6. Real Signal Wavelet
Transform
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5. Image processing by Wavelet Transform

5.1 2D-Discrete Wavelet Transform
1) Calculation method 2) Characters

5.2 2D-Complex Wavelet Transform
Calculation method, 2D-Mother Wavelets,

Translation invariance property of 2D-CDWT

5.3 Application on de-noising
Model Image, Inspection of metallic surface

5.4 Direction detection
Calculation method, Extracting fingerprint and
crack in a grass Braun table



Important point in the CWT

1) Definition of the CWT

w(a,b)=[" f (), ,(t)dt

Wa,b (t) — Jla W(t;b)

w (t) : Mother Wavelet (MW)

a : Scale (1/a Frequency)
b :Time

Time
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2) Example of the CWT °

w(ab)=[" f (), ,(t)dt
Vap (1) = Hw (D)

v (t) : Mother Wavelet (MW)

a : Scale (1/a Frequency)
b :Time
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Fig.1 Continuance Wavelet Transform of Model Signal



3) Features of the CWT

Advantages:
- Transforming signal to time-frequency plane and
making its nature clearly (illustrating)
 Time and frequency resolution can be changed
with frequency

- R

\
i

|
Problems: ' | |
- Redundancy bases ] 1000 EDDIEHZBUUD 4000 2000
{b) Basis of CWT for 6 octave, 4 divided
-How do select Mother wavelet?
There i1sn’t a common fast algorithm for calculation.

- Can not detection of abnormal milt-components s




4) Condition of the MW
* — t) : Mother Wavelet (MW
w(a,b) = LD f (t)l//a,b (t)dt l//(a) : ch}ee(rlla?:\;gqelﬁe(ncy))
b :Ti
Wan(t) =w () "
Condition of The MW (admissibility condition):

e ly(@)
W_J—w o] dw < o

This condition can be sampled as following Equation:

fww(t)dt =0

So many MW have been proposed and how do select them
be comes problem.




6.1 Construction of Real-Signal MW

1) Selection of window
function

1) Model signal

. 27K . 27K . 27K
f (k) =sin(——)+0.7sin(—) +0.7sin(—
(k) (25) (12) ( c )

2) Multiplying the real signal with a
window function and removing the
average for making it becomes
zero sufficiently quickly at the
distant point
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2) Example of the RMW

Influence of the Window function
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Spectrum of the RMW

Amplitude
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3) Construction of a complex RMW

1)Characteristic of Fourier transform:

FFT R) >0
R® R(=0 <0
I(t) 1(f)=0

2)Constructing complex RMW using Hilbert transform:

Inverse FFT
R(t) < 2R(f) >0
I(t) 1(f)=0

10
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Example of complex RMW

Both Complex and Real RMW have
Same frequency components
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Basis of complex RMW
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(a) Basis of R-WT for 6 octave, 4 divided (b) Basis of CWT for 6 octave, 4 divided

But, it isn’t problem since our purpose is detection abnormal signal
and isn’t reconstruct signal. 12



4) Example of analysis - I U

Results:

1) It is clear that three patterns
consisting mainly of 400Hz,
800Hz, and 1600Hz were
obtained

2) Compared with (a), in (b)
and (c), the pattern consisting
mainly of scale a=1 and 1ms
has appeared strongly.

BlfORo

3) In addition, the differences 201N
between (b) and (c) are the '
striped pattern obtained by

the real RMW and continuation
pattern obtained by the
complex RMW.,

Amplitude
o
%o

~0.35 01 02 03 04 05
t,mS 13
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6.2 Detection of abnormal signal

1) Definition of Wavelet Instantaneous Correlation

The value |w(a, b)| obtained by the RMW in scale a=1 is
defined by the Wavelet Instantaneous Correlation
(WIC) value R(b) and is shown as follows:

R(b) =W (a =1,b)

14
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2) Example of the WIC

1.2 - I : I : I
1.0 —— Complex
08+ Real i
= 0.6r
T 0.4t
02} ql L

T

1 (b) AAOON A ¢

00—005 o1 ~ 015 02 A
t, ms & 2 OO\ N

1) R(b) =1.0 can be obtained in 0.1ms
since the RMW is completely the
same as the components of the signal.
2) The R(b) using real RMW has an
oscillating phenomenon, this
phenomenon can be improved by
using the complex RMW .

