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This paper shows that under certain conditions a solution of the minimax
problem min(,<,\I e ex <pMax; <, fi(Xy, ., x,) admits the equioscillation
f

characterizations of Bernstein and Erdés and has strong uniqueness. This problem
includes as a particular example the optimal Lagrange interpolation problem.
© 1998 Academic Press

1. INTRODUCTION

As we know, the equioscillation conditions of Bernstein [2] and Erdds
[7] were originally conjectured to characterize optimal Lagrange inter-
polation. They have been confirmed not only for the original interpolation
problem but also for many other optimal (extremal) problems [ 3, 5, 8-12].
It is natural to ask what kind of extremal problems admit the equioscilla-
tion characterizations of Bernstein and Erdés. The first aim of this paper
is to investigate a general minimax problem, a solution of which admits
characterizations of Bernstein and Erdds and which includes most of the
above-mentioned examples. The second aim is to provide different proofs
(based on Lagrange’s method of multipliers for nonlinear programming
with constraints). In addition, this paper also gives some new results,
including an analogue of strong uniqueness for best uniform approximation
by a Haar subspace [6, p. 81].

The minimax problem mentioned above is the following.

Let —c0o<a<b<oo,n>=1, and

Xi={X=(X], X5, s X,,)1 X i =A< X <X5 < -+ <X, <X, :=b}.
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Let f;(x)=0,i=1, 2, .., n+ 1, be continuously differentiable functions on X
and

f(x):= max f;(x).

I<i<n+1

We will investigate the minimax problem: Find a vector y € X such that

Sfly)= inf f(x).

xeX

The main results of this paper are the following equioscillation character-
izations of Bernstein and Erdés for such a minimax solution.

THEOREM 1. Assume that the functions f; satisfy the conditions

o }if,nq.)ao max |f1(x) = fi(x)[ =0 (L.1)
and
a i nn+1
Dk(x):zdet<f’(x)> £0, xeX, k=1,2,..n+1
5xj j=1li=1i#k
(1.2)
Then the following statements are valid.
(a) there exists a unique vector y € X such that
f(y)=min f(x); (13)
(b) Equation (1.3) holds if and only if
L) =1y) = =foa(y)s (1.4)
(c) for any vector xe X\{y}
min  f(x)< f(y)< max f;(x); (1.5)

I<isn+1 I<isn+1

(d) for each vector w € X there exists a constant y(w) > 0 such that for
all xe X

max [ f;(x)—f;(w)]=p(w) [x —w], (1.6)

I<isn+1
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where |x —w| =max, ., |x;—w;|; in particular, there exists a constant

i
¥ >0 such that for all xe X

JxX) = fly) +7* [x—yl. (1.7)

We note that the actual verification of the assumptions (1.1) and (1.2)
for the special case of Lagrange interpolation occupies a nontrivial part
of [3].

We will also give other results, which are already proved in [3].

THEOREM 2. Let (1.1) and (1.2) hold. Then
(a) the map F: X - R" x> (f;, 1(X) — fi(X))7_, is a homeomorphism
of X onto R”;
(b) if for u,ve X,

fi(u) < fi(v), i=1,2,.,n+1,

then u=v;

(c) foreach fixed k, 1 <k<n+1, themap F;.: X > R": x> (f;(X); .1
is (globally) one-to-one.

It is worth pointing out that Statements (a)—(d) of Theorem 1 are the
analogues of the theorems of existence and uniqueness, alternation, de La
Vallée Poussin, and strong uniqueness for best uniform approximation by
a Haar subspace, respectively [ 6, pp. 72-81].

Our proofs are based on the following, in which

oh(x) 6h(x)>

 eees
0x, ox,

vity) =(

X=Yy

THEOREM A [1, Theorem 3.4]. Assume that g, g,, ..., g, are continuously
differentiable on an open set S R". If ye S is a solution of the problem to
minimize g(x) subject to x€ S and g;(x) =0, i=1,2, .., m, then there exists
a vector A=Ay, Ayy ey Ayy) 0, 220, such that

and
2,8:(y)=0, i=1,2,..,m

We put some auxiliary lemmas in the next section and the proofs of the
theorems in the last section.
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2. AUXILIARY LEMMAS

Lemma 1. If (1.1) holds then there exists a vector y € X satisfying (1.3).

