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BEST CONSTANTS FOR TENSOR PRODUCTS OF
BERNSTEIN, SZASZ AND BASKAKOV OPERATORS

JESUs DE LA CAL AND ANA M. VALLE

We consider tensor product operators and discuss their best constants in preserva-
tion inequalities concerning the usual moduli of continuity. In a previous paper, we
obtained lower and upper bounds on such constants, under fairly general assump-
tions on the operators. Here, we concentrate on the l.,-modulus of continuity and
three celebrated families of operators. For the tensor product of k identical copies
of the Bernstein operator B,, we show that the best uniform constant coincides
with the dimension k, when k 2> 3, while, in case k = 2, it lies in the interval
[2,5/2] but depends upon n. Similar results also hold when B, is replaced by a
univariate Szdsz or Baskakov operator. The three proofs follow the same pattern,
a crucial ingredient being some special properties of the probability distributions
involved in the mentioned operators, namely: the binomial, Poisson, and negative
binomial distributions.

1. INTRODUCTION AND MAIN RESULTS

The preservation of global smoothness by positive linear operators and the best
constants involved have been actively investigated by several authors during the last
few years. We refer, for instance, to (1, 2, 3, 4, 5, 6, 7, 8, 9] and the references therein,
where different approaches can be found. In particular, when dealing with operators of
probabilistic type (also called Bernstein type operators), the approach in [1, 2, 6, 7, 9]
based on representations of the operators in terms of suitable stochastic processes has
shown to be adequate and fruitful.

Following this spirit, we have given in [7] a systematic account of general results
for tensor products of Bernstein type operators including explicit formulae for the best
constants in terms of the underlying stochastic processes, as well as numerical lower and
upper bounds when the operators fulfill appropriate conditions. Among other things,
we showed the following:

Let L be a Bernstein-type operator over the interval I (either [0,1] or [0,00))
allowing for a representation of the form

(1) Lf(z):= Ef(Z(:z:)), zel, feL,
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where (here and hereafter) E denotes mathematical expectation, Z := {Z(z) : ¢ €
I } is an integrable I-valued stochastic process, starting at 0 and having stationary
increments, and £ stands for the domain of L, that is, the set of all real valued functions
on I for which the right-hand side in (1) makes sense. Denote by L{* := L ® ---® L
the tensor product of k copies of L, that is, the k-dimensional operator given by

L® f(x) = Ef(Za(z1),- -, Za(zr)),  x:i=(21,...,2x) € 1%, fe LB,

where Z; := {Zi(z) : z € I} (i =1,...,k) are k stochastically independent copies of
Z defined on the same probability space. If C{¥)(§) is the best positive constant (not
depending upon f) such that

w(me;,;) <CR@B)w(f;8), feLl™, sel-{0},

where w(f;-) stands for the usual modulus of continuity of f with respect to the [ -
norm on R¥, then

(2) W) =E [max(Zl(d)(,s...,Zk(a))l ’

where
[a] := the smallest integer not less than a.

Moreover, under the additional assumptiohs:
(a) EZ(z)=z (z€l),and
(b) liiIOlP(Z(:z:) = 0) =1,

we have

(3) E=1lLmC* (6) < sup CH®(6) <k+1.
610 sei—-{0}

The preceding results apply to many operators usually considered in approxi-
mation theory. However, the theoretical computation of the best uniform constant

sup C!¥)(8), or the sharpening of (3), requires specific techniques adapted to the
sel-{0}
particular case under consideration.

In the present paper, we focus our attention on three of the most celebrated families
of operators (Bernstein, Szasz, and Baskakov operators), and establish some striking
facts relating the dimension with the corresponding best uniform constants.

The next section contains the statements of the main results. The proofs are given
in Section 4, and they are based on two main ingredients: on the one hand, the general
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relations (2) and (3) above; on the other hand, some special properties of the probability
distributions involved in the mentioned operators (namely: the binomial, Poisson, and
negative binomial distributions) leading to the auxiliary results collected in Section 3.
Since the three proofs follow the same pattern, we only give complete details in the case
of the Bernstein operator. Finally, some concluding remarks close the paper.

