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CONCERNING MULTIVARIATE BERNSTEIN POLYNOMIALS
AND STOCHASTIC LOGIC

YAMILET QUINTANA®2

ABSTRACT. Among the applications of the Bernstein polynomials in one variable
is their use in solving problems associated with stochastic computing. Taking as a
starting point the notion of stochastic logic in the sense of Qian-Riedel-Rosenberg,
the aim of this paper is to investigate some necessary and sufficient conditions
for guaranteeing whether polynomial operations can be implemented with stochas-
tic logic based on multivariate Bernstein polynomials with coefficients in the unit
interval.

1. INTRODUCTION

Stochastic computing (SC) arises as a collection of techniques to represent analog
quantities by probabilities of discrete events, or represent continuous values by means
of random bit-streams, so that complex operations can be performed by simple bitwise
operations on random pulse trains [1,7-10,27]. The analogy between probability
algebras and Boolean algebras [12,13,25] is used to obtain very simple processing
units and an adequate arithmetic. The basic operations described in the literature
are the addition and the multiplication since these are the fundamental operations
involved in neural networks and in the design of stochastic circuitry (fields in which
fertile ground has been found for applications of SC). Also, SC has been applied to
division and square-rooting [10, 33], matrix operations and decoding of low-density
parity check (LDPC) codes [11,21,23], and polynomial arithmetic [28,29].

A stochastic number can be defined as a pair (z,p,), where = is a finite binary
sequence, i.e., z € {0,1}", for some N € N and p, € [0,1] is the probability of
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observing a 1 at an arbitrary position of z [1,9,10,24]. So, a stochastic number
is represented by a finite binary sequence (or bit-stream) in such a way that the
probability (ratio) of ‘1" in the binary sequence is interpreted as the number itself.
The probability p, is sometimes called value of the stochastic number (see, e.g., [24]).

For instance, if (x,p,) is a stochastic number whose binary sequence x has N
components, of which m are equal to 1 and N —m are equal to 0, then p, = %
and, clearly, the representation of the pair (x, p,) is not unique. SC uses a redundant
number system in which there are (% ) possible representations for each value p, = %.
Furthermore, a binary sequence x can only has associated probabilities in the set
{0, %, N, . T’l, 1}, so only a small subset of the real numbers in [0,1] can be
expressed exactly in SC.

The main idea behind the combinational circuits design with polynomial arithmetic

of Qian et al. [28,29] consist of the following.

(1) Take advantage -in a suitable way- of the redundancy provided by SC for
choosing binary sequences x € {0,1}" corresponding to the value p,, in or-
der to make an association between z and a certain N-tuple of independent
random variables X = (X7, ..., Xy), where each component X} has Bernoulli
distribution with some parameter p; € [0, 1].

(2) Given a Boolean function y = f(z1,...,zy) implementing a combinational
circuit, use the association aforementioned for inducing a stochastic circuit
implemented by a function of the form Y = F(Xy,..., Xy) (see for instance,
[25]).

The passage of the Boolean function y = f(z1,...,2x) to the function ¥ =
F(Xy,...,Xy) is called stochastic logic or stochastic logic in the sense of Qian-
Riedel-Rosenberg [28,29] and the following property holds.

Theorem 1.1. ([28, Theorem 1]). Given a Boolean function f : {0,1}¥ — {0,1}.
Stochastic logic yields a polynomial in N variables F' given by

F(ay,...,an Z Z(au ZNHa),
11=0 in=0

where the coefficients o, are integers. Moreover, for each y = f(xy,...,xN) we

have

pY:F(popXQa'--apXN Z Z (Oézl AN Hp >

11=0 in=0

It is worth pointing out that to the best of our knowledge, the treatment or imple-
mentation by use of some stochastic logic of Qian-Riedel-Rosenberg type has not been
considered for Boolean maps of the form f: {0,1}" — {0,1}". Thus, the following
questions related to Theorem 1.1 arise: Can Theorem 1.1 be extended in this setting?
In negative case, what is the difficult for finding such an extension? In affirmative
case, how do we characterize such an extension? In this paper, we are interested
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in the theoretical issues concern stochastic logic of Qian-Riedel-Rosenberg type. In
particular, we focus our attention on the theoretical connection between a stochastic
logic of Qian-Riedel-Rosenberg type and certain class of multivariate Bernstein poly-
nomials related with combinational circuits. So, some of aforementioned questions
will be answer in the present paper.

The outline of the paper is as follows. Section 2 contains some relevant properties of
the induced multivariate Bernstein polynomials. In Section 3 the notion of stochastic
logic of Qian-Riedel-Rosenberg type is introduced, its connection with induced mul-
tivariate Bernstein polynomials is given and our main results are stated and proved.
Finally, Section 4 is devoted to a brief additional remark on a model of stochastic logic
based on the so-called degenerate Bernstein polynomials. Throughout this paper, we
only consider combinational circuitry.

2. MULTIVARIATE BERNSTEIN POLYNOMIALS

This section is devoted to introduce a class of multivariate Bernstein polynomials
and recall some of their structural properties. We adopt the way of writing multivariate
Bernstein polynomials used in [3]. For more details the reader can see [3], [22, § 2.9, p.
51] and the references thereof. However, before we look at this class we will recall the
definition and some algebraic and analytic properties of the Bernstein polynomials in
one variable (cf., [22,29]).

