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Abstract

An important property within the linear theory of best L!-approximation, the so-called
Property A, is discussed. Indeed, this property characterizes all finite-dimensional Ll(u)-
unicity subspaces of continuous functions with respect to measures p of a big class. Moreover,
some extensions are considered: Property A¥, characterizing those subspaces where the sets
of best L!(p)-approximations have at most dimension k, and Property Aper characterizing
L' (u)-unicity subspaces of continuous periodic functions.

1 Introduction

In this paper we give a survey on relevant results during the period 1975-2012 concerning best L!-approximation from
finite-dimensional subspaces of real-valued continuous functions. The central role plays Property A characterizing all
unicity subspaces. We also discuss some extensions, Property A* characterizing all subspaces with Chebyshev rank k,
and Property Aper characterizing all unicity subspaces of continuous periodic functions.

To introduce the approximation problem of interest, assume that K is a compact subset of R? (d > 1) such that
K = int K (the closure of its interior), and let G denote a finite-dimensional subspace of C(K), the linear space of
real-valued continuous functions defined on K. Moreover, let a set W of measures be given by

W ={p:dp=wd\ we L*(K), essinfw >0 on K}

(X denotes the Lebesgue measure on RY). For € W, let us define the weighted L' (u)-norm | - ||, by

11 =/\f|du (f € C(K)).

Let C1(K, 1) denote the linear space C'(K) endowed with norm || - .. If G is a finite-dimensional subspace of C1 (K, ),
then go € G is called a best L*(u1)-approzimation of f € C(K) from G if ||f — goll. < ||f — gllu for every g € G. P4(f)
denotes the set of all best L'(u)-approximations of f from G.

It is well-known that, for each f € C(K), P5(f) is a non-empty, convex and compact subset of G. We say that
PL(f) has dimension k (0 < k < dim G), denoted by dim P5(f) = k, if there exist functions go, ..., grx in P5(f) such
that {g; — go}le are linearly independent and k is maximal under this property (this corresponds to the dimension of
the smallest affine subspace of G containing P& (f)). If PL(f) is a singleton, then dim P£5(f) = 0.

Moreover, we say that G is k-convez (or G has Chebyshev rank k) with respect to p (0 < k < dim G), denoted
by cr(G,u) = k, if dim P4(f) < k for every f € C(K), and there exists an f € C(K) such that dim P4(f) = k. If
cr(G,p) = 0, then every f € C(K) has a unique best L'(u)-approximation from G, i.e., G is a unicity subspace for
C1(K, p). Finally, we say that G has Chebyshev rank k with respect to W or, for brevity, G has Chebyshev rank k, if

cr (G) = ;I;ne% cr (G, p) = k.

Many of the results stated in this survey are due to Andras Kroé. His research was a strong motivation for the author
of this paper to study problems of best L'-approximation during a long period.

2 Property A

Property A plays a central role in the theory of best L'-approximation.
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Definition 2.1. Let G be a finite-dimensional subspace of C'(K). Then G is said to satisfy Property A (or G is an
A-space), if for every go € G\ {0} and every function ¢ such that ¥» = 0 on Z(go), || = 1 and % is continuous on
K\ Z(go), there exists a g € G(go) \ {0} satisfying g > 0 on K.

Here Z(go) denotes the set of zeros of go, and G(go) is defined by G(go) = {g € G: g =0 a.e. on Z(go)}.

The actual version of Property A was established by Kroé [3]. It is based on a Condition A given by Strauss [29] for
K = [a,b] and p = A, the Lebesgue measure. Strauss proved the following statement.

Theorem 2.1. Let G be a finite-dimensional subspace of Cla,b] satisfying Condition A. Moreover assume that each g € G
has only finitely many separated zeros. Then G is a unicity subspace for C1([a,b], \).

Using this condition Strauss verified that subspaces of polynomial splines with simple knots are unicity subspaces for
C1([a, b], A). In [18], [19] we showed that subspaces of generalized spline functions, including subspaces of polynomial
and Chebyshevian splines and subspaces of piecing together Haar systems, also satisfy Condition A.

Thm. 2.1 was the key result for extensive studies on existence and characterization of L!-unicity subspaces. The
first relevant statement was an extension given by Kroé [3].

