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Abstract

We discuss the generation of polynomials with two bounds -an upper
bound and a lower bound- on compact sets C = [0,1]* € R? in view on
numerical approximation and scientific computing. We show that a com-
position formula based on a weighted 4-squares Euler identity generates
all such polynomials in dimension d = 1. It yields a new algebraic or
compositional approach to the classical problem related to polynomials
with minimal uniform norm. Higher dimensions are discussed by means
of the 8-squares Degen identity and tensorization, and the connection with
quaternions algebras is made explicit. Various numerical results illustrate
the potentialities of this approach and some implementation details are
provided.

1 Introduction

This work presents algorithms of algebraic nature for the generation of polyno-
mials with two bounds on compact sets and explore the use of such methods for
the numerical approximation of simple functions. As far as the author is aware,
it is the very first time that the compositional algebraic properties presented
below of polynomials with two bounds -an upper bound and a lower bound- are
discussed in view of their use in numerical analysis and scientific computing.
A first model problem in dimension d = 1 writes: Generate all polynomials with
two bounds

pn € Up = {pn € Po(x), suchthat 0 <p,(z) <1 Vzel0,1]}. (1)

Generate means more precisely in the context of this work: construct a algorithm
(a loop) easy to implement on a computer which parametrizes all polynomials
in U,. Polynomials with one bound are denoted as

pn € PY = {pn € P,(x), such that 0 <p,(z) Vze[0,1]}. (2)

*Sorbonne Universités, UPMC Univ Paris 06, UMR 7598, Laboratoire Jacques-Louis Lions,
F-75005, Paris, France.



So p, € U, if and only if p, € PF and 1 — p, € PF. Simpler subsets of
U, exist based on convex combinations ¢, = Z?:o aju; where the coefficients
satisfy 0 < a; and Z?:o aj = 1. ‘The generating polynomials u; can be ei-
ther the basis of the monomials x7, or the basis of the Berstein polynomials

B, j(z) = ﬁlj),ﬂ(l —x)"~J or the basis of the rescaled Tchebycheff polyno-
mials W However none of these subsets is able to generate all polyno-

mials in U, only by convex combinations.

The set P has attracted considerable attention in the mathematical liter-
ature since more than a century. One can refers to classical textbooks such as
[9, 19, 15] 26] (and therein) for a comprehensive expository of the theory of poly-
nomials and their extremal properties. A classical result is the Lukacs theorem
[26]. We will provide for self-conciseness a simple proof of this result, differ-
ent in spirit from the one of [28]. The proof is based on a basic compositional
proof which will be generalized later to U,,. The set U, is related to a famous
problem, which is to characterize polynomials with minimal uniform norm, we
refer for example to the comprehensive chapter 8.1.2 in [19]. But instead of
Tchebycheff who added a constraint so as to define the family of Tchebycheff
polynomials T,, of Bernstein who defined the non orthogonal basis B, ;, and
of [29, 20, 22] who provide necessary improved sharp estimates based on the
Tchebycheff inequality for the coefficients of p,, € U,, we will give a necessary
and sufficient criterion based a composition formula which is an adaptation of
the four-squares Euler identity. This is developed in the remark 3.2 and it pro-
vides an explanation why the formulas proposed in his article are original with
respect to the immense literature on the topic. Indeed the four-squares Euler
identity can be rephrased as a quaternion algebra, so very different to real or
complex algebras, as in the classical approach on the topic [26] 19].

Our interest in the set U, stems from its underlying considerable (but some-
how non explicit) role in scientific computing and non linear approximation. To
the classical considerations on computer aided design [19, 23] 24] with Bernstein
and Bézier curves we add other examples. Our first one is the theory of limiters
developed for the numerical approximation of conservation laws [12] 27, [16]
intends to guarantee that a high order polynomial approximation of a given
function f respects some maximum principle even if f has very low regularity
(f can be discontinuous at shocks). The fundamental reason is that non linear
equations need control of various L bounds to be numerical tractable. Another
example [I5] [§] is the optimal control of polynomial systems and non negative
polynomials in P;. We refer to [II] for algorithmic issues in the context of
compress sensing. A third example is from reduced modeling, typically with
POD techniques [I7], and from interpolation on a sparse grid [14]. Uncertainty
quantification intrusive techniques are also highly demanding in terms of having
polynomial approximations with a priori unconditional respect of the maximum
principle [211 [7].

The basis of the algorithms is a weighted version of the four-squares Euler
identity which extends to the eight-squares Degen identity. This is related to
classical issues in algebraic geometry for which we refer to [25] [2] and therein,



a domain which goes far beyond the expertise of the author and which is not
exactly the topic of [19]. It seems nevertheless that the use of such methods
(related to quaternions [I0], quaternions algebras and quaternions basis, one
can refer to the expository paper [6] and therein) for the generation of signed
polynomials on convex sets has not been addressed in the literature. In a dif-
ferent direction we quote the recent works [4] on issues in scientific computing
with quaternions and octonions.

The main theoretical results obtained in this work can be summarized as
follows.

Theorem 1.1. Let n € 2N being even. There exists a smooth function from
R3"/2 onto U,.

The proof is by a constructive algorithm justified in theorem[2.5|and corollary
The algorithms illustrated in the second part of this work are all based on
various generalizations of this constructive algorithm.

The next result explains the asymptotic best error of approximation. The
norm of a uniform convergence is noted as usual ||f|| = maxg<y<1|f(z)| for
f € CY0,1]. Even if elementary, this is a remarkable result since the constant
2 is independent of n.

Theorem 1.2. Assume f € C°[0,1] and 0 < f(x) <1 for 0 <z < 1. Then
inf —pnll €2 inf — gnll. 3
Jinf If = pall <2 inf [If = gal (3)

The organization of this work is as follows. Section [2]is dedicated to the
presentation of algorithms for the generation of polynomials with one bound
and with two bounds. The algorithms are based on composition formulas jus-
tified by various generalizations with convenient weights of the four-squares
Euler identity. The main theorems are proved, theorem [2.5 shows that the loop
based on a weighted four-square Euler identity generates all polynomials in U,
and theorem [[.2 gives the fundamental estimate in uniform norm: it has, for
0 < f <1, the same asymptotic accuracy than the classical approximation with
polynomials in P,. The loops for polynomials of many variables in C = [0, 1]¢
are addressed in section [3] The Hurwitz theorem yields the standard limitation
on many squares identity. This is why an extension with the Degen identity is
proposed which extends to higher dimensions by tensorization. The link with
quaternions algebras and quaternions basis is made explicit in remark
Numerical exploration of the possibilities offered by these algorithms is per-
formed in section [4] within a Matlab based test code. Some formulas are pro-
vided for the calculation of the exact gradients with respect to the parameters
which define the polynomials. It yields an explicit formula for the derivative
ph (x) for p, € Uy,. The numerical test show good accuracy and stability of the
methods. Perspectives are evoked in the final section

Notations. Since we are ultimately interested in application of polynomials
with bounds to scientific computing, we privilege natural notations convenient
for immediate implementation, where p,(z,y,...) simply means a polynomial



of the real variables z,y,... of degree less or equal to n, and P, in dimension
d = 1 refers to P,(x). We use p, a, b, ..., for polynomials when the context
makes the notation non ambiguous.

2 Polynomials with bounds in dimension d =1

The starting point of our analysis is the Lukacs theorem [26], [15] 29, [19] which
is a representation theorem for non negative polynomial p, € P;.

Theorem 2.1 (Lukacs theorem). Consider p, € Py . Two cases occur.
e Fither n = 2m € 2N, then there exists a,, € P,, and b,,_1 € P,_1 such that

pp = a2 + b2 w w(z) = z(1 — x). (4)

e Orn+1=2m € 2N, then there exists a,,_1 € P,, and b,,_1 € P,,_1 such
that
Pn = a2,_jwy 4 b2, jws wi(z) =z, wo(x)=1-—u2x. (5)

Since P c P 1 C P o, the two representations formulas apply for any
polynomial. The representations are non unique: for example one can always
consider —a,, instead of a,, which a trivial case of non uniqueness of the rep-
resentation; another example of the non uniqueness writes as 1 = 19 + 0%w =
(1 —22)% + 2%2w(x).

To obtain a self contained work, we begin with a simple proof of the first
representation . The proof is representative of the methods used in this work.
Consider two polynomials p,, and g, with the first representation

pn = a2, + b2, _jw, n =2m
Q= a2, + B2, _qw, n'=2m'.
Consider the composition
An+n’ = QmQpy + bm—lﬁm’—lwa (6)
B7L+7L’—1 - amﬁm/—l - bm—lanL’

and define
_ A2 2 +
P2n+2n’ - An+n’ + BnJrn’flw € P2n+2n"

The so-called Bramagupta-Fibonacci formula yields
(amam’ + bmflﬁﬂl’flu})2 + (amﬁm’fl - bmfloﬁﬂ’)2 w

= (ap, + U yw) (apy + By _yw)
that is
Ponton' = P (7)
which shows that the product of two polynomials which admit the first repre-

sentation also admits the first representation . It yields a simple proof of
the first part of the Lukacs theorem.



Proof of the Lukacs theorem. For convenience, the proof is in three parts.
e Start with a polynomial p,, € P, with degree exactly n = 2m for simplicity
and write the decomposition with the roots z; € C

po(z) =Kk (x —2;), keR.

Since p,, is real, the non real roots have their complex conjugate in the list of
roots. Since p,(x) > 0 for 0 < z < 1, all real real roots z; € (0,1) have a even
degree. So one can always group the roots two by two (and group on of these
products with the multiplicative constant k) such that

p(z) = 15" 2g(x) (8)

where ¢; € P2Jr for all 4. A basic reasonin with second order polynomial shows
the existence of a; € P; and b; € R such that

gi = aj +bjw € Py ©)

So py, is the product of second order polynomials which all admit the first rep-
resentation . It is sufficient to compose these polynomials one after another
with the algebra to obtain the claim.

e If the degree of p, is odd, that is n = 2m 4+ 1, one can always isolate a real
root g € R — (0, 1), so that

pn(z) = k(x — xo)H?:_f (x—2), keR

and the z; are all other roots. Since x — ¢ has a constant sign over (0, 1), one
has that x — x¢ € P;r . Copying the previous proof yields that p, admits the
first representation (4)) p, = a2, + b2,w.
e To prove that last formula, it is sufficient to start from p,, € P} and to consider
Pn(z) = apn(z) € P . One has that p,(z) = @2, (z) + b2,_; (z)z(1 — z) where
ap, and b, 1 have convenient degree. So

wpn(x) =y, (2) + by, (2)2(1 = @).

It shows that a,, has the root 0, so one can write @,,(z) = xa;,—1. Therefore
xpn(z) = 22a2,_(x) + b2,_,(2)x(1 — x). It yields the second representation
formula after simplification by x, and the proof is ended. O

et p € Pyb with p(z) = a4 bz + cz®. So p(0) = a > 0 and p(1) = a+b-+c > 0. Set
q(z) = Va+ (Va+b+ cx — \/a) z so that ¢(0)? = p(0) and ¢(1)? = p(1). By construction
there exists d € R such that p(z) — q(x)? = dz(1 — z). It remains to show that d = €2, which
yields the representation p(z) = q(z)? + e?(z — z2).

Case 1: for simplicity assume that @ > 0 and a + b+ ¢ > 0 and set z. = /a/(Va +
va+b+c) € (0,1). Therefore g(z«) = 0. Then p(x«) = dzs(1l —x4) > 0 with 2+ (1 —z4) >0
shows that d > 0. Case 2: if a = 0 and a + b+ ¢ > 0, then one has that p(0) = 0 and
necessarily p’(0) > 0. At the same time ¢(0) = 0 and ¢’(0) = 0 by construction. One observes
that p(x) — q(z)? = dz(1 — x) yields p’(0) = d [x(1 — z)]’ (0) = d. So one also get that d > 0.
Case 3: the case a > 0 and a + b+ ¢ = 0 is treated by symmetry from the previous case.
Case 4: finally if a = a4+ b+ ¢ = 0, then p(z) = dz(1 — z), so d = 4p(1/2) > 0.



2.1 Generalisation to polynomials in U,

To simplify the notations, we will disregard the index which refers to the max-
imal degree of the polynomials. Let us consider p € U,. Since p € P the
Lukacs theorem yields the representation

p = a’wy + b*ws (10)

where a and b are polynomials with convenient degree and w; and wsy are the

weights of the representation formula that has been chosen. In the first case

wy(z) =1 and we(x) = x(1—2). In the second case wy (z) = x and wy(z) = 1—=.
Considering that p € U,,, one has also that 1 —p € P\, that is

1—p=ctws + d*wy (11)

where ¢ and d are polynomials with convenient degree. The weights w3 and wy
are a priori equal to w; and ws. Nevertheless one could think of using the first
representation formula in and the second representation formula in :
in this case the weights wi 2 34 are all different. By summation, one sees that
p € U, if and only there exists polynomials a, b, ¢, d such p = a?w; + b*>w, and

1 = a*wy + b*wa + Fwy + d*wy. (12)

In view of the algebra developed in the previous section, a natural question is
to determine if there is a composition formula like , but for polynomials
which satisfy . The answer to this question is connected to the celebrated
four-squares Euler identity written under the form

RBP4+ D= (@40 4@+ &) (@24 F+72+8)  (13)

where

D>>

aa+bﬁ+cw+d6
—aﬁ—boz+c5 d’y
C’fa'y—b5fca+dﬁ
fa5+b'yfcﬁ da.

We introduce the weights by setting
v/ b= Vwsb, €=\ wsc, d= Vwad, (15)
a = Vv W1, B: \/w257 ﬁ: VW37, 3\: \/w457 (16)

and
= \/’w1A, B\ = \/w2B7 6 = \/wgC, ﬁ = \/’LU4D. (17)
Let us start from (a,b,c,d) and (a, 8,7,6) which satisfy : use the chain



(15116), then , then to get the final expressions of (4, B,C, D)

lw lw [ w2
A=/ wiaa + bﬂ—l— cw—i— 4al57
wy

B = J/wiaf — rba—f— w3w4 \/w3w4
Wo

(18)
C = ,ﬁay—,/ww‘*bé Jwrea + 4/ 2“’4d5,
D=/ w a5+\/w2w3bw \/wzw?’cﬁ Vwida.
Wy
It can be rewritten as
A a
B b
o =M, (19)
D d

where M is a 4 x4 matrix. A fundamental property is that (A4, B, C, D) satisfies
provided it holds already for (a, b, c,d) and («, 3,7, 9).

The issue is that (A4, B,C, D) are not necessarily polynomials, since the
square root of fractions of polynomial weights show up in . To investigate
the constraints brought by the weights, we simplify M by keeping only the
weights. One obtains the 4 x 4 matrix of the weights

2 2 2

/ L2 w3 Wi

wl w1 wq w1
w3 wyq [ w3wy
\/ W1 /W1 wo 771)2
erio wawg [T [wawa

w1 ws w1 ws

Waws Waw3

v/ W1 wa b 1/ wa v W1

In the general case the coefficients of this matrix cannot be expressed in polyno-

mial form. Therefore the issue is to obtain good combinations of weights such
that W has polynomial entries. We detail below two natural solutions.

(20)

2.2  Solution with the first representation formula (/4]

One takes the first representation formula forpand 1 —p. Sow; =wz =1
and wy = wyq = w. In this case one gets a matrix of weights with polynomial
entries

—
=g — g
—
=8 — g



The system can be recast as

A =aa Hwbf +cy Hwdd,
B =af —-ba +cd —dy,
C =ay —wbd —ca —+wdf,
D =af +by —cB —da.

(21)

Lemma 2.2. Assume (a,b,c,d) € P, X P,_1 X P, X P,_1 and (o, 3,7,9) €
P X Py 1X Py X Py_1. Then (A,B,C,D) € PyimXPrtm—1XPotmXPnim—1-

Proof. Obvious since the degree of the weight w(z) = (1 —x) isequal to 2. O

Let us note
U, = {(a,b,c,d) € P, x P,_1 x P, X P,_1 such that 1 = a® + b*w + ¢* + d*w} .

By abuse of notation, any element in this set will be referred to as a polynomial
in U,.

Lemma 2.3. Take (o, 3,7,0) = (a,b,¢,d) € U,,. Then (A,B,C,D) = (1,0,0,0).
Proof. Obvious O

This lemma can be rephrased by saying that U,, = U, enl,, is endowed with
a group structure and that an element is its own inverse. The next natural
question is to determine if one can generate polynomials in U,, by composition
of polynomials with lesser degree, as in formula in the proof of the Lukacs
theorem. Let us first examine the simplest non trivial case which corresponds
to Z/{l.

Lemma 2.4. The polynomials (a,b,c,d) € Uy can be written as

a(xr) =xcosf+ (1 —x)cosgp,
b = Rcospu,

clx) =wxsind+ (1 —x)singp,
d = Rsiny,

(22)

3 . o (0=
where the angles (0, ¢, 1) € R® are arbitrary and R = 2sin (7“”)

Proof. Since w(0) = 0, one has that a(0)? +¢(0)? = 1. That is a(0) = cos ¢ and
¢(0) = sinp for some ¢ € R. Similarly w(1) = 0 so one can write a(1) = cosf
and ¢(1) = sin @ for some 6 € R. Since a and ¢ are first order polynomials, one
gets a(z) = xcosf + (1 —x)cosp and ¢(x) = xsinf + (1 — z)sinp. A direct
expansion yields that

1= (a® 4 b*w + & + d°w) (z)

= (wcosf + (1 — x)cos )’ + (zsinf + (1 — z) sin)® + (b* + d?)(z — 2?)
=22+ (1 —2)% 4 (b* + d* + 2 cos O cos ¢ + 2sin O sin ) (z — x?)



=1-2(x—2?) + (b* + d* +2cos( — ©))(x — z?)
=14 (b 4+ d?* +2cos(f — @) — 2)(x — 2?).

Therefore b +d? = 2—2 cos(f—p) = 4sin? (“%) from which the representation
of b and d in the claim is deduced. The proof is ended. O

Theorem 2.5. Letn > 1. Any polynomial in U, can be obtained with a repeated
use of the formula applied to at most n polynomials in U .

Proof. Consider and assume that (A, B,C, D) € U,, with n > 2 is given.
We will construct (o, 8,7,9) € Uy and (a, b, c,d) € U,_1 which all satisfy .
It will prove the theorem by descending iteration on n. The proof proceeds in

several elementary steps.
e A first remark is that can be inverted for («, 3,7,0) € U since

a Pw vy dw a Pw v dw
g —a =6 v foo—a 0 = | _g
v wd —a —wp v o—wd —a wp |1
b -y B —a b v B -—a

with I, the identity matrix. One finds that is equivalent to

a=Aa+wBg+ Cy+wD§,
b=AB— Ba— Cd+ Cx,
c=Ay+wBd — Ca—wCp,
d=Ad — By+ CpB — Da.

(23)

So the cornerstone of the proof amounts to showing that there exists (a, 8,7, ) €
Uy such that (a,b,c,d) € Up_1.
e For n > 2, denote the dominant coefficients of the polynomials as

Alz) =Apa™ +A, 2"t 4.

B(z) = Bp_qa™ b ..
C(x) =Cpz"™ +Cp_j2" b +...
D(JJ) = Dn_ll‘n_l +...

Since 1 = A? + B?w + C? 4+ D*w and w(z) = z — 22, the dominant coefficients
at order 2n and 2n — 1 satisfy by identification

A2 -B%2 +C?-D? | =0and 24,A, 1+B% [ +2C,C,,_1+D?_, =0. (24)

If A2+ C?=0,then B, 1 =D,,_1=0. So A,C € P,_; and B,D € P, 5. In
this case one takes (¢, 8,7,9) = (1,0,0,0) so that (a,b,c,d) = (A,—B,—C,—D)
and there is nothing more to prove. So we consider below the main case where

A2 +C2>0.

e Define
alz) =ce(Apz+ An_q),
6 = 6Bn—la
y(x) =e(Crx+ Cpor),
1) = €Dn_1



where € > 0 is a scaling parameter to be chosen. A direct expansion yields

a(2)? + BPw+y(2)? + w = [(A2 — B2_, + C2 — D2 _,) 2?

n—1

+(24,A, 1 + B2, +2C,Cp1 + D2_ )z + (A2, + C2_))]
that is
a(z)® + BPw+y(z)* + FPw=e (A} _, +Ch_y).
If A2 +C?_, = 0then (24) shows that 0 = B2_,+D?_, = A2+C? which is ex-
cluded at this stage of the discussion. So one can take ¢ = (A,%,l + Cﬁ,l) 7>
0. It insures that (a, 8,7,d) € U;.

e Let us now determine the dominant coefficients of a and ¢ given by . An
expansion yields

n—1

a(z)=¢e (A - B:_1+C:—D2_ )"t

+e (2AnAn,1 + 3271 +2C,Cp_1 + thl) 2" 4+ low order terms
and
c(z) =e(A,Cp, — By1Dpo1 — CrAp + Dyy_1Bp_) "t
+e(ACro1+ Ap—1Cr+ By—1Dyy 1 — CrAp1 — Cp1Ayy — Dyy_1B, 1) 2™
+ low order terms.

Since these four dominant terms vanish, a,c € P,_;.
e By construction a? + b?w + ¢® + d?w = 1, that is

(W +dHw=1—a*—c? € Py,_».

Since w(z) = x — 22, the dominant terms of b and d have maximal degree n — 2.
That is b,d € P,,_s.

e It proves that one can determine (a, 3,7,0) € Uy so that (a,b,c,d) € Uyp—1
is one degree less than (A, B,C, D) € U,,. By descending iteration it ends the
proof. O

Corollary 2.6. There exists a parametrization of Us, with 3n real coefficients.

Proof. Indeed U; is parametrized with 3 angles. By composition U, is parametri-
zed with 3n angles. So Us, which consists of p = a? + b?w with (a,b,¢,d) € U,
can also be parametrized with 3n angles. The proof is ended. O

2.3 A solution for the second representation formula (5]

The extension to the second representation formula appears to be trickier and
probably less efficient for practical computations since the parametrization of
Usp1 needs more parameters than Uy, o. The algebra is as follows.

10



The weights are wi(z) = ws(z) = x and wa(x) = wy(xz) = 1 — 2 and the
matrix of weights recasts as

w2
4/ W1 ﬁ
4/ W1 v/ W1

[ w2
1/ W1 ﬁ
4/ W1 1/ W1

The entries are not polynomials because /w1 = /x, so it is not possible to use
directly the system . Nevertheless one observes that by taking the square

EEE
E § ‘wgm g § ‘mgm

4’LU2

4w z dun z
z  dws z 4wy

4w, z 4wy z

w
IS
S
V)
w

, 2= 2w + 2ws, (25)

which has now polynomials entries. It indicates that two successive uses of the
weighted-four-squares Euler identity generate polynomials.
Let us denote

V. = {(a,b,c,d) € Py such that 1 = a®wy + b*ws + *wy + d*ws} . (26)

Lemma 2.7. Assume (a,b,c,d) € Vs, (a1,B1,71,01) € Vi and (a2, B2,7y2,02) €
Vp. Then two successive uses of (@ yield (A,B,C,D) € Vptmtpt1-

Proof. The algebra can be rewritten as in where the entries of the matrix
M = (myj)1<i j<a are given in functions of (av, 81,71, 01) and (ag, B2,72,92)

mi1 = (a1ag +7172)wi + (B1f2 + 6102)wa,
maoy = (@10 — Y172)w1 + (B1f2 — 6102)wa,
maz = (1o +7172)wi — (8182 + d102)wo,
mys = (a1oe — Y172)wr — (B1f2 — 6102)wa,
miz = (1 f2 — frag — 7102 + 0172)wo,

miz = (@172 — Maz)wr + (B102 + 6182) w2,
mis = (162 + Biye + 7182 + d12)wa,

mao1 = (Prog — a1 fa + 6172 — y102)wr, (27)
mao3z = (B172 — a1dz — dr1ag + Y1 52)wr,

maog = (172 +y102)wr + (B1d2 + 61 62)w,
mz1 = (ma2 — ary)wr + (=01 82 + Bid2)ws,
msa = (7102 + 0102 + a162 + S17y2) w2,

mgs = (7102 + 9172 — a1 82 — Brag)ws,

my = (012 + 7102 — Biy2 — a1d2)wy,

= — (1102 + agy1)wy + (6162 + Bid2)wa,
ma1 = (0172 + 7102 + frag + ag B2)ws.

3
|

It yields the claim since all terms have degree m+p-+1. The proof is ended. [J

11



This algebra does not have a clear classical group structure and is less elegant
than the previous one. No similar algebra has been found so far in the literature,
even for example in [6] and therein. Nevertheless it can be used to generate
polynomials with higher and higher degree by iterations with (aq, 81,71,91) € Vo
and (QQ, ﬂg, Y2, (52) V.

Lemma 2.8. The polynomials (a,b,c,d) € Vy can be written as
a=cosf, b=cosp, c=sinf, d=singp (28)
where the real angles 6 and ¢ are arbitrary.

Proof. Obvious. O

All numerical tests so far are a clear indication that the composition —
with (a1, 81,71,01) € Vo and (ag, B2,72,d2) € Vy generates all possible
polynomials in V,,. We remark that 4 parameters (that is four angles) are needed
to increase the degree by 1. Therefore this parametrization is less efficient than
the previous one which needs only 3 parameters to increase the degree by 1 and
will not be discussed further except in the numerical section.

2.4 Accuracy of the approximation

The next result is an elementary but fundamental inequality for best approx-
imation of a real valued continuous function by polynomial in U,. This is
given for completeness because the numerical algorithms described in the last
section are based on such estimates. Much more can be found in classical text-
books [19, 3] and therein. The norm of a uniform convergence is noted as usual

1 £1l = maxo<o<y [ £(2)] for £ € CO[0,1].
Proof of theorem[I.3 Any polynomial g,, € P, satisfies |lg, — 1/2| < ||f — 1/2|+
”f _gnH < 1/2 + Hf _gn”' Define

1+2Hf_gn||

By construction ||p, —1/2|] <
the identity

o=y 19 — 1/2] < 1/2, 50 py, € Uy One has

1 1
2 142[f = gnll

_ (1 1) =124 (f~ gn)

f_pn:f_ (gn_1/2)

142 — gl 1+2|f = gall
_ A gl N
T LA A vy e A

from which one gets the triangular inequality ||f —pnll < ||f — gnll + |f — gnll =
2||f — gnl|- Taking the infimum ends the proof.

12



So, for a function 0 < f < 1, the best approximation in the uniform norm
with polynomial in U, has the same asymptotic accuracy than the best ap-
proximation with polynomials in P,. Various bounds can be derived by char-
acterizing the convergence of infy cp, || f — g»| with respect to n. For example
spectral convergence O(n~™) for all m is achieved if f € C°°[0,1]. For all
1 < p < o0, standard interpolation and/or regularization techniques [9] show
the convergence in L?(0,1) for f € LP(0,1) and 0 < f < 1.

3 Higher dimensions

It is well known that the characterization of polynomials of many variables which
are non negative over a compact set in R? poses fundamental problems, most of
them linked to the 17th Hilbert problem [25] 2]. In relation with applications,
we refer to the recent and comprehensive textbook [I5]. We also note that many
different representations of non negative polynomials exist, but none of them
seems definitely superior to the others for applications.

That is why we restrict the presentation to the main features of the gener-
ating formulas over the academic square C = [0, 1]¢. In the context of this work
generating formulas are related to augmented versions of a weighted four-squares
Euler relation but the Hurwitz theorem brings an important restriction.

3.1 Hurwitz theorem and Degen identity

One could ask about generalization of the classical four-squares Euler relation
to n-squares identities. Such formulas exist but only for n = 1,2,4,8: this is
the Hurwitz theorem. For n = 8, the solution is given in the form of the Degen
identity

@R+ R4+ PR mE+n?+0? +p2+ @+ + s+ 2)
= (am—bn—co—dp—eq— fr—gs—ht)*+(bm+an+do—cp+ fq—er —hs+gt)*
(dm+cn—bo+ap+hq—gr+ fs—et)?
(fm+en—ho+gp—bq+ar—ds+ct)?

(hm—gn+ fo+ep—dq—cr+bs+at)>.

+(cm—dn+ao+bp+gq+hr—es— ft)*+
+(em— fn—go—hp+aq+br+cs+dt)* +
+(gm+hn+eo— fp—cq+dr+as—bt)*+
It is convenient to rewrite it as an Euler identity with complex numbers. We
define (i2 = —1)

u=a+1tb, v=c+id, w=e+if, z=g+ih (29)
and

a=m-+in, f=o+ip, y=q+ir, §=s-+it. (30)
The Degen identity rewrites as

A + B +|C]> + IDI* = ([uf® + [v]* + [w]* + |2[*) (la]* + 181> + [7]* + |<(5|2))
31

13



with
A=ua—v*f —wy* — 2%,
B =va+u*f+ zy* — w*d,
C = wa — zB* + u*y + v*4,
D = za +wpf — vy + ud.

(32)

3.2 Polynomials with bounds

In order to generate non negative polynomials, one can start from the possible
representation (this is arbitrary)

p(z,y) = a(,y)*wi (z) + c(z, y)*wa (z) + e(z, y)*ws(y) + g(z,y)*wa(y) (33)

with wy(x) = z, wa(x) = 1 —z, w3(y) = y and wa(y) = 1 — y, and a,c,e, g
polynomials with respect to z and y. By construction p(z,y) > 0 for all 0 <
x,y < 1. Many other representations are possible, see [15].

Let us impose that p(z,y) < 1 for all 0 < x,y < 1 by writing (this is still
arbitrary)

1—p(z,y) = b(z,y)*wi (x)+d(z,y) w2 (x)+ f (z,y) w3 (y) +h(z, y)*wa(y). (34)

By summation one obtains a weighted 8-squares relation
1= (a(z,y)? + b(z,y)*) wi(z) + (c(z,y)* + d(z,y)?) wa ()

+(e(z,9)? + f(2,9)*) ws(y) + (9(2,9)* + hlz,y)?) wa(y)-
Define (u,v,w,z) as in (29). One obtains

1= Julwi (@) + [vfwa (@) + [wl*ws(y) + 2w (y).

Using the approach used successfully in dimension d = 1, we modify the Degen
identity with the weights w; 234 which are now all different. The algebraic
similarity of with shows that, after introducing the weights, one obtains
a form similar to but with complex numbers. The matrix of weights W
obtained after simplification is still . It means that we have to analyze W
with four different weights. In general the entries of W cannot be polynomials.
A similar situation has been encountered in dimension d = 1 with the second
representation formula and it was sufficient to take the square of W to generate
a matrix with polynomial entries, see . In the new situation one finds that
the two first coefficients of W2 = (hij)i<i,j<a are

WowW3z Wy
hi1 = wy + w2 + w3 +wg, hizg = 2w + 2 o
1

Therefore even taking the square does not yield a polynomial matrix for general
weights, because the structure of the weights brings rigidity to the method. A
convenient solution is nevertheless the following.
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Lemma 3.1. Consider the weights w1 = 1, wa(x) = 1 — 22, w3(y) = 1 —y? and
a redundant fourth weight wy(x,y) = wa(x)ws(y) which is function of x and y.
Then W has polynomial entries.

1 W2 W3 wWW3
Proof. Indeed a direct calculation shows that W = Lolws oy
1 Wo 1 Wo
11 1 1
O
With these weights one modifies which becomes
A = wa —vPws —wytws —z*0wows,
B = o« +u*B  Hzyfws —w*dws, (35)
C = wa -—z8%ws +u*y +v*dws,
D = za* +wpl —vy +ud.

The solutions of this system are endowed with a weighted 8-squares identity
written as a weighted complex-4 squares identity

|A|2 + |B|2w2 + \C’|2w3 + |D|2w2w3 (36)

= (|U|2 + [v[Pws + |w]ws + \z|2w2w3) (|04|2 +|B1Pws + |y|*ws + |6|2w2w3) .

It shows that preserves identities like
1 =a]? + [B[Pwz + |7 [*ws + 6] waws (37)
which models polynomials with bounds on the square. Let us note

U, = {(a,ﬂ,’y,5) € Py(z,y) X Pu_1(z,y)* X Py_s(x,y) such that holds}

and
UQTL = {p S P2n($all) : El(aaﬁaj/aa) € Z/[n

such that p = Real(a)? + Real(8)*w> + Real(y)?ws + Real(8)*wows } .

Remark 3.2 (Links with Quaternions algebras). In a different context [6]
and in the language of quaternions i> = j% = k? = ijk = —1, this struc-
ture can be reformulated as a quaternions algebra with the quaternion basis
(1, wai, wsj, wawsk) over the field of polynomials, with the key property that the
product of the second and third element yields the third one, that is wai X w3j =
wowsk. It is is worthwhile to note that can also be rewritten in terms
of the quaternion basis (1, (1 —22)i,7,(1— xz)k) There are other possibilities
with different combination of weights such as (1,(1 — )i, (1 + 2)j, (1 — z?)k).
On the contrary, the algebra @-@ does not have a clear formulation in
terms of a quaternion algebra. In the two first cases, the polynomials in U, are
also called unit quaternions.
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The next step in the construction is the finding of complex valued polyno-
mials («, 3,7,0) with minimal degree which satisfy . This problem shows
issues in order to decide of a convenient parametrization, a necessary task in
view of efficient implementation. This is where a even greater simplification can
be introduced in the search of such polynomials, adding the requirement that
the polynomials are independent either with respect to x or with respect to y.

Lemma 3.3. Elementary solutions of with low degree are
either o = ez + (1 —x), B=Re™, ~=6=0, (38)
ora=e% +e%(1—y), v=Re*, B=56=0, (39)

. iy 0—
where the angles 0, p, u € R are arbitrary and R = 2sin (%)

Proof. Obvious from . O

3.3 Tensorization in higher dimensions

The solution developed so far in (37H3839) can be reinterpreted as a tensoriza-
tion procedure. It immediately yields a formal theoretical extension of the
generation of polynomials with bounds on the hypercube C = [0,1]¢ ¢ R? in

any dimension. We restrict hereafter the presentation to the main idea.
Let

i=(,-da) € Ja= {01}
be a multi-integer which is one corner of the hypercube. Its length is |j| =
Zizl Ji < d. We consider complex valued polynomials «; (indexed by j) in the
variables x = (z1,...,24). We take the weights wy = x), — 2} for 1 < k < d.
The notation wd stems for wd = nglwi"’. We consider the relation

Y wllay(@)? =1 (40)
j€Ta
which is a generalization of .

Lemma 3.4. One has the rearrangement

Yo dlag@)P = Y w® (Jag P+ wilag ) - (41)
J€ETa JETa-1

Proof. Obvious. O

Similar rearrangements can be written in any direction after a preliminary
permutation of the directions. It shows that a simple four square identity can
be used to generate sequences with preserve the value of |a(0,j/)|2 + w1|a(17j/)|2
for all j' provided one uses polynomials like which leave invariant by com-
position the value of |y j)|* + wi|a j)|*. Therefore these sequences preserve
> ied, w|j(z)|>. The evaluation of this structure for practical calculations on
a computer goes far beyond the scope of this work, and so is left for future
research.
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4 Application to numerical approximation

We use the simplicity of the parametrization offered by the different formulas
discussed previously to generate polynomials with bounds on a computer and
to compute a numerical solution to various problems of interest formulated as
minimization problems.

4.1 Implementation issues

We firstly discuss some implementation issues. The tests have been performed
within a Matlab test code, mainly with the procedure which corresponds to the-
orem Implementation is as easy with the second representation procedure
(see results in the right part of figure [3)) and in dimension d = 2 (results in

section .

4.1.1 Exact algebra

In Matlab, it is possible in dimension d = 1 to use exact manipulations of
polynomials which are treated as arrays. Some results where the parameters
a(k),o(k), u(k) are randomized are given in figure |1} Note that the random-
ization of the parameters brings a destructive phenomenon which lessens the
effective degree of the polynomials. The respect of the bounds is perfect for the
first three results.

However an instability is visible for the last one. This is systematically
observed for high degree and is due to a conditioning issue with high order
terms. Indeed the function z” tends to zero almost everywhere when n tends
to infinity. At the same time the coefficient may tend to infinity.

An example is the rescaled Tchebycheff polynomial

cos(n arccos(z)) + 1

5 = 2""12" 4 low order terms.

To(z) =

It is clear that the accuracy of the numerical computation of 2”2 is weak for
large n.

4.1.2 Evaluation at given points

The other procedure for the numerical evaluation of polynomials with bounds
uses the fact that it can be coded at quadrature points with isometries.
Define the diagonal matrix

1 0
D)= 0 1 z—a2? 0
0 0 0 xz — 2

which is non negative for 0 < 2 < 1. Take @ = x cos 0+ (1—x) cos ¢, 5 = R cos p,
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H

P0I300 ——

Figure 1: Results with exact polynomial calculations with degree n = 2,100, 200
on the left figure and n = 300 on the right figure. The last result shows an
instability: the lower bound is not respect due to bad conditioning.

pol300 ——

Figure 2: Polynomials computed at equi-distributed quadrature points with
n = 300 and n = 1000.

vy=2xsinf+ (1 —z)sinyp, 6 = Rsiny with R = 2sin (‘9_7“0) Define

a B v ]

B o—a b6 =
v =0 —a B

o0 v =B -«

Denote 0y, ok, px the parameters at step k for 1 < k < n. The loop with yields
the numerical value of (a, b, ¢, d)(x) at step N rewrites

Ry (z) = R(x; 0k, r, ) with R(z;0, 0, 1) =

a(x) 1
ggg = Ry(0)Ror (1) Ra(@)Ba(2) X0, Xo= | ¢ (42)
d(x) 0
The numerical value computed at the end of the loop writes
p(a) = a(@)’ + c(z)*(z - 2%), p € Uz (43)
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The stability of the loop is insured by the property
Ri(2)"D(z)Ri(x) = D(x) (44)

which means that D2 (z)Ry(z)D~2(z) is an isometry for 0 < z < 1. Two
results are displayed in figure |2| with a polynomial degree 2n = 300 (which was
unstable with the previous implementation) and with a total degree equal to
2n = 2000. Stability is now achieved unconditionally with respect to n.

4.2 Calculation of the exact gradients

It is of interest to develop a numerical procedure for the exact calculation of the
gradient of p(z) with respect of the parameters (0, @y, fbr)1<r<n. Such methods
provide an exact gradient which accelerates gradient algorithms for finding the
minimum of certain differentiable cost functions. To explain the procedure we
consider the calculation of 9, p(z) where 1 < r < n is arbitrary. The procedure
is the same for d,, p(x) and d,, p(x).

One has
Oa,p(2) = Oa,a(z) (2a(2)) + Oa, c(z) (2¢(z)(z — 2?))
where
a(x)
O ig; — Ry (2)... Rosr(2)0a, Ro(2)Ros (2) . .. B (2) Xo.
d(x)

An efficient procedure for the calculation of derivatives for all r is as follows.
Firstly one computes an adjoint vector

zad((xg 2aéx)
Yaa = ch(x) = Ri(2)"Ra(2) ™" ... Rpoa(2) "Ry ()" 2c(x)(x — x?)
dua() !

(45)
where Ry (7)™t = D(x)Ry(z)D(x)~! as a consequence of . Let (,) denotes
the scalar euclidian product in R%.

Lemma 4.1. One has the formula
O, p(2) = (Do, Rie () Xy—1,Y7) (46)
where
X, 1=Ro1(2)... Ri(2)Xo and Y, = R.(z)" ... Ry (2)"Yaq. (47)

Remark 4.2. The interest of the formula (@) 1s that the partial derivatives
are computed for all 1 < r < n with a cost approximatively 8 times the cost of
the evaluation of the polynomial p itself. This counting corresponds to the three

loops described in @—. This extra-cost is therefore independent of n.
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Proof. By definition of the adjoint vector, one has

2a(x)
Y, = Ry(2)" ... Ri(2) Ri(x) ™" ... Ru(2) ™" QC(x)(g - a?)
0
2a(x)
=Roy1(2)" . Ry(2)”! 26@)(2 )
0

Plug in . It yields
(OanRi()Xr-1,Ys) = (Oa, ... Rp(x) ... Rp1 () Ri(2) Rr—1 () . . . R1(2) X0, Yaa) -
The proof is ended. O

A similar technique can be used for the exact computation of the derivative
/
P ().

Lemma 4.3. One has the formula

n

P() = ()1 —22) + Y (0:Ri(2)X,-1,Yr) . (48)
r=1
Proof. Obvious from the proof of the previous lemma. O

Remark 4.4. We notice that this formula can be used to obtain an estimate of
the derivative ||pl,|| in the absolute norm. Such estimates are clearly related to
the Markov [18] and Bernstein [ inequalities. We refer to the corresponding
chapter in [19] and to [I3]. This is left for further studies.

4.3 Minimization of functionals

All problems considered below are written like
Find p,, € U, such that J(p,) < J(qn) Vg, € U,

where J is some functional. For example it can be the L? norm between ¢, and
'l
a given objective function f: in this case J(gn) = (fol |f(z) — qn (m)|2dx) * We

also use the L' norm, typically for a discontinuous objective function. The L
norm is less appealing, because it might slow down the rate of convergence of al-
gorithms. Such problems correspond to the calculation of a best approximation
of f by polynomials in U,.

The initial problem is discretized with quadrature points z; and with a €
R3™ which is the vector that contains all the angles for the generation of the

20



polynomials with bounds. The result is written as g,(z;;a). The functional
J(gy) is in practice discretized as

Tn(a) = ZwiJ(Qn($i§a)>7 a e R,

Matlab is used for the numerical calculations of minimizers
Tn(ay) < Tnla) Va € R™,

An important feature is that even if J is convex, J, may be non convex because
the parametrization a — p(«) is non convex. Moreover also that p(«) and
JIn(a) are 27 periodic for all variables

Tn(a) = Tp(a+2rm) Vm € 73,

We rely on the Matlab function fminunc to determine the minimum of 7.
Actually J; may have local minima «y, s, ...: we systematically run the
calculation between 1 and 5 times and keep the best candidate. It is possible to
run fminunc with exact calculation of the gradient of the functional by either
using the procedure described in lemma [4.1] or asking fminunc to compute an
approximation of the gradients by itself. The CPU time is not reported because
the implementation is not optimal and it is related to the Matlab function
fminunc, whom complexity and rate of convergence change if one provides the
exact gradient or not. It is sufficient to know that the CPU time is, depending
on the problem, between 5s and 2 minutes on a MacBookAir. Of course a 2D
problem with a lot of quadrature points increases a lot this CPU time.

Finally once a discrete minimizer is determined, the result is plot on a grid
with a number of visualization points which may be larger than the number of
quadrature points.

4.3.1 Minimization of LP-based functionals

We firstly consider the L? norm between p(a) and the Runge function properly
rescaled in the bounds [0, 1] as

26

fl(x)25<1+25(21m—1)2216)'

Three computations are performed with n = 2,4,6, o € R®” and p € P,,. For
each n the functional [}, is evaluated with n 4+ 1 equi-distributed quadrature
points. In terms of complexity it corresponds to Lagrange interpolation on a
uniform grid. The calculation is performed with exact gradients. The result is
displayed in figure |3l One observes that the oscillations are controlled near the
endpoints of the interval and the numerical convergence is achieved.

Next we change the objective function which is the rescaled Tchebycheff
polynomial
fa(z) = LO(? i 1-
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Figure 3: Minimization of a discrete L? norm between the Rescaled Runge
function ad polynomials with bounds, n = 4,8, 12.

We use 21 equi-distribued quadratures points. The calculation are performed
with a polynomial degree p € Uyg and p € Usg. The results displayed in figure
show that the numerical solution is the exact one for n = 20 (note that the
final plot is evaluated on a grid with 400 points to reach good resolution for the
oscillatory part on the right of the profile).

A second series of similar test is performed with the rescaled Tchebycheff
polynomial
o) = T2 41
with 22 quadrature points, and with the generation of polynomial with bounds
based on the second representation formula: see . The numerical solution
with n = 10 is the exact one.

In the next test, the objective function is a step function

fa(x) =0 for < 0.4 and z(z) =1 for 0.4 < x.
The number of quadrature points is 25. The degree of the polynomials is 8, 16

and 24. The convergence in a discrete L' norm is observed. Here we do not use
the exact gradient to accelerate the descent method since the L' norm is not
differentiable. The accuracy in L' norm is satisfactory and the respect of the
bounds is perfect.

4.3.2 Minimization of integrals with polynomial weights

The next tests minimize functionals like

J(pa) = / (t = (@) pu (@), Do € U, (49)
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Figure 4: On the left: minimization of a discrete L? norm between the rescaled
Tchebycheff polynomial M and polynomials with bounds, n = 10, 20; the
numerical solution is exact for n = 20. On right: same problem for %
and the polynomials based on the set V5 and Vjp; the numerical solution is also

exact for V19 which corresponds to polynomials of maximal degree equal to 21.

where A\, € P, is given and ¢t may vary. A reference is provided by a recent
work [§] where it is proved that p, has not less than n + 1 points of contact
counted with order of multiplicity (this is similar to one-sided L! minimization
for which we refer to [3]) for almost all . We use this theoretical property to
check the accuracy of the approximation. We remark that the optimal solution
pr, has the natural tendency to vanish where ¢t — A,,(z) > 0 and to be equal to
1 where ¢ — A\, (x) < 0, which is clearly a good strategy to minimize the cost
function (49).
A numerical result representative of all the tests is the following. Take

Ao(z) =To(2x — 1) —t +x and t = 0.3.

A first numeral simulation yields the function displayed on figure [6} the nu-
merical value of the cost function is J(p.) ~ —0.16737. This function does
not have the required number of contacts on the figure. But another minimum
is captured by numerical simulations with another starting point, for which
J(p2) ~ —0.188478 < J(pl): its total order of contact is large enough (equal
to 2n + 1 =7 since n = 3) and this is in accordance with the theory. No other
minimum with lower value of the cost have been obtained by simulations, so it is
the best candidate. See figure[7] Note that the exact calculation of the deriva-
tive p/,(x) is convenient to count without ambiguity the number of derivatives
which vanish at points of contact.

4.4 Approximation in dimension d = 2

The 2D implementation is based on the loop with the basic polynomials of
lemma [3.3] and has been coded in complex algebra.
We display in figure [§] the result of numerical tests with a cost function which
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Figure 5: Minimization of the discrete L' between a step function and polyno-
mials in bounds of degree 8, 16 and 24. One observes the convergence of the
numerical profile to the objective function.

is the L? distance between p,, and the objective function

_ Ts((2e+y)/3) +1
5 :

f5(1',y)

One observes clear convergence when increasing n (up to 16). For n = 16 the
numerical value of the cost function is &~ 0.0195. The number of quadrature
points used to discretize the cost function is 11 x 11 is all tests.

The next result concerns the minimization of the discrete L? distance to the
objective function

fo(x,y) = H(2z + y) with H the Heaviside function.

The L? distance is better in terms of the smoothness and speed of convergence
with the respect to the L* distance. The number of quadrature points is 11 x 11
and n = 10 then 20. One observes good accuracy in figure [9}

5 Perspectives

The connections between on the one hand the algebraic properties of the four-
squares Euler identity and on the other hand the algorithmic use on a computer
of polynomials with two bounds in numerical analysis and scientific computing
raise many questions which could be the subject of future researches. The fol-
lowing non exhaustive list reflects the own interests of the author.

- In view of a simpler implementation, one could ask wether convenient interpo-
lation techniques are possible within U,,. The point is that the loops discussed
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'pol_0.16737"
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Figure 6: Plot of \y(x) — t and of a local minimum p} with J(pl) ~ —0.16737.
The total order of contact if 1 +2+ 2 = 5.

so far are by composition, so very different from the usual summation formulas
used in interpolation [3].

- In a similar vein, it would be valuable to use these polynomials to address
maximum principle properties for the discretization of non linear equations.
The usual way is in a first stage to approximate a function (a flux typically for
a finite volume scheme) with polynomials in P,, in a second stage to inquire
about the verification on a local maximum principle, and in the final stage to
use limiters [12] to clip the polynomials near extrema. With the set U, the
respect of the maximum principle is a priori.

- Since the loops which generate the polynomials can be coded only at quadra-
ture points, one could think of using them to explore new sparse composition
algorithms for having a polynomial approximation of a given function in very
high dimension. An appealing idea is probably to couple such loops with sparse
grid techniques [14].

Acknowledgements. The author thanks E. Trelat for bringing his exper-
tise in polynomial optimization and related computations and G. Poette for
many discussions on the interest of signed polynomials for uncertainty quantifi-
cation.
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Figure 7: On the top, plot of \a(x) — ¢t and of another local minimum p? with
J(p?) ~ —0.188478. The total order of contact if 1 +2+2+2 =17 = 2n+ 1,
and so is the best candidate to be the global minimum. On the bottom, plot of
the exact derivative (p?2)’.
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Figure 8: 2D results with parameters: objective function is f5, we use 11 x 11
quadrature points, n = 4, 8,16 and L? norm. Top left: objective function. Top
right numerical solution n = 4. Bottom left: numerical solution n = 8. Bottom
right: numerical solution n = 16.

Figure 9: 2D results: objective function fg, 11 x 11 quadrature points, n = 10,
L? norm. Right: result with n = 10. Left: result with n = 20 which shows a
numerical convergence to the step function.
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