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Let S be a finite set in a real linear space and let Jg be a family consisting of |S| intervals in R. In
this paper we deal with a convex operator co(S, Jg) called the convex interval hull. This operator
generalizes the familiar concepts of the convex hull, conv(S), and the affine hull, aff(S), of S.
The set co(S, Js) is a convex subset of the linear space and can be either bounded or unbounded,
depending on the families Js. In this paper we apply co(S, Js) to obtain unbounded images of
a finite set S. As special images of co(S, Jg) for finite S we obtain such unbounded objects as:
hyperplanes, cylinders, cones, penumbras and wedges. We also apply co(S, Js) to study some
properties of extreme points. In relation to co(S, Js) we introduce the so-called extreme interval
operator Eco(S) and prove some analogues of the celebrated Minkowski-Krein-Milman’s theorem.
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1. Introduction

In this note L denotes a real linear space. Let S = {x1,...,2,} C L be a finite set
of distinct points in L. By S; we denote the set S\ {z;}. If A is a family of sets in L,
then by (A and |J.A we denote the intersection and the union, respectively, of all
elements of A. For o € R by A we denote the family of sets aA = {ax : x € A},
where A € A. For subsets K and M of L and real numbers o and 8 we put

aK+6M={ax+tpy : © € K, ye M}.
For this type of operations on sets and many more much general ones we refer the
reader to [6].

In the (ordinary) convexity theory and also in any of its generalizations the concept
of a convex hull operator plays a central role. One is aware that convexity in a
linear space is defined in terms of an algebraic structure. Hence, it is natural that
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the convex hull operator also has some algebraic structure. It is not a surprise that
also any change in the algebraic requirements in the definition of the convex hull
results in some generalizations. We show here that one such change results in a
generalization which gives an unified approach to several known concepts.

The very classical convex sets associated with the finite set S are the convex hull of
S and the affine hull of S defined by

conv(S) = {Zajmj cx; €S, o >0, Zaj = 1}
j=1 =1

and aff(S):{Zajxj cx; €8, aj €R, Zajzl} (1)
j=1 j=1

respectively. The operators S — conv(S) and S — aff(S) belong to the class of
relatively recently introduced operator S +— co(S, Js) defined in [3] by the following
definition.

Definition 1.1. Let S = {z1,...,2,,} be a finite set of distinct points in a linear
space L and let Js = {I1,...,I,}, I; CR, j =1,...,m, be a family of nonempty
intervals (some of which can be degenerated to a singleton). By co(S, Js) we denote
the set defined by

co(S, Js) = {Zajxj cx; €8, o €15, Zajzl}. (2)
j=1

Jj=1

The set co(S, Js) is called the convez interval hull of S.
Obviously, for Js = {I1,..., I} with I; = [0,¢;], where t; >
have co(S, Js) = conv(S) and for Jg = {I1,..., [} with [; =
have co(S, Js) = aff(S).

Notice that one could go even further and instead of (2) define for any real number
t the set co(S, Js,t) as follows

co(S, Js, t) = {Z%‘I‘j L4, €8, a5 €, Y a5 = t}-
j=1

j=1

Y

1
R

1,....,m, we
1,..

J
7.]: '7m7we

The latter definition, however, is only slightly more general than the previous one,
because in all cases but ¢ = 0 the set co(S, Js,t) can be expressed by means of

co(S, Js).
Proposition 1.2. Lett be a nonzero real number. Then

co(S, Js, t) = co(t S, (1/t)Ts).

The notion co(S, Js,0) is still of some interest, particularly when every interval in
Js is R. It can be easily checked that in this case co(S, Js,0) represents the linear
subspace L parallel to aff(.S). On several occasions it will be convenient to use this
special set in our note, for instance in Theorems 2.3 and 2.10.
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We have already mentioned two unbounded convex interval hulls assigned to a finite
set in L, namely co(S, Js) and co(S, Js,0), both when every interval in Js is the
entire real line. In Section 2 we explore possibilities of obtaining unbounded sets
further. We show that cones, halfspaces, cylinders, wedges, penumbras and some
other sets can be obtained as images of finite sets in a linear space by the convex
interval hull. In addition to the operator S +— co(S, Js) we will also consider the
operator S — Eco(S) that assigns to S its extreme points with respect to the convex
interval hull co(S, Js). In Section 3 we examine relationships between extreme points
(defined with respect to the operator conv) and extreme points with respect to the
operator co(S, Js). We also obtain Minkowski-Krein-Milman — type theorems.

2. Unbounded images of convex interval hulls

Since our primary interest in this paper is to study the cases which lead to unbounded
sets co(S, Js), it is convenient to recall the following theorem from [3, Theorem 3.4].