Amplitude
¢ o
%o
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3) Knocking extraction from block vibration

A Spark-plug with
/ Pressure transducer

Intake port

Knock sensor

ﬁ Toyohashi University of Technology



Example of signal

When a knock occurs,
there is corresponding
vibration of the pressure

and vibration of the engine oL—
block. 360 370 380 390 400 410 420
Crank angle, deg
; (a) Pressure signal
T T | T T T T T T
3
0

—6 - . 1 . l . I . 1 . 1 .

360 370 380 390 400 410 420
Crank angle, deg

(b) Vibration signal 17
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Wavelet Transform of the vibration signals

[Wia,b)| 2.0E-1 1.0E-4 [Wa,b)| [W(a,b)| 1.5E-1
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(a)Stronger Knocking (b)Weaker Knocking (c)Normal Combustion

Fig.4 Wavelet Transform of the vibration signals
by knock sensor at 3000rpm
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Portion of vibration
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Extracting portion of vibration signal obtained in the condition
of Weaker knocking

19
ﬁ? Toyohashi University of Technology



Constructing RMW g
g o
. | o2y

1) Multiplying the real signal B TR T T

with Hanning window Data lengeth
function and removing the () Real type MW

0.4 T T . .
average value. S o2
2) Carrying out Hilbert 2 o
transform of real RMW Lo
and obtaining complex R T R TRT,
RMW o (b) COR%tlaeie&%eeﬂMw
-4 -
10‘6%-
10_]?02 N 163 T EI.IO4 | ""105

f, Hz
(c) Power spectrum of MW
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Example of the WIC

1.0E-3 [w(a,b)l 1.0
- .

1.2 : I : : : I
1.0 — Complex
0.8F Real

T

T

T

=0.6 .
0.4 i i :
0.2 I

T

T

080 o5 1.0 15 20

0401 02 03 04 05
t, ms
1) R(b) =1.0 can be obtained in 1.2ms since the RMW is completely the same as

the components of the signal.
2) the R(b) using real RMW has an oscillating phenomenon, this phenomenon
21

can be improved by using the complex RMW .
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R(b)
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Example of Knocking Extraction

2 3 4
t, ms
(a) Heavy knocking

2 3 4
t, ms
(b) Light knocking

1 2 ms 4
(c) Nomal combustion
() n=3000 rpm

R(b)

R(b)

R(b)
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2f 1 2f
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5 T - T - T T 5 T - T " T T
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2| @ of
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% 1 2 3 4 % 1 2 3 4
t, ms t, ms
(b) Light knocking (b) Light knocking
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af . at .
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2f !
L} 11
% 1 2. 3 4 % 1 2, 3 4
t, ms t, ms
(c) Nomal combustion (c) Nomal combustion
(11) n=5000 rpm (111) n=6000 rpm
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Comparing Spectrum

\ Normal

Light Knocking

3 2
10 107 ¢ wHz

Fourier transform

Wavelet Transform

23
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6.3 Construction of RMW using more

than two signal

Amplitude

The average characteristic of
the two signals can not be
obtained from the average
CMRW since using the
construction method of CRMW,
the phase information of the
two signals were held and a
discontinuity arose in the
connection portion.
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(b) CRMW



1) Flow chart of SCRMW construction

A

K Original Signal s(t) )