Theorem 2.2. Let G be a finite-dimensional subspace of Cla,b] satisfying Property A. Then G is a unicity subspace for
C1([a, b, p) for all p € W.
He conjectured that the converse of Thm. 2.2 should also be true, and could verify it for dim G = 1. Based on his
result, in [20] we proved the converse for finite-dimensional subspaces G satisfying certain properties Al and A2.
Finally, Kro6 [4] verified his conjecture.

Theorem 2.3. Let G be a finite-dimensional subspace of Cla,b]. The following statements are equivalent.
(i) G is a unicity space for C1([a,b], p) for all p € W.
(i) G satisfies Property A.

Independently, Pinkus [13] also verified the converse for those subspaces of C|a, b] satisfying A(Z(g)) = A(int Z(g))
for all g € G, and all measures p of the form du = wdA where w is strictly positive and continuous.

How is the situation for the case when K =int K C R* (d > 1), K compact? Independently, in Kro6 [8] and our
paper [21] the converse of Thm. 2.2 was verified for this general case. Since also the statement of Thm. 2.2 remains
true, a characterization of L"(p)-unicity subspaces of C(K) was then completed.

Theorem 2.4. Let K = int K C R¢ (d>1), K compact, and assume that G denotes a finite-dimensional subspace of
C(K). The following statements are equivalent.

(i) G is a unicity space for C1 (K, u) for all u € W.
(i) G satisfies Property A.

Remark 1. Kro6 [8] extended this result to L'(u)-unicity subspaces of C(K, B) where B denotes a real Banach space.
Schmidt [16] gave an analogue to Thm. 2.4 replacing the class W by a smaller subclass of measures in statement (i).

Of course, Thm. 2.4 states that G satisfies Property A if and only if cr(G) = 0 (the Chebyshev rank of G, see
Section 1). In Section 6, a natural extension of Property A, Property A", is considered characterizing all the G with
ca(G) =k (0 <k <dimG).

3 Characterization of A-Subspaces of C'(K) where K C R

As we now know is that Property A characterizes the unicity subspaces of C1 (K, 1) for all u € W. But what does an
A-space look like, at least in the case when K = [a, b] or, more generally, K is compact and K =int K CR ?

In the following certain classes of subspaces play an important role. An n-dimensional subspace G of C(K), K C R,
is said to be a Chebyshev space or a Haar system if every g € G \ {0} has at most n — 1 zeros on K, whereas G is said to
be weak Chebyshev if every g € G has at most n — 1 sign changes on K, i.e., there do not exist points {zo,...,zn} C K
such that zo < -+ < zn and g(z;)g(zi+1) <0,0<i<n—1.

We have mentioned above that some classes of subspaces of generalized splines satisfy Condition A (which corresponds
to Property A in the considered cases). All these subspaces of Cfa, b] have also the weak Chebyshev property. This
observation is not surprising as we have shown in [20], [21].

Theorem 3.1. Let K = int K C R, K compact, and let G denote a finite-dimensional A-subspace of C(K). Then G is a
weak Chebyshev space.

To establish a complete characterization of A-subspaces of C'(K) let us go back to the general case when K =
int K C R? (d > 1), K compact. Moreover, let G be an n-dimensional subspace of C(K). If g € G \ {0}, then K \ Z(g)
is open with respect to K. As such it is an at most countable union of open (w.r.t. K) connected components. Denote
the number of such components by [K \ Z(g)]. This number may be infinite. Let Z(G) = ({Z(g) : g € G}.

The following statement due to Pinkus and Wajnryb [15] plays a crucial role.

Theorem 3.2. Let K be given as above. Assume that G is an A-space. Then the following is true.
(i) Let g* € G\ {0}. Then for every g € G(g%),
[K\ Z(g)] < dim G(g).
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(i) If K\ Z(G) is not connected, then G decomposes, i.e., K\ Z(G) = Ule A;, where A; is open and connected in K,
and if dim G|a, = m; (m; > 1), 1 <i <k, then Ele m; =n =dim G, and there exist functions {ggi)7 . ,gT(fL)i}
in G such that ) )

Gla, = span{g§1)|,qi,...,g,(,?i|,qi}

and gj(.i) vanishes identically off Ai, 1 < j<m;, 1 <i<k.

