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TO OLGA AND NIKOLAI

We obtain some characterizations of almost interpolation configurations of
points with respect to finite-dimensional functional spaces. Particularly, a Schoen-
berg-Whitney type characterization which is valid for any multivariate spline space
relative to an arbitrary partition of a domain 4 —R” is presented. As a closely
related problem we investigate sectional structure of finite-dimensional spaces of
real functions on a topological space A4. It is shown that under some reasonable
restrictions on 4 any space of this sort may be considered as piecewise almost
Chebyshev.  © 1997 Academic Press

1. INTRODUCTION

Let U be a finite-dimensional space of multivariate splines with respect
to a partition of a domain 4 = R”, m > 2. The problem of describing those
finite configurations of points ¢4, ..., ¢, € A, n=dim U, which admit unique
Lagrange interpolation from U has attracted considerable interest in recent
years. Several methods of constructing such configurations (we call them
interpolation sets) have been developed (see [1-3, 10] and references
therein). However, in contrast to the univariate case 4 = R, when all inter-
polation configurations with respect to a spline space can be characterized
through the well-known Schoenberg—Whitney condition [11], the multi-
variate setting seems to admit only constructing special interpolation sets
(see [3, p. 136]).

On the other hand, it is quite clear (see, e.g. [2, p. 58]), that for multi-
variate polynomial interpolation at points not regularly distributed in R,
the probability of encountering a non-interpolation set is zero. This leads
to a concept of almost interpolation introduced recently by Sommer and
Strauss [ 13, 14]. A finite set M = {t,, .., 1,} = A is called an almost inter-
polation set (Al-set) with respect to U if for any system of neighborhoods
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B; of t;, i=1, .., n, there exist points #; € B; such that M' = {7}, ..., #,,} is an
interpolation set. It is shown in [ 13] that almost interpolation sets can be
characterized by a condition of Schoenberg—Whitney type for a class of
generalized multivariate spline spaces with respect to polyhedral partitions.

In this paper we offer several characterizations of almost interpolation
sets. Theorems 3.3 and 3.10 give a “local” characterization which is valid
for any finite-dimensional space U of real functions on an arbitrary
topological space 4. As an application of Theorem 3.3 we obtain a general
algorithm of transforming a given Al-set M into an interpolation set
in any arbitrarily small neighborhood of M. Theorem 4.21 provides a
Schoenberg—Whitney type condition characterizing almost interpolation
sets with respect to a class of finite-dimensional spaces which we call
generalized almost Chebyshev spline spaces (Definition 4.19). This class
includes generalized multivariate splines introduced in [13] as well as any
space of continuous piecewise polynomial functions with respect to an
arbitrary partition of a domain 4 = R™.

Another topic of the paper is concerned with the properties of restric-
tions of finite-dimensional functional spaces to some subsets of A4 (see
Section 4).

It is well-known that the most important finite-dimensional spaces in the
univariate approximation theory are Chebyshev (i.e., algebraic polyno-
mials) or at least piecewise Chebyshev (i.e., splines, generalized splines).
Recall that a space U of real functions on a set 4, with dim U=mn, is said
to be a Chebyshev space (T-space) if every nonzero function ue U has at
most n—1 zeros. It is an important feature of 7-spaces that they are as
good for interpolation as possible: any set M = {¢,, .., t,} = A is an inter-
polation set with respect to U. However, by the well-known theorem of
Mairhuber [ 9], there exist no T-spaces of dimension n > 2 in the case that
A is compact and is not homeomorphic to a subset of the circle. Hence, as
we want to deal with multivariate functions, we have to replace 7T-spaces
by a wider class. In this connection the so-called almost Chebyshev spaces
are of interest. According to a definition given by Stechkin [15], a subset
Y in a normed space X is called almost Chebyshev if the set of elements
x € X for which there exists a unique best approximation to x from Y is
residual in X. Garkavi [4, 5] investigated almost Chebyshev subspaces
of Banach spaces. Particularly, he showed that there exist almost
Chebyshev subspaces of arbitrary finite dimensions in any separable
Banach space. The following interpolation property of finite-dimensional
almost Chebyshev subspaces in C(A), the space of continuous functions on
a metric compact A4, was also mentioned by Garkavi [5]: Uc C(4) is an
almost Chebyshev subspace if and only if the systems of points ¢, ..., ¢,
n=dim U, at which Lagrange interpolation may not always be possible,
form only a closed nowhere dense subset of 4”. In other words, any system



400 OLEG DAVYDOV

ty, .., 1, 18 an almost interpolation set with respect to U. The latter seems
very close to the above-mentioned characteristic property of T-spaces, and
we take this property as a definition of almost Chebyshev spaces of func-
tions on an arbitrary topological space 4 (see Definition 4.8).

