Uniform Approximation and Bernstein Polynomials with
Coefhicients in the Unit Interval®

Weikang Qian and Marc D. Riedel Ivo Rosenberg
Electrical and Computer Engineering, Mathematics and Statistics
University of Minnesota University of Montreal
200 Union St. S.E. C.P. 6128, Succ. Centre-Ville
Minneapolis, MN 55455, USA Montreal, Quebec, Canada H3C 3J7
{qianx030, mriedel} Qumn.edu rosenb@DMS.UMontreal. CA
Abstract

This paper presents two main results. The first result pertains to uniform approximation
with Bernstein polynomials. We show that, given a power-form polynomial g, we can obtain
a Bernstein polynomial of degree m with coefficients that are as close as desired to the corre-
sponding values of g evaluated at the points 0, %, %, ..., 1, provided that m is sufficiently large.
The second result pertains to a subset of Bernstein polynomials: those with coefficients that
are all in the unit interval. We show that polynomials in this subset map the open interval
(0,1) into the open interval (0,1) and map the points 0 and 1 into the closed interval [0, 1]. The
motivation for this work is our research on probabilistic computation with digital circuits. Our
design methodology, called stochastic logic, is based on Bernstein polynomials with coefficients
that correspond to probability values; accordingly, the coefficients must be values in the unit
interval. The mathematics presented here provide a necessary and sufficient test for deciding
whether polynomial operations can be implemented with stochastic logic.

1 Introduction

The Weierstrass approximation theorem is a famous theorem in mathematical analysis. It as-
serts that every continuous function defined on a closed interval can be uniformly approximated as
closely as desired by a polynomial function [1].

The Weierstrass Approximation Theorem: Let f be a continuous function defined on the
closed interval [a,b]. For any € > 0, there exists a polynomial function p such that for all x in [a, b],
we have

[f(z) = p(e)l <e. O

The theorem can be proved by a transformation with Bernstein polynomials [2]. By a linear
substitution, the interval [a,b] can be transformed into the unit interval [0,1]. Thus, the original
statement of the theorem holds if and only if the theorem holds for every continuous function f
defined on the interval [0, 1].
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Program on Functional Engineered Nano-Architectonics, contract No. 2003-NT-1107.



A Bernstein polynomial of degree n is a polynomial expressed in the following form [3]:

n
Z 5k,nbk,n(x)a (1)
k=0
where each (3 ,, K =0,1,...,n, is a real number and

bn(o) = ()1 = 2)

The coefficients 3, ,, are called Bernstein coefficients and the polynomials bg ,,(x), b1 n (), . .., bpn ()
are called Bernstein basis polynomials of degree n. Define the n-th Bernstein polynomial for f to

be
—~ . (k
B, (f;z) = — .
i) =3 1 (n) bion ()
k=0
In 1912, Bernstein showed the following result [4, 5]:

The Bernstein Theorem: Let f be a continuous function defined on the closed interval [0, 1].
For any ¢ > 0, there exists a positive integer M such that for all z in [0, 1] and integer m > M, we
have

|f(x) = Bp(f;2)| <e. O

Note that the function By, (f;x) is a polynomial on x. Thus, based on the Bernstein Theorem,
the Weierstrass Approximation Theorem holds. Given a power-form polynomial g of degree n, it is
well known that for any m > n, g can be uniquely converted into a Bernstein polynomial of degree
m [6]. Combining this fact with the Bernstein Theorem, we have the following corollary.

Corollary 1
Let g be a polynomial of degree n. For any € > 0, there exists a positive integer M > n such that
for all z in [0, 1] and integer m > M, we have

ki:o (B =3 () ) b

where 30.m, Bums - - Bnm satisty g(x) = B mbrm(z). O
k=0

< €,

In the first part of the paper, we prove a stronger result than this:

Theorem 1
Let g be a polynomial of degree n > 0. For any € > 0, there exists a positive integer M > n such
that for all integers m > M and k= 0,1,...,m, we have

5k,m -9 <k>) <€
m

m
where ﬁ(],ma ﬁl,ma s 7ﬁm,m Satjsfy g(l‘) = Z ﬁk,mbk,m(x)' 0
k=0




m
(Combining Theorem 1 with the fact that Z bi,m () = 1, we can easily prove Corollary 1.)

k=0
In the second part of the paper, we consider a subset of Bernstein polynomials: those with

coefficients that are all in the unit interval [0, 1].

Definition 1
Define U to be the set of Bernstein polynomials with coefficients that are all in the unit interval [0, 1]:

U= {p(l‘) | dn> 1,0 < 50,n,ﬁ1,n7 cee a/Bn,n <1, such that p(l‘) = Zﬁk,nbk,n(x)} . U
k=0

The question we ask is: which polynomials can be converted into Bernstein polynomials in U?

Definition 2
Define the set V' to be the set of polynomials which are either identically equal to 0 or equal to 1,
or map the open interval (0,1) into (0,1) and the points 0 and 1 into the closed interval [0, 1], i.e.,

V={p(x) | p(z) =0, orp(x) =1, 0or 0 <p(z) <1,V e (0,1) and 0 < p(0),p(1) <1}. O
We prove that the two sets are equivalent:

Theorem 2

V=U g

In what follows, we will refer to a Bernstein polynomial of degree n converted from a polynomial
g as “the Bernstein polynomial of degree n of ¢”. When we say that a polynomial is of degree n,
we mean that the power-form of the polynomial is of degree n.

Example 1

Consider the polynomial g(x) = 3z — 8z + 6x3. It maps the open interval (0,1) into (0,1) with
9(0) = 0,¢g(1) = 1. Thus, g is in the set V. Based on Theorem 2, we have that g is in the set U.
We verify this by considering Bernstein polynomials of increasing degree.

e The Bernstein polynomial of degree 3 of g is
2
9(z) = bra(z) — 3bas(x) + bas(@).

Note that here the coefficient 323 = —2 < 0.

e The Bernstein polynomial of degree 4 of g is

3 1 1
g(m) = Zb174(37) + 6[?274(%) — 11)374(1:) + b474(33).

Note that here the coefficient 334 = —% < 0.

e The Bernstein polynomial of degree 5 of g(x) is

3 2
e —b —_
g(x) z 15(z) + z

Note that here all the coefficients are in [0, 1].

b275((13> + b575 (CL‘)



Since the Bernstein polynomial of degree 5 of g satisfies Definition 1, we conclude that g is in the
set U.

Example 2

Consider the polynomial g(z) = ; —  + 2?. Since g(0.5) = 0, thus g is not in the set V. Based
on Theorem 2, we have that g is not in the set U. We verify this. By contraposition, suppose that
there exist n > 1 and 0 < By, Bin, - - -, Bnn < 1 such that

9(x) = Brnbin(z).
k=0

Since ¢g(0.5) = 0, therefore, Zﬁk,nbk,n(0~5) = 0. Note that for all k = 0,1,...,n, by ,(0.5) > 0.

k=0
Thus, we have that for all k = 0,1,...,n, By, = 0. Therefore, g(x) = 0, which contradicts the
original assumption about g. Thus, g is not in the set U. O

The remainder of the paper is organized as follows. In Section 2, we present some mathematical
preliminaries pertaining to Bernstein polynomials. In Section 3, we prove Theorem 1. Based on
this theorem, in Section 4, we prove Theorem 2. Finally, we conclude the paper with a discussion on
applications of these theorems to our research in probabilistic computation with digital circuits.

2 Properties of Bernstein Polynomials

We list some pertinent properties of Bernstein polynomials.

(a) The positivity property:

For all k =0,1,...,n and all z in [0, 1], we have

bk:,n(x) > 0. (3)

(b) The partition of unity property:

The binomial expansion of the left-hand side of the equality (z + (1 — x))™ = 1 shows that the
sum of all Bernstein basis polynomials of degree n is the constant 1, i.e.,

> bpn(x) =1. (4)
k=0

(c) Converting power-form coefficients to Bernstein coefficients:

The set of Bernstein basis polynomials by, (), b1 (), ..., bnn(z) forms a basis of the vector
space of polynomials of real coefficients and degree no more than n [6]. Each power basis
function a7 can be uniquely expressed as a linear combination of the n + 1 Bernstein basis

polynomials:
n
r) = Zajkbk,n(x)v (5)
k=0
for j =0,1,...,n. To determine the elements of the transformation matrix o, we write

) =2l (x4 (1 —a2)"d



and perform a binomial expansion on the right hand side. This gives

n (k
2l = Z Efl;bk,n(x)7

k=i
for 7 =0,1,...,n. Therefore, we have
k -1 .
o = Ojk = (]) (?) , forj <k (6)
! 0, for j > k.

Suppose that a power-form polynomial of degree no more than n is

g(x) = Zakmxk (7)
k=0

and the Bernstein polynomial of degree n of g is
9(@) =Y Brnbin(z). (8)
k=0

Substituting Equations (5) and (6) into Equation (7) and comparing the Bernstein coefficients,

we have
n k k n -1
/Bk,n = Zajmajk = Z < ) < ) aj,n- (9)
=0 J J

J=0

Equation (9) provide a means for obtaining Bernstein coefficients from power-form coefficients.

Degree elevation:

Based on Equation (2), we have that for all k =0,1,...,m,

1 1 B .
k1 (%) + bk () = 2 (1 — @)™ M (1 ) E

(") (v

:Z'k(l N l,)mfk — (1m)bk7m($),
k
(7 ()

br,m () = G brm+1(z) + () b+1,m+1()

k k1 (10)
m+1—k k+1
= mi—l—lbk’mﬂ(m) + p— 1bk+1,m+1($)-

Given a power-form polynomial g of degree n, for any m > n, g can be uniquely converted into

a Bernstein polynomial of degree m. Suppose that the Bernstein polynomials of degree m and
m—+1

m
degree m + 1 of g are Zﬂk,mbk,m(ﬁﬂ) and Z Br,m+1bk,m+1(2), respectively. We have
k=0 k=0

m+1

Zﬂk,mbk,m(x) = Z 6k,m+1bk,m+1(x)‘ (11)
k=0 k=0

5



Substituting Equation (10) into the left-hand side of Equation (11) and comparing the Bernstein
coefficients, we have

Bo.ms for k=0
Brmsr = st Ot + (1= 557) B, for 1<k <m (12)
Bm,ma for k=m+ 1.

Equation (12) provides a means for obtaining the coefficients of the Bernstein polynomial of
degree m + 1 of g from the coefficients of the Bernstein polynomial of degree m of g. We will
call this procedure degree elevation.

For convenience, given a Bernstein polynomial g(z) = Y Bk nbkn(2), we can also express it
as

g(xz) = Z ck,n:vk(l — x)”_k, (13)
k=0

where

ctn = () B (1)

for k=0,1,...,n. Substituting Equation (14) into Equation (12), we have

€0,m;» for k=0
Chym4l = § Cholm + Chom, for 1 <k <m (15)
Crm,ms for k=m+1.

3 A Proof of Theorem 1

Suppose that the polynomial g is of degree n. Applying Equation (15) recursively, we can
express cj , as a linear combination of cgp, c1pn,- .-, Copn-

Lemma 1
Let g be a polynomial of degree n. For any m > n, suppose that the Bernstein polynomial of

m
degree m of g is g(x) = Z chma®(1—2)™*. Let ¢j,,m = 0 for all k < 0 and all k > m. Then for

k=0
all k=0,1,...,m, we have
Ckm = z; < i >Ck—m+n+i,n' U (16)
1=

Proof: We prove the lemma by induction on m — n.

Base case: For m —n = 0, the right-hand side of Equation (16) reduces to (8)0;4’” = Ck,m, S0 the
equation holds.

Inductive step: Suppose that Equation (16) holds for some m > n and all £k = 0,1,...,m.
Consider m + 1. Since we assume that ¢_1,,, = ¢m41,m = 0, Equation (15) can be written as

Ck,m+1 = Ck—1,m + Ck,m» (17)



for all k =0,...,m+ 1. With our convention that ¢; , = 0 for all ¢ < 0 and ¢ > n, it is easily seen
that

m—n m—n
m—n m—n
c_1m=0= § ( ; )C—l—nH4H4m7 Cmim = 0= E ( ; )Cm+1—m+n+@n-
=0 i=

Together with the induction hypothesis, we conclude that for all k = —1,0,...,m,m+1

mn oo
Ckom = Z < i )Ck—m-‘rn-i-i,n- (18)

i=0
Based on Equations (17) and (18), for all k =0,1,...,m + 1, we have

m—n m—n
m—n m—n
Ckm+1 = 5 < i >Ck1m+n+i,n + 5 ( ] >Ckm+n+j,n-

i=0 j=0
In the first sum, we change the summation index to j =i — 1. We obtain

m—n—1 m n m—n m n
Ckom+1 = Z <] +1 )ck—m+n+j,n + Z < ] )ck—m—‘rn—i-j,n

j=—1 7=0

m-n mTl i — m-n m—-n
= 0 Ck—m+n—1,n + z; 41 + j Ck—m+n+jn T m—n Ckn-

Jj=

-1 -1
Applying the basic formula <T> = <T 1> + (T ), we obtain
q q— q

A i1 —n Mt 1~
Ckm+1 = Ck—m4n—1,n T+ z;) ( j+1 >Ck—m+n+j,n + Ckn = Z; ( i )ck—m—1+n+i,n-
j= i=
Thus Equation (16) holds for m + 1. By induction, it holds for all m > k. O

Remark: Equation (16) can be formulated as

min{k,n}

m-—-n
= Y < e >cn (19)

it=max{0,k—m+n}

forallm > nand k =0,1,...,m. Indeed, in Equation (16), first use the basic formula <T) = ( " )
q r—q
and then change the summation index to j = kK — m + n + ¢ to obtain

~— [ m-n b m-—n
Ckom = Z (m o Z) Ck—m+n+in = Z ( k— i >Cj,n~
1=0 j=k—m+n J

Note that ¢;j,, # 0 implies 0 < j < n. This yields Equation (19). O



Lemma 2
Let n be a positive integer. For all integer m, k and i such that

m>n, 0<k<m, max{0,k—m+n} <i<min{k,n}, (20)
we have '
7 n—i m— 2
(&) (2 o
Proof: For simplicity, we define § = <k> <1 k) — (’Zl ) . Now
("n=h) B (m —n)! El(m — k)!
(" (k=) (m—n—k+1)! m!
Ckk-1)---(k—i+1)(m—-k)m—-k—-1)---(m—n—-k+i+1)
N m(m—1)---(m—n+1) (22)
i—1 . m—i-1 | n—i—1 .
k— —k— —k k—
| m.?:ﬂ(l-m ) II (1-?.).
e oy mei—g oy m—j i m—i—j

(%=i)
(%)
=IO 002 -G) G

Jj=0

We obtain an upper bound for

by replacing j in Equation (22) with its least value, 0:

We need the following simple inequality: for real numbers 0 < z < y < 1 and a non-negative
integer [,

-1
Y —al =y -2)> T < (y - )l (23)
=0

From Equation (20), we obtain 0 < ¢ < min{k,n} < k < m and so we can use Equation (23) for

We obtain

m
> _ ) (m—k':_m—k:)m_z,):_(k) (m—k)z(n—z).
m m—i m m (m—1i)m
. k m — . .
Since0 < — <1,0< - <1, and 0 < i < n, we obtain
m m—1

m

(m—i)ym  — m m

[k i(m—k)i(n—i)> i(n — 1) n?
(&)



Therefore,

=) (o a)
ol

the first product and with n — ¢ in the second product, obtaining

2 T (st <05 T ()

§=0 §=0
(k=1 Yim—n—k+i n7i> k—i\' (m—n—k+i\""
S \m—i m-—n —\m—i m—n-+1i '
Thus, proceeding as above, we have

5 kN Lk "G (R (mek\T (k=i (mon—k i\

\m m ()~ \m m m—i m—n-+i
() () (=) |2
- - : — + ).
m m—i m m—i

m—k\"" m—-n—k+i\""
m m—mn-+1
Due to Equation (20), we have

k—i

Similarly, we obtain a lower bound for by replacing the index j in Equation (22) with ¢ in

0

IN

and so we obtain

() e
m m—1 m m—n-+1
Applying Equation (23) twice to the right-hand side of Equation (25), we obtain
5§i(k_k—z'>+(n_i)<m—k_m—n—k—.i—z>
m  m-—1 m m-—-n-+1
i m—k (n—i)? k

m m—i m m-—n+i

From Equation (20), we have

Therefore,

5 <Z>i<1_i)”—i_ (”(;Tgsﬁ) §i2+(77;—z')2 Sm’—l—r;in—i) ::i‘ (26)

Equations (24) and (26) together yield Equation (21). O

Now we give a proof of Theorem 1.



Theorem 1
Let g 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

ﬁk,m -9 <k>' <,
m

where Bo.m, Bim - - - Bmm satisfy that g(x) = Brmbem(x). O
k=0

Proof: For n = 0, g is a constant polynomial. Suppose that g(z) = y, where y is a constant
value. We select M = 1. Then, for all integers m > M and all integers k£ = 0,1,..., m, we have

Bem =Y =g (k> Thus, the theorem holds.
m

2 n
n
For n > 0, we select M such that M > max{ E |cl-7n],2n}, where the real numbers
€
i=0

COn»>Clins - - - Cnyn Satisfy
n

g(x) =) cipa'(1l—z)" . (27)

i=0
Now consider any m > M. Since
n? «
2n < max {6 2; |ci7n],2n} <M <m,
1=

we have m — n > n. Consider the following three cases for k.

1. The case where n < k < m — n. Here max{0,k —m + n} = 0 and min{k,n} = n. Thus, the
summation indices in Equation (19) range from 0 to n. Therefore,

:ck,m _ & (nlz:?)c 28
Bhom = 1 = 2 () S )

Substituting x with % in Equation (27), we have

(3) S (3 (-2)

By Lemma 2, since 0 < n < m and 0 < k < m, Equation (21) holds for all
0 = max{0,k —m+n} < i < min{k,n} = n. Thus, by Equations (21), (28), (29) and the
well-known inequality | > ;| <> |z;|, we have

o (ST -G (-3) ]

2 -G 0w

10




2 n
.mn
Since — E |cin| < M < m, we have
€
i=0

2 n
n
E E |Cz‘7n’ < €. (30)
=0

Bk,m ) <k>’ <e
m

. The case where 0 < k < n. Since m > 2n, we have k — m +n < k —n < 0. Thus,
max{0,k —m + n} = 0 and min{k,n} = k. Thus, the summation indices in Equation (19)
range from 0 to k. Therefore,

Therefore, for all n < k < m — n, we have

B = Ck,m _ i (TZ:?) e (31)
TR g @

)

When k£ +1<i<n, we have that 1 <k +1 <1 and so

BICORNOCNCO

By Lemma 2, since 0 < n < m and 0 < k < m, Equation (21) holds for all
0 =max{0,k —m+n} <i <min{k,n} = k. Thus, by Equations (21), (29), (30), (31), (32)
and the inequality | > z;| < > |z;i|, we have

2

<—< =< —. (32)

n
m

3=
3=

k - (TZ:?) ° E\"* E\"t
n =9 ()| - = ‘Z(m) (1-2) e
k[ (m—n . " ) | B
= (%=i) k' EN"" E\° E\ "
S () e S 08
k m—n . » . ‘ .
i) £y AN kY o\
D () o S8 () e
y i=k+1
Snj |Czn’<€
m i=0

. The case where m —n < k < m. Since m > 2n, we have n < m —n < k. Thus,
max{0,k — m +n} = k — m + n and min{k,n} = n. Now, the summation indices in
Equation (19) range from k£ — m + n to n. Therefore,

Br,m = CI:,;m = Z (kn:ls)cm (33)

(k) i=k—m+n (k

When 0 <i<k—m+n—1, we have that 1 <m +1—k <n — 4. Thus,

‘(f) (-5Y7=(-5) ‘(:;) (kY

11

m—k
<

n
m m



By Lemma 2, since 0 < n < m and 0 < k < m, Equation (21) holds for all
E—m+n=max{0,k —m+n} <i <min{k,n} = n. Thus, by Equations (21), (29), (30),
(33), (34) and the inequality | Y z;| <> |z;|, we have

(& S ) (-8)

B 2 o8 ) )

i=k—m-+n k
n m—n i n—i k—m+n—1 i n—i
(o k k k k
O T ) () e
L ) U 2 |G) U
2 n
n
< )
s Z lcin| < €.
=0
In conclusion, if m > M, then for all k =0,1,...,m, we have
k
ﬂk’m—g<)‘<e. O
m

4 A Proof of Theorem 2

We demonstrate that the sets U and V defined in the introduction — see Definitions 1 and 2 —
are one and the same. We demonstrate that U C V and V' C U separately. First, we prove the
former — the easier one. Then we use Theorem 1 to prove the latter.

Theorem 3
UCV. O

n
Proof: Let n > 1 and f,, = 0, for all 0 < £ < n. Then the polynomial p(z) = Z Brnbin(z) = 0.
k=0

n
Letn > 1and f, = 1, forall0 < k < n. Then, by Equation (4), the polynomial p(z) = Z Brnbin(z) = 1.
k=0

Thus 0 € U and 1 € U. From the definition of V, 0 € V and 1 € V.
Now consider any polynomial p € U such that p # 0 and p # 1. There exist n > 1 and
0 < Bon,Bin,---sPnn < 1such that

p(@) = > Brnbpn(@).
k=0

From Equations (3), (4) and the fact that 0 < Sy, Bin, ..., Bnn < 1, for all z in [0,1], we have

n

0<p@) = Braben(@) <D bpalz) =1.
k=0 k=0

We further claim that for all z in (0,1), we must have 0 < p(z) < 1. By contraposition, we
assume that there exists a 0 < xg < 1, such that p(xg) < 0 or p(xp) > 1. Since for 0 < zg < 1, we
have 0 < p(z¢) < 1, thus p(xg) =0 or 1.

12



We first consider the case that p(xo) = 0. Since 0 < xg < 1, it is not hard to see that for all
kE=0,1,...,n, byn(zo) > 0. Thus, p(xg) = 0 implies that for all k =0,1,...,n, B, = 0. In this
case, for any real number z, p(x) = > ;o Bknbrn(z) = 0, which contradicts the assumption that
p(z) # 0.

Similarly, in the case that p(zg) = 1, we can show that p(xz) = 1, which contradicts the
assumption that p(x) # 1. In both cases, we get a contradiction; this proves the claim that for all
z in (0,1), 0 < p(x) < 1.

Therefore, for any polynomial p € U such that p Z 0 and p # 1, we have p € V. Since we
showed at the outset that 0 e U, 1 € U, 0 € V and 1 € V, thus, for any polynomial p € U, we have
p € V. Therefore, U C V. [

Next we prove the claim that V' C U. We will first show that each of four possible different
categories of polynomials in the set V are in the set U. The different categories are tackled in
Theorems 4 and 5 and Corollaries 2 and 3.

Theorem 4
Let g be a polynomial of degree n mapping the open interval (0, 1) into (0,1) with 0 < ¢(0),g(1) < 1.
Thenge U. U

Proof: Since g is continuous on the closed interval [0, 1], it attains its maximum value M, on [0, 1].
Since g(z) < 1, for all x € [0,1], we have M, < 1.
Let ¢ = 1 — M, > 0. By Theorem 1, there exists a positive integer M; > n such that for all

/Bk,m —4g <k>
m

satisfy that g(z) = Zﬁkmbkm(x) Thus, for all m > My and all k =0,1,...,m,
k=0

integers m > M; and k = 0,1,...,m, we have < €1, where 8o m, B1,ms-- -+ Bmm

k
Bk,m<g<m>+q§Mg+1—Mg:1. (35)

Denote by r the multiplicity of 0 as a root of g(x) (where r = 0 if g(0) # 0) and by s the
multiplicity of 1 as a root of g(x) (where s = 0 if g(1) # 0). We can factorize g(z) as

g(x) = " (1 — 2)"h(x), (36)

where h(x) is a polynomial, satisfying that h(0) # 0 and h(1) # 0.

We show that h(0) > 0. By the way of contraposition, suppose that h(0) < 0. Since h(0) # 0,
we have h(0) < 0. By the continuity of the polynomial h(z), there exists some 0 < z* < 1, such
that h(z*) < 0. Thus, g(z*) = 2*(1 — z*)°h(z*) < 0. However, g(x) > 0, for all x € (0,1).
Therefore, h(0) > 0. Similarly, we have h(1) > 0.
rgi > 0 for all z in (0,1). In view of
z"(1l —x)s
the fact that ~(0) > 0 and h(1) > 0, we have h(z) > 0, for all = in [0, 1]. Since h(x) is continuous
on the closed interval [0, 1], it attains its minimum value my, on [0, 1]. Clearly, my, > 0.

Let e2 = myp > 0. By Theorem 1, there exists a positive integer My > n—r — s, such that for all

k
integers d > M and k = 0,1,...,d, we have |y, q—h <d>

that .
h(z) = Ye.abra(z). (37)
k=0

Since g(z) > 0 for all = in (0, 1), we have h(z) =

< €2, where v9 4, 71,4, - - -, Vd,a satisfy
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Thus, for all d > My and all k =0,1,...,d,
k
’Yk,d>h(d> — €2 > mp —my = 0.

Combining Equations (36) and(37), we have

— 2T(1 _ )8 — T(1 _ )8 G — (1 _ )8 G d k1 _ .\d—k
g(x) =2"(1—2)°h(z) = 2" (1 — x) Z’Yk,dbk,d(l') z"(1—x) Z’Yk,d i )® (1—2x)

k=0

d d d+
. ’7k7d(k) d+7r+s k+ d+ k Vik— Td k 7"
- Z (“415) < kvr )7 - o Z d+r+s Ok dtrts()

k=0 \ k+r k=

d+r+s
= Z 5k,d+r+sbk,d+r+s($),

k=0

where B g4r+s are the coefficients of the Bernstein polynomial of degree d 4 r + s of g and

0, for0<k<randd+r<k<d+r-+s

— d
Pr.dtr+s W >0, forr<k<d+r.

Thus, when m =d+r+ s> My + 1+ s, we have for all k=0,1,...,m,
Br,m = 0. (38)

According to Equations (35) and (38), if we select an mg > max{M;, Ms + r + s}, then g(x)
can be expressed as a Bernstein polynomial of degree my:

mo

9(2) =) Brmobrimo (7)),

k=0
with 0 < Bgme < 1, for all k =0,1,...,mg. Therefore, g € U. I

Theorem 5
Let g be a polynomial of degree n mapping the open interval (0,1) into (0,1) with g(0) = 0 and
g(1)=1. Thenge U. O

Proof: Denote by r the multiplicity of 0 as a root of g(x). We can factorize g(z) as
g(x) = " h(x), (39)

where h(x) is a polynomial satisfying h(0) # 0. By a similar reasoning as in the proof of Theorem 4,

we obtain h(0) > 0. Since for all z in (0,1], h(x) = &T) > 0, we have for all = in [0,1], h(x) > 0.
x

Since h(x) is continuous on the closed interval [0, 1], it attains its minimum value my, on [0, 1].
Clearly, my, > 0.
Let €1 = my > 0. By Theorem 1, there exists a positive integer My > n — r such that for all

k
integers d > My and k= 0,1,...,d, we have |y, q—h (d> < €1, where Y0 4,7V1,d; - - -, Ya,a satisfy
d
= abr.a(x). (40)
k=0
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Thus, for all d > M; and all k =0,1,...,d,

k
'Yk7d>h<d>—€12mh—mh:0.

Combining Equations (39) and (40), we have

d
g(z) =z"h(z) = 2" Z'Yk,dbk,d =z Z% d( > (1—x)t "

Vea(y) (d+r Vs d(kd ) =
= Z d+7~ (k‘ + ’l“) $k+r(1 - x)d_k = Z ((;JFT)iT bi d-l—r Zﬂk d-‘rrbk d+r( )
k-+7- k=r k k=0
where 3y 44, are the coefficients of the Bernstein polynomial of degree d + r of g and
0, for0<k<r
— d
Prer W>0 forr <k<d+r.
Thus, when m =d +r > My +r, we have for all k =0,1,...,m,
Brm > 0. (41)
Let
g (z) =1—g(). (42)

Then ¢* maps the open interval (0,1) into (0,1) with ¢*(0) = 1, ¢*(1) = 0. Denote by s the
multiplicity of 1 as a root of g*(x). Thus, we can factorize g*(z) as

9" (x) = (1 —z)°h"(x), (43)
where h*(z) is a polynomial satisfying that h*(1) # 0. As in the proof of Theorem 4, we obtain

h*(1) > 0. Since for all z in [0,1), h*(x) = M > 0, we have for all x € [0, 1], h*(z) > 0. Since

h*(x) is continuous on the closed interval [0, 1], it attains its minimum value m} on [0, 1]. Clearly,
my > 0.
Let e = mj > 0. By Theorem 1, there exists a positive integer M > n — s such that for all

k
integers ¢ > My and kK =0,1,...,q, we have qu —h* () < €, where g V] gr - - -5 Vg,q SabiSly
) q k) b bl
q
=D Vgbra(@) (44)
k=0

Thus, for all ¢ > Ms and all k=0,1,...,q,
* * k * *
7k,q>h <q>_622mh_mh:0‘

Combining Equations (42), (43) and (44), we have




Further using (4), we obtain

q+s q q+s

'Yk,
Zbk,q—i-s Z qq+5 bk q+s Z/Bkﬂ-‘rsbk,q—i-s( )
k=0

k=0 k =

where the (3, ,4s’s are the coefficients of the Bernstein polynomial of degree q + s of g:

a1, for0<k <
Brgrs = (") !
1, forg <k <q+s.
Thus, when m = g+ s > My + s, we have for all k =0,1,...,m,

According to Equations (41) and (45), if we select an mg > max{M; + r, M + s}, then g(z) can
be expressed as a Bernstein polynomial of degree my:

mo
) =Y Brimobhmo ()
k=0

with 0 < B < 1, for all £ =0,1,...,mg, Therefore, g € U. O

Lemma 3
If a polynomial p is in the set U, then the polynomial 1 — p is also in the set U. [J

Proof: Since p is in the set U, there exist n > 1 and 0 < By, Bin, - - -5 B < 1 such that

= Brnbkn(@)
k=0

By Equation (4), we have

2) =Y bpn(r) = > Benbin(®) =D (1= Brn)bpn(z Z% nbin (2
k=0 k=0

k=0

where 7y, , = 1—0y , satisfying 0 <y, <1, forallk =0,1,...,n. Therefore, 1—pisin theset U. O

Corollary 2
Let g be a polynomial of degree n mapping the open interval (0, 1) into (0,1) with0 < ¢(0),g(1) < 1.
Thenge U. U

Proof: Let polynomial h = 1 — g. Then h maps (0,1) into (0,1) with 0 < h(0),h(1) < 1. By
Theorem 4, h € U. By Lemma 3, g =1 — h is also in the set U. [J

Corollary 3
Let g be a polynomial of degree n mapping the open interval (0,1) into (0,1) with g(0) = 1 and
g(1)=0. Thenge U. O
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Proof: Let the polynomial h =1 — g. Then h maps (0, 1) into (0,1) with ~(0) = 0,h(1) = 1. By
Theorem 5, h € U. By Lemma 3, g =1 — h is also in the set U. O
Combining Theorem 4, Theorem 5, Corollary 2 and Corollary 3, we show that V C U.

Theorem 6

vV CuU. 0
Proof: Based on the definition of V', for any polynomial p € V', we have one of following five cases.

1. The case where p = 0 or p = 1. In the proof of Theorem 3, we have shown that 0 € U and
1eU. ThuspeU.

2. The case where p maps the open interval (0,1) into (0,1) with 0 < p(0),p(1) < 1. By
Theorem 4, p € U.

3. The case where p maps the open interval (0,1) into (0,1) with 0 < p(0),p(1) < 1. By
Corollary 2, p € U.

4. The case where p maps the open interval (0,1) into (0,1) with p(0) = 0 and p(1) = 1. By
Theorem 5, p € U.

5. The case where p maps the open interval (0,1) into (0,1) with p(0) = 1 and p(1) = 0. By
Corollary 3, p € U.

In summary, for any polynomial p € V, we have p € U. Thus, V C U. O
Based on Theorems 3 and 6, we have proved Theorem 2:

V=U g

5 Discussion

We are interested in Bernstein polynomials with coefficients in the unit interval because this
concept has applications in the area of digital circuit design. Specifically, the concept is a math-
ematical prerequisite for a design methodology that we have been advocating called stochastic
logic [7-9]. We provide a brief overview of this application and point the reader to further sources.

Stochastic logic implements Boolean functions with inputs that are random Boolean variables.

A Boolean function f on n variables z1,xo,...,z, is a mapping
f:4{0,1}" — {0,1}.
With stochastic logic, the variables x1, xs, . . ., x, are a set of independent random Boolean variables,

i.e., for 1 <i < mn, x; has a certain probability p; (0 < p; < 1) of being one and a probability 1 — p;
of being zero. With random Boolean variables as inputs, the output is also a random Boolean
variable: the function f has a certain probability p, of being one and a probability 1 — p, of being
Z€ro.

If implemented by digital circuitry, stochastic logic can be viewed as computation that trans-
forms input probabilities into output probabilities [8]. Given an arbitrary Boolean function f and
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a set of input probabilities p1, p2, ..., pn that correspond to the probabilities of the input random
Boolean variables being one, the output probability p, is a function on p1,po,...,p,. In fact, we
have shown that the general form of the function is a multivariate polynomial on variables p1, ..., p,
with integer coefficients and with the degree of each variable no more than one [9].

Example 3
Consider stochastic logic based on the Boolean function

f(.%‘l,.%'g, xg) = (331 A QZQ) V (—\xl A xg),

where A means logical AND (conjunction), V means logical OR (disjunction), and — means logical
negation.

The Boolean function f evaluates to one if and only if the 3-tuple (x1, x2,x3) takes values from
the set {(0,0,1),(0,1,1),(1,1,0),(1,1,1)}. The probability of the output being one is

Po = PI'(f = 1) = PI'(I‘l,LEQ,xg : (l'lvx?,x?)) € {(0707 1)7 (07 ]-7 1)? (]-a 130)’ (15 ]-a 1)})
= Pr(z1 =0,29 =0,23 =1) + Pr(x1 = 0,20 = 1,23 = 1)
+ Pr(xz; = 1,29 = 1,23 = 0) + Pr(z; = 1,29 = 1,23 = 1).

If x1, 22, and x3 are independent random Boolean variables with probability p1, p2, and p3 of being
one, respectively, then we obtain

Po = (1 —p1)(1 — p2)ps + (1 — p1)pap3 + p1p2(1 — p3) + p1p2p3
= (L= p1)p3 + p1p2 (46)
= p1p2 + pP3 — P1P3,

which confirms that the function computed by stochastic logic is a multivariate polynomial on
arguments p1,p2, and p3 with integer coefficients and with the degree of each variable no more
than 1. OJ

In design problems, we encounter univariate polynomials that have real coefficients and degree
greater than 1. Sometimes it is possible to implement these by setting some of the probabilities
p; to be a common variable x and the others to be constants. For example, if we set p1 = p3 = x
and py = 0.75 in Equation (46), then we obtain the polynomial g(z) = 1.752 — 2. With different
underlying Boolean functions and different assignments of probability values, we can implement
many different univariate polynomials.

An interesting and yet practical question is: which univariate polynomials can be implemented
by stochastic logic? Define the set W to be the set of (univariate) polynomials that can be imple-
mented. We are interested in characterizing the set W.

In [9] we showed that U C W, i.e., if a polynomial can be expressed as a Bernstein polynomial
with all coefficients in the unit interval, then the polynomial can be implemented by stochastic
logic. In this paper, we proved that V = U. Thus, we have V C W.

Further, in [9] we showed that W C V, i.e., if a polynomial can be implemented by stochastic
logic, then it is either identically equal to 0 or equal to 1, or it maps the open interval (0,1) into
the open interval (0,1) and maps the points 0 and 1 into the closed interval [0, 1]. Therefore, we
conclude that W =V, i.e., a polynomial can be implemented by stochastic logic if and only if it is
either identically equal to 0 or equal to 1, or it maps the open interval (0, 1) into the open interval
(0,1) and maps the points 0 and 1 into the closed interval [0, 1].

This necessary and sufficient conditions allows us to answer the question of whether any given
polynomial can be implemented by stochastic logic. Based on the mathematics, we have proposed
a constructive design method [9]. An overview of the method and its applications in circuit design
will appear in a forthcoming “Research Highlights” article in Communications of the ACM [10].
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