Remark 2. (i) If K C R, then statement (i) implies that G(g*) is a weak Chebyshev subspace of C(K).
(ii) Using the notations of statement (ii), set

G; := span {ggi), . ,gff;)i},

1 < ¢ < k. Then by statement (ii),
G=G1®---©G.
Moreover, it is easily verified that each G; is an A-subspace of C(K), 1 <14 < k.
(iii) Conversely, let us assume that G; is an A-subspace of C'(K) such that all functions in G; vanish identically off A;,
1 <7 < k. Then the space G defined by L _
G=G1® - DGy
is also an A-subspace of C(K).
In the case when K C R, the connected components A; in K reduce to real bounded closed, open or half-open

intervals. On the basis of Thm. 3.2 and Remark 2, one may therefore assume that K = [a,b] and Z(G) N (a,b) =0, G
an n-dimensional subspace of Cf[a, b]. Moreover define, for any subset M of [a, b],

GM)={geG:g=0o0n M}.
Under these assumptions Pinkus [13], [14] totally classified all A-spaces as follows.
Theorem 3.3. Let G be given as above. Then G is an A-space if and only if the following conditions (i)—(iv) hold.
(i) G is weak Chebyshev;
(it) There exist points a = co < c1 < --- < cs =b, s <2n—1, such that G|, , ;) 15 a Chebyshev subspace, 1 <i < s;
(i) Gllei,s]) = Glleo e3]) © Gllei,ca]), 0 i < j < 57
(iv) G([co,ci) U (cj,¢s]) is weak Chebyshev on [a,b], 0 < i< j<s.
Li [12] showed that (i) implies (iv) in Thm. 3.3, and (i) and (iii) imply (ii). Hence he obtained the following simplified
characterization of A-subspaces G of C|a,b] with Z(G) N (a,b) = 0.
Theorem 3.4. G is an A-space if and only if G is weak Chebyshev and G([c,d]) = G([a,d]) & G([c,b]) for any a < ¢ <

d <b.

Remark 3. (i) The Thms. 3.2-3.4 together completely characterize all A-subspaces of C(K) where K =int K C R, K
compact. Especially, Thm. 3.3 states that an A-space is a space of generalized splines, because it has a "spline-like"
structure. In [19] we already constructed a large class of such spaces with Property A.
(ii) Of course, many important classes of finite-dimensional subspaces of Cla,b] possess Property A, including all
Chebyshev spaces and all spaces of polynomial spline functions of finite degree to a fixed knot partition of [a, ].
Using Thm. 3.3, in [23] we could verify that every A-space is a complete A-space in the following sense.
Theorem 3.5. Let K = int K C R, K compact, and let G be an n-dimensional A-subspace of C(K). Then G has a basis
{g1,...,9n} such that span{g1,...,g:} is an A-space, 1 <i<n—1.
The corresponding analogous property for weak Chebyshev spaces is known for a long time (see [17]). Indeed,
every such subspace G of C(K) is completely weak Chebyshev, i.e., there exists a basis {g1,...,gn} of G such that
span{gi,...,gi} is weak Chebyshev on K, 1 <14 < n — 1. Moreover, as we showed in [23], such a G satisfies the property

that G| is also weak Chebyshev for every KCK.
Does an A-space satisfy corresponding properties? Using Thm. 3.2 we obtained the following result [23].

Theorem 3.6. Let K = int K C R, K compact, and let G denote an n-dimensional A-subspace of C(K). If I is a real
bounded interval, then G = G| is an A-subspace of C’(Iz') where K = int (INK) .

Remark 4. (i) We showed by an example that the above statement fails if the interval I is replaced by an arbitrary
compact subset K of K with K = int K. Hence in view of the above remarks, the situation is unlike the situation for
weak Chebyshev subspaces.

(ii) Moreover, we showed by an example that there can exist an (n — 1)-dimensional weak Chebyshev subspace G of an

A-space G such that G fails to be an A-space.
Thm. 3.2 implies that the existence of "non-trivial" A-subspaces of C(K) is essentially restricted to the case when K
is connected. In particular, this holds for an important class of subspaces (see e.g. [5]).

Corollary 3.7. Let K be a compact and disconnected subset of R such that K = int K. Then every n-dimensional
Chebyshev subspace of C(K) fails to satisfy Property A.

Dolomites Research Notes on Approximation ISSN 2035-6803



/O‘A\,\ Sommer 32

4 A-Spaces and the Hobby-Rice Theorem

In two papers [10], [11] Krod, Schmidt and Sommer studied Property A and its connection with the Hobby-Rice theorem.
The first main result [10] is stated as follows .