Theorem 2.1. Let S = {x1,...,x,} be a finite set of distinct points in a linear
space L and let Jg = {L1,..., I}, I; CR, j=1,...,m, be a family of nonempty
intervals. The set co(S, Js) is bounded if and only if at least one of the conditions
below is satisfied.

(1) All the intervals in Js are bounded below.

(2)  All the intervals in Js are bounded above.

(3) At most one interval in Js is unbounded.

If any of the conditions (1)—(3) is satisfied, then there exists a family of bounded
intervals J§ such that co(S, Jg) = co(S, JL).

Let A be a set and let xg be a point in L. By cone(zg, A) we denote the cone with
vertex o and directrix conv(A) which is the convex set defined by

cone(zg, A) = {(1 — t)zo + tv : v € conv(A), t > 0}. (3)
If A= {y} is a singleton, then cone(zy, {y}) is called a ray in L.

Theorem 2.2. Let S = {x1,...,x,} be a finite set of distinct points in a linear
space L and let Js = {L1,..., I}, I; CR, j=1,...,m, be a family of nonempty
intervals. Then co(S, Js) is unbounded if and only if there exists a ray R contained

in co(S, Jg).

Proof. The sufficiency is obvious. Now we prove the necessity. Assume that
co(S, Js) is unbounded and hence nonempty. Thus there exists

y=) 7 € oS, Ts).
j=1
From Theorem 2.1 it follows that among the sets in Jg there are two, say I and I,

which contain, respectively, half-lines of the type (—o0,b| and [a,c0). Apparently,
(—o0, 1| C I and [y2,00) C I and for any ¢t > 0 we have y; —t € I} and yo+t € Io.

Let R={y=y+tlxes—1x1) : t>0}
={y=Mm-—-t)r1+ (2+t)zs + 23+ -+ YmaTm : t >0}
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Clearly, R is a ray emanating from y and parallel to x5 — x; and is contained in
co(S, Js). The proof is complete. O

Take a non-empty convex set M C L and a subspace L of L. Following [10] the set
M + L is called an F-cylinder in L.

Theorem 2.3. Let k and m be positive integers with m — k > 2. In L consider
finite sets S1 = {x1,...,xx}, S2 = {Xps1,- .., Tm} and put S = S1USy. Further, let
Js =A{IL1,.. ., Ix, Irs1, ..., I} be a family of closed intervals in R (possibly single-
tons) such that I; = [a;j,b;], a; < b;, forj=1,....kandI; =R forj=k+1,...,m
Then there ezist a family Ji and a subspace L = co(Sy, Js,,0) of L such that
co(S, Js) is an F-cylinder of the form

co(S, Js) = co(S, J¢) + co(Sz2, Ts,, 0).

Proof. Put a = Z?Zl a; and b = Z?zl b;. Clearly a < b. Take any real numbers
a’, b, j=k+1,...,m, such that

50 5
m m
a; <, Za}zl—b, Zbg-zl—a.
j=k+1 j=k+1

Notice that such numbers do exist. For instance, the numbers

/_].—b /_1_(1
R — bj_m—k;7

j=k+1,...,m (4)

satisfy the above requirements. Define a new family Jg of closed and bounded
intervals by

jé:{[1,...,[]6,[]/{_'_1,...,[;71}, [/:[a b/:| ]:k_i_l’,m

J VAR
We will show that co(S, Js) is an F-cylinder of the form
co(S, Ts) = co(S, T) + L = co(S, T¢) + co(Sa, Ts,, 0). (5)
To prove equality (5) take any x € co(S, Js). Then x = " | ¢;z; with ¢; € I; and

> iy ¢j = 1. Since
Zc]—l Zc] —b,1—al,
Jj=k+1
we can choose any numbers &; € ]J’., j=k+1,...,m, such that
do=D & (6)
j=k+1 j=k+1

Referring to the special case (4), we could choose

1« 1 l—a .
fj—MZCje[M,m], j—k—Fl,...,m.

j=k+1

Then Zc]x] Zc]a:] + Z Eixj+ ( Z (¢ —§j)xj> — Ty

7=1 Jj=k+1 j=k+1
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Using (6) we see that Zj LG & = Tand 14377 (¢;—&;) = 1. Therefore
by (2) and (1) we have respectlvely

Zc]x] + Z gy € co(S, J§)

7=1 j=k+1
and T + Z (¢; — &)z € af(Ssy).
Jj=k+1

Thus, we proved that for an arbitrary x € co(S, Js) it holds that
z € co(S, J¢) + (aff (S2) — ) = co(S, J¢) + L = co(S, J&) + co(Sa, Ts,, 0).
A proof of the converse inclusion in (5) is straightforward. O

