Stud. Univ. Babes-Bolyai Math. 69(2024), No. 4, 895-903
DOLI: 10.24193/subbmath.2024.4.13

Overiteration of d-variate tensor product
Bernstein operators: A quantitative result
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Dedicated to the memory of Professor Sorin Gal.

Abstract. Extending an earlier estimate for the degree of approximation of overit-
erated univariate Bernstein operators towards the same operator of degree one,
it is shown that an analogous result holds in the d-variate case. The method em-
ployed can be carried over to many other cases and is not restricted to Bernstein-
type or similar methods.
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1. Introduction and historical remarks

The question behind this note is well-known. What is a classical Bernstein op-
erator doing if its powers are raised to infinity?

For the univariate version of this operator the answer is known. Already in 1966
the Dutch mathematician P.C. Sikkema proved in the Romanian journal Mathematica
(Cluj) that for each function f € RI%! the powers B f, n fixed, k — oo converge to
the linear function interpolating f at 0 and 1 (see [15]). Later on his result become
known as the Kelisky-Rivlin (1967) or Karlin-Ziegler (1970) theorem (cf. [10, 9]).

However, even earlier T. Popoviciu [12] posed this problem in an (informal)
problem book of 1955. We learned this from the note [3] by Albu cited by Precup
[13]. The latter author also deals with multivariate operators but from a different
point of view.
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Some notation is needed here. For z € [0,1], n > 1, and f € R the Bernstein
operator is given by

Bu(f,2) :Zf( e

() (e

Thus B,, is a polynomial operator, is linear and positive, reproduces all affine
linear functions I(z) = ax + b, and for each f the polynomial B, f is of degree < n.

Moreover, for any k,n € N, Gonska et al. [6] proved in 2006, extending earlier
work of Nagel [11] and Gonska [4],

k
|BY(f,x) — Bi(f,z) < gUJQ f; \/:1:(1 — ) (1 — 1) € [0,1]. (1.1)

n

Here wy(f;-) is the classical second order modulus of f. Hence the right hand side
converges to 0 as n is fixed and k — oo (some more general situations are possible). It
also shows that the powers are interpolatory at 0 and 1 and keep reproducing linear
functions. Moreover, the convergence is uniform with respect to || - ||oo-

When it comes to multivariate Bernstein operators, all the time operators on
generalized simplices or hypercubes are meant. While for simplices the convergence
of powers was investigated by, e.g., Wenz [16] and many others, the hypercube case
remained allegedly open until a 2009 article of Jachymski [8] appeared. However, for
the bivariate case a paper by Agratini and Rus was published already in 2003, cf. [2].

In this note we will use the term tensor product although in other publications
one might find 'product of parametric extensions’ meaning exactly the same (see, e.g.,

[5])-
Using functional-analytic methods Jachymski showed the following. For [,m > 1
let the bivariate tensor product operator

((B1 @ Bm)f) (z,y) := (sBro1Bm) (f(s,1); 2, y)
be given by

I m . .
sz (;’ 7‘;) pl,i(l’) 'pm,j(y)7 f € C([()? 1]2)’ T,y € [Oa 1]'

i=0 j=0
Theorem A. For any l,m € N fized, the sequence ((B; ® Bm)"),cy uniformly con-

verges to the operator L (independent of I and m) given by the following formula for
feC(0,1)?) and x,y € [0,1]:

(Lf)(2,y) = £(0,0) + (£(1,0) = £(0,0))z + (f(0,1) = f(0,0))y
+ (f(0,0) + f(1,1) = £(1,0) = f(0,1))zy

0
) ) <1yy>'
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In other words, Lf = (B1 ® B1)f.

Jachymski [8] also gave the limit of n-powers of d-variate Bernstein operators,
ie., of

((Bll ®®Bld)f) (1'17...,:)361)

= (SlBll O:--0 SdBld) (f(sl, s 7Sd)§$1a cee 7$d> :
They map C([0,1]¢) into II;, . ;,, the space of d-variate polynomials of total degree
d

< ls.
5=1
The limiting operator in this case is

(Lf)($17'~~axd): Z f(€1a~'~7€d)p€1(x1)""'péd(xd)7

(€1,--,€a)EV

where V = {0,1}{»4 and for s € [0,1], po(s) :== 1 — s and py(s) := s. Thus L
equals B ® ... ® Bj.

In the present note we will show first that the fixpoint approach of (Agratini
and) Rus also works in the d-variate case. Our main emphasis is on the quantitative
situation where we will demonstrate how the pointwise wo-result may be carried over
to d dimensions.

2. The non-quantitative approach of Agratini and Rus revisited

As mentioned above, Jachymski used a functional-analytic framework to derive
his result. Here we show that a more elementary approach does the job as well. We
recall the three papers by Rus and Agratini & Rus and present their approach for d
dimensions.