Proof. Since the f; are nonnegative, (1.1) implies

lim f(x) = 0. (2.1)

ming <<, (%41 —X) =0

Hence, the infimum may be taken over, instead of X, the compact subset
of X
{X: (x17 x27 (3t xn):

a+ne<x;+(n—1)e< - <x,_,+e<x,<b—c¢}

for some ¢ > 0 sufficiently small. ||

Lemma 2. Let (1.2) hold. If 'y € X satisfies (1.3) then (1.4) is valid.

Proof. We introduce a new argument ¢ and a new function f(&, x) =¢.
Let us consider the programming problem:

min (&, x) (2.2)

feR,xeX

subject to
fO(é: X)—f,(X)ZO, i:1923 "'9n+1‘

It is not hard to see that if (1.3) holds then (f(y), y) is a solution of the
above-mentioned problem. Applying Theorem A one can find a vector
A=(Ags A1y s Ani1) #0, 120, such that

2 VAl £ ¥) —z 2VLA S, ¥) — £3)1 =0, (23)
LA )~ fi1 =0, i=12 0+l
(2.4)
Equation (2.3) becomes
Jo—Y =0
and (2.4) becomes B
"ilif@;"}iv:o, =12, .. (2.5)

=1 J
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Equation (2.5) by (1.2) implies, remembering A >0,
A;>0, i=1,2,..,n+1, (2.6)

and hence (1.4) follows from (2.4). |

LemMA 3. Let (1.1) and (1.2) hold. Then

Dy - e (AL =00

#0, xeX. (2.7)
0x;

J i, j=1

Proof. Although (2.7) is verified in the proof of [3, Lemma 3] only for
the specific case of the optimal Lagrange interpolation, it remains true for
the present general minimax problem. But, for completeness, we now give
another proof. There must exist a nonzero vector (4, (X), ..., 4,,, (X)) with
at least one positive component that satisfies

n+1 af ( )
A i=1,2,..,n 2.
IZZI )L ax O) ] b b ’n ( 8)

Then by (1.2) we can conclude that 1,(x)#0 for all i. Comparing (2.8)
with (2.5) and (2.6) according to continuity of df;(x)/dx; and connectivity
of X we can further conclude 4,(x) >0 for all i. Thus for a fixed x € X the
system of homogeneous linear equations with unknowns 4, ..., 4, , |

n+1

i=1 J

has only the trivial solution, for otherwise 4,4, <0 would occur for some
indices i and k, a contradiction. Therefore, the determinant of its coefficient
matrix 1S nonzero:

1 1 1
af1(x)  9f5(x) fus1(x)
6x1 0x, 0x,

#0.

N(x) Wx)  Uyailx)
ox, Ox Ox

n n
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Subtracting each column from its successor, proceeding from right to left,
and expanding the resulting determinant along the first row just gives (2.7).

3. PROOFS OF THEOREMS

3.1. Proof of Theorem 2. (a) Equation (2.7) implies that the map F is
a local homeomorphism (the definition of which can be found, say, in
[13, p. 103]). It, coupled with (1.1), means that F is a homeomorphism by
a well-known result (see [ 3, 4]).

(b) Statement (b) is given by the proof of [3, Theorem 2]. But
we now provide a simpler proof using a somewhat different approach. If
fi:(u)=f;(v) for all i then u=v by Statement (a). Now suppose that
fi(w) < fi(v) for some k, 1 <k<n+ 1. Let us consider the programming
problem:

min fi(x) (3.1)

subject to
f[i(xX)< fi(v)—a, ieN:={l,..k—1k+1,.,n+1}. (3.2)

Denote by A the set of « for which the feasible set of this programming
problem is nonempty. Since the feasible set for a <0 contains u, we
have (—o0,0] = A. Meanwhile (1.2) implies that 4 is open. Thus «:=
sup,.,a>0, a¢ A, and by (2.1) for each a <& one can find a solution
w, € X. By Theorem A there exists a vector A =(4y, 45, ..., 4,,1)#0, A =0,
such that