Theorem 2.4. Let k and m be positive integers such that m —k > 1 and 0 € R.
Further, let Sy = {x1,...,zx} and Sy = {Tk41,...,xm} be finite sets in L and put
S = 51 US,y. Consider the family Js = {11, ..., Iy, Ik4+1, ..., I}, where I; = (—00,§]
forj=1,...,k, and I; = [0,400) for j =k+1,....,m. Then

co(S, JTs) = {xs} + cone(O, Sy — Sl), (7)
i 1 1
Zl T when § < o
where T5 = : .
ok —1 1
Zéwi — Z 7 when § > T
=1 j=k+1

Proof. Before proving (7), notice that v € cone (O, Sy — Sl) if and only if

k
v = Z §r; — Z@x], where Z § = Zﬁj, §=>0,75=1,....m

j=k+1 j=k+1 j=1

To show this we first observe that any linear combination (in particular any convex
combination which we in fact need) of the k(m — k) vectors from Sy — S; can be
written as follows

k m m k k m
PP I = > (Xew)u =2 ( 3 au)w
7j=1i=k+1 i=k+1 j=1 7j=1 i=k+1
m k
= Z 1N T; — Z T4,
i=k+1 Jj=1
m m k k
where Z ni = Z ( aij) = Z( Z Oézg> 277] (8)
i=k+1 i=k+1 j=1 j=1 i=k+1

and all the numbers in (8) for a convex combination are nonnegative. This together
with (3) justifies the characterization of any v € cone(0,S3 — S1) given at the
beginning of the proof.
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To show equality (7), let = € co(S, Js) be such that

m m
r= axy, gclzl, agel, 1=1,...,m.
=1 I=1

We start with the case § > ;. Express x as follows

ox; + Z clxl—l—z c—0)x;

?vh—‘

||
E

=1 l=k+1
k

51]1 + Z Clr; — Z — Cl I
=1 I=k+1

Let a be a nonnegative number. Clearly we have

k
xzz5xl Zawl+z (aq+ o)z —
=1

I=k+1 I=k+1 l:l

M?r

— Cl (9)

Now we will check whether there exists an « for which the difference of the last
two sums in (9) represents a vector from cone(S; — S7). To use the characterization
given at the beginning of the proof we first observe that all the numbers ¢; + o and
d — ¢ in (9) are nonnegative. In addition we need to find an « for which we have

m k
> (o o) = Y-
I=k+1 =1
This equality is equivalent to
m k m m
Z cl—l—(m—k)a:ké—ch:ké— (1— Z cl> =ko—1+ Z a
I=k+1 1=1 I=k+1 I=k+1
and therefore also to (m — k)a = ké — 1. Thus
kd—1
 om—k = 0.

When we substitute this value for « in the second sum in (9) we see that (9) guar-
antees validity of the inclusion

co(S, Ts) C {xs} + cone(Sy — 51)

in the case § > %

Now suppose that § < % Clearly, ¢; < 6 < % for [ =1,...,k. In this case write x
in the form
k 1 m k
= Z EIZ + Z Clr; — Z (7 - Cl> (10)
=1 I=k+1

and check that the difference of the last two sums in (10) also represents a vector
from cone(Sy — Sy). This implies that the same inclusion is true in this case. The
proof of the converse inclusion in (7) in both cases is straightforward. ]
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Let A; and A, be disjoint subsets of L. Following [7] we define the penumbra of Ay
with respect to A; as the set

Py (A2) ={(1 = NA; + Ay = A > 1} (11)

If Ay and A, are convex, then the penumbra Py, (As) is also convex. With this
notion we can have another look at the case § = 0 in Theorem 2.4.

Theorem 2.5. Let Sy = {xy,..., 2} and So = {Tk11,...,Tm} be subsets of L with
disjoint convex hulls. Let S = S;USy. Let Js = {L1,...,Ix, Iyy1,-..,Im} be a
family of closed intervals such that I; = (—00,0], for j =1,...,k and I; = [0, +00),
Jj=k+1,....,m. Then co(S,Js) is the penumbra of conv(Sg) wzth respect to conv(S)

)

co(S, Ts) = Preonv(sy) ( conv(Ss)). (12

Proof. To show (12), let x € co(S, Js) be such that

x:chxl, chzl, ¢ <0, i=1,...0k, ¢;j >0, j=k+1,...,m
= =1

Let 'y:Zf:lci,fng. If y=0,then¢;=0fori=1,...,k and
x € conv(Sy) C Pconv(gl)(COnV(Sg)). (13)

Let v < 0. To avoid a repetition of similar calculations we express  in two forms
by making the indicated substitutions

k m
— = v
7 Jj=k+1
=Y Gt Z " j—tz< )x t=—y>0, (14)
J=k+1 J=k+1
k
:(1—/\)21_sz+)\ Xk:l A=1—v>1. (15)

