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Let X be a linear space, and H a Hilbert space. Let .1 denote a set of # distinct
points in X designated by ., ... x, (these points are called nodes). It is desired to
interpolate arbitrary data on .+ by a function in the linear span of the n functions,

X Y BT = vl k=1,..n
vl
where y, are n distinct points in X (called knots), T, are linear maps from X to H,
and F, are some suitable univariate functions. In this paper, we discuss the
solvability of this interpolation scheme. For the case in which the nodes and knots
coincide, we give a convenient condition which is equivalent to the nonsingularity
of the interpolation matrices. We obtain some sufficient conditions for the case in
which the nodes and knots do not necessarily coincide. ¢ 1993 Academic Press. Inc.

1. INTRODUCTION

Let X be a linear space, and H a Hilbert space. Let L denote the set of
all linear maps from X to H. Given ge C(R) and T e L, we can construct
a simple-structured function @ on X by composing g with || 7|, where |||
is the norm on H; ie, @(x)=g(|T(x}||), xe X. If $ X*, the conjugate
space of X, then ¥ =g-¢ is also a function on X, and we call ¥ a ridge
function on X. For example, the mapping x+ g({x, v)), where x, ve R?
with v being fixed, and {x, v) being the Euclidean dot product of x and
v, is by definition a ridge function on R“ It is constant on every line
{a+1m:teR}, where aq, ue RY and u L v. If X is a Banach space, then
it is proved by Cheney and Sun [SC] that the set of ridge functions
is fundamental in the space C(X) under the topology of compact
convergence.

Let .4 denote a set of n distinct points in X designated by x, ..., x,,.
These points are called nodes. Let some arbitrary data (x,, f,), f,e R, be
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given on 4. We wish to interpolate the data by a function in the linear
space generated by the » functions

x> 3 FE(ITx=y)I%),  k=1,..n, (1)

where y, .., ¥, are n distinct points in X (called knots), T, ..., T,,€ L, and
F,, .., F,, are some suitable functions in C(R) that we will describe later. By
varying the number m, the functions F,.., F,, and the linear maps
1y, .., T,, we obtain a rich family of interpolating functions which are of
simple structure. For instance, included in (1) are sums of radial functions,
ridge functions, or both.

When the interpolation conditions are imposed on an element of this
linear space, the result is a system of » linear equations in the unknown
coefficients ¢y, ..., ¢,,

I

Yoo, Y F(TAx,— vyl =f,  k=1,.,n

J=1 v=1

The coefficient matrix 4 of the linear system has entries

A=Y FUT.Lx= yel?), (2)

v=1

and is termed the interpolation matrix. We also need to impose some
conditions on the functions F, ..., F,,. Let ¥.# denote the set of functions
satisfying the following three conditions:
(Cl) F: [09 OC‘)—’[0,00),
(C2) F is completely monotone on (0, c0) and continuous at 0,
(C3) Fis not a constant.
Let &.# denote the set of functions satisfying the following four condi-
tions:
(D1) F:[0, o) - [0, cv),
(D2) Fis C* on (0, o) and continuous at 0,
(D3) F'is not a constant,
(D4) (1) FU*Y () =20forv=0,1,2,.. and t>0.
We recall that a function f:[0, 0)— R is said to be completely
monotone on (0, oo) if (=1)" f"(x)=0, v=0,1,2, .., on (0, oc). Hence,

condition (D4) is equivalent to F' being completely monotone on (0, oc).
In [D, DLC, M], an extra condition was imposed on the functions in
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2.4, namely, F(1)>0 when 7> 0. It was pointed out to the author by the
referee that this condition is not essential in the argument.

Throughout this paper, if not declared otherwise, the functions F, will be
assumed to be elements of 6.# or &.4.

So far only the special case of this interpolation scheme where the nodes
and knots coincide (ie., x;=y, for all j), has been studied in the literature.
Micchelli [M] proved that if m=1 and if 7, is the identity map on R,
then the interpolation matrix of (2) is nonsingular. Dyn, Light, and Cheney
[DLC] proved that if m=d, and T,, .., T, are projections from R to the
coordinate axes, then the interpolation matrix of (2) is nonsingular if and
only if the » functions in (1) are linearly independent. It was showed by
Dyn and Micchelli [DM] that the same is truc for the general functions
in (1) and for a wider class of interpolation problems based on condi-
tionally positive definite functions {F,}7_, of arbitrary order.

