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Aiming at the problem that the intermediate potential part of the traditional bistable stochastic resonance model cannot
be adjusted independently, a new composite stochastic resonance (NCSR) model is proposed by combining the Woods—
Saxon (WS) model and the improved piecewise bistable model. The model retains the characteristics of the independent
parameters of WS model and the improved piecewise model has no output saturation, all the parameters in the new model
have no coupling characteristics. Under ¢ stable noise environment, the new model is used to detect periodic signal and
aperiodic signal, the detection results indicate that the new model has higher noise utilization and better detection effect.
Finally, the new model is applied to image denoising, the results showed that under the same conditions, the output peak
signal-to-noise ratio (PSNR) and the correlation number of NCSR method is higher than that of other commonly used linear
denoising methods and improved piecewise SR methods, the effectiveness of the new model is verified.

Keywords: Woods—Saxon, improved piecewise model, composite stochastic resonance (SR), image denoising

PACS: 02.60.Cb, 05.40.—a, 05.40.Fb, 05.45.—a

1. Introduction

The main difference between the stochastic resonance
(SR) weak signal detection method and the traditional method
The SR the-
ory was proposed by Benzi er al. when studying the cycle

is the use of the beneficial nature of noise.

of the glacial period,!!! it has become a hot research topic
in the field of nonlinear science. With the continuous ex-
ploration and development of SR theory, it has been ap-
plied in many fields such as electronic systems, >3 quantum

systems,[* signal processing, -] [7.8]

S’[9712]

image enhancement,
mechanical system neural networks,[!3-13] chemistry
and biology,!”~1°1 among which weak signal detection is the
most widely used. The detection effect of SR method is greatly
related to the nonlinear model in SR system. The commonly
used SR models are monostable, bistable, and tristable, Qiao
et al.?! proved that the output of the classical bistable SR
(CBSR) system is easily saturated. The piecewise nonlinear
bistable SR (PNBSR) mode proposed by Gosak et al.?! has
achieved some results, but the potential barrier of this method
has not completely broken the output saturation characteris-
tic of CBSR. Lu et al.’??) proposed Woods—Saxon stochastic
resonance (WSSR), which is a single potential well structure,
the shape of the potential well can be adjusted by changing the
system parameters. Jiao ef al.[>>! proposed an improved piece-
wise SR, the proposed method has a wider potential well and
a lower wall steepness, which ensures that the particles have
enough energy to continue to move upward during migration.
Li et al.””*! used the combination of Woods and Gaussian po-
tential well as the resonance model of SR. This model success-
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fully detected the fault frequency of blade cracks. Zhang et
al.”! combined the Gaussian potential well model with a sin-
gle potential well to form a new SR system. These improved
models improve the detection ability of SR.

Howeyver, in the actual industrial measurement, there are
often situations where the signal periodic force and the noise
random force are very weak. At this time, using traditional
models, it is often difficult to achieve particle transitions by
adjusting system parameters to convert noise energy into sig-
nal energy. The SR model plays a key role in regulating the
energy distribution of signals and noise in the system, there-
fore, it is of great practical significance to study a new SR
model. To better improve the weak signal detection ability of
SR, this paper proposes a new composite SR (NCSR) model
combining the advantages of the improved piecewise bistable
SR model and Woods—Saxon (WS) model. Although the im-
proved piecewise model solves the problems of easy saturation
and high intermediate potential barriers in classical traditional
bistable models, the system stability will decrease as the model
parameters change, and the problem of deepening the interme-
diate potential well in the model has also been exposed, which
to some extent affects the ability of SR to enhance the sig-
nal. To address this issue, this article incorporates Woods into
an improved piecewise model and constructs a novel compos-
ite SR model. The new model improves the extraction effect
of weak characteristic signals by improving the dual effect of
weak fault characteristics. The results show that the SR ef-
fect of the combination of improved piecewise model and WS
model is better than that of using WS and traditional bistable

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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SR methods and using only the improved piecewise model.