Given n € N, for f : [0,1] — R a continuous function and t € [0, 1], the nth
Bernstein polynomial of f is given by

1) B.(0) = Bulfit) = Y] (fj) (Z)t'f(l ek,

The polynomials B, (t) converge uniformly to f on [0, 1] and this fact is the key piece
for the Bernstein constructive demonstration of Weierstrass approximation theorem
22, 26].

The polynomials appearing in the formula on the right hand side of (2.1), namely;

bi(t) = bon(t) = <Z>tk<1 ok k=0,...,n,

form a basis for the space of polynomials of degree at most n with real coefficients
and the set {bg,(t) : £ =0,...,n} and it is usually called Bernstein basis [5,30]. Also,
it is clear that deg(bg,(t)) = n, for each k =0,...,n.

We call Bernstein polynomial to the representation in terms of the Bernstein basis
of any polynomial P(t) of degree at most n and real coefficients. So, there exists a
unique vector (80,0, Bims - - - Bnn) € R™ such that

(2.2) P = 3 Bunbun(t)

Bernstein polynomial
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The name Bernstein polynomial for the expression on the right hand side of (2.2)
was coined by Qian et al. (cf., [28,29]), although Farouki and Goodman [5] have
preferred to use the term Bernstein form of P(t) to refer to the same expression. By
(2.2) we have that the nth Bernstein polynomial of the function f € C|0, 1] given by
(2.1) becomes in a particular case of Bernstein polynomial, for which gy, =
kE=0,1,...,n.

The following results show some pertinent properties of the Bernstein basis and
polynomials.

n)

Proposition 2.1. The Bernstein basis {by,,(t) : k = 0,...,n} satisfies the following
algebraic and analytic properties [6,29].
(i) Partition of unity property.

S bpa(t)=1, forallteR.
k=0

(ii) Non-negativity property.
ben(t) >0,  forallt e |0,1].
(iii) Symmetry property.
bin(t) = bpin(1—1),  foralltel0,1].
(iv) Recurrence formula.
bint1(t) = thg—1,(t) + (1 — )b n(t),  for allt € [0,1].

(v) Unimodality or extremal property. For n > 1, by, (t) attains a relative mawi-

mumattzs,k:(),...,n.
(vi) Degree elevation property. For k =0,...,n, we have
n+1—k E+1
bin(t) = —————bpps1(t brir1ni1(t),
ko (2) P k7+1()+n+1k+1’+1()

for all t € [0,1].
(vil) Representation in terms of the canonical basis of the space of polynomials of
degree at most n with real coefficients.

o= ()

Proposition 2.2. Let P(t) = > 1_o Benben(t) be a Bernstein polynomial. Then the
following properties hold [6,29].

(i) P(0) = Bon and P(1) = Byn.

(ii) Inversion formula. For each 0 < j < n, we have

t = kzn: Ej%bk,n(t).
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(iii) Change of basis. If P(t) has the following representation in terms of the cano-
nical basis of the space of polynomials of degree at most N with real coefficients:

Pt) =" apnt",
k=0

then

(iv) Lower and upper bounds.

i < < .
Juin Brn < P(t) < ax. Bl

(v) Degree elevation procedure. For any m > n, it is always possible to represent
P(t) in terms of the Bernstein basis {bgm+1(t) : k =0,...,m+ 1} as follows
m—+41

P(t) =" Brmr1bemir(t),
k=0

where the Bernstein coefficients By m+1 are given by

ﬁo,m fOT k= Oa
Bk,erl = miﬂﬁkfl,m + (1 - miﬂ) ﬁkm”m fOT k = 17 e, M,
Brm,ms fork=m+1.

(vi) (¢f. [29, Theorem 1]) Uniform approxzimation of the Bernstein coefficients. Let
g(t) be a polynomial of degree n > 0. For any € > 0, there exists a positive
integer M > n such that for all integer m > M and k =0,1,...,m, we have

k
ﬂk,m —4g <>

m
where Bom, Brim, - - - s Bmm Satisfy that g(t) = Y7 Brmbrm(t).

Given N € N and Ny = NU{0}, to deal with multivariate polynomials we recall the
standard multi-index notation. A multi-index is denoted by v = (vy,...,vy) € N},
For two given multi-indices a,v € N} we write a < v if and only if a; < v,
j=1,...,N. The multi-index o + v is defined by a + v = (a; + v1,...,an + vy).