Dyn, Light, and Cheney took a geometric approach. They used the con-
cept of a path in R?. A path in R? is an ordered set of points P,, P,, ..., P,
in R? such that the line segments P, P,, P, P, ..., are all of positive length
and are alternatively horizontal and vertical. The path is closed il P,= P,,
and if / 1s odd. In [DLC], it was shown that the interpolation matrix A,
Ay =FUTi(x,—x)I1?) + B Ta(x;— x,|*), where x,,.., x,eR? and T},
T, are the two coordinate projections, is singular if and only if the set of
nodes contains a closed path. The closed path introduced in [DLC] essen-
tially works in a much more general setting in the case m=2 [DM]. But
when m > 3, it seems that there is no analogy of the closed path property;
see [LC]. In discussing the singularities of /,-norm matrices, Light [L]
introduced multidimensional closed path, using the structure of a tree. Light
showed that if the set of nodes contains a multidimensional closed path,
then the corresponding /,-norm matrix is singular. On the other hand,
there exist some node sets which have a singular matrix without containing
a multidimensional closed path. Such an example will be given in Section 2.

Inspired by the work of Dyn and Micchelli [DM ], we find that it is con-
venient to use a semi-norm to study the solvability of the interpolation
problem. This semi-norm is closely related to the pattern of node distribu-
tion and the linear maps 7, .., 7,,. We introduce and exploit this semi-
norm in Section 2. Section 3 of this paper is devoted to the more general
case where the nodes and knots do not necessarily coincide. We prove
some sufficient conditions. However, our results there are confined to ridge
functions.

2. THE SEMI-NORM
As in Section 1, a set of nodes (in X)

N o= {xy, e, X, )
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and a collection of linear maps (from X to H)
g :={N,.,T,

are given. For each v, v=1,..,m, let 4,:={y:T.x,=y for some j}. In
other words, A4,=T/(A4"). We define the semi-norm ||, , on R”
associated with 4" and .7 in the following way: if ¢ :=(¢,, ..., ¢,) € R", then

»t 27312
doo=[E T (Stoina-n) | 3)

v=1 veAd,

It is easy to check that |-} ,. ; is indeed a semi-norm on R”. In this paper,
our principal concern is to understand the precise conditions under which
|1, Is a genuine norm and not just a semi-norm. Thus any other equiv-
alent definition is also valid. For example, we can define the semi-norm as

P

v=1 yed,

plip
] , l<p <.

Yie i Ly=p)

We settle upon Eq. (3) as our definition for convenience.
We offer a few examples before we exploit properties of the semi-norm.

EXaMPLE 1. Let m=1, and let T, be a linear map from R to R such
that 7(x,)# T(x;) if j#k Then [c| ;- ,=(X7_, ¢))'? ie, ||, ; is the
Euclidean norm on R".

ExampLE 2. Let x,, x,, x;, X, be the four vertices of a rectangle in the
plane R? (see Fig. 1(a)), and let T;, T, be the two coordinate projections.
Then (3) defines a semi-norm on R* in the following way: for
ci=(c), 3, €3, 4} €RY,

le] - 7= [lci + )+ (et ey + (ca+ ('3)2 +(cq+e)]

If we enlarge or shrink the rectangle, we always obtain the same semi-

norm in this process. Actually, ||, , is a certain geometric invariant

A A
X X X5
4 ’ 3 Xg
X3
X4
X1 X2 o x1 X2
(o] 0 =

FIGURE |
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which describes some topological relationship between the node set 4" and
J . We also note that the semi-norm in this example is not a norm, since
for the nonzero vector ¢ =(1,—1, I, —1), we have |c| - , =0.

EXAMPLE 3. Again in R? we select six points as illustrated in Fig. 1(b).
T,, T, are projections to the coordinate axes. The result is the following
semi-norm in RS,

[el 4 »=L(c, +e) (et e) +(es+e) +oi+(c+¢3)
+(cs+ )+ 2]

This is a norm since |¢| ,. , =0 is equivalent to the homogeneous linear
system

¢ +¢;=0
c3+¢s=0
cs+ce=0

;=0
c,+c3=0
c4t+cs=0

=0

which has only the trivial solution.