In the process of actual signal processing, the collected
signals often have the characteristics of peak pulse and sig-
nificant tail. According to the characteristics of such sig-
nals, scholars have studied the « stable distribution noise (also
known as levy noise) model,?*->°! which not only contains the
Gaussian distribution model,[3%3!1 but also can better match
the actual data, and its application range is more extensive. So
this paper mainly focuses on the research and application of
the new composite SR model under ¢ stable noise. This model
has been applied to bearing fault diagnosis with good results.
The NCSR model is introduced in Section 2, Section 3 is the
simulation analysis of detection performance of NCSR sys-
tem. In Section 4, experimental verification of NCSR system
in image enhancement in made. Section 5 provides a summary
of this paper.

2. New composite model
2.1. WS model

The WS is a nonlinear symmetric potential 3!
v

1+exp (|x|_r>
&

When v =2, r =1, and ¢ has a variation range of 0.01-0.3,
the WS potential well is shown in Fig. 1. From Fig. 1, it
can be seen that when ¢ = 0, the potential is a square potential

Uws(x) = — 6]

0
—0.2
—0.4 c=0.01
—0.6 P
038 c=032
& 10
—1.2
—1.4
—1.6
—1.8
—2055 —1.0 0 1.0 2.0

x

well, and as c increases, the wall of the potential well becomes
smoother and smoother.

2.2. Improved piecewise model

The piecewise model®* is as follows:

— 22U

- 0(x—|—m)—U0—lx, x< —m,

b
—gxz-i-fx“—lx, —m<x<0,
nx={ 2 4 @)

a b
—§x2+1x4+b@ 0<x<m,

22U
V2 O(x—m)—Uo—HX, x>m.

m

Ui (x) is the potential function of the improved piecewise
model, where a and b are the parameters of the model, m =
Va/b, Uy =a?/4b, | =k x R, 0 <k < 1. R. is the input
threshold of the system. Figure 2 shows a comparison between
the two models.

0.8

——Classical bistable model
0.6 ——Improved segment model

Fig. 2. A comparison diagram of the two models.

2.3. NCSR system

Combining the advantages of the above two models, an
NCSR model is proposed, the new model overcomes the out-
put saturation phenomenon of traditional bistability and is
more conducive to particle leaps than the improved piecewise

Fig. 1. The WS potential function. model.
|
—/2U, Vv
L(x-l—m)—Uo—lx—i- , x<—m,
m <|x|r>
1+exp
c
b Vv
—gxz—i—fx“—lx—i- , —m<x<0,
2 4 <|x|r)
1+exp
c
U(x) = Ui(x) — Uys(x) = a b v 3)
2 4
—ox 4t I+ ; 0<x<m,
2 4 <|x|r)
1 4exp
2U,
V2 O(x—m)—Uo+lx—|— x>m
m
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U (x) is the potential function of the NCSR model. Figure 3(a)
is a comparative diagram of Woods plus classical bistability

13.(@) —— Woods+classic bistability
s — Woods+improved piecewise
7_
6 L
OREdN
S a4t
3 =
2 k-
1 }
O k-
—1 ! i ! i : |
-2 -1 0 1 2
T

and Woods plus improved piecewise model. Figure 3(b) is a
three-dimensional graph of the NCSR model.

(b)

o O N W ke ot O

Fig. 3. Comparison diagram of two WS potential functions: NCSR model (a) and (b) NCSR model.

An NCSR system is studied in this paper. In the case of
overdamping, the linear Langevin equation mainly relies on
the damping term, while the inertia term can be ignored. If the
damping coefficient is chosen as 1, then its dynamic equation
is shown as follows:

dx

5 = U@ +s(0)+Dna (1), )

where U (x) is the potential function of NCSR, s(7) is a signal,
Ne(t) represents the o stable noise, and D is the noise am-
plification factor which can change indirectly the intensity of

Ne(t). Bring formula (3) into formula (4), we obtain

U _
L+l+—sgn x)exp<|x| r)
-2

x <1+exp (' |C_r>) +5(t) + DN (1),

x < —m,

ax — bx> +l+—sgn(x) p<|x|r>

-2
><<1+exp<|| : +5(t) +Dnq(t),

dx fm<x<0
dar N |x| —r )
ax —bx® — sgn(x) exp( >
¢ |*r -
x| I+exp +5(t) +Dng(2),
0<x<m,
7Q71+ngn exp( )

X <1+exp <|x|c—r>) +5(t) +Dnq(t),

X > m.