2. MAIN RESULTS

BERNSTEIN OPERATORS. The nth Bernstein operator B, over the interval [0,1] is
given by

Bnf(z) =) _ f(j/n)pn;(z) = Ef (% > 1<u,.@,) ,
i=1

§=0

where the py, j(z) are the weights of the binomial distribution with parameters », z,

that is,
n J ﬂ_j
(1) posta) = (7)1 - 2",
and Uj, U, ..., are independent and uniformly distributed random variables on the

interval [0,1]. Since B, depends on the parameter n, we shall denote by C ci® (6) the
best constant for the tensor product B,(;k) of k copies of B, (the same convention will
be used in the other cases considered below). It is known [2, 3] that, for k= 1 and all
nxz1,
sup C{M(8) = 2.
0<6<1
In this paper, we show the following.
THEOREM 1. In the case of Bernstein operators, we have for all n > 1:

(a) Ifk >3, then sup c® (5) = th(k)(é)
0<6<1

(b) Ifk=2, then 2—llm (6)< sup C(z)( d) < 5/2.
0<5<1

REMARK 1. Unlike the cases Kk = 1 and k¥ > 3, sup C,(.z)(é) does depend upon n
0<6<1

(see Section 5 below). It should also be noticed that, for tensor products of different
Bernstein operators, the statement analogous to Theorem 1(a) fails to be true (see [7]).

SzAsz-MIRAKYAN OPERATORS. For t > 0, the Szdsz operator S; over [0, c0) is defined
by

5.7(0) = 3 fb/) mesa) = B (252,

k=0
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where the 7, ;(z) are the weights of the Poisson distribution with parameter ¢z

—tz (tx)]
J!

and {N(u):u >0} is a standard Poisson process. In [9], it is shown that, for all ¢ > 0,

k)

(5) mj(z) ==e

sup C’t(l) (d)=2-eL.
5>0

In the present paper, we prove the following.
THEOREM 2. In the case of Szdsz operators, we have for all t > 0:
(a) Ifk >3, then supC{® (8) = limC® (6) = k.
>0 sl0

(b) If k=2, then 2 = limC{? () < supC{?(8) < 5/2.
410 550

REMARK 2. The best uniform constant sup Ct(k) (8) is independent of t > 0 (for each
550

k > 1), as readily follows from the application of (2) to the situation at hand. In Section
5, we state a conjecture about the exact value of such a constant, in the case k = 2.

BASKAKOV OPERATORS. For t > 0, the Baskakov operator H; over [0,00) is defined
by

H f(z) := Z f(k/t)bj(z)=FE (.N(:Ut)) ,
k=0

where the b, ;(z) are the weights of the negative binomial distribution with parameters
t, =, that is,
t+j5-1 zJ
6 be s () = ( | ) _
( ) t,]( ) j (1 + x)tﬂ

{ Nu):uz 0} is a standard Poisson process, and U, is a random variable having the
gamma distribution with parameters ¢, 1, and independent of the Poisson process. It
was shown in [2] that

sup sup Ct(l)(é) =2.
>0 6>0

Our last main result in the present paper is stated as follows.

THEOREM 3. In the case of Baskakov operators, we have for allt > 0 and k > 2

sup Ct(k)(é) Sk+1-—ou,
§>0

s (B
ag k .—mm{l, kel

Combining (3) with the preceding theorem, we obtain the following.

where
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COROLLARY. In the setting of Theorem 3, we have:
(a) 2=1imC?(8) <supCP(8) <3 - (¢/(2t +1)).
810 6>0

(b) 3=1mC™(6) <supC(6) < 4- (3t/(3t +1)).
610 5>0

(¢) Fork >4 andt3>2/k(k—3), sup c® (5) = lim c® 6y =

3. AUXILIARY RESULTS

In this section, we collect the auxiliary results to be used in the proofs of Theorems
1-3. They all are concerned with the expected maximum of a finite set of independent
identically distributed random variables.