(1) Hanning Window

|
(2) Normalize

" (3) Fourier Transform
rmw(t)— rmw (w)

e ,

2rmwiw] w=0
Zlew)= mw(w) w=0

L

In order to improve the discontinuity
problem in the connection portion, the
constructing method of the SCRMW was
used and consists of the construction
method of the CRMW

(4) Hilbert Transform

0 m{ﬂ___

(5) Remove Phase

3

l V() if{u]ilagu real

[ 0

- | -,

(6)Inverse Fourier Transform)
s::rmw{t|]lt—il_'_m]

'-Symmelric Complex RMW

scrmwi(t) '

Zlew)=
Imaginary,

1
H\'.

25



Example of the SCRMW

0.
0.
1%}
=
=2
2
=
>
oY -40 20" Data length 4 o0
(a) SCRMW
0.4 T
0.2k
[1 4]
=
2
a
E
=8
—-0.
_r. . 4 1 1 1 1 1 1 1
~eu ~40 2% Data ?ength 40 o
(b) CRMW

the energy of the SCRMW is concentrated around the center of the
SCRMW. In addition, the real component of the SCRMW has
symmetry and the imaginary component has anti-symmetry.
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Example of the average SRMW

0.6 T
- — o |
Im
o 0.2F -
=
a 0
=
< -0.2r -
-0.4F 1
1 1 1 | |
-100 =50 0 50 100
Data length
(a) SCRMW

0 500 1000 1500 2000 2500 3000
Frequency[Hz]
(b) Power spectrum of the A-SCRMW and the original signals

Result: the average SCRMW has the SCRMW's property.

Problem: the frequency property which high frequency components have
been increased is not good because the average RMW has a discontinuous

part in the connection portion. .



2. Construction Method of A-RMW

f::_Driginal Signal 51(1]_; 'i;Driginal Signal 52(1)_}

| o I
sermw (1) ) scrmw2(t)
> + -

’ Normalize \

\

Average SCRMW

28



Example of the A-RMW

Amplitude

Power[dB]

0.6 T
— o sk _%.e i
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L 0.2r .
2
= 4]
E
< 0.2 .
-0.4 i
| | 1 1 1 1 1 | | | |
—40 -20 0 20 40 60 -100 -50 0 50 100
Data length Data length
{a) A-SCRMW (a) SCRMW

— T

—_— (5)

-——-

Power[dB]

| | bl
| N\ A M 7
| L ‘I || Vil Lo .'1r 1|| ~ d L .
500 1000 1500 2000 2500 2000 o 500 1000 1500 2000 2500 3000
Frequency[Hz] Frequency[Hz]
(b) Power spectrum of the A-SCRMW and the original signals {b) Power spectrum of the A-SCRMW and the original signals

(a) Example of A-RMW (b) Example of average CRMW

Result: the average SCRMW shown in (b), it has some frequency
components which the original model sighal does not have. However, in the
case of the A-RMW, this phenomenon has been improved.
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Detection result obtained by WIC

r=
o

1
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0.5
0 'I"r'm 1 MI# ]
(b)RMW using 400,800,1600[Hz] Timels]
1 T T
u
051 gLk
i N ‘ (’f qNH / W
0 ,wu‘l'lm mﬂ'ﬂ'ﬁm L' Y,
(c)RMW using 300,600,1200[H Time(s]
0.2 .
U_”“‘Ww:\mwimlaowEGD[H 2] ,M\”1|';J‘w:.,'\\3m90.600,1200[H ] lh | M\IH’ n .20
22 0.65 0!1 0.|15 0.|2 0.1?5 Time[sD]'3

(d) Model Signal
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3) Rattle Noise Source Detection

3-dimension
acceleration sensor
¢ EIeCtriC Power {‘\ Microne
Steering (EPS) z X
» Arattle noise and SO
a jOint noise are B\ Motor gear reducer
occurred from ‘ Intermediate shaft
<— Manual gear
EPS system. /7 ;

Sensor C

31
ﬁ Toyohashi University of Technology



Example of CWT (Rattle noise)