A VW) = 3 2 VLf(V) —oa— fi(x) Tl —w, =0, (33)

ALV —a—fi(w)1=0, ieN. (34)

Since each f;(v) is just a constant, (3.3) yields

n+1
y ,ll_af"(wm)zo, =12, ..n, (3.5)
i axj

=1

which by (1.2) implies 4,> 0 for all 7 (since 2 #0 and A>0). Then by (3.4)
we get

filw,) = fi(v)—a,  ieN. (3.6)
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By (1.2), it follows that w, is uniquely determined by (3.6), hence, by the
Implicit Function Theorem, w, is a continuous function of a. Meanwhile,
since w, is a solution of the programming problem (3.1) subject to (3.2)
and the feasible set corresponding to «; contains the one corresponding to
o, if o; <a,, we can conclude that f,(w,) is increasing on [0, &) from f,(w,)
to oo (because sup,_, fi(w,) <oo can be shown to imply that ae A,
contradicting the previous conclusion a ¢ A). Clearly, from the definition

Ji(Wo) < fr(w) < fi(v). (3.7)

Therefore there is an « > 0 such that

SeW,) = fil(v) —a, (38)

which, coupled with (3.6), implies

f;'+1(woc)7f‘i(woc):.fi+l(v)7](i(v)’ i:152> wees M.

By statement (a) we have w, =v, contradicting (3.8).

(c) If Fi(u)=F,(v) then either f;(u) < f;(v) for all i or f;(u) = f;(v)
for all i. Hence u=v by statement (b). |

3.2. Proof of Theorem 1. Statements (a)—(c) are given by Lemmas 1
and 2 as well as Theorem 2. The remainder of the proof is devoted to
showing Statement (d). Clearly, in the case when w=y, (1.6) by (1.4)
becomes (1.7), where y* =y(y). Now let us show (1.6).

The conclusion is trivial for x =w. Now let x e X\{w}. In this case put

Ji(x) = fi(w)

d,(x):= , i=1,2,.,n+1
Ix —w]|

and

d(x):= max d;(x).

I<i<n+1

It suffices to show d(x) >y >0. Suppose to the contrary that there would
be a sequence x"” e X\{w} such that d(x"”)—0 as m— co. We claim
that x" —»w as m— oo. In fact, let x"% be an arbitrary convergent
subsequence of x: x") — z (k — c0). From the definition we have

Si(x") — fi(w) <d(x") Ix —wl,  i=1,2,.,n+1
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Then by the assumption that d(x“’)—0 as m— oo, f;(x"¥) must be
bounded. By virtue of (2.1) we conclude z e X and hence

fi(z)— f:(w) <O, i=1,2,.,n+1.

Applying Theorem 2 gives z=w. This proves that x" —»w as m— co.
Using the differential expression for multivariate functions we have

L[i(x") = fi(w) = V(W)X —w) +o(|x" —wl]l),  i=12..n+1,
or equivalently,

_ (m) _
g (xomy = WX =) il (39)
[x —w]|

Assume without loss of generality (passing to a subsequence if necessary)
that all the following limits exist:

;= lim d,(x"), i=1,2,...n+1,
(.m)_u}‘
y;i= lim —Z— j=12,..,n

m— oo HX(m)*WH’

Then (3.9) yields

. =12 .. n+1. (3.10)

We claim that
u;=0, i=1,2,..n+1. (3.11)

In fact, multiplication of (2.8) with v; and summation (after replacing x by
w) yield

i=1 j=1

Substituting (3.10) into the above equation gives

2 Aiw) ;=0 (3.12)
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But from the definition d,(x"")<d(x"), so u,<lim,, . d(x")=0 for
all . Remembering A,(w) > 0 for all i, (3.12) implies (3.11). Therefore (3.10)
becomes

PR =0, i=1,2..,n+1
Jj= J

Since (v, v,,..,v,) #0, we conclude that D,(w)=0 for all k. This
contradicts (1.2) and proves (1.6). ||
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