We shall use the following notation: Yj(z),...,Y:x(z) (k > 2) are independent
random variables taking values in the set of nonnegative integers, and having the same
probability distribution depending on the parameter z € I (= either the interval (0, 1]
or the interval (0,00)). We also set

Y(z) :=max{¥i(z):i=1,...,k},
Y (z) := max{Yj(z): j # i}, i=1,...,k,
{mmqnwyl¢aj} ifk>3

[—y
N

Y (z) := i<i<k
4(@) 0 if k=2, IS

Our first lemma is an easy exercise in probability theory. However, for the sake of
completeness, we include the details of the proof.

LEMMA 1. We have, forall z €I,

o0

EY(z) = ;[ % (Yy(z) < )]
PROOF: We have,
EY(z) = ZlP(Y(:c )=1)= f:P (Y(z) >
1= 1=
= i( - P(Y(z) < 1)) = f:[l - P¥(Yi(z) < l)]-

-
Il
(=)

=0 U

In Lemmas 2-4 below, the common distribution of the random variables Y;(z) is

completely specified.
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LEMMA 2. Let n>1 and k 2 2 be fixed integers, and assume that the common
distribution of the random variables Y;(z) is the binomial distribution with parameters
n and z € (0,1), that is,

P(Yi(z) =j) = pnj(z), J§i=0,...,n,

where py j(z) is given in (4). If oy is either 1/2 or 1, according to k =2 or k > 3,
then the function

nk FEY

h(:c):=1—ak(l—x)k+——(£), z € (0,1],
nx

is nonincreasing, and

(7) sup h(x) = llmh( YJ=k+1- 0.

0<zgK1

ProoOF: The nonincreasing character of h(-) will be established by showing that
this function has a nonpositive derivative. For z € (0,1], it is clear that

xiEY(z) — EY(z).

d
2 2,2 nk—1
(8) nz® —h(z) = agkn’z*(1 — ) +

k
Since ark < (2) , we have

agkn®c?(1 — x)"k-l < axkn?z?(1 - :r:)"k'2

k _
(9) < ( )[pn.l(x)]z[pn,o(z)]k 2
= Y P(Y(z) =1)P(Y;(z) = 1) P(Y;(z) = 0).
1€i<jigk

On the other hand, by Lemma 1 and the fact that

(10) .’L'ad;pn'j(li) = jpﬂ.j(z) - (.7 + l)pn,j+l(z): ] = 01 la 21 KRR
we can write
d
zd—EY 12; kP*1(Yi(z) < 1) z——P(Yi(z) < 1)
n—1 3
= -y kP*(vi(z) <) { > [3Pn.i(@) = (G + Dpa,j1()) }
(11) =0 i=0
n-1
=Y kPFY(Yi(z) <) (1 + D)P(Yi(z) = 1 + 1)
=0
n-1

k
(+1) {ZP(Y,-‘(:::) <)P(Yi(z) =1+ 1)} .
0 i=1

I=

https://doi.org/10.1017/50004972700018682 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700018682

(7] Best constants for tensor products 217

Foreach [ =0, 1,..., the k + (]26) events

{Yi(z) =1+ 1} n {¥;(2)

<
{Yi(z) =1 +1} n {Yj(z) =1+ 1} n {V(z) <

l}, 1<igk,
1} 1€i<j

<k,

are pairwise disjoint, and they all are included in the event {Y(z) =1+1}. Therefore,
we obtain from (9) and (11)

n—1
agkn?z(1 —x)""'1+ <) (+1)P(Y(z)=1+1)
=0
= EY (z),

which, by (8), implies %h(x) <0

Finally, from I’Hopital’s rule and the above calculations, we have

zl0 NI

-‘ EY (z) = k-1 n—1\ n—l-1
hm—=111ﬁ)1k§P (Mi(z) < 1) R ECEE)
=k,

showing (7), and completing the proof of Lemma 2. 0

It is immediately checked that (10) remains true when the functions p, ;(-) are
replaced by the functions m, ;(-) given in (5) (respectively, the functions b, ;(-) given
in (6)), for all ¢, z > 0. Using this fact, the proof of Lemma 3 (respectively, Lemma 4)
follows exactly the same pattern as the proof of Lemma 2, and we therefore omit the
details.