< €,

If @ < v, the multi-index v — « is defined by v —a = (v, — aq,...,vy —an). We
write (2) for the multiplication (211) e (ZJ; ), whenever a < v. For v € N} and
1= (z1,...,75) € RY a monomial in variables zy, ..., zy of index v is defined by

=ty
We denote by PV = R[zy,...,xy] the space of all polynomials of N variables with
real coefficients. Let p(z) = p(x1,...,2x) € PY. We say that a multi-index x =

(K1,...,kn) is the multi-index of maximum degree of p(z) if x; is the maximum
degree of x; in p(x), j =1,..., N (cf. [3]).
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So, the set S = {v € N}/ : v < k} contains all the combinations from N}’ which are
smaller than or equal to the multi-index s of maximum degree. Hence, p(z) can be
expressed as

(2.3) p(x) =p(er, .. an) = D ayxa,
ves
where a,,, € R. The multivariate polynomial appearing on the right hand side of
(2.3) is called the power form of p(z).
An N-dimensional generalization of the Bernstein polynomials can be defined as
follows. Let f :[0,1]Y — R be a bounded function. The N-dimensional Bernstein of
f is given by

(24) Bnl,...,nN(f; (xla ce 73:N)) = Z f <lea SR VN) BV7N(x1> ce 71:N)7

ves* nN

where S* = {r € N) : 0 < v < N}, N = (ny,...,ny) and B,n(71,...,2x) =

N
[ by, n; (25)-

It is well known that the N-dimensional Bernstein By, .. (f;(z1,...,2n)) con-
verges to f((z1,...,zxN)) at any point of continuity of this function, as all ny — oo

(cf., [4,14]), and from (2.4) it is possible to induce a multivariate Bernstein polynomial
as follows:

(2.5) P(z) = P(z1,...,xN) := Z aNBuN(T1, ... 2N) = Z aNBun(2),
ves* ves*
z €[0,1]V, ¢, n € R. We call to the polynomial P(z1,...,zy) induced multivariate
Bernstein polynomial.
Furthermore, if z € [0,1]Y and p(x) is a multivariate polynomial which is written
by means of a power form (2.3), then p(z) can be expressed in terms of an induced
multivariate Bernstein polynomial as follows.

(2.6) p(x) = cvuByk(z),
vesS
where the Bernstein coefficients ¢, are given by

(2)

(2.7) Cop = Cé:y (2) Ao, VES.

The multivariate polynomial appearing on the right hand side of (2.6) is called Bern-
stein form of p(x).

3. MAIN RESULTS

Given N € N and (z,p,) a stochastic number with z € {0,1}". For each
k =1,2,...,N we choose p, € [0,1] and consider discrete and independent ran-
dom variables X}, having Bernoulli distribution with parameter py, i.e., X ~ Be(py)
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(cf. [25,31]). Since xy € {0, 1}, each probability density function is given by

(3.1) P{X), = xr} = pp(1 — pe)' "

We define

px, =P{Xy=1}=p, and 1—-px, =P{Xy=0}=1—p,, k=1,2,....N.

Assume that a combinational circuit implements the Boolean map f : {0, 1} —
{0,1}". Let (f1,..., fy) be the component functions of f. Thus, each Boolean
function f; : {0,1}" — {0,1} can be assumed as a subcircuit associated to f, j =
1,2,....N.

Given (x,p,) a stochastic number with = (z1,...,2x) € {0,1}¥, choose an
N-tuple of discrete and independent random variables X = (X,..., Xy) such that
Xi ~ Be(pg) for some p; € [0,1] and satisfying (3.1). We can associate to each
component function f; : {0,1}¥ — {0,1}, a discrete random variable Y; using that
its probability density function is uniquely determined by the given N-tuple X =
(X1,...,Xn). More precisely, for determining py, := P{Y; =1}, j =1,..., N, we
proceed as follows (cf. [25]). Since each y; = f;j(z) = fij(z1,...,2zn) € {0,1}, for
j=1,...,N, we have

py] :P{Y; :]_}ZZ P{Xl :I‘l,XQZI‘Q,...,XN:l‘N}

T1,...,TN:
fi(@1,.xzn)=1

=Y <;£[1 P{X}, = xk}> :

T1,0 TN
Ji(@1,..xn)=1

(3.2)

The identity (3.2) is consequence of the independence of X}, and since P{X} = x4}
is either py, or 1 — pyx,, depending on the value of z; in the given combination.
Thus, the Boolean function f; : {0,1}" — {0,1} induces a function F} acting on
the discrete and independent random variables X1, ..., Xy such that for each Y; =
F;(Xy,...,Xn) the identity (3.2) holds. Furthermore, the random variable Y; has
Bernoulli distribution with parameter py;.

It is easily seen that py, is a multivariate polynomial with arguments px,, ..., pxy,
and if we expand (3.2) into a power form, each product term has an integer coefficient
and the degree of each variable in that term is less than or equal to 1. Hence, applying
Theorem 1.1 we have that the stochastic logic yields a polynomial in N variables FJ
given by

A 1 1 N
Fi(ay,...;an) = > -+ > (ail...z'N;j 11 aZ’“) :
i1=0  iny=0 k=1
where the coefficients «;, ;,,; are integers. Moreover, for each y; = f;(z1,...,2n),
7=1,...,N, we have

1 1 N
Py; = Fj(pX17pX27 cee 7pXN) - Z o Z (ailmiN;j H pg’ék) '
; . k=1

11=0 iny=0
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We call stochastic logic of Qian-Riedel-Rosenberg type to the passage of the Boolean
map f : {0,1}¥ — {0,1}" to the map F = ([, ..., Fy) acting on the discrete and
independent random variables Xi,..., Xy such that for each Y; = F;(Xy,...,Xn)
the identity (3.2) holds.

We summarize the previous ideas in the following theorem.