It seems to be a surprising result of Section 4 that under some reasonable
limitations on A any finite-dimensional functional space U necessarily
possesses a piecewise almost Chebyshev structure (see Theorem 4.13,
Corollaries 4.14 and 4.16). Note that a notion of local dimension introduced
in Section 3 (Definition 3.2) plays an important role in revealing this
structure.

2. ALGEBRAIC LEMMAS

In this section we give a series of lemmas of algebraic nature.
Throughout the section, let U be a finite-dimensional linear subspace of
F(A), the space of all real functions on a given set A. For any ue F(A4) we
set supp u & {teA:u(t)#0}. For any Bc A and any linear subspace
UcF(4), let U, denote the restriction of U to the set B, ie.,
U, & {u|,:ue Uj. Furthermore, let

def

U(B) = {ue U:Vte Bu(t) =0}, Bc A,
def

Z(U) = {te A:Yue Uu(t) =0}.

Although some proofs in the section are well-known, we present them
here for completeness.

LEMMA 2.1. Let Bc A. Then

dim U= dim U, +dim U(B).

Proof. The lemma follows from the simple observation that U(B) is the
kernel of the mapping u—u . |

LEMMA 2.2. Let B, Cc A, Bn C+# . Then

dim U, <dimU +dimU _—dimU, . (2.1)

Proof. By Lemma 2.1, inequality (2.1) can be equivalently expressed in
the form

dim U(B U C) >dim U(B) + dim U(C) —dim UBN C).  (2.2)
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It is easily seen that
UB)nUC)=UBuC), (2.3)
UB)+UC)cUBNCQC). (24)
Therefore,
dim U(B n C) =dim(U(B) + U(C))
=dim U(B) +dim U(C) —dim(U(B) n U(C))
=dim U(B) +dim U(C) —dim U(Bu C),
which gives (2.2). |
LemmA 2.3. Let Bc A, C'cCcA. If
dim U, =dim U, (2.5)
then

dim U,  =dimU, . (2.6)

Proof. By (2.5) and Lemma 2.1, dim U(C’)=dim U(C). Since U(C)
< U(C"), it follows that

ue’) = uco),
and, by (2.3), we obtain
UBuUC)=UB)nUC')=UB)nUC)=UBuC).
Hence,
dim U(Bu C")=dim U(Bu C).
Applying Lemma 2.1 once again, we have
dmU, _ =dmU, ,

and (2.6) is proved. ||

Suppose dim U=n. A finite set M = {t,, .., 1,} = A, p<n, is said to be
an interpolation set (I-set) with respect to U= F(A4) if dim U = p. It is not
hard to see that M is an [-set if and only if its admits Lagrange interpola-
tion from U, ie., for any given data y,, .., y, € R there exists a function
ue U such that u(t))=y,, i=1, .., p.
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LEMMA 2.4. For any integer p <n there exists an I-set M ={t,, ... 1,}
with respect to U.

Proof. Let u,, ..., u, be a basis for U. Since u; is not the zero function,
there exists a point 7, €4 for which u,(¢,)#0 and {¢,} is an I-set with
respect to U. Suppose that there exists 7, ..., z, ; such that

det{u,(z,)} 751, #0.

Set

(1) = det{u,(1,) - u(t, ) u (1)} 1.

Because u,, .., u, are linearly independent, there exists ¢, € 4 such that
o(t,) #0. Hence {t,, ..., 1,} is the required I-set. ||

LEMMA 2.5. Suppose that T={t,,...t, ,} and X={x,, .., x,} are two
I-sets with respect to U. Then there exists s€ {1, ..., p} such that x, ¢ T and
{t\,.nt, 1, X} is also an I-set.