LEMMA 3. Let t >0, k > 2, and assume that the common distribution of the
random variables Y;(z) is the Poisson distribution with parameter tz (z € (0,00)),
that is,

P(Yi(z) = j) = ms(e),  §=0,1,...,

where m; ;(z) is given in (5). If ay is the same as in Lemma 2, then the function

h(z) := 1 — age™*= + E{?, z € (0,00),

is nonincreasing, and
sup h(z) = limh(z) = k + 1 — ay.
z>0 zl0
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LEMMA 4. Let t > 0, k > 2, and assume that the common distribution of the
random variables Y;(z) is the negative binomal distribution with parameters t and
z € (0, 00), that is,

P(Yi(z) = j) = b j(z), j=0,1,...,

where b, j(z) is given in (6). If oy is the same as in the statement of Theorem 3, then
the function

—(tk+1) + EY(x)

h(z) :=1-aix(1+z) "

, z € (0,00),

is nonincreasing, and

suph(z) =limh(z) =k + 1 — ax.

z>0 zl0

4. PROOFs OF THEOREMS 1-3
4.1 PROOF OF THEOREM 1. Let n > 1 and k£ > 2. Since (3) holds true when I and
C{*)(5) are replaced by [0,1] and C (k) (), respectively, we only need to show that
sup CF(8) < k+1— ay,
6€(0,1)
where oy is the same as in Lemma, 2.
The application of formula (2) to the situation at hand yields

cé’”(é)=E{%], 5e 1],

where Y(-) is the same as in Lemma 2.
Using the inequality E [U] < P(U > 0)+ EU, (which holds for every nonnegative
random variable U'), and the fact that ax < 1, we therefore have, for every § € (0, 1],

CR(8) <1~ P(Y(6) =0) + E:(g‘s)
<1 —ak(l—é)"k+2;—6@

= h(é),
where h(-) is defined as in the statement of Lemma 2. The conclusion follows from this
lemma.

4.2 PROOFS OF THEOREMS 2 AND 3: In the setting of Theorem 2 (respectively,
Theorem 3), formula (2) gives

c® (5) = E[L(é—).l t,6>0,

té
where Y (-) is the same as in Lemma 3 (respectively, Lemma 4). The same argument
as above yields the corresponding conclusions. a
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5. CONCLUDING REMARKS
5.1 BERNSTEIN OPERATORS. In the two-dimensional case, we have
n

. 3 2 j—1 2
ciNe Z [ ] (Zopn,i(é)) - (Z_%Pn,i(é)) , 0<d6<1.

Therefore,
1
sup sz)(tS) £ sup (1 + —) (1 -(1- 6)2) = g,
0<s<1 0<é<1 ] 4
and
sup C{2(6) > Jim c<2>(5)
0<sg1
(It can be checked that the preceding mequahtles are actually equalities.) Thus, the
best uniform constant C$? := sup C,‘.z)(é) depends upon n, as it was noticed in
0<6<1
Remark 1.

It should also be remarked that, by managing on a computer the functions C; (2)( 3,
one can get empirical evidence supporting the following two conjectures:

CONJECTURE 1. The sequence {C(z) :n > 1} is nondecreasing.
CONJECTURE 2. Foreachn>2, C2 equals
, o= (n-1)"" :
evo-1-(-3) " E - (£ ()55

However, we have been unable so far to find a theoretical proof for such assertions.
Thus, they will remain here as open problems. Observe that, if both conjectures are
true, then

. 2
J
(12) supC(z)—l—e'2+Z 1-e (Z%) =2.3884....

n21 =0 i=0

5.2 SzAsz OPERATORS. Let Y(8) be the random variable in Lemma 3 corresponding
to t =1 and k = 2. Then, for the two-dimensional Szdsz operator S; ® S;, we have

. : Y (6 el
gﬁlcg)((;) =lmE [—‘%—)] = ‘; (+1)P(Y(1) =1)

=) { 1 2
=1—e_2+2 l—e'z(zﬁ)

=0 j=0

Observe that this value coincides with the right-hand side in (12). Recalling Remark 2,
we state the following.
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CONJECTURE 3. In the case of Szdsz operators, we have for all t > 0

sup C{?(8) = sup C{? (6) = lim C{? (5).
650 §>0 &1
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