Theorem 4.1. Let G be an n-dimensional subspace of Cla,b]. Then G is an A-space if and only if the following conditions

(i) and (i) hold.
(i) G is weak Chebyshev.

(i) If a = z0 < z1 < -+ < &n < Tpg1 = b and {x1,...,zn} C Z(g) for some g € G\ {0}, then there exists a
g€ G\ {0} such that (—1)'g >0 on [zs, xit1], 0 < i < n.
Remark 5. Condition (ii), stated with n — 1 or fewer points in (a,b), is one of the many characterizations of weak
Chebyshev spaces. As such, this condition is indeed a strengthened version of the weak Chebyshev property.
Of particular interest is that condition (ii) has arisen in connection with the Hobby-Rice theorem. This result plays
a fundamental role in the theory of L'-approximation. That is, if G is an n-dimensional subspace of L*([a,b],v) (the
space of all real-valued, v-measurable functions on [a, b] where v is a positive, non-atomic measure on [a, b]), then there
exist points a = xp < 1 < -+ < Ty < Tm41 = b with 0 < m < n such that

m

[Tl
Z(—l)z / gdv =20
=0 i
for all g € G.
In [10], [11] our studies were concerned with subspaces G of C[a,b] and measures v of the form dv = wd), where w
is in the class CT of positive, continuous functions on [a,b] (hence v € W). Then such a set {z1,...,2m} is called a

w-canonical set for G. Kro6 [9] showed that for an n-dimensional subspace G of C|[a, b], the w-canonical sets contain n
points for all w € CT, if and only if G is a weak Chebyshev space. Moreover, in studying uniqueness of w-canonical sets,
he verified that, for a weak Chebyshev space G, condition (ii) of Thm. 4.1 is equivalent to G having a unique w-canonical
set {x1,...,2n} and dim G|(y,,... 5,3 = dim G = n for every w € W. Let us call the dimension of G|(g, ... z,} the rank
of the w-canonical set {z1,...,Zn}.

As an application of Thm. 4.1, in [10] the following corollary connecting Property A and the Hobby-Rice theorem
was verified.

Corollary 4.2. Let G be an n-dimensional subspace of Cla,b]. Then G is an A-space if and only if, for every w € CT,
the w-canonical set is unique, contains n points x1 < --- < Tpn, and has rank n.

To state the results given in [11], assume again that G is an n-dimensional subspace of C[a,b]. G is said to satisfy
the splitting property provided that if g € G and g = 0 on [c,d] where a < ¢ < d < b, then gX{a,q, 9X[a4 € G
where x s denotes the characteristic function of J C [a, b]. Moreover, G is said to satisfy the decomposition property if
z € Z(G) N (a,b) implies that G = G([a, 2]) © G([z, b]). Hence the Pinkus-Li characterization (Thms. 3.3 and 3.4) states
that G is an A-space if and only if it satisfies the weak Chebyshev, splitting and decomposition properties.

The following characterization is the first major result in [11].

Theorem 4.3. Let G be an n-dimensional subspace of Cla,b]. Then
(i) the w-canonical sets for G contain n points for all w € C if and only if G satisfies the weak Chebyshev property;

(i) the w-canonical set for G contains n points and is unique for all w € CT if and only if G satisfies the weak
Chebyshev and splitting properties;

(iii) the w-canonical set for G contains n points, is unique, and has rank n for all w € C* if and only if G satisfies
the weak Chebyshev, splitting, and decomposition properties (that is, G is an A-space).

Statement (ii) is a new result whereas (iii) corresponds to Cor. 4.2 and (i) was already known (see [11] for references).
For the proof of (ii) and (iii) a result of Kro6 [9] was used. He characterized there those weak Chebyshev spaces that
have locally unique w-canonical sets.

The problem of extending spaces with a given property has been widely studied, especially extension of n-dimensional
Chebyshev spaces to (n + 1)-dimensional Chebyshev spaces. In [11] the extension of A-spaces was verified.

Theorem 4.4. Let G be an n-dimensional A-space in Cla,b]. Then there exists an f € Cla,b] such that G & span{f} is
an (n + 1)-dimensional A-space.