Proof. Let u,, .., u, be a basis for U. Since X is an [-set, the vectors
(ul(xi)’ ooy un(xi)) € Rna l= 1, s D

are linearly independent. They all cannot depend on p — 1 vectors

(uy(2;), ... u,(t)) e R”, j=1,.,p—1L

Therefore, there exists s€ {1, ..., p} such that the system

{(ul(tj)a . ( )) € Rn 1 > P l} o {(ul(x.v)a eee un(x.v))}

is independent. Then evidently x, ¢ 7 and {¢,, .., 7, ;, x,} is an I-set. ||

LEMMA 2.6. Let {A;:i=1, .., p}, p<dim U, be a system of subsets of A
such that for any nonempty I< {1, .., p},

dim U| >card L

Uier4i

Then there exists an I-set T={t,, ..., t,} with respect to U such that t,€ A,,
i=1,.,p

Proof. We will prove the lemma by induction on p. The statement is
trivial when p=1. Let {A4;:i=1,.., p} be as above. By the induction
hypothesis, the lemma is valid for p —1. Therefore, there exists y, € 4;,
i=1,.,p—1, such that Y={y,, .., », ,} is an I-set. Furthermore,
Lemma 2.4 shows that there exists an I-set Z={z,,..,z,} < J?_, 4,. By
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Lemma 2.5 we can find se {1, .., p} such that X={y,, .., y, ,,z,} is also
an I-set. If z, € A, then T'= X has required properties. Suppose z, € 4,, for

m,
0
de

some mg € {1, .., p—1}. Set y,, ;.. so that
X: {yln eees ymoa y;nof ymo+l) (31} ypfl}a
y/,'EAin l:1, "-:p_la y;noeAmO‘
By the induction hypothesis, we can find an I-set
XO = {xls eees xmofl’ xmo+la eeey -xp}y
x;€A;, i=1,.,my—1,my+1,..,p.

Applying Lemma 2.5 to X and X,, we conclude that at least one of the
following sets

XOU{yi}a izla"'ap_lz
Xo U{y(mﬂ}

is an I-set. We can take 7= X, U {y,,} or X, U {y,,} if one of them is an
Iset. Otherwise, there exists m; € {1, .., p—1}\{m,} such that X, U {y,,
is an I-set. In this case, set

Xi=(Xo 0 { Do) N X §

and apply Lemma 2.5 to the pair X, X,. The same argument as above
shows that either at least one of X; U {y,,} and X; U{}y,,} can be taken
for T, or there exists m, € {1, .., p—1}\{m,, m,} such that X, U {y,, } is
an I-set. (Note that m, #m, because y,, € X;.) In the latter case we set

X,=(X; v {ymz} )\{xmz}

and apply the same argument repeatedly. After several steps we construct
a set

Xi=(X1 U { Vs oor Yo X s s X 5 le{2,.,p—1},

such that either X; U {y,,} or X; U {y,,} is an I-set, which completes the
proof. |

3. ALMOST INTERPOLATION SETS

Throughout this section A4 denotes a topological space and, as pre-
viously, U is assumed to be a finite-dimensional linear subspace of F(A4),
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dim U=n. For any Bc A4, denote by B, int B, and bd B the closure, the
interior, and the boundary set of B respectively.

DEFINITION 3.1, A finite set M = {f,, .., 1,} = A is said to be an almost
interpolation set (AI-set) with respect to U < F(A) if for any neighborhoods
B(t,), ..., B(t,) there exist points #; € B(t,), i =1, ..., p, such that {7}, ..., 7} is

an I-set with respect to U.

Note that almost interpolation sets where introduced in two recent
papers by Sommer and Strauss [ 13, 14].

Our first purpose is to give a “local” characterization of Al-sets through
the “neighborhood dimension” which is defined as follows.

DEFINITION 3.2. Let M ={t,, .., ¢,} be any finite subset of 4. By the
neighborhood dimension of U on M we mean the quantity

n-dim,, U = inf{dim U, : B> M, B is open}.
In the particular case when M = {¢} we say about the local dimension of U

at the point 7€ 4,

I-dim, U & n-dim,, U=inf{dim U, : B is a neighborhood of ¢}.

THEOREM 3.3. A finite set M ={t,, .., t,} = A is an Al-set with respect
to U if and only if

n-dim, U = card N (3.1)

for any Nc M, N # .

Proof.  Necessity. Since M is an Al-set, N={t,,...1,} =M is also an
Al-set. Therefore, for any open set B> N (which is a neighborhood of each
element ;) there exist points #; € B such that N' = {ti, . t;} is an I-set.

Because of this, ‘
dim U| >dim U =k =card N,

and (3.1) holds.

Sufficiency. Let B(t,), .., B(t,) be arbitrary neighborhoods of the
points 7, ..., t,. It follows from (3.1) that

e bp

dim U‘u o = n-dim, U >=card N
teN

)
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for any Nce M, N# . Then by Lemma 2.6 there exist points #: e B(t,)

such that {7}, .., 7} is an I-set, and the proof is complete. ||

We now turn to the problem on how to find efficiently an I-set in a
neighborhood of a given Al-set. The following assertion will be of use.