Solving Eq. (5) with the fourth-order Runge—Kutta algorithm,

the value of x is the output of the NCSR system. 33!

2.4. Detection scheme of NCSR system

In signal detection, the signal, noise, nonlinear system
can achieve the best matching effect by adjusting the parame-
ters of the NCSR system. To further achieve the best results,
the NCSR system adopts differential brain storming optimiza-
tion (DBSO)13*! algorithm to optimize the six parameters of
a, b, 1, v, r, ¢, and takes the output SNR (characteristic co-
efficient) as the fitness function. The flow chart of DBSO is
shown in Fig. 4 and the detection scheme based on the NCSR
system is shown in Fig. 5.

Population initialization

Individual fitness value evaluation

1

Cluster and select the best individual in each class as the

cluster center

N L

| Mutation produces new individuals |

1

| Update population |

Reached maximum number of iterations

Output system optimal parameters

+
NCSR

End

Fig. 4. Flow chart of NCSR based on DBSO.
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v

Weak noisy signal
| |

v

Input noisy signal to SR system

v

Use DBSO to optimize system parameters

v

Send the optimized system parameters into the NCSR system

v

NCSR system output

v

Noisy image

End

Fig. 5. Detection scheme based on NCSR system.

3. Simulation analysis and evaluation of NCSR
system

3.1. System performance analysis
3.1.1. NCSR in « stable noise environment

In o stable noise environment, the influence of NCSR
system parameters a, b, [, v, r, ¢ on the output SNR under
the action of different characteristic exponents @ (0 < a < 2)
and symmetric parameters § (—1 < 8 < 1) is analyzed. The
following system simulation settings f; = 4.08 Hz, N = 4096,
and noise intensity D = 0.3.

(I) Influence of characteristic index o on SR effect

The o steady noise fixed distribution parameters 8 = 0,
o =1, u =0, the characteristic index is taken as 0.8, 1, 1.5
respectively. When b=1,1=0.5,v=2.5,r=1,c =235, the
curve of a changing with SNR is shown in Fig. 6(a). When
a=10,1=0.5,v=2.5,r=1, c =15, the curve of b chang-
ing with SNR is shown in Fig. 6(b). The drawing methods of
Figs. 6(c)—6(e) are the same as those of Figs. 6(a) and 6(b), and
the values of the fixed parameters are consistent with those of
Figs. 6(a) and 6(b).

—10
—10+ —20
—20 —-30
- - »
3 H 3 _40
e« 2 —30 e
Z . Z
%) %) 2 50
—40
—60
—50
—70
—60 - -
2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10
a l T
—10 0
—20 —10
—20
—30
= - —30
2 3
A —40 = —40
A z
50 —50
—60
—60
—70
—70 — —
o 1 2 3 4 5 6 7 8 9 10 7002468101214161820 80012345678910
b v c
Fig. 6. Variation curves of parameters under different o actions.

In Fig. 6, the SNR shows a typical curve of SR character-
istics with the change of different parameters, which indicates
that different system parameters can induce SR in « stable
noise environment, and promote the transmission of noise en-
ergy to useful signals, so that weak signals to be measured can
be enhanced and detected. At the same time, it can be found
that when in the optimal resonance range, the larger the char-
acteristic index o of stable noise, the greater the output SNR
value of the system. This is because the smaller the character-
istic index o, the more significant the impact characteristics of

« stable noise, and the greater the degree of submergence of
useful signals.

(ii) Influence of symmetry parameter 3 on SR effect

The fixed distribution parameters of the ¢ stable noise,
oa =12, 0 =1, u =0, and symmetrical parameters 3 are
taken as —1, 0, and 1 respectively. The values and methods of
other parameters are consistent with the above, under the ac-
tion of different symmetrical parameters 3, figures 7(a)-7(e)
are the same as Figs. 6(a)-6(e) for the drawing method and the
fixed parameters.
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0 0 = —-10
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v C

b

Fig. 7. Variation curves of parameters under different 8 actions.