Theorem 3.1. Given a Boolean map f : {O 1}N — {0 1}V, The stochastic logic of
Qian-Riedel-Rosenberg type yields a map F= (Fl, .. FN) acting on the discrete and
independent random variables X1, ..., Xy, whose component functions are multiva-
riate polynomials of the form

Byar.ay) = 3 - Z(a“ WHa>,

i1=0 in=0
where the coefficients oy, ;y.; are integers. Moreover, for each y; = fj(x1,...,2N),

7=1,..., N, we have

A

1 1
(3.3) Py; = Fj(0x) Pxor 0 Dxn) = D 0 D (azl i Hp )
i1=0 ZN_O
Example 3.1. Consider the Boolean map f : {0,1}® — {0,1}3 given by
flxy, zo,23) = (21 A3) V (22 A (—3)), 1 A X3, 29 A (—271)),

where A means logical AND, V means logical OR, and — means logical negation.
Choose p1, p2, p3 € [0,1] and let X7, Xo, X3 be three discrete and independent random
variables such that X; ~ Be(p1), Xo ~ Be(ps), X3 ~ Be(ps) whose probability
density functions satisfy (3.1). It is clear that

fi(z1, 22, w3) = (21 Ax3) V (2 A (—23)),

fo(x1, T2, 3) = 21 A 23,

f3(w1, 22, 23) = w2 A (—11).

By the definition of py;, j = 1,2,3, we have

Y1 :P{Xl — 1,X2 :O,Xg — 1}+P{X1 — 1,X2 — 1,X3 - 1}
+P{X;=0,Xo=1,X35=0}+P{X;=1,Xo=1,X3 =0}
= pX1<1 - sz)ng +pX1pX2pX3 + (1 _pX1>pX2(1 _ng,) +pX1pX2(1 _ng)
= Pxo T Px1PX5s — PXaPXs)
py2 :P{X1 = 1,X2 :O,Xg = 1}+P{X1 = 1,X2 = 1,X3 = 1}

= px; (1 = px,)Pxs + PxiPXPXs = DXy DX

o= PIX =0, X, =1, X3 =0} + P{X; =0, Xo = 1, X3 = 1}
- (1 - pX1)pX2(1 - ng) + (1 - le)szng = sz - lesza
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and the random variables Y7, Ys and Y3 are given by

Y = Fi(Xy, X2, X3) = Xo + X1 X5 — Xo X5,
(3.4) Yy = Fy(X1, X2, X3) = X1 X5,
}/?3 = F3(X17X27X3) = X2 - X1X27

which confirms that (3.4) induces a map F' = (Fy, Fy, F3) acting on the discrete and
independent random variables X, X5, X3, whose component functions are polynomials
in the variables (a, b, ¢) with integer coefficients:

ﬁl(a, b,c) = b+ ac — b,
ﬁ’g(a, b,c) = ac,

A

F3(a,b,c) = b— ab.

We now come to the second part of the main results of this section: the connection
between stochastic logic of Qian-Riedel-Rosenberg type and induced multivariate Bern-

stein polynomials. Suppose that we have a combinational circuit w = g(xy, 29, ..., xN)
consisting of N combinational subcircuits y; = f;(z1,22,...,2n5), 7 =1,..., N, and
only an N-input AND gate. Each combinational subcircuit y; = f;(z1,22,...,2N)

consists of a decoding block and a multiplexing block, which transform the N inputs
{z1,...,xzn} € {0,1} as follows: If k out of the inputs {z1,...,zx} of the jth de-
coding block are logical 1, then s;; is set to 1 and the other outputs are set to 0,
(0 < k < N). So, the output of the jth decoding block is s/ = (sq;, ..., Sn;). The
outputs of the jth decoding block are fed into the jth multiplexing block, as shown
in Figure 1, and they act as the selecting signals (control inputs). The data signals
(inputs) of the jth multiplexing block consist of N + 1 inputs 2o, ..., zn; € {0,1}.

Once the jth multiplexing block is used, the Boolean function y; = f;(z1,22,...,2n)
takes the form

N
(35) yj: \/(ij/\skj), j:O,...,N,
k=0
which means that the output of the jth multiplexing block y; is set to be the input
Zkj if Skj = 1.
Next, the inputs of the N-input AND gate are yy,...,yn € {0,1} and the Boolean

function w = g(z1,xs,...,xy) can be expressed as
N N [N
(3.6) w=A\y;=/ [\/ (2r5 A Skj)] :
j=1 j=1 k=0
Using the association (3.1) for (z1,...,2n), (Sojs--.,Sn;) and (2o, ..., 2Nn;) We
can choose discrete and independent random variables (Xi,...,X,), (So;,---,Sn;)

and (Zy;,...,Zn;), such that X; ~ Be(p;), Sk; ~ Be(pr;) and Zy; ~ Be(py;),



474 Y. QUINTANA

x = (xq1,%3, ..., Xy)

//
DECODING DECODING DECODING
BLOCK nan BLOCK m BLOCK
1 J A

st = (so1. 511, Sn1) | sl — (sop.51, -, Snj) s s¥ = (som 518, - Swn) P
“IN+1 AN +1 “IN+1
MULTIPLEXING MULTIPLEXING MULTIPLEXING