PROPOSITION 3.4.  Suppose that M ={t,,..,1,} <A is an almost inter-
polation set with respect to Uc F(A). Let any neighborhoods B; of t;,
i=1,..,p, be given. If A, = B,, i=1, .., p, satisfy

dim U, =dim U,  i=1,.,p, (3.2)

then there exist points t; € A;, i=1, ..., p, such that {1}, ...
respect to U.

, ) is an I-set with

Proof. Tt is sufficient to show that the system {4, .., 4,} satisfies the
hypotheses of Lemma 2.6. Let /< {1, .., p}, I# . Set N={t;:iel}. By
Lemma 2.3 and Theorem 3.3,

dim Ui =dim UI 5 =0 dimy U=card N=card . ||

We describe an algorithm which, for given Al-set M ={t,,..,¢,} and a
system of neighborhoods B;>t;, i=1,.. p, produces an I-set M' =
{t\, ... t,} such that 7, € B,.

ALGORITHM. Step 1. Find, according to Lemma 2.4, I-sets A,=
{Ti1s e lk} =B, i=1, .., p, where k;=dim U|_. It is significant that in
some important cases such 1nterpolat10n points are easily obtainable in any
neighborhood. For example, when B; =R™ and U, is a space of multi-
variate polynomials, they can be constructed as intersections of some
hyperplanes (Chung-Yao interpolation; see [ 1, p. 207]).

Step 2. Find points ;€ 4, such that M' = {1}, .., #,} is an I-set. The
existence of such an M’ follows from Proposition 3.4. Since A4,’s are finite,
the points #; can be chosen by simple exhaustion of a finite number of
possibilities. However, the proof of Lemma 2.6 in fact provides another
constructive procedure of choosing #;’s, which may be much faster.

Note that a completely different algorithm for changing an Al-set to an
I-set was offered by Sommer and Strauss [ 14].

In view of Theorem 3.3, the evaluation of neighborhood dimensions of
arbitrary finite sets is of particular importance for characterizing Al-sets.
The rest of the section is devoted to identifying the largest neighborhood
on which the neighborhood dimension is attained.
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DerINITION 3.5. Let te A4 and let B be a neighborhood of z. We say
that B is an L-neighborhood of t if

dim U, =I-dim, U. (3.3)

PROPOSITION 3.6. Let M be any finite subset of A and for each t e M let
B(t) be an L-neighborhood of t. Then

n-dim,, U=dim U'u,EM .
Proof. 1t is evident by the definition of neighborhood dimension that
n-dim,, U< dim U|UZEM .

Thus, it remains to prove the opposite inequality. Let B be any open set
such that M < B. By (3.3),

dim U, =dim U, .
B(t)n B B(1)
Therefore, in view of Lemma 2.3,

. S di s
dim U >dim U, dmU, .

(B(1) " B)

which establishes the desired inequality. ||

DerINITION 3.7. Let € A. By the principal neighborhood of t, denoted
by PN(t), we mean the union of all L-neighborhoods of .

ProrosiTiON 3.8. Let B A be any L-neighborhood of t. Then PN(t)
=Z(U(B)).

Proof. Suppose B is an L-neighborhood of ¢. Since U(Z(U(B))) = U(B),
it follows from Lemma 2.1 and (3.3) that

dim U, =dim U =I-dim, U, (3.4)
i.e., the set Z(U(B)) is also an L-neighborhood of z. Hence,
Z(U(B)) = PN(z).

On the other hand, suppose that B’ is another L-neighborhood of z.
Then, by the definition of local dimension,

dim U, =dim U, =dim U, =I1-dim, U.
‘BHB |B |b‘
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Lemma 2.1 now yields
dim U(Bn B')=dim U(B) =dim U(B’),
which, together with the simple observation that
UB)cUBAB), UB)cUBANB),

leads to the conclusion that U(B)= U(B’), hence that Z(U(B)) =Z(U(B')),
and finally that B’ = Z(U(B)). Therefore,

PN(7) = Z(U(B)),
which completes the proof. |i
The following proposition is a consequence of Proposition 3.8 and
equality (3.4).
ProrosiTION 3.9.  Both PN(t) and int PN(t) are L-neighborhoods of t.
Propositions 3.6 and 3.9 enable us to reformulate Theorem 3.3 as

follows.