5 A-Subspaces of C(K) where K C R%, d > 1

Up to now only few results on A-spaces have been stated for the case when K is a subset of R? where d > 1.
The first result in this context is due to Kroé [2].
Theorem 5.1. Let K be a compact convex subset of R? satisfying K = int K. Set

d
G={g(x1,...,zq) = Zaiwi + agy1: a; € R},

=1

the set of affine linear functions. Then G satisfies Property A.
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The most important non-trivial example of an A-space is related to multivariate linear splines on regular partitions.
To define the spaces of interest, let K be a bounded and connected polygonal domain in R? (d > 2) such that

N
K=|JK (Nen)
i=1

where A = {Ki}fil is a collection of d-dimensional simplices. Moreover, assume that A is a reqular partition of K, i.e.,
any pair of simplices in A intersect at most at an [-dimensional simplex where 0 <1 < d (for details see [28]).
Let P1 denote the linear space of all d-variate polynomials of total degree one. Set

SY(A) ={s e C(K) : 5|k, € P, 1 <i< N},

the space of d-variate linear splines over A.
In [28] we verified the following statement.

Theorem 5.2. Let G = S{(A). Then G satisfies Property A.
Especially, if N =1, i.e., K = K1, a d-dimensional simplez, then G = Py is an A-space (see also Thm. 5.1).
Remark 6. In [22] we have already obtained this result for so-called uni-diagonal triangulations in R?. Pinkus [14]
generalized it for the case of bivariate regular triangulations.

The next result, given in [7], [10], shows that tensor product A-spaces can exist only under rather restrictive
assumptions.

Theorem 5.3. Let G and G be finite-dimensional subspaces of C(I) and C(J), respectively, where I and J are real
intervals. The tensor product space G ® G is an A-space if and only if G and G are A-spaces and G or G is a direct
sum of one-dimensional A-spaces having pairwise disjoint supports.

Remark 7. In the literature some further examples of A-spaces in R?, d > 1, are presented (see Pinkus [14]).

Thm. 5.1 states that the space of d-variate polynomials of total degree one satisfies Property A. Unfortunately,
in view of Thm. 5.3, this nice property fails already for the case when G forms the tensor product of univariate
linear polynomials on a rectangular in R?. However, also for such spaces there are interesting results if the question of
L'-uniqueness is studied only for special measures, for instance w = 1.

Assume that K = [0,1] x [0, 1], and let, for k, m € N, k < m, Gy and G, denote Chebyshev subspaces of C[0, 1] of
dimension k£ and m, respectively. Moreover, assume that G, C Gp,. Let ¢ € C[0, 1], an increasing function, and define
the subspace G of C(K) by

G = Gmir = {g(x,y) = 6(y)gr(x) + gm (@) : gk € Gk, gm € Gm}.
Kro6 [2] obtained the following result.

Theorem 5.4. G is a unicity subspace for C1(K, ) for the special measure du = dA, i.e., w = 1.
Following the lines of Krod’s proof, in [22] we extended the statement for all weight functions with separated variables
as follows.

Theorem 5.5. G is a unicity subspace for Ci(K, u) for all weights p € W of the type du = wdX satisfying w(z,y) =
wi(z)wz(y), (z,y) € K.
Remark 8. (i) The most important example of G is the space

m 1

G=Pmi={g(x,y) =D > ayz'y’ :a; €R},
i=0 j=0

the tensor product of polynomials of degree m in the first variable and degree one in the second one (obviously, ¢(y) =y,
y € [0,1]). Therefore, Pp,1 is a unicity subspace for C1 (K, ) for all weights with separated variables.

(ii) On the other hand, Thm. 5.3 implies that P, 1 fails to be an A-space. However, as the next section will show, such
spaces of bivariate polynomials satisfy a Property A™, a natural extension of Property A.

6 Chebyshev Rank and Property A*

Consider again K as a compact subset of R? (d > 1) such that K = int K. To characterize subspaces G of C(K) having
Chebyshev rank k, 0 < k < dim G, Kro6 [5] gave a natural extension of Property A, the so-called Property A*. It is
also an intrinsic property of the considered linear space. To define it, we first need some notations. For f € C(K) and
90,.-.,9r € G C C(K) (r > 0), set

Z(go,...,gr):ﬂZ(gi), G(goy...,9r)={h€G:h=0a.e on Z(go,...,9r)}.
i=0
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Definition 6.1. Let G be a linear subspace of C'(K) with dimG = n. G is said to satisfy Property A* (or G is an
Ak—space), 0 < k <n—1, if for every choice of k + 1 linearly independent functions go, ..., gr in G and every function v
such that ¢ = 0 on Z(go, ..., gx), |¢| = 1 and ¢ is continuous on K \ Z(go, - . ., g« ), there exists a g € G(go, - - -, gx) \ {0}
satisfying ¥g > 0 on K.