Some reminders concerning d-variate hypercubes are in order. More details are
available in the German Wikipedia, keyword ”Hyperwrfel” [17]. Such a hypercube in
d dimensions possesses (g) 24=0 = 24 (-dimensional boundary elements (vertices), in
the bivariate case these are the 4 corners of [0, 1]2. Adopting the above notation these
are all d-tuples

(61, .. .,Ed) eV, V= {07 1}{17~--»d}.

We will now follow Rus’ proof of his Theorem 1. First introduce the sets

Xoy oy ={f €00, 1% : fler) =, .., flea) = agl,
(e1,...,€4) €V, a1,...,aq € R. Note that

(a) Xay....a, is a closed subset of C([0,1]9);

(b) Xas,...,ay is an invariant subset of B, ® --- ® By, for all a1,...,a4 € R and
Iy ..l €N

(c) C([0,1]¢) = U Xo, ..oy 18 & partition of C([0,1]%).

ai,...,ag€R
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Next it is shown that
(Bl1 ® "'®Bld)|Xa1

maps Xo,,...,a, Onto itself and is a contraction.
For fag € onl,,,,,ad we have

(B, @+ @ Bi,)f) (x1,...,z4) = (B, @ -+ ® By,)g) (x1, ..., 24)
I la
Z Z (f_g) <;\1177;\j) ph,/\l(xl) ’ ""pld,)\d(xd)

(f - g) (;\117 ) ;\5) plh)\l(‘rbl) T .plda)\d(md)

<

()\1,...,)\(1)6{0 ..... ll}X-“X{O ..... ld}\V

< |f =gl Z P (@) o Plara(Ta)

(/\1,...,)\d)e{o,...,ll}X---X{O,...,ld}\v

<If=glloo [ 1=min > pra (@) prgag(@a)
()\1 ..... )\d)GV

— 1F gl (1= min { [(1—a)t ] (- ) af] )

1
<Nf=9llo - <1_Hd%1> <1
=1

Thus By, ®---® By, on X, ... a, is a contraction for all a1,...,aq € R. On the other
hand, (Lf)(x1,...,xq) is a fixed point of By, ® --- ® By,.
So f € C([0,1]¢) is in X#(er),...f(eq) and from the contraction principle we have

Jim (B, @@ B,)" f=Lf.
We summarize our observation in
Theorem 2.1. (Jachymski [8]) For fized l1,...,lg € N={1,2,...} one has
Jim (B, @ -+-® By,)" f = Lf uniformly.
Here B), ® --- ® By, is the d-variate tensor product operator on C([0,1]%) and
(LA (@1, wa) = Y flen,. o ea)pe, (w1) - pe,(xa), V ={0,1}{1mdb,

(€1,.-€a)

In particular, for d = 2 we have the representation of Theorem A.

3. The Zhuk extension in the bi- and d-variate cases

Since the articles of Zhuk [18] and Gonska & Kovacheva [7] are hard to obtain,
we briefly describe the extension in the univariate situation, then carry it over to the
bivariate case and finally show what has to be done in d variables.
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3.1. Zhuk construction-univariate case

1
For f € C[0,1] and0<h§§(b—a) define fp, : [a— h,b+ h] = R by

P_(x), a—h<z<a,
fh(x) = f((E)7 GS.’ESb,
P (z), b<z<a+h.

||f - P*HC[a,a—‘rZh} = El(f? a,a+ 2h’)7
If = Pyllep—2ns = E1(f;b— 2h,b).

Here P_ and P, denote the best approximations in II; on the intervals indicated and
with respect to the uniform norm.
Zhuk put

Sp(fi) = i/h < '2') Fule + D)t 7 € [a,b].

—h

1
He showed [18, Lemma 1]: For f € Cla,b],0 < h < §(b —a),

17 = STl < Sunlfsh)

3. _
1SR N Lactanp) < Sh2wa(f5h).
2

3.2. Construction of the bivariate Zhuk extension

Let f € C([0,1]?). On a fixed y-level we extend the partial function f,(z) =
f(,y) from [0, 1] x {y} to [—h,1+h] x {y} in complete analogy to the univariate case.
After integration, for each y € [0, 1], we obtain

h
sfayimg [ (1= 5 ot + i, o e

satisfying for 0 < h <

N =

3
”fU - Shfy”oo < 1W2(fy;h)a
3. _
1(Shfy) NLocion < oh wa(fyih).