THEOREM 3.10. A finite set M ={t,, .., t,} <A is an Al-set with respect
to U if and only if

dim U >card N (3.5)
IUIEN PN(«

)
for any N M, N # .

It is easily seen that Theorem 3.10 remains valid if we replace PN(z) by
any L-neighborhood of ¢, for example, int PN(z).

4. SECTIONAL STRUCTURE OF FINITE-DIMENSIONAL SPACES

As before, A denotes a topological space and U denotes a finite-dimen-
sional linear subspace of F(A4), dim U=n. In this section we sometimes
impose some restrictions on 4 and require that Uc C(A4), the space of
continuous real functions on 4. However, unless otherwise specified,
neither continuity nor any other additional condition is assumed.

4.1. Properties of Local Dimension

We now consider some properties of local dimension which will be used
in the subsequent analysis.
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Recall that a real function f on a topological space X is said to be lower
(upper) semicontinuous if, for any xeX and reR satisfying f(x)>r
(f(x)<r), there exists a neighborhood B(x) such that Vx'e B(x) f(x')>r

(S(x) <r).

PrOPOSITION 4.1.  Local dimension 1-dim, U is upper semicontinuous as a
Sfunction of t. Furthermore, for any k=0, 1, ...,

{te A:1-dim, U=k} is a closed set, (4.1)
{te A:1-dim, U<k} is an open set. (4.2)

Proof. Given xe€ A, suppose that l-dim, U<r. Then there exists an
open neighborhood B(x) such that dim U‘B(X)<r. Therefore, for any
te B(x) we also have l-dim, U<r. Statements (4.1) and (4.2) follow
immediately from the well-known properties of upper semicontinuous func-

tions when it is considered that 1-dim,U assumes only integer values. ||

PROPOSITION 4.2. Let F, be the set of all points of discontinuity of
I-dim, U. Then F, is a closed nowhere dense subset of A.

Proof. We first prove that G, = A\F, is an open set. Let x € G,. Then
I-dim, U is continuous at the point x. Hence, there exists an open
neighborhood B(x) such that Vze B(x) |l-dim, U—1-dim, U| <1, i.e.,

l-dim, U=1-dim, U,  te B(x).

Thus, 1-dim,U is constant in B(x) and therefore B(x)< G. This proves
that G, is open and F; is closed.

We now prove that F, is nowhere dense. Let B<= A4 be an open set and
let m =min{l-dim, U: r € B}. Consider the set

, def

B' = {teB:1-dim, U<mj}.
By (4.2) B’ is open and it is evidently nonempty. However,
I-dim, U=m, tebB'.

Hence, the local dimension is continuous inside B’ and therefore
BnF,=. 1

The following example shows that F, can be of a rather complicated
nature.

ExampLE 4.3. Let U=span{u,,u,} = C[0, 1], where u,(1)=1 and u,
is the Cantor continuous nondecreasing function which is constant on each
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component of the complement of a Cantor discontinuum F, of measure
a<1 (see, for example, [6, Chap. 8]). It is not difficult to see that

2, tefF,,

I-dim, U =
dim, U {1, (¢F,,

hence that F,=F,.

As an application of Proposition 4.2 we obtain an analogue of Proposi-
tion 1.6 in [13].

PROPOSITION 4.4.  Assume that Uc C(A). Let M= {t,, ... t,} = A be an
Al-set with respect to U and B; be a neighborhood of t;,, i=1, .., p.
Then there exists an I-set M'={t\, .., t,} with respect to U such that
t,eB,NnGy,i=1, .. p.

Indeed, Proposition 4.4 is a consequence of Proposition 3.4 in which we
take 4;= B, n G, so that condition (3.2) follows from Proposition 4.2 and
the next simple lemma.

LeEMMA 4.5. Let A’ be a dense subset of A, U< C(A). Then

dim U, ,=dim U.

Proof. By Lemma 2.4 there exists an I-set M = {x, ..., x,,} with respect
to U. Let u,, .., u, be a basis of U, so that
det{u;(x,)}} ,_, #0.
By the continuity of u,’s, there exist open sets B; > x;, j=1, ..., n, such that
det{l,t[(xj’»)};ij:1 #0,

for any x)eB;. Because 4’ is a dense subset of 4, we can choose
x;e A" n B;. Hence {xi, .., x,} = A" is an I-set and dim U >n. |

ProprosITION 4.6.  Let C be a connected subset of A. If local dimension is
constant in C,

I-dim, U=m, teC, (4.3)
then

dim U.<m.
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To prove this, we need the following topological result (see [8, p. 136]).