ExaMmPLE 4. In R’ we select five vertices of the unit cube as illustrated
in Fig. 2. Let T}, T,, T; be the three coordinate projections. Then we have
a semi-norm on R® defined by

lel . = [ley +eyt ) (et e+ (e + e+ o)

1,2

+ {3+ es) (e + et ey) + (e +cs)]

A
X5

Xa

v

X2 X3

X4

FIGURE 2
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This is not a norm, as the nonzero vector (2,—1,—1,—1, 1) has a semi-
norm 0.

These five points also serve as the example we mentioned in Section 1.
Namely, they do not form a multidimensional closed path under the defini-
tion of Light [L], but their /, norm distance matrix is singular.

To verify that || ;. , is a norm, we write down a homogeneous linear
systern whose coefficient matrix is sparse and all the nonzero entries of the
matrix are 1. The semi-norm || ,. , is a norm if and only if the linear
system has only the trivial solution.

If ||, 5 is a norm on R", then it is equivalent to the Euclidean norm
on R", as any two norms on a finite-dimensional Banach space are equiv-
alent to each other. Let 7. , be the identity operator from the Banach
space (R”, ||, ;) to the Banach space (R”, ||-]|). Let the operator norm of
I, ;bel/i, ;. Then, the number 4, . has the following properties:

(1)
(i) If A is a positive number such that |c|,. ,=4]c||, then
iy 2

lel - 724, 5 llc|l for all ¢ in R";

We call 4 ,. , the norm constant of || ,. , related to |||, or simply the
norm constant of || ,. .

PROPOSITION 1. Let A" and T be given, # 4" =n, and let T, < T . Then
for any ce R”, we have |¢| ,. , = |c| , ;. Consequently, if || | ; is a norm,
sois ||, 5.

Proof. From the definition of |-| ,. , in Eq. (3), we have
(Cl.zt 7= |C‘_2¢ oot ICI2¢ T

So the result follows. J

PROPOSITION 2. Let 7 :={T,, .., T, } with ker(T,)# {0} for all v. Then
there exists a node set A™ 1= {x, .., Xom}, # A" =2", such that |-| |- ; Is not
a norm on R”".

Proof. The construction of A" uses induction on m. When m = 1, since
ker(7,)+# {0}, we can select two different points x,, x, in X, so that
T(x,)=T(x,). Then for the nonzero vector (1,—1)eR?* we have
L=y o1 iy =0 Thus |-}, ., is not a norm on R’

Suppose that the results is true for m — 1. Then for 7, :={T}, ... T,, ., },
there exist a node set .4, := {x,, .., Xn 1}, #.4;=2""" and a nonzero
vector u := (uy, .., uym-1) such that |u| ,, , =0.ie, for each v and every
yed,, > {u;: T.x;=y}=0. Since ker(T,,)# {0}, we can select = #0 such
that 7,,(z)=0 and such that x,#x,—z for all j, k=1,..,2" ' This is
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possible because the set {x,—x,:jk=1,.,2"""} is finite. Let

N = {yl, ey Pam } 2= X sy Xgmty Xy — I,y Xpm 1 — 2}, Then # .47 =27
Let v := (V) ey Ugm) 3= (Uy, ooy Ugm 1y — Uy ey —Upm—1). We have |v[? =
el -+ 1ol rap- U is clear that (1% (s, =0. It order to see that

7
lv]? - =0, we ‘write down, for each v <m and every yed,,
YAy Ty=yt=3 {u: Tx,=y}+3 {—u: T(x;— )=y}

=Y {u;:Tox;=y} =3 {u,: T,x,=T,z+y}=0. |

PROPOSITION 3. Given any node set A :=1{x,,..,x,}, #A4 =n, and
)

m=1, we can find a set of m elements T :={{, ., ¥, } < X*, such that

I - & Is @ norm on R".

Proof. Select ¥, € X* so that y(x,)#y(x,) if j#k. This is possible
because each set {y :y(x;—x,)=0} (j#k) is a hyperplane in X*, and
their union is not aIl of X* Thus [-[ , ., is a norm. Choose ¥, .., ¥,
arbitrarily and let 7 = {y, .., ¥, }. By Proposition 1, || ,- - is also a
norm. |

If m=2, the semi-norm |-| ; , serves our purposes just as well as the
“closed path” does. The following definition of closed path is given by Dyn
and Micchelli [DM] which extends the one in [DLC].