Of course, Property A° corresponds to Property A.

Kroé [5] proved the following statement generalizing Thm. 2.4.

Theorem 6.1. Let G be an n-dimensional subspace of C(K), and let k € {0,...,n —1}. Then c¢r(G) < k if and only if
G satisfies Property A*.
It is obvious that Property A* implies Property

Corollary 6.2. Let G be given as above and let k € {1,...,n—1}. Then cr(G) =k if and only if G satisfies Property
A* and does not satisfy Property A¥=1.

In the same paper [5] Kroé gave some applications and examples of AF-spaces. The following results (including
Thm. 6.7) are all taken from that paper.

AFF!. This leads to the following corollary.

Theorem 6.3. Let G be given as above and assume that G contains an (n — k)-dimensional A-space. Then G is an
AR _space.
The next statement follows immediately.
Corollary 6.4. If G C Cla,b] contains an (n— k)-dimensional Chebyshev subspace, then G is an A*-space (0 <k <n—1).
To give a result for spaces defined on disjoint real intervals, set K,, = UTzl[aj7BjL where m € N and a1 < 81 <

a2 < < am < B, int Ky, = U;‘nzl(aﬁﬁj)'
Theorem 6.5. Let G be an n-dimensional subspace of C(Kp) and assume that G is Chebyshev on int K, where
1<m<n. Then G is an A™ '-space.

Consider now the special case of lacunary polynomials with k "gaps". Assume that 1 <7 <---<rry <n—1be

arbitrary integers (1 < k <mn —1). Set
P(n, k) =span{z’ : 0<j<n,j#r,1<i<k}.

Theorem 6.6. Let G = P(n, k) such that 1 < k < [n/2]. Then G is an A*-space on [—1,1] and, in general, it does not
satisfy Property A*~' ie., cr(G) = k.

Let us finish this part with the following statement.
Theorem 6.7. Let G be an n-dimensional Chebyshev subspace of Cla,b] and assume that ¢ € Cla,b] has k distinct zeros
(1 <k<n—=1)in (a,b). Then G = ¢G = {pg : g € G} is an A¥-space and does not satisfy Property A*=*, i.e.,
cr(G) =k.

Using the statement of Thm. 6.1 we studied the problem of determining the Chebyshev rank of G = P, the linear

space of multivariate polynomials of total degree at most m defined on a convex and compact subset K of R? (d>2)
such that K = int K. In [27] we verified the following statement.

Theorem 6.8. Let G = P,,. Then

cr(Pp) = (m *j + d) = dim Pp—2, m > 2.

If m =1, then cr(P1) =0 (this follows from Thm. 5.2).
We were also interested in determining the Chebyshev rank of bivariate polynomials

k m
G="Pem={9(@,y) =D > ayz'y ia; €R} km>1,
i=0 j=0

defined on K = [0,1] x [0,1] C R?. In [24] we obtained the following result.
Theorem 6.9. Let G = Pi.m. Then G satisfies Property A*™ and fails to satisfy Property A¥™71, i.e.,

cr(G) =km.
Remark 9. Together with Thm. 5.5 the following is true for G = Py 1:
cr(G) =k, but cr (G,pu) =0

for all weights of the type du = wd satisfying w(z,y) = wi(z)w2(y), (z,y) € K.

Remark 10. (i) In [28] we have given lower and upper bounds for the Chebyshev rank of G = S}, (A), the linear space of
r times continuously differentiable, d-variate splines of degree m > 1 over regular partitions A, for the cases d > 3 and
0 <r <m —1 (recall that Thm. 5.2 is related to the special case when m = 1 and r = 0 stating Property A for linear
d-variate splines). For d = 3 and simple partitions we determined the Chebyshev rank of the corresponding splines while
for general partitions we were not able to close the gap between the given lower and upper bounds.

(ii) We wish to mention that results on the Chebyshev rank have been also obtained by other authors, for instance by
Babenko et al [1] for best L'-approximation by classes of functions having finitely many points of discontinuity.
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7 Characterization of Periodic Unicity Subspaces in Best L'-Approximation

Let Cy—, denote the subspace of all continuous, (b — a)-periodic functions f : R — R where a < b, i.e.,
Coa={f €CMR): f(z) = f(z+ (b—a)),z €R}.