Lemma 4.7. Let X be a connected topological space. For any open cover
{B,:seS} of X and any two points x, yeX there exists a sequence
81y S €S such that xe B, ye B, and B, "B,  #J,i=1,..k—1

Proof of Proposition 4.6. Suppose, to the contrary, that
dim U, ,=n>m.
Then, by Lemma 2.4, there exist points x,, ..., x,, € C for which
dim U‘w gy =1 (44)

In view of (4.3), for each 7€ C we can find an open neighborhood B(7) = 4
such that

dim U, =m. (4.5)

Then # ={B(t): te C} is an open cover of C. It follows from Lemma 4.7
that there exist By, ..., B, € # such that

x;,eB,u---UB,, i=1,..,n, (4.6)

and
B,nB,, ,nC#J, j=1.,r—1L
Hence, by (4.3) and (4.5) we have
dim U|Bj=m, j=1,..,r,

dim U|B/ﬂgi+l=m, j=1,.,r—1

Now Lemma 2.2 shows that
dim U|BW___

contrary to (4.4) and (4.6). |
4.2. Almost Chebyshev Spaces

We define almost Chebyshev spaces as follows.

DerINITION 4.8. Let 4 be a topological space, Uc F(A), dim U=
n<oo. We say that U is an almost Chebyshev space (AT-space) if any set
of n points {¢,, ..., t,} = A is an almost interpolation set with respect to U.
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The next theorem gives a characterization of AT-spaces which, in view
of a result by Garkavi [5, Theorem I], shows that in the case when
Uc C(A4), with 4 being a metric compact, our definition is equivalent to
one given by Stechkin [15]. (See also Kitahara [7, p. 9] for the case of a
locally compact subset of R.)

THEOREM 4.9. Uc F(A) is an AT-space if and only if for any nonempty
open set Bc A,

dim U, =min{n, card B}. (4.7)

Proof. Necessity. Set k=min{n, card B} and choose any k distinct
points 7, ..., #;, € B. Since U is an almost Chebyshev space, {¢,, ..., 7} is an
Al-set. Therefore, there exist points 7; € B, i=1, .., k, such that {7}, ..., t};}
is an [-set. Thus, dim U, >k. On the other hand, it is evident that
dim U <k.

Sufficiency. Let M ={t,,..,1,} <A, let N be a subset of M, N # (7,
and let B> N be an open set. By (4.7) we have

dim U =min{n, card B} >card N.

Therefore, n-dim,, U >card N and, by Theorem 3.3, M is an Al-set. ||

Note that, in view of Lemma 2.1, (4.7) can be written in the form
dim U(B) =max{0, n—card B}, (4.8)

which leads to the following consequence of Theorem 4.9.

PropoOSITION 4.10. Uc F(A) is an AT-space if and only if in A any
nonempty open set of cardinality at most n is an I-set with respect to U and
the only function ue U vanishing on an open B < A, with card B> n, is the
zero function.

Thus, it is easily seen that the class of AT-spaces is fairly wide. For
example, any finite-dimensional space of analytic functions on a set 4 = R”
containing no isolated points is an AT-space. In the case 4 = R the same
is true for any subspace of a T-space.

It follows from Theorem 4.9 that if in a topological space A every
nonempty open set B < A consists of at least n points, then U< F(A) is an
AT-space if and only if I-dim, U=n for any z € A. The next theorem shows
that under some additional assumptions of connectedness and separation it
is sufficient to require that I-dim, U should be constant. Before stating this
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result, we formulate a standard topological assertion which will be required
in the proof.

Lemma 4.11. Let A be a connected T,-space such that card A= 2. Then
any nonempty open set B< A is infinite.

THEOREM 4.12. Let A be a connected topological T,-space containing at
least two distinct points. A finite-dimensional space U < F(A) is an AT-space
if and only if 1-dim,U is constant in A.

Proof. Necessity follows immediately from Theorem 4.9.

Sufficiency. Suppose that
I-dim, U=n, te A.

By Proposition 4.6, dim U=n. Let B= A be a nonempty open set and let
x € B. Then

n=dim U>dim U >1-dim, U=n.

Hence, dim U, =n. Because B is infinite, (4.7) is satisfied and an application
of Theorem 4.9 completes the proof. ||

4.3. Main Structure Theorem

Let 4 be a topological T, -space and let U < F(A4) be a finite-dimensional
space. Denote by G, the set of all points of continuity of I-dim, U.
According to Proposition 4.2, G, is an open subset of 4 and its comple-
ment, F,,=A\G, is nowhere dense in A.

