Hindawi Publishing Corporation
Abstract and Applied Analysis

Volume 2014, Article ID 157542, 7 pages
http://dx.doi.org/10.1155/2014/157542

Research Article

Theory Analysis of Left-Handed Griinwald-Letnikov Formula
with 0 < a < 1 to Detect and Locate Singularities

Shaoxiang Hu' and Ping Liang”

!'School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu, Sichuan 611731, China
? Ningbo Xingaoyi Co., Ltd., No. 555 Yeshan Road, Yuyao City, Zhejiang 315400, China

Correspondence should be addressed to Ping Liang; clarke liang@gmail.com

Received 21 January 2014; Accepted 9 March 2014; Published 3 April 2014

Academic Editor: Zhiwu Liao

Copyright © 2014 S. Hu and P. Liang. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We study fractional-order derivatives of left-handed Griinwald-Letnikov formula with 0 < « < 1 to detect and locate singularities
in theory. The widely used four types of ideal singularities are analyzed by deducing their fractional derivative formula. The local
extrema of fractional derivatives are used to locate the singularities. Theory analysis indicates that fractional-order derivatives of
left-handed Griinwald-Letnikov formula with 0 < a < 1 can detect and locate four types of ideal singularities correctly, which
shows better performance than classical 1-order derivatives in theory.

1. Introduction

How to preserve singularities in image and signal process-
ing is a very important problem [1-5]. Recently, fractional
derivatives become very important tools in the field [6-17].
All of the methods based on fractional derivatives reported
good processing results by modifying some classical partial
differential equations (PDEs) to fully or partial fractional-
order derivative PDEs. Just as the recent theory analysis
efforts in fractional derivatives by mathematicians [18-20], all
theory analyses focus on how to approach the PDEs and how
to find their exact solutions.

However, we think fractional derivatives should be stud-
ied differently. It is well known that one powerful method
to preserve singularities in signal processing is to detect and
locate singularities correctly and then to protect them in sig-
nal processing. Thus, we think the most important problem
in theory analysis should be if the fractional derivatives can
detect and locate singularities well.

In this paper, we study fractional-order derivatives of
left-handed Griinwald-Letnikov formula with 0 < « < 1
to detect and locate the widely used four types of ideal
singularities in theory. Theory analysis is from deducing
the fractional derivatives of four types of ideal singularities

with an indicated singularity in each case. The differen-
ces of these fractional derivative values are studied to
find the local extrema. The extrema are considered as
the singularities.

The rest of this paper is as follows. Section 2 introduces
some basic theory backgrounds in fractional derivatives; we
also deduce some useful results based on these theory back-
grounds. In Section 3, we introduce the 1-order differential
method used in singularity detection and location, and the
detected and located results of four types of ideal singularities
are also presented. Section 4 discusses the steps in singular-
ities detection and location using fractional derivatives, and
then they are used to detect and locate the four types of ideal
singularities. We also give conclusions and acknowledgments
finally.

2. Fractional Derivatives

In contrast to integer-order differentials d"/dt", fractional-
order derivatives are defined as operators whose orders
have been extended to noninteger numbers. There are
a number of definitions of fractional derivatives. The
usual way of representing the fractional derivatives is by
the left-handed Riemann-Liouville formula (R-L formula).
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The left-handed R-L formula of order «, for x € [a,b], is
defined by [21, 22]

1 d"
I'(n—oa)dx"

Dy u(x) = J u(@) (x-7)"dr, )
a

wheren -1 < « < nand n = [«] + 1, with [«] denoting the

integer part of «, and I'(-) is the Gamma function defined as

I(z) = JOOO e dt. )

Another way to represent the fractional derivatives is by
the Griinwald-Letnikov (G-L) formula, which is a generaliza-
tion of the ordinary discretization formulas for integer-order
derivatives. For « > 0, the left-handed G-L formula is

[(x—a)/Ax]

Z Ay (x —kAx), (3)

D¢ u(x) = hm0 Al

where Ax denotes the uniform space step and w,(c”‘) =

(-1)¥ (%) represents the normalized G-L weights that are
given by

wé‘x)zl,
@ _ rax(a—=1)---(a—k+1)
=(-1) 0 (4)
I'k—«)

= f k:1,2,3,....
T(—a)T(k+1)

The above two definitions have different forms. However,
by requiring a reasonable behavior of the function u(x) and
their derivatives, we can relate the two definitions with the
following proposition [21, 23].

Proposition 1. Let us assume that the function u(x) is (n — 1)
times differential in [a, b] and that the nth derivative of u(x) is
integrable in [a, b]. Then, for everyn—1 < & < n, one has
D¢ u(x) = Dyu(x), a<x<b. (5)
Generally, the analytic definition given by (1) is used in
the formulation of the fractional partial differential equations
(PDEs), while G-L definitions in (3) are maybe used to
discretize the fractional PDEs to obtain a numerical solution.
Since the problem in this paper has discrete form, G-L
formula defined in (3) will be adopted in our following
discussion.

Remark 2. For « = 1, (1) and (3) become the classical first
derivative, and, for any « = n, n € N is a positive integer;
they are classical nth derivatives of u(x) if the function u(x)
is (n — 1) times differentiable. Note that, for « is a positive
integer, the equations are with limit support whose support
length is o + 1. However, for « is not an integer, fractional
derivatives defined above are nonlocal operators. That is, the
value of the fractional derivative at a point x depends on the
function values at all the points to the left of the point x.
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Therefore, in order to handle fractional derivative numer-
ically, it is necessary to compute the coeflicients w,((“), where «
is the order of the fractional derivative. For that, we can use
the recurrence relationships presented in Lemma 3.

Lemma 3. The recurrence relationship of the coefficients of G-
L formula w]i“) defined in (3) is

w@=1 (1—“Zl>wﬁp k=1,23,....
6
Proof. For k = 0, wy(x) = 1. (©)
Assume that when n = k — 1, we have
(@) at+ 1\ (@
wk 1 <1 - m) wk—2' (7)
Forn =k,
0@ — I'k-a) _(k=1-0)T(k-1-a)
kT (-a)T(k+1) kT (=) T (k) ®)
a+1 ()
=@_ k )“ﬂ'
Therefore, for all k = 1,2, 3,.. ., we have
(a) a+1 o 9
“k ‘@_ k )Ql‘ v
O

Lemma 4. The nonlocal operator defined in (3) is a linear
operator.

Proof. u(x) and v(x) are two functions, and x € [a,b], A, isa
real number, since

€]
[(x—a)/Ax] @
D (24
G 1 (x) +v(x)] = moAx"‘ k;) w,
X [u(x — kAx) + v (x — kAx)]
[(x—a)/Ax]
= lim w,(c“)u (x — kAx)
Ax — 0 Ax®
k=0
[(x—a)/Ax]
AxaoAx‘" Z )y (x — kAx)
= D u(x) + DGLV (x) ,
(10)
(2)
[(x—a)/Ax] @
A = 1 YA
D [Mu(x)] = lim OM Z w [Au (x)]
RS (1)
— H o
- AAlxnllo Ax“ ,;) W ()
= ADg u (x).
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Lemma 5. Consider Y, w](c“) =0.

Proof. Since (1 - z)* Zk 0 ® 2k let k = 1, and we have
Yol =(1-1*=0. (12)
k=0

O

Lemma 6. For 0 < « < 1, t is a positive integer, m > t, and
one has

w® <0, k=1,23,..., (13)

and Y2, 0 < 0, Y, 0 < 0.

Proof. Fork =1, ! = —a < 0.
Assume that w,(ca) <0.
According to Lemma 3, we have w® = (1-((a+1)/(k+

k+1
D)w®. Since 0 < a < landk+1 > 2, (1-((a+1)/(k+1))) >

0. Thus, sgn(w,((”i)l) = sgn(w,((“)) < 0. Here,

sgn (x) = {1’ x=20, (14)

-1, x<0.

Then we have a),(C+1 < 0. Thus Y12, w (“) <0, YL, a),(C“) < %

Lemma?7. For0 < « < 1,t > 0 is an integer,

t
Yo > 0. (15)

Proof. According to Lemma 5, we have

0= OZO:w(“) Zw + Z w” (16)
k=0

k=t+1

According to Lemma6, Yo, w,(ca) < 0. Therefore,

Zk i (0¢) O

Lemma8. For0 < « < 1,m > 0isan integer andt is a positive
integer

Zw (k) >0,
(17)
Zw (=k) > 0.

Proof. FromLemma6 for0 < < 1, w“) <0,k=1,2,3,.
Thus, w k ®(—k) > 0fork =1,2,3,...,and t > 0. We have

© Ww9k)>0,m>1and Y 0®(k) > 0,m > 1,
k=m ““k k=m 'k
t>1. O

3. Classical Singularity Detection and Location

Singularity detection is the name for a set of mathematical
methods which aim at identifying points in a digital signal at
which the signal value changes sharply or, more formally, has
discontinuities.

3.1. Singularity Types. We can categorize singularities as step,
roof, jump, and ramp. They can be represented as

(1) ideal step

1, > X,
s(x) = { * = %o (18)
0, x<xg

(2) ideal roof

() = m(x—xy)+6 xXo—h <x<xp (19)
n(x—xy)+¢c» Xy <x<xy+h,,
(3) ideal impulse
S(x) _ 119, X = X, (20)
0, x#x
(4) ideal ramp
s(x)z{m(x—x0)+c0, xXg—hy < x < xg, 1)
Co» X > X,

4. Singularity Detection by 1-Order Derivatives

Singularity detection is the name for a set of mathematical
methods which aim at identifying points in a digital signal at
which the signal value changes sharply or, more formally, has
discontinuities.

4.1. The First-Order Derivatives for Singularities. The singu-
larity detection by 1-order derivatives detects singularities by
first computing a measure of singularity strength, usually
a first-order derivative expression, and then searching for
local absolute maxima as the locations of singularities. The
simplest approach to compute first-order derivatives is to use
left-handed differences
Du(x)=u(x)-u(x-1). (22)

Therefore, first-order derivatives of the four types of singular-
ities are

(1) ideal step

0, x<x
Ds(x)=41, x=x, (23)
0, x>x

(2) ideal roof

m, xo—h; <x<x (24)
n, Xy <x<x+h,,

Ds(x) = <|



(3) ideal impulse

b, x=x,
Ds(x)=1-b, x=x5+1 (25)
0, otherwise,

(4) ideal ramp

m, x,—h; <x<x

Ds(x) = { (26)

0, x> x,

Then, find absolute maxima of Ds(x) to locate the positions
of singularities. Here, absolute maxima are the maxima of
absolute values of Ds(x).

4.2. Detect and Locate Singularities. The main steps to locate
singularities are as follows: (1) find all points with D(s(x)) # 0;
(2) compute absolute values of D(s(x)); (3) if Ds(x) > 0,
compare absolute values of Ds([x]) and Ds([x + 1]), and if
abs(Ds(x)) > abs(Ds(x+1)), x is the singularity; if Ds(x) < 0,
compare absolute values of Ds([x]) and Ds([x — 1]), and if
abs(Ds(x)) > abs(Ds(x — 1)), x is the singularity. Four types
of ideal singularities are discussed as follows. Each one has a
corresponding singularity on x,,.

Ideal Step. The absolute values of D(s(x)) are the same as
D(s(x)). Therefore, the absolute maxima are 1 on the position
X,, and then compare absolute values of Ds(x,) and Ds([x, +
1]), and we have Ds(x,) = 1 > Ds([x, + 1]) = 0. Therefore,
the singularity is detected by 1-order derivative and is located
on x,,, which means I-order derivatives can detect and locate
ideal step singularities correctly.

Ideal Roof. The absolute value of D(s) is

abs (Ds (x)) = abs (m), x,—-h; <x<x, (27)
abs (n), x,<x<xy+h,.
Here, abs(-) is
abs (x) = {x, x=20, (28)
-x, x<0.
For D(s(x)) = m > 0,x, — h; < x < x, we should

compare the absolute values of D(s(x)) and D(s(x+1)). Since
abs(D(s(x))) = abs(D(s(x+1))) = m, all x € (x,—h,, x,) are
not singularities.

For D(s(x)) = m < 0, x, — h; < x < x,, we should
compare the absolute values of D(s(x)) and D(s(x—1)). Since
abs(D(s(x))) = abs(D(s(x—1))) = m, all x € (x,—hy, x,] are
not singularities.

D(s(x,)) = m > 0, and we should compare the absolute
values of D(s(x,)) and D(s(x, + 1)). Since abs(D(s(x,))) =
abs(m) and abs(D(s(x, + 1))) = abs(n), if abs(m) > abs(n),
X, is the singularity; otherwise, x, is not a singularity.

D(s(xy + 1)) = n < 0, and we should compare
the absolute values of D(s(x, + 1)) and D(s(x,)). Since
abs(D(s(x,))) = abs(m) and abs(D(s(x, + 1))) = abs(n), if

Abstract and Applied Analysis

abs(m) < abs(n), x, + 1 is the singularity; otherwise, x,, + 1 is
not a singularity.

For D(s(x)) = n < 0, x5 +1 < x < x, + h,, we should
compare the absolute values of D(s(x)) and D(s(x—1)). Since
abs(D(s(x—1))) = abs(D(s(x))) = abs(n), x € (x,+1, x+h,)
are not the singularities.

For D(s(x)) = n > 0, x, + 1 < x < x, + h,, we should
compare the absolute values of D(s(x)) and D(s(x +1)). Since
abs(D(s(x+1))) = abs(D(s(x))) = abs(n), x € [xy+1, xy+h,)
are not the singularities.

Ideal Impulse. (D(s)) has two nonzeros, that is, x = x, and
x = xy + 1. For D(s(x,)) = b > 0, comparing the absolute
values of D(s(x,)) and D(s(x, + 1)), we have abs(D(s(x,))) =
abs(D(s(x, + 1))) = abs(b). Thus, x, is not the singularity.
For D(s(x,)) = b < 0, comparing the absolute values of
D(s(x,)) and D(s(x, — 1)), we have abs(D(s(x,))) = abs(b) >
abs(D(s(x, — 1))) = 0. Thus, x, is the singularity.

For D(s(x,+1)) = —=b < 0, comparing the absolute values
of D(s(xy + 1)) and D(s(x,)), we have abs(D(s(x, + 1))) =
abs(D(s(x,))) = abs(b). Thus, x, + 1 is not the singularity.
For D(s(x, + 1)) = =b > 0, comparing the absolute values of
D(s(xy + 1)) and D(s(x, + 2)), we have abs(D(s(x, + 1))) =
abs(b) > abs(D(s(x, +2))) = 0. Thus, x, + 1 is the singularity.

In summary, for b > 0, no singularity is detected; for b <
0, both x; and x;, + 1 are located as singularities.

Ideal Ramp. The absolute value of D(s) is

m, x,—h; <x<x,

abs (Ds (x)) = { (29)

0, x> x,

For D(s(x)) = m > 0, x, — h; < x < x, we should
compare the absolute values of D(s(x)) and D(s(x+1)). Since
abs(D(s(x))) = abs(D(s(x + 1))) = abs(m), all x, —h; < x <
X, are not singularities.

For D(s(x)) = m < 0, x, — h; < x < x,, we should
compare the absolute values of D(s(x)) and D(s(x—1)). Since
abs(D(s(x))) = abs(D(s(x + 1))) = abs(m), all x, — h; < x <
X, are not singularities.

D(s(x,)) = m > 0, and we should compare the absolute
values of D(s(x,)) and D(s(x, + 1)). Since abs(D(s(x,))) = m
and abs(D(s(x, + 1))) = 0, x, is the singularity. Thus, when
m > 0, ideal ramp singularity can be detected and located
correctly by 1-order derivatives.

Summarizing the above conclusion, we have the follow-
ing.

Theorem 9. The detection and location of four types of ideal
singularities using I-order derivatives are

(1) ideal step: I-order derivative can detect and locate ideal
step singularities correctly;

(2) ideal roof: l-order derivative can detect ideal roof
singularities when abs(m) # abs(n). But, for abs(m) <
abs(n), a false singularity x, + 1 is located;

(3) ideal impulse: the singularity can not be detected;
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(4) ideal ramp: I-order derivative can detect and locate
ideal ramp singularities correctly when m > 0, for
m < 0, and the singularity can not be detected.

5. Singularity Detection by
Fractional-Order Derivatives

The singularity detection by fractional-order derivatives
detects singularities by computing fractional-order derivative
expression firstly and then searching for local extrema as the
locations of singularities.

5.1. Fractional Derivatives of Four Types of Singularities.
Fractional-order derivatives of the four types of singularities
are as follows.

Ideal Step. The fractional-order derivatives of ideal step
singularities are

[x=x,] @
Z w®, x=x (30)

0, x < Xy.

D¢ s (x) =

Ideal Roof. The fractional-order derivatives of ideal roof
singularities are

D¢y s (x)

[x—x¢+h;]

m Z w,(("‘) (=K + [x = x0])
k:[?c—xOJrh ]
+6 Z w,((“),
k=0
[x=xp]-1

={n z w(“) —k+ [x - x;])

-h, <x<x,

[x xo+h ]
+m z @0 (=k + [x = x,])
k= [x—xo]
[x—x¢+h;]
+6 z w,((“), Xy < X < Xo + hy.
k=0
(€))
Ideal Impulse. Since there are only s(x,) # 0, we have
N Ei‘)_x]b, X—xy <t
D s(x) = 0 ' (32)
0, otherwise.

Ideal Ramp. The fractional-order derivatives of ideal ramp
singularities are

D¢y s (x)

[x—xg+h;]

m Z w,i“) (=k + [x = x,])
k=0
[x—xq+h;]
+¢ Z w,((“),
k=0
=9 [x—xo+h; ]
m Z w,(:“) (=k+ [x = x,])

k=[x-xo+1]

[h]
+6 Zw("‘),
k=0

xXo—h; < x<x,

X > x,.

(33)

5.2. Find Extremum. The main steps to find extrema of
fractional-order derivatives D¢ s(x) with 0 < «a < 1 are as
follows: for all Dg; s(x) # 0, compare values of Dg; s(x — 1),
D¢ s(x), and D s(x + 1). If Dg;s(x) — DG s(x — 1) >
ty and D¢ s(x) — Dy s(x + 1) > 5 or D& s(x — 1) —
D¢ s(x) > ty and D¢ s(x + 1) — D s(x) > t, where ¢,
is predefined threshold, x is the singularity. Four types of
ideal singularities are discussed as follows. Each one has a
corresponding singularity on x;,.

Based on the above discussion, we can detect and locate
four types of singularities as follows
Ideal Step. Since D(s(x,)) = wo =1, D(s(x, — 1)) = 0 and
D(s(xy+1)) =1+ wi“). According to Lemma 6, w1 ) < 0 for
0 < a < 1. Thus, D(s(x,)) = 1 > D(s(x, + 1)) and D(s(x,)) =
1 > D(s(x, — 1)) = 0. So, x,, is the singularity. When x > x,,,
D(s(x—1)) = D(s(x)) and D(s(x+1)) < D(s(x)),soall x > x,
are not singularities.

From the summary above, there is only one singularity on
Xo-

Ideal Roof. Since

[hy] (h]
D¥s (xy) = me(“) -k) + COZw,(C“)
k=0

[h-1] [h-1]
GLs -1)=m Z w(a) (-k-1) + ¢ Z w®,
k=0

(hy+1] [h,+1]
GLs(x0+1)—n+me (k+1)+cOZw(“)
=0

(34)

thus,

(hy—1]
DGLS (%) = DGLS (xo-1)=m Z ‘Uk +ma)[h ]( (h])
+c0w([‘:l)l],
(35)



(hy]
D%s(xy) - DXs (xo + 1) = —n - me
k=1
(@) ()
MmO ) (]~ @[, 410
(36)

The ideal roof implies that when m > 0, we have ¢, > 0,1 < 0,
and when m < 0, we have ¢y < 0,1 > 0

Accordlng to Lemma 6, Z[hl R wk > 0 and, according to

Lemma 7, w ( [h;]) > 0. Moreover,
the right hand of (35) is m Z[h‘ 1 ,i“) and it has the same

sign as m. That is, when m > 0, it is a positive number while
when m < 0, it is a negative number The right hand of (36)

-mh; + ¢ = 0, Thus,

hy
can be written as —n — m Z[ | 0 which also has the same
sign as m. Therefore, when m > 0, DGLs(xO) is a maximum

while when m < 0, D(G‘)‘L)s(xo) is a minimum. In summary, x,
is a singularity.

“Ls(xo) = D("‘)s(x0 -1) =0,
“b. According to Lemma 5, w(“) <0

Ideal Impulse. For x = xo ,

and DGLs(x0 +1)=

and abs(wl‘x)) <1 for 0 < « < 1. Thus, when b > 0, we have

D(G“L)s(xo) - D(gL)s(xO —-1)=b>0and D(“ [s(x) — D(O‘)s(xo

1) = b(1 - "‘)) > 0, while when b < 0, we have DGLs(xO) -

Dg"L)s(xo —1)=b < 0and D o S(xg) — D(G“L)s(xo +1)=b(1 -
1“)) < 0. Therefore, x,, is the singularity.

Ideal Ramp. Since

[h]

Dng)s(xO mZa)k“)( k) +COZw“),

[h-1] (h,-1]

D(G‘"gs(xo—l me“)( k—l)+cOZw(“) (37)

[hy+1] [h]
=m Z wk“) (-k+1) + COZw(“)

D(a)s (xo+1)
according to the above discussion of ideal roof, we know that
DWs(xy) — D%s(x, —
only discuss D(“ [s(xg) — D(“ [s(xo + 1) as follows:

1) has the same sign as m. Thus, we

(]

mY (=) + mafi)) (]

k=1

2 < [m+1] ’(Ca))

D&Y (x0) = Dl (%0 +1) =

(38)

: (ex)
Accordlng to Lemma 4, a)[h]

abs(w )), we have Z[h] [h +1]

s(xo) GLs(x0 + 1) has the same sign as m. That is,
when m > 0, we have D(“)s(xo) - D((f:‘L)s(x0 - 1) > 0and

< 0, and abs(a) ) <

[h]+1
- wk“)) > 0. Therefore,
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G‘XLs(xo) - “s(xo +1) > 0, and when m < 0, we have
Ls(xo) D s(xo—l) < OandD s(xo) D s(x0+1) < 0.
Thus, x,, is the singularity.

Summarizing the above conclusion, we have the follow-
ing.

Theorem 10. The fractional derivatives can detect and locate
four types of ideal singularities correctly.

6. Conclusions

In this paper, we study fractional-order derivatives of left-
handed Griinwald-Letnikov formula with 0 < & < 1 to detect
and locate singularities in theory. Theory analysis indicates
that fractional-order derivatives of left-handed Griinwald-
Letnikov formula with 0 < & < 1 can detect and locate the
ideal four types of singularities correctly, which shows better
performance than classical 1-order derivatives in theory.
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