[2R2 sz

2 H—F UK}

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

gobbobbbuggoobbobbuodoogoboobbouaa

A Study on Advanced Signal Processing Technique for Improvement of
Diagnosis Performance

OoOoOoooOod
OoOoOoooOod

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 402101,

Conferred date:2010/3/31,

Degree Type:Thesis doctor,

Examiner:

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

go2100 0O0O00

Juoboggogdboodboogd
Jubogdootdbootdubgtn

A Study on Advanced Signal Processing Technique

for Improvement of Diagnosis Performance

ooogd
Joooooouno obogoogboogdn

0o o



0 o o o

gobbbuoodgbbboooobbbuoooobbbuooobobbboooobobb
gobbobuoooobboboooobbbooobobbooooboboooobon
gbogobuodboobobooboobbbooboobobooboobboooboo
gbodgbudgboobobobbboobobbuooboobooboobobbonbon
gogbbobuogogooobobbbouooobbbuoooobbobuoooobobod
gobbobuogoobobobooooobbboooobbbooobobobouooobobon
gobbbugoobbobuoooobbbooobbboooobbobboooobobon
ggooobod

gobbboooobobooooboboboooobobboooobbbuooooboon
gobbbugoobbobuoooobbbooobbboooobbobboooobobon
gobbobuogoobbobooooobbbooobobbboooobooboooobon
gogbobboooooboobbbooooobobboooobobbooooboboboo
gbobogog2bbogobbuoobbuoobobooobboobbobooobood
gobbobuogoobbobooooobbbooobobbboooobooboooobon
gbgoboobobbooboobuoobooboobobboboobooboob
gogbbbuogoobbobuoooobbbooobbboooobobobbooooboo
gbbodgbbobogbooobooboboobboobobbuoobboobobod
gboobooboobooboon

ggobbbbuooooobbobobbuoooooobbobouoooobbobr.
gobobt bogobbuooobbuooob2.00b0oboogo ogbbooabn
gboboooooooooobobobs.ooooobgb bobooboboboo
gobboogbobbuooobobboooobobbbuooobbbuooonoobbb
gobbobuoggobobboooobbboooobbboooobooboooobon
gobbbuoogobbbooooobbbooobbboooobboboooobbn
gobbbuoooobbboooobbbooobbbbooooboboboooobon
gogbbobuoggobobbooooobbboooobbboooboobouoooboon
gobbbuoogobbbooooobbbooobbboooobboboooobbn
ggbobobbooooobbobboooobobobbooooobobouooooobon
gbobgboobogbogbuogbuogboobouobuooboobogboon
gobbbuoogobbobooooobbbooobbbboooobboboooobbn
gobbobuoooobbboooobbbooobobbooooboboooobon
gob0ooobbooboooooooboboobooboOoooSNODoODooboooboooog
gogbbbuoogobboboooobbbooobbboooobbboooobbn
gobbobuogobobboooobbbooobobbbooooboboboooobon
goggoobobbbobobbobbbbododdddooooooooobbbbobbo



gbobboodgobbbooooboboboooobbobuoooobbbooooboobod
gooboooobobboooooboboboooobobobuoooobbboooooboboa
gbbbuodgobbboooobbbuoooobbbuooobbbuooobobbod
gbobboodgobbbooooboboboooobbobuoooobbbooooboobod
gooboooobobboooooboboboooobobobuoooobbboooooboboa
gbbbuoodgobbboooobbboooobbbuooobbbuooobbobod
gbobobuoogobbboogoboboboooobobuoooobbbooooboobod
Dbobobooboobooboobooboobobbobbooboobooboon
gbobuooogbbbog
gbooggbbooobboobbogbobooobobbuoobbooobooobn

Dbobooboobooboobooboobobbobbooboobooboon
gbbbuoogobbbooogbbboooobbobuoooobbbooobbbod
gbobobooggbobobooooobobboobuoogobbbooognoobbogo
gbbboodgbobbboodgbbboooobbbuoooobbbooabbbod
gbobobuooggbbobuooogbbobboobbouooobbboooobbbogo
gbobbuogdgobbbooooboboboooobbobuoooobbbuoogoobooboa
gbbboodgbobbboodgbbboooobbbuoooobbbooabbbod
gbbbuoodgobbbooogbbboooobbbuoooobbboooboboobod
gbobboodgobbboogobobobuoooobobuoooobbbuoogoobooog
gbboboodbobbbooodgbbboooobbbuoooobbbooobobbod
gbbbooobobbboooobobuoooobbbuooobbodao