.

DEFINITION 4. Let .7 ={T,, T,}, where T,, T, are two linear maps
from X to H such that .7 is linearly independent. 4 closed path in X with
respect to 7 is a f{inite ordered set consisting of /, [ even, distinct points in
X, [yy, .., ¥,], satisfying the following equalities

T]lj,l—T|‘2,T712,~T7}7,+1, j=1,,1/2,

where ¥, = y,.

DEFINITION 5. Let 4" and .7 be given. If for every pair x; and x, in .47,
7 ,x,=T,x, for all v implies x,=x,, then we say that .4" is in general
position with respect to .7
If [1,,. » ¥;] 1s a closed path and in general position with respect to
={T,, T,}, then we have

Tiyy =T, Yo Lyy=T, Yo+ J=1 .12,

) 4
Ly, 1 # Ty, T,y # T, Yot J=1,.,02

This fact is crucial in the proof of Lemma 6 below.
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LEMMA 6. Let A" be in general position with respect to 7 :={T,, T,}.
Let # be a nonvoid subset of A" such that for any ye X and v=1, 2,
#( M {x:T,x=y})#1. Then .# contains a closed path with respect to
7 ={T, T:}.

Lemma 6 is a generalization of Lemma 3.2 in [DLC]. Essentially, the
proof there works for Lemma 6 (use the remark following Definition 5).
So we refer to [DLC] for the proof. |

THEOREM 7. Let .4 be in general position with respect to T =: {T,, T,}.
In order that || |- , be a norm it is necessary and sufficient that A" contain
no closed path with respect to 7.

Proof. Assume that 4" contains a closed path. Remember the nodes if
necessary so that {x, .. x,} is a closed path, where m<n, m even. We
show that for the nonzero vector

ci=(1,—1, ., 1,—1,0, .., 0),
SR

”»t

l| ,. >=0. Forany yed,, let [, =#{x,:Tyx,=y, j=1,..,m}. Since A"
is in general position with respect to 7 =: {7, T}, by Eq. (4), we see that
[, is even, and we have
Y le, i Tyx,=yt=(1—1)+ - +(1—1)=0.
- O e

4

The same argument can be applied to y € A,. Therefore

o= T T (Tteinn=n)] -0

v=1 ved,

The necessity of the theorem is proved.

To prove the sufficiency, assume that .4” does not contain a closed path.
We have to show that the equation |¢[ ,. , =0 implies that ¢,=0 for all ;.
We will prove this by induction on #.4". When #.4 =1, the result is
automatically true. Assuming that the Theorem is true when #.4"=n, we
show that it is also true when #.4"=n+ 1. Since .4" does not contain a
closed path, by Lemma 6, there exist an x;, .4 and a T, €7 such that
#(AV N({x:T,x=T,x,})=1 So T, x, #T,x; for all j# j,. Then, by
the definition of the semi-norm |[c| ,- ,, we know that (|c| ,- ,)* contains
the term c;. Hence [¢[, ;=0 implies ¢, =0. Therefore, [c[, ;=
[€'] 1.7 =0, where

.o .
€ = (Chy e €y 1y iyt ooms Cog ()
e —— B e e

n
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Since # {.4"\{x,}} =n, the induction hypothesis implies that ¢’ = 0. Hence
c=0. 1

Let R” and R* denote the sets of all real-valued functions on H and X,
respectively. Let R(J ):=span{f-T,: feR", v=1,.,m}. The next
theorem is about the relationship between the semi-norm ||, , and
R(T).

THEOREM 8. The following three statements are equivalent:

(i) |-, 5 is not a norm;
(ii) There is a nontrivial functional ¢ € (RY)* supported on A" which
annihilates R(J ),
(ili) There exist n constants o, ..., %,,, not all a, are zero, such that

n

Y 2,G(x—x;)=0

i=1

for all Ge R(T) and all x e R

Proof. Let xeX, and let x* be the point evaluation functional
associated with the point x; i.e., for any function g whose domain includes
x, x*(g)=g(x). Let &(A") denote the set of all the linear functional
¢pe(RY)* with supp(g)c .#". Then it is obvious that every element of
@(A") can be represented as 3. _, o,xf*, «,,.., 2, €R, and vice-versa.