1 BLOCK 1
' = (21,211, -, ZN1) N\ i 2 = (zj,21j, -, Znj) N\ BI‘?CK 2V = (Zon, 21wy - Zun) N BI.gCK
N+1™ N+1> N+l =~

Yj

Y1

N-INPUTAND
GATE

¥

FIGURE 1. Combinational circuit associated to a multivariate Bernstein
polynomial with coefficients in [0, 1].

k=0,...,N,7=1,...,N. Similarly, we define
px, =P{Xpy=1}=pr and 1-—px, :=P{Xpy=0}=1—p,
DSy = P{Sk; =1} =py; and 1 — DSy, = P{Sk; =0} =1 — pyj,
Pz, =P{Zyy =1 =py; and 1—py, = P{Z; =0} =1-p;,
fork=0,... N, j=1,..., N.
Applying Theorem 3.1 to the Boolean map f : {0,1}¥ — {0,1}" given by

f(z1,...,xn) = (y1,-..,yn), we have that the stochastic logic of Qian-Riedel-Rose-
nberg type yields N multivariate polynomials as in (3.3), such that

pY] :}?j(lea"'?pXN)’j: 17"'7N'
Let W be the discrete random variable associated to Boolean function
w = g(x1, 22, ...,xy) by means of

P{W:]_}:Z P{Xl:I'l,XQ:l'Q,...,XNZZL'N}.
g(orr o)1

We define py := P{W = 1} and 1 — py := P{W = 0}. According to (3.6) and
Theorem 3.1 we have

N N
j=1 j=1
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Let us consider the polynomial g;(t) given by
qg;(t) = Ej(t,t,....t), j=0,...,N.
———

N-times
Assume that py, = --- = px, = to, since sy, is set to 1 if and only if £ out of N

inputs of the jth decoding block are 1, the probability that Sy; is 1 is (see, e.g., [1,
pp. 10-11)):

N
psk]. - P{Sk] — 1} — <k>tlg(1 - to)N_k - bk,N(t0)7 k= O, B ,N.

Now, assume that pz, . = ﬁé ~- Then

N

(33) py, = PY; =1} = 3 P{Y; = 1]y, = L}P{Si; = 1}
k=0

but from (3.5) is deduced that Si; = 1 implies Y; = Z;, so

(39) P{Y; = 1ISk; = 1} = P{Z; = 1} = pz, = Bln-

By (3.8) and (3.9) we obtain

N
qi(to) = pv; = D Binbin(to), j=1,...,N,
k=0

and (3.7) becomes
N N
pw =[] D Binbrn(to)-

j=1k=0

Therefore, under the constrains imposed by us, each combinational subcircuit y; =
fi(x1,22,...,xx) would require that ¢;(t) be a Bernstein polynomial whose coeffi-
cients ﬁ,i n belong to [0, 1], (cf., [28-30]). Consequently, the combinational circuit
w = g(x1,xe,...,2y5) would require an induced multivariate Bernstein polynomial
P(z4,...,xy) such that

N N
P(zy,...,xn) =YY cnBin(z1, ..., 2n),
k=0 k=0
where ¢, N = Hj-v:l BZ,N, Bin(z1,...,2n) = Hj.vzl ben(z;), for K = 0,...,N and
multi-index of maximum degree N = (N, ..., N). That is, the combinational circuit
w = g(x1,2s,...,zx) would require that P(z1,...,zy) be an induced multivariate

Bernstein polynomial whose coefficients ¢, n are expressed as a product of IV real
numbers belonging to [0, 1]. Thus, we have the following theorem.

Theorem 3.2. Let P(xy,...,xy) be an induced multivariate Bernstein as in (2.5)
such that

(i) the components of its multi-index of maximum degree N are equal;
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(i) its Bernstein coefficients satisfy that c,n = TI, ﬁi]\/ with v = (k,... k),
kE=0,...,N.
If all the factors 5%7]\, belong to [0, 1], then we can design a stochastic logic of Qian-
Riedel-Rosenberg type to compute P(x1,...,xyN).

A multivariate polynomial can be represented in a power form as (2.3). If it can be
converted into an induced multivariate Bernstein polynomial satisfying the hypothesis
of Theorem 3.2, then the preceding arguments show us how to implement it with
stochastic logic of Qian-Riedel-Rosenberg type. The following result describes such a
class of induced multivariate Bernstein polynomials.

Theorem 3.3. Let N be any fized positive integer. If q;(t) is a polynomial such that
some of the following conditions is satisfied:

(i) ¢j(t) is identically equal to 0 orto 1, j=1,...,N;

(ii) for any t € (0,1) we have 0 < ¢;(t) < 1, with ¢;(0) > 0 and ¢;(1) < 1, for all

j=1,...,N.
Then for x € [0,1]N the multivariate polynomial q(x) given by
N
(3.10) q(r) = q(ar, ..., zn) = [] ¢;(x;)
j=1

can be converted into an induced multivariate Bernstein polynomial as in Theorem
3.2 with Bernstein coefficients expressed as a product of N real numbers belonging to
[0, 1].

Reciprocally, if q(x) can be converted into an induced multivariate Bernstein polyno-
mial as in (2.5) with Bernstein coefficients expressed as a product of N real numbers
belonging to [0,1], then the polynomials q;(t) satisfy (i) or (ii), j=1,...,N.

Proof. We begin by noting if ¢;(t) = 0 for every ¢t € [0,1], j = 1,..., N then taking
Bly=0 fork=0,...,N,j=1,...,N,
CoN = ﬂﬁiw:o, with v = (k,...,k),k=0,...,N, and N = (N,..., N),
=1
it follows tjhat
q;(t) = g: B,ZvahN(t) =0, foreveryt e [0,1],
k=0
q(z) = Z conBon(z) =0, for every x € [0,1]".

ves*

Analogously, if ¢;(t)) = 1 for every ¢ € [0, 1] then taking
5{;’]\[:1, fork=0,...,N,j=1,...,N,

N
CV,N:HﬁiN:l, with v = (k,...,k),k=0,...,N, and N = (N,...,N),
j=1
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and using part (i) of Proposition 2.1, it follows that

N
q;(t) = Z B nben(t) =1, for every t € [0, 1],
k=0

q(z) => enBun(z) =1, for every z € [0,1]V.
veS*
Now consider any polynomials ¢;(¢) such that ¢;(t) # 0 and ¢;(t) # 1 for every
t € 10,1}, and g;(t) satisfy (ii) for all j = 1,...,n. We distinguish four possible cases
according to the inequalities satisfied by ¢;(0) and ¢;(1), forall j =1,..., N:

Case I: 0 < ¢;(0) and ¢;(1) < 1, for all j = 1,..., N. For the sake of clarity and
readability, we have decided to include the details of the proof of this case. However,
one can check that it suffices to follow the reasoning in [29, Theorem 4], making the
appropriate modifications.

Since ¢;(t) is a continuous function on the compact interval [0, 1], it attains its
maximum value M, on [0,1]. Thus M, < 1, because ¢;(t) < 1 for all ¢ € [0, 1].
Let ¢; = 1 — M,, > 0, by part (vi) of Proposition 2.2 there exists a positive integer
M; > N such that for all m > M; and k = 0,...,m, we have

; k
Bl]c,m —4gj <m>

where 637,,1, . ,5fnm satisfy that ¢;(t) = >j%, B,imbk’m(t), j=1,...,N. Thus, for all
m > M; and k =0,...,m,

<€j, j:1,...,N,

; k
(311) Bi:’m < gj <m> + €5 < qu +1-— qu =1.

Denote by r; the multiplicity of 0 as root of ¢;(t) (where r; = 0 if ¢;(0) > 0) and by
s; the multiplicity of 0 as root of 1 as root of ¢;(t) (where s; = 0 if ¢;(1) # 0). We
can factorize each ¢;(t) as

(3.12) q;(t) =t (1 —t)*h;(t),
where h;(t) is a polynomial satisfying that h;(0) # 0 and h;(1) #1, j=1,...,N.

It is clear that h;(0) > 0, since if we suppose, contrary of our claim, that h;(0) <0,
using that h;(0) # 0 we have necessarily h;(0) < 0, and by the continuity of h;(¢),
there exists ¢; € (0,1) such that h;(t;) < 0. Hence, q;(t;) = t"9(1 —t)%h;(t;) < 0.
This contradicts the fact that ¢;(¢) > 0 for all ¢t € (0,1). Similarly, we have h;(1) > 0.

Consequently, h;(t) > 0 for all ¢t € [0, 1]. Since h;(¢) is a continuous function on
the compact interval [0,1], it attains its minimum value my; on [0, 1], and clearly,
Mmp, > 0.

Let ¢; = my; > 0, by part (vi) of Proposition 2.2 there exists a positive integer
K; >N —r; —‘sj such that for all d > K; and k =0, ...,d, we have

- k
%Z;,d - hj (d)

< &5, j=1,...,N,
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where yg’d, e ,%]M satisfy that

d .
(3.13) hi(t) = S vl abra(t), G=1,...,N.
k=0

Thus, for all d > K; and k = 0,...,d, we have
; k
Yia > by (d) — g5 > myp, —my, = 0.
Combining and (3.12) (3.13), we get

d ’Yli,d(i) (d +7rj+s;
)

d .
) =0 =% 3ot = 2 )b (t

k=0 k=0 " pir, kg
d+7’j+8j )
_ J
= Z 6k,d+rj+sj bk‘,d+7"j+$j (t)7
k=0

where S g1r;+s, are the coefficients of the Bernstein polynomial of degree d + 7; + s;
of ¢;(t), and

0, for0<k<rjandd+r; <k <d+r;+sj,
J _ j o (d
5k,d+rj+sj - (fojg’%) >0, forr; <k<d+r,.
k:+rj

Thus, taking r = max;<y{r;}, s = max;<y{s;} and K = max;<y{K;} when m >
d+r+s>K+r-+s, we have
(3.14) Blm>0, k=0,...m

According to (3.11) and (3.14) if we take M = max{M,;} and choose an my, >
max{M, K +r + s}, then ¢;(t) can be expressed as a Bernstein polynomial of degree
mo:

q;(t) = iﬁi,mobhmo (t),
with 0 < 8], <1, for all k = 0,...,m; and j =1...,N. Now, taking
CuN = ﬁﬁi,mm with v = (k,...,k),k=0,...,mg, and N = (mg, ..., mq),
=1
it follows]that
q(z) =q(z1,...,25) = lj_V[lqj(xj) =" c,nBon(z), for every x € [0,1]V.
=

ves*

Case II: ¢;(0) = 0 and ¢;(1) = 1, for all j = 1,..., N. It suffices to combine a
reasoning similar to that in the proof of Case I with the reasoning in [29, Theorem
5], making the appropriate modifications.

Case III: 0 < ¢;(0) and ¢;(1) <1, for all j =1,..., N. Consider the polynomials
gj(t) =1—gq;(t), forall t € [0,1], j=1,...,N. Then 0 < g;(¢t) < 1, for all £ € (0,1)
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with 0 < ¢;(0) and ¢;(1) < 1, for all j = 1,...,N. Then in view of Case I we can
choose an mg > N, then g;(t) can be expressed as a Bernstein polynomial of degree
mo:

mo )
9j (t) = Z 6i,mo bk,mo (t)’
k=0

with 0 < ﬁivmo <1,forall k=0,...,mgand j =1...,N. Hence, using part (i) of
Proposition 2.1, it follows that

mo ] mo )
qi(t) =1 = g;(t) = D (1 = By )Okne (1) = D Vi bbno (1),
k=0 k=0

where vi’mo =1- ﬁimm with 0 < yi,mo <1l forall k=0,...,mpand j=1...,N.
Now, taking

N =1 Womgs  Withv=(k,....k),k=0,...,mo, and N = (my, ..., my),
j=1

it follows that

N

q(z) = q(z1,...,2n) = [[ ¢i(zj) =D eonBun(z), for every z € [0, 1.

j=1 VES™

Case 1V: ¢;(0) =1 and ¢;(1) =0, for all j = 1,..., N. Consider the polynomials
gi(t) =1—¢q;(t), forall t € [0,1], j=1,...,N. Then 0 < g;(t) <1, for all t € (0, 1)
with 0 < ¢;(0) and g;(1) < 1, for all j = 1,..., N. Then in view of Case II we can
choose an mg > N, then g;(t) can be expressed as a Bernstein polynomial of degree
mo-

mo
95 () =" Bl o brmo (1),
k=0

with 0 < ﬁ,]cmo <1,forall k=0,...,mgand j =1...,N. Hence, using part (i) of
Proposition 2.1, it follows that

mo ) mo )
(1) =1 = g;(t) = D (1= Bhong)Okmo () = D o bhimo (1),
k=0 k=0

where fy,];’mo =1 _ﬁi,mw with 0 < ’Yi,mo <1l,forall k=0,....,mpand j=1..., N.
Therefore, if we take

mo
N =1 Womes  Withv=(k,....k),k=0,...,mo, and N = (my, ..., my),
j=1

it follows that
N
q(z) = q(z1,...,2N5) = H q;i(z;) = Z cNBun(z), for every z € [0, 1]N.
j=1 ves*

Finally, it can be shown that if ¢;(¢) is not identically equal to 0 or to 1 for some
J and there exists a ¢y, € (0, 1) such that ¢;(tp) = 0 or 1, then we cannot express the
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polynomial ¢;(t) as a Bernstein polynomial with coefficients in the unit interval (cf.
28]). Consequently, g(z) cannot be converted into an induced multivariate Bernstein
polynomial as in (2.5) with Bernstein coefficients expressed as a product of N real
numbers belonging to [0, 1].

This completes the proof. O

Notice that the multi-index of maximum degree of the induced multivariate Bern-
stein polynomial with coefficients in the unit interval may be greater than the multi-
index of maximum degree of the original polynomial.

Ezample 3.2. Consider the polynomial ¢(z,y) = ¢i(x)q(y), where ¢;(z) = 3z — 82% +
623 and ¢o(y) = v, for all 2,y € [0,1]. The polynomial ¢(x,y) has multi-index of
maximum degree k = (3, 1), and the polynomials ¢;(z) and g2(y) satisfy the conditions

0<q(z) <1, wheneverz e (0,1), ¢(0)=0, ¢(1)=1,
0<q(y) <1, whenevery € (0,1), ¢2(0)=0, ¢(1)=1.

Using (2.7) and part (v) of Proposition 2.2 we have

q(z,y) = (51,3(96) - 252,3@) + 53,3(@) 51,1(y>

= (?151,4(%) + 252,4@) - ib3,4($) + 54,4($)> b1,1(y)
= <§b1,5(I) + §52,5($) + b5,5(9€)> bi1(y)
= gB«l,l),(s,l))(ﬂ% y)+ ?B«m,(s,l))(ﬂ% y) + B, (%, 1),
and the induced multivariate Bernstein polynomial of ¢(z,y):
Pz, y) = ;)B((Ll),(m))(% y)+ §B<<2,1),<571>)(95= y) + Bis.ea)(@,y)

has multi-index of maximum degree N = (5, 1).

The following example show a polynomial ¢(z,y) which can be converted into an
induced multivariate Bernstein polynomial, however it cannot be implemented with
stochastic logic of Qian-Riedel-Rosenberg type.

Ezample 3.3. Consider the polynomial ¢(x,y) = 3zy — 82%y? + 62%y® with multi-index
of maximum degree x = (3, 3), satisfying the conditions 0 < ¢(z,y) < 1, whenever
(z,y) € (0,1)% ¢(0,0) =0 and ¢(1,1) = 1. Since

q(z,y) = Pi(x)b13(y) + Pa(2)b23(y) + Ps(x)bs3(y) + Ps(y)bss(x),

where Pi(z) = 3bi3(z) + 3bas(x), Po(x) = 3bis(x) + ghas(x), Ps(x) = bis(x) —
2by3(2) 4 3b33(2), and the coefficients of Ps(z) do not all belong to the interval [0, 1],
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using part (v) of Proposition 2.2 we see that

3 14 21 5 25 3
Pg(ﬂf) = 1731)1’13(55) + @b2’13(1‘) + §b3’13($) + Tgb4’13(l’) + 778b5’13(.1’) + 173b6,13(.1’)
7

2 1 3 1
+ 5357,13($) + @68,13(55) + ﬁbn,ls(%) + Eblz,m(l‘) + 5513,13(96)-
From (2.6) and (2.7) it follows that

(3.15) q(z,y) = ri(z,y) + ro(z,y) + r3(z,y) + ra(z, y),
where

1

2 5
—B —B —B
13 ((1,1),(13,3))(%9)1‘13 ((2,1),(13,3))(95>y)+22 ((3.1),(13,3)) (T, Y)
42 50 6

5
+ @33«4,1),(13,3))(90 )+ 43B<<5,1>,<13,3>>(x v+ 43B(<6,1>,<13,3>)(93,y)

119 60 57
+ %3«7,1),(1&3»(% y) + . 433«8,1),(13,3))(93 y) + . 433«971),(1373))(33&)

7’1(377:‘/) =

7 2
+ Tz Baon.asay (@ y) + 5o Bavn,asan (@ y) + 5 Ba2n,as (@, y),

2 32 155

B2 (@) + - Bea.ass)(@,9) + 5gBeaasn (@ y)
60 580 196

+ iz Blaa.asa (@) + 5B (@) + 5o Buea.ass)(@,)
63 40 50

+ EB((v,z),ag,s))( y) + 993((8 2),(13,3)) (T, y) + 13 —=B(02),133) (@, 9)
40 23

4
=B B > B
+ 13 ((102),(133)) (T, Y) + 17 (11,2),133)) (T, Y) + 59 502213, 3) (7, Y),

T2('T7y> =

14 21
—B =B
39 B(@3.033) (@, Y) + =5 Baa),033) (2, Y)

5 25 3
2B “B “B
+13 ((3.3),13,3)) (T, y) + 78 ((5.3),(13,3)) (T, Y) + 13 B3, 3) (7, )

7 11
—B B —B
52 (7,3),13.3)) (T, y) + 390 (33,013 3T, y) + 156 (11,3),13.3)) (7, Y)
3 1
+ 13 Bazanasa(@,9) + 5 Bass)asa) (@,),
r4(x,y) - T3(y7 )
Hence, the induced multivariate Bernstein polynomial on the right hand side of

(3.15) has multi-index of maximum degree N = (13,3). However, ¢(z,y) cannot be
factorized as (3.10).

3
ra(z,y) = 5B .ase(T,y) +

As a consequence of Theorems 3.2 and 3.3 we obtain the following result.

Corollary 3.1. Let N be any fized positive integer. If q;(t) is a polynomial such that
some of the following conditions is satisfied:

(i) q;(t) is identically equal to 0 orto 1, j=1,...,N;
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(ii) for any t € (0,1) we have 0 < ¢;(t) < 1, with ¢;(0) > 0 and ¢;(1) < 1, for all
j=1,...,N,
then we can design a stochastic logic of Qian-Riedel-Rosenberg type to compute the
multivariate polynomial q(x) given by

q(z) =q(xy,...,25) = ]_:[ qj(z;), = €][0,1]".

Reciprocally, if q(x) can be implemented with stochastic logic of Qian-Riedel-Rosenberg
type, then the polynomials q;(t) satisfy (i) or (ii), j=1,..., N.

4. A FURTHER REMARK

In recent years, extensive researches have been done for various degenerate versions
of some special polynomials and numbers and have yielded many interesting arith-
metical and combinatorial results. These include the degenerate Stirling numbers of
the first and second kinds, degenerate central factorial numbers of the second kind,
degenerate Bernoulli numbers of the second kind, degenerate Bernstein polynomi-
als, degenerate Bell numbers and polynomials, degenerate central Bell numbers and
polynomials, degenerate complete Bell polynomials and numbers, and so on.

Degenerate versions of some special polynomials have been shown to play an im-
portant role in various areas. However, not much is known about the properties of
these polynomials (cf., e.g, [15-20,32] and references thereof). In particular, as a
degenerate version of Bernstein polynomials, the degenerate Bernstein polynomials
were introduced recently by Kim and Kim in [16].

In this regard, the remarkable papers [16,19] suggest that the fundamental proper-
ties and identities satisfied by the degenerate Bernoulli polynomials could be used
to define a special model of stochastic logic. Thus, one of our future projects is to
explore such a model.
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