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Fractional order differentiation by integration
and error analysis in noisy environment: Part 2

discrete case

Da-Yan Liu*, Olivier Gibaru, Wilfrid Perruquetti, Taous-Meriem Laleg-Kirati

Abstract

In the first part of this work [1], the differentiation by integration method has been generalized
from the integer order to the fractional order so as to estimate the fractional order derivatives of noisy
signals. The estimation errors for the proposed fractional order Jacobi differentiators have been studied
in continuous case. In this paper, the focus is on the study of these differentiators in discrete case. Firstly,
the noise error contribution due to a large class of stochastic processes is studied in discrete case. In
particular, it is shown that the differentiator based on the Caputo fractional order derivative can cope
with a class of noises, the mean value and variance functions of which are time-variant. Secondly, by
using the obtained noise error bound and the error bound for the bias term error obtained in the first
part, we analyze the design parameters’ influence on the obtained fractional order differentiators. Thirdly,
according to the knowledge of the design parameters’ influence, the fractional order Jacobi differentiators
are significantly improved by admitting a time-delay. In order to reduce the calculation time for on-line
applications, a recursive algorithm is proposed. Finally, numerical simulations show their accuracy and

robustness with respect to corrupting noises.
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I. INTRODUCTION

Fractional derivatives are gaining importance in research community because of their capacity to
accurately describe real world processes (see, e.g., [2], [3]). The fractional order differentiator is concerned
with estimating the fractional order derivatives of an unknown signal from its discrete noisy observation. It
can be used to improve the performance and robustness properties in control theory (see, e.g., [4], [5]) and
in signal processing applications which can be on-line or off-line (see, e.g., [6], [7]). When designing
a fractional order differentiator, the accuracy and the robustness to noise effect must be considered.
Moreover, unlike the classical integer order derivative which can be estimated using a sliding window,
the fractional order derivative is an hereditary operator and needs a total memory of past states [2].
Hence, the computation time must also be considered in a fractional order differentiator. In the first part
of this work [1], we have proposed two kinds of fractional order Jacobi differentiators by generalizing the
differentiation by integration method from the integer order to the fractional order. Accurate analysis for
the corresponding estimation errors has been given in the continuous case where the noise was assumed
to be integrable and locally essentially bounded. The aim of this paper is to study the fractional order
Jacobi differentiators in discrete case in order to show their robustness to noises belonging to a large
class of stochastic processes. We also show how they can be used for on-line applications.

This paper is organized as follows: In Section II, we provide some error bounds for the noise error
contributions due to a large class of stochastic processes in discrete case. These error bounds permit
to study the influence of design parameters for the proposed differentiators in Section III. In Section
IV, by using the knowledge of the design parameters’ influence, an improved digital fractional order
differentiator is introduced. Then, a recursive algorithm is given to reduce the computation time for
on-line applications. In order to show the efficiency and the stability of the proposed differentiators,
numerical simulations results are given in Section V. Finally, we give some conclusions and perspectives

for our future work in Section VI. To simplify the presentation, all the proofs are deferred to the appendix.
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II. ERROR ANALYSIS IN DISCRETE CASE

Let y* = y+w be a noisy observation of y defined on an interval I = [a,b] C R of length h = b—a.
If we assume y € C!(R) with [ € N*, then an estimate for the fractional order derivative DY ney(a+-)
(I —1 < a <) of y, called fractional order Jacobi differentiator, was defined in Theorem 1 in the first

part [1] as follows: V& €]0, 1],

D,(Za;HNy (a+ h§): / Qur,a,N(T,§) y“ (a+ hr)dr (1)
where h € R, N € N, i, 5 €] — 1,400,

N P.(’U’H)
Quro (1, €) =y p(r) 3 1T

—— Quri(£), )
= IPS2

Pi(“ *) s the i*" order shifted Jacobi orthogonal polynomial defined on [0, 1], || - ||« is the associated

norm with respect to the weighted function wy,.(7) = (1 — 7)#7", and Dg P, ( H )() is denoted by
Qu,r,i(€). This differentiator refers to RD( @) e NYE (@t hE) (resp. CD,(L Z < NY7 (a+h§)) which estimates
rDG pey(a+ ) (resp. ¢Df cy(a + -)). Moreover, we have: V¢ €]0, 1],

| & AP+ )

(@) @ - = pots ,
Dh”u’,.;,]\[y (CL + hg) - he — ”P.(M’H)||2 qu,ﬁ,l(g)' (3)

From now on, we assume y= (¢;) = y(t;)+w(t;) be a noisy discrete observation of y with an equidistant
sampling period T, where T = % M € N*, and t; = a + h&; with & = ﬁ fori =0,---,M. We
also consider a family of noises which are stochastic processes satisfying the following conditions:

(Cy): forany t,s € I, t # s, w(t) and w(s) are independent;

(Cs) : the mean value function of w(-) denoted by E[] belongs to £1(I);

(Cs) : the variance function of w(-) denoted by Var[] is bounded on I.