Consider the decomposition of G, into the union of its connected
components,

Gy=) G,, (4.9)
sesS
where S is an index set.
THEOREM 4.13. Suppose that A is a T,-space and UcF(A) is a

finite-dimensional space. Let G, be any connected component of G. If G,
contains at least two distinct points and

G,cint G, (4.10)

then U, is an almost Chebyshev space.

Proof. The function ¢(¢)=1-dim, U is continuous when 7€ G,. By
[8, p. 1287, ¢(t) has Darboux property, i.e., it passes from one value to
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another through all intermediate values. Because ¢(¢) takes only integer
values, it has to be constant in G,. Let us show that

@(t)=1-dim, U|_, teG,.
Suppose teG,. It follows from the definition of local dimension that
@(t) 21-dim, U . Conversely, let B be an open neighborhood of ¢ such
that '

dlm U‘BﬁG :l'dim[ U‘G‘.

In view of (4.10), Bnint G, # J. Let xe Bnint G,. Let us find an open
set B’ such that xe B’ < Bnint G, and

dim U, =I-dim, U= ¢(x).
Since ¢ is constant in G,, we have
I-dim, U =dim U, >dim U =@(x)=¢(1).

Thus, I-dim, U, is constant in G,. It remains to apply Theorem 4.12. ||

We consider some consequences of this main structure theorem.

First, in the case 4 <R condition (4.10) always holds because any
connected set G = R containing at least two points is an (finite or infinite)
open, closed or half-open interval.

COROLLARY 4.14. Let A be any subset of R and let Uc F(A) be a
finite-dimensional space. If a connected component G, of G, contains at least
two distinct points, then U, is an almost Chebyshev space.

On the other hand, the following example shows that the assumption
(4.10) cannot be omitted in general.

ExaMPLE 4.15. Let A = R? be defined as follows: A=A, U A4,, where
AIZ[_I» 1] X{O}’

Azz{(x, »eR*:0<y<l, sinn—e<(1+e)x<sinn+e},
2y 2y

for some sufficiently small &> 0. Next, let U=span{f, f>, f3} = C(4),
wheref,:f,.“, i=1,2,3,



414 OLEG DAVYDOV

fl(x3y)515

~ _ [xp, if x>0,
f2(x’y)_{_x, if x<0,
73(an/):J72(_

It is easily checked that
l-dim, ,, U=3=dim U, for any (x, y)e A.

Therefore, U is an AT-space, G, = 4. The connected components of G, are
A, and 4,. However, U, is the space of univariate continuous piecewise
linear functions with a knot at the point (0, 0), which evidently fails to be
almost Chebyshev.

Note that, in view of Example 4.15, none of the following assumptions
ensure condition (4.10) for all components G,:

e A is compact,

e A is connected (this requires a slight modification of the example);
e U is an almost Chebyshev space;

e Uc C(A);

o the number of connected components of G, is finite.

However, if A is locally connected, then any component of each open
subset of A is open (see [8]), so that (4.10) is necessarily satisfied. This
leads to another consequence of Theorem 4.13.

COROLLARY 4.16. Suppose that A is a locally connected T,-space and
Uc F(A) is a finite-dimensional space. Let G, be any connected component
of Gy. If G, contains at least two distinct points, then UI is an almost
Chebyshev space.

Thus, let U be any finite-dimensional space of real functions on a
locally connected T,-space A which, say, contains no isolated points.
Corollary 4.16 shows that U is in some sense composed of AT-spaces
defined on disjoint connected open sets G, = A whose union is residual in
A. In other words, U may be thought of as “piecewise almost Chebyshev.”

The following results throw light on the structure of principal
neighborhoods: components G, play an important role in this question as
well.

PrOPOSITION 4.17.  Under the hypotheses of Theorem 4.13, let t€ A and
let G, be a connected component of G, such that G, cint G,.
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(a) If G, nint PN(¢) # &, then G, = PN(1).
(b) IfteG,, then G, = PN(1).
(c) Ifteint Gy, then G, is an L-neighborhood of t.