In analogy to the non-periodic case we define the following: If G is a finite-dimensional subspace of Cy—, and p € W (W
defined as in Section 1), then G is said to be a periodic unicity space for C1([a,b], 1), if to each f € Cp_, there exists a
unique best approximation from G on [a, ] in the norm || - ||,..

It turns out that for this important class Cy_, the general statements on L'-uniqueness, represented in the above
sections, may not be applied. Even though one can identify continuous periodic functions on R with continuous functions
on the unit sphere S in R?, the set S however - as a subset of R? - does not satisfy the condition S = int S.

In two papers [25], [26] we have therefore studied the special problem of characterizing unicity subspaces of Cp_, in
best L!-approximation.

As a first result, we observed that the statement of Thm. 2.4 holds analogously.

Theorem 7.1. A finite-dimensional subspace G of Cp—, is a periodic unicity space for Cy([a,b], p) for all p € W if and
only if G (as a subspace of C(S)) satisfies Property A on S.

To illustrate the difference between G satisfying Property A on [a,b] (which corresponds to the non-periodic case),
and Property A on S (G considered as subspace of C(S)), we gave the following definition.
Definition 7.1. We say that the subspace G of Cy_, satisfies Property Ape: if for every g € G\ {0} and every g* € Cy_q
such that |g*| = |g| on [a, b], there exists a § € G(g) \ {0} for which gg* > 0 on [a, b].

Property Aper is actually weaker than Property A on K = [a, b] (see [25]).

Thm. 7.1 can now be reformulated as follows.
Theorem 7.2. A finite-dimensional subspace G of Cy—, is a periodic unicity space for Cy([a,b], p) for all p € W if and
only if G satisfies Property Aper.

Following the lines of the proof of Thm. 3.2 we verified an analogous statement in [25].

Theorem 7.3. Suppose that the subspace G of Cy_q satisfies Property Aper. Then

(i) [S\ Z(g)] < dim G(g) for every g € G;

(i) G decomposes, if [S\ Z(G)] > 2.
Remark 11. To characterize the subspaces G of Cy_, which satisfy Property Aper, on the basis of Thm. 7.3 one has only
to treat the cases Z(G) = 0 and Z(G) N a,b) = {Z} (see [25]). Since in the latter case G obviously satisfies Property A
on K = [£,Z+ b — a] for any Z € Z(G), the general non-periodic case is given. Hence the statements of Section 3 (Thms.

3.3 and 3.4) may be applied for characterizing the subspace G of C(K) with Property A. In particular, it follows that
such a G has to have a spline-like structure.

Thus, there still remains the most interesting case of the considered periodic approximation problem when Z(G) = 0.
In [25] we characterized the corresponding subspaces G of Cy—, which satisfy Property Aper.

Theorem 7.4. Assume that G is an n-dimensional subspace of Cp—, satisfying Z(G) = 0. The following statements (i)
and (i) are equivalent.

(i) G satisfies Property Aper.
(it) (a) [S\ Z(g)] < dimG(g) = d(g) for every g € G.
(b) For every g € G\ {0} and every set {x;}"*" of separated zeros of g satisfying
a< 1 <"'<xm§b§xm+1:$1+b_a
and Tm — 1 < b—a where 1 <m < d(g), there ezists a § € G(g) \ {0} such that
(=1)'G(x) >0, z € [zi,is1], 1 <i<m
(the zeros are said to be separated if there exist points y; € (i, Tit1), 1 <1 < m, for which g(y;) # 0).

The above stated conditions cannot be easily verified, in general. Therefore, the main objective of our paper [26] was
to establish some simpler characterizations. Recall that in the non-periodic case the dimension of G' (odd or even) does
not play any role in characterizing Property A. The situation is completely different in the periodic case. In fact, we
verified that if dim G = 2k + 1 (k > 0) and G satisfies Property Aper, then G is necessarily a weak Chebyshev space. On
the other hand, it is well-known that every subspace G of Cy_, of even dimension such that Z(G) = § fails to have this
property. To establish simpler intrinsic characterizations of Property Aper, in [26] we therefore considered the cases odd
and even separately and obtained the following results.