For the proof that Part (ii) implies Part (i), suppose Part (ii) is true, and
let ¢ be a nontrivial functional in (R¥)*, ¢=3"_, ¢;x*, that annihilates
R(7). For each v, we have

—HfT)=3 ¢f(Tix,)
(s)
=Y S ef(Tx):Tx,=v]l= Y f() Y [e,: Tox,=y]=0.

veA, veA,

Since (5) is true for any function in R”, we must have
Z [c,: T.x;=y]1=0 (ved,,v=1,.,m). (6)

Equation (6) is equivalent to |c| ,- , = 0. Since ¢ is nontrivial, the vector ¢
is not zero. This shows that |-| |- , is not a norm. Therefore part (i) is true.

In order to prove that part (i) implies part (ii), suppose that part (i) is
true. Then there exists a nonzero vector ¢ :=(cy, .., ¢,) so that |¢| - , =0.
From Eqgs. (5) and (6), we see that the nontrivial functional ¢ :=37_, ¢,x*
annihilates R(7).
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The equivalence between part (ii) and part (iii) follows from the observa-
tion that if G(-)e R(J) then G(x— -)e R(J) for any fixed xe X. [

We point out here that the result of Theorem 8 is still true if we replace
R(7) by a certain subspace of it. Let #(H) be a subspace of R* which
separates the points of H, ie., for any pair x,, x,€ H, with x, # x,, there
exists a function e # (H) such that f(x,)# f(x,). Let R(F") be a subspace
of R(7 ) defined by

R(T):=span{fsT,: feF(H),v=1,.,m)}.

Then, Theorem 8§ is true for R(.7) with the same proof.

COROLLARY 9. If ||, ; is not a norm, then for any G € R(T), the inter-
polation matrix (G(x;— x,)) is singular.

From the examples and theorems discussed above, we see that in some
special cases |-| ,- , being a norm is equivalent the nonsingularity of the
interpolation matrix of (2) when x,=y,, j=1, .., n. The following theorem
shows that this is true in general.

THEOREM 10. Let the functions F,, v=1, ..., m, be either all from €.# or
G .M. Then the interpolation matrix A,

Ap =Y FUIT;=x)l%),

yo=1
is nonsingular if and only if the semi-norm |-| ,. ; is a norm.

Theorem 10 follows from [DM, Lemma2.1 and Proposition3.1].
A direct proof of Theorem 10 is also possible; see [S,].
Now we have the following three equivalent conditions:

(i) The interpolation matrix of (2) when x,=y,, j=1,.,n, is
nonsingular;
(i) The n functions x—3¥7 | F,(ITAx—x)II?), j=1,..,n, are
linearly independent;
(i) The semi-norm |- (- - is a norm.

The equivalence of (i) and (ii) was proved in special cases by Dyn, Light,
and Cheney [DLC] and in general by Dyn and Micchelli [DM]. Practi-
cally, condition (iii) is very convenient. As we mentioned before, |- |-
being a norm is equivalent to a certain linear system having only the trivial
solution. The coefficient matrix of the system is sparse and all the nonzero
entries are 1. Even if » is a reasonably big number, the problem poses no
challenge to the modern computers.
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If the interpolation matrix A,

m

A=Y FUITLx,—x)1%),

is nonsingular, in which case |-| ,. , is a norm, then using the methods
developed by Ball [B] and Narcowich and Ward [NW], it is possible
to estimate the norm of 4 ~' (as an operator from /5 to /3) by the norm
constant 4, , of ||, . We will discuss the problem elsewhere.

At the end of this section, we prove some useful theorems using proper-
ties of the semi-norm and Theorem 10.

THEOREM 1. Let A" and T be given, and let 7, < J . Let the functions
Fy, .., F, be either all from €.# or all from Z.#. Then, if the interpolation
matrix B,

B, = Z E(l Tv(-\’/ =X ) ?) },
Tye. 7
is nonsingular, so is the matrix A

”m

A=Y FUIT(x;—x)I?).
v=1

Theorem 11 shows that the interpolation scheme has the advantage that
appropriate terms can be added without disturbing the solvability.

