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Error analysis for a class of numerical differentiator

Dayan Liu, Olivier Gibaru, Wilfrid Perruquetti!

Résumé Ce rapport est consacré aux estimations des dérivées. Contrairement a la procédure de régularisation de
Tikhonov, nous utilisons un cadre algébrique récent qui conduit enfin a une projection dans la base de polynémes de
Jacobi, afin d’estimer des dérivées des signaux bruités. Aucune information sur les propriétés statistiques du bruit
est requise. Nous donnons quelques résultats concernant le choix des parametres dans cette méthode de maniere a
minimiser 'erreur due au bruit et les erreurs d’approximation. De plus, deux nouveaux estimateurs centraux fondés
sur telles techniques algébriques de la différenciation sont introduits. Une comparaison est faite entre ces estimations
et quelques méthodes classiques de la différentiation numérique.

1 Introduction

Since the seminal paper by Diop & Fliess ([16] see also [4]), observation theory and identifiability are closely linked
to numerical differentiation scheme. Indeed, a non-linear input-output system is observable if, and only if, any state
variable is a differential function of the control and output variables, i.e. a function of those variables and their
derivatives up to some finite order.

Recent algebraic parametric estimation technics for linear systems [21, 20] have been extended to various problems
in signal processing (see, e.g., [17, 33, 36, 37, 44, 45, 46]). Let us emphasize that those methods, which are algebraic
and non-asymptotic, exhibit good robustness properties with respect to corrupting noises, without the need of knowing
their statistical properties (See [14, 15] for more theoretical details). The robustness properties have already been
confirmed by numerous computer simulations and several laboratory experiments. It appears that these technics can
also be used to derive numerical differentiation algorithms exhibiting similar properties (see [34, 35]). Such technics
are used in [18, 19, 4] for state estimation.

Numerical differentiation is concerned with the estimation of derivatives of noisy time signals. This problem has
attracted a lot of attention from different point of view

e observer design in the control literature (see [8, 10, 24, 25, 31, 42]),
e digital filter in signal processing (see [1, 7, 11, 38, 41]),

for on-line applications which are alternative solutions to the very classical one, based on least-squares polynomial
fitting or (spline) interpolation mostly used in off-line applications ([13, 26]).

In recent papers [34, 35], numerical differentiation is revised using an algebraic framework of parameter estimation.
To start with, let y(t) = x(¢) + @w(¢) be a noisy observation on a finite time interval I (an open interval of R*) of
a real valued smooth signal x, the successive derivatives of which we want to estimate, and w(¢) denotes the noise.
Considering = as an analytic function on I, the Taylor series expansion of x at g is:

+
x(to + t) =

8

(&)’

' 29 (tg), Vto € I and t > 0 as soon as t +to € I (resp. to —t € I). (1)
il

©
I
=

Contrary to the numerical differentiation method in [23], where the Taylor series expansions of z are used and an
elimination technic is applied without any error analysis due to the bias term or the noise (see Remark 1 for more
details), we achieve the estimations of the derivatives of = by using an algebraic framework. This approach allows us
to study in detail the bias term error and the noise error contribution.

Using a representation in the operational calculus framework of the N** > n (n is the order de the derivative of z
which we want to estimate) order truncation of the Taylor series expansion of (1) and an annihilator (which is a linear
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differential operator) of a specific form

n+k N—n
N _ 1 'd .E.d N+
k,p sN+1+p  gentk g JgN-n ’

the authors Mboub, Join and Fliess (see [34, 35]) obtained non asymptotic estimations of the n* order derivative of
2(t). These expressions are based on iterated integrals of a polynomial multiplied by the noisy observation signal.
They depend on four parameters k, u, N, T as follows:

1
H" (k, £, N) = /0 Dot (7) y(ETT + to)dr, 2)

(n)

to_

(k,p, —T, N) is the causal estimator, ig:}r (k, i, T, N) is the anti-causal estimator respectively and pg ,+7.n,~

where T
are polynomials. If the noisy function y is integrable in (2), then by applying a change of variables in (2): +T7+ty — 7,
we obtain a Fredholm integral equation of the first kind where the variables of the kernel are 7 and ty. A similar
formula is shown in [9] where the numerical differentiation method is equivalent to solving a particular Fredholm
integral equation of the first kind by applying the Tikhonov regularization method, and the solution considered as
a derivative estimator is also an integral estimator. The hypothesis on the noise is more general in the estimations
defined in (2) than the one used in [9] and in [32] where the noise is assumed to be bounded. However, in [32] where
the Tikhonov regularization method is also employed, the author studies the case for unstructured and noisy data in
a d-dimension space, which is out of the scope of this paper.

Moreover, it was shown that the estimations defined in (2) can be viewed as an affine combination of minimal
estimations obtained for the Taylor series truncation at order n (with n < N):

N—n
B (b, £T,N) = Y & (ki ju, £T,0), N € Q. (3)
=0

It was shown that if A; € R, then ;%E:i (k,p, £T, N') give us general formulas of causal estimator and anti-causal esti-
mator, which correspond to the projections of the noisy signal into the Jacobi polynomial basis. For these estimators,
there are two sources of error: the bias term errors which comme from the truncation of the Taylor series expansion,
and the noise error contributions. The bias terms error can be significantly reduced by allowing the estimated signal
to be shifted by a small delay T¢, where £ is the smallest root of a given Jacobi polynomial. However, if one wants
to minimize the noise error contributions, then one has to select the \; being equal to the inverse of the difference
N —n+1. Thus, the set of parameters has to be selected to achieve a compromise between reducing the bias term and
reducing the noise error contribution. Nevertheless, a weakness of the above method was a lack of any error analysis,
while they were being implemented in practice. Thus one aim of this paper is to provide a guide to parameters selection
in order to achieve this compromise.

The paper is organized as follows:

Section 2 gives a general smoothness assumption on the signal x of which successive derivative has to be estimated.
Using a truncation of the Taylor expansion of an affine combination of x (to be replaced after by the noisy measured
signal), a time dependent signal is obtained to be used for the computation of the desired estimation. Then, this signal
is passed to the operational domain by using Laplace Transform. A general differential operator parameterized by a
set is applied with an elimination technic in order to obtain, in the time domain, an integral estimator of the n'* order
derivative of z. Sufficient and necessary conditions on the set of parameters involved in these operators are given to
obtain such an annihilator and it is proven that such set of parameters is non empty. Let us stress that such technics
are rooted in [34, 35], thus Section 3 firstly recalls the minimal estimators and the affine estimators introduced by
M. MBoup, C. Join and M. Fliess in [34, 35]. For such estimators lower bounds and upper bounds for the bias term
error are given. In order to reduce the bias term error, two new families of central estimators are given. Section 4 is
devoted to the error analysis. This error is due to the noise, the numerical approximations of the integrals and the
order of truncation of the Taylor expansion. The noise is assumed to be a sequence of independent random variables
with the same expected value and the same variance. Thus the noise error contribution for the proposed estimators
can be given thanks to the numerical integration method. Moreover, with the knowledge of the expected value and
the variance of the noise and according to the Bienaymé-Chebyshev inequality, a lower bound and an upper bound
for discrete noise error contribution are obtained. In particular, the exact expressions of the bounds for the noise
error contributions are given for the first order derivative estimators in the case of a gaussian white noise. Section 5
compares the obtained estimators with some of the existing numerical differentiation methods, such as the averaged
finite difference schemes and Savitzky-Golay differentiation scheme. For this, two criterions are used: the integral of
the error square and the classical SNV R.



2 Preliminaries

Let us start with y(t) = z(t) + w(¢) a noisy observation on a finite time open interval I C R of a real valued smooth
signal z, the successive derivatives of which we want to estimate, and w(t) denotes a noise. Let n € N, we are going
to estimate the n'* order derivative of .

2.1 Operational domain

Let us ignore the noise w(t) for the moment. Assume that z(¢) is an analytic function on I. For g € I, let us introduce
the following function

L
X(t) =) aiz(to + fit), (4)
i=0

where L € Nyja; e R*, 3, e R*, B < f1 < --- < fBpand t € D :={t e R*;Vi € {1,....L},tg + B;t € I}. This analytic
function X (¢) will be used to perform any derivatives estimations of z at point ¢y in only one general framework.
Actually, if all the 8; < 0 (resp. ; > 0), then we will obtain causal estimators (resp. anti-causal estimators). In the
other cases, we will obtain ”finite difference” type estimators. Consequently, X (¢) is also an analytic function on D.
The Taylor series expansion of X at ¢y is given by

29 (to). (5)

'Mg

<
Il
o

L
Vte D, X(t Zal
1=0

For N € N > n, we consider the following truncated Taylor series expansion of X on RT:

L

N
vt e RT, Xn(t Zaz Z ﬂz (j) Z (Z alﬂj> —x(J) (to)- (6)

1= Jj= Jj=0

Since Xy is a polynomial defined on RT of degree N, we can apply the Laplace transform to (6) (s being the
Laplace variable):

N
Xn(s) = e;s Ut0al(ty), (7)
j=0
R L
where X (s) is the Laplace transform of Xy (t), Z azﬁf , and ¢, is supposed to be different from zero.
=0

In all the sequel, the Laplace transform of a signal u(t) will be denoted by 4(s). To simplify the notation, the
argument s will be dropped and we write it as @ for short.

2.2 Annihilators

The basic step towards the estimation of z(™)(¢), for ¢ > 0, is the estimation of the coefficient 2" (ty) from the
observation y(t). All the terms ¢;s~ Utz (¢g) in (7) with Jj # n, are consequently considered as undesired terms
which we proceed to annihilate. For this, it suffices to find a linear differential operator of the form

= Z <H oi(s d l) , a(s) € C(s), (8)

finite \finite

such that
II (XN(S)) = o(s) 2™ (tg), 9)

for some rational function o(s) € C(s). Such a linear differential operator is subsequently called an annihilator for
(™M (t) (see [35]).



When the sum in (8) is reduced to a single term, we obtain a particular case of such linear differential operator
which is a finite product of length © € N. If for all indexes [, the rational function g;(s) is of the following form
01(s) = %7, then the linear differential operator defined by (8) can be parameterized by the set E = {(ng, m)}f2:

e
1 d™ 1 dm 1 dre
My = H = . (10)

s dstt  gmidsni gme dgne’

Note that m; € Z* for [ =1,...,0,and n; € N* for [ =1,...,0 — 1, except for ng € N. For such an operator, in the
following proposition, we are going to obtain explicitly the value of I1g (X N (S)), where Xy (s) is defined by (7). We

also give conditions on the integers m; and ny, such that ITg preserves only the (™) (¢y) term such as the case in (9).

Proposition 2.1 Let XN(S) be defined by (7) and g be the linear differential operator defined by (10). If E satisfies
the following conditions:

(C1): ¥Vl e{l,...,©0 —1}: eithern+14+r; >0 orn+ 1+ < —n; is true,

(C2): for each j € J={k;k € {0,....n—1,n+1,...., N}, cxx®(ty) # 0}, there evists a l; € {1,...,0 — 1}, such that
0< _(j+1)—7"lj <nyy,

e
with r; = Z n;+m; forl=0,...,0 —1 and rg = 0. Then Ilg is an annihilator and
i=l+1

. ¢
g (XN<5>) = Cnl’(n)(to)m7 (11)

o

where ¢ = ¢, with

N
Il
—

(n+mr;)! ’ (].2)

(In+14-mD! ifn+1+r < —ny.

. { COTutndr)l e 41 47y > 0,
Ccp =
Tntitr—n)l

Moreover, if c,x™ (to) # 0, then the conditions (C1) and (C2) are also necessary.

Remark 1 The condition (C2) is used to annihilate all the undesired terms: c;s~U+Vx0)(tg) in (7) for all j € I, and
the condition (C1) is used to keep the term c,s~ "Dz (ty). A similar technic was used in [23] in order to estimate
the n'* order derivative of a smooth function . The Taylor series expansions at a point to in different intervals for x
were given. Then an affine combination of these series could annihilate all the undesired terms which contain x(i)(to)
fori < n. All the remainder terms which contain x9)(ty) for i > n were considered as a bias term error. However,
no error analysis was conducted in [23].

Proof: By applying the linear differential operator as defined by (10) to the right hand side of (7), one obtains

N N
Ilg chs_(j+1)gg(j)(t0) :chx(j)(to) Ig(s~U+Y).

Jj=0 j=0

e Sufficiency: The computation is divided into two parts: one concerning the term IT E(s_(j ‘H)) with j = n, and one

concerning the others with j # n. We will show that the annihilator kills these terms with j # n. Recall firstly the

following formula: for k € N and m € Z*, dk;l(;;YL) is given by

m! ek
ms if 0 S k< m, (13&)
0 if0<m<k, (13b)
“1)*(k —m —1)!
(D =m = Dt 460 < 0 < k. (13¢)




Computation of TIg(s~(™*1): By induction, we want to prove that:

© 1 ©

L 4% ) _ : 14
H sMi g™ § - gnt+l4+rs_1 H a ( )
=J I=J

holds for any J € {1,...,0}, where ¢, = W ifn+1+7r,>0,and ¢ = %, ifn+147r < —n;.

Initial step: when J = ©, using (13c¢) one obtains

(_1)ne(n® +n)' (15)

1 dre 3_("+1) _ Co
n!

sme ds’n(_) - sn+1+7“9—1’

with ¢g =

Assume now that (14) holds for 1 < J < ©, this leads to

C)
1 d L _(n+1) 1 dnJ*l 1 A~
H s dsnl - §MJi—1 dgni-1 ' gntl4+ry_1 Hcl'
=J-1 l=J

1
We distinguish now the two following cases in condition (C'1):

1. fn+1+7r;-1 >0, then using (13c) yields

S) S)
1 Jdm 1 ) (=)™ -1(nj_1+n+ry_1)!
—(n+1) _ S & 6 = :
H ETW T = i H ¢, with ;1 = CET I .
I=J—1 I=J—1

2. Ifn+1+7ry-1 <—ny_1, then using (13a) yields

o e

1 1 _1|)!
11 “o) = [ & withes_, = (In+1+ra)t
1= 13ml dsm gnttrrs-e AL (In+1+r;_a] —nyj1)

Consequently, we can conclude that (14) is true for J — 1. Thus by induction, (14) is true for any J € {1,...,0}.
Computation of Tl (s~U+Y) j € J:
For any [; € {1,...,© — 1}, we have

(S] ~
]. dnl ( Cy.
— ]+1) _ j . ~
| I it de s = i with ¢, € Q.
l:lJJrl

From condition (C2), we know that 0 < —(j + 1) — 7, < ny,, then we obtain

S}

my mg
HE (57(j+1)) - (jsnji l_ll:[Jq 871711 c(lisnl 57(j+1) =0. (16)
Finally, we conclude that
N ‘ . P
g | Y5~ (t) | = e ™ (to) (s~ ") = 0™ (t0) <

Jj=0

Thus, we have shown that conditions (C1) and (C2) are sufficient conditions for (11) to hold.
e Necessity: We are going to prove that the conditions (C'1) and (C2) are also necessary as soon as c,z(™ (ty) # 0.

To do so, let us assume that (11) is true, then

N R
. iy " c

§ :ij(J)(to)HE (s (]-‘rl)) - Cnx( )(to)m' (17)

j=0



Using similar calculations leading to (14), we obtain (without using conditions (C'1) and (C2)): for 0 < j < N,
g (s~U+D) = i, With & € Q. Thus, (17) becomes

¢—¢Cp
JjEJ

Therefore, it can be seen that ¢,z (to)(¢ — &,) = 0 and c;z0)(¢ty)é; = 0 for all j € J. As ¢;2\9) (t) # 0 for all
j € JU{n}, we have ¢ = ¢, and ¢; = 0 for all j € J. Consequently, Il (s=("*V) = 24— and g (s~ 0FY) =0
for all j € J. Since Ilg (s*(”“)) # 0, s~ is not annihilated after each derivation, we can conclude that
Vie{l,...,0—1}, either n+ 147 >0or n+1+7 < —nyis true. On the other hand, s~+1) is annihilated for all
Jj € J. Hence, there exists a I; € {1,...,© — 1}, such that 0 < —(j +1) —r;, <ny,. ]

In the following proposition, we will give some new conditions on the set E such that in the time domain the
estimator of (") (to) only depends on a unique integral of the measured signal. Before doing so, we propose the
following lemma.

Lemma 2.2 Let f be the Laplace transform of an analytic function f defined by Rt and Ilg be an operator defined by
(10). We split each m; into two terms: my = My + my with 1y € Z* and my € Z forl=1,---,0. Let j = (J1, -y JoO)
be a multi-index of length © and Ej = {(n; — j1,m;)}2_, be a subset of N x Z, then Ilg can be written as follow

s (70) = 3% 3 crck (709). 19)

Jjo=0 Jj1=0

e
where y; = z:mZ +7; and C; = H ej, forl=1,---,0. The values
i=l =l

—1)9t i+ —1)! . .
- (?;)()(«y(ﬁl—j%'l)v if Y41 >0, and I — n, if Y41 >0,
n (m) [vigal! else t min(ng, [y41]), else,
i/ (v [=50)0 ’

forl=1,---,©—=1. Forl =0 we have Ig =0, e, = 1.

Remark 2 Here I, is an operator that can or not be also an annihilator. The criterion is that (9) holds for some
p(s).

Proof: We are going to prove the following relation by induction: for J =1,--- 0,

eld"lA 1 du—a .

Hfﬁds’” ( ) Z Z Crs 577 H sM dsm—it (f( )> (20)

= Jjo=0 js=0 I=J

Initial step: For J = ©, we have

ST (F69) = s e (F9)

Hence, the relation (20) is true for J = © with Ig =0, Co = ¢j, =1 and o = e.
Now assume that the relation (20) is true for 1 < J < ©, this leads to

A 1 dri ° 1 Jgu—a .
:Ulsmz ds™ ('f )) T ogma—1 gna—1 ' ]OX:O ]JZ:O VI H] s dgni—ii (f(s))
nJj—1 1 O 1 dnl—jl R
Il n_ dii-1 1 dni-1—j3i-1 © 1 R
Z Z SmJ 1 Z (‘J 1) dsii—1 <8'Y7> W (H s (f(S))) :

je=0  j;=0 js-1=0 Ji—1

l




If 75 > 0, we obtain
e
1 dv /.,
Il oo (F6)

l=J-1

Io Iy nJj—1 ; . —q © —q
B nj_1 (_1)1171(1]71 +'YJ _ 1)! 1 qnI-1—JJ-1 1 du—n "
=2 2 G ) ( ' ) (vs — 1) sty tii1 dgn-1—ii1 [1 smI dgni—it (f (S))

jo=0  js=0  js =0 N1 =
151 €] 1 g .

= Z Y G I g (190).

Jjo=0 js—1=0 I=J—-1

ny_1) (1)1 (Gy_1+ys—1)!
where I; 1 = nj_1, Cj1 = Cy-ej,_,, €, , = (jffll)( ) CxE=] and yj-1 = v+ Mmy-1 + jjo1 =

e
E ms + Ji-

i=J—1

If v; <0, we obtain

2 ()
J—1

lo i o min("i—:l-i’w) <n.]1) |’YJ|' 1 qri-1—3i-1 ﬁ I A f( )
= J _ my_14vs+J nj_1—j . Jgni—J ( )

jo=0  j,=0 js1=0 Jo—1) (|vgl = gy=1)t smr—1tvstis—1 dgns—1—=is—1 il I dgni—it

1@ IJ—l

© 1 qu—a R
- Z S’)’J 1 71;[ st dgni—it (f(s))’

Jjo=0 Jjr—-1=0 l 1

where I;_y = min(ny_1,|vs]), Cso1 = Cy-€j, ., €, , = (?:}’:)#{;71), and vj—1 = vy +my1 + jio1 =
o

D i+ i

i=J—1

Consequently, we can conclude that the relation (20) is true for J — 1. Thus by induction, (20) is true for any
J e {l,...,0}. Hence, (19) holds with J = 1. |

Proposition 2.3 Let XN(s) be defined by (7) and the annihilator Il be defined by (10), where the m; satisfies the
e

following condition (C3): Zml > 1. Then it yields

1=1
X t
£ {nE (%)} = [ motr)Xn(rar (21)
0
©
where po(T Z Z Cl — )=l rNe with Ng = an —gi, Iy forl =1,---,0, Cy and 1 have
Jjo=0 71=0 ’71 - 1 -1
been defined in Lemma 2.2.
Proof: In Lemma 2.2 weset m; =0forl=1,--- ,© and f = Xy. Asm;=my forl=1,---,0, we have
g ( ) Z Z = dsNO (XN(S)> ' (22)
jo=0 j1=0
e o
Since v; = Zml + ji, condition (C3) implies that we have min ~; > Zml >1,forallle{l,---,0}. Using
=1 0= =1



the classical rules of operational calculus, we get

c-l{nE(ms))}(t):IZ@ o {”N (XN<s>)}<t>

Jjo=0 ]10

Io t
= E E C’l / (t — )=t Ve Xy (1)dr.
. — ’71 - ].
Jje=0  j1=0
]

Corollary 1 Let us consider the annihilator I1g defined by (10) where the set E satisfies conditions (C1) and (C2)
of Proposition 2.1 and condition (C3) of Proposition 2.3. Then an estimator of (™ (ty) is given by:

2™ (tg) = ———— (ro + )’ Z(h/ pr,e(T)y(to + BiT)dT (23)

Cn CTT0+7L
S
where T € D, ¢ is defined by (12), rg = Zml -+ n; and the polynomial pr.e is defined in Proposition 2.3.
1=1

By writing Ry (t) = z(t) — an(t) and y(t) = xn(t) + Ry (t) + w(t), we can obtain from (23) that

(ro +n)!

o) =2 e

Zaz/ pre(T){zn(to + BiT) + Rn(to + BiT) + w(to + fiT)} dr (24)

=2 (t0) + ery (to) + e (to)-
So the estimation is corrupted by two sources of errors: egr, (to) the bias term coming from the truncation of the

Taylor series expansion of the analytic signal x, and the noise error contribution e (t).

Proof of Corollary 1: We start by applying the annihilator IIg to the relation (7) and then to go back into the
time domain.
Firstly, due to the linearity of £~!, we can apply Proposition 2.3. This yields:

L1 {HE (XN(S))} (t) = /Otpt’@(T)XN(T)dT. (25)

Secondly, by applying the result of Proposition 2.1 to (7), we obtain

(n) ¢
(to) gntitro

N
g ZCjS_(j+1)$(‘j)(t0) =cpx
=0

e e
Asry = Z n;+my > Z my > 1 (condition (C3)), then we can go back into the time domain and we have:
=1 =1
-1 o o 1)) b () L
L Iy ;chs ITH 2 (1) =cpéx (t())m. (26)
Finally, since ¢,, # 0, we have
¢
() gy — (ot )t ~
" (ty) = = A pro(T)Xn(7)dr, with t € D. (27)
Recall that Xy (7 Z a;xy (to + B;7), then by substituting zn(-) by y(-) in (27) it yields
i=0
~(n ro +n
™ (to) *C Ct,ﬁnzal/l)t@ y(to + BiT)dr (28)



Here, the variable ¢ is the length of the estimation time interval. The equation (28) has therefore to be considered
for fixed ¢, say t =T € D. |

Remark 3 The corresponding iterated time integrals in (23) are low pass filters which attenuate the corrupting noises,
which are viewed as highly fluctuating phenomena (see [14] for more details).

Remark 4 Note that the noisy function y may not be integrable in (23). This expression is only formal. Usually,
the observation function y is only known on discrete values. Hence, the integral in (23) will be approzimated by a
numerical integration method.

w
Remark 5 We can consider a new family of linear differential operators defined by (8), where IT = ij Hg,, with
j=1
W e N*, p; € R* and I, being defined by (10). Moreover, we assume that the set E; satisfies conditions (C1), (C2)
and (C3). Such affine annihilators help us to estimate (™ (ty), which have the following integral form:

w
~(n ro +n)!
# >(t0):20 Co Tro+nz / pre.(T)y(to + Bir)dr (29)
n VW

j=1
where Cyy = ij ¢(j) and each polynomial pr.e ; defined by (23) is associated to Ilg; .

We have given conditions on E such that the linear differential operator defined by (10) gives an integral estimator.
We will see in the following proposition that we can build some sets E such that the conditions (C1), (C2) and (C3)
are satisfied.

Proposition 2.4 There exzists the sets E = {(n;,m;)}2, for © > 3,0 € N that meet the conditions (C1) and (C2)
given in Proposition 2.1 and the condition (C3) given in Proposition 2.3.

Proof: We are going to prove firstly that there exists the sets E meeting the conditions (C1) and (C2) given in
Proposition 2.1. Each of these sets can give us an annihilator by annihilating all the undesired terms: cjs’(j gl )(to)
in (7) with j # n and keeping the term ¢,s~ "Dz (¢5) at the same time. The construction of these sets depends
on the way of annihilating the undesired terms, but in any case they can be found. We are going to give such a set.

In order to annihilate the undesired terms, it is necessary to let the degree of s be positive. So, we can choose in
particular ng = 0 and mg = —n, we get

1 d"e — n— — n —N—-1+n
e Jane Zc 57U (1) | = cos™ a(to) + - + cn1x™V (t0) + cus T ™ (ko) 4+ -+ ens TV T (1),
. , (30)
Now, we can annihilate the terms cjs_(”l)x(”(to) for j =0,--- ,n—1 by taking ng_1 = n+ k with £k € N, we
get 0< —(j+1)— (ne + mo) <ng_1 for j=0,--- ,n—1 and
N N .
dare-r 1 dre iy . (=) RG+ R
o= (3+1) 1,(5) - AT TR 1=k (5)
dsne-1 gme dgne ZCJS Ta(t) | = ZCJ (j —n)! T to). (31)
7=0 j=n
Then with the same reason, we can annihilate the terms cjs_(j+1)x(j)(to) for j=n+1,---, N by taking mg_1 =

—(N+1+k)andng_a=N—n,weget 0 < —(j+1)— (ne+me +ne-1+me-1) <ne_g for j=n+1,--- ,N and

dnefz

dsne-2
i=0—1

N
1 dre (i ; n n
[ s [ s U e0t) | = cal-1)" W = )ik + m)la (ko). (32)
3=0
Hence, utile here we have found an annihilator meeting the conditions (C1) and (C2). In order to meet the
condition (C3), we can choose mg_2 = |me| + |meo—1| +p+1=N+n+k+ p+ 2 with g € N. Finally, we have
found the set {(n;,m;)}2.o_, that meets the conditions (C1), (C2) and (C3), and the annihilator associated is

N—n n+k
1 AT
3N+n+k+p,+2 dSan danrk

s™. (33)



For 1 <1< © — 3, let us take n; = m; = 1, then the conditions (C1), (C2) and (C3) hold and we have

g XN: c;js” U@ (t0) | = C”(fl)mmj];jgk:ﬂ);ék_j n)ta™ (to) @1:[3(N +n+k+p+ 2i). (34)
J=0 i=1
]
Remark 6 By taking © = 3 the conditions (C1), (C2) and (C3) are then satisfied.
Remark 7 Let us recall the following annihilator used in [35]:
Mp= L O L N Nl ppeN, ke N (35)
wherem; = v, ny =n+k, my=1,ny=N—-—n, mg=—(N+1), ng =0. In particular, we denote it by Hg: This set

E = {(ns,m)}}_, meets also the conditions (C1), (C2) and (C3). In fact, Xn(s) defined by (7) will be a polynomial
of degree N if we multiply it by sV 1. Then we annihilate the terms of degree lower than N —n by applying N —n
times derivations. For preserving the term including =™ (to), we multiply the remaining polynomial by 1/s. In order
to annihilate the other terms including x(i)(to), i # n, we apply more than n derivations with respect to s. Finally, we
multiply by 1/s¥ for obtaining an integral estimator. We will see in Section 3.1 the detailed calculations.

Remark 8 If we take N = n, then HkN: reduces to Iy, = ﬁ . (Z;—trkk - s™. It was shown in [35] that Iy, is an

annihilator where in (7) N =n and Hg: is an affine annihilator of the following form:

N—n [min(n+k,N—n—i)+i

N .
mhr = > aij | Tpy gy With a;j € Q. (36)
j=0 j=i

Inspired by this, let us look at (19) in Lemma 2.2 where g is an annihilator if E meets conditions (C1), (C2) and
(C3). We wonder if the Ilg, are also annihilators similar to the annihilator Iy, n_,, . .. in (36). By assumption,
(S] (C]

the E; meet conditions (C1) and (C2). Moreover, from (C1) and (C2), as v + Zml > Zml, then condition
=1 =1

(C3) holds automatically. Consequently, the annihilator g applied to (7) with N > n will be an affine annihilator of

annihilators U g, applied to (7) with N = n.

3 Parametric pointwise derivative estimation

We investigate in this section some detailed properties and performances of a class of pointwise derivative estimators.
These estimators will be derived from a particular family of annihilators. Moreover, as we shall shortly see, the Jacobi
orthogonal polynomials [43], [29] are inherently connected with these estimators.

3.1 Anti-causal estimator and causal estimator

Let us estimate the nt" order derivative of z, 0 < n < N. To do that, we will use (7) by taking X (t) = x(to + 4t) with
8 € R* and to which we will apply the annihilator Hg: defined by (35). Thus, we will have a family of anti-causal
estimators (resp. a family of causal estimators) if § > 0 (resp. if 5 < 0).

Proposition 3.5 The estimation of the derivative value x(")(to) for any point ty € I is given by:

N—n
~(n 1
xl(fo)(k7uaBT7 N) :Wak,u,n,N Z bn,N,i Kia (37)
=0
with
n+k 1
Ki= Y Gounnyg /0 Pru,N i, (T) Y(BT'T + to)dr,

j=maz(0,k—1)
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_ (cqyrk AR Ny (e
o = 0 Gl b= (U e

(—1)t+d n+k\ (n+i) B
(1/+kij1)!< j )W’pkxw@xj“)—“—

The anti-causal estimator x(n)(k w, BT, N) (8 >0) (resp. causal estimator x(n)(k,u,ﬂT, N) (B <0)) is obtained by
using the integral window [to,to +08T)C I (resp. [to+pT,to)] CI), keN, peN,T>0andv=N+1+p.

— vtk—i—j—1_i+j
Ch,p,n,N,j = 7) I,

Proof: Let X (t) = x(tp + ft) with 5 € R* and ¢t > 0, then (7) becomes

N
Xn(s) =) p's al(t), (38)
=0
where Xy (s) is the Laplace transform of Xy (). We proceed to annihilate the terms including 29 (¢), i # n in the
right hand side in equation (38) by multiplying the annihilator defined by (35):
N L odvtEo1 gNen

ki T gu gentk g deN-m S

with v =N+1+pu, p € N, k€ N. It reads as

N,n (¢ 1 dn+k S % _7’ ‘ n—i—1,.(3)
s (XN) v dsntk Zﬁ T 2 (to)

B™(N — n)!(—l)”“‘k(n +k)!
= sltntkiv

On the other hand, we have

) n+k N-n N‘—n N 1)! o )
(XN) :i d ( i )( + >Sn+z(XN)(Z)

HN,n
s¥  dsntk — (n+it+1)!

kyp

Iz

B Ni:” (N;”)(N+1)!F
=0

—  (n+i+1)!
with i T
n+ n
F= 3 ()t STk (% )09,
(i+j—k—-v)

j=max(0,k—1)

So, we have

Sy+n+k+1 - 5"(714—]6

2™ (t) (—1)n+k =N 1)
= NN — )l ; ((n—i)-i-i-l)! E (39)

with
n+k (n-&-k)(nJrZ) (XN)(er])
it ALt L

j=max(0,k—1)

el

Asv+k—i—j > 1, we can express (39) back into the time domain by using the classical rules of operational
calculus and the Cauchy formula for repeated integrals:

N-—n n+k N—n
oy AT 32 (er "
nTv+n+k ' i
BT (n+ k) par S (n+i+1)!
with ( +k)
(-t (Tt / R
A= T _ pyvtk—i—j i+j Vo
T wHk—i—j -0 (i+5—k) ) (T =) TN (BT + to)dT

By replacing x5 (67 +to) by the noisy observed signal y(37+to), a family of estimators can be obtained, which are
parameterized by k, u, T and N. We can achieve the proof by applying the following change of the variable: 7 — T'1
|

11



Remark 9 Since the set E = {(n;,m;)}?_, given in chvun meets the conditions (C1) and (C2) from Proposition 2.1
and the condition (C3) from Proposition 2.3, the above proposition can also be obtained by using Corollary 1.

Remark 10 The algebraic manipulations in the above proof correspond to a linear operator:

N,n -1 (_1)n+k N,n
Hk,u,T =I,0oR,0L; o {ﬂ"(n+k)!(N—n)! .Hk’# , (41)

where /.3;1 s the inverse linear operator passing back into time domain at point t = T and its restriction in the
continuous functions space is injective. The operator R, is the linear operator replacing xn(7) by y(7), and I, is the
linear operator taking the change of the variables to [0, 1].

Remark 11 Let us look at the formula ofxtn)(k w, BT, N) given in (37), if 8 > 0 (resp. if 8 < 0), we can take X (t) =
x(to+1t) (resp. X(t) = x(tog—t)) and then have an estimator ajgo)(k:,,u,T, N) that will be equal to igg)(k,,u,ﬁT, N), if

we take T = BT. So we can assume that 3 = +1. When 3 = 1, we denote the anti-causal estimator by ig:i (k,pu, T, N),

when 3 = —1, we denote the causal estimator by 5c§0"3 (k,pu,—T,N).

~(n)

to4

(see [35]). They estimate the n'* order derivative from an n' order truncated Taylor series expansion. Moreover,

we denote the bias term errors in these minimal estimators by eR (to; k, u, £T) and the noise error contributions by
(t07 k s My :l:T Tl)

Remark 12 If N = n, we use the simplified notations T (k,u,:I:T) and call these estimators minimal estimators

3.2 Affine estimator

The estimator defined in Proposition 3.5 can be written as an affine combination of some minimal estimators by using
(36). This affine estimator corresponds to a point in the Q-affine hull of the set

Stpucera = {F0L (K +qu, +T), .. @7 (b p+ g, £T) | with g = N . (42)

tot +

A new affine estimator was introduced in [35], that corresponds to a point in the R-affine hull of the set (42). So, it is
clear that any point in this set will represent an n'” order derivative estimation of x(t) at point ¢¢, in some meaningful
sense. Characterizing those points which minimize a given distance to x(”)(to) is an important question.

Definition 3.6 Let n, N, k, u € N and a real ¢ € [0,1], then we define an affine anti-causal estimator of the n'"
order derivative of x at tg by

w40 (b, 1, T, N, €) ZAz €)@y (ky, u,T), (43)

with [to,to +T)] € I and an affine causal estimator of the n'™ order derivative of x at to by

q

B (ki TN, E) 2 =S (&) 30 (kay pu, —T), (44)
=0

with [to — T, to] € I. In these two cases, \i(§) € R and (k) = (k+q+1,p+1).

Proposition 3.7 [35] Let :ig;l) (kypu, T, N, &) be an affine anti-causal estimator and xt (k w,—T,N,&) be an affine

causal estimator. Assume that ¢ < k+ n with ¢ = N —n, then for any £ € [0,1], there exists a unique set of real
coordinates N\ (&) € R, for 1 =0,...,q, such that

2 (k,p, £T, N, €) = a2 (£T€) + X (to; k, u, £T, n, N, €), (45)
where
q k
(PPH(7), 2™ (T + ¢
o) (4T) Z Hpk,ﬁng ) ph ) (46)
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and

q

e;(t(h k? My :l:Tv n, N7 6) = Z )‘l(g) eiv:(th kh Hi, :l:T7 TL) (47)
=0

The Pik’” denotes the Jacobi polynomial and x(L"S)’q(j:Tg) denote the least-squares ¢*" order polynomial approzimation

of (™ (-) in the interval [to, T + to] (resp.[~T + to, to]).

q
Moreover, these coordinates satisfy Z A€ =1.
1=0

Proof: See [35] for the original proof. ]

Remark 13 It was shown in [35] that the affine causal estimator ig?) (k,p,—T, N, &) produces a time-delayed esti-

mation of value T = TE. We always take the smallest value of & among the roots of the Jacobi polynomial qu_;_“l, such
that the affine causal estimator may be significantly improved by admitting the minimum time delay.

Remark 14 The calculation of \i(§) for 1 =0,--- ,q is obtained in [35] by the following formula:

A(E) = @71 B by (6), (48)
where
Ao(€) bo,q (&) i 0
AE) = : » be(§) = : , &= ; (49)
Aq(§) bg,q(§) 0 o,

. k4+2q—(i+7),u+(i+7j . _ P
with Bij = (g DR, for 0 < i < g, bg() = (DA -8, @ = P and i =

(puthyt2ntl)! for 0 <1 < q. Since \i(§) also depends on the parameters k and p, we denote it by N(&, k,p), for

(pi+n)l(ki+n)t”
l=0,...,q.

Remark 15 [35] When & = 0, the estimators a},ﬁfj) (k, u, =T, N,0) are equal to 7 (k,u, =T, N) defined in Proposition

+ tot
3.5. So Proposition 3.7 gives a general anti-causal estimator and a general causal estimator. They can be written as

1
55%2 (ka M, iTa N? 6) = / pk,u,iT,mN,E (T) y(iTT + tO)dT7 (50)
0
where py .. +T.n,N,¢ are the associated polynomials.

Remark 16 Since N = n for minimal estimators , y(£T7+tg) = xp(£T7+1t0) + Ro(ETT+t0) +w(ETT+tg) where
R (£T7 +to) = 2(£T7 +to) — 2 (£TT +to). The estimations of (™ (ty) are given by (50) and they are corrupted by

two sources of error: eﬁn (to; k, p, £T, N, &) the bias term errors which come from the truncation of the Taylor series

expansion of the analytical signal x and the noise error contributions eX (to; k, pu, =T, n, N,€). They are given by

1
eﬁn(to;k,u, +T, N,f) :/ pk,,u,:tT,n,N,g(T) Rn(iTT+t0)dT, (51)
0

1
61:5 (t07 ka Hy :l:Ta n, N7 f) = / Pk, =T n,N,¢ (T) w(:l:TT + tO)dT' (52)
0

3.3 Analysis on the bias term error
3.3.1 Analysis on the bias term error for the minimal estimators
In the following proposition, we will give the lower and upper bounds for the bias term errors eﬁn (to; k, u, £T) for the

minimal estimators ig:i (k, u, £T') defined in Remark 12.

13



Proposition 3.8 Let irt:i(k,,u, +T) be minimal estimators (see Remark 12), then

k4+n+1 k4+n+1

_ inf (0, <et (¢ koo T) < ——m8 ——— su 2 (0,). 53
wHk+2n42 to<0y<to+T (0+) <€, (toi k1 T) < p+k+2n+2 t0<9+<pto+T (6+) (53)
k+n+1 (n+1) _ k+n+1 .
- su " 0_) <erp (to;k,pu,-T) < ——m—— inf 2D (9_). 54
w+k+2n+2 to_T<£)7<t0 (0-) < R"(O a )< pwHk+2n+2 t-T<0_<to (6-) (54)

In order to proof this proposition, an expression of eﬁn (to; k, p, £T) is given in the following lemma.

Lemma 3.9 The bias term errors eﬁn (to; kyp, £T) can be written as:

(k+p+2n+1)
(k+n)!(p+n)!

+ ! ! +n__k+n (n) (n)
R, (to; by p, £T) = / (1 =m)"r (a: (£TT+ 1) —x (to)) dr. (55)
0

Proof: Firstly let us calculate the bias term error egn (to; k, p, T) for the minimal anti-causal estimator i:,g:i (k,u, T).

In order to do this, we need to apply the annihilator II}; , defined in Remark 8 to (38) where N =n and § = 1. So,
by coming back into the time domain, we have

_ N _(i41) (6 + k)
L 1 n (i+1) ,.(2) t — (-1 n+k (TL Tk+ﬂ+2n+1 (n) ). 56
{ (X_) wOto) | 1 = () 2 t0) (56)
On the other hand, by using the Cauchy formula and the classical rules of operational calculus, we obtain
1 % (_1)n+k g + +k.(n)
L—{" (Xn)}zi/ T — ryrtugntha () (0 4 t0ydr, 57
k,p (M+n)' 0 ( T) T (T 0) T ( )
Then, it yields
T _ n4up -n+k
(n) _(p+k+2n4+1)! (T —r)"tir ()
R ey S e (58)

Consequently, we obtain the expression of egn (to; kyp, T):

| T o n+u . n+k
(u+k+2n+1)./ (T — 7)nthr (x(T+to)—xn(T+to))(n) dr
0

+ (4. —

eRn(to,k»/in) - (,u—l—n)'(k‘—l—n)' Th+k+2n+1
_ (ptk+2n41) /T (T —r)ternth
C (pAEn)l(k+n)t Jyo etk

(m(") (T +1t0) — x(")(to)) dr.

Finally, by changing of the variables 7 — T'1, we get

(k+p+2n+1)!
(k+n)l(p+ n)!

1
eh (toik, 1, T) = / (1= 7yt (aO0(T7 4 10) = 2 (1) ) dir. (59)
0

In order to calculate the bias term error ey (to;k,p, —T) for the minimal causal estimator @gji (kyp,=T), T is
changed by —T in (59). ]

Proof of Proposition 3.8: As 2™ (+£T74tq) — (™) (ty) represent the remainder terms of the Taylor series expansion
of (") we obtain by applying the Lagrange form that

2M(Tr 4+ t9) — 2 (tg) = 2TV (0T, with to < 04 < to+ T, (60)
2 (=T1 4+ to) — 2™ (o) = =z (O_)T'r, with to —T7 < 0_ < tg. (61)

So, (55) becomes

(k+p+2n+1)
(k+n)!(p+n)!

| 1
er (toyk, p, £T) = + T / (1 — p)ptngktntl (9, ) dr. (62)
0
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Since (1 — 7)rtnrk+ntl > 0 for any 7 € [0, 1], we obtain

(1 — g)ntnphtntl . inf x("+1)(0+) <(1- T)“+”7k+n+1m("+1)(9+) < (1 — 7)wtnphtntl sup x("+1)(9+)
0<04 <to+TT to<O0p <to+TT

and then

(1 — r)ptnphtntl t inf 2 (0,) < (1 — 7)ptnphtntly(bl) (g ) < (1 — r)ptnpktntl sup  z"tD(6,).
0<9+<t0+T t0<9+<to+T

pAn ktntl g (kbntDl(udn)!

ETESTRT N Consequently, we can deduce that

Moreover, we have fol(l —7)

k+n+1

k+n+1
—— i rt0(9,) < et (tork,p, T) < (1) (g Y. 63
w+k+2n+2 1‘/0<9f1<to+Tac (0+) < eRn( 0;k, 1, T) Sup xz (0+) (63)

- ,LL+]€+27L+2 to<O04 <to+T

Similarly, we obtain

k 1 k 1
__hAntl sup 2TV < en (toik,p, —T) < B S inf ().
wHk+2n4+2 1o <t " pwHk+2n+2 to-T<0_<to
|
We can observe that %T is increasing with respect to k and T' and is decreasing with respect to p. So we

will take the values of k and T as small as possible and take the value of p as big as possible in order to reduce the
bias term errors for the minimal estimators jggi (kypu, £T) .

Remark 17 In fact, as it was shown in [35], the value %T 1s the delay in the minimal estimators thoi (k,pu, £T).

Consequently, by minimizing this delay we may also minimize the bias term error.

3.3.2 Analysis on the bias term errors for the estimators of the first order derivative

Now, let us consider the bias term errors for the estimators of the first order derivative. By using Proposition 3.8, we
can obtain the two following inequalities of the bias term errors for the minimal anti-causal estimator and the minimal
causal estimator:

k+2 k+2
———Tmf <ef (k,u,T) < —————Tm;. 64
N+k+4 my —6R1(7,U/7 )_,U,+]€+4 My, ( )
k+2 _ _ k+2
——T < kop,—-T)< ————Tm, 65
,LL+]€+4 ml—eR1(7lu7 )— M+k+4 My, , ( )
where m)” = inf (0 ,mi = su (9 ,m;, = su @ (0_)and m; = inf = (_).
! to<O4<to+T (64), i t0<6+<pto+T (6+) ! t07T<£_<t0 (6-) Y tg—T<0_<to (6-)
The affine estimators defined in Proposition 3.7 with N = 2 and n = 1 are given by:
Tt (ks 11, T, 2,6) = (& by )y, (ks p+ 1, £T) + o (&, k, )iy, (k + 1, 1, £T), (66)

where A1 (&, k, 1) = (k+3) — (u+k+5)¢ and \g(&, k, 1) = 1 — A1 (&, k, 1) are calculated according to (48) (see [34] for
the detail).
So we can get the bias term errors for the affine estimators

eil (t07 k‘7/’45 i717 2a§) = A1 (ga kuu’)eﬁl (t07 k7/”' +1, iT) + )‘O(ga k7/”')e§1 (t07 k + 17Ma j:T) (67)

By using (62), we obtain

% (to; = _(ktpt 4! /1 _\ut2_kt2(2)
ialloi ko 21,2, = £ MGk gy gy, T e B
(k+p+4)! /1 L as )
[CE e - 68
i/\O(g’k’“)(k+2)!(u+1)1T ; (I —=m)tm om0, )dr (68)
_y tpta)t /1 sz (@)
= E G ra ] ), Pewem =) (6 )dr,

where pi (7)) =(k+2) (k+3) —(u+Ek+5)E) +[(p+2)—(k+p+4) ((k+3)— (p+E+5)E)]T.
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Remark 18 If we take £ = %, then we will obtain 6;1 (to; kyp, £T,2,€) = eﬁl (to; kyp, £T) and

%toﬂ: (k’ p, £T, 275) = ‘%toj: (k7 M, :l:T)

We are going to give the lower and upper bounds for ele (to; k, p, £T,2,€) in the following proposition. We denote

k E E '
the root of pi ,.¢(7) by 70 = (u+2)( (Z?}EEA*)‘?()]CJF(%-S- (:i)}fjrs) g and I = I3 i, u e(m)(1 — 7-); H1rh+2dr where 0 < a < 1.
Moreover, we denote m_! , = inf (0 mt = sup 0 = sup @ (6_) and
To.l to<04 <to+TTo ( +) o t0<9+<t0+T7—0 ( +) Mol = to—TTo<0_<to ( )
Mmoo, = inf @ (6.).
’ to—TT1o<0_<to

Proposition 3.10 Let %toi (k, u, £T,2,€) be affine estimators, then

(k+p+4)! £+ (k+p+4)! +
———TM;" < tosk, u, £7,2,€) < TM 69
(k+ 2 (p+2)" < iy (foi b, £T,2,6) < (k+2)l(p+2)" " (69
where
ITOnfOJ +(h = Ly)mE,  if 0<&< A2
+ : k42 k+3
Mr =< Limp, . if kz:;ﬁ << s (70)
LymE A+ (L= L) mi, if s <6<,
and
Lymi 4+ (L —Ly)mi, if 0<¢< A2
ME={ Lmf, if k{-:}) s¢s kf:is’ (71)

I‘Fom7:—t0,l+(I1 _I‘Fo)mfv Zf

<¢<L

Proof: From (68) we have py . ¢(7) = (k+2)A+ ((p+2) — (k+p+4)X\) 7, where A = (k+3) — (u+k+5)¢. We are
going to study the sign of this polynomial in the three following cases.
Firstly, if (u+2)—(k+p+4)A = 0d.e. A = then pg ¢(7) > 0for 0 < 7 < 1. Secondly, if (u+2)—(k-+p+4)A >

k+;¢+4’
0i.e. A< kiu—&-4’ then we need to take
—(k+2)A
> 10 = 72
TET T T ) — (ht pt A (72)
0 as to P, u¢(7) > 0. However, since k+2 > 0 and ((u +2) — (K + p+4)A) > 0, then we have Bk L S )

(T R ey
for A > 0. Consequently, if 0 < A\ < ki+—2+47 then py ,(7,£) > 0 for 0 < 7 < 1. Moreover, we have 0 < 79 < 1 for any
A < 0. So we can deduce for A < 0 that py ,.¢(7 )>Of0r7'0<7'<1andpk“§( )<0for0<7<T7g.

Thirdly, if (u+2) = (k+p+4)A <0ie A > o0 +4, then we need to take

—(k+2)A
(u+2)—(k+p+4)X

T<T)=

(73)
s0 as to pyue(7) > 0. However, if ki+3-4 < A < 1, then we obtain 79 > 1 so that pg,.¢(7)
Moreover, if A > 1, then we have 0 < 79 < 1. So we can deduce for A > 1 that py ,¢(7) > 0
Prpe(T) <0for 1o <7< 1.

Let us recall that A = (k+3) — (u+ k +5)¢ and 0 < ¢ < 1. Consequently, we can conclude that

>0for 0 <7 <1
for 0 < 7 < 79 and

Prpue(T) >0for 0 <7 <7 and pge(t) <Oforp <7<1 if 0<¢< K2

. L e
Prue(m)>0for 0<7<1 if i <6< prhE (74)
Ppe(T) <0for 0 <7 <19 and pyue(r) >0formg <7<1 if kf‘*‘f’rs <€£<1,

Now, consider the case where 0 < ¢ < ¢ +i5. Then we obtain that for 0 <7 < 71y

Eprpe (1) (1= TP 2mE < dpp e (1) (1 — 7)) (04) < pp e (1) (1 — )P A2t (75)

TOZ - To,U’?
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and for p <7 <1
Pt (T) (1= T2 mE < dpp e (1) (1 — )P PR (0,0) < dpp e (1) (1 — 1) P 2miE,

By integrating (75) on the interval [0, 79], we obtain

To

:l:ITomfo,l < :l:/ Prope(T)(1 = T2 (0 ) dr < +1,, mE
0

TO,U?

and by integrating (76) on the interval [7, 1], we obtain

1
+(I — I,)mE <+ / Propue(T) (1 — TP 22 (0 ) dr < +(1) — L, )miE.

70

k+2 .

Consequently, we obtain two bounds for the bias term errors for the affine estimators when 0 < § < s

(k+p+4)!
(k4+2)!(p+2)!

(k+p+4)!

TMZE < et (to;k,p, +T,2,6) < £ 2
1 7631(07 s 1y ) 76)— (k—|—2)'(,u+2)'

TMZ,

where MljE = Lymg I + (I} — I;,) m¥ and MF = ITOmfmu + (I — I,) mli.
The two other cases for £ are obtained similarly.

In the following example we compare the bias term errors with their bounds. We assume that x(¢) = tanh(t — 1) +
exp(—t/1.2)sin(6t 4+ m) for 0 < ¢ < 5. In Figure 1 and Figure 2 where k = y = 0 and T = 0.3, we can see that the

bounds for the bias term errors are near optimal.

For the minimal anti-causal estimator For the minimal causal estimator

(a) 6E1 (k,p, T) and its bounds (b) eg, (k,pu, =T) and its bounds

Figure 1: Comparisons between the bias term errors for the minimal estimators and their bounds

3.4 Central estimator

The bias term error plays a key role in the total error. So we consider now the two following functions in order to
reduce the number of terms in the remainder term of the Taylor series expansion. For any tg € I and for ¢t > 0, we

consider

X (t) = %(:z:(t +1t9) —x(—t+1t)) and XT(¢) = %(x(t +to) + z(—t + to)).

Take the N order truncated Taylor series expansion of z. It yields

X]G(t) = % (.QfN(t—Fto) — l‘N(—t—i-to)) and X]—G(t) = % (Z‘N(t +t0) —I—JZN(—t—l-to)).

17



For the affine causal estimator with £=0.3

For the affine causal estimator with £=0.8

-8

(a) €R, (k,p, —T,2,€) and its bounds with £ = 0.3

(b) €R, (k,p, —T,2,£) and its bounds with £ = 0.8

Figure 2: Comparisons between the bias term errors for the affine causal estimator and their bounds

If N € Nis odd, then

— 2 . — ay
Xy(t) = ¢ t d X = Yt
N( ) v (22 I 1) T ( 0) an ( ) v (QZ)I:E ( 0) (80)
If N € N is even, then
%_ tQi-‘rl (24+1) . % t2i (2)
Xyt) =S ————a@ d Xt —— 2 (1y). 81
N() P (21_’_1)'1} (0) an N() P ( )'.’II (0) ( )

So, X contains the values of the odd order derivatives at ¢, and Xf\',

derivatives at tg.

combination of anti-causal estimators and causal estimators. We call them

central estimators.

contains the values of the even order
In the following proposition, we are going to give a new family of estimators based on an affine

Proposition 3.11 The central estimator mt )(k w, T, N) of the derivative value (") at any point to € I such that

[to—T,to+T) C I with T > 0 is given by:

n\ N even odd
even 3 (@] e TN + 30 (., =T, N) ) 3 (@) G TN = 1) + 8 (1, =T, N = 1))
odd | (800 (k1 TN =)+ (b= 1, ~T.N = 1)) | § (20 (k= 1Lu, TN) + 30 (k= 1,p, =T, N))

where k € N and pp € N.

Remark 19 When k = 0 these expressions still have sense, since in (37) the terms of itoni (=1, 4, £T, N) are defined.

Proof: The proof of this proposition is smnlar to the one of Proposition 3.5. For this, we use the differential operators

defined by (41) of the following form: H,C LT if n and N are odd, H;CV 11#"T, if n is odd and N is even, IT"

N,
is even and N is odd, II, ", if n and N are even.

,n

k,p, T

if n

to X (t) which is defined by (80), we

ko, T
For instance, if n and N are odd, then by applying the operator H,ICV_”; T
obtain
:Z:t() (k‘. M?T N)
N—n n+k—1 1
1 1
:7(7_‘)” Qk—1,u,n,N Z bn,N,i Z Ckfl,;t,n,N,j/ Pk—1,u,N,i,j (7_)5 (y(T’T + to) — y(—TT —+ to)) dT,
i=0 j=max(0,k—1—4) 0

18



where ag—1,0,N5 bn,Nis Ch—1,un,N,; a0d D1, n,i,;(T) are defined in Proposition 3.5.
According to (37), it yields

#52) (h p, TN) = 5 (350 (6 = 1, T N) = (<152 (k — 1, ~T, )

tos

1 ~(n ~(n . .

=3 (xgol(k: —1,u,T,N)+ xtoz (k—1,u,—T, N)) , since n is odd.

The calculations in the other cases are similar. |

Remark 20 For odd n and N, we denote by e (to; k, 1, Tyn, N) the noise error contribution for the central estimator.
Then we have

1
€w(t0; k7/1/a T,’I'L,N) = 5 (e:—_,v(t07k - 17/j/a T,TL,N) + e;(th k— 1>Ma —T,’I’L,N)) .

When n and N are odd, we can introduce a new family of affine estimators which are an affine combination of these
central estimators. As we can see in the following proposition that they are issued from the sum of the projection of
[X~]™(.) into the Jacobi polynomials basis and a term due to the noise.

Definition 3.12 Let n, N be two odd integers, i € N, k € N* and a real £ € [0,1], then we define an affine central
estimator of the n'" order derivative of x(to) by

& (ke 1, T, N, €) < = &)™ (ky, u, T), (82)

OM@

where [to — T, to +T] € I, \i(€) € R and (ky, ) = (k‘—l—q +ip+1).

Proposition 3.13 Let ig:) (k,pu, T, N,§) be an affine central estimator where n and N are odd. Assume that q <
k—1+4n with g = N —n, then for any € € [0,1], there exists a unique set of real coordinates \j(§) € R, forl =0,...,q,
such that

B0 (k. T, N, €) = [X N0 (T€) + e (to; K, 1, Ty, N, €), (83)
where
q k—1,p —1(n)
1 ¢ (B (), [XT]"(TT)) e,
R I 80
and
1
ew(to; Ky, Tyn, N, &) = 3 (e;(to;k —1,u,Tyn,N,&) 4+ e_(to; k — 1, , —T,n,N,f)) ) (85)

(n)

PF11 denotes the Jacobi polynomials and [X ~ I q

of [X7]1™)(+) in the interval [to, T + to).

(T€) denotes the least-squares ¢ order polynomial approzimation

Proof: Using Proposition 3.11, \;(&) € R, for [ =0, ..., q, we have

q q

_ gy _n
>N 3y ey, T) = D M(€) 5 (xﬂ (ks —1,m,T)+x,EOf(kl—1,ul,—T))
1=0 =0

_ 1L
M) &) (k= L, D)+ 5 D N(©) 1y (ki — 1, =T).
=0

I
N |
- -

l

Il
o

Since ¢ < k — 1 + n, we can choose \;(¢) defined in Proposition 3.7. By using the definitions of affine central
estimator, affine anti-causal estimator and affine causal estimator we have

zq: Pk bE(r),1/2 (x(”')(TT+t0)—|—x(")(—TT+t0))>Pk_L#(§)
i=0 [Tl & '

1
+§( (to,k—1,M,T77’L,N,§)+€;(t0;k—1,/,L7—T,’I’L,N,§)).
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By denOting ew(to; k7/’LaT7 TL,N, g) = % ( ;(t07 k — 17/’65 T7n7 N7§) + e‘z;(t07 k — 17/’[/7 _T7 n, N’ 5))’ the pI‘OOf can be
achieved by using the fact that [X ~]"(T'r) = & (z("(T'r + to) + 2™ (=TT + t5)), since n is odd. |

Remark 21 As in the above proof, we have another expression for & xt (k; w, T, N, &):

t0+

B (b, TN, €) = o (800 (6= 1, TN, €) 4+ 30 (k= 1,0, ~T, N,6)) (86)

Moreover, according to Remark 48, (&) also depends on the parameters k and p. We denote it by N (&, k, 1) and we
have \(&, k, ) = N(&, k — 1, 1), where the \(§,k — 1, ) is given in Proposition 3.7, for | =0,...,q

4 Analysis of the noise error contribution in discrete case

Assume now that y(¢;) = x(¢;) + w(¢;) is a noisy measurement of z in a discrete case with an equidistant sampling
period Ty, where the noise w(t;) is a sequence of independent random variables with the same expected value and
the same variance. The estimate of the n'” order derivative of the signal is given by (23) which can be rewritten as
follows:

(ro +n)!
cpCTrotn—1

1
7(n) (to) = / pr.e(TT) Z ayy(to + B,T'7)dr (87)

~=0

Since y(-) is a discrete measurement, we need to use a numerical integration method in order to approximate the
integral value in (87).

4.1 Analysis with a known noise

Let f be a continuous function defined on a bounded interval f : [0,1] — R. By applying a quadrature formula, the
numerical integration approximations of the integral I = fol f(z) dx are given by:

M-1 l
L= YY" hY bif(zg_); + cih), (88)
j=0 i=1

where M and [ take values in N*. As m = M(l — 1), we deduce that h = ﬁ and x; = # for i =0,---,m. The nodes
c; are equal to ¢; = % and b; are the weights of the different classical numerical methods used. For instance, for

1 <7, 0b; are given in [27]. By applying a numerical integration scheme to (87), it yields

M—1
7“0 + n
APUELI S ST ZW to+ 8,773, (%9)

7=0 i=1

where 7; j = 7;_1); + ¢;h. Consequently, the noise error contribution e (fg) can be given, in the discrete case, by

ro—l—n
ewm(to) = h——F— o e Trotn Z szpT@ TTi ;) Zaw (to + ByT'T; 5). (90)
=0 =1

Remark 22 If we apply a numerical integration method, then an error occurs from this method. Then (24) becomes

2 (t0) = 2™ (L) + em(to) + ery.m(to) + €w.m(to), (91)

where fglf) (to) is the estimation of the n'" order derivative of x in the discrete case, ery m(to) is the bias term error

and e, (to) = xgg)(to) — 2" (to) is the numerical integration error.

As emom(to) is a finite sum of independent random variables with the same expected value and the same variance,
we can compute the expected value and the variance of eg m(t9). To do this, let T' = {(v,4,7); 0 < v < L,1 <
i <1,0<j<M-1}and 'y = {(7,4,5); (7,%,4) € I such that I(y1,i1,j1) € I, B4, Ti,,j; = ByTi;} be two sets of
discretized indexes. I\ T'y denotes the set of indexes of all distinct values of y in (89). From all the values (8,7; ;
where (7,1, j) € Ty, we define the set @ by setting these values in an increasing order i.e. Q :={gy,1 < g < Lo} where
Ly = card(Q). Then, we can give the expected value and the variance of e (o) in the following proposition.
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Proposition 4.14 Let w(t;) be independent random variables with the same expected value & = E[w] and the same
variance 3 = var[w)]. The expected value of e m(to) is given by

L M-1 1
Elew m(to)] = ji;goj__nnl <Z ) Z ZbiPT,e(Tﬂ,j), (92)

and the variance of e m(to) is given by

var(es,m(to)] :C—i(A + B), (93)

2
Lo
where A = Z b2pT o(T'7; ;) and B = Z Z a~ bipr.e(T'T ;)
(7,4,4)€L/ To 9=1 \ ¢g=B~Tij
(v,i,5)€To

Proof: It is clear that

+
Elewm(to)] = h—ro ™! Z szpT@ T7: ) Zav w(to + B,T7: ;)]

Cn & T’I"OJr’I’L 1

7=0 i=1
-1 1
ah r0+n
=0 j=0 i=1

In order to calculate the variance of ey, (to), it is enough to write e ., (to) with independent terms. According
0 (90), we have

’I“o + n
coint) =12 5SS (s o+ 5,71
7=0 i=1~v=0
(7“0 + n)!
= o1 Y bipre(Try)ay@(to + 5, T7,)
('v i,j)€T/ To

7“0 + n
et 12 > bipre(Tri;)ay @(to+ Tay).
9= 1’19 ﬁ'y"'z e

(7,3,5)€l0o

Finally, by applying the classical additive property of the variance function we obtain (93). ]
Now we can give two bounds for e m,(to). By using the Bienaymé-Chebyshev inequality, we obtain that for any

real number vy > 0O:
r <€w7m<t0) - E[ew,m(tO)H > Y Var[ew,m(tO)]> < %
1
r <|ew,m(t0) — Elewm(to)]| <7 Var[ew,m(to)o >1- e

Then,

i.e.

1
ew.m(to) € |M;, M| with a probability > 1 — ot (94)

where M) = Elew m(to)] — v/ Varles m(to)] and My, = Elew m(to)] +vv/Var(es m(to

Remark 23 Since the probability that the noise error contribution bound is not precise in general, it is better to
calculate the distribution of the noise error contribution when it is possible.

21



4.2 Error estimations of the first order derivative due to a gaussian noise

We assume in this section that the discrete noisy measurement is written as y(t;) = z(t;) + Cw(t;), where C' € RT,
and the noise w(t;) is a sequence of independent random variables with the same standard normal distribution
(w(t;) ~ N(0,1)). So the error e, (ty) is also a gaussian random variable. Since e (to) ~ N (& () (with
& = Eles m(to)] and B = var[ew.m(to)]), we have

ewmlte) & {o}—2 B,d+2\/ﬂ .

As the expected value of the noise is equal to zero, then according to Proposition 4.14, Elew m(to)] = 0. As the
polynomial pre(-) is known, we can compute var[es m(to)] by using Proposition 4.14 so that we can find out two
bounds for the noise error contribution e, (to).

In the next subsection, we are going to give the expression of some first order derivative estimators of . We will
also give the bounds for the associated noise error contributions.

4.2.1 Noise error contribution for some estimators

Let N =n=1and 8 = +£1 in Proposition 3.5. The minimal estimators are written in the following form:

1
Fopy (ky pty £T) = / popsr () y(£TT + o) dr, (95)
0
where

pigar() = 2 BB (g k) (-t (96)

T AT (k+D)!(u+1)
The affine estimators @, (k, i, +T,2,€) are given by (66):
‘%to:t (k7 M, :l:Tv 27 5) = A1(57 kv :u');:toi (kv H + 17 :l:T) + )‘0(67 k? M)‘%toi (k + 13 My :I:T)v

where A1 (&, k, 1) = (k+3) — (p+k+5)¢ and Ao(&, k, 1) =1 — (& k).
According to (95) and (96), it reads

1
%toj:(kv,uviTa27£) :/ pk,u,:ﬁ:T,f(T) y(:tTT+t0) dT7 (97)
0
where ) PN
Pl (r) = e I (= 1 e+ o), (99)
with a = (u+k+3)(u+k+5) [(n+k+4E—(k+2)], ap = —(k + Dk +2)[(k+3) = (u+k+5)¢, a1 =

(k +2) [(2k% + 2kp + 12k + 5+ 16) — 2(u + k + 3) (1 + k + 5)€].

If we replace y by w in (95), then apply a numerical integration method, we obtain for the minimal estimators the
noise error contributions denoted by e;m(to; k,u,£T). They are bounded by

N 95.5%
lem m(tos by, £T) < M (K, p, £T), (99)

where MZE(k, pu, +T) = 2\/var[e$,m(to;k,,u,:|:T)]. For the affine estimators, if we replace y by w in (97), then by
applying a numerical integration method, we have

+ 95.5% +
‘ew,m(to;k7u>iTa2a€)| < Mm(k7u7:tTa2u€)7 (100)

where e;m(to; k, i, +£T,2, €) are the noise error contributions, and M= (k, i, £T,2, €) = 21/ varles m (to: k, p, £T,2, €)].

m

Remark 24 As for any to € I,var[w] = 1, according to (93), we deduce that varleZ ,, (to; k, u, £T)] and
var[e;m(to; k,p, £T,2,€)] do not depend on to, so as to ME(k,p, £T) and ME(k, u, £T,2,€). Moreover, we have
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Mrj’;(kauvT) = Mﬁ(kaﬂv _T) and M;;(kvl’éaTaQ,é-) = M,,;(k,/.lz, _Ta27€)

The central estimator can be given as follow by taking the formula in Proposition 3.11 with N =n = 1:

~ 1 g T
xto(anﬂT) = 5 (xt0+(k - 17.uaT) +.’Et0_(k - 13:“'7 7T))

. 101
P (®) T t0) —y(-Tr 4 t0) dr, ik 1, (101)
3 Jo P10 (r) (W(TT+t0) —y(=T7 +to)) dr, i k=0,
where pg_1,,,,7(7) is defined by (96), and p_1 , 7(7) = %(1 — 7)H is calculated according to Proposition 3.11.

If we replace y by w in (101), then apply a numerical integration method, we obtain for the central estimator the
noise error contribution denoted by e m (to; k, g, T'). It is bounded by:

95.5%
|6m7m(t0;l€,,u,7T)| < Mm(kv.uvT)v (102)

where M, (k, 1, T) = 2\/var(em m(to; k, 1, T)].
Finally, taking the affine central estimator defined in (86) with N = 2 and n = 1, we have for k& > 1

N 1/ m (n
Ltq (kauaTv 275) = 5 (xft(p)r (k - 17/”” Ta 276) + xgoz (k - 17//6’ _Ta 276))

1

1
5/ Pr—1,,1¢(T) (YT +to) —y(—=T7 + o)) dr,
0

where pr_1,,7,¢(-) is defined by (98). Moreover, we have also for k& > 1:

= 1/ (n ~(n
xto(kaM7T727 ) = 5 (mgoi(kj - 17/”” T527£) +$£Oz(k - LMa _Ta27£))
Ty (k—1u4+1,T)+ &y (k—1,p+1,-T)
= M€k — 1)t 7
g kv aT +7 kv 7_T
ofe k- 1, a1 T) 2%_( v t)

— )\I(Eak - 17/1)97%0(]‘5’# + 1aT) + (1 - )\1(5,1{3 - 17”))‘%750(]{; + 17M7T)

Now, we are going to define &, (k, i1, T, 2,¢) for k = 0. Denote it by @, (i1, T,2,€). It can be given in the following
form:

%to (/~L7Ta 2;5) = Al(f» _17M)*%t0 (Ovu + 17T) + (1 - )‘1(57 _1»/1'))17'750(17/1311)' (103)

According to (101), we have

. e
Ty (1, T,2,8) = 5/ (A& =1L w)p_1 pr1,r() + (L= A& =1, 1))pourr)) W(TT +to) —y(=T7 + to)) dr
0

1

1
=5 | e T +10) ~ y(-T7 +10)) d,
0

where p_y e = 7 (1 +2) (0 +3) (10 +3)€ = 1) (n+4)7 = 2(u+ 4)E +3) (1 — 7).

If we replace y by w in the affine central estimator, then apply a numerical integration method, we obtain the
noise error contribution denoted by e m (to; k, p, T, 2, ). It is bounded by:

95.5%
|€w7m(t0;k,M,T,2,f)| S Mm«(khuvT327§)a (104)

where M, (k,u,T,2,£) = 2\/0ar[ew’m(t0; k,p,T,2,8)].
It can be seen that all the bounds values depend on the parameters k,u,T or £ as well as on the numerical
integration method. We are going to analyze their influence on the noise error contribution.
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Figure 3: Comparisons between the noise error contributions and their bounds

4.2.2 Analysis of the influence of the parameters

Let y(t;) = z(t;) + Cw(t;) be the discrete noisy measurement observed in the time interval ]0,5[ with a sampling
period Ts = 1/200 and with C' = 0.05. For the minimal estimators, we compare in Figure 3(a) and Figure 3(b) the
simulated noise error contributions e;mO(to; 0,0,£0.3) and the calculated error bounds MfBO(O,O, +0.3) defined by
(99). We use here the Trapezoidal rule with m = 60 (T' = 0.3), Kk = 0 and p = 0. As we can see, these bounds are
near optimal.

From (99), after some calculations, we deduce that for any fixed value of m the local minimum of M, (k, pu,T) is
obtained for k = p = 0. For k = p = 0 and m € {30,40,--- ,170}, we calculate in Figure 4 the values of the error
bound M} (0,0,T) according to different numerical integration methods. As we can see, the Trapezoidal rule seems
to be optimal. Consequently, we need to take into account this fact so as to optimize the parameters for minimizing
the global noise error contribution.
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m

Figure 4: M, (0,0,7)
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For the affine estimators, according to [35], we should take Ag(&, k, ) = A1(§, k, ) = 0.5 for minimizing
varlek (to; k, u, T, 2, €)] the variances of the noise error contributions. When k and p are fixed, we should take & such
that A\ (&, k,p) = (E+3) — (u+k+5)E=0.5, ie.

k+25

€:k+u+5

(105)

It is clear that £ is increasing with respect to k, decreasing with respect to pu and is independent of T'. According to
(105) we obtain that M*(k,u,+T,2,€) only depend on three parameters k, u and m. After some calculations, we
obtain in Table 1 the optimal parameters k, u, £ and T for some different numerical integration methods, with which
the gaussian error effect can be minimized for these estimators.

Estimators Bounds k| p| & | T | Numerical method
affine estimator &y, (k, u, £7,2,€) M*E(k,p,£T,2,6) | 1| 1]05| 7| Trapezoidal rule
central estimator &y, (k, u, T) M, (k, p, T) oo -1, Right rectangle
affine central estimator z, (k, u, T,2,§) | My (k, 1, T,2,€) |11 2] 05| Right rectangle

Table 1: Optimal parameters and numerical integration methods so as to reduce the noise error contribution

Remark 25 According to (93) in Proposition 4.14 and the expression of the bounds for the noise error contribution
for each estimator, the optimal parameters and numerical integration methods found in this subsection for reducing
each noise error contribution are independent to the variance of the noise.

The global error for each estimator takes into account the bias term error, the noise error contribution and the error
from numerical integration method (see Remark 22). In general, we need to choose the values of k and p as small as
possible so as to minimize the noise error contribution. This choice also allows us to neglect the numerical integration
error. In the next subsection, we optimize the choice of k, u, T and ¢ for the affine causal estimator thO_ (k,u,—T,2,)
from the study of the bounds of the total error.

4.2.3 Choice of parameters for the affine causal estimator

For the affine causal estimator %tof (k,u,—T,2,£), we investigate the total error which is the sum of the bias term
error ep, (to; k, u, —T',2, &) and the noise error contribution e ,, (to; k, 1, =T, 2,€) . The bounds for the bias term error

eg, (to; k, p, =T,2,§) are given in Proposition 3.10:

k 4)!
_MTMf < 651 (tO;k7N7 _T727§) < -

k+ g+ 4)! _
&+ 2)/(p + 2)! oM

(k+2)l(p+2)07 7
where M;" is defined by (70) and M, is defined by (71). The bounds for the noise error contribution ez ., (to; k, p, =T, 2, &)
are given in (100):

95.5%

95.5%
_Mrz(kaua —T,Z,g) S (to;k‘,/% _T72a§) S Mﬁ(kaﬂv _T527£)~

ew,m

Consequently, it yields

(k+‘u+4)l _ B 95.5% _

_mTMl - Mm(k7,[£, _T727£) S €R1 (to;ka,uv _T72a£) +6w7m(t0;k”u’ _T72’§)7 (106)
k 2)! 95.5%

Ry M, 12, "2 e (totk -T2, + 2ok ~T 2.6 (107)

(k+2)!(p+2)!
Now, let us consider the following noisy measurement
y(t;) = tanh(t; — 1) 4+ exp(—t;/1.2) sin(6t; + 7) + Cw(t;), (108)

which is observed in the time interval |0, 5[ with a sampling period Ts = 1/200, where the smooth signal (as in [35]) is
x(t;) = tanh(t; — 1) + exp(—t;/1.2) sin(6¢; + m) and the coefficient C' is adjusted in such a way that the signal-to-noise
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ratio SNR = 10log;, (%) is equal to SNR = 25dB (see, e.g., [22] for this well known concept in signal

processing). We can see this noisy measurement in Figure 5(a).

We explain here how to choose the parameters for the affine causal estimator zfvtof (k,p,—T,2,€) in order to obtain
a good estimation of the first order derivative of x. From the previous subsection we saw that the choice of k = p =1
and the use of the Trapezoidal rule help us to reduce the noise error contribution for 975,507 (kypu,—T,2,¢). With this
choice, we use the affine causal estimator »%to_ (1,1,-T,2,¢) to estimate . We can see in Figure 5(b) the total error

&y, (1,1,-0.3,2,0.3) and its bounds in the case T = ¢ = 0.3.

15 3r

i WWWMWWWWW

0.5

-1

(a) Noisy observation signal, SNR = 25dB (b) Total error for &4, (1,1,-0.3,2,0.3) and its bounds

Figure 5: Noisy observation signal and the total error for :Tvto_ (1,1,-0.3,2,0.3)

We can observe that the total error reaches its maximum at ¢ty = 0.8 and a local minimum at ¢ty = 1.3. Figure
6 shows the values of the different upper bounds of the errors for iy, (1,1, —-T,2,€) at to = 0.8 for any £ € [0,1],
where all the error bounds are positive. Figure 7 shows the values of the different lower bounds of the errors for
aTctO_ (1,1,-T,2,¢) at to = 1.3 for any & € [0, 1], where all the error bounds are negative.

k=p=1 and T:GOTS k=p=1 and T:110TS
Tr - - 15 . .
—— Bound for the total error —— Bound for the total error
——+— Bound for the bias term —+— Bound for the bias term
6r —— Bound for the noise error {de’ —— Bound for the noise error
P
o

10

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
g g

(a) In the case where T'= 60Ts = 0.3 (b) In the case where T' = 110Ts = 0.55

Figure 6: Upper error bounds for the errors for the estimation of @(ty) at to = 0.8
It can be seen that he bounds for the noise error contributions are much smaller than the bounds for the bias

term errors, especially when T increases. The extremum of the total error bounds are obtained when £ is close to the
smaller root of the second order Jacobi polynomial P21 ! which is equal to 0.31.
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k=p=1 and T=60TS k=p=1 and T=110Ts

—<— Bound for the total error

-4 | —*— Bound for the total error -8 X
Bound for the bias term

Bound for the bias term R
—45hF Bound for the noise error -9 —#— Bound for the noise error
5 i i i i i ~10 i i i i i
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
4 4
(a) In the case where T'= 60Ts = 0.3 (b) In the case where T'= 110Ts = 0.55

Figure 7: Lower error bounds for the errors for the estimation of @(¢y) at to = 1.3

5 Comparison with some existing numerical differentiation methods

In this section, we compare some of the existing numerical differentiation methods with our methods. Let {y;} be a
noisy measurement of an analytic signal . We want to estimate its first order derivative. We assume that {y;} are
regularly spaced with a sampling period T (in practice such data are obtained using an AD converter or DSpace card
which is working at a fixed sampling period).

Let us recall the general formula of the backward finite difference (BFD) and the central finite difference (CFD)

differentiation schemes [6], [2] for %EP Il pe {1,...,5} which is the estimation of the first order derivative at point t;

3

Z di,p Yitinm, Mm € N*, (109)
=-3

sl _ 1
J cpnm T ;

where the coefficients are given in the following table

Scheme P d—S,p d_gﬁp d—l,p dO,p dl,p d2,p d37p Cp

first order BFD 1 0 0 -1 1 0 0 0 1
second order BFD | 2 0 1 —4 3 0 0 0

third order BFD | 3 1 0 -9 8 0 0 0 6

first order CFD 4 0 0 -1 0 1 0 0 2

second order CFD | 5 0 1 -8 0 8 0 -1 |12

Remark 26 The first order BFD (resp. first order CFD) scheme can be obtained by calculating the first order
derivative of the Lagrange interpolating polynomial of degree 1 (resp. 2) at point y;, which interpolates the noisy
measurement at points Y;j—n,. and y; (1esp. Yj—n,., Y; and Yjin,, ). Thus, there are two sources of error for these
schemes: the interpolation error and the noise error contribution. A simple formula for the interpolation error was
shown in [30]. In [40] the author has described the required nodes used for interpolation in order to minimize the noise
error contribution. However the noise was supposed to be bounded. In the next work, we will analyze the total error
for the Lagrangian numerical differentiation with a random noise.

The finite difference differentiation scheme is well-known as one of the most important instances of an ill-posed
inverse problem [11] in the sense that small perturbations on the function to be differentiated may induce large changes
in the derivatives. Generally, it has to be used in combination with a filtering device [5]. The moving average filter is
the simplest digital filter to understand and use [28]. Now, let us recall the formula for the moving average method
(see [28], [2] for details)

1

ny,
y; = s R Z Yj+ir N, Ny € N (110)

i=—ny
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The Savitzky-Golay filter can be considered as a generalized moving average [28]. It is based on the least squares
polynomial fitting across a moving window within the data in the time domain. Let np,nr € N and n,, € N*, then
according to the Savitzky-Golay differentiation scheme [11], [12], for 4 fixed, ¢ € {—np, -+ ,ngr}, the estimation of the
first order derivative at point ¢;4,,,, can be given by

- 1
Tjting, = WPZ Yjnm (111)
T . LN —
where }/j,nm = (yj—anLL7yj—nm(nL—1)7 -~-7yj+nmn3) ’ pz; = (07 17 27’5 R (N - 1)’LN 1) Bt and
1 —-ng - (—nL)N
I -1 - (=1
B=|1 o .. 0

1 np - niy

All the estimations of the first order derivative at point ¢; obtained by the averaged finite difference differentiation
schemes, the Savitzky-Golay differentiation scheme and the estimators defined in Section 3 can be considered as a
dot product of a vector and the noise measurement in the moving window. This vector can be initialized as soon
as the differentiation method and the associated parameters are chosen and it will be used in each moving window.
Consequently, the problem of finding the best estimator is to find out the optimal vector.

Now let us consider the noisy measurement y(t;) = (t;)+Cw(t;) defined by (108). We will compare the estimators
introduced in Section 3 and the previous classical numerical differentiation methods when estimating & in the causal
case and in the central case. To do so, we are going to calculate the total error variance f05 e()%dr for each method.

1000

As the noise error contribution is discrete, we take T Z e(7;)? as the approximation of f05 e(r)%dr. Moreover, we
consider the SN R in each estimation. However, we havezsgen that it produces a delay in the minimal causal estimator
&y, (k,p, —T) (see Remark 17) and in the affine causal estimator @y, (k,u, —T,2,€) (see Remark 13). In order to
obtain a better comparison in the causal case, the time-delayed estimations are shifted by the associated delay so that
they become delay-free estimations, then we calculate the total error variance for the shifted estimations. We can see
in Figure 8 how the time-delayed estimations are shifted. We can also see that the averaged BFD and the averaged
Savitzky-Golay differentiation schemes are time-delayed with a delay which is close to half of the length of the moving
window. In each figure, the solid line represents the exact derivative of x, the dashed line represents the time-delayed
estimation and the dotted line represents the delay-free estimation (shifted estimation).

Delay=0.15 Delay=0.15

-6 i i i i i -6 i i i i i

(a) Averaged BFD differentiation scheme (b) Averaged Savitzky-Golay differentiation scheme

We can see the comparison results in Table 2. In each grid, the first number represents the total error variance
and the second number represents the SN R value for the associated estimation. All the values are calculated in the
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Delay=0.09

Delay=0.15
. . 6

-2+

-6 i i i i i
2 3 4 5

-6 i i i i i
2 3 4 5

(c) Minimal causal estimator &4, (k, t, —T) (d) Affine causal estimator &¢, (K, u, —T,2,€)

Figure 8: Time-delayed estimations and delay-free estimations with a moving window of length T" = 607, = 0.3

same time interval [0.55 — (,5 — (] with the same number of y;, for the moving estimative window, where ¢ is the
delay associated to each method. For the averaged BFD scheme, the parameters n,, and n; are chosen such that the
total error variance reaches its minimum. For the averaged Savitzky-Golay scheme, the parameters n,,, n; and ny, are
chosen similarly. For the causal estimator we choose k = =0 and k = u = 1 for the affine causal estimator where ¢
is the smaller root of PQk # which is the second order Jacobi polynomial. We can observe that the minimal estimator
and affine estimator can be considered as efficient filters. The minimal estimator is near optimal when T' = 607, and

the affine estimator is near optimal with the smallest delay when 7" = 11075.
Value of T' | first order BFD | Savitzky-Golay | Minimal Estimator | Affine Estimator

T =60Ts | 0.0965 | 54.8196 | 0.0792 | 52.1889 0.0774 | 53.9809 0.1583 | 38.7150
T = 1107, | 0.9130 | 67.4975 | 0.2660 | 67.9800 0.5027 | 73.2876 0.0530 | 57.5015

Table 2: Comparison in the causal case

Similarly, we can see in Figure 9 the estimations in the central case where these estimations are delay-free. In
each figure, the solid line represents the exact derivative of x, the dashed line represents the delay-free estimation. In
Table 3, we can see the comparison results in the central case. For the averaged CFD scheme, the parameters n,,
and n; = n, are chosen where the total error variance reaches its minimum. For the averaged Savitzky-Golay scheme,
ny, = ng. For the central estimator we choose k = 4 = 0 and k = p = 1 for the affine central estimator where ¢ is the
smaller root of Py**. We can observe that the central estimator is near optimal when T' = 607, and the affine central

estimator is near optimal when 7" = 11075.

Value of T' | second order CFD | Savitzky-Golay | Central Estimator | Affine Central Estimator
T = 607 0.0557 | 49.0193 | 0.0628 | 51.3567 | 0.0471 | 52.6921 0.2892 | 36.4585
T =110Ts | 0.1388 | 67.4345 | 0.2121 | 67.2309 | 0.3024 | 71.1910 0.0619 | 50.9864

Table 3: Comparison in the central case

6 Conclusion

In the classical numerical differentiation methods, an interpolating polynomial or a least-squares polynomial is always
used to approach a function, the derivatives of which we want to estimate. Then the derivatives of this approximation
polynomial can be calculated as the derivative estimations which are in general the coefficients of the approximation
polynomial. More general interpolation and least squares approximations for numerical differentiation can be seen in
[39] and [3]. In this paper, the recent algebraic parametric differentiation technic is presented: a N'* degree poly-
nomial obtained from the Taylor series of an affine combination of a known function is given, then an annihilator
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1

-6
1 2

(a) Averaged CFD differentiation scheme

(d) Affine central estimator ito (k,p, T,2,8)

(¢) Central estimator Z+, (k, i1, T)

Figure 9: Delay-free estimations with a moving window of length 7" = 607 = 0.3 in the central case

operator rooted in [35] is applied to this polynomial in the operational domain, such that one of the coefficients of
the polynomial is kept. The approximation of this remainder coefficient is taken as the estimation of the derivative.
This derivative estimation contains two sources of error: the bias term error and the noise error contribution. The
analysis for the noise error contribution of a known noise is given. Especially, the bias term errors are bounded for
the minimal estimators and the affine estimators. We can give near optimal error bounds for these two estimators.
These bounds are used so as to reduce the total error and give a guide to choose parameters. The error analysis for
a numerical differentiation method is also given in [32] for unstructured and noisy data in the d-dimension case. Our
central estimators can reduce bias term errors. We can use them to estimate the partial derivatives of a noisy data in
two dimensions as in [32]. Finally, we show that these estimators are efficient by comparing with some of the improved

classical numerical differentiation schemes.
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