Fragw=noy [AZ]
-

32
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Example of CWT (Acceleration sensor signal)

275 } 3 295

. 285

Timel[=]
33
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Constructing A-RMW

05 0.5 0.5

 The rattle 0 - WWMM
sound signaIsMMWW WWWM
picked up by . }

0.05 0.06 0.07 0.08 287 288 289 29 639 64 641 642
using CWT.
0 1 0
0
5 -0.5

e Construct A- | N
) 10.86 10.87 10.88 10.89 11.4811.49 11.5 11.51 e 18.04 18.05 18.06 18.07
RMW from .. 1

eight signals. WM\}W MW

-0.5

— 05—
20.5 20.51 20.52 20.53 21.15 21.16 21.17 21.18
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Constructing A-RMW

e \WWe used band-pass filter.

 Because low frequency sound was very
big and inaudibility sound.

04— ——— e - 0 ‘ ‘
| | | Real
© 02 A [ Imaginary || m 10
-g i i A \i N : 1 3_20
S O A T Y g
R T T g0
Y R S S
20 100 0 100 200 0O 1000 2000 3000 4000 5000 6000
Length[Points] Frequency[Hz]
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Result of WICV

* Typical result (Z-axis).

2 I /N 1 ]
/ \ Microphone
181 ;‘f \‘\ ManualGear-Z N
161 ’ \‘\‘ IntermediateJoint-Z | |
’ \\ MotorGearReducer—Z
14+ o .

12

1

08

0.6

[ : i
2835 284 2845 285 2855 286 2865 287 2875 288 2885
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4) Patient diagnosis by the WIC

o Patient’s EEG of Alzheimer’s disease (Wavelet Analysis)
 Choose Stable Wave

Light

: , _ j RMW
Middle — Moo
7 : i ﬂkh )“ / | f \“\ |

Fig.6 A-RMW constructed from EEG 37



Analytical Result

 Only Wavelet Coefficient at Scale 1.
e \We set threshold to red line.

Healthy People

i

|

Mﬂ

u0 20 40 80 100 120

1]

N21
Iy H\ | ‘ | ,

The Patients

T

[

I

40 60 80

Time[s]

2222222

W

MM

m ww

Fig.5 Wavelet Coefﬁscient (Scale 1) using SCRMW

101 0
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Analytical Result

e Statistic method
— Threshold
— Calc Average

 \We could identify

senile dementia.
Healthy People

The Patients

N1 665 3.04
N2 163 2.91
N3 56 2.62
D1 2864 4.27
D2 2355 3.98
D3 1577 3.63




5)Sound composition

Conventional method

40


http://img.store.yahoo.co.jp/I/kisoutengai_1815_14396830

New method
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6.4 New First WIC by using DWT
1) Parasitic-Discrete Wavelet Transform (P-DWT)

. Decomposition j=-
Decomposition ¢ =\ J 3
j= - )= L Gy
C 0 — -O—> Ck -l
= | | d -2
Signal [t | ; e d ‘
— o dy |
Analysis Signal - ‘ -Ur.(2) I‘Ulm(z) ‘
) -2
‘ Xrk Xk ‘

The Fast-WIC (F-WIC)
Detection reww) \/(Xé k)2_|_(xljk)2
42


プレゼンター
プレゼンテーションのノート
Next, we accounting for the abnormal detection by using the P-DWT

First, we decompose a analysis signal to the parasitic level by using the DWT .

Then, detect c by using the parasitic filters {uR} and {uI}.

Then, we can obtain xR xI

Finally, we calculate the detection result form xR and xI.  

At this moment, we define the Fast-Wavelet Instantaneous Correlation (F-WIC) R(k) as the detection result (by using the P-DWT).