Note that some important classes of noises such as the white Gaussian noise and the Poisson noise satisfy

these conditions. We are going to study the fractional order Jacobi differentiator in this discrete case.

A. Fractional order Jacobi differentiator in discrete case

Since y© is a discrete observation, we need to use a numerical integration method to approximate the
integral in the fractional order Jacobi differentiator given in (1).

Firstly, we consider the case where x > 0 and ¢ > 0. It is clear that the smaller the sampling period
is, the more accurate the numerical integration method is. However, when the value of T decreases,

the number of the observed data M increases, hence the computation time becomes larger. In order to
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solve this problem, we introduce a non-zero integer value 6, and we only take one sample value per 6.
Hence, we fix 7; = w1th M = J\g, (M,G) € (N*)2, and we denote by w; >0, for j =0,.. .,M, the
weights of a given numencal integration method. Then, the §-adaptive fractional order Jacobi differentiator

D,(la; i NUT(a+ h&;) is expressed in the discrete case as follows: V§; €]0, 1],

Dyt vy (a+ 1) haz Q.o (75,6) y7 (a -+ ), (4)

with kK > 0, p > 0. Secondly, one can remark that when x is negative in (1) then the corresponding
integral is an improper integral. Hence, if wg # 0 in (4), then there will be a singular value at 79 = 0.
In order to avoid this problem, we apply the following change of variable 7 — 7T in (1) (see [8], p.

145). Thus, we get:

D 9™ (a4 h€) = / Qua N (TH7,€) y=(a + hr57) dr, (5)

where —1 < k < 0, 4 > 0, and
N
A L 1 1 v
QM7H70¢,N<TH”7§) = (1 — 7o)k M P(lwf)(,/_1+ ).

1 K (“7”) 2 ?
+ =0 ||P@ H K
.\ 1+K 1 .
Since y® is equidistantly given, let 7; = (ﬁ) , 1.€. %j”“ = ﬁ = 7;, be the new abscissas. Hence,

1 A4k (j _ 1)1+n]’ forj=1,... ,M. We denote by

the numerical integration steps are equal to WU

w; > 0 their corresponding weights. Then, we have: V¢&; €]0, 1],

M.
«a),0 1 W
D/(z,,g:rc,Ny (CL + hil) - ho‘ Z M1+ Qu,n a N(Tjagz) (a + th), (6)

with —1 < k < 0, p > 0. Finally, we can use a similar procedure in the case where 4 is negative (see
[8], p. 145 for more details). Then, we can apply a numerical integration method without any singular
value.

The estimation error for the fractional order Jacobi differentiator in the discrete noisy case can be

decomposed into three sources: V¢; €]0, 1],
a),d w a a),0 «),d
Di(z,,i,n,Ny (a+h&) —Dgpeyla+-) = (Dg,/i,n,Ny (a+ h&) — 35 Nyla+ h&))
«),0 «
+ (Dg, 0 wyla+h&) = D) yla+ h@)) (7)

+ Dy vwla+ &) = Dfpeyla+ ) .
where we have:

1) the discrete noise error contribution:
0 0 0
e o (&) = D00y (a+ he) — DY y(a+ hei), (8)
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which is due to the noise in the noisy signal y®

2) the numerical error:

¢! o (&) =D Ly(a+ h&) — D) y(a+hé), 9

which is due to the used numerical integration method;
3) the N order truncated term error € ha,N (&), which is studied in Proposition 3 in the first part
[1].
By using (4), the corresponding discrete noise error contribution ez;i hoo, ~ (&) can be written as follows:

ng 6]0, 1],
Zn@ho{N = ha Z QMHOéN(’rj:gZ) (a+h7—j)7 (10)

where © > 0, k > 0. According to the previous study, er,h,a, n (&) can also be given for the other

values of x and p.
In the next subsection, we are going to study the influence of the sampling period T to this discrete

noise error contribution.

B. Influence of the sampling period on the discrete noise error contribution

The convergence in mean square with respect to the sampling period of the discrete noise error
contributions was studied for the integer order Jacobi differentiator and for some parameter estimators in
[9] and [10] respectively. A study was also done in [11] by using the non-standard framework. We can

then extend these results in the following proposition.

Proposition 1 Let w(-) be a stochastic process satisfying conditions (C1), (C2), (C3), and {w(t:) ;g ... ur
be a sequence where t; = 1. If the values of M and 0 are fixed, then we have the following convergence

in mean square of the discrete noise error contribution in the fractional order Jacobi differentiator

D;Lalz W NY “(a + h&;):

& 2 - [ Qunn(r E)B (ot hr)] an

where L2 (I) refers to the set of the square-integrable functions defined on I. Moreover, we have:
o ifVtel Elw(t)] =0, then

RN (§) === 0. (12)
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-1
o fVtel Elw(t)] :ZVjtj withv; €R, 1 €N and | —1 < «a <, then
7=0

0 L£2(I)
CeZn,h,a,N(&) T:%> 0, (13)

w,l w,0 . . . . . .
where Reu,n,h,a,N(&) and ce%ﬁ’h@’N(fi) refer to the discrete noisy error contributions in the fractional

order Jacobi differentiators RD;LOZ NV (a+ h&;) and CD;ZZ NV (a+ h&;) given in (1).

According to the previous proposition, the discrete noise error contribution can be increasing with

respect to the sampling period. As we can see, unlike the Riemann-Liouville fractional order differentiator,

(a)

the Caputo fractional order differentiator ¢ D), "

. nYZ (a+h-) can cope with a large class of noises the
mean value and variance functions of which are time-variant. When the sampling period is set, the
discrete noise error contribution does not converge to zero. In the next subsection, we are going to study

the discrete noise error contribution with a fixed sampling period.

C. Error bounds on the discrete noise error contribution

An error bound for the noise error contribution is given in Proposition 2 in the first part [1] in
the continuous case where the noise is assumed to be integrable and locally essentially bounded. In
this subsection, we are going to study the discrete noise error contribution ezf,h,a, ~ (&) by using the
stochastic properties of the noise. Similar to the integer order Jacobi differentiator case [9], [12], sharper
noise error bounds can be given, which permit to study the influence of the parameters on ez;i h.a, ~ (&)
To simplify our notations, we denote eif,h,a, ~(&) by e™9(&).

Since the noise is a stochastic process, it is generally not bounded. However, if the noise w(-) satisfies
the conditions (C1), (C3), (Cs), then by applying the properties of the mean value and variance functions,

E[e®?(¢;)] and Var[e®?(&;)] can be obtained for any &; €]0, 1]. Consequently, by using the Bienaymé-

Chebyshev inequality, we obtain: for any real number v > 0, V¢&; €]0, 1],

P ([e=416) ~ Ele= (@] < vy Varlem0 (6] ) > 1 - .

i.e. the probability for e®¥(¢;) to be within the interval |M;' (&), M) (&)[ is higher than 1 — 2,

1
X
M} (&) = E[e™?(&)] — v/ Var[e=f(&)),
MJ(&) = E[e™?(&)] + v/ Var[e=f(&)].

where
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Thus, we deduce two error bounds as follows:
P~ b~y
VE €0 1], M(&) < e™0(&) < M) (&), (14)

p .
where a < b means that the probability for a real number b to be larger than an other real number a
is equal to py with py, > 1 — 712 In particular, if @ is a white Gaussian noise, then according to the

three-sigma rule, we have:
y Py .0 Py v
vfz 6]07 1]’ Ml (gl) <e” (5@) < Mh (61)7 (15)

where p; = 68.26%, p2 = 95.44% and p3 = 99.73%, for v = 1,2, 3, respectively.

III. ANALYSIS OF THE PARAMETERS’ INFLUENCE

As previously shown, the estimation error for the fractional order Jacobi differentiator Di(za;i NYZ (a+

h&;) in the discrete noisy case can be decomposed into three sources: the numerical error efh Kb, ~N(&),
the truncated term error €77,  v(&;) and the discrete noise error contribution eiﬁ ha N
that the numerical integration steps used in D,(La;i NYZ (a+h&;) are small enough such that the numerical

(&). We assume

error can be negligible with respect to the truncated term error and the discrete noise error contribution.
We are going to study the influence of parameters on the truncated term error and the discrete noise error
contribution.

An error bound for the truncated term error is given in Proposition 3 in the first part [1] and denoted
by h" 1M, 1Cy s an,n (€) for any € €]0,1]. Let us recall that the value of h depends on the interval
where we want to estimate the fractional order derivative, and M, depends on the original signal which
is unknown. Hence, we are going to study the influence of parameters on the term C), ; o n n(£) With
¢ €]0,1]. This can help us to generally characterize these parameters’ influence on the truncated error,
independently of the signal to be differentiated. For doing so, we only consider the case of the Riemann-
Liouville fractional derivative. The results for the Caputo fractional derivative case can be similarly
obtained.

Firstly, we show in Figure 1(a) the variation of logqC} x.an,n(&) for N = 5,6,...,15 and & =
0.01,0.1,0.2,...,1 in the case where n = N, y = x = 0 and o« = 0.5. Hence, we can deduce
that C, s an,n (&) is decreasing with respect to N, and the values of C), . an,~(-) obtained near the
extremities are larger than the other values.

Secondly, we show in Figure 2 the variations of log;, C), x a.n.n (&) for p = —0.9,-0.8,...,1 and

k= —0.9,—0.8,...,1 in the case where « = 0.5, n = N =5, §, = 0.01 and 1, respectively. Hence, we
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(a) Variation of log;, Ch=0,k=0,a=0.5,n=nN,~ (&i). (b) Variation of log,, Var (ef:’eoi::o,h:La:o.s,N(fi)>-

Fig. 1. N =5,6,...,15and £ =0.01,0.1,0.2,...,1,n =N, pu=x =0 and o = 0.5.

L0g,(C,, « a=0.5,n=5,n=5&=0-01)) 1uk,a=0.5,0=5N=5(5= 1)
1r 1
/ /6%6 //
08k ® 0.8 / ~425

Log 10(C

(a) & = 0.01.

b) & =1

Fig. 2. Variations of log;q Cp,k,a=0.5,n=5~n=5(&;) for p = —0.9,—0.8,...,1 and kK = —0.9,-0.8,..., 1.

can see that the contour level set of log; C), x o.n N (&) varies differently with respect to x and p for
different values of &;. For this, we study the norm [|C}; a0, (&)l

Finally, we show in Figure 3(a) (resp. Figure 3(b)) the variation of logq [|Cyy ka0~ (&), for & =
0.01,0.1,0.2,...,1, u = —0.9,-0.8,...,1 and Kk = —0.9,—0.8,...,1 in the case where o = 0.5, and
n = N =5 (reps. n = N = 15). Hence, ||C}; . a,n,n(&i)||, can be increasing with respect to x. Moreover,

|Cuik,am,N (&), can have a local minimum.

P . . . . w70 .
Now, we study the parameters’ influence on the discrete noise error contribution e b, ~ (&) by using
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Fig. 4. Variations of log,, Var (ez;fjlil’a:oﬁw:f)(&)) for p = —0.9,—-0.8,...,1 and kK = —0.9,—-0.8,...,1.

the error bounds obtained in (14). This study is also independent of the original signal to be differentiated,
and it only depends on the probability properties of the noise. To simplify this study, we assume that the

noises satisfy the conditions (C1), (C2), (C3) and the following condition:
(Cy) : Vt € I, E[w(t)] = 0 and Var[w(t)] = o2,

with o € R, . Hence, we only need to study the variance of eif,h, a, ~ (&), which can be obtained in the
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Logm(Norm[Var[e Logw(Norm[Var[e

uKh 1,0=0.5,N=! 5(2)]]) pkh 1,0=0.5,N=" 15(5)]])

1 1 1 ,
-08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

(a) N =5. (b)y N =15.

Fig. 5. Variations of log;, HVar (effiil 0.5 N(ﬁi)) H for & = 0.01,0.1,0.2,...,1, u = —0.9,-0.8,...,1 and K =
J,h=1,a=0.5, 5
~0.9,-0.8,...,1.

case of 1 > 0 and k > 0 by using (10): V¢; €]0,1],

Var |: ;L,nhaN(&)] h20‘ M2 Z’U) Qu,na N(T]7€1>' (16)

We use the trapezoidal rule in (16). Consequently, we study the variation of Var { b N(fz) with
respect to the parameters y, « and N by taking § = h =1, M =10% and o = 0.5.

Firstly, we show in Figure 1(b) the variation of log;, Var [eff ho N(gi)] for N=5,...,15and & =
0.01,0.1,0...,1 in the case where u = x = 0. Hence, Var [effh anl Z)} can be increasing with respect
to N, and Var [eiﬁh% N()} is decreasing (resp. increasing) with respect to & when 0.01 < &; < 0.5
(resp. 0.5 <& < 1).

Secondly, we show in Figure 4 the variations of log;, Var [eiﬁh@’]\,(&)} for p = —0.9,-0.8,...,1
and kK = —0.9,—0.8,...,1 in the case where N = 5, £ = 0.01 and 1, respectively. Hence, we can see
that the variation of Var [ ZJ ,f ha N(ﬁz)] has a local minimum at k = p = 0 in each case.

Finally, we show in Figure 5(a) (resp. Figure 5(b)) the variation of log;, HVar {eff o N(fi)} HQ for
& =0.01,01,02,...,1, p=-0.9,-0.8,...,1 and kK = —0.9,—0.8,...,1 in the case where N = 5
(reps. N = 15). Hence,

when N =5 (resp. N = 15).

[effh N N(&)} H2 has a local minimum at k = u = 0 (resp. kK = u = —0.1)

We conclude the parameters’ influence on different error bounds in Table I. The first row means that
in order to reduce the truncated term error, according to the analysis on the term ||C), x.a.n,N (&), in
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11
its associated error bound, we can reduce the value of h and x. We can also increase the value of V.
Moreover, there exists an optimal value of L.

TABLE 1

INFLUENCE OF PARAMETERS ON THE ERROR BOUNDS

Parameters h | N K W

Truncated term error |

—
hY
v

Noise error contribution | | T | | | k=0 | p=0

According to the previous analysis, we should take a trade-off between the parameters so as to do not
produce neither a large truncated term error nor a large noise error contribution. Generally, if the value
of h = b — a is small, then we can take a small value of N. On the one hand, this value can give a
relative small truncated term error. On the other hand, a small value of N can avoid a large noise error
contribution. But, when the value of h increases with time, we increase the value of N so as to reduce
the truncated term error. Nevertheless this strategy consisting of increasing the value of N can increase
the noise error contribution. This effect can be thwarted since a larger value of i reduces the noise error
contribution. After setting the value of N, we can take K = p = 0 to reduce the discrete noisy error
contribution. This explains why we have increased the value of N when h was increased in the numerical
examples of the frit part [1]. Consequently, the problem is reduced to how to choose the value of N.
This choice needs the information on the noise level of the noisy signal and on the derivatives of the
original signal, which is usually unknown in practical work. Hence, a criterion should be considered in

order to choose an appropriate value of N. This is beyond the scope of this paper.

IV. FRACTIONAL ORDER LEGENDRE DIFFERENTIATOR IN DISCRETE NOISY CASE

In this section, we are going to show how to apply the fractional order Jacobi differentiator for on-
line applications in discrete noisy case. According to the analysis done in the previous section, we set
k = = 0 in the differentiator so as to reduce the discrete noisy error contribution. This parameters’
choice implies the use of the Legendre orthogonal polynomials.

The nt" order shifted Legendre orthogonal polynomial defined on [0, 1] is given as follows (see [16]):

" (=1)"TE (n !
V7 el0,1], Pu(r) ::Z( (2)2 Enfg” (17)

k=0

In order to simplify our notations, we denote D,(Log onYZ (a+hE) and Qo 0,08 (T, &) by D}(La])vyw(a+ h&)
and Qq, N (T, &) respectively. Moreover, we denote Pi(a) &) = D(‘igPi(-). Then, by taking x = = 0 in
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12
(1), we obtain: V¢ €]0, 1],

a e
DN +18) = 15 [ Qu(r )y (a-+ hr)ar 1s)

N

where Qo v(7,€) = Y _(2i + D Fi(7) P (&).
i=0
Thus, we call the differentiator D}(S})\,yw(a + h&) fractional order Legendre differentiator. In next

subsection, we are going to consider this differentiator in discrete noisy case so as to introduce a FIR-

type digital fractional order Legendre differentiator.

A. A FIR-type digital fractional order Legendre differentiator

We assume that the signal y is observed in a discrete noisy case:

where t; = T, T is an equidistant sampling period, and w is a noise.
Let us consider the interval Ip; = [0, ¢ys] with M € N*. By taking a = 0, h =ty and £ = 1 in (18),
we can use the fractional order Legendre differentiator to estimate the value of the a'” order derivative

of y at tj;. Then, we apply the right rectangle rule to approximate the integral in (18):

M

a @) Ts_a w

80, 0() = Dy () ~ 5 2y D Qan (L) ™ (1), (20)
j=1

where 7; = ﬁ are the associated abscissas. Then, by applying a change of indices j — M — j in (20),

we get:
T «
D60 ¥() ® rar ZQQN (L mar—5) Y= (tar—j)- 1)

Consequently, by denoting y™(¢a—;) by y§;_; and using the expression of Qq,n (-, ) given in (18), we

obtain the following FIR digital fractional order differentiator for D, y(+):

yae ZHM Y5, for M =1,2,. (22)
7=1
M R (a) M—j
_ S . 3
where H; = Sfatl 23(22—#1)]31- (1) Pi( 7 ).
1=
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B. A time-delayed digital fractional order Legendre differentiator

The digital fractional order Legendre differentiator gjg\?) (N) is obtained by taking £ = 1 in the fractional
order Legendre differentiator given in (18) in the discrete noisy case. However, it was shown in Figure
1(a) and Figure 1(b) in Section VI that if we take £ = 1 or £ = 0.01 in (18), then the obtained estimation
errors, both in noise-free and in noisy cases, can be much larger than the ones obtained by taking the
other values of £.

Let us recall that an important contribution of the integer order Jacobi differentiator was to introduce
a time-delay in the differentiator, which improves significatively both the truncated term error and the
noise error contribution (see [13], [14], [15] for more details). Bearing this idea in mind, we consider

the following digital fractional order differentiator for Df, _,y(-) with ¢ € R%:

M
gj(\z)ﬂ(N) = ZH]M’ﬁy]?\ﬂ/[—j, for M =1,2,..., (23)
j=1
_ N ”[9 M— .
where Hj‘/fvﬁ = % ZZ:;(% + 1)pi(a)(1 — &)Pl( i ]) with ty; = MTs. If we use gg\?’)ﬂu\[) to

estimate the value Df, y(-), then we introduce a time-delay of value 9.
As we can see, if we take 1 = 0 in (23), then we can obtain (22). Hence, (23) gives a general expression

of the digital fractional order Legendre differentiator g]](\?)ﬂ (N) with ¢ € Ry.

C. A recursive algorithm

Let us remark that the coefficients H JM ¥ given in (23) depend on the value of M. Then, we need to
calculate them for each values of M. Since these coefficients do not depend on the samples of y, we can
calculate them in an off-line manner. Hence, according to (23) we need M — 1 additions to calculate the
digital fractional order differentiator yfﬁ?ﬁ(]\f ) (¥ € R;) in an on-line application. However, when the
value of M increases, the computation time becomes larger and larger. In order to solve this problem,

we give a recursive algorithm in the following proposition.

Proposition 2 The digital fractional order Legendre differentiator g](\?)ﬁ(N ) given in (23) with ¥ € R

can be calculated by:

N
gf(‘z)ﬁ(N) :Z)\Z’ﬂ(N,M), for M =1,2,..., (24)
k=0
where the coefficients are given as follows:

e} 1 « o
o (N M) = 2 7 (N) @ (M), (25)
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with
« 1 - -k w
AR = g D d ) (26)
j=1

oty N CDTEGE R ey 0

L (N) = 2 2 (i = k)!(QZ +1)P" (1 - @) 27)
Moreover, ©j!(M) can be given by the following recursive formula:

er(1) =7, for M =1,

o _ (M1, L _ 28
e (M) = Fem—en(M — 1) + gremysy,  for M =2,3,....

In particular, if ¥ = 0 for any M € N*, then the coefficients can be given in the following recursive

formula:
AZ’O(N’ 1) = l;f’;éN) il for M =1, 29)
AN, M) = QDN aO(y ap gy BN e fr M=2,3,

s

Consequently, gg\%(]\f ) can be considered as a sum of N + 1 coefficients. When the value of M

increases, it is sufficient to recalculate these coefficients using the recursive algorithm. When 9 = 0,

la,O N l(it,o N M—l at+k+1
"T& ), T@M(Jl, and { MJM , for

after setting the value of N, we can calculate the coefficients
k=20,2,...,N, in an off-line work. Then, when the signal passes form t;;_1 to t;s, by using the old
coefficients /\Z"O(N ,M —1), and the new sample y5; in (29), we only need 2(/N + 1) multiplications and
N + 1 additions to construct all the new coefficients )\g’o(N , M). Consequently, we only need 4N + 3
operations to calculate 3]](\?) (N) in an on-line application for each value of M € N*. Thus, comparing to
(22) the calculation time is significantly improved. If ¥ # 0, according to (28) we then need 2(N + 1)
multiplications and N +1 additions to construct all new coefficients ¢ (A/). Then, by using (25) we need
N + 1 multiplications to calculate )\g’ﬁ(]\f , M). Consequently, we need 5N + 4 operations to calculate
the time-delayed fractional order differentiator ;Q](\??ﬁ(N ). Although the accuracy of the digital fractional

order Legendre differentiator can be improved by admitting a time-delay, the price to pay is that the

computation time is increased.

D. An adaptive algorithm

According to Table I in Section VI, when the length of the interval, where we estimate the fractional
order derivative of a noisy signal, increases, we need to increase the value of N so as to reduce the
estimation error. Hence, when the value of M increases in the estimation procedure, we should increase

the value of N in the digital fractional order Legendre differentiator.
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Let us substitute NV in (24) by N + 1, then we obtain:

N—+1
BN+ 1) = 3 AP (N + 1, M). (30)
k=0

Hence, we need to calculate the coefficients )\z’ﬁ(N +1,M) for k=0,1,..., N + 1. By using (27), we
get: for k=0,1,...,N + 1,

(N +1) = 1Y (N) + dy s 31)
where di;il e = (_1()]3;21% g%iifg:@N + 3)P](Va4)_1(1 - %) Then, we deduce from (25) and (31) a

recursive relation for the coefficients /\2’19(-, M):

(0% (0% o M (0%
XN 41, M) = XV (N, M) + QDkT(a ) A1 (32)

for k =0,1,..., N. Moreover, by using (25) and (27) we get:

0 L Jaw L o
)‘?VH(N +1,M) = Ta Z%H(N +1) oy (M) = Ta d?v+1,N+1 PN1(M). (33)
S S

Consequently, according to (32) and (33), when the value of N passes from N to N + 1, we only
need to calculate the following terms: %, (M), and d?\fil,k for k=0,1,..., N +1, where o} (M)

can be given by using (26).

V. SIMULATION RESULTS

In the first part of this work [1], numerical simulations have been given to show the accuracy and
the robustness with respect to corrupting noises of the fractional order Jacobi differentiators for off-line
applications. In this section, we are going to show the properties of these differentiators for on-line
applications.

As done in Example 2 in the first part [1], we take y®(¢;) = sin(5t;) + ow(t;), where t; = iTs € [ =
[0,h] =[0,4], Ts = ﬁ, fori =0,---,M € N*, and 0 € R is adjusted in such a way that the signal-to-
noise ratio is equal to SN R = 20dB. In the following examples, we fix the value of T}, to T, = 4 x 1075,
Then, we use the digital fractional order Legendre differentiator g]fa) (N) (DFOLD) given in (22) and
the time-delayed digital fractional order Legendre differentiator ggi;)(N ) (DFOLD-TD) given in (24) to
estimate the values of D8;iy(~) on I. Moreover, we take different values of N for different interval’s
lengths. Hence, we apply the adaptive algorithm given in Subsection IV-D to these differentiators. For

this purpose, we take the following values of N in different intervals: N =5 for ¢; € [507s,1[; N =8
for t; € [1,2[; N =11 for t; € [2,3[; N =15 for t; € [3,4].
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Signals Signals
25

N
T

_150 I I I I I I I ) -1

(@) y= (t:) = sin(5t;) + 0.074ww (t:). (b) y= (t;) = sin(5t;) + 0.052w(t;) + 1.

Fig. 6. Signal y and two different noisy signals y® ((a) E[zw] = 0 and (b) E[w] = 1).

Example 1. In this example, the noise w(t;) is assumed to be a zero-mean white Gaussian noise with

)

o = 0.074. The discrete noisy signal is given in Figure 6(a). Then, we use gj(a) (N) and gj%) (N) with
¥ = 0.16 to estimate RDg;?iy(-) in the noise-free and noisy cases respectively. We can see the obtained

estimations in Figure 7(a) and Figure 7(c), where the dot lines (black) present the estimations obtained

by g]i(a) (N), and the dot-dash lines (red) present the ones obtained by gfi;) (N). Moreover, since the time-

delay for g%) (N) is equal to 1, by shifting the obtained estimations, we can calculate the estimation errors

for gﬁ} (N). The obtained estimation errors are shown in Figure 7(b) and Figure 7(d). Consequently,

the digital fractional order Legendre differentiators g]i(a)(N ) is significantly improved by gffj;) (N) by
admitting a time-delay.

Example 2. In this example, the noise ow(t;) + 1 is assumed to be a biased Poisson noise with o =
0.052. The discrete noisy signal is given in Figure 6(b). According to Proposition 1, we can use the
fractional order differentiator ;&Eﬁ;) (N) (¥ = 0.16) corresponding to the Caputo fractional derivative to
cope with this non-centered noise. We obtain the estimation and the corresponding estimation error with
a correction of time-delay in Figure 8. Consequently, we can see that the time-delayed digital fractional

order differentiator gjﬁ)(N ) is robust with respect to a Poisson noise.
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Estimations in noise—free case Absolute total estimation error

0.5, - — = DFOLD
RPo Y@ oast == Shifted DFOLD-TD

- — = DFOLD
‘‘‘‘‘ DFOLD-TD 04r

035}
03f
025} 1
0.2 1
0.151 ‘!

0.1\ | /

0.05- ) 1

(a) DFOLD: *=%® (N) and DFOLD-TD: §\%-%% (N). (b)

Yiv=0.16
_(a=0.5
yﬁ9=o.1)6(N) —R Dg;i-—ﬁy(')‘-

Estimations Absolute total estimation error
5-
0.5, - = = DFOLD
RDO‘y(m ‘‘‘‘‘ Shifted DFOLD-TD
Ar - - - DFOLD
T DFOLD-TD
3 | '
A \ |
' . |
I } [
i Sﬁ HIR
1

IJ‘ Il lli h‘ ! :Iw I| ':‘ I,IE l |i
Al gn [ 1 | !
AP PR byl
i :::n.;. e i ” W'
IIl'ln ' Il R l, l ? ' ; m“si
-3 . . . . . . . ) 0 i‘ilu " “’ Il L d'-l f‘:u‘v N vl’ e X
0 0.5 1 1.5 2 25 3 35 4 4

t L
i i

(¢) DFOLD: 7*=%%(N) and DFOLD-TD: 7{*-%% (N). (d)

Yiv=0.16
7(e=0.5) (A} _ 0.5 .
Ui 9=0. 16(V) —r Doy, —oy ()|

7=V (V) —r DGR,

Fig. 7. Example 1: w(t;) is a zero-mean Gaussian noise.

VI. CONCLUSION

In the first part of this work [1], two kinds of fractional order differentiators have been proposed and
studied in continuous case. In this paper, we have studied these differentiators in discrete case. Hence, they
can be used both for continuous-time and discrete-time models in noisy environment. Firstly, the noise
error contribution due to a large class of stochastic processes has been studied. In particular, it has been
shown that the differentiator based on the Caputo fractional order derivative can cope with a class of non-

centered noises. Secondly, the analysis on the obtained error bounds has given us a guideline on how to
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Estimation Absolute total estimation error

CDg;?Y(m sk == Caputo Shifted DFOLD-TD

‘‘‘‘‘ Caputo DFOLD-TD

0.16
0.14r-
0.12-

0.1r

0.08F o
. LR I’l

!

00af +' ‘!I\Q.\,',in 'mll (AN }fi iy il M

T R O T R T

oo02¢! Wy V‘"}.i :, .""?\" P P A TR
" S L oWV U ey WY N ww ow
0 0.5 1 15 2 25 3 35 4 0.5 1 1.5 2 25 3 3.5 4

t t
0.5 . ~(a=0.5 ~(x=0.5 0.5
(@) ¢D§:Z,y(-) and Caputo DFOLD-TD: 7%= %5 (N). ) (75256 (N) —c D2, _gy()|.

Fig. 8. Example 2: w(t;) is a biased Poisson noise.

choose the design parameters on which the fractional order Jacobi differentiators depend. Thirdly, a FIR-
type digital fractional order Legendre differentiator has been given. Then, according to the knowledge
of the design parameters’ influence, an improved digital fractional order Legendre differentiator has
been proposed by introducing a time-delay. A recursive algorithm has also been obtained, which is
useful for reducing the computation time for on-line applications. Finally, numerical simulations have
been performed to evaluate the proposed differentiators, and the results show their efficiency. In these
numerical examples, the choice of the values of N was done by experience. The objective was to show
the efficiency and stability of our fractional order differentiators with these values of IV, and to give a
general idea on how to choose the value of V. In order to choose appropriate values of N in the case
where the noisy signal is unknown, a criterion should be considered in the adapted algorithm. In a future
work, the generalization for the fractional order Jacobi differentiators to multivariate case will be done

for applications in image enhancement.

APPENDIX A

PROOFS

Proof of Proposition 1. If x > 0 and 1 > 0, then according to (2) we have:

V§ 6]07 1]7 Qu,n,a,N(‘vé) € £2 ([07 1])
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If -1 <k < 0and p > 0, then according to (5) we have:

vf 6]07 1]5 Qu,m,a,N('vf) € ‘62 ([07 1]) .

Consequently, by using Theorem 1 in [10], (11) can be obtained in the case where —1 < x and p > 0. It

can also be similarly obtained in the case where —1 < p and s > 0. Then, (12) can be deduced. Finally,

by using Lemma 2 given in the first part [1] and the definition of the Caputo fractional order derivative,

(13) can be obtained. ]

Proof of Proposition 2. By applying a change of indices j — M — j in (23) and using (17), the digital
(a)

fractional order Legendre differentiator §,; (V) can also be given as follows:

o M /N i
~( s a9 o
0 = i 2o (et ) o
j=1 \i=0 k=0

where ¢ = (2i + 1)Pi(a)(1 — %) di = (7(,1,))2% Eiig: and 7; = ;. Let us regroup the terms in the

following sums:

N N N
SN digrf =Y <Z e’ di,k) s 35

i=k

N
Then, by denoting lg’ﬁ(N) = Z cf’ﬁ d; . (34) becomes:
=k

i

7=1 k=0
o N M
= Jfar PN D (36)
k=0 j=1
1 al o,
= o DTN e (),
S k=0
] M
where (M) = T Z 3" y; . Thus, (25) is obtained. Moreover, ¢f(-) satisfies the recursive
j=1

relation given in (28). Finally, if ¢ = 0, then lg’ﬂ(N ) does not depend on M any more. Consequently,
(29) can be obtained by using (25) and (28). ]
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