equation can be formulated in terms of support functions as:

pa + pp = max{pa,pp} + pans-
Now we have min{p,pp} = panp, since for arbitrary real numbers a,b € R the formula
a + b = max{a,b} + min{a,b} holds.

“<" Now assume that min{p4,pp} is convex. Since this function is also positively
homogeneous there exists an S € IC(X) such that min{pa,pp} = pg. Hence we have

pA + pp = max{pa,pp} + min{pa,p} = pav + s,
which means that
PA+ B = PAVB + PS = DAVB+S-

From this follows that
A+ B = AVB+S,

(see [4]), which means that AV B is a summand of A+ B. Hence by Theorem 1.1 the set
AU B is convex. O

Let us remark, that for A, B € K(X) with AN B # ( the support function of AN B is
the “infimal convolution” (see [11]) paOpp given by:
paApp: X' — R
with
(pa0pB)(z) == inf{pa(z —v) + pp(v) | ve X"}
Hence we have the following
Corollary 6.2. Let X be a locally convex topological vector space and (A, B) € K?(X).
Then the pair (A, B) is convex if and only if
min{pa,pp} = paOps.

Observe that the representation of the elements of the space D(X*) is not unique. From
the obove mentioned characterization of a convex pair, we are able to show, that some
special types of representations exist.
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Proposition 6.3. Let X be a locally convex topological vector space and
D(X*):={p =pa—ps | (A, B) € K*(X)}

the real vector space of differences of support functions, defined on X*.

Then for every element ¢ € D(X™*) there exist the following types of representations:

(i) ¢ € D(X™) can be represented as ¢ = py — pp with min{p4,pp} >0

(i) ¢ € D(X*) can be represented as ¢ = pa,—pB, such that min{pa,,pn,} is a sublinear
function and that pa,+pp, is minimal, i.e. pa,+pp, = Min{pa+pp | ¢ =pa—pB}

(iii) There exists a C' € K(X) such that for every representation of ¢ € D(X*) as ¢ =
pa — pB the function min{p4, pg} + pc is sublinear.

Proof. (i) The first assertion follows immediately from the Theorem of Hahn-Banach.
Namely let

w(h) :==sup( h,v ) —sup( h,v ).

vEA vEB

Then we can add to the first summand a continuous linear functional f; € X™*, given by
fi(h) := (u1,h), w1 € X, with
sup( h,v ) > f1(h)

vEA

and, analogously, to the second summand a fo € X**, fa(h) := (ug, h), us € X with

sup( h,v ) > fa(h).
veB

Now we take a representation:

p(h) = (sup( h,v )= fi(h)+max{fi(h) = fa(h),0}) = (sup( h, v ) —min{ fo(h) = f1(h), 0}).

vEA vEB

Now we prove part (ii)

Since every pair (A, B) € K2(X) is equivalent to a convex pair, namely (A4, B) ~ (A +
AV B, B+ AV B) there exists a minimal convex pair (Ag, By) equivalent to (A, B). From
Theorem 1.1 and Proposition 3.15 follows, that min{pa,, pp,} is convex and p4, + pp,
is minimal.

Part (iii) follows immediately from Theorem 3.5. Namely for the class [A, B] there exists
a minimal element C' € K(X) such that for all (A, B') € [A, B] the pair (A +C, B +C) is
convex. Hence by Theorem 1.1 we have that min{pA’+C’pB’+C} = min{p,,py} +0rC,
which means that the function min{p ,/,py } + pc is sublinear. O

Now let us turn our attention to the class of quasidifferentiable functions which where
introduced by V.F. Demyanov and A.M. Rubinov [1]. We will start with the definition of
a quasidifferentiable function defined on an open subset of a normed vector spaces. (see:
[1])-

Let (X, || -]|) be a real normed vector space, let X* be its topological dual, and let U C X
be an open subset of X.
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Definition 6.4. A continuous real valued function f : U — IR is said to be quasidiffer-
entiable at xg € U if the following two conditions are satisfied:

