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Towards an effective study of the algebraic
parameter estimation problem

Alban Quadrat *

* Inria Lille - Nord FEurope, Non-A project, Parc Scientifique de la
Haute Borne, 40 Avenue Halley, Bat. A - Park Plaza, 59650
Villeneuve d’Ascq, France (e-mail: alban.quadrat@inria.fr).

Abstract: The paper aims at developing the first steps toward a symbolic computation
approach to the algebraic parameter estimation problem defined by Fliess and Sira-Ramirez and
their coauthors. In this paper, within the algebraic analysis approach, we first give a general
formulation of the algebraic parameter estimation for signals which are defined by ordinary
differential equations with polynomial coefficients such as the standard orthogonal polynomials
(Chebyshev, Jacobi, Legendre, Laguerre, Hermite, ... polynomials). Based on a result on
holonomic functions, we show that the algebraic parameter estimation problem for a truncated
expansion of a function into an orthogonal basis of L? defined by orthogonal polynomials can be
studied similarly. Then, using symbolic computation methods such as Grobner basis techniques
for (noncommutative) polynomial rings, we first show how to compute ordinary differential
operators which annihilate a given polynomial and which contain only certain parameters in
their coefficients. Then, we explain how to compute the intersection of the annihilator ideals
of two polynomials and characterize the ordinary differential operators which annihilate a first
polynomial but not a second one. These results, which are at the core of the algebraic parameter
estimation, are implemented in the NON-A package built upon the OREMODULES software.

Keywords: Parameter estimation problem, algebraic systems theory, symbolic computation,
annihilators, orthogonal polynomials, expansion into a basis, ring of differential operators.

1. INTRODUCTION

In this paper, we consider the problem of estimating
constant parameters 0 of a signal x when the signal

y(t) = z(0,t) +~(t) + =(t) (1)
is observed, and where ~ is a perturbation and w a
zero-mean noise. Many different approaches have been
developed for this problem in the literature of signal
processing and control theory. In this paper, we follow
the algebraic approach developed by Fliess, Sira-Ramirez,
Mboup, and their coauthors. See Fliess et al. (2003); Sira-
Ramirez et al. (2014); Mboup et al. (2009); Ushirobira
et al. (2012, 2013), and the references therein. In the
absence of noise, i.e., w = 0, the algebraic approach
provides explicit and exact formulas for the constant
parameters # in terms of integrals of the observed signal
y. The use of integrals helps to filter the noise w. The
explicit expressions of the parameters 6 can then be used
to do real-time estimation.

In the algebraic approach to parameter estimation, the
dynamics of the signal z is defined by a time-invariant
ordinary differential (OD) system (Fliess et al. (2003);
Sira-Ramirez et al. (2014); Mboup et al. (2009); Ushiro-
bira et al. (2012, 2013)). In Fliess et al. (2010), there is
a remark about the possibility to extend this framework
to ODEs with polynomial coefficients (see Remark 1 in
page 133). Being not aware of this remark but inspired by
works developed in the symbolic computation community
(Chyzak et al. (2005)), in Ushirobira et al. (2016), we

show that the algebraic approach can be extended to
signal = which is defined by an OD system with poly-
nomial coefficients. Indeed, within the algebraic approach
to parameter estimation, the signal is studied in the fre-
quency domain by means of the operational calculus. The
Laplace transform can still be used for OD systems with
polynomial coefficients since the time variable t is then
transformed into —ds, where 0, = % is the derivation
with respect to the Laplace variable s. Within the algebraic
analysis approach (Kashiwara et al. (1986); Chyzak et al.
(2005)), the Laplace transform is an automorphism of
the Weyl algebra Ay(k) = k(t,0;|0:t = t 0 + 1) of OD
operators with polynomial coefficients in t over a field k
of characteristic zero (e.g., k¥ = Q, R), i.e., the k-linear
map .Z : Ai(k) — Ai(k) defined by Z(t) = —0s and
Z(0;) = s is an automorphism of k-algebras, where the
target Weyl algebra is in the complex variable s, i.e.,
A1(k) = k(s,05|0s s = s0s + 1). The algebraic approach
to parameter estimation can then be developed similarly to
the linear time-invariant OD systems. In Ushirobira et al.
(2016), we initiated the study of signals x which are de-
fined by dynamical systems with polynomial coefficients or
signals which can be expanded into orthogonal bases of L?
defined by orthogonal polynomials such as Hermite, Jacobi,
Laguerre, ..., polynomials (Abramowitz et al. (1964);
Chyzak et al. (2005)). Note that the algebraic parameter
estimation problem was studied for Taylor expansion series
(Mboup et al. (2009)) and initiated for Fourier expansions,
i.e., expansions into the orthogonal basis {e!"%},cz of



L*(T), where T = {2z € C | |2|] = 1} is the unit torus
of C (Ushirobira et al. (2012, 2013)).

The first goal of this paper is to give a formulation of the
algebraic parameter estimation for signals z which satisfy
an OD equation with polynomial coefficients. Then, we
show that the case of a signal z which is a truncated
expansion of a function into a basis defined by a family of
orthogonal polynomials can similarly be studied. Finally,
using computer algebra techniques (e.g., Grébner basis
techniques), we initiate an effective study of the compu-
tations of annihilators of polynomials, a problem which
plays a key role in the algebraic parameter estimation.