The reader can easily check that from (15) (the case A > 1) and (13) (the case A = 1)
it follows that x belongs to the penumbra. The proof of the converse inclusion in
(12) is straightforward. O]

Remark 2.6. On our way to establish (12) we obtained (14). Using the character-
ization from the beginning of the proof of Theorem 2.4 one can recognize in (14) the
representation of a vector from conv(S;) + cone (0, S, — S1). Moreover it is easy to
check that when 6 < 0 in Theorem 2.4, then the convex interval hull co(S, Js) also
satisfies the following equality

co(S, Js) = conv(S1) + cone(0, 5, — Sy). (16)

To see that this is true write x from co(S, Js) in the form
k

w—E iy + g cjT; — E (s = cj)xy,

Jj=k+1 Jj=1
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k
where Zcz-zl and ¢; >0, j=1,...,k
j=1
and use the characterization of vectors from cone (O, Sy — S1) which was already

mentioned in this remark. Using (12), (14) and (16) we see that the convex interval
hull from Theorem 2.4 in the case § = 0 can be expressed in the following forms

co(S, Js) = conv(Ss) + cone (0, S5 — 1) = conv(S;) + cone (0, S5 — 51)
= Pronv(sy) (conv(Ss))
Theorem 2.7. Let S = {x1,...,z,}, m > 2, be a set of distinct points in a
linear space L. Further, let So = {xo} U S for some xy ¢ aff(S) = F. Denote by

Fy = aff(Sy) and by F;" the affine halfspace bounded by F and containing xo. Then
for the family Js, = {lo, ..., In}, where Iy = [0,+00) and I =--- =1, =R we

have
co(So, Ts,) = Fy.
Similarly, for any flat (in particular for a subspace of L) H = F +{u}, u € L, and
Hf = F + h
0 0 {U} we have CO(S(/),jS(f)) _ HO
where Sy = So + {u} and Js; = Ts, -

Proof. The first part of the theorem simply follows from Definition 1.1 and (1).
The second part of the theorem is a consequence of the following observation which
can be easily checked.

co(Sy, Ts;) = co(So + {u}, Ts,) = co(So, Ts,) + {u} = Fy +{u} = Hy. O

The next theorem shows a way in which a convex cone over a finite set in a linear
space can be spanned. Notice that for the sake of consistency with next two results,
in Theorem 2.8 we take I; = R instead of [; = (—o0, 1] which would be enough.

Theorem 2.8. Let S = {x1,...,T,}, m > 2, be a set of distinct points in a linear
space L. Put Iy =R, Iy =--- =1, = [0,+00) and let Js = {I1,1Is,...,I,}. Then
co(S, Js) = cone(zy, S7). (17)

Proof. To show the inclusion co(S, Js) C cone(xy,S7) take z € co(S, Js). Then
for some numbers a; € I; we have z = " a;x;. Let t = ", a;. The case t = 0

is possible only when as = -+ = a,, = 0 and in this case z = z; € cone(zy,57). If
t>0,thena; =1—1t € I; and
Z —alxl—i—tZaZ 1—tx1—|—tZ—xz
-1
Clearly ZQ %xi € conv(S7)

and in view of (3) z € cone(zy, S7). The converse inclusion in (17) is immediate. [
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Theorem 2.8 in conjunction with some known properties of convex sets imply the
following corollary.

Corollary 2.9. Assume that k and m are positive integers such that m — k > 1.
Let Sy = {xy,..., 2k} and Sy = {xk41,. .., Tm} be finite sets in L and S = S; U Ss.
Let Js = {L1,..., Ik, Iut1,- .., In} be a family of closed intervals such that I; = R,
forj=1,...,k and I; =[0,00), j=k+1,...,m. Then

conv (U { cone(;,S5) :i=1,...,k}) C co(S, Ts). (18)

The following theorem shows that for S and Js as in Corollary 2.9, the set co(S, Js)
is much bigger than the set on the left-hand side in (18).

Theorem 2.10. Assume that k and m are positive integers such that m — k > 1.
Let S1 = {x1,..., 2} and Sy = {xp41,..., 2y} be finite sets in L and S = S; U Ss.
Let Js = {L,..., Iy, Ixt1, ..., I} be a family of closed intervals such that I; = R,
forj=1,...,kand I; =[0,00), j=k+1,...,m. Then

co(S,Js) = U { cone(y, Sg) y € aff(S)) }U co(S1, Js;,0) + CODV(SQ)) (19)

Proof. We start in the same way as in the proof of Theorem 2.8. Let z € co(S, Js).