(a) For every g € X \ {0} the directional derivative

af| _ ., flottg) — flzo)
dg oy 0+ t
exists. B
(b) There exist two sets 0f|z,, 0f|z, € K(X*) such that
daf :
— = max (v,g)+ mn {(w,g).
d.g x0 Ule|$o< > w65f|zo< >

Here IC(X™) denotes the collection of all nonempty weak-*-compact convex subsets of X*.
We remark that, by the Theorem of Alaoglu ( cf. [12], p. 228) the elements of (X ™) are
bounded in the dual norm.

Observe that the condition (b) is equivalent to the requirement that the directional deriva-
tive as a function of the direction g can be expressed as the difference of two sublinear
functions.

Although the quasidifferential Df|, = ( Of| xo,g flz, ) is not uniquely determined it

preserves certain properties within an equivalence class.

In [1], chapter 17, it is shown that for a quasidifferentiable function all steepest ascent-
and descent directions can be explicitely determined.

Namely, if for a given quasidifferentiable function f : U — R a quasidifferential

Dfl,, = ( Qf|m0,5f|x0 ), inzg € U C X is known, then every steepest descent direction
of the function f in x¢ is given by

* wo + Vo
=_— 6.4.1
T T + wlF .
with
|lwo + wol* = sup inf JJw + |7, (6.4.2)

wedfl, vedfl.,

where ||.||* denotes the dual norm.

An analogue formula holds for the steepest ascent direction.

If the quasidifferentiable function f : U — R has a local maximum in zg € U then the
formulas (6.4.1) and (6.4.2) imply that

and analogously for a local minimum in xg € U of the function f : U — R in zg € U
one has

Hence we see, that in the case of a local extremum of a quasidifferentiable function
f:U— R in xg € U the class [Qf|xoa—5f]
every C':= {p}, p € X.

zo | 18 convex and that it is C-minimal for
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7. Examples of different types of minimality

Example 7.1. Let X := RR? and let us put 0 := (0,0), a := (0,1), b:= (1,1), ¢ :=
(1,0) and put d := b+ ¢. Now we define the following compact convex sets:

Ag:=0Va , By:=0VvVbVe
A=A Vb , By :=BygVvd

Ay :=Ag + Iy , By .= By + Iy
Ag = Ao+ 11 , B3 :=By+ 11
As = A1+ 1 , By =B+ 11

where Ip:= 0V cand Iy := 0V b. Moreover put b; := 2b and ¢; := ¢+ by.

a b d
Ag Ay By
0 c
aq bl C1
A4 B4
Asy B,
T
Ay N By

It is obvious that (Ag, By) is equivalent to (Ag, B2) and (As, Bs). Moreover (A4, By) is
equivalent to (A, B1). Now we show that (Ag, By) is equivalent to (Aj, By). This can be
seen as follows:

First we have:

(A1+c)UBy = By and (A1+c¢)NBy = Ao+ec.
Now from [16] Corollary 2.4 follows that
BQ+A1+C = A0+C+Bl and hence Bo+A1 = A0+Bl,

which means that (Ao, By) ~ (A;, B;) for i € {1,2,3,4}. Moreover it follows immediately
from [7] Theorem 2.1 that the pair (Ao, Bp) is minimal.

The pair (A, By) is convex and (A; U Bj, AN By) = (A; U By, ). Since the pair
(A1 U By, I) is minimal, it follows from Theorem 1.4 that the pair (A, B1) is minimal
convex. Now observe that
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(Ao V By, Ag+ By) ~ (Ao + o, Ao+ By) ~ (Lo, Bo),

and since (I, Bp) is a minimal pair it follows by Theorem 3.3 that the pair (Ao, By) is
C-minimal with C' := I. Moreover we have Ay = Ag+ C and By = By + C. Since
By = (Ap + C) N (B + (), it follows from Proposition 3.14 that the class [Ag, Bo] is
C-minimal.