Proof. 1t is clear that (b) and (c) follow immediately from (a). The
latter is evident when G, is a singleton. Suppose that G, contains at least
two distinct points. Then, by Theorem 4.13, U, is an AT-space. Set
B=int PN(¢). Let u be any function in U(B). Obviously, ue U(B nint G,).
Bnint G, is infinite by Lemma 4.11. Then Proposition 4.10 shows that
ue U(G,). Therefore, by Proposition 3.8, G, < Z(U(B))=PN(z). |

COROLLARY 4.18. If Uc C(A), where A is a locally connected T, -space,
then for any te€ A there exists an L-neighborhood B(t) such that

for some subset S' = S.

Proof. Let B be any open L-neighborhood of . Set
S'={seS:G,nB#J}.
By Proposition 4.17(a), G, = PN(¢), s€ S'. Therefore,
J G, =PN(1).
sesS’
In view of Lemma 4.5, we obtain

dim U, =dim U <dim U, =I-dim, U.
) [Uses Gs IpNG) t

On the other hand, by Proposition 4.2, B\{J,.s G,= F,, n B is nowhere
dense in B. Hence B < B(t), so that B(¢) is an neighborhood of ¢, which
completes the proof. ||

Note that there evidently exist spaces U such that every L-neighborhood
of a point teF, contains an infinite number of components G, (see
Example 4.3 above).

4.4. Generalized Almost Chebyshev Splines

We now impose some conditions which seem to suffice for U to have the
right to be called a generalized spline space.

DerFINITION 4.19. Suppose that 4 is a locally connected T, -space
and Uc C(A4) is a finite-dimensional space. We say that U is a space of
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generalized almost Chebyshev (or AT-) splines if the number of connected
components of G, is finite.

Thus, if U is a space of generalized AT-splines, then the decomposition
(49) of G, into the union of its connected components determines a
partition of A,

A=) G, (4.11)

where S is a finite index set. Cells G, of this partition are disjoint connected
open subsets of 4 such that U|GA is an almost Chebyshev space for each
s€ S. The set of all edge points (points of discontinuity of local dimension)
of the partition,

FUZA\GUZ U ﬁs\Gsz U bd Gs!

sesS ses

is a closed nowhere dense subset of A.

Note that any space of multivariate polynomial splines with respect
to an arbitrary partition of a bounded domain 4 <R™ is a space of
generalized AT-splines. The same is evidently true for a class of generalized
multivariate spine spaces introduced by Sommer and Strauss [13,
Remark 2.1(iii)].

Given a space of generalized AT-splines U, set

S(1)E {seS:1eG,}, (4.12)
Gn< | G, ted (4.13)
seS(1)

The following theorem gives a useful formula for the neighborhood
dimension of an arbitrary finite set M < A4. It rests on the fact that G(¢) is
an L-neighborhood of ¢

THEOREM 4.20. Let Uc C(A) be a space of generalized almost
Chebyshev splines, and let M = A be a finite set. Then

n-dim,, U=dim Ulu e (4.14)

Proof. Let B be an open L-neighborhood of 7 such that Bn G, = ¢ for
any s ¢ S(¢). Then

S(t)={seS: G,n B+ J}.
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Arguing exactly as in the proof of Corollary 4.18 we obtain that

U G, (=6G()

seS(1)
is also an L-neighborhood of 7. It remains to apply Proposition 3.6. |

We can now give a characterization of almost interpolation sets with
respect to an arbitrary space of generalized almost Chebyshev splines
through a condition of Schoenberg—Whitney type. Our theorem generalizes
the main result in [13].

For any S’ S, S" # (J, set

THEOREM 4.21. Let UcC(A) be a space of generalized almost
Chebyshev splines, and let M = A be a finite set. Then M is an almost inter-
polation set if and only if

dim UI(;S, =>card(M nint Gg) (4.15)

forany §'c S, S"# .

Proof. Necessity. Suppose, to the contrary, that (4.15) does not hold
for some S’ although M is an Al-set. Set N=M nint Gg.. Since int G is
a dense subset of Gy, it follows from Lemma 4.5 that

dim U, =dimU .
Therefore,
n-dimy U< dim U} o < card N,

which, by Theorem 3.3, shows that M is not an Al-set, a contradiction.

Sufficiency. Suppose that (4.15) is valid. Let N be any subset of M,
N#. Set S'=1J,cnS(t). Then

Gsy= 1) G(1)

teN

Since G(t) is a neighborhood of 7, N cint Gg.. Therefore,

card(M nint G4 ) > card N.
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Thus, by (4.14) and (4.15),

n-dim, U =dim UI(,-S, >card N,

and it follows from Theorem 3.3 that M is an Al-set. ||

2.
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