2. ALGEBRAIC PARAMETER ESTIMATION
2.1 Classes of signals x under study

Let a signal x satisfy the following OD equations (ODE)

S ait) 2D (1) = 0, (2)
i=0

where the a;’s are polynomials in ¢ and with coefficients
in a commutative ring K of constants (namely, ¢ = 0 for
ce K),ie., a; € K[t] for i =0,...,n. Using the following
standard results on the Laplace transform %

o Z(fM)(s)= "L (1) (s) = iy " FON0),

o Z(t" f)(s) = (=1)" 07 (Z (f) (),

with the notation T = .£(x), we obtain:

n 1—1
> ai(=0.) [ s'E(s) =Y s (0) | =0.
i=0 j=0

The above identity can be rewritten as:

n n t—1

D (ai(=00) ") 2(s)=> > (ai(=0s) s 71) 219 (0) = 0.

i=0 1=0 j=0
Expending the second term of the above identity, we get

Z Z (ai(—0s)s"771) ) (0)
i=0 j=0
= Z Zai(fﬁs) 57| 2U=D(0)
i=1 \'i=j
k=0 \i=k+1

and thus, we obtain:

n—1 nz:O
- Z ( Z al(—aé)sikl> ™ (0) =0
k=0 \i=k+1
If we note

_ Z ai(_as) si—k—l,
i=k+1
for k=0,...,n — 1, then the above identity becomes:

R(s, 05) Z(s) + i: Si(s) 2™ (0) = 0.
k=0

R:Zai(_as)si, Sk:
=0

3)

Let D = K][s](9s) be the noncommutative polynomial
ring of OD operators with coefficients in the commutative
ring A = K]|s], namely, the ring of noncommutative
polynomials of the form " ;a; d%, where a; € A for
1 =0,...,n, which satisfy the following relation:

da

Vae A, O0sa=a0s+ —.
ds

Now, using the operator identity 95 = s95 + 1 in D,
which corresponds to the standard Leibniz identity, i.e.,

(0 5)(2(5)) = o (52(8)) = 5 = =(s)2(5) = (50,1) 2(5)

the terms a;(—0s) s* can be rewritten as an OD operator
of the form Y ;" bi(s) O, i.e., as an element of D. For more
details, see, e.g., Kashiwara et al. (1986); McConnell et al.
(2000).

Remark 1. Within the framework developed in Fliess et al.

(2003), the algebraic estimation problem is stated for a
general time-invariant linear control system defined by:

n n—1
> aia®(t) = Y bu? (o).
=0 7=0

The presence of an input u does not bring substantial
differences from the input free case (u = 0). Indeed, an
extra term coming from the contribution of w has to be
added. To simplify, in this paper, we shall only consider
the case u = 0 as well as the single-output case. For the
general case, we refer the reader to Quadrat (2017).

Let us now consider the signal z = z 4 ~, where 7 is a
perturbation which admits a Laplace transform 7 = .2 (7).
Then, combining zZ = ¥ + 7 with (3), we obtain:

R(s,0,)2(5) + 3 Sk()2®(0) — R(s,8,)3(5) = 0.
k=0

To simplify the notation, let 9, = z(*)(0), k =0,...,n—1,
and S = Zz;é Sk(s) ¥y € K[s]. Hence, we obtain:
R(s, 0s) Z(s) + S(s) — R(s, 0s)7(s) = 0. (4)
When v satisfies an ODE, then the perturbation -~ is
called structured (see Fliess et al. (2003)). If v satisfies
an ODE of order m with polynomial coefficients, i.e.,
Sioait)yD(t) = 0, where a; € K[t] for i = 0,...,m,
then, similarly as above, 7 satisfies the following equation
R'(s, 05)7(s) + §'(s) =0, (5)
where R’ = Y7 al(—0,) s* and:

m m—1
Si=— Y aj(=0.)s 7 8 =3 8i(s)7*(0).
i=k+1 k=0

Ezample 1. If v is a constant biais, i.e., y(t) = v H(t),
where H is the Heaviside distribution (i.e., H(t) = 1 for
t > 0 and 0 for ¢t < 0) and ~ is a real constant, then, within
algebraic analysis, it is well-known that this distribution
is the solution of the ODE with polynomial coefficients
t0¢ (v(t)) = 0. This can be checked again by using the
Laplace transform which yields 05 (s7(s)) = 0 and its
solution 5(s) = ~/s is the Laplace transform of ~(¢).
Similarly, if v(¢) is an impulse, i.e., y(t) = v0(¢), where
0 is the Dirac distribution and -~y is a real constant, then,
within algebraic analysis, it is known that this distribution
satisfies the equation ¢~ (¢) = 0. This can be checked again

bl



since, using the Laplace transform, we get 95 7(s) = 0, i.e.,
7(s) =+, which is the Laplace transform of v(t) = v ().

To simplify, in this paper, we shall only consider the
perturbation v to be a constant biais (see Example 1). For
the general case, see Quadrat (2017). Using the Laplace
transform of v, i.e., ¥(s) = /s, and (4), we then get:

R(s,05)3(s) + S(s) — R(s,0s) % —0. (6)

We can clean the denominator of (6) to obtain an OD
operator with polynomial coefficients in s, i.e., an element
of the ring D. We first have:

R(s,0s) g =7 (Z ai(—0s) s + ag(—0s) i) :

If the degree of ag(—0s) in Os is ng, then using the identity
v _
ds™o T
we get that ag(—0s)s™! = do(s)/s" !, where dy € kls].
Therefore, multiplying (6) by s™*! we obtain:
s R(s,0,) 2(s) + 5™ S(s)

— (s””l Zai(—ﬁs) si1> =0.
i=0

—ngl s~ (Mot D),

If we note
P =s"" R(s,0,) € D = K[s](0,),

n—1
Q= s"TtS(s) = smot! Z Sk(s) U € K[dy,..
k=0

@ = —Sn0+1 Z ai(_as) Si_l v E K[’Y’ S]a
1=0

7

then we finally obtain that the signal z satisfies: ©

P(s, 9,) 2(s) + Q(s) + Q(s) = 0. (8)

Ezample 2. Itz =", o t* is a polynomial of degree m,

then we have x(m+1)(t) =0, and thusn=m+1, a, =1,

a;j=0fori=0,....,n—1,9; =z®(0) fork=0,...,n—1,
ng = 0, and:

m
—sE sSTFYE, Q= —ysmH
k=0

_.m+2
P=s ,

Q
Example 8. If x = e™* nt s an element of the Fourier
orthogonal basis {e~" T "}, <z of L2(R), then x satisfies

the first order ODE % 4+ ivnz = 0, where v = 27/T, i.e.,
ay = ds, ag = ivn and ng = 0. Thus, we get (8), where:

190:£E(0),
P=s(s+ivn),
Q:_S,&(L

Q=-7(s+ivn).
Ezample 4. Let = be a signal satisfying a second ODE
az(t) E(t) + ax(t) &(t) + ao(t) z(t) =0, 9)
where a; € K|t], i =0, 1,2. If deg, ag = no, then (7) gives:
Yo = x(0), U1 =2(0),
P = 5"t (ag(—05) 1+ a1(—0s) s + as(—0;) s%)
Q= —s"" (Qo(s) Yo + Qu(s) V1),
= —5"T1 ((a1(=0) 1 + ag(—0s) 8) Vo + az(—0s) V1),
Q= —v5"" (ag(=0s) s + a1(=05) 1 + ag(=05) s).

. ,1971_1,8],

Now, let us consider the following case
aa(t) = age t? + a1 t + aso,
ai(t) = a1t + aso,
ao(t) = ago,
where ass, as1, asg, a1, a1g, ago € K. Then, we have
ng = deg;, ap = 0 and:
P = 5 (ag s° 0% + s(—ag1 5+ 4ags — ary) Os
+ azo 8> + (a10 — 2a21) s + (ago — a11 + 2 ass),
—5((ag0 5 + aro — az1) Yo + az V1),
—(azo s% + (@10 — a21) s + aoo) V-

Q=
Q=

Ifz = A sin(wt+¢), thenay = 1,a; = 0 and ag = w?,
and thus we obtain (8), where:
190 = .’1?(0), 191 = J](O),
P =5(s* 4+ w?),
Q=—s5 (s +%),
Q=—(5*+w)7.
If 2 = T}, is the n'® Chebyshev polynomial of the first
kind, then we have ag = —t?+1, a; = —t and ag = n?,
and thus we get (8), where:
190 = 33(0), 191 = JZ(O),
P=—s5(s?92+3s0,—s*—n*+1),
Q=-s(s9 +),
Q= —(s>+n?).
If x = U, is the n'™ Chebyshev polynomial of the

second kind, then we have ag = —t2 + 1, a3 = —3¢
and ag = n (n + 2), and thus we get (8), where:

’190 = ZL’(O), 191 = IL’(O),
P=—5 (5202450, —s>— (n+1)?),
Q = —S (8190+'L91),
Q=—(s"+n(n+2).
If 2 = PP is the n'* Jacobi polynomial which
depends on the parameters o and 3, then we have
as —t2+1,a = —(a+B+2)t+ B — a and
ap=n (n+a+ B +1), and thus we get (8), where:
190 = x(O), 191 = Z‘(O),
P=5s(—80"+(+a—2)s0s+s*+(B—a)s
+(n+1) (n+a+p)),

Q: —8(190(3+ﬁ—01)+191),
Q=—(*+B-a)s+n(n+a+B+1)) 7.
The n'* Legendre polynomial is a particular case of
the n'® Jacobi polynomial for which a = 8 = 0, i.e.:

Yo = z(0), V1 = £(0),
P=s(-5%02-250,+s+ (n+1)n),
Q=-s Wos+),
Q=— (82+n(n+ 1)) 7.

If x = LS{’) is the n' Laguerre polynomial which

depends on «, then we have as =t, a1 = —t+a+1
and ag = n, and thus we get (8), where:

190 :.7?(0), 191 :iT(O),
P=s(s(1=5)0s+(a—1)s+n+1),
Q:_Sa’lg(ﬁ

Q=—(as+n)y.

(1)



(5) If x = H,, is the n'™™ Hermite polynomial, then as = 1,
a1 = —2t, ag = 2n, and we get (8), where:
190 = $(0), 191 = LE(O),
P=5(250s+5*+2(n+1))
Q=-s(s% +91)
Q=—(s>+2n)y.
Remark 2. The signal z in (1) could also be a wavelet.
This case will be studied in a future publication. Wavelets
satisfy functional equations such as dilation equations.
Classes of functional equations can be studied by means

of the so-called Ore algebras. For more details, see Chyzak
et al. (2005) and the references therein.

2.2 Estimation of an expansion of x into a basis

Till now, we have consider x to be the solution of an ODE
with polynomial coefficients. More generally,  can be the
output of a linear OD system with polynomial coefficients.
An intermediate case is a signal x = Z,ICV:O Ai T which is a
linear combination of signals x; which satisfy ODEs of the
form (2) and the Ap’s are constants. This case corresponds
to the case of uncoupled linear OD system since the
rr’s are independent from one another. For instance,
{zk}k=0,.. .~ can be the first N terms of the Taylor basis,
ie., #, = tF/kl. They can also be the first generators
of a basis of L? such as the Fourier orthogonal basis or
an orthogonal basis defined by a family of orthogonal
polynomials. In this case, x is an approximation of the
expansion of a function into an orthogonal basis. An
important remark is that x then satisfies an ODE of the
form of (2). This result a consequence of the concept
of holonomic functions developed in algebraic analysis
(Kashiwara et al. (1986)). See the next paragraph for a
simple explanation in the particular of ODEs with rational
functions coefficients. As a consequence for the algebraic
parameter estimation problem, we can always assume that
x is defined by (2), i.e., we do not have to make a
distinction between the case of a single signal x and of
a finite linear combination of signals xj, when each signal
x, satisfies an ODE with polynomial coefficients.

Let us suppose that K is a field and let D = K(¢)(0)
be the noncommutative ring of OD operators in J; with
coefficients in the field K(¢) of rational functions in ¢
with coefficients in K. An element of D is of the form
S o ai(t)0f, where a; € K(t) for i =0,...,n. A function
x is said to be D-finite if the left D-module defined by =,
namely, D z = {dz | d € D}, is a finite-dimensional K (t)-
vector space (Chyzak et al. (2005)). If x is a D-finite
function, then the set {5‘;:10 = x(i)}i_o ,, of cardinality
n+1 admits at least one relation over K (t), i.e., there exist
a; € K(t) for i =0,...,n such that >.1"  a;(t) 9; z(t) = 0,
i.e., x satisfies an ODE with rational function coefficients,
and thus an ODE of the form (2). Conversely, if = satisfies
an ODE of the form (2), then we get 2(") = S & 00,
which shows that Dz is a K (t)-vector space of dimension
n with the basis {w(i)}izo 1 If 21 and z9 are two
D-finite functions and \; and A2 two constants, then we
clearly have

I=D(Mz1+Xx2) CDxy + Do,

which shows that I is a finite-dimensional K (t)-vector
space since D x1 and D x5 are both finite-dimensional over
K(t), which implies that A\; z1; + Ag 2o satisfies an ODE
with rational function coefficients, and thus an ODE of the
form of (2). For more details, see (Chyzak et al. (2005)).
Note that the order n of the ODE for A\; z1 + As x2, which
is equal to the dimension of I, is at most n; + no, where
n; is the order of the ODE defining z; for ¢ = 1, 2.

A natural problem is then to compute the ODEs that x
satisfies when the ODEs for the x;’s are known. This can
be easily done by considering the successive derivatives of
z =N X z; and to search for K (t)-linear combinations
among them (Chyzak et al. (2005)).

Ezample 5. Let x; = e Wi t+%5) for j = 1,2,3. Clearly,
x; satisfies Oy z; —iw;x; = 0, i.e., x; is annihilated by
O0¢ — twj. Let us compute the annihilator of the linear
combination x = A1 x1 + Ay x2 + A3 x3, where the \;’s are
constants. Differentiating = with respect of ¢, we get

x /\1 )\2 /\3

T iwl )\1 iCUQ )\2 iUJ3 )\3 1

Z — —w% )\1 —w% )\2 —UJ% )\3 To
z® —iwd N —iwd Ay —iwl A3 x3

Let L be the second matrix appearing in the above
equation. Linear relations between the rows of L yield OD
operators annihilating x. Indeed, if J = (1 9; 8?2 ...)T
and r is a row vector with entries in K satisfying r L = 0,
then the above equation can be rewritten as Jx = Lz,
and thus we then get (rJ)ax = (rL)x = 0, i.e., the OD
operator r J annihilates z. We can check that there are no
relations between the first three rows of L but

r = (lw wowz — (w1 wotw) watwsws) —i (w1 +watws) 1)
is in the left kernel of L, which yields that the OD operator
8?—2' (w1 4wotws) 83—(w1 wotw1 wytws ws) Op+i wy wa w3
annihilates £ = Ay 1 + Ao xo + A3 3.

Ezample 6. Let z; (resp., m2) be the n** (resp., m'™)

Hermite polynomial, A\; and Ay two constants, and the
signal © = Ay x; + A2 x2. The functions x; and z, are
respectively defined by the following ODE:

fi‘l(t) — 2t:i71(t) + 2m$1(t> = 0,
Fa(t) — 2t da(t) + 2nxa(t) = 0.
Let us compute the ODE satisfies by x. To do that, we
differentiate 2 + 2 = 4 times = and we get
(z 2 2 29 T =Lz xp @ d9)7,
where the matrix L is defined by:
I —
A1 A2 0 0
0 0 A1 A2
—2mM —2n\ 2t M\ 2t Ao
—4m (282 —m) A1 —4n (282 —n) A2 8t (t2 —m) Ay 8t (t2 —m) Ao
The left kernel of L is generated by the row vector:
r=(4mn —4(m+n)t 42 +2(m+n) —4t 1).
Therefore, we get d(t,0;)z(t) = 0, where d is the OD
operator defined by d=r (1 9, 07 0} Gf)T, ie.:
Of —4t0} + (4t +2(m+n)) 07 —4(m+n)t0; +4mn.



2.3 Statement of the parameter estimation problem

To do study the algebraic parameter estimation problem,
we start with (8), i.e., P(s, 05)2(s) + Q(s) + Q(s) = 0.
Let 8 = {61,...,0,} be a set of independent variables and
let us suppose that K = k[fy,...,0,], simply denoted by
K = k[0], where k is a subfield of K. In other words,
we suppose that the polynomials a;’s which define the
dynamics of the signal z, i.e., (2), depend on certain
constant parameters 6. Similarly, let ¥ = {¢1,...,95} be
another set of independent variables and © = 6 U ¢. We
simply denote k[01,...,0.,91,...,94 by k[O]. Now, using
(7), we obtain that:

P e k[6](0), Q€k[0,9,s]=k[O,s], Q€kld,n~,s]

Note that the 9;’s (resp., v) appear linearly in @ (resp., Q).
Since P = st 3" a;(—0,) s' (see (7)), the coefficients
of the polynomials a;’s appear linearly in P. Hence, if the
parameters ¢;’s appear linearly in the a;’s, then they also
appear linearly in P and Q. In what follows, as usually
done in the literature, we assume that this condition holds.

The parameter estimation problem aims at “estimating”
the parameters © (or a given subset of ©) from the
observation of y = z + w. In the algebraic parameter
estimation problem, “estimating” means, in the noiseless
case, i.e., when w = 0, exactly and explicitly determine the
parameters © in terms of y and of its integrals. For more
details, see Fliess et al. (2003); Sira-Ramirez et al. (2014);
Mboup et al. (2009); Ushirobira et al. (2012, 2013) and
the references therein. The use of integrals of y is made to
filter the effects of the noise w.

Ezxample 7. If we consider again Example 2, then we
can take ¥ = {Up}r=o0,..n-1 and © = U. Hence, the
algebraic estimation problem aims at estimating the 9J;’s
or equivalently the a’s from the measure of y = z + w.

Ezample 8. If we consider again 1 (resp., 2, resp. 3) of
Example 4, then, for instance, we can take 6 = {w}, ¥ =
{%0, %1}, and thus © = {w, 99,91} (resp., © = {n, ¥y, 1},
0 = {a,B,90,91}). The algebraic estimation problem
aims at estimating © from y = z 4+ w.

To get rid off 7, we have to find annihilators of @, namely
OD operators I1(s, ;) satisfying II(s, d5) @ = 0, so that:
II(s,0s) P(s, 0s) z(s) + II(s,0s) Q(s) = 0. (10)

In particular, we want to find annihilators II of @ such
that the parameters © can be obtained explicitly in terms
of Z and its derivatives. In another words, we want to find
annihilators II; of @, j = 1, ..., 7, such that the OD system
Hj(sa as) P(sa as) /Z\(S) + Hj(s»as) Q(S) =0,j=1,...,m
(11)
yields Ry © = Rs, where

{ Ry = Ry1(s,05) 2(s) + Rio(s),

Ry = Roy (S, (95) 2(8) + Rgo(s),
and R; is generically a non-singular matrix so that we get:

O =R;'R,.

We can divise the both R; and Ry by sV for a large
enough integer N so that R} = s ™ Ry and Ry = s~V Ry
are polynomials only in s~!. Doing that (i.e., adding
integrators in the corresponding expressions) helps to filter
the noise w while coming back to the time domain by

means of the inverse Laplace transform. Thus, we can
consider © = R ' R),. Note also that the coefficients of
the annihilators II;’s cannot depend on the parameters to
be estimated till they are unknown. For more details, see
Fliess et al. (2003); Sira-Ramirez et al. (2014); Mboup
et al. (2009); Ushirobira et al. (2012, 2013).

Remark 8. If the parameters 6;’s are not assumed to
appear linearly in the a;’s, i.e., in P and @), then, from
(11), algebraic equations have to be solved to get the 6;’s.

To initiate an effective study of the algebraic estimation
parameter problem, we propose to investigate the following
three problems by means of computer algebra methods:

(1) Let Q € k[,,s] be the polynomial defined in (7)
and let us note § = Q/v € k[, s]. Compute a set of
generators of the following left ideal of D = k|6, s](9s)

annp(.q) = {d € D | dg(s) = 0}.

(2) If 0" is a subset of 0 (e.g., if @ = 0 or § = 6) and
E = k[0, s](0s), from Point 1, deduce the left ideal
annp(.q) N E of E.

(3) If Q € k[, 9, s] is the polynomial defined in (7), then
compute anng(.q) Nanng(.Q) and:

anng(.g)/ (anng(.q) Nanng(.Q)).

The first problem aims at computing the annihilators of
the polynomial @) to get (11). Note that the annihilators of
@ that we can be used do only have to contain parameters
that are already estimated. Thus, the second problem
solves this point by controlling the coefficients that can
appear in the annihilators. Finally, the last problem solves
the problem of recognizing whether or not an annihilator
of @ also annihilates the polynomial () which contains
the parameters ¢, i.e., the initial conditions of (2). For
instance, if all annihilators of Q are also annihilators of @Q,
then no parameters ¥ can algebraically be estimated.

3. COMPUTATION OF ANNIHILATORS

Let K be a noetherian ring, namely, every ideal of K can
be generated by a finite set of generators (see, e.g., Rotman
(2009)), and p € A = K[s] a polynomial of degree ¢ — 1
(¢ > 1) in s with coeflicients in K. Let D = A(J,) be the
ring of OD operators in 0, = % with coefficients in A. Let
us also consider the following column vector:

Jo=(1 8, 01" e DT, (12)
Applying J,; to p, we get the following polynomial vector:

R=J,pe AT,

Since A is a noetherian ring, the following A-module

kers(.R) = {u € A9 | uR=0}
formed by all the A-linear relations among of the rows of
R is noetherian, and thus is finitely generated, i.e., can be
generated by a finite generating set (see Rotman (2009)).
Let {Sie}i=1,...r be a set of generators of ker 4(.R), where
Sie € AY4 for i = 1,...,r,and S = (S, ... SL)T €
A"*9 the matrix whose rows are the S;q’s. Let us consider
the following A-homomorphisms (i.e., A-linear maps):

R:AYT 5 A S ATy Alxa
w— uR, v— vS.

Then, we obtain kers(.R) = ima(.S). If M = A/(A™¥9 R)
is the A-module finitely presented by R, i.e., the factor



module of A by the ideal of A generated by the entries of
the column vector R, and 7 the A-homomorphism which
maps 1 to its residue class 7(1), then we have the following
exact sequence of A-modules (see, e.g., Rotman (2009))

Atxr HoA—">M 0,
namely, 7 is surjective and ker 4 (.R) = im4(.S5).
Remark 4. If K = k[z1,...,z,] is a polynomial ring over
a computable field k (e.g., k = Q, Q(y1,-..,Ym)), then
Grébner basis techniques can be used to explicitly compute
the matrix S (see, e.g., Becker et al. (1993)). For instance,

it can be computed by the SYZyGYMODULE command of
the OREMODULES package (Chyzak et al. (2007)).

.S Alxq

We have (SJ,)p=SR=0,1e,Q=5J,€ D™ isa
column of OD operators which annihilates p, i.e., @p = 0.

Since the degree of p is ¢ — 1, we get 9 p = 0, which shows
that the last entry of R is 0, and thus that the vector
(0 ... 01) € kerg(.R) = ima(.S). Thus, there exists
w € AY7 such that (0 ... 01) =w S, and thus we obtain
that 97 =(0 ... 01) J,=wSJ, =wqQ.

Let us introduce the left ideal of D defined by all the OD
operators which annihilate p, i.e., its annihilator over D:
annp(.p) ={d € D | dp = 0}.

If we write Q = (¢1 ... ¢.)T, where ¢; € D, then we
obtain that ¢; € annp(p.), i.e., >.._, Dg; C annp(p.).
Let us prove that we have annp(p) = >.,_, Dg,. If
d € annp(.p), then d = >°i_,a; 9%, where a; € A. We
can write d = ¢9? + d’, where d’ € D is of degree strictly
less than ¢ and ¢ € D. Let us write d’ = Eg:_ol b; 9% and

let 8 = (bg ... by—1) € A% Since the degree of the
polynomial p is ¢ — 1, then 97 p = 0, and thus we get

q—1 q—1

> bidip=cdlp+> bioip=dp=0,

i=0 i=0

which shows that SR = (8J,)p =0, ie., 8 € kersa(.R) =
im4(.S). Hence, there exists v € A" such that f =S,
which yields 8 J, = v S J; = vQ, and thus we obtain

d=cdl+7Q=(cw+7)Q,
where cw + v € D' which shows that d € }_;_, D g;.
Lemma 1. With the above notations, we have:

T
annp(.p) ={d e D |dp=0} = Zin.
i=1
In other words, the annihilator annp(.p) of p over D is
generated by the entries of the column vector Q.

Remark 5. If k is a field of characteristic 0 (e.g., k = Q,
R), then a classical result of J. T. Stafford asserts that any
left /right ideal of A; (k) can be generated by two elements
(see Stafford (1978)). For an implementation of this result
in the STAFFORD package, see Quadrat (2007). This result
extends to a polynomial extension of the Weyl algebra,
ie., to A1(k)[y], where y is a commuting indeterminate.
If we consider By(k), then Bi(k) is a principal left/right
ideal domain, namely, every left/right ideal of B (k) can
be generated by one element. This generator can simply
be computed by means of gcd computations.

Example 9. Let p = s + w? = —Q/y € A = Q(w)[s],
where @ is defined in 1 of Example 4. The degree of p
being 2, ¢ = 3, and we get ker4(.R) = im4(.S), where:

T
R—Jgp—(p dp @ O> =(s2+w? 25 2 0)7,
ds ds?
-2 5 w?0 w202 +50, -2
S = 0 -1 s0],Q=8J;3= 385—85
0 0 01 o

If D= A;(Q(w)), then, we obtain:
annp(.p) = D (w? 0?450,—2)+D (s02—09,)+D 3. (13)
The generators of annp(.p) do not form of Grébner basis
(Becker et al. (1993)). Computing a Grobuner basis, we
get:
annp(.p) = D (w? 9% + 50, —2) + D ((s* + w?) 95 — 255).
If E = B1(Q(w)), then we can easily check that
1 2 2,2

m (UJ 35+2) ((S +w )85 _23),
which shows that anng(.p) = E ((s® + w?) s — 25).

w02 +50,—-2=

Now, if we consider A = Q[w, s], then we obtain

-2 s w20
_ 2 2
g 2s s°+w” 0 0 7 (14)
0 -1 s 0
0 0 01

and thus annp(.p) is defined by the three generators of (13)
and (s + w?) 9, — 25, and a Grobner basis then yields:
annp(.p) = D ((s* + w?) s —2s) + D (502 — 8,) + D 02.
Finally, we can check that
1 1
507 -0, = 5352 (s> + w0, —25) — 5(824—(»2)33,
which shows that annp(.p) = D ((s*> +w?) 95 —2s)+ D 52.
Ezample 10. Let us consider K = Q[Ag, A1, A2] and:
p=Xos>+2N1 5> —2N\y5(s> —4) € A= K][s].
See Ushirobira et al. (2016). Since the degree of p is 3, we
dp d*p d3p

have ¢ = 4 and we get kera(.R) = ima(.S), where the
matrix R is defined by
T
R=dip= (p ds d® s 0) !

and S is given in Figure 1. Then, annp(.p) is generated by
the entries of Q = SJ, € DL If Q = (q1 ... q7)T, then,
e.g., qa=502—35202+650; — 6 and g7 = 0%.

4. TOWERS OF ANNIHILATORS

Let 6 be a subset of § and K’ = k[¢'] the subring of
K = k[f]. From the computation of the annihilators of
p € K[s] over the ring A = K[s] = k[0, s] (see Section 3),
in this section, we show how to obtain the annihilators of
p with coefficients in the subring B = K'[s] = k[, s] of
A. In other words, if E = B(0;) (resp., D = A(0s)), is the
ring of OD operators in J; with coefficients in B (resp.,
A), then, from the knowledge annp(.p), we explain how to
compute the left E-module anng(.p) = {e € E | ep = 0}.
By Lemma 1, the annihilators of p over D are completely
determined by the left D-module D" Q = Y7 | Dg;.
In other words, the entries of () generate annp(.p). Since
B C A, we get E C D, and thus we have:

anng(.p) = annp(.p) N E.

Computing annp(.p) N E can be obtained by means of
a noncommutative Grobner basis computation with a



—9X0 +18X2 3X0s—6Xas —2XA1 2A1s+4A 4)ss 0
—6 6s —352 83 0
6 A1 —4A1s s(A1s—4A2) 4 )Xo s> 0
S = 0 —6X0+12X2  3s5(No—2)\2) 215+ 8\ 0 | e A™*5.
0 21 —2X18—4X2  s(Ais+4X) O
0 0 —3X0+6X2 3Xgs—6Aas+2A; 0
0 0 0 0 1

Fig. 1. Matrix S for p = X\g s> +2 A1 5% — 225 (s — 4)

monomial order which eliminates the elements of 6 \ ¢’

For more details, see, e.g., Chyzak et al. (2005).
Ezample 11. We consider again Example 9. Let K’ = Q be
the subring of K = Q[w] (i.e., 0’ =0, 0 = {w}), A= K]|s],

B =K'[s] =Q[s], D = A(0;s) and E = B(0s). We obtaln
anng(.p) = annp(.p) NE = E(s0? — 05) + B2,
Exzample 12. We consider again Example 10. Let K/ = Q
be the subring of K = Q[Ao, A1, Ao] (i.e., 0 = { Ao, A1, A2},
0 =0), A= K|[s], B=K'[s], D = A(0s) and E = B{(d,).
We get that anng(.p) = Ee; + F ey, where e; = 92 and
ea = 8302 —3520% + 6595 — 6. Now, if 0/ = {\g, A2},
K" = Q[Xo, A2], B = K'[s] and E = B(0,), then we obtain

that anng(.p) = Fe; + Ees + E e3, where:
e3=—8X50° + (Ao —2X2) (35202 — 1250, + 18).

5. INTERSECTION OF ANNIHILATORS

With the notations of Section 4, let p;, po € B and
anng(.p;) for ¢ = 1, 2. Let us show how to effectively
compute the left ideal I = anng(.p;) N anng(.ps) of E.
As explained in Section 3 with the ring B instead of A,
let degspi = g — 17 Jl = (1 c 8?1) ) l - Jpl
and S; € B"*% be such that kerg(.R;) = 1mB( S;). If
Qi=8Ji=(q1i - qrhi)T then, by Lemma 1, we have:

ZEq”, 1=1, 2.

An element p € [ is an element of E which satisfies
P =25, €jiq for i =1, 2 and for certain g;;’s in E. If
we note Q = (QT QT € E("+72)%1 then we have:
(6171 e (Blm1 6172 e 67’2, )Q = 0
Hence, if T € E5*("+72) is such that kerp(.Q) = impg(.T),
and T'= (77 —1Tv), where T1 € E**"™ and Ty, € E**"2,
then we have T} ()1 = T» @2, and thus we obtain:
annE(.pl) n annE(.pg) = E1><s (T1 Ql) = E1><s (T2 Qg)
The computation of the matrix T can be obtained by the
SYzZYGYMODULE command of OREMODULES.

ann E

Finally, let us explicit characterize the left E-module:

P =anng(.p1)/ (anng(.p1) Nanng(.p2)).
Using Noether’s second isomorphism theorem (see, e.g.,
Rotman (2009)), we have:

P > P = (anng(.p1) + anng(.p2)) /anng(.ps)
r ra ra
=2 Fa+d Eaa| /| Fape
j=1 j=1 j=1

_ (Elx(r1+r2) Q) / (Elxrg Qz) '

We note that e € anng(.p1) is of the form of e = nQ1,
where n € EY™ . If 7 : anng(.p1) — P (resp., £ :
EX(rm+r2) Q — P')is the left E-homomorphism defining
the canonical projection onto P (resp., P’), then the above
isomorphism v : P — P’ is defined by:

P (r(nQ1)) = (N Q).

Now, using Lemma 3.1 on pages 349-350 of Cluzeau et al.
(2008), we obtain the following isomorphism:

0 I
P~ plx(ritra) /[ plx(rits) T2
/ Ty -1,

~ P// _ E1><r1/ (Elxs Tl) .

More precisely, if o : E'X™ — P” is the isomorphism
defining the canonical projection onto P, then we have:
¢:P — P" ot P" — P
s((n Q) Q) — a(n), o(n) — k(nQ1).

We obtain the isomorphism ¢ o 1) : P — P" defined by:

Ve B, (po9)(r(nQ1)) = a(n).
Using the isomorphism ¢ o v, testing if e = 1@
anng(.p1) belongs to anng(.ps), i.e., if 7(e) = 0, is

equivalent to testing if o(n) = 0, ie., if n = AT} for a
certain A € E**"™, This condition can be checked by means
of the FACTORIZE command of the OREMODULESpackage.
We also note that P = P” = 0 iff the matrix 77 admits a
left inverse U; € E™*¢ ie., Uy Ty = I,,. This condition
can be checked by means of the LEFTINVERSE command
of the OREMODULES package. If P = 0, then we have
anng(.p1) C anng(.ps), i.e., we cannot find an annihilator
of p; which is not an annihilator of ps.

Ezample 13. Let us consider again Example 9. If p = Q /7,

D = Q[w, 99, 91]{(0s) and E = A;(Q), then we have:
annp(.p) = D ((s* +w?) s —2s) + D (s0? — 9,) + D57,
anng(.p) = E(s0% — 9,) + E 02,

annp (. ) D (s* 62—288 +2)

D (% 585 + 299505 —47))
D((21903+191)8§ — 290 05) + D92,
annp(.Q) = E(s°0? — 250, +2) + B2,
Using the OREMODULES package, we obtain:
anng(.p) Nanng(.Q) = E 92,
anng(.p)/ (anng(.p) Nanng(.Q))

0s 0
~ p! _ 1x2 1x2 s
oy (o (0,

Let us show how to use the above results to solve the
parameter estimation problem for x = Asin(wt + ¢)



defined in 1 of Example 4 (Ushirobira et al.
Applying d; = 82 € anng(.p) Nanng(.Q) to (8) to get
rid off of both @ and @, we obtain dy(ds) P(s)z(s) = 0,
i.e., c1 01 = co, where §; = w? and:

c1 =523 (s) +323)(s),

cp = — <s3 2@ (s) + 95723 (s) + 18520 (s) + 62(5)) :

(2012)).

Let Q1 = (s0? — 0, 93)T be the column vector formed
by the two generators of anng/(.p). Since the residue class
of p = (1 0) in P” is not zero, i.e., n ¢ D2 Ty, we
get dp =1 Q1 = s0% — 95 € anng(.p) \ anng(.Q). Hence,
applying ds to (8), we get c3 01 + Y1 = ¢4, where:

c3 = §° ’z\(z)(s) + 83“)(5) —2(s),
4= — (84 2@ () + 5522 (s) 4 3 62 2(3)) .

We can easily solve these two linear equations to get:
—4
=222
C1 sT*Cy
g, _ CLea—cacs _ 575 (c1eq — coc3)
! c1 s ¢ '
We are now left with the identification of the last param-
eter ¥y appearing in @ as the coefficient of s?. Using the
results of Section 4, we obtain annp(.p) N annp(.s?) =
D (s 9% —0,)+ D 93. Hence, considering the first generator
ds = (52 + w?) 85 — 25 of annp(.p) and apply it to (8), we
get 201 99 = 891 + c5 02 + c6 61 + c7, with the notations:
cs = 523 (s) +22W(s),
ce = 522 (s) + 7522 () + 55 2(s),
cr =12 () + 3 2(s).
Therefore, we obtain:
sV + 502 +cob + cr
26, '
Rewriting the above fraction as a quotient of polynomials
in s7! and coming to the time domain by means of the

inverse Laplace transform, we obtain explicit formulas for
the parameters 01, g and 1 (see Ushirobira et al. (2012)).

79() =

The algorithms for solving the three problems are imple-
mented in the NON-A package dedicated to the algebraic
estimation problem built upon the OREMODULES package.

It is well-known that the ring D = A(0,) of OD operators
is a left Ore domain, namely, for all di, do € D \ {0},
there exist ey, ea € D \ {0} such that e; d; = eady (see,
e.g., McConnell et al. (2000)). With the notations of
Section 2.1, if d; = R and do = R/, then there exist T, T" €
D\ {0} such that TR =T"R’. A set of generators of the
OD operators T and T" satisfying the above equality can
be computed by means of the SYZyGYMODULE command
of the OREMODULES package. Using (4) and (5), we get
T(s,0s) R(s,05)z(s) +T(s,0s) S(s) +T"(s,05) S'(s) = 0,

(15)
i.e., 7 has been eliminated from (4) and (5). The algebraic
estimation problem can then be directly studied by means
of (15). The main advantage of this approach is that it
does not require the integration in closed-form solutions
of the dynamics of the perturbation v, which allows us
to consider general type of structured perturbation . For
more details, See Quadrat (2017).

REFERENCES

M. Abramowitz, and I. A. Stegun. Handbook of mathe-
matical functions with formulas, graphs, and mathemat-
ical tables. Volume 55 of National Bureau of Standards
Applied Mathematics Series, 1964.

T. Becker, V. Weispfenning. Grébner Bases. A Compu-
tational Approach to Commutative Algebra. Springer,
NewYork, 1993.

F. Chyzak, and B. Salvy. Non-commutative elimination in
Ore algebras proves multivariate identities. Journal of
Symbolic Computation, 26 (1998),187-227.

F. Chyzak, A. Quadrat, and D. Robertz. Effective algo-
rithms for parametrizing linear control systems over Ore
algebras. Appl. Algebra Engrg. Comm. Comput., 16,
319-376, 2005.

F. Chyzak, A. Quadrat, and D. Robertz. OREMOD-
ULES: A symbolic package for the study of multi-
dimensional linear systems. Springer, Lecture Notes
i  Control and Inform. Sci., 352, 233-264, 2007.
http://wwwb.math.rwth-aachen.de/OreModules.

T. Cluzeau and A. Quadrat. Factoring and decomposing a
class of linear functional systems. Linear Algebra Appl.,
428:324-381, 2008.

M. Fliess, and H. Sira-Ramirez. An algebraic framework
for linear identification. ESAIM Control Optim. Calc.
Variat., 9 (2003), 151-168.

M. Fliess, C. Join, M. Mboup. Algebraic change-point
detection. AAECC, 21 (2010), 131-143.

M. Kashiwara, T. Kawai, T. Kimura. Foundations of
Algebraic Analysis. Princeton Mathematical Series, vol.
37, Princeton University Press, Princeton, 1986.

J. C. McConnell, J. C. Robson. Noncommutative Noethe-
rian Rings. American Mathematical Society, 2000.

M. Mboup,C. Join, and M. Fliess. Numerical differentia-
tion with annihilators in noisy environment. Numerical
Algorithms, 50 (2009), 439-467.

A. Quadrat, and D. Robertz. Computation of bases of free
modules over the Weyl algebras. Journal of Symbolic
Computation, 42 (2007), 1113-1141.

A. Quadrat. An effective study of the algebraic parameter
estimation problem. In preparation.

J. J. Rotman. Introduction to Homological Algebra.
Springer, 2009.

H. Sira-Ramirez, C. G. Rodriguez, J. C. Romero, and
A. L. Judrez. Algebraic Identification and Estimation
Methods in Feedback Control Systems. Wiley Publish-
ing, 2014.

J. T. Stafford. Module structure of the Weyl algebra. J.
London Math. Soc., 18 (1978), 429-442.

R. Ushirobira, W. Perruquetti, M. Mboup, and M. Fliess.
Algebraic parameter estimation of a biased sinusoidal
waveform signal from noisy data. Proceedings of Sysld
2012, 2012.

R. Ushirobira, W. Perruquetti, M. Mboup, and M. Fliess.
Algebraic parameter estimation of a multi-sinusoidal
waveform signal from noisy data. Proceedings of ECC
2013, Zirich, Switzerland, 14-19/07/2013.

R. Ushirobira, and A. Quadrat. Algebraic estimation of
a biased and noisy continuous signal via orthogonal
polynomials.  Proceedings of the 55th Conference on
Decision and Control (CDC), Las Vegas, USA, 12-
14/12/2016.