Proof. If the matrix B is nonsingular, then the semi-norm || . , is a
norm by Theorem 10. By Proposition 1, the semi-norm ||, , is also a
norm. By Theorem 10 again, the matrix A4 is nonsingular. ||

THEOREM 12. Letm=1, and F,, ..., F,, be either all from €.# or all from
DM. Then for any set A" :={x,, .., x,} of distinct nodes, there exists a set
of m elements \, ..., ¥, € X*, such that the interpolation matrix A,

Ajk = Z Irv((l//v(xj—xk))z)’

is nonsingular.
Proof. Apply Proposition 3 and Theorem 10. |

We also have the following negative result:

THEOREM 13. Let  :={T,,.., T, } with ker(T,)s {0} for all v. Then
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there exists a node set A" = {Xx|, .., X}, #A"=2" such that the matrix
A’

Ay = Z ho(T,(x;~ x,)),

is singutar, where h,, ..., h,, are arbitrarily functions in R".

Proof For the given 7, by Proposition 2, there exists a node set
AT =Xy, ey Xom ). #A7=2", such that the semi-norm |-| ,. , is not a
norm. Since the function 3 7'_, h,- 7, belongs to R(J), the matrix 4 is
singular by Corollary 9. |

3. THE CASE IN WHICH THE NODES AND KNOTS
Do NOT NECESSARILY COINCIDE

DEFINITION 14, Let 4 be an nxn matrix. Let A(]':'I ']’.) denote the
px p minor of A obtained by retaining only the rows labelled i,, i, ..., i,

and the columns labelled j,, j,, ..., j,. Here we assume 1 <p<n and

1<ii<iy< - <i,<n, I<ji<jpp< - <j.gn (8)

If for all 1<p<n, and all i\, iy, .., i, j;,js, - j, satisfying (8), we have

detA("”, "'?)zo (9)
Jis Jas oo I

we say that A is totally positive. If the strict inequality holds in (9), we say
that A is strictly totally positive. This definition is in harmony with the one
in [K].

It follows from a well-known theorem that a symmetric totally positive
matrix is nonnegative definite, and that a symmetric strictly totally positive
matrix is positive definite. Here we adhere to traditional terminology and
call a matrix A4 positive definite if x"4x >0 when x 0. The term “non-
negative definite” is used if x”4x >0 for all x.

Lemma 15. Let a,<a,< --- <a, and by <bh,< --- <b,. Put A, =
(a;,—b,)". If A is symmetric, then ¢"Ac<0 for every vector ¢ satisfving

Zj;lcj:O



264 XINGPING SUN

Proof. The following Laplace transform formula is well-known. See,
for example, [AS, p. 1022]

r(/f)s'/f=f e P di (B>0, s>0).

0

Let 0<a <1 and f=1—ua. The preceding equation leads to
F—o) [ s vas=[ [ et dids (0O<a<l).
(e [0 tom [ ([ e rands 0 <<

Tonelli’s Theorem [R, p. 270] justifies the interchange of integerations on
the right. We obtain

“1=mg——oc)13f’3 _(H”(l—e wypox tdr o (O<a<l, u=0).

Let ceR”and 37_, ¢;=0. Put Q. =3"7_, 37 _ | ¢;cilaq, —b,)*. Then

a -1 _ _ _
Q.= r(l—a)l,'fﬂ 2:; A;cqz {1 —exp[ —(a,— b,)2]} d.

Since 3°7_, ¢; =0,

0,= llmJ‘ T Y ceot T expl —tla,— b)?] dr.

F(l—a 04 22

Since the kernel e " is strictly totall positive [K, p. 88] and since the
matrix 4 is symmetric, the matrix defined by

E,(1)=exp[—1(a,— b,)*]

is totally positive and positive definite for all 7> 0. Hence Q, <0. Letting
a1, we obtain c”"4c<0. |

LEMMA 16. The following results about functions in €. # or Z.# are true
on the interval (0, o0):

(1) If fe€.M, then fP) is strictly decreasing, while f*'* V) is strictly
increasing, 1=0,1,2, ...

(i) If fe@.H, then f* is strictly increasing, while '+ is strictly
decreasing, =0, 1,2, ... In particular, F(t)>0 when 1 >0.