1
(On each y-level we could have even chosen h, with 0 < h, < 5)

The same procedure we carry out for f(y),y € [0, 1], producing functions Sy, f,
such that

3
”fac - Shfx”C < ZUJZ(JC&:; h)a

3
1(Shfe) Il o) < §h wa(fash).
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This can be done for all z € [0, 1].
More explicitly,
wa(fyih) = sup{[fy(z — 0) — 2fy(x) + fy(x +6)|: 6] < h,a£5 € [0,1]}
=sup{|f(z —6,y) = 2f(z,y) + f(z + 6,y)| : [6] < h,z+5€[0,1]}
< sup sup{[f(z —d,y) —2f(z,y) + f(z + 6,y)| : [6] < h,x+5€[0,1]}
y€[0,1]
= wa(f1 1, 0).
Also, wa(fz;h) <ws(f;0,h).

The quantities wo(f;h,0) and ws(f;0,h) are called ”partial moduli of smooth-
ness”. We have thus constructed auxiliary extensions of f,(-), y € [0,1], and f5(x),
z € [0, 1], on the domain shown below

domain of (f;)n(*)
Y
domain of (f,)x(-)

1+h

x

0-h : 1+h

0-h
Sk(fy;-) and Sp(fs;*) are given on the inner (white) square only.

3.3. Zhuk extension, d-variate case

The construction described for the bivariate case can be easily generalized for
d > 3 dimensions. To this end fix d — 1 > 2 variables, say o, ..., sq. Then extend the

1
partial function fs, . s,(51),0<s1 <1,to —h<s1<1+h,0<h< 3 and define

t
$illoso) = 4 [ (1) (s 1 4 0
This gives
3
||f52,<--75d Sh.fsz, 7SdHOO— 4w2(f527 ,Sd’h’)’

1(Shfsasa) oo < 571_ wWa(fss,...,sai ),
for each fixed sa,...,s4 € [0, 1]. Moreover, a common upper bound is
wo(feys-oySa;h) <wsa(f;h,0,...,0), for all sq,...,s4 €[0,1],

and a corresponding inequality holds for any other choice of s5, 2 < § < d.
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4. An estimate for d-variate tensor product Bernstein operators

We first recall our 2006 estimate for the univariate case:

nep. . 9 . 1 n
|Bl (f7x)_Bl(f,l')| < ZWQ <f7\/$(1—$) (1_l> >

In two dimensions, it can be easily derived that
|(B1® Bm)"(f;2,y) — (B1 @ B1)(f;2,9)]
(B = B1) ® (B, — B1)] (f;2,9)]

9 1\" 1\"
S4lw2<f;\/$(1—1‘)<1—l> >+w2<f0\/( Z/)<1—m> )]
This extends to d dimensions. Here we have

|(SlBll S OsdBld)n (f(Sl, .. .,Sd);l‘l, v axd)
—(syB1o-05,B1) (f(s1,---,84); 21, ..., Td)|

9 < 1\"
< = :0,... 1-— 11— — .
< ; 2<f,0, ,0,\/%( 3?5)( 15> 0, ,0>

For d dimensions it is, without additional effort, possible to show

IS

’(SlBﬁlou-osdBZd) (f(s1,---,84);T1,--,2q)
— (B 005, B (f(S1,...,84); %1, Zd)]
Bl) e (SdBl’r;d —saq Bl)] (f(Sl,.. Sd) Llyeony xd)

SlBﬁl s ]
9 d 1 ns
S462002(f;(),...(),\/l‘&(l—x(;)(l—lé) ,O,...,O),

=1
Note that for n = ny = - -- = ng the difference from above becomes
(S1Bl1 @ ® SdBld)n - (81Bl ®-® SdBl)

and is this the multivariate quantity considered by Jachymski. However, there is no
need to restrict oneself to this case.

= [

5. Optimality
Questions are in order in how far our estimates are ”optimal”.

9
1. The constant 1 appearing repeatedly in this note most likely is not. There is

need for work in this direction.
2. If the function f is d-linear, then the sum of d ws -terms equals zero. If the
sum is zero, then each of its terms does so. This may occur if
(i) (z1,...,24) is at a 'corner’ of the hypercube, and/or
(ii) ls, the degree of By, is equal to 1 for 1 < § < d.
In any other case f must be d-linear to fulfill the condition wa(f;. .

.) =0 for all
d terms and for an interior point of the hypercube while Iy > 2,1 < § <d.
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From (i) and (ii) it is evident that the sum of d wo-terms is the correct expression
for tensor product Bernstein approximation over a (generalized) hypercube.

6. Concluding remark

It should have become clear that our, or a similar approach, may be used to
prove analogous results for many other operator sequences (which different authors
may consider). We feel that sums of partial moduli of smoothness are among the right
tools for tensor product approximation since they show the mutual independence of
the variables. Nonetheless, even better pointwise results are available but do not really
contribute to a better understanding.
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