Assume in both cases that G is an n-dimensional subspace of Cy_, satisfying Z(G) = 0.

Theorem 7.5. Assume that dim G = n = 2k + 1. The following conditions (i) and (i) are equivalent.
(i) G satisfies Property Aper.
(i) (a) G is a weak Chebyshev space on [a,b].
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(b) If g € G and g has zero intervals J; = [ci,d;], 1 = 1,2, such that c1 < di < ca < dz < c1+b—a, then
G(J1 U Jg) = G([Chdz]) ) G([Cz,dl +b— a])

Corollary 7.6. Let G be given as above. Moreover, suppose that every g € G has at most one zero interval on S (of
course, g could have two zero intervals [a,d)], [c,b] on [a,b] with d < ¢ which can be identified with one zero interval
[e,d+b—al]). Then G satisfies Property Aper if and only if G is weak Chebyshev on [a,b].

Theorem 7.7. Assume that dim G = n = 2k. The following conditions (i) and (ii) are equivalent.
(i) G satisfies Property Aper.

(ii) (a) Every g € G has at most n separated zeros on [a,b).
(b) If g € G and g has a zero interval [c,d] with ¢ < d, then

[le,e+b—a]\ Z(g)] < dim G([c, d]).
(c) If g € G and g has zero intervals J; = [ci,di], i = 1,2, such that c1 < di < ca <d2 < c1+b—a, then
G(J1 U J2) = G([e1,d2]) ® G([c2,d1 + b — a]).
(d) For every g € G\ {0} and every set {x;}™ %' of separated zeros of g satisfying
a<r < - <xm<b<zmii1=z1+b—a
and Tm — 1 < b—a where 1 < m < n, there exists a § € G\ {0} such that
(=1)'g(x) >0, = € [zi,it1], 1 <7< m.

Remark 12. In [26] we showed by examples that the conditions (ii) (b) of Thm. 7.5 and Thm. 7.7 and condition (ii) (d)
of Thm. 7.7 may not be omitted.
Moreover, in [25] we verified Property Aper for some important subspaces of periodic functions.

Example 7.1. (Trigonometric polynomials) Let K = [0, 2] and assume that G denotes the (2n 4 1)-dimensional subspace
of all trigonometric polynomials g of order n, i.e.,

g(z) = ao + Z(aj cosjz + bjsin jz), = € [0, 27].
j=1
Then G satisfies Property Aper.

Example 7.2. (Piecing together Haar systems) Let a = eg < €1 < -+ < ex41 = b. On each interval I; = [e;—1, e;], let
G; be a Haar system of real-valued continuous functions with dimension n; > 1, 1 < i < k 4 1. For convenience, we
especially assume that n; > 2 and nk41 > 2. Define the subspace G of piecing together Haar systems C|a, b] by

G={geCla,bl: g5, € Gi;, 1 <i<Ek+1}.

It is well-known (see [14]) that dim G = Zf;l n; — k and G satisfies Property A on [a, b].

To investigate its periodic analogue we consider the subspace G of Ch—q defined by
G={9€Chu:gls,€CGi, 1<i<k+1}.
Thus, G is the space of all periodic extensions of functions g € G such that g(a) = g(b). It follows that dim G = dim G — 1.

Moreover, we verified that G satisfies Property Aper.

Example 7.3. (Periodic splines) Given k > 0and [l > 1,let a =ep < e1 < --+ < ex+1 = b. Extend this knot vector to a
knot sequence on R by
eitjietny =€ +jlb—a), 0<i<k+1, j€z\{0}.

Set A ={e;}icz and I; = [e;—1,¢€;], i € Z. Let P; denote the linear space of all polynomials of degree at most [. For any
g € {1,...,1} consider the linear space S; ?(A) defined by

579 A)={se€ C'""(R) : 5|, € Pr,i € Z},

the subspace of polynomial spline functions of degree ! with the fixed knots {e;}:cz of multiplicity ¢. It is well-known
(see [17]) that dim Sll_q(A)ha,b] =1+ 1+ gk. Moreover, this space satisfies Property A (see [14]).
We are now interested in the subspace

G =5"A)NCha,

the subspace of periodic splines of degree [ with the fixed knots {e; }icz of multiplicity g. It is easily verified that
dimG=141+qgk—(1l—qg+1)=q(k+1).

Moreover, we could show that G satisfies Property Aper.
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