Proof. Let Fe¥.#, and /=0. By the Bernstein—-Widder Theorem [W],
there exists a finite positive measure B(s) on {0, cv), which is not concen-
trated at 0, such that f(t)=/(0)+ (s e “dp(s). If 0<t,<1,, then
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e """ —e~ >0 for all s >0. Hence f(¢,) > f(t,). The strict inequality holds
because the measure S(s) is not concentrated at 0. The other cases can be
handled similarly. ||

LEMMA 17. Let a,<a,< ---<a, and b <b,< ... <b,, and let
feCM. Put Ay = f((a;,— b)) If A is symmetric, then it is positive definite.

Proof. By the Bernstein-Widder Theorem [W], we can express f(x) as
follows.

f(t)=£: e df(s) (t=0).

where fi(s) is a positive Borel measure on [0, o) whose mass is not
concentrated at Q.

We have A, =[§ exp[ —s(a;— b,)*]1dB(s). As in Lemma 15, the matrix
E(s) given by

E,(s)=exp[ —s(a;— by)*]

is strictly totally positive for s>0. Since f is strictly decreasing
(Lemma 16), the matrix having elements (a,— b,)” is symmetric. Thus E(s)
is symmetric, and therefore positive definite. It follows that A is positive
definite, for if ce R"™\ {0}, then

ac=[ S Y ecxEnls) dB(s)>O0.

0 =1 k=1

Here again we use the fact that the measure dff is not concentrated at 0. |}

LEMMA 18, Let a,<a,< ---<a, and b, <b,< ---<b,, and let
fe2M. Put A, =f((a,—b,)). If A is symmetric, then A has (n—1)
negative eigenvalues and 1 positive eigenvalue.

Proof. By Lemma 3 in [S,], f(x) can be expressed as

f=fO+[" s 1—e M dBls)  (120)
where f(s) is a positive Borel measure on [0, c0) satisfying
[ (dp(s)/s) < o0 and [ dB(s)> 0. The latter is equivalent to the fact that
the mass of B(s) is not concentrated at 0. Let o denote the mass of fi(s} at
0, ie, a=lim , [B(s)—B(0)]. Then

£1)=1(0)+ ot + lim ["sa—eaps) a0

[
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Let ceR", ¢#0, and Z’;:l ¢;=0. We have then

cTAe=Y Y ¢ l:f(())vLat(a,-—hk)2

i=1 k=1

+lim [ s '[1—exp[—s(a,—bk)zj]dﬂ(s)].

el0 &
Since 37, ¢;=0, it follows that

7
&

’ZI i €/Cx [;f‘(0)+lilm j st dﬂ(s)] =0.
el 0

J=1 k=1

By Lemma 15, 3/_, 37 _, ¢;ci(a;— b,)” <0. Consequently,

J=1

TAes —lim [T Y3 s Exls) dB(s) <O
0

£10 =1 k=1

Here we use the facts that the function s+ s 'E,(s) is positive for all s>0
and that the measure dfi(s) is not concentrated at 0, (see the similar argu-
ment in Lemma 17). By the Courant-Fischer Theorem, the matrix 4 has at
least (n — 1) negative eigenvalues. But the trace of A4 is nonnegative, hence
A has exactly (n — 1) negative eigenvalues and 1 positive eigenvalue. ||

A direct consequence of Lemmas 17 and 18 is

COROLLARY 19. Let X be a linear space, and ¢ X*. Let fe C[0, oc)
and F=f-¢> Let x,,..x, and v,,.. v, be points in X such that
Mx)< - <d(x,) and ¢(y,)< -+ <@(y,). Assume that the matrix A,
Ay = F(x;— y,) is symmetric. We have the following results:

(1) If fe€.H, then A is positive definite.
(2) If feg.#, then A has (n— 1) negative eigenvalues and 1 positive
eigenvalue.

We give an example of a function F, a node set {x,, .., x,} and a knot
set { yy, .., ¥, distinct from the node set, such that the matrix (F(x;—x,))
is symmetric. In R, let x,=j, y,=(n—j)+45, j=1,.,n and let F(r)=14.
It is obvious to see that the matrix (F(x,—x,}) is symmetric.
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