10 0Od
1.1 DOO0O0O0 .o
1.1.1 DOoooooooogoDno o000 o s
1.12 ODOO00obobOoooooobooooon oo oo o
I 0 I
1.2 DO0O0O0D0 .o e

1.3

020
2.1

2.2

2.3

24

2.5

034
3.1

I

gboobobobooboobooboobo

I I
211 0Ob0OODOOOoOoOoboooooooon oo oo
212 0O0O0OO0ODOOODOODOOODOO .00 ..
213 0Ob0OO0ODOOOoOoOobDoOoOOoooooog o000
I I
221 0O0O0OO0ODOOODOODOODOO .~ 00000000 ..
222 0O00OO0OOOOoOoOobOOOOoOoOoobooboboooan oo
223 000000000 .00 oo
I I
231 0ObOOOOOoOoOoboobooooooboobooboooan oo e
232 0O00OO0ODOOOOOODOOOOoOoOobDoODO oo oo
233 GAOOOOOODOOODOOO ...
234 0000OD0O0O0OO0O .00 oo
I I
241 0O0O0OODOODOOO .00
242 00000000 .00
I

gboobobobooboobooboobooboon

I
3.1.1 ObOobooooboooooooboboooogoon ..
3.1.2 00000000000 .00 oo

3.13 UObO0O0Ouodoboboboooobbbdooobobbooad

O 0 = W = e

13
13
13
17
25
27
27
28
30
32
33
35
37
39
42
42
42
43

45
45
45
46
48



3.2

3.3

3.4

3.5

3.6

040
4.1

4.2

4.3

4.4

goboboogoobobobogogoboboooon oo o000
321 0O00D0O0OO0O0OO0OODOOO0O ...
322 0O000O0OOOO0OO0OO0OOODOOOODODDOg ©.o.o 0000,
323 UO0O0ODOOOOODODOO ... o oo
324 0O000DOOOOOOODODOOOOODODDO ©oo 00000,
gbobboooobbbuooobobobooooboog oo
331 000000000 oo
332 U0OO0ODOOOOOODODOOOOD « ..o ..
333 U00OOOOoOooobbooogobonD oo o000,
I I 1 R
341 O0O0D00O0O0O0O0O oo e e
342 0O000O0O0OO0ODDOO0O ..o
343 U0000DO0OO00O0O0ODOO0O ... 0 oo,
344 00000O0OO0ODOODOOO ..o 00000000
345 UO00OOO0OOODOODOO ..o oo
I I R
3.51 O0000000DOODOO0O0OO ..o ..
352 UO0OO0ODOOO0 .00 s
3.3 U0OO0ODOOOOO0ODODOOO ..o
UOD0ODO0O0 ...

gogbbboooobbbuoooobboood

I
411 0O00O0OOOO0OO0OO0OOOOOOObObObDOooOooboOoO .
412 000000OO0DOODOOODOO ..o 00000000 ..
413 0ODO0O0OO0OO0OOOO0OODOO0ObOObOObOObDbOObDbOOobDOOn
I
421 0DO00DO0OO0ODOODOODOOO0O ... 00000
422 000000 OO0OOOOOOODOOO ..o ..
423 0000000000 .o e
424 0D0O00D0O0ODOO0ODOODOOO ... 0oL
gobobooggobobogoggboboooon oo oo
431 ODO0OO0OO0OOO0OOO0OOOoOobOOoobOOOobOoOog ..o
432 0D0O0D0DO0OO0ODOODOODOOO0O ... oo
433 0O00O0OOOO0OOOOODOOoOODOO ©o 000000,
gbooboboboobooboobgoboon oo o000 L.
441 DODOODOODOODOODOO ...
442 0000000000 ..o oo s