From Figs. 7, it can be seen that the variation of symmet-
ric parameter 3 does not affect the optimal system parameter
range, and the SNR value at § = 0 is greater than that at § # 0,
indicating that the SR effect is better when the stable noise is
symmetrically distributed than that when it is asymmetric. In
Fig. 7(d), multiple peaks in the output SNR appear, indicating

the occurrence of multiple random resonance phenomena.

3.1.2. Performance analysis of NCSR systems

Take the signal s(¢) = Asin(27ft),A=0.1,=0.01 Hz, o
noise interval is [0,2]. Figure 8 shows the average of 20 exper-
iments, the parameters of improved piecewise model system
area=10,b=1,1=0.5, and the parameters of NCSR system
area=10,b=1,1=0.5,v=2.5,r=1,c=>5. As can be seen
from Fig. 8 that the output SNR of the NCSR model is higher

than that of the improved piecewise model with the same

—o—NCSR
——Improved piecewise model

SNRout

0 0.4 0.8 1.2 1.6 2.0

Fig. 8. The variation curve of SNR with D under o stable noise.

parameter values in @ noise environments. Therefore, NCSR
system can improve the detection effect of weak signal, match
the best SR model more easily, and have better processing ca-

pabilities compared with the improved piecewise system.

3.2. Simulation and analysis of periodic signals in NCSR
system
The « stable noise has the characteristics of spikes and is
therefore closer to the actual noise. The impact of the NCSR
system on the periodic signal output is analyzed in o stable
noise environment with the SNR as the measurement index.
Set f; = 4.08 Hz and N = 4096 in the system simulation be-

low, and DBSO is used for system parameter optimization.

3.2.1. Single low-frequency

The simulation signal s(¢) = Asin(2xf1) +n(t), A= 0.1,
f=0.01 Hz, and D = 0.3. Figures 9(a) and 9(b) are time do-
main and power spectrum diagrams of noisy signals with in-
put SNR of —30.2771 dB. Using the detection scheme shown
in Fig. 5, the optimization parameters are a = 0.6302, b =
0.2051,71=0.1513, v=—0.2301, r = 1.528, ¢ = 2.9965. Fig-
ures 9(c) and 9(d) are time domain and power spectrum of the
output signal, NCSR system output SNR is —4.882 dB, an in-
crease of 25.3951 dB.

3.2.2. Multiple low frequency

For multiple signals s(t) = A;sin2nfir) +
Arsin(2mfot) + Assin(2mf3t) +n(t), A= 0.3, fi = 0.01 Hz,
f>» =0.02 Hz, f3 = 0.05 Hz, D = 0.3. The time domain and

power spectrum diagrams of the input noisy signal are shown

010203-5
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in Figs. 10(a) and 10(b), and the input SNR is —29.3874 dB.
The optimization parameters are a = —2.036, b = 7.835,
[ =10, v=—-5.704, r =21.1157, ¢ = 14.1832. The time-
domain and power spectrum of the output signal through the
NCSR system are shown in Figs. 10(c) and 10(d), NCSR
system output SNR is —8.6374 dB, an increase of 20.75 dB.

NCSR system are shown in Figs. 11(c) and 11(d), NCSR sys-
tem output SNR is —6.0914 dB, an increase of 24.1857 dB.

200 @ 200 )
100 150
T T U — g
=T L LA R B R
& -100 E
< <
—200 50
—3005 500 1000 % 0.05 0.10 0.15 0.20
t(s) f (Hz)
20 2500
(c) [ ] (d)
10 2000f | x: 0.009961
i) y
° g ¥ 2250
2 Z 1500
Z 0 z
g Z 1000
< <
—-10
500
—20 [t
0 500 1000 0 0.05 0.10 0.15 0.20
t(s) f (Hz)

Fig. 9. Analysis results of simulation signals in ¢ noise: (a) input sig-
nal waveform, (b) input signal spectrum, (c) output signal waveform,
(d) output signal spectrum.
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Fig. 10. Analysis results of simulation signals in & noise: (a) input sig-
nal waveform, (b) input signal spectrum, (c) output signal waveform,
(d) output signal spectrum.