Then z = ) a;z; for some numbers a; € I; with > a; = 1. Clearly
i=1 =1

m k
z = Zaixz Zazxz + Z a;x;. (20)
i=1 i=k+1
m k
Lett= > a;>0.lft=0,thena;=0fori=k+1,...,mand > a; = 1. In this
i=k+1 i=1

case we have

k
z= Zaixi € co(S1,Js,) C aff(5y) C U { cone(y, Ss) 1y € aff(Sl)}.

=1

Ift>0andt#1, then

k
iazxz l—tz i xz—i—tZ—xz
=1

i=1 i=k+1
k
One can easily check that the vector y = Z %xl belongs to aff(S;) and the
i=1
vector Z %xi belongs to conv(Ss). In view of (3)
i=k+1

z € U { Cone(y, Sg) ty € aff(Sl)}.

Now we consider the case when ¢ = 1. Clearly, the first sum in (20) represents a
vector from co(S, Js,,0) and the second sum a vector from conv(S;). This ends the
proof of the considered inclusion. The converse inclusion in (19) is immediate. [
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We will need the following lemma.

Lemma 2.11. Let A C B = {xy,...,7,} C L and let Jy = {I{*, I}, ..., !} and
JIg = {IB,IP ... IBY, n < m, be families of intervals such that I C IP when
z; € A and 0 € I? when x; € B\ A. Then

co(A, Ja) C co(B, Tg).

Notice that when we put A = S7 and B = S then Example 3.7 shows that the
assumption that 0 € I” when z; € B\ A is essential in Lemma 2.11. Indeed, in
that example 0 ¢ I; and co(S1,J;) is not a subset of co(S, Js).

Theorem 2.12. Let k and m be positive integers satisfying m—k > 1. Assume that
S1=A{x1,...,x} and So = {xk41,...,xn} are finite sets in L and S = S1US,. Let
Js={L,... . Iy, Iys1,. .., I, } be a family of closed intervals such that I; = [0, +00),
forg=1,...kandI; =R, j=k+1,...,m. Put

S;(:{xi}USQ, ..751* :{Iia]k+17‘--7]m}7 121,,]{5
Then co(S, Js) is a wedge described in the following way

co(S, Jg) = conv (CJCO(S:, .75;)). (21)

Proof. In order to establish the inclusion co(S, Js) C conv (Uf:1 co(Sy, Jsr)) it is
enough to show, see [7, 11], that any z € co(S, Js) is a convex combination of some
points z; € co(S;, Jsx), i = 1,..., k. Take z € co(S, Js). Thus

k m
z = Z)\jl'j + Z )\jiL‘j
j=1

j=k+1

were A\; > 0 for j =1,...,kand \; € Rfor j =k +1,...,m with ZT:l)‘j = 1.
If Ay = -+ = A = 0, then obviously z € conv(Sy) C co(S},Ts:), i = 1,...,k,
and the inclusion in (21) is satisfied. If at least one of Aq,..., A\ is positive put
A= Zle A; > 0 and define points

Zi:>\$i+2)\j$]’, Z:L,k'

j=k+1
Clearly, 2; € co(S},Jsz), i = 1,..., k. For a; = ’\7 and the convex combination
Zle o;z; we have
k k \ m k k \ m
Zaizi = Z f()\xz + Z )\j&lj) = Z)\1$Z + ZXZ Z )\jxj
i=1 i=1 j=k+1 i=1 =1 j=k+1

k m
i=1

j=k+1

Hence z € conv ( U co(S, j53)>.

=1
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To establish the converse inclusion in (21) notice that by Lemma 2.11
co(S, Jsx) C co(S, Ts)
for i = 1,..., k. This together with convexity of co(S, Js) implies

k
conv (U co(S;, Jg;)) C co(S, Ts)
i=1
and ends the proof of (21). O

3. Extreme points

In many literature sources extreme points of sets in a linear space with ordinary
convexity are considered for convex sets, cf. [2, 5,9, 12, 13]. In [4] one can find the
following definition. A point x is an extreme point of a set S in L if

reS but x¢&conv(S\{z}). (22)

A consequence of this definition is the fact that z is an extreme point of S if and
only if conv(S \ {z}) is a proper (convex) subset of conv(S). Let E(S) denote the
extreme set, that is, the set of all extreme points of S.

Example 3.1. This and every other example was calculated and plotted using
Mathematica. Points of S are listed starting from the lowest point that is fur-
thermost to the left. Then we proceed counterclockwise, finishing with the point
inside. In each figure the points in S are marked with black dots ( ¢ ) and the polygon
co(S7 jg) is shaded gray with its edges slightly darker. Let

S ={z1=(-1,0),22 = (1,0),25 = (0, V3)}
and Js = {1, =[0,2/3], 1, =[0,2/3],Is = [0,2/3]}.

The set co(S, Js) is shown in Figure 1. Notice that the sets S and co(S, Js) are
disjoint.

Figure 1: S disjoint with co(S, Js)

Example 3.1 illustrates that in general it is possible to have S ¢ co(S, Js). This
observation is a good motivation to show the following proposition.
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Proposition 3.2. Let S be a finite set in L and let Jg be a family of intervals. If
for each x; € E(S) we have {0,1} C I, and 0 € I; for each x; € S\ E(S), then
conv(S) C co(S, Js).

Proof. Our assumptions guarantee that £(S) C co(S, Js). Using the monotonicity
of the operator conv and applying [2, Theorem 5.10] and [3, Proposition 3.1] we get

S C conv(S) = conv(E(S)) C conv(co(S, Ts)) = co(S, Ts)

which ends the proof. O

In the proof of Proposition 3.2 we used the well-known fact that for any finite set
S in a linear space L we have conv(S) = conv(E(S)). As the following example
illustrates we do not always have co(S, Js) = co(E(S), Te(s))-

Example 3.3. Take S = {z, %9, 23,24} C R? and Js as in [3, Example 2.7]. In
each of the six cases considered in that example and illustrated in Figures 7-12 in
3] we have E(S) = {x1, 72,23} and co(£(S), Trs)) = conv(S) # co(S, Js). Notice
that the case presented in Figure 12 provides an evidence that in Proposition 3.2
the assumption that 0 € I; when z; € S\ E(S) is essential. O

Although we cannot expect to have always co(S, Jg) = co(E(S), Jg(s)), nevertheless
for some special family 7, E*( ) We do have the equality

co(5, Js) = co(E(S), Tis))-

This will be shown in the next theorem which can be considered as a version of the
celebrated Minkowski-Krein-Milmann’s Theorem, cf. [1, 2]. Before presenting this
theorem we recall some definitions of concepts used in its proof. Let § be a nonzero
real number and v € L. The transformation H? : L — L defined by

H)(z)=v+éx

is called a homothety. The vector v is called the center of homothety and the number
0 is called the ratio of the homothety. If > 0 the homothety is called positive and
if § < 0 the homothety is called negative. The image of K C L under H? is denoted
by H(K) and it is called a homothet of K.

Theorem 3.4. Let S = {zy,....,x,} C L, m > 2. Assume that ay,...,a,, are real
numbers such that 1 — Z;nzl a; =6 # 0. Define the family Js as follows

Js={l;=1a;,6+a;] : j=1,...,m}, when 6>0
or Js={l;=[0+aj,aj] : j=1,...,m}, when ¢ <O0.

Then there exists a family of intervals jg(s) such that

co(S, Js) = co (E(S), jg(s)). (23)
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Proof. Let S ={zy,....,x,,} C L, m > 2. To prove (23) we plan to show that both
the sets are equal homothets. It is easy to check that by virtue of [3, Theorem 6.1]
we have

co(S, Js) = H(conv(S)), (24)
where v = Zajxj and d=1-— Zaj.
=1 j=1

We will also show that the set co (E(S),jg(s)) is a similar homothet. We may

assume that the points of S are labeled in such a way that the first n belong to E(.S).
Then every point z;, 7 = n +1,...,m, can be written as a convex combination of
points from E(S). Hence we have x; = 37 alx; for some o] € [0,1] satisfying
Yoy oz{ = 1. Now the vector v can be expressed in the following form

v = iaixﬁ_ i aj<iafxi> = i (ai—i- i ajod)mi. (25)

j=n+1 i=1 i=1 j=n+1

m )
Let us put af = a; + Y. ajaf for i =1,...,n and define
Jj=n+1

Tps) = =la;j,0+aj] - i=1,...,n}, when 6>0

or Tps) =i =[0+aj,a]] - i=1,...,n}, when 6 <O0.

277

n

From (25) it follows that v = Z a;xz;. Moreover we have
i=1

Zaj = Z(ai—l— Z a]a{) :Zai—l—z Z a;al
i=1 j =1

i=1 j=n+1

3
3
3
3

=1 Jj=n+1 i=1 =1 j=n+1 =1
n m m

= E a; + E a; = E a;
=1 j=n+1 =1

Thus 1 — > af =1— > a; =0 # 0. Applying again [3, Theorem 6.1] we have
1

ol E(S). Tis) = Hiconv(E(S)). (26)
From the equality conv(S) = conv(E(S)) we obviously have
H?(conv(S)) = H’(conv(E(S9))). (27)
Comparing (24), (26) and (27) we get
co(S, Js) = co(E(S), Tgs))
and the proof is finished. 0

n

=1 7
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The requirements in condition (22) were adapted to define extreme points not only
in linear spaces (with respect to the conv operator) but also in other structures,
including finite structures, such as: convexity spaces, closure spaces, matroids and
antimatroids cf. [1, 8, 12].

In this context it is natural to use the ideas of condition (22) to introduce the notion
of an extreme point with respect to the convex interval hull in the following definition.

Definition 3.5. A point z; of a finite set S = {z1,...,z,,} C L is an extreme point
of S with respect to the conver interval hull co(S, Js) provided

z; €5 but x; g CO(S;’, jsz?). L]

Now we are ready to introduce the extreme interval operator S +— Eco(S) as
Eco(S) := {x € S : x is an extreme point of S with respect to co(S, Js)}.
The following fact simply follows from the above definition.

Proposition 3.6. Let z; be an extreme point of S with respect to co(S,Js) in
which every interval I; contains 0. Then x; is an extreme points of A with respect
to co(A, Ja) for any A C S containing z;.

Proof. If z; is an extreme point of S with respect to co(S, Js), then
z; & co(S3, Ts;)-

If for some A C S containing x;, the vector x; were not an extreme point of A with
respect to co(A, Ja), then by Definition 3.5 and Lemma 2.11 we would have

x; € co(A, Ja) C co(Si, Ts;),

a contradiction. O

In the following examples we examine relationships between the sets E(S) and
Eco(95).

Example 3.7. Let S = {x1, 29,23} C R, where 2y = 0, 9 = 1, 3 = 4 and let
I = [05,2.5], I, = [~1.5,0.5], I = [0.5,2.5]. Obviously, co(S}, Js;) = [2.5,8.5],
co(S3, Js;) = {2}, co(S3, Ts;) = [—1.5,0.5] and co(S, Js) = [0.5,6.5].

Thus x; € co(S;, Js;) for i€ {1,2,3}
and therefore Eco(S) = S. Notice that here x5 € Eco(S) \ E(S5).

Example 3.8. Consider S = {x1, %o, 73,24} C R?, where 7; = (0,0), 2o = (1,0),
x3 = (1,1), x4 = (0,1) and let [} = (—o0,1], Iy = I3 = I; = [0,00]. By Theorem
2.8 co(S, Js) is the first quadrant. Clearly, co(S7, Js;) is the triangle with vertices
T, T3, 4. Again using Theorem 2.8 we get that co(53, Js;) is the region bounded
by the non-negative y-axis and the line y = x, co(S3, Js;) is the first quadrant and
co(S1, Js;) is the region bounded by the non-negative z-axis and the line y = z.
Thus, in this example we have Eco(S) = S5 and x5 € E(S) \ Eco(S5).
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Example 3.9. Let S = {z1, 79,735,714} C R? where z; = (—1,0), o = (1,0),

x5 = (0,v/3), 14 = (0, */?g) and let Iy = I, = I3 = [0,1] and I, = [*/52_3, 1]. The set
co(S, Js) is the nonagon shown in Figure 2. Obviously co(S%, Js;) = conv(Sy) and
xy € co(S1, Js;). It is easy to check that z; ¢ co(S;, Js;) for i = 1,2,3. Clearly

Eco(S, Js) = E(S) = Si. This example shows that it is possible to have

co(S, Ts) # co(Eco(S), Trco(s))-

Figure 2: The set co(S, Js) from Example 3.9

Example 3.10. Let S = {21, 29, 73,74} C R? where z; = (=1, 1), 25 = (1, —1),
x3 = (1,1), &y = (—1,1) and let [ = I = I3 = I, = R. Obviously we have
z; € co(S;, Ts:) = R? for i = 1,2, 3,4 and therefore Eco(S) = 0. O

Let S be a finite set in L and Jg be a family of intervals. We will say that the convex
interval hull co(S, Js) is absorbing if for any A C S the following implication is true

Vace A (a€co(A\{a}, Tatay) = co(A\{a}, Ta\iay) = co(A, Ta)).

One can easily check that the operators: conv and co(S, Js) in Examples 3.7, 3.8
and 3.10 are absorbing but co(S, Js) in Example 3.9 is not.

Theorem 3.11. Let S = {zy,...,xn} C L and Js = {L1,..., I} be a family of
intervals such that {0,1} C I; for j =1,...,m. Assume that co(S, Js) is absorbing,
then

Eco(S) = [ {A C S :co(A, Ja) = co(S, Ts)}, (28)
where I; € Ja if and only if x; € A.

Proof. To show (28) we start with checking if Eco(S) is contained in the intersec-
tion. Obviously the inclusion is true when Eco(S) = (). If Eco(S) # 0 take any
x € Eco(S). If for some B C S satistying co(B, Jg) = co(S, Js) we would have
x ¢ B then B would be a subset of S;. By Lemma 2.11 we would get

co(S, Js) = co(B, Jp) C co(Sk, Ts;) C co(S, Ts). (29)
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Now, by (29) we would have zj, € co(S, Js) = co(Sk, Js;). On the other hand, since
Ty is an extreme point with respect to co(S, Js) we would have

xy, & co(Sk, Ts;)
a contradiction.

Denote A = {A C S : co(A, Ja) = co(S,Ts)} and M = [.A. To prove the converse
inclusion take any x; € M. If z; ¢ Eco(S) then x; would not be an extreme point
with respect to co(S, Js) and therefore z; € co(S7, Js;). The assumption that {0,1}
is in every interval I; € Jg ensures that z; € co(S, Js). Since co(S, Js) is absorbing
we would have co(S3, Js;) = co(S, Js) and therefore S; € A. Because the point x;
belongs to every set in family A we would have z; € S;, a contradiction. [

Remark 3.12. The inclusion Eco(S) € ({A C S : co(A, Ja) = co(S,Ts)} was
proved without using the absorbing assumption of co(S, Js). This assumption was
only used to show that the converse inclusion in (28) holds true. Notice that without
this assumption equality (28) is not guaranteed. For instance, in Example 3.9 the
only subset A of S for which we have co(A, Ja) = co(S,Js) is S itself, but we
have Eco(S) = Si # S. Note that the convex interval hull co(S, Js) considered in
Example 3.9 is not absorbing and this is the only assumption which is not satisfied
there. Thus, the absorbing assumption in Theorem 3.11 is essential and becomes
natural in our next theorem. [

As a consequence of Theorem 3.11 we have the following Minkowski-Krein-Milman-
type theorem.

Theorem 3.13. Let S = {zy,...,xn} C L and Js = {l1,...,I,} be a family of
intervals such that {0,1} C I, for j =1,...,m. Assume that co(S, Js) is absorbing
and Eco(S) # 0, then

co(S, Ts) = co(Eco(S), jEco(S))- (30)
Proof. Let A be the family defined in the proof of Theorem 3.11. By Theorem 3.11

we know that Eco(S) C A for every A € A. We plan to show that Eco(S) is equal
to some set in A and this will be done in several steps.

Step 1: Of course A # ) because S € A. If Eco(S) = S we are done. If not, there
exists a point in S, say z1, which is not an extreme point with respect to co(S, Js).

Therefore for x; we have
x1 € CO(SL jSi)

which with the assumption that co(S, Js) is absorbing gives us
co(S1, Js;) = co(S, Ts). (31)
From (31) and (28) we get
Si€A and Eco(S) C S7. (32)

Step 2: If Eco(S) = S7 € A we are done. If not, in S7 there is a point, say s,
such that x5 € S7\ Eco(S). The same reasoning as was used for x; gives

3 € c0(S53, Js3) (33)
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and co(S3, Js;) = co(S, Ts) (34)
and also Sy € A and Eco(5) C Ss. (35)

Condition (33) allows us to write

m
Ty = 121 + Zai:vi € co(S3, Is;3),

=3

where a; € I;, 1 € 1,3,...,mand a; + > .- s a; = 1.
By (31) and (34) we have co(S1, Js;) = co(S3, Js;). Thus

m
Ty = a171 + Zai% € co(S1, Ts;).

1=3

Observe that the vector x5 and the corresponding interval I make no contribution
to the linear combination ayz1+ >, 5 a;x; belonging to co(S7, Js;). For that reason
this linear combination also belongs to co(S72, Js;;). Hence

x9 € co(S12, Tsis)- (36)

From (36) together with the absorbing assumption and the fact that S7 € A we
conclude

x9 € co(S12, Tsi;) = co(S13, Tsi3) = co(S1, Tsq) = co(S, Ts). (37)

Hence S12 € A. Now the observations in (32) and (35) together with (28) allow us
to summarize Step 2 in the following way

Eco(S) C SiNSs = Sis € A

Step 3: If Eco(S) = 573 € A we are done. If not, in S73 there is a point, say s,
such that z3 € S13 \ Eco(S). In a very similar way as in Step 2 we obtain

T3 = C1T1 + C2To + Z c;ix; € co(S3, JTs;) = co(S12, Tsis) (38)
i=4

for some numbers ¢; € I;, 1 € 1,2,4,...,msuch that ¢;+co+> "~ , ¢; = 1. The linear
combination from (38) belongs to co(S13, Js;;) and z3 and I3 make no contribution
to it. Therefore this combination also belongs to co(S133, Js;i33). Acting similarly
as in (37) we can conclude Step 3 with

Eco(S) C Si5N S5 = Siss € A.

The assumption that Eco(S) # () guarantees that a continuation of the procedure
described in Steps 1-3 leads to a conclusion that Eco(S) € A and proves equality
(30). The proof is complete. O
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