Now we will prove that the pair (A4, By) is a convex hull of the pair (As, B3). Therefore
suppose that there exists a convex pair (C, D) € K?(X) such that

(A3,B3) < (C,D) < (A4, By).

Then
AsNBy = 11 Cc CNnD C AyNnBy = 2-14.

If we assume that C' N D # Ay N By, then there exists a point p € 2- Iy, p # by such
that CND = [(0,0),p]. But since C' U D is convex, the intersection C'N D separates the
sets C' and D. Now for the two points a; € C and by € D we have [a1,01]NCND = 0.
This is a contradiction and therefore we have p = by and C N D = AsN Bs. From [16]
Corollary 3.7 it follows, that C'= A4 and D = By.

Moreover we have that As+x C A4 implies that = 0, and hence the pair (A4+x, By+x)
is not a convex hull of the pair (As, Bs) for x # 0.

Example 7.2. Let X := RR? and let us put
A= {(-1,0)}Vv{0O,-D)}v{(1,0)}v{(1,1)} and B:= A+ x¢p with zg:= (2,0).

Then the pair (A4, B) € K2(IR?) is not convex.

T2
A
a c, b
A E\/
> 11
0 Zo
Ca D,

Given any ¢ :=a-a + (1 —a)-b, 0 <a <1, wherea:= (0,1) and b:= (2,1).
Now we consider

Co i ={—ca} V{ca} V{(ca —20)} V{(xz0 —ca)}, and D, :=Cqy+ xo.

The pair (Cy, D,) is a convex hull of the pair (A, B). We observe that for every = # 0
the pair (Cy + x, Dy + ) is not a convex hull of (A4, B). Moreover

ﬂogaglca = A and ﬂoganga = B.
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A minimal pair which is equivalent to the pair (A, B) is the pair ({0}, {zo}) and a convex
minimal pair of (A, B) is the pair ([0, zg], [z, 2 - x0]).

Example 7.3. Let X := R? and let us put

A= {(0,00; V{0, D}, B:= {(0,0)} V{(L,0)}
C:= {(0,1)}v{(1,0}, D= CVv{(1,1)}

0 B 1 2 1

It is easy to see that the pair (AV B, A+ B) is equivalent to the pair (C, D). Moreover
by Theorem 1.4 the pair (A + C, B 4+ C) is convex minimal.

Example 7.4. Let X := R? and let us put

1 1 1 1
A= {(071)}\/{(5\/57_5)}v{(_a\/gv_éa())}? and B:= —A.
Then the pair (A, B) € K(IR?) is minimal.
A+ AV B

B+AvVB

Also (AV B, A+ B) is minimal. Hence by Theorem 1.4 we see that the pair (A + AV
B, B+ AV B) is minimal convex.

Since (A+ AvB)N(B+ AV B) = A+ B, it follows from Proposition 3.14 that the
class [A, B] is C-minimal with C' = AV B.
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Example 7.5. Let X := R? and let us put

A= {00,003 v{(0, )} and B:= {(0,0)} v {(L,0)} v{(1,1)}.
Then the following pairs (A}, B}) for j € {1,..,7} and the convex pairs (A, By) for
k€ {1,...,8} are equivalent to the pair (A, B) and the pair (Ag, Bg) is minimal convex.

The first assertion can be seen by using subsequently the reduction technique for pairs of
compact convex sets (see [8] Theorem 2.6).

()
A A g
B T,

A/
Al B! Bi B3
A

Now we construct the convex pairs (A, By) for k € {1,...,8}. Let usput A; := A+ AVB
and By := B+ AV B. Then the pair (A1, By) is convex and equivalent to the pair (A, B).
Moreover the following convex pairs (A, By) for k € {2,...,8} are equivalent to (A1, By)
and from Theorem 1.4 follows, that the pair (Ag, Bg) is minimal convex.

at
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