3.2.3. Single high-frequency

When researching the NCSR driven by single high-
frequency signals, s(t) = Asin(2nft) +n(t), A =0.1, f =
100 Hz, D = 0.3, and f; = 40.8 kHz. Figures 11(a) and 11(b)
are time domain and power spectrum diagrams of noisy sig-
nals with input SNR of —30.2771 dB. Send noisy signals into
the NCSR system using the detection process shown in Fig. 5.
Optimized system parameters are a = 0.7034, b = —7.1447,
[ =7.6467, v = —7.239, r = 9.3633, ¢ = 13.0307, the time

domain and power spectrum of the output signal through the

200 200
(a) (b)
100
9 L B 150
g R
2 )l H | Z 100
g —100 g
- —200 “ 50
—300 0
0 0.05 0.10 0 500 1000 1500 2000
t(s) I (Hz)
20 8
() =~ ™ ()
o 10 8 6 X:99.61
'g © ¥ 7.27e+04
= PRIV <
3 0 11,‘ r e 2 4
E | e
—10 s 2
_ Wishe
20, 0.05 0.10 9 500 1000 1500 2000
t(s) f (Hz)

Fig. 11. Analysis results of simulation signals in & noise: (a) input sig-
nal waveform, (b) input signal spectrum, (c) output signal waveform,
(d) output signal spectrum.

3.2.4. Multiple high-frequency

For multiple high-frequency periodic signals, A} = A =
Az = 0.1, fi = 100 Hz, f, =200 Hz, f3 = 500 Hz, s(¢) =
Aysin(27fit) +Azsin(27x fot) + Az sin(27 f3t) +n(t), D = 0.3,
fs = 40.8 kHz, figures 12(a) and 12(b) are time domain
and power spectrum of noisy signal with input SNR of
—29.3874 dB. It is passed through the NCSR system as shown
in Figs. 12(c) and 12(d). The optimization parameters are
a=4.1942, b = —16.2739, | = —14.3402, v = —5.9602,
r = 12.3326, ¢ = 30.5754, system output SNR is —9.85 dB,
an increase of 19.5374 dB.

200 250
(a) (b)
100 200
. | g
T '™ . 3
E 0 ‘I‘. ropttoenye} IL M £ 150
i Q
£—-100 5 100
<
—200 50
—3004 0.05 0.10 % 500 1000 1500 2000
t(s) f (Hz)
20 6
() = (d)
o 10 E
< T4 X: 498
L; 0 = ¥ 2.607e+04
£ k= H
< ="
—10 g
<
205 0.05 0.10 % 500 1000 1500 2000
t(s) f (Hz)

Fig. 12. Analysis results of simulation signals in ¢ noise: (a) input sig-
nal waveform, (b) input signal spectrum, (c) output signal waveform,
(d) output signal spectrum.

Figures 9-12(a) are the time domain diagrams of mixed
signal of the signal to be measured, & stable noise and the ex-
ternal signal, and figures 9-12(b) are the corresponding power

spectrum diagrams, from which no useful information of the
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signal can be obtained. Figures 9-12(c) are the time domain
diagrams of the NCSR system output signal, figures 9—12(d)
are the power spectrum of the system output signal, the fre-
quency close to the signal to be measured can be clearly ob-
served, the amplitude of the signal to be measured is amplified,
which indicates that the NCSR system has achieved a good
match and detection of periodic signals under & noise.

3.3. Simulation and analysis of aperiodic signals in NCSR

system

The previous section verified that NCSR has a good de-
tection effect on weak periodic signals, but in practice, many
signals are aperiodic signals, such as impact signals, ultra-
sonic signals, and ultra wide band, and so on. Therefore, it
is of great significance to use NCSR to achieve effective de-
tection of aperiodic signals. This section studies the adaptive
SR driven by aperiodic signal under & noise environment, the
adaptive detection of aperiodic impact signal and ultrasonic
signal are realized respectively, and the optimal potential well
shape of NCSR is analysed.

3.3.1. Impact signal detection

To observe the response of the NCSR model induced by
the periodic impact signal under « noise, the expression of
aperiodic impact signal®>! is

s(t) = Aexp (—3 (t;to)z> ©)

The given impact signal parameters are A = 1.5, 7 =1, #p = 10,
by adding o noise with intensity of D = 0.1, the adaptive
NCSR system is used to process noisy impact signals, the
optimized system parameters are a = 9.0507, b = 2.4975,
1 =0.0001, v=—0.2339, r =2.2759, c = 0.8957.