Z?Design method of the parasitic filter

o

. o) [vo) L

(RMW) - X¢ (Xout)

=dkj =_J

The Structure for design

Use the traditional DWT to decompose the constituted RMW to the
parasitic level

Assume the coefficients {Xk} are the initial parasitic filter sequences {U,}
Set C/ =0, d, I=, X,= J and calculate by using the inverse transform
Optimize {u } with the following evaluation function.

_____________________________________________

————————————————————————————————————————————— 43


プレゼンター
プレゼンテーションのノート
This page shows the design method of the parasitic filter.

What you see here is the tree for designing parasitic filter.

First, we use the traditional DWT to decompose the constituted RMW to the parasitic level .

Second, Assume the coefficients {　x  } are the initial parasitic filter sequences {  u  }.

Third, Set c= 0,  d = 0,   x = δ and calculate  by using the inverse transform .

Finally, Optimize {  u  } with the following evaluation function. 




®)
3) Verification experiment

Design of the parasitic filter
Model signal

f(t) = cos(2 7t 50t) + 0.7 cos(2 7t 100t) + 0.7 cos(2 7t 200t)
RMW width:512 ¥ Sampling frequency :3500Hz

RMW

Amplitude
Amplitude
o

0 1 OIO 20.0 30IO 40.0 50IO 0 1 OIO 20IO 30IO 40.0 50.0
Real part Imaginary part 44


プレゼンター
プレゼンテーションのノート
This page shows an example of  parasitic filter.

What you see here is an example of  RMW

This RMW that was constructed used the model signal that has three elements of 50[Hz], 100[Hz], and 200[Hz].

, where 512 points were cut out from the model signal and a Hanning window was used. 




Verification experiment

Design of the parasitic filter

Parasitic Filter

0.3 '
8:?: 0.2 m Jh
2 ~~ 0.1
x O = o I? Tﬁ Mo lﬁw‘\.
- 0.1t =) OWWM 0
Yy BTN TM %* M
-0.3 | 1 —0.2;
-0.4 , ¢ - _ : .
0 50 100 0'30 50 100
URe UIm
Real part

Imaginaly part


プレゼンター
プレゼンテーションのノート
What you see here is an example of the designed parasitic filters.

This figure shows the parasitic filter {uR}, which is designed by using the real component of the RMW.

This figure shows the parasitic filter {uI}, which is designed by using the imaginary component of the RMW.


®)
4) Example of Detection result in the MGR ( z direction)

e The F-WIC R(k) by using the P-DWT of the vibration
signal in the z direction at the positions of the MGR.

« The WIC R(b) calculated by using the CWT also is
shown In this figure

« we also define the mean square error (MSE) In the
case of the MGR. MGR is -37.0 [dB].

3 v

R(k) by using the CP-DW'T
------ R(b) by usingthe CWT

2k

R(K),R(0)

1k

21.14 21.15 21.16

Time[s]

21.12 21.13

46


プレゼンター
プレゼンテーションのノート
This figure shows an example of the F-WIC by using the P-DWT of the vibration signal 

in the z direction at the positions of the MGR. 



For comparison, the WIC  calculated by using the CWT also is shown in this figure.



In order to evaluate the difference between R(b) and R(k), we also define the mean square error (MSE) in the case of the MGR. And,MGR is -37.0 [dB]. 



The F-WIC calculated by the P-DWT result in successful for abnormal signal detection.


6. Real Signal Wavelet Transform

6.1 Construction of Real-Signal MW
1)Selection of window function

3) Construction of a complex RMW

6.2 Detection of abnormal signal
1) Definition of Wavelet Instantaneous Correlation

2) Knocking extraction from block vibration

6.3 Construction of RMW using more than two signal
1) Flow chart of SCRMW construction

2) Construction Method of A-RMW
3) Rattle Noise Source Detection

6.4 New First WIC by using DWT
1) Parasitic-Discrete Wavelet Transform (P-DWT)
2) Design method of the parasitic filter
4) Example of Detection result in the MGR ( z direction) 47
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