— 11—



4.5

4.6

gs0
5.1

2.2

2.3

5.4

2.5

2.6

geld
6.1

6.2

443 0O000O0DOOOOODOOOOOO0O .00 0000,
UO000: 000000 .. o oo
451 0000000000 ... 0 oo o
452 000000000 ..o o s
453 0O000DOO0O0ODDODOO0O ..o oo
UOODOO0 ..o s

gobboboooobobboooobbboooobboobogo

I I O
511 O0OOO0O0OOO0bOOO0bOOo0bOoboboboboOoboOobd

5.1.2 0O0OO0ODOOOoOoobobuoooobobooooooo oL,
5.1.3 UOD0OO0O0OUOOodooboboooobobbuooooboboood

I I 0 1
521 0O0OO0ODOOOODOOOOOODODO o000 oo
522 UO0OO0ODLOOOODLODOOOOODO ..o,
023 UOO0OODOODOODOODOODO ... oo ...
I I 0
53.1 UO0O0ODOOOODLODOOOOOn oo oo,
032 UOD0ODOODOODOODOO ... o oo .
533 U0OO0ODOOOODOOOOoOOoDODOO oo oo,
I A
54.1 O0OOOOLOOOOOODOOObOoODbOoOoDbOoOonDO © o
542 0O0OO0ODOOOODOOOOOODOOOO0O .« .00 ..
543 UO0OO0ODOOOODLOOOOOODOOOO .« oo,
544 0O0O0OODOODOODOODOOD ..o
I I I
5501 O0OO0ODOOOODDODOOOOO ..o
552 UD0OODUOOOODDODOOOO0O ..o oo oo
553 UO0OO0ODOOOO0ODODOOOoOODDO oo oo
5.0.4 UOOODOOOODODODOO ... oo e
UOODOO0 ..o

gboboboooobbbuoooobbbooon

I 0
6.1.1 0000000000000 ... 0 o0 ...
6.1.2 0O00ODOO0O0OD0O0O ..o 0000 o oo
6.1.3 U0O0ODOOO0O0OODOOOOoOooooDnO o0 oo,
I P

—1ii—

105
105
105
107
108
108
108
109
110
111
111
112
113
114
114
116
118
122
123
123
125
128
132
136



621 0O0O0OODOOOOOOOODOOOO0OO ..o 0000 .. 149

6.22 0O0O0OOOOOOOOOOOOOObOOOOoOoOoobbOOg ... 150

6.23 UO0OO0OODOOOOOOODOOOODO ..o o000 .. 152

0 I I I 1 153
631 OU0O0ODOOOO0OO0OO0OODODOOOoOooDODOg @00 .. 153

6.3.2 U0OO0OODOOOOO0OOODOOOODoDOD oo o000, 154

6.3.3 U0O0ODOOOO0OoboOoOooooooboooon ©o 0oL 155

6.4 OOODODOO ... s e 156
o770 00O 157
71 0000000 .. 157
72 O0O0OO0O0 .0 160
73 00000 . 161
gooo 163

00 179

—iv—



1.1
1.2
1.3
1.4

1.5

2.1
2.2
2.3
24
2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

2.15

2.16
2.17

Relations between diagnosis target, diagnosis system and users . . . . . . 3

Configuration of diagnosis system . . . . . .. .. .. ... ... ... ..

Relation between sensing and signal processing on general inverse problem 5
Relations between sensing and signal processing on inverse problem of

diagnosis . . . ... 6
Structure of this thesis . . . . . . . .. ..o oo 10

Schematic view of test waves and definitive nonstationary diagnostic waves 14

Schematic view of biased nonstationary diagnostic waves . . . . . . . .. 15
Schematic view of localized nonstationary diagnostic waves . . . . . . . . 16
Classification of diagnostic waves on diagnosis . . . . . . . .. ... ... 17

Vibration waveforms on shaft bearing of rotating machine with disturbed

rolling surface . . . . . . . . .. Lo 19
Auto-correlation for vibration waveform on shaft bearing of rotating machine 20
Power spectrum for vibration waveform on shaft bearing of rotating machine 21

Acoustic vibration waveforms on hammering test for debonding concrete

wall . . 22
Auto-correlation for acoustic vibration waveform on hammering test . . . 22
Power spectrum for acoustic vibration waveform on hammering test . . . 23

Vibration waveforms on shaft bearing of rotating machine with flaking
damage for different damage levels . . . . . . .. ... ... 24

Auto-correlation for observed waveform on shaft bearing of rotating ma-

chine with flaking damage . . . . . . . .. .. ... .. 0L 25
Power spectrum for observed waveform on shaft bearing of rotating ma-

chine with flaking damage . . . . . . . .. .. ... ... 0. 26
Schematic view of detection and evaluation process in signal processing

for diagnosis . . . . . ... 29
Three process levels on arising detection of diagnostic waves . . . . . . . 30
Three process levels on state evaluation of diagnostic target . . . . . .. 31
Wavelets in time domain and frequency domain . . . . . . . . ... ... 34



2.18

2.19
2.20
2.21
2.22

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

4.1

Fourier spectrum and time-frequency distribution of wavelets for vibration
signal of gearwheel . . . . . . ... oo
Diagnosis example by inverse filter method for shaft bearing vibration . .
Extraction process for abnormal signal waveforms by using GA . . . . . .
Relation between genetic locus and each frequency elements . . . . . ..
Diagnosis example by using abnormal signal extraction method based on

GA for shaft bearing vibration . . . . . . . .. ... 00

Example of localized nonstationary diagnosis waveforms . . . . . . . . ..
Schematic view of experimental bearing test system . . . . . .. ... ..
Photograph of experimental bearing test system . . . . . . ... ... ..
Experimental observed waveforms for bearing test specimen . . . . . . .
Scheme of waveform template for localized nonstationary diagnostic waves
Schematic view of arising detection based on joint probability logic
Schematic view of arising detection based on conditional probability logic
Scheme of enhanced waveform template . . . . . . . . .. ... ... ...
Waveform and power spectral density of simulated observed waveforms
Concrete design of waveform template . . . . . . .. ... ... ... ..
Joint probability distributions of observed waveform F3*° . . . . . . . ..
Differential joint probability distributions of observed waveform Fi% . . .
Arising-ratio distributions of observed waveform F3% . . . ... ... ..
Asymmetrical arising-ratio distributions and evaluated characteristic pa-
rameters for observed waveforms R23* and R45" . . . . . ... ... ...
Asymmetrical arising-ratio distributions for observed waveforms N2:* and
N103% and evaluated characteristic parameters for N23* N103* and N503*
Evaluated characteristic parameters from observed waveforms Fi* ~ FF*
from Iy . . . . . o o
Symmetrical and asymmetrical arising-ratio distributions and evaluated
characteristic parameters for observed waveformsIz* . . . . . . . ... ..
Experimental observed waveforms and their power spectral densities for
bearing test specimen . . . . . . . ... L L
Cross section of arising-ratio distributions IIp of experimental observed
waveforms on damping factor (=0.3 . . . . . . ... ... ... L.
Relations between number of signals and amplitude on localmaximum of
contamination-ratio distributions . . . . .. ... o000
Relations between extracted eigen frequency, damping factor and ampli-

tude of experimental observed waveforms . . . . . . ... ... ... ...

Example of nonstationary diagnostic waves on cardiac electrogram . . . .

—vi—

35
37
38
38

40

46
47
47
48
20
ol
o4
26
29
60
62
62
63

64

66

67

68

71

72

73

74

76



4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

4.15
4.16
4.17

4.18
4.19
4.20
4.21
4.22
4.23

5.1

2.2
2.3
5.4
2.5
2.6
5.7

2.8

Configuration of optical fiber feeler scanning system . . . . . . .. .. ..
Photograph of optical fiber feeler scanning system . . . . . . .. .. ...
Side view of alignment for optical-fiber feeler and test specimen of notes .
Equivalent imaging point derived from direct and reflected beam . . . . .
Dynamical model of stick-slip phenomenon . . . . . . .. ... ... ...
Schematic view of stick-slip phenomenon . . . . . ... ... ... .. ..
Measured scanning waveform derived from rough and smooth surface

Measured scanning waveform derived from black and white print pattern
Scanning line for 2,000Yen note covering intaglio prints . . . . . . . . ..
Roughness on scanning line for 2,000Yen note including intaglio prints . .
Measured scanning waveforms for genuine note . . . . . . . . . ... ...
OMeasured scanning waveforms for counterfeit note . . . . . . . . .. ..
Extracted low-frequency component from observed waveform of 2,000Yen
note as stationary diagnostic waveform . . . . . . . ... ... ... ...
Waveform template of stick-slip component . . . . . . . .. ... ... ..
Relations between L,, and 6,, for detected stick-slip component . . . . . .
Relations between L, and 6, for stick-slip component on print and non-
print part . . ...
Schematic view of SDP transform . . . . . .. .. ... ... ... ....
Examples of SDP . . . . . . . . ...
Schematic view of SPDF . . . . . . . .. ...
Examples of SPDF . . . . . . ..o
Process flow of signal processing for circulated notes in market . . . . . .
Histogram of index p for intaglio print part of new and circulated notes

in market . . ..o

Acoustic vibration waveforms on hammering test for debonding concrete
wall (Redisplay) . . . . . . . . ..
Appearance of hammering test for debonding concrete wall . . . . . . . .
Observed microwave for buried pipe in concrete wall . . . . . . . . . . ..
Appearance of microwave radar survey . . . . .. ... ... ... L.
Principle of internal construction estimation by using microwave radar

Example of conventional radar image . . . . . . .. .. ... ... ...
Observed waveforms including diagnostic waveform and their model-fitness
with buried objects near concrete surface . . . . . . ... ... ... ...
Observed waveforms including diagnostic waveform and its model fitness

without buried objects . . . . . . . ... oL

—Vil—



5.9 Observed waveforms including diagnostic waveform and their model-fitness
after nominal surface wave model subtraction . . . ... ... ... ...
5.10 Schematic view of back projection for observed wave . . . . . ... ...
5.11 Schematic view of observed points selection on back projection histogram
method . . . . . . ..
5.12 Reconstructed back projection histogram images of buried objects near
concrete surface . . . . . . ..o L
5.13 Schematic view of boundary model fitness . . . . . . ... .. ... ...
5.14 An example of boundary model fitness . . . . . . ... ...
5.15 Reconstructed back projection histogram image by using boundary model
fitness . . . ..
5.16 Signal processing flow for evaluation of position, diameter and material
information for buried objects . . . . .. ...
5.17 Configuration of experimental microwave radar system . . . .. ... ..
5.18 Photograph of experimental microwave radar system . . . . .. .. ...
5.19 Cross-section and dimensions of concrete test specimen No.1~4. . . . . .
5.20 Boundary back projection histogram images for concrete test specimen
No.I~d

5.21 Material evaluation images for concrete test specimen No.1~4 . . . . . .

131

5.22 Relation between actual and evaluated diameters for metallic buried objects132

5.23 Photograph of actual concrete wall to be surveyed . . . . . . . . .. ...
5.24 Example of X-ray photograph of actual concrete wall . . . . . . . .. ..
5.25 Internal construction of reinforcing bars reconstructed from X-ray pho-
tographs and scanning lines for actual concrete wall . . . . . . . . .. ..
5.26 Radar image and evaluated boundary image for scanning lines on concrete
wall for scanning line No.1 . . . . . . . . ... ... . ... ...
5.27 Radar image and evaluated boundary image for scanning lines on concrete
wall for scanning line No.2 . . . . . .. ... ... oL
5.28 Radar image and evaluated boundary image for scanning lines on concrete

wall for scanning line No.3 . . . . .. .. ... o000

6.1 Schematic view of three process levels on arising detection of diagnostic
6.2 Level of health check on medical field . . . . . . .. .. ... ... ....
6.3 Relations between alarm ratio and miss or false alarm ratio . . . . . . . .

6.4 Relations between selectivity and calculation amount on process level for

arising detection . . . . . . . . ...

—viii—

133



6.5

6.6
6.7

6.8

6.9
6.10

6.11

6.12

6.13

6.14

6.15

6.16

Schematic view of three process levels on state evaluation of diagnostic
target . . . . oL
Level of consultation on medical field . . . . . ... ... ... ... ...
Relations between strictness and calculation amount on process levels of
state evaluation . . . . . . ...
Schematic view of hierarchic signal processing technique combined by
waveform detection and state evaluation . . . .. .. ... ... ... ..
Relation between signal processing class and evaluation accuracy . . . . .

Schematic view of reliability on proposed hierarchic signal processing tech-

Schematic view of 2D-compressed reliability on proposed hierarchic signal
processing technique . . . . . . . ... L
Application of signal processing level for diagnostic waves . . . . . . . . .
Relations between diagnostic types and diagnostic waves . . . . . . . ..
Relations between sensing and signal processing on inverse problem of
diagnosis (Redisplay) . . . . . .. ...
Enhancement of state evaluation accuracy based on usage of using transfer
function . . . . .. L
Enhancement of state evaluation accuracy based on usage of characteristic

parameters fusion method . . . . . . ... ...

—ix—



2.1
2.2
2.3

4.1
4.2
4.3

4.4
4.5
4.6

5.1
5.2
2.3

Statistics values for vibration waveform on shaft bearing of rotating machine 20
Statistics values for acoustic vibration waveform on hammering test . . . 22

Statistics values for observed waveform on shaft bearing of rotating machine 24

Dominant specifications of CK-40 type optical fiber . . . . . . . . . . .. 79
Parameters of sample observed waveforms data . . . . . ... ... ... 95
Propriety of a proposed method and transmitting light method for various

type of notes . . . ... 101
Index FE, for each denomination of notes . . . . . . . . . . .. ... ... 101
Indexes p and o, for print part . . . . .. ..o 102
Indexes p and o, for non-print part . . . .. ... 0000 102
Parameters of buried objects in specimen No.1~4 . . . . . .. . .. ... 126
Estimated distance and reflection phase . . . . . . . ... ... ... ... 127
Estimated diameters of buried objects in specimen No.1~4 . . . . . . .. 129

—xi—



10 Od

1.1 O0good

1.1.1 0O0o0doodooodgdno
1.1.1.1 ODO000OO0O0OO0OCO0D0OO

gbgobobboobobooboobuoobooboobobbobooboobon
gogbbobuogoobbbdoooobbbooobbboooobobobboooobobo
gobbobuoggobobboooobbboooobbboooobooboooobon
gbgoboobobobooboobuoobooboobobboboobooboon
gobbbuooobbbuoooobbbuooobbboooon

gobbobuogoobboooobooboooobbboooobbboooonbon
0000000000000 00000O0000DO00DOODOOOOoOEITODOO
gbodbugboobobboboobuogboboboboobooboobaoob
0000 2000000000000 00000OD000DO00O0O0ObOODOOOOoO
O0@BU0000000000000000000O000D0DUDOU00O0ODOOOOoOO
gobbobuoooobbobuoooobbbooobbbbooooboboooobon
0000000 4000000 0o0oo00o00oooooooooooooooo
gobbbuoodgobbobooooobbbooobbbboooobbboooobbn
0000000000000000000000000 (fl00D00ooooooooon
0000000000000 0000000O00000000 p)lDbOoD0oooooo
gogbbbuogooobbobdoooobbbooobbboooobbboooobbo
goboooogobon

gobbbuogoobbooooboboboooobobboooobbbuoooooon
gogbbbuogooobbobdoooobbbooobbboooobbboooobbo
gobbobuoggobbbooooobbbooobobbbooooboboooobon
0000 (f000000000000000000O0OD0O0O000O0OOoD gooO
00000000000000000000000000ODO0O00oOooOooooog )
0000000000000 00ooo0o0oooo oo BSsE000OoOoOoOoooooo
gobbobuogoobobobooooobbboooobobboooobobboooooboon
gogbbbugoobbobuoooobbbooobbboooobbobboooobobo
ggboooobbobbuooooobobobboooooobobbooooonoboobobog

—1-



g1 0Od

gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
000 [11,1200000000000000000O0DOO000OO00DOO0OOOOO
gbbbuoodgobbboooobbbuoooobbbuooobbobooobobbod
gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
gooboooobobboooooboboboooobboboooobbbooooobooboa
gbobbuoogobboooobbboooob
gboobooodgoboboooobobboogbobbboooobbobuoogobobod
obobbobboboboobooboobooboobooboobobboobb
gbbbuoodgobbbooogbbboooobbbuooobbbouooobobobod
gbobobooggbobuoooobobobboooobobboobuoooobobobogo
Dbobobooboobooboobooboobobbobbooboobooboon
O000000000000000000000000000000000000 [13j]00
0000000000 [4000000o0ooooooOo0O (10000000000
gbbobooodgbbboodoobbbooodgbbbooon

1.1.1.2 DOOOO0O0OO000O00

gbobboogdoobobooooboboboogbobbboooobbobuooooboboad
gbbboodbobbboodgbbboooobbbuoooobbbooobbbod
gbbobuoodgobbboooobbboooobbbuoooobbobooobobobod
gbobbuogdgobbbooogoboboboooobobuoooobbbuoougoobooboa
gbbbuoodbobbbooodgbbboooobbbuoooobbbooobbbod
gbbobuoogobbboooobboboooobbobuoooobbboooboboobog
gbobobuogoobbbugoobbboooboboboooobbobooooobo

gbbbooodgbbboooobbbuooobbbboooobbboooobbod
000 6000000000000 00000000O0000OooO0Oooooood
gbooboduogoboooboboobboobbooobooobboobbooooo
0000000000000000000000000000000000O00 16|00
gboboboogobboooobboboooobobuoooobbboooboboobod
00000000000000000000000000O0 7000000000
gbbobuodgbobbboodgbbbuoooobbbuooobbbooobobobog
gbobooooobbbooogboboboogoobboboooobbbuoooon

Fig.l.lgoOoooooooooooobhooooomobooooomoboogoo
Domobobooooboboboboooooobobobobobooooobon
gbobbuoodgobbbooogboboboooobbobuooobbbooooboobod
gboobboooobobboooooboboooobobuoooobbbooooobooboa
gbbbuoodgbobbboodobbbuoooobbbuooobbbuooobbobog
gooboobooobbboooooooobboobbbootbooooooooobboboooo

-2



1.1. OOoooo

B R I N PN L OLLEN Pp——

T REBRBLTE (REBYZY BT 7)

X 4047 Bh

Fig. 1.1: Relations between diagnosis target, diagnosis system and users

gobbobuogoobobboooobbboooobbboooooobooognon
0000000000000 000O0O000OOO00D0OOOOoODObOOOOO(Oo
000000000D0)00000000000000000O0ODODOOO00o0oOOOgo
gbobogoboodbboouogobbodobbuoobbuooobboobboabn
gbgoboobobbooboobuoobooboobobboboobooboon
gbobogdgbbuoogbbuooboboobbooobboa20b00gbbaooooo
gobbobuogoobobboooobbbooobobbboooobooboooobon
gbgobobobobbooboobuoobooboobobboboobooboon
gobbbugoobbobouoooobbbooobbboooobboboooobon
ggbbobuogogobobbooobbbbooooobbbuooooooubooboa
gobbbuoogobbbooooobbbooobbbboooobbboooobbn
gobbbuoooobbbuoooobbbooobbbbooooboboooobon
gbobogbboogoboogobooobooobooobboobbuoobbuoobo
000000 [®OooOoooOoO0o0oooooooooooooooooooooooo
gobbobuoooobboboooobbbooobobbooooboboooobon
gobbobuoggoboboooobbboooobobboooooobouooonboon
gogbbbuoooobbodn
gbogbobobbooboobogbbobboobboboboobooobooan
O00000000000000000000000O0O0O000 (190ooooo 200
gobbbugooobbobooooobbbooobbboooobbobboooobbn
gobbobuoogoboboboooobbboooobobobbooooboboooobon
gobbbuogoobbooboooobbboooobbbooobooboboooooboon
ggbbbuogodgbobbboooobbobobbbuooobbbuoooobbbod
gbboggbbuogbbobbooobboobbooobboobboooboan

1.1.2 O0000oobooooooboood
1.1.2.1 OD0O0O0O0OOOO0OO

gboboobobbodbFgl200000000000O0000O0O0OOOO0OO0O
000030000000000000 eooDoDoODODOODODOODO0OO0O0OOOO

-3



g1 0Od

M AT L
AERE | AT e (EENUET | T T >
waRS R otk s ;

Fig. 1.2: Configuration of diagnosis system

Dbobooboobooboobooboobobbobbooboobooboon
gbbbuoogobbbooogbbboooobbobuoooobbbooobbbod
gboboboodgobbooooboboboooobobuoooobbboogooboobod
Dbobooboobooboobooboobobbobbooboobooboon
gbbbuoodgobbbooogbbboooobbbuoooobbboooboboobod
gbobobooggbobobuoggooobosbbuogobbbooggoobobogao
gbbooodgbbboodoobbbooodgbbbooan
gbobooodobobboooobbbuoogbbboooobbbuoooobobod
gbobbuogdgobbbooooboboboooobbobuoooobbbuoogoobooboa
gbbboodgbobbbooodgbbboooobbbuoooobbbooobobbod
gbbobuoogobboooobboboooobbobuoooobbboooboboobogd
gbobobuogoobbboggobobbuooobboooobobobogad
gbbobuoooobbbuoooobbbuoobuoooobbbooogbbobodoo
gbboboodgobboooobbboooobobuoooobbbooobobobod
00000 2000000000000 0000000O00OO0ODOOooooOO
gbbobouoodobbboodgbbboooobbbuoooobbbooobbbod
0000000000000 000O00000oooDoooOoU0OOU 22]0000000
gboobbogoobobbooooboboooobbobuoooobbbuooooobooboa
gbbbuoodgbobbboodobbbuoooobbbuooobbbooobobobog
gboboboooobbbooogboobuoooobbobuooobbodao
gobobooooooboboooobobobooobobbboooobbbuooouoboboa
ooobooooobobbooooobobboooobbboooooobobmuoooobooboD
gbobobbuodnooooobobobbuooooobboboobbooooobbobbogo
gbooboogg3dbbbooobbbooobobobogooboboooonoobobog
Dohoooobooboonoobooboob 3sboobuoobooboobboon
gbobbuoogobbbooogboboboooobobuoooobbboooooboobod
gooboooobbboooooboboooobbobuoooobbbooooobooboa
00 (23,2400 00000000000000O00O0O0O
gbooboboooooboboooobobbooobobobboooobobobuoogobobod
gooboooobbboooooboboooobbobuoooobbbooooobooboa
gbbbuodgobbboooobbboooobbbuooobbbuooobobbod



1.1. OOoooo

gobbobuoggobbobooooobbbdooobobbboooobooboooobon
gobbboooobobobooooobbboooobobboooobobbooooobnoon
gobbobuggobbouoooobbbooobbboooobbobboooobobn
gobbobuoggobbobooooobbbdooobobbboooobooboooobon
gobbboooobobobooooobbboooobobboooobobbooooobnoon
gogbbobuogoobbbdoooobbbooobbboooobobobboooobobo
O000000000000000000 2200000000000 000OODOODOO
gbogboboobobobooboboboobobobooobobobobobob

gobbobuogobbbooogbbobuoooobbbuoooobbboooobon
gdddoooooouououooooooooobbbbobobbobbbbbbbiboon
gbgoboobobobooboobuoobooboobobboboobooboon
ggbboobbbooogbbbbouoobobbbuooooboboooobobobod
gobboboooobobooooon

1.1.2.2 0O0OO0OOO0OO0OOOO

gobbobuoggbbboooobbobuoooobbbuoooobbboooobon
gogbbobuoggobobbooooobbboooobbboooboobouoooboon
gobbbuoogobbbooooobbbooobbboooobboboooobbn
gobbbuoooobbboooobbbooobbbbooooboboboooobon
gogbbobuoggobobbooooobbboooobbboooboobouoooboon
gobbboodaobo

gobbobuoggbbbooogbobobuoooobbbuoooobbboooobon
gobbobuggoboboooobbboooobobboooooobouooooboon
gbbodgbbuoobboobobooobooobbooobboboobboobboobb
00000000 CCOC0O0O0O0ODO000000000OooOooooOoooDDOOOO (O
O000)obooO0o0o0OO0O0OO0OO0OO0O0O0OOOOOO0OOOOOOOOOOOOOOO
gbobooboobooