QUT

Queensland University of Technology
Brisbane Australia

This may be the author’s version of a work that was submitted/accepted
for publication in the following source:

Li, Yuanlu, Liu, Fawang, Turner, lan, & Li, Tao

(2018)

Time-fractional diffusion equation for signal smoothing.
Applied Mathematics and Computation, 326, pp. 108-116.

This file was downloaded from: https://eprints.qut.edu.au/121051/

© Consult author(s) regarding copyright matters

This work is covered by copyright. Unless the document is being made available under a
Creative Commons Licence, you must assume that re-use is limited to personal use and
that permission from the copyright owner must be obtained for all other uses. If the docu-
ment is available under a Creative Commons License (or other specified license) then refer
to the Licence for details of permitted re-use. It is a condition of access that users recog-
nise and abide by the legal requirements associated with these rights. If you believe that
this work infringes copyright please provide details by email to qut.copyright@qut.edu.au

Notice: Please note that this document may not be the Version of Record
(i.e. published version) of the work. Author manuscript versions (as Sub-
mitted for peer review or as Accepted for publication after peer review) can
be identified by an absence of publisher branding and/or typeset appear-
ance. If there is any doubt, please refer to the published source.

https://doi.org/10.1016/j.amc.2018.01.007



https://eprints.qut.edu.au/view/person/Liu,_Fawang.html
https://eprints.qut.edu.au/view/person/Turner,_Ian.html
https://eprints.qut.edu.au/121051/
https://doi.org/10.1016/j.amc.2018.01.007

Time Fractional Order Diffusion Equation
for Signal Smoothing

Yuanlu Lit?, Fawang Liu?, lan W. Turner®, Tiao Li'?

1. B-DAT, School of Information and Control, Nanjing University of Information Science & Technology, Nanjing,
China, 210044;

2. Jiangsu Collaborative Innovation Center on Atmospheric Environment and Equipment Technology, Nanjing
University of Information Science & Technology, Nanjing, China, 210044

3.School of Mathematical Sciences, Queensland University of Technology, GPO Box 2434, Brisbane, Qld. 4001,

Australia

Abstract: Time fractional order diffusion equation, as a generalization of classical diffusion
equation, was proposed to peak-preserving smoothing of the spectra signal. Two implement
methods: explicit difference scheme and implicit difference scheme was presented, respectively.
Taking the under processing spectrum as a reference signal to design the diffusion function, so
that the diffusion is weaker along the peak, thus, the peak-preserving smoothing can be achieved.
The classical diffusion filtering is just a case of time fractional order diffusion filtering. Some
simulated signals and an NMR spectrum has been used to verify the proposed method and
compare the performance of classical smoothing methods (regularization method, Savitzky-Golay
method and wavelet method). Results indicated that the time fractional order diffusion filtering is
advantage over the classical diffusion filtering and their smoothing performance is better than that

of classical smoothing methods.
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1. Introduction

Because of imperfections in the experimental apparatus, interfering physical or chemical
processes, or any of other causes, experimental spectra often contain noise. So signal smoothing is
often desired to help with subsequent analysis. For example, if derivatives of the signal are needed,
the signal must be especially smooth otherwise the noise will be severely amplified in the

derivative signal [1, 2].



At present, there are many methods which can be used to reduce noise in a spectrum [3-11].
Sliding average method is the simplest ones. The Savitzky-Golay method [8] is one of
improvements to sliding average method, where a low-order polynomial is fitted to the data within
a moving window rather than just taking their average. Thus an increase in the window size can
improve the degree of smoothing, but, too broad of a window will reduce the effect of the
resolution enhancement and distort the derivative spectra. In additional, a lower degree of the
polynomial leads to more effective noise reduction, while a higher polynomial degree preserves
more accurate the peak profiles. From Ref. [12], the parameters for the Savitzky—Golay method
are selected usually by a trial-and-error method. Therefore, the Savitzky—Golay method has been a
popular smoothing method. Similar method includes using a spline to smooth the spectra [7]. As
an improved alternative to the Savitzky-Golay method, the regularization method was proposed
based on penalized least squares [10, 11]. This smoother is very fast, gives continuous control
over smoothness, interpolates automatically, and allows fast leave-one-out cross-validation.

Wavelet method [5, 6, 13-15] is an important method for spectra smoothing, in which the
spectrum is decomposed by the discrete wavelet transform (DWT) and the high frequency
components under threshold value are discarded then the inverse wavelet transform used to
reconstruct the spectrum. However, the number of samples are demanded to be a power of two.

Since the nonlinear diffusion equation was firstly used to image denoising and edge detection
by Perona and Malik [16], partial differential equations have been widely used in image
processing [17-23].

In the last ten years, the development of fractional order systems theory has led to a new set of
tools that began replacing classic procedures and implementations. For example, Bai and Feng [24]
use the fractional-order anisotropic diffusion equations for image denoising. Their results
indicated that the fractional-order anisotropic diffusion equations can yield good visual effects and
better signal-to-noise ratio. The fractional-order level set model was proposed by replacing the
integral-order gradient operator of level set function in the energy formulation into the fractional-
order one [25]. The regularization operator is constructed by using fractional order derivatives,
where the choice of the fractional order for each pixel in the image is driven by the texture map of

the image. An adaptive strategy for the restoration of textured images was presented in [26].



Result indicated this is an efficient tool to preserve texture well in the texture regions while
removing noise and staircase effects in the image. Three fractional-order TV-L2 models, which
are based on the different numerical algorithms of fractional differential, are introduced for image
denoising in [27]. The interplay between fractional calculus and signal processing will bring new
challenges since the involved mathematical tools are more difficult to compute than the classic,
but also richer allowing better models and performances.

In this paper, the time fractional order diffusion equation was proposed to smooth noisy spectra.
The time fractional order diffusion equation is a generalization of the classical diffusion equation

[16]. It can be obtained by replacing the first-order time derivative in the nonlinear diffusion
equation into a fractional derivative of order & € (0,1]. Unlike the classical case, information
about all the previous time layers is required when numerically approximating a time fractional
diffusion equation on a certain time layer. Fortunately, there have been some methods for solving
of the time fractional order diffusion. These methods mainly include explicit difference scheme

[28], implicit difference scheme [29-33], and spectral method [34-36], etc.

2. Nonlinear Diffusion Filtering

Witkin [37] found that the solution of a heat diffusion equation with a signal as initial data is
equivalent to the convolution of the signal with Gaussians function at each scale. That’s to say, the
diffusion process is equivalent to smoothing process with a Gaussian kernel. But smoothing
process does not discriminate between local features and noise. To recognize invariant features at
each scale, a variable diffusion processes was proposed by Perona and Malik [16]. They used the
gradient of the actual image as a reference of diffusion function to control the diffusion process. It
has been considered as an edge-preserving smoothing method. The process can be formulated as

follows:

ou(x,t) . ouU (x,t)
T_dlv(g(x,t)—ax j (1)

with initial and boundary conditions:

U(x,0)=f(x),0<x<L @)



Uu,t)=U(L,t)=0,0<t<T ©))

where §(X, t) is a diffusion function. In general, §(X,t) is a smooth decreasing function with
g9(0,t) =1, g(x,t) >0 and g(X,t) tending to zero at infinity. The diffusion strength is

controlled by g (X, t) .

Two different diffusion functions have been proposed [16]:
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— )
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If the gradient |VU (X,t)| is large, g(X,t) is small. This means the diffusion is weak. Conversely,

if the gradient |VU (X,t)| is small, g(x,t)is large, the diffusion is strong. The parameter A is

chosen by the noise level and the edge strength. A proper choice of the diffusion function can

preserve the edges and even enhance them while being numerically stable [16].
However, we will take use of the spectrum to be smoothed as the reference signal of the

diffusion function. So the diffusion functions (4) and (5) will be correspondingly replaced by

U (x,1)|

2
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From g,(X,t) and g,(X,t), we can find the diffusion coefficient will become weaker along the

peak of the signal. In this way, we will better preserve the peak shape of a spectrum.

3. Time Fractional Order Diffusion Filtering

In nonlinear diffusion, improvement of performance was achieved by design of diffusion
function. Here, a time fractional diffusion equation was proposed to improve the smoothing
performance. In fact, using the diffusion equation to smooth signal is to find a solution of Eq.(8),

which meets the initial conditions. In other words, u(x,0) is a noisy signal, and u(x,T)is the

smoothed signal. The diffusion process can be described by

a 2
au(x,t):g(x’t)w, ae(0,1), O0<x<L, O<t<T,
ot” OX
u(x,0)=f(x), 0<x<lL, ®)

u(0,t)=u(L,t)=0, O<t<T.

where g(X,t) is a known diffusion function.

3.1. Numerical methods

There are some existing numerical methods for the solution of the fractional order diffusion
equation [28-33, 35, 38]. Since finite difference is easy to handle and a real digital signal already

is discrete, the finite difference scheme was adopted in this paper.

Setting T:-%\I andh= LM , where 7 and h are time and space steps, respectively, we
have t, =0, t, =T , t, =kr for k=12,---,N-1 and X,=0, x, =L, X =ih for
i=12,---,M —1 . Let u’be the numerical approximation tou(x;,t, ).

The Caputo fractional derivative of order « with respect to time is defined as

ou(x,t) 1 Jtau(x,g) 1
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ForO<a <1, the Caputo’s fractional derivative is approximated by [39]:
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where

-a

C,. =—r(; X o = =) and 1=0 > o > > . (11)
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3.1.1 Explicit difference scheme
Explicit difference scheme is very simple way to implement and, therefore, they are used almost

exclusively. Now Let us consider the simplest discrete approximation of this process.

The explicit numerical method is given by

k k-1
(@) (1 k=i+1  k=i\_ i k-1
Ga’TjZ;wj (T -y ) = e (Ul =20 + Ul (12)
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For k>1, we have
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The explicit scheme is expressed by matrix-vector notation as following
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One can see the explicit iteration scheme is computationally very cheap: It requires
only to calculate the three nonvanishing matrix entries each row and to perform a
matrix—vector multiplication. But, the time step size is restricted as a small number
for stability reason.

3.1.2 Semi-implicit difference scheme
The implicit numerical method is given by

k-1
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For k=1, we have
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The implicit scheme can be expressed by matrix-vector notation as following
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One can see B*is strictly diagonally dominant. So B are invertible.
3.2. Stability of implicit difference scheme

Assume Uik (i=0,14,---,M ;k=0,1,---,N) be the approximation of numerical solution,
the error & =G —uf satisfies
~plet, +(1+428) e +—fel, =&, (20)
—B el + (1428 e - B e =8 —Zk: (=gl ). (21)
i
The implicit difference scheme is unconditionally stable.
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e, [|E <|E°| .

Unlike the explicit scheme, they can be fully adapted to the desired accuracy without
the need to choose small time steps for stability reasons.

3.3. Convergence analysis of implicit difference scheme

Let u(x,t.), (i=12,---,M —=1;k =1,2,---,N) be the exact solution of Eq.(8) at mesh point
(x,t) , and u* be the numerical approximation to u(x,t) . Let e‘=u(x,t)—u',
i=12,---M-1; k=12,---,N and & =(e1k e .- e,'\‘,,_l)T . Using &° =0,

substitution into Eqg.(17) and (18) leads to
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where C is a non-negative constant.
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4. Data Acquisition



Under normal circumstances, the spectral peaks can be modelled by Gaussian peaks, Lorenz peaks
or their combination.

As tested data, the Gaussian peaks is generated by

G.0=3A exp{—%} , (29)

and the Lorenzian peaks is generated by the following formula:

S o
i= 1+[X—ﬂij
O

where N is the number of peaks, A, x,and o; the height, position and width of peak i,

Lz(t) =

respectively. The white noise is generated by “awgn” function in matlab.

An NMR spectrum, which is part of the Wavelab toolbox ( http://statweb.stanford.edu/~wavelab/

), was used to compare the time-fractional order diffusion filtering to the other smoothing

methods.

5. Results and Discussion

5.1 Assessment criteria

The signal to noise ratio (SNR) is use to assess the smoothing performance. SNR is

computed by the following formula:


http://statweb.stanford.edu/~wavelab/

s ()

SNR=10lg ——" -
D | F(n)—s(n)|

(30)

where s(n) is a genuine signal (the one with no noise added) and f(n)is a noisy

signal. The noisy signal is passed to the smoothing algorithm, and the smoothed

signal compared to the genuine signal by calculating the SNR between the two

signals.

5.2 Comparison between time-fractional order and classical diffusion filtering

As an evaluation of time fractional order and classical diffusion filtering, four noisy signals are

generated to compare the time fractional order diffusion filtering with the classical diffusion

filtering (@ =1) and their SNR are set to 15dB. One hand we compare their smoothing

performance, we use the SNR to assess it. The other hand we compare their CPU time which is

time-consumed in execution of the algorithm. The noisy signals and their smoothed signals are

shown in figure 1. The CPU time and SNR are present in Table 1. In this experiment, the time

fractional order derivative & =0.9, the iteration times are set to 80, time step size is 0.25 and

parameter A = 0.25. For classical diffusion filtering, the iteration times are set to 80, time step

size is 0.25 and parameter 4 =0.3.

Table 1 Comparison of time fractional order diffusion filtering for ¢ =0.9 and 1.0 in the case of
15dB

Signal 1 Signal 2 Signal 3 Signal 4

a | SNR CPU time | SNR CPU time | SNR CPU time | SNR CPU time




0.9 | 28.2339 | 3.388571 | 24.0287 | 3.696531 | 24.0666 | 3.410147 | 23.0530 | 3.482364

1.0 | 28.2176 | 3.206549 | 23.7776 | 3.391068 | 23.0910 | 3.199753 | 22.2486 | 3.380023

From Table 1, one can see that time-consuming of the time fractional order diffusion model is
slightly more than that of the classical diffusion model. But smoothing performance of the time

fractional order diffusion model is better than that of the classical diffusion model.
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(d) Signal 4, the smoothed signals and the genuine signal have been shifted vertically
Figure 1 Comparison of time fractional diffusion model and the classical diffusion model, in the
case of the SNR 15dB.

5.3 The optimal time fractional derivative order
In order to find the best time fractional derivative order ¢ , the relationship between the SNR and
the time fractional derivative order « is shown in figure 2. Usually, one can take 0.95 as the best

time fractional diffusion derivative order to smooth the noisy signal.
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Figure 2 The relationship between the SNR and the time fractional derivative order « for 4

signals mentioned above.



5.4 Smoothing performance comparison for different methods

Classical smoothing methods such as regularization method (RegM) [10, 11], Savitzky-Golay
method (SGM) [8], Wavelet method (WM) [6, 15] and sliding average method (SAM) are
performed as the comparisons. For the Savitzky-Golay method, runs are taken with sliding
window sizes ranging from 3 to 31 points, and the window size that maximized the SNR is
selected. In the case of the Savitzky—Golay method, degree of the polynomial is 2.

For wavelet method, sym14 wavelet is selected as the optimized wavelet. The decomposition
level is also compared as an important factor to optimize smoothing efficiency of sym14 from
level 1-5. The optimal level is selected.

For the regularization method, we directly use the codes given by ref. [11] to obtain the optimal
smoothing result.

For the time fractional diffusion method, the time fractional order derivative @ =0.95, the
iteration times are set to 80, time step size is 0.25 and parameter A =0.25. The SNR of these

smoothed signals are shown Table 2. Comparison for different smoothing methods is shown in

figure 4.
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Figure 3 Comparison for different smoothing methods in the case of 15dB

Table 2. SNR improvement with different smoothing method

Signal TFDM CDM RegM SGM WM

1 28.2339 28.2476 27.0833 27.0100 25.4781
2 24.0287 23.7776 21.8826 21.8586 20.5150
3 24.0666 23.0910 22.1014 21.5116 20.8083
4 23.0530 22.2486 21.1560 20.9873 20.9227

Form above results, one can the time fractional diffusion order model is an excellent method for

signal smoothing. The smoothing performance of the time fractional order diffusion model is

better than that of RegM, SGM, and WM.

5.5 Smoothing of a NMR spectrum



In the end we use the time fractional order diffusion filtering to smooth a NMR spectrum of a
wood. Comparisons are also performed with different smoothing methods in common use, such as
Savitzky—Golay method [8], regularization method [10], wavelet method [15]. The results are
shown in Fig. 7. The number of points in the spectra was set to 1024. In regularization method, we
directly use the codes given by ref. [11] to obtain the optimal smoothing result. In the Savitzky-
Golay method, the width of the sliding window is 21 points and polynomial degree is 2. In
wavelet method, the function “wden” in matlab toolbox was used to smooth the NMR, the wavelet

is Sym10 and decomposed level is 5. In the time fractional order diffusion filtering (o = 0.95),

the iteration times are set to 30, time step size was 1/4 and parameter A was set to 0.8. The
Savitzky-Golay smooth is less effective at reducing noise, but more effective at retaining the
shape of the original signal. The regularization method, as an improvement of the Savitzky-Golay
smooth method, has the same advantage and disadvantage as the Savitzky-Golay smooth method.
However, one can see that the time fractional order diffusion not only reduces the noise but also

keeps the shape of original signal.
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Fig.4. Comparison of different smoothing methods: an NMR spectrum of a wood being smoothed
by the Savitzky—Golay method, regularization method, wavelet method and time fractional order
diffusion filtering.

6. Conclusion

Based on time-fractional order diffusion equation, a novel smoothing method was proposed.
Detail implement method include explicit difference scheme and implicit difference scheme were
given. Effectiveness of time fractional order diffusion was verified by some simulated signals and
an NMR spectrum. Results indicated that time fractional order diffusion filtering is an excellent

smoothing method. It can not only reduce noise but also preserve the peak shape.
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