As shown in Fig. 13(b) that the pure impact signal is sub-
merged by noise, and the location of the shock signal cannot be
seen in the noisy signal. However, through the adaptive NCSR
system, an impact signal with a peak height of 1.936 appears
atfp = 10.25, in Fig. 13(c), NCSR can effectively detect noisy
impact signal.

(2)

Amplitude
1‘\3 o w

Amplitude
<l1 o wm

X:10.25 (c)
¥ 1.936

Amplitude
=
=)

0 40 80 120 160
t(s)

Fig. 13. Detection results of impact signal: (a) impact signal, (b) noisy
impact signal, (c¢) NCSR system output.

3.3.2. Ultrasonic signal detection

The expression of the ultrasonic signal*®! is as follows:

s(t) = % [1 — cos <27;ﬂ>} sin(27f1). )

The given ultrasonic signal parameters A = 0.012, f =
0.05 Hz, n = 10, D = 0.04, the noisy ultrasound sig-
nal is shown in Figs. 14(a) and 14(b), the input SNR is
—28.6209 dB. It shows that the ultrasonic signal has been
submerged by noise, and its signal characteristics are not ob-
served. Input the noisy signal into the NCSR system, set f; =
25 Hz, N = 5000, the optimization parameters of the system
are a =5, b = 2.6415, [ = 0.0001, v = —8.925, r = 0.7079,
¢ =2.5491, the NCSR system output is shown in Figs. 14(c)
and 14(d) and its output SNR is —5.7705 dB, an increase of
22.8504 dB. The impact component of the ultrasonic signal
can be observed in Fig. 14(c), but the curve has a certain de-
gree of distortion. In the power spectrum of Fig. 14(d), a high
spectral peak value appears at f = 0.05 Hz, which is consis-
tent with the frequency of the input signal, indicating that the
NCSR system can achieve the detection of ultrasonic signal.
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Fig. 14. Detection results of ultrasonic signal: (a) input signal wave-
form, (b) input signal spectrum, (c) output signal waveform, (d) output
signal spectrum.

4. Application in image enhancement

In order to verify the application of the new model in
practical engineering, the new model is applied to image de-
noising, the basic principle of image processing based on
NCSR is shown in Fig. 15. Taking noise images from three
common noise environments as examples, the traditional lin-
ear filtering method and nonlinear filtering method are used
for denoising comparison respectively. Figure 15 shows the
denoising results of the noisy images by the mean filtering,
median filtering, wiener filtering, improved piecewise SR, and
NCSR method.
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Image | Gray scale transformation Input signal

Output Inverse scanning and

flz,y)

and dimension u(n)
reduction scanning

NCSR 4

aray scale P Output image

transformation

signal z(n)

Fig. 15. Basic principle of NCSR image processing.

In simulation experiments, peak signal-to-noise ratio
(PSNR) is used to evaluate image quality. The larger the value
of PSNR, the smaller the difference from the original reference
image, and the higher the quality of the image. The correla-
tion number (C) is the degree of similarity between the output
image of the system and the original image. The larger C, the
higher the restoration degree of the processed image, and the

maximum C is 1. The expressions for PSNR and C are

n__1\2
PSNR = 10 x log;, (%) (®)
C(X,Y) = M. )
D(X)D(Y)

2
5
%

()

4.1. Gaussian noise

Figure 16(a) is a Lena diagram with Gaussian noise
with noise intensity of 0.1, the PSNR of the noise image
is 11.105 dB. Figures 16(b), 16(c), and 16(d) are the re-
sults of image denoising under three common linear noises,
figure 16(e) is the image denoising result of nonlinear im-
proved piecewise SR, figure 16(f) is the result of image de-
noising using NCSR. Through the comparison of the above
methods, it can be seen that NCSR has better denoising ef-
fect on the image. The optimization parameters of NCSR

are (a,b,l,v,r,c) = (1.4621,3.9104,10, —7.2049, —7.7496,
17.7525). The similarity between the denoised image and the
original image (correlation number) is 0.976, and the PSNR of
the image is improved by 10.285 dB compared with the noisy
image.

Fig. 16. Image processing results of different denoising methods: (a) noisy image, (b) mean filtering, (c) median filtering, (d) wiener filtering,

(e) improved piecewise SR, (f) NCSR.

Table 1. Comparison of different denoising methods for noisy images.

L. Mean Median Wiener Improved
Noisy image filtering filtering filtering piecewise SR NCSR
Correlation number C 0.8405 0.7904 0.8011 0.9416 0.976
PSNR (dB) 11.1050 18.5278 18.9984 17.3206 19.8598 21.3900

4.2. Salt and pepper noise

Figure 17(a) is a Lena diagram with salt and pepper noise with noise intensity of 0.2, the PSNR of the noise image is
12.0888 dB. Figures 17(b)—17(d) are the results of image denoising under three common linear noises, figure 17(e) is the image
denoising result of nonlinear improved piecewise SR, and figure 17(f) is the result of image denoising using NCSR. Through the
comparison of the above methods, it can be seen that NCSR has better denoising effect on the image. The optimization parameters
of NCSR are (a,b,l,v,r,c) = (0.8354, 8.0847, 1.9894, —3.0793, —9.2941, 3.9367). The correlation number is 0.95053, and the
PSNR of the image is improved by 7.6204 dB compared with the noisy image.
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(d)
Fig. 17. Image processing results of different denoising methods: (a) noisy image, (b) mean filtering, (c) median filtering, (d) wiener filtering,
(e) improved piecewise SR, (f) NCSR.

(e) (1)

Table 2. Comparison of different denoising methods for noisy images.

. Mean Median Wiener Improved
Noisy image filtering filtering filtering piecewise SR NCSR
Correlation number C 0.8895 0.9077 0.7619 0.9238 0.9505
PSNR (dB) 12.0888 18.6294 18.9466 16.3473 19.6154 19.7092

4.3. Multiplicative noise (speckle noise)

Figure 18(a) is a Lena diagram with multiplicative noise
(speckle noise) with noise intensity of 0.1, the PSNR of the
noise image is 13.0255 dB. Figures 18(b), 18(c), and 18(d)
are the results of image denoising under three common lin-
ear noises, figure 18(e) is the image denoising result of non-
linear improved piecewise SR, figure 18(f) is the result of

)
b
‘
2
f
%
t

R NP T

(d)

image denoising using NCSR. Through the comparison of
the above methods, it can be seen that NCSR has better de-
noising effect on the image. The optimization parameters of
NCSR are (a,b,l,v,r,c) = (2.779,3.0548,14.4208, —7.9809,
3.69760.6625, 2.9355). The correlation number is 0.9956, and
the PSNR of the image is improved by 7.1121 dB compared
with the noisy image.

-

-

———

B W TV RO R

Fig. 18. Image processing results of different denoising methods: (a) noisy image, (b) mean filtering, (c) median filtering, (d) wiener filtering,

(e) improved piecewise SR, (f) NCSR.
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Table 3. Comparison of different denoising methods for noisy images.

Noisy image ‘Mez'm Med%an ?’Vieriler ‘Imprc')ved NCSR
filtering filtering filtering piecewise SR
Correlation number C 0.9049 0.8740 0.8480 0.9235 0.9956
PSNR (dB) 13.0255 19.4246 19.6449 18.8237 19.7682 20.1376

5. Conclusion

In order to improve the detection performance of weak
signal of SR in strong noise background, a new composite SR
model is proposed in this paper. The main work of this paper
is as follows: (i) Combining the advantages of Woods—Saxon
model and improved piecewise model, a new composite SR
model (NCSR) is proposed. (ii) Under o stable noise environ-
ment, the new model is used to detect periodic signals. The
detection results show that the model is applicable to the de-
tection of periodic signals. (iii) Under « stable noise environ-
ment, the impulse signal and ultrasonic wave in the aperiodic
signal are detected, the detection results show that the model is
also applicable to the detection of aperiodic signals. (iv) The
new model SR system is applied to image denoising, and com-
pared with traditional denoising methods and improved piece-
wise SR denoising methods, the model has better denoising
effect, higher output PSNR, and similarity. This model further
enriches the theory of SR, and applies the new model to the
image denoising process, which promotes the application of
SR in practice.
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