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The Chebyshev set of a bounded set K in a normed space is the set of centers of all minimal
enclosing balls of K. We use the concept of ball intersection and ball hull operators to derive
new properties of Chebyshev sets in normed spaces. These results give a better picture on
how Chebyshev sets, ball intersections, ball hulls, and completions of bounded sets are related
to each other. It is shown that the Chebyshev set of a bounded set K always contains the
Chebyshev set of some completion of K. Moreover, for a special class of sets we obtain a
necessary and sufficient condition that the Chebyshev set of the respective set is a singleton.
We obtain new results on critical sets of Chebyshev centers, and for that purpose, surprisingly,
notions from the combinatorial geometry of convex bodies play an essential role. Also we give
a complete geometric description of the ball hull of a finite planar set. This can be taken as
starting point for algorithmical constructions of the ball hull of such sets.
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1. Introduction

Let K be a bounded set in a finite dimensional real Banach (or normed) space.
The union of centers of all minimal enclosing balls of K is called the Chebyshev set
of K, and its elements are said to be the Chebyshev centers of K. Minimizing the
maximal distance to points from K, Chebyshev centers occur in Approximation
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Theory, Banach Space Theory, Location Science, and Computational Geometry;
see, e.g., (3], [4], [14], [15], [16], [1], and [2].

On the other hand, the notions of ball intersection and ball hull of given point sets
play an essential role in Banach Space Theory, Convex Analysis, and Classical
Convexity; see the recent contributions [26], [22], [33], and the references given
there. These concepts are also interesting from the purely geometric point of view,
because of their close relations to notions like circumballs, minimal enclosing balls,
complete sets, sets of constant width, and ball polytopes, and also due to their
importance for constructing such point sets; see [17], [1], [23, § 2], [22], [27], [28],
and [29].

In this paper we derive new results on Chebyshev sets and Chebyshev centers in
real Banach spaces of finite dimension via also new results on ball intersections
and ball hulls of bounded sets in such spaces. These results give a better picture
on how Chebyshev sets, ball intersections, ball hulls, and completions of bounded
sets are related to each other. In particular, we show that for arbitrary sets with
unique completion the Chebyshev set and the Chebyshev radius of this set and
of its completion coincide. Furthermore, we prove that the Chebyshev set of a
bounded set K always contains the Chebyshev set of some completion of K. In
Section 4 we investigate the so-called critical set for a given Chebyshev center,
i.e., the intersection of the boundary of the corresponding minimal enclosing ball
and the original set. It turns out that this set gives further information about the
respective Chebyshev set. Surprisingly, in connection with critical sets a basic
notion from the combinatorial geometry of convex bodies (namely that of inner
illuminating systems) plays an essential role. For the class of centrable sets we
derive a necessary and sufficient condition that the Chebyshev set is a singleton.
Finally, we give a complete geometric description of the ball hull of a finite set in
the plane. This can be used as starting point for algorithmical investigations in
this direction.

2. Notation and preliminaries

Let M¢ = (R%, || - ||) be a d-dimensional real Banach space, also called a normed
(or Minkowski) space. The unit ball B of M? is a compact, convex set with non-
empty interior (i.e., a convezr body) centered at the origin o, and the boundary
of B is the unit sphere of M. Any homothetical copy x + AB of the unit ball
is called the ball with center x € R and radius A > 0 and denoted by B(x,\),
its boundary is the respective sphere S(x,\). We use the usual abbreviations
int, relint, bd, and conv for interior, relative interior, boundary, and convexr hull.
The line segment connecting the different points p and ¢ is denoted by pgq, the
respective line by (p,q).

Let K be a bounded set in M¢. We denote by diam(K) := max{||z—y|| : x,y € K}
the diameter of K. A line segment pg with p, ¢ € K for which this maximum is
attained is said to be a diametrical chord of K. The A-ball intersection bi(K, \)
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Figure 2.1: Ch(K') does not belong to the convex hull of K

of K is the intersection of all balls of radius A whose centers are in K:

bi(K,\) =[] Bz, ).

zeK

The A-ball hull bh(K, \) of K is defined as the intersection of all balls of radius
A that contain K:
bh(K,\) = () Blx,N).
KCB(z,\)

Of course, these notions make only sense if bi(K,\) # () and bh(K,\) # 0, it is
clear that bh(K,\) # 0 if and only if A > Ak, where g is the smallest number
such that K is contained in a translate of A\xB. Such a translate is called a
minimal enclosing ball of K (or a circumball of K), and A is said to be the
minimal enclosing radius (or circumradius or Chebyshev radius) of K. Clearly,

we have
K CKy, = )\K1 < )\KQ' (1)

In the Euclidean subcase the minimal enclosing ball of a bounded set is always
unique, but this is no longer true for an arbitrary norm. It is easy to check that

{z € M?: 2 is the center of a minimal enclosing disc of K}

= bi(K, \g), 2)
yielding that bi(K,\) # () if and only if A > Ag. The set of centers of mini-
mal enclosing balls of K is called the Chebyshev set of K, and we denote it by
Ch(K). Relation (2) shows that the Chebyshev set of a bounded set is connected
and convex. A recent investigation on convexity properties of Chebyshev sets in
infinite dimensional normed spaces is [7]. The elements of Ch(K) are said to be
the Chebyshev centers of K. Note that, in contrast to the Euclidean situation,
in general the Chebyshev set of a bounded set does not necessarily belong to the
convex hull of this set. An example is shown in Figure 2.1.

According to Theorem 1 in [14], if every bounded set of a normed space M?
contains a Chebyshev center in its convex hull, then d = 2 or, for d > 3, M? is
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Euclidean. The best geometric description of the Chebyshev set of a set K known
until now is the fact that Ch(K) is contained in the (diam K)-ball intersection of
K (see [6, Theorem 3.3]).

In what follows, when we speak about the A-ball intersection or A-ball hull of a
set K, we always mean that A > Ag. It is easy to check that

A < diam K < 2\g; (3)

see also [6]. If A = diam K, then we simply say ball intersection and ball hull of
K, denoting them by bi(K') and bh(K), respectively.

The supremum of all Ag, where K is a bounded set of diameter 2, is Jung’s
constant J).| of the considered normed space, i.e., Jj is the smallest number
such that a ball of that diameter can cover any set of diameter < 1.

3. Properties of the operators ball hull and ball intersection

Immediately from the definition of the ball intersection we get
bi ((J &, A) = (bi(K; ) (4)
J J

with A > diam({J, K).

Our first proposition shows that the ball intersection operator is non-increasing
with respect to sets, and non-decreasing with respect to radii. Conversely, the
ball hull operator is non-decreasing with respect to sets, and non-increasing with
respect to radii. The Euclidean subcase of the last statement is used by Edels-
brunner (see [12, p. 309]) for approximating the shape of a given point set.

Proposition 3.1.

K CKy— bl(Kl, )\) D) bl(KQ, )\) and bh(Kl, /\) - bh(Kg, /\)7 (5)

Proof. The inclusions in (5) and the first inclusion in (6) follow directly from the
definitions of ball intersections and ball hulls. Thus, only the second inclusion
in (6) has to be proved. Let y € bh(K, A2), and we suppose that there exists
B(z, A1) such that K C B(xz,\) and y ¢ B(x, ). Let 2’ be a point in (z,y)
and such that Ay — A\ = ||z — 2'|| < ||y — 2’||. We prove the following for the ball
B(x', \y):

(i)  B(z, A1) C B(2/, A\2) and

(i) vy ¢ B, Aa).

Indeed, if z € B(xz, A1), then ||z —2/|| < ||z —z[[+ [lz —2/|| < A+ Xa — A1 = Ao

and ||y —2'|| = |ly — z|| + ||z — 2| = ||y — z|| + A2 — A1 > Xo. Hence there exists
a ball B(2’, Ay) which contains K such that y ¢ B(z’, \2), a contradiction. — [J
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From [32, Proposition 2.1.1] we have the following
Proposition 3.2. Let K be a set in a normed space. Then

(i) bh(K) = bi(bi(K), diam(K)),
(i) bi(K) = bi(bh(K), diam(K)).

Note that if A > diam K, then we have the inclusions
K C bh(K,\) Cbi(K, ). (7)

The first inclusion follows immediately from the definition of the ball hull. For the
second inclusion we take x € bh(K, \). Thus z belongs to all balls B(y, A) which
contain K. If y is an arbitrary point from K, then B(y, ) O B(y, diam(K)) 2 K.
Therefore every ball with radius A and center from K contains K.

If A = diam K, then
K Cbh(K) C K° C bi(K), (8)

where K¢ is a completion of K, i.e., a complete set that contains K and has
the same diameter. (Recall that a set in M? is said to be complete if it cannot
be enlarged by additional points without increasing its diameter.) The inclusion
bh(K,\) € K¢ was given in the proof of Theorem 5 in [17]. The completeness
of a set K is equivalent of the fact that K = bi(K); see [13, p. 167, (E)]. It also
known that completeness and constant width are equivalent in the Euclidean
subcase and in every two-dimensional normed space. (For the definition and
many properties of sets of constant width in normed spaces we refer to Section 2
of the survey [23].) In a normed space of dimension at least three, constant width
implies completeness, but not vice versa; cf. [13] and [23, pp. 98-99].

The next statement shows relations between the notions of ball hull, ball inter-
section and completion of a given set.

Proposition 3.3. Let K be a bounded set in a normed space. Then
bh(K) = m(all completions of K) 9)

and

bi(K) = U(all completions of K). (10)

Proof. First we prove (10). Due to (8) we only need to check whether for every
point z of bi(K) there exists a completion of K such that x belongs to this
completion. Since x € bi(K), for any point y of K the inequality ||z — y|| <
diam(K') holds. This means that diam(K (J{z}) = diam(K), and there exits a
completion K¢ of the set K |J{x} which is also a completion of K.

Statement (9) follows from (10) and (4). O

Remark 3.4. The Euclidean planar subcase of Proposition 3.3 was proved by
Bavaud; see [8, Theorem IV]. Another proof of this statement was given by
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Moreno in [25]; see Proposition 2 there. Note that in that paper, as well as
in the papers of Moreno and Schneider cited here, the notation n(K) and 6(K),
respectively, for ball intersection and ball hull of K is used. In fact, §(K) is
defined as Nyep(r)B(2, diam K). Due to Proposition 3.2 (i), the latter is the ball
hull bh(K). In [27] and [28] Moreno and Schneider call bi(K) and bh(K), respec-
tively, the wide spherical hull and the tight spherical hull of K. Also we note
that Baronti and Papini used in [6] the notation K’ for ball intersection and K¢
for ball hull of K.

The first corollary of Proposition 3.3 follows immediately from (10).

Corollary 3.5. FEvery ball with radius A\ = diam K and center from K which
contains K also contains any completion of K.

As it was announced in Section 2, we have that Ch(K) C bi(K); see [6, Theorem
3.3]. This fact and (10) from Proposition 3.3 yield

Corollary 3.6. Let B(x, \k) be a minimal enclosing ball of a set K. Then there
exists a completion K¢ of K which contains x.

For the next considerations we need Theorem 3.5 from [6] which says: for every
ball of radius A > %diam K which contains K there exists a completion K¢ of K
contained in this ball. This theorem immediately implies

Lemma 3.7. Let B(x, k) be a minimal enclosing ball of K. Then B(x, \k)

contains some completion K¢ of K.

Proposition 3.8. Every minimal enclosing ball of a set K contains its ball hull.

Proof. This follows from Lemma 3.7 and (8). O

Lemma 3.9. For any bounded set K C M? there exists some completion K¢ such
that the relations A\ = Age and Ch(K¢) C Ch(K) hold.

Proof. By Lemma 3.7 and inequality (1) there exists a completion K¢ with the
first relation. In view of Ch(K) = bi(K, A\k), Ch(K°) = bi(K*° A\g), and (5) we
get Ch(K°) C Ch(K). O

Lemma 3.10. For any bounded set K C M and x € Ch(K) there exists some
completion K¢ such that x € Ch(K°).

Proof. Let # € Ch(K). By Lemma 3.7 there exists a completion K¢ contained
in B(z, A\) with Age = Ag. Therefore, ||z — y|| < Age for every y € K¢ and
x € NyexeB(y, Axe). We conclude that z € bi(K°, Age) = Ch(K°). O

The next theorem gives a relation between the Chebyshev set of a set and the
Chebyshev sets of its completions.
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Figure 3.1: A set K and a completion K°

Theorem 3.11. For any bounded set K C M the inclusions
[ Ch(K°) € Ch(K) C | JCh(K")
hold.

Proof. The first inclusion follows by Lemma 3.9 and the second one by Lemma
3.10. 0

Note that the equality Ch(K) = UCh(K°) is not true in general. If we consider
in R? the normed space with unit ball as in Figure 3.1 (left), then the Chebyshev
set of the set K = {(x,y) € B(0,1) : x —y < 0} is the point (0,0), but the
Chebyshev set of the completion K¢ shown in Figure 3.1 (right) is not this point.
It should also be noticed that the location of the Chebyshev set of a bounded
set as given in Theorem 3.11 sharpens the inclusion Ch(K) C bi(K) given in [6,
Theorem 3.3]. Indeed, by Ch(K) C bi(K) and (5), we have

LJCh(x©) € | bi(K*, diam(K°))
= | Jbi(K*, diam(K)) C | Jbi(K) = bi(K).

The last corollary of this section follows immediately from Theorem 3.11.

Corollary 3.12. If K is a bounded set with unique completion K¢, then the
relations A\x = Age and Ch(K) = Ch(K¢) hold.

It should be noticed that the class of sets with unique completion is relatively
large and well studied; see [23] and the references given there. We hope that
Corollary 3.12 will be of importance for further investigations of Chebyshev sets
and Chebyshev radii of sets from this class. Due to this corollary, one does not
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Figure 3.2: Ch(K) does not intersect the convex hull of K

have to investigate these notions for an arbitrary set from this class. It is sufficient
to study them only for complete sets.

Remark 3.13. We would like to comment the chain (8) of inclusions as fol-
lows. For a bounded convex set K, in general Ch(K) ¢ K; see again Theorem
1 in [14]. According to [6, Theorem 3.3] we have that Ch(K) C bi(K) and,
more precisely, Corollary 3.6 implies that there exists a completion K¢ of K
with Ch(K) C K¢ Moreover, in general normed spaces there exist sets whose
Chebyshev sets do not necessarily intersect their convex hull. In Figure 3.2 a set
with this property is shown. Consider the maximum norm in R®. Then the set
K = {(1,1,0),(1,0,1),(0,1,1)} has only one Chebyshev center which does not
belong to the convex hull of these points. It is easy to construct a similar example
with non-empty interior.

4. Critical sets

Let B(z,A\k) be a minimal enclosing ball of a set K. The set of all boundary
points of K which belong to bd B(x, Ak) is called the critical set of K with
respect to x and denoted by cr(K,z). The elements of cr(K,x) are said to be
critical points. The notion of critical set was introduced by Garkavi in [15],
and it turns out that such sets yield important information on Chebyshev sets.
E.g., via critical points we can completely clarify, for the class of centrable sets,
whether or not the Chebyshev set is a singleton; see Proposition 4.7. Sets K with
the property diam K = 2\i are called centrable sets. In other words, a set is
centrable if the second inequality in (3) is an equality for it. Centrable sets are
treated, e.g., in [30], where real Banach spaces with the property that every finite
set is centrable are characterized.

Theorem 4.1. Let there be given a non-centrable compact conver set K in a
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Figure 4.1

normed plane M?, and B(x, k) be a minimal enclosing ball of K. Then there
exist m € {2,3} points t1,...,t, € cr(K,x) being the vertices of an (m — 1)-
simplex such that

x € relint(conv(ty, ..., ty)).

Proof. By Lemma 2.2 in [11], there exist m critical points ty, ..., t,, (m € {2,3})
such that the minimal enclosing radius of the set S = conv(ty,...,t,) is Ak.

If m =2 and S = conv(ty,ty), then © € B(t1, A\x) N B(ta, Ax). The intersection
of these two balls has no interior points, because in that case there exists a ball
containing t; and ¢, with radius smaller than Ag. Therefore (see [24, Section
3.3]), the intersection is a segment and K is centrable due to ||t; — t2]] = 2Ak.

Let us assume that m = 3 and S = conv(t, ta, t3). The center = of any minimal
enclosing ball can belong to some of the regions Ky, K;, K; or K3 shown in
Figure 4.1; these are bounded by the lines meeting the midpoints of ¢, t5, t1, t3
and to, 3 (see [1] and [2]). If x € Ky, the proof is finished. Let us assume that x
belongs to K (the cases x € Ky or x € Kj are similar to this one). The situation
is like in Figure 4.2 (see again [1] and [2]), where #; (i € {1,2,3}) is symmetric to
t; with respect to x. Therefore conv(ty, ta, ts, t], t), t5) belongs to B(x, A\k).

Let 2’ be the translate of x in direction t3—t, such that 2’ lies on (to,t3). It is clear
that ||t; — t2]] < 2A\g. K would be centrable if equality holds. In the other case,
B(2', Ak ) contains S and there exists a ball of radius A < Ax which also contains
S. Therefore, A\ is not the minimal enclosing radius of S, a contradiction. [

As an immediate consequence of Theorem 4.1 we have a statement which com-
pletely clarifies the location of Chebyshev sets of non-centrable planar sets.

Corollary 4.2. If K is a non-centrable set in a normed plane, then the Cheby-
shev set of K belongs to the relative interior of the convex hull of K.
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Figure 4.2

The following notion from the combinatorial geometry of convex bodies is also
related to our investigations:

A subset P of the boundary of a convex body K is called an inner illuminating
system of K if for every x € bd K there exists at least one p € P such that the
line segment pT meets the interior of K cf. [10, § 34].

As Figure 4.3 shows, Theorem 4.1 is not true in dimensions at least three. More-
over, it is not true that every convex body has a minimal enclosing ball with the
property described in Theorem 4.1. Otherwise, every bounded set would have a
Chebyshev center belonging to its convex hull. This contradicts Theorem 1 in [14]
saying that this is only possible when the underlying normed space is of dimen-
sion 2 or, for any dimension d > 3, when it is Euclidean. But if for a Chebyshev
center points tq,...,t,, exist as in Theorem 4.1, then these points form an inner
illuminating system of the respective convex body. Since such systems are well
studied in the combinatorial geometry of convex bodies, we are motivated for the
next definition. Let K be a convex body in a normed space M¢ with Chebyshev
center x having the following property: for some m € {2,...,d + 1} there exist
m points 1y, ..., t, € cr(K,x) being the vertices of an (m — 1)-simplex such that

z € relint(conv{ty,..., tm}).

Then x is called a meanstream Chebyshev center of K. Our Theorem 4.1 shows
that all Chebyshev centers in the planar case are meanstream. If x is a mean-
stream Chebyshev center of K, then the smallest integer m with the above prop-
erty is called the degree of z, and the system {t1,...,t,} is said to be a base
system of x.

The next proposition follows directly from the definition of the degree of a
meanstream Chebyshev center.

Proposition 4.3. Let K be a bounded set in a normed space M?®. Then K is
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Figure 4.3: Ch(K') does not belong to relint(K)

centrable if and only if it has a meanstream Chebyshev center of degree 2.

If K is centrally symmetric, then a subset of bd K is said to be global if it is not
contained in any closed halfspace whose bounding hyperplane passes through the
center of K; see [19].

Proposition 4.4. Let K C (R || -||) be a convex body having a meanstream
Chebyshev center x of degree m with base system {pi,...,pm}. Then the set

{p1,- .., pm} is an inner illuminating system of the minimal enclosing ball B(x, Ak )
of K.

Proof. We fix some point p;. The only points of bd B(z, Ax) not inner illumi-
nated by p; are those which belong to a proper face of B(z, Ag). But not all
P1,-- ., Pm belong to such a proper face. [

Analogously we get

Proposition 4.5. Let K C (RY, || - ||) be a convex body with meanstream Cheby-
shev center x of degree d + 1 and base system {p1,...,pay1}. Then cr(K, z) is
global, and {p1,...,par1} is an inner illuminating system of K.

It is now our aim to clarify when, for a given centrable set K, Ch(K) is a singleton.
For that reason we need some basic notions referring to the face structure of a
convex body. First we recall that a boundary point ¢ of a convex body K is called

an extreme point if it is not in the relative interior of any line segment belonging
to K.

It should be noticed that if x is a meanstream Chebyshev center of a centrable
set K with base {p1,p2}, then x = %(pl + po) and A = %le — pa|l.

Proposition 4.6. The Chebyshev set of two different points p1 and ps is a single-
ton if and only if py (and therefore py) is an extreme point of B(5(p1+p2), 5|lp1 —
pall)-
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Proof. Let p; be an extreme point. Assume that there exists a Chebyshev center
x+wv,v#0, of {p1,pe} different to . Then

20k = [lpr = poll < llp1 = (@ + )| + [Ip2 = (= + V)| < 2A,

where K = {p1, p2}. This is only possible when ||p; — (z +v)|| = ||p2 — (z+ )| =
Ak. Hence the points p; — v and p; + v are from bd B(x, A\g), a contradiction.
The proof of the converse can be omitted. O

Proposition 4.7. Let K be a centrable set in a normed space M. The Chebyshev
set of K is a singleton if and only if K has a Chebyshev center x with base system
{p1,p2} such that py (and therefore py) is an extreme point of B(x, \k).

Proof. Since K is centrable, by Proposition 4.3 there exist a Chebyshev center x
and two points {p;, p2} € cr(K,x) such that = € relint(conv{py, po}). Therefore,

D Y M and p; is the point symmetric to p, with respect to x.

Let us assume that Ch(K) is a singleton. If p; and ps are not extreme points of
B(z, A\k), then both p; and py belong to parallel segments with direction v which
are contained in the boundary of B(x,\x). Let us consider parallel support
hyperplanes of B(z, A\k) at p; and at ps which contain the direction v. Moving
the center x in the direction v, it is possible to find a new Chebyshev center of
K, a contradiction.

Let us assume that p; and py are extreme points of B(z, Ag). Since z = ’%

and A\ = M, Proposition 4.6 yields Ch({p1,p2}) = x and Ay, o} = Ak. As
{p1,p2} C K, by (5) we obtain that

z = Ch({p1,p2}) = bi({p1, p2}, Ax) 2 bi(K, Ax) = Ch(K) O

5.  On ball hulls of finite sets in the planar case

As Proposition 3.8 shows, the ball hull of a set occurs when studying minimal
enclosing balls, giving also motivations for more precise descriptions of ball hulls
of planar finite sets. Some authors make use of the ball hull in the Euclidean
plane (also known as the a-hull or the circular hull) for developing algorithms in
combinatorial geometry (e.g., [12, p. 309]) and cluster analysis (e.g., [20], [21],
[31]). In this section, we hope to present the foundations of similar algorithms for
general norms. For our considerations we need the following lemma which goes
back to Griinbaum [18] and Banasiak [5]; see also [24, § 3.3].

Lemma 5.1. Let M? be a normed plane. Let C C M? be a compact, convex disc
whose boundary is the closed curve v; v be a vector in M?; C' + v be a translate
of C" with boundary . Then v N~ is the union of two segments, each of which
may degenerate to a point or to the empty set.

Suppose that this intersection consists of two connected non-empty components
Ay, As. Then the two lines of translation supporting C N C" intersect C N C’
exactly in Ay and As.
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Choose a point p; from each component A; and let ¢; = p; —v and ¢, = p; +v for
i =1,2. Let ; be the part of v on the same side of the line (p1,p2) as ¢; and ca;
let vo be the part of vy on the side of (p1,ps) opposite to c; and co; and similarly

for %, 4, and %,
Then o C conv(~yy) and 5 C conv(~y).

Let p and ¢ be two points of the circle S(z,A). In the following, the minimal
circular arc of B(x, \) meeting p and q is the piece of S(x, \) with endpoints p
and ¢ which lies in the half-plane bounded by the line (p,q) and not containing
the center x. If p and ¢ are opposite in S(x,\), then the two half-circles with
endpoints p and ¢ are minimal circular arcs of S(x,\) meeting p and ¢. In the
following, we suppose for simplicity A = 1. We denote a minimal circular arc
meeting p and ¢ by pq.

With Lemma 5.1 we can prove a generalization of Lemma 4.1 in [20].

Lemma 5.2. Let M? be a normed plane with unit disc B and points p,q € B
satisfying lp— qll < 1.

(1) Ifp,q € S(o,1) and there ezists another circle S(x, 1) through p and q, then
either the origin o and x are in different half-planes with respect to the line
(p,q), or the segment pq belongs to S(x,1) N S(o,1).

(2)  Any minimal circular arc of radius 1 meeting p and q also belongs to B.

(3) If a circular arc meeting p and q is contained in B such that it contains
interior points of B, then this arc is a minimal circular arc.

Proof. (1) Let v be the vector p—gq. Let us assume that x and o are in the same
half-plane with respect to the bounding line p + v (if  and o are in different
half-planes defined by the line p + Av, A € R, then nothing has to be proved).

Case 1: The point x lies between the lines o + Av and p + Av, A € R. The point
x is not from og since ||¢ — o|| = ||¢ — z|| = 1. For similar reasons, x is not from
op. If z is in the interior of the triangle defined by o, p and ¢, then S(p, 1) is not
a convex curve, since o and x are in S(p,1) and ¢ € B(p,1). If  is not in the
triangle defined by o, p and ¢, let us suppose that z and p are in different half-
planes with respect to (o,q) (the argument is similar if x and ¢ are in different
half-planes with respect to (o, p)). The points x4+ p, £+ ¢, p, and ¢ are in S(x, 1),
but the two pairs of points (x + p,z + ¢) and (p, q) define two parallel segments.
Therefore the four points are in the same line, and the segment pg is in S(z, 1).

Case 2: The origin o lies between the lines x + Av and p + Av, A € R. We can
argue like in Case 1, exchanging the role of x and o, because the roles that o and
x play in this part of the Lemma are symmetric.

(2) Let us consider a minimal circular arc of radius 1 meeting p and ¢, and
let S(x,1) be the circle that contains this arc. The curves C' = S(o,1) and
C" = S(z, 1) verify the hypothesis of Lemma 5.1. Let p;, 7; and ~/ (with i = 1,2)
be as in Lemma 5.1. There exist two points p; and py such that the component
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74 is maximal. Then the points p and ¢ and the minimal circular arc meeting p
and ¢ are in 5. By Lemma 5.1 we have 7} C conv(vy;) € B(0,1).

(3) Let us assume that p and ¢ are in B, |p — ¢|| < 1, and that there exists
an arc meeting p and ¢ which has points in int B. Let B(z,1) be the ball such
that the arc is in S(z,1). We have x # o, because there are points of the arc
in int B. The set S(o,1) N S(z,1) is the union of two segments, each of which
may degenerate to a point or to the empty set. If the intersection consists of two
connected components A; and A,, we can choose two points p; € A; and py € A,
like in Lemma 5.1 such that there is a maximal component v, of S(x,1) defined
by p; and p, and satisfying the following: it is inside B, and the other component
of S(z,1) has only the two points p; and p, in B. The points p and ¢ are in B,
and the minimal arc of S(z,1) meeting p and ¢ is also in B, by the above result.
Then this minimal arc is in 5. Therefore, the other arc defined in S(z,1) by p
and ¢ has points outside of B. O]

Let p and ¢ be two points such that ||p — ¢|| < 1. By part (1) of Lemma 5.2,
there exist only two minimal arcs meeting p and ¢ (which may degenerate to the
segment pq if the centers of the unit balls are in the same half-plane).

From part (2) of Lemma 5.2 we get immediately

Lemma 5.3. Let K = {p1,pa,...,pn} be a finite set in a normed plane M? hav-
ing diameter 1. Then any possible unit ball B(x, 1) which contains K also contains
every minimal circular arc of radius 1 meeting p; and p; (1,5 =1,2,...,n).

We continue with a further lemma.

Lemma 5.4. Let pi, ps and ps be three points in a normed plane M? such that
||pi _ij <1 (Zv] S {17273}) and

° there exists a point 1o and a minimal circular arc pips contained in S(x12,1)
such that ps is an interior point of B(z12,1),
° there exists a point xo3 and aminimal circular arc psps contained in S(x3,1)

such that py is an interior point of B(xa3,1),
° p1, P2 and p3 are not in a line.

Then p, ¢ CODV(@,]?st) and ps ¢ COHV(@7P1PZ)'

Proof. Let us assume that ps € conv(pips, P1pz). Since p; is an interior point of
B(x23,1), then S(x93,1) meets PPz or pipz in a point different from p,. In any
case, the arc pips is not contained in B(zg3,1), in contradiction to Lemma 5.3.
For similar reasons, p; ¢ conv(paps, P2p3)- O

Proposition 5.5. Let K = {p1,ps,...,pn} be a finite set in a normed plane M?>
having diameter 1. Then
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where B(x;, 1), 1 =1,2,...,k, are balls which contain K, and their spheres contain
some minimal arcs meeting points of K.

Proof. We fix the clockwise orientation of a closed curve in M? as negative
orientation of that curve. Jung’s Theorem (see, e.g., [9]) guarantees the existence
of a ball B(z1,1) such that K C B(zy,1). After translating and renaming the
points if necessary, we may assume that

° S(z1,1) contains two points py,ps € K,
the circular arc starting in p; with negative orientation and ending in ps is
a minimal circular arc,

. there is no other minimal circular arc in S(z1,1) meeting points of K and
being larger than the minimal circular arc meeting p; and ps.

The set K has diameter 1, hence K is contained in B(py,1) N B(p2, 1) N B(z1, 1).
Starting in z = z7, we move z along S(p2,1) in the negative direction. Let x5
denote the first position of z such that one of the following conditions is verified:

(1) There is a new point ps € S(x9,1) such that
e the circular arc in S(x9, 1) starting in py with negative orientation and
ending in p3 is a minimal circular arc,
e there is no other minimal circular arc in S(zg, 1) meeting points of K
and being larger than the minimal circular arc meeting p, and ps,
(2)  p1 € S(xq,1) with x5 from the other half-plane defined by the line (py, p2).

In both cases, we consider the set A = B(x1,1) N B(x2,1). Since z moves contin-
uously in S(p2, 1), A contains K.

If p; € S(xq,1) with x5 in the other half-plane defined by (p;, p2), then A is the
ball hull of K by
ﬂ B(z,1) C A,

KCB(z,1)

since A can be represented as intersection of balls B(z;, 1) which contain K.
Moreover, the boundary of A is generated by minimal arcs meeting points of K.

Thus
Ac () Bl

KCB(x,1)

If there exists a new point p3 € S(z2,1), K is contained in B(p1,1) N B(pe,1) N
B(ps, 1)N B(z1,1) N B(xs,1). Starting in z = x9, we move z along S(ps, 1) in the
negative direction. Let x3 be the first value of z such that one of the following
conditions is verified:

(1) There is a new point py € S(x3,1) such that
e the circular arc in S(x3, 1) starting in p3 with negative orientation and
ending in p4 is a minimal circular arc,
e there is no other minimal circular arc in S(z3, 1) meeting points of K
and being larger than the minimal circular arc meeting ps and py.
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(2)  p1€ S(as,1).
In both cases, we consider the set A = B(xy,1) N B(xg,1) N B(xs,1). Since z
moves continuously in S(ps3, 1), A contains K.

If p; € S(z3,1), then A is the ball hull of K by

(| B(z.1) C A,

KCB(z,1)

since A is an intersection of balls B(x;, 1) which contain K. Moreover, the bound-
ary of A is generated by minimal arcs meeting points of K. Thus

Ac () Bl

KCB(z,1)

If there is a new point p4 in the above conditions, the process continues in the
same way, and it is finite because the number of points p; is finite. In this process,
starting in pj;, it is not possible to get a point p; with 1 <4 < j, due to Lemma
5.4. At the end of the process, we obtain that the set A = ﬂle B(z;,1) is the
ball hull of K because it is the intersection of unit balls which contain K, and its
boundary is generated by minimal arcs meeting points of K. O]

From Lemma 5.3 and the proof of Proposition 5.5 we obtain

Theorem 5.6. Let K = {p1,p2,...,pn} be a finite set in a normed plane M?>
having diameter 1. Let p;p; denote a minimal circular arc of radius 1 meeting p;
and p;. Let H be the set of all balls of radius 1 such that their boundary contains
a circular arc meeting points from K. Then

bh(K) = ﬂ B(z,1) = conv < O @) :

KcB(z,1)CH i,7=1

References

[1] J. Alonso, H. Martini, M. Spirova: Minimal enclosing discs, circumcircles, and
circumcenters in normed planes, Part I, Comput. Geom. 45 (2012) 258-274.

[2] J. Alonso, H. Martini, M. Spirova: Minimal enclosing discs, circumcircles, and
circumcenters in normed planes, Part II, Comput. Geom. 45 (2012) 350-369.

[3] D. Amir, Z. Ziegler: Relative Chebyshev centers in normed linear spaces I, J.
Approx. Theory 29 (1980) 235-252.

[4] D. Amir, Z. Ziegler: Relative Chebyshev centers in normed linear spaces II, J.
Approx. Theory 38 (1983) 293-311.

[5] J. Banasiak: Some contributions to the geometry of normed linear spaces, Math.
Nachr. 139 (1988) 175-184.

[6] M. Baronti, P. L. Papini: Diameters, centers and diametrically maximal sets, Rend.
Circ. Mat. Palermo, Suppl. 38 (1995) 11-24.



P. Martin, H. Martini, M. Spirova / Chebyshev Sets and Ball Operators 617

[7] J. M. Borwein: Proximality and Chebyshev sets, Optim. Lett. 1 (2007) 21-32.

[8] F. Bavaud: Adjoint transform, overconvexity and sets of constant width, Trans.
Amer. Math. Soc. 333 (1992) 315-324.

[9] V. Boltyanski, H. Martini: Jung’s theorem for a pair of Minkowski spaces, Adv.
Geom. 6 (2006) 645—650.

[10] V. Boltyanski, H. Martini, P. S. Soltan: Excursions into Combinatorial Geometry,
Springer, Berlin (1997).

[11] R. Brandenberg, S. Kénig: No dimension independent core-sets for containment
under homothetics, in: Proc. Symposium on Computational Geometry (Paris,
2011), H. Ferran et al. (ed.), ACM, New York (2011) 464-471.

[12] H. Edelsbrunner: Algorithms in Combinatorial Geometry, EATCS Monographs on
Theoretical Computer Science 10, Springer, Berlin (1987).

[13] H. G. Eggleston: Sets of constant width in finite dimensional Banach spaces, Israel
J. Math. 3 (1965) 163-172.

[14] A. L. Garkavi: On the Cebysev center and convex hull of a set, Usp. Mat. Nauk
19(6) (1964) 139-145 (in Russian).

[15] A. L. Garkavi: Minimax balayage theorem and an inscribed ball problem, Mat.
Zametki 30(1) (1981) 109-121 (in Russian); Math. Notes 30(1-2) (1982) 542-548
(in English).

[16] P. Gritzmann, V. Klee: Inner and outer j-radii of convex bodies in finite-
dimensional normed spaces, Discrete Comput. Geom. 7 (1992) 255-280.

[17] H. Groemer: On complete convex bodies, Geom. Dedicata 20 (1986) 319-334.

[18] B. Griinbaum: Borsuk’s partition conjecture in Minkowski planes, Bull. Res. Coun-
cil Israel, Sect. F 7 (1957) 25-30.

[19] B. Griinbaum: Fixing systems and inner illumination, Acta Math. Acad. Sci. Hung.
15 (1964) 161-163.

[20] J. Hershberger, S. Suri: Finding tailored partitions, J. Algorithms 12 (1991) 431-
463.

[21] J. Hershberger: A faster algorithm for the two-center decision problem, Inf. Pro-
cess. Lett. 47 (1993) 23-29.

[22] H. Martini, M. Spirova: On the circular hull property in normed planes, Acta
Math. Hung. 125 (2009) 275-285.

[23] H. Martini, K. J. Swanepoel: The geometry of Minkowski spaces - a survey, Part
II, Expo. Math. 22 (2004) 93-144.

[24] H. Martini, K. J. Swanepoel, G. Weiss: The geometry of Minkowski spaces - a
survey, Part I, Expo. Math. 19 (2001) 97-142.

[25] J. P. Moreno: Porosity and unique completion in strictly convex spaces, Math. Z.
267 (2011) 173-184.

[26] J. P. Moreno, R. Schneider: Continuity properties of the ball hull mapping, Non-
linear Anal. 66 (2007) 914-925.

[27] J. P. Moreno, R. Schneider: Diametrically complete sets in Minkowski spaces,
Israel J. Math., to appear.



618 P. Martin, H. Martini, M. Spirova / Chebyshev Sets and Ball Operators
[28] J. P. Moreno, R. Schneider: Local Lipschitz continuity of the diametric completion
mapping, Houston J. Math. 38 (2012) 1207-1223.

[29] M. A. Perles, H. Martini, Y. S. Kupitz: Ball polytopes and the Vaszonyi problem,
Acta Math. Hung. 126 (2009) 99-163.

[30] T. S. S. R. K. Rao: Chebyshev centers and centrable sets, Proc. Amer. Math. Soc.
130 (2002) 2593-2598.

[31] M. Sharir: A near-linear algorithm for the planar 2-center problem, Discrete Com-
put. Geom. 18 (1997) 125-134.

[32] M. Spirova: Discrete Geometry in Normed Spaces, Siidwestdeutscher Verlag fiir
Hochschulschriften, Saarbriicken (2011).

[33] P. Teran: Intersections of balls and the ball hull mapping, J. Convex Analysis 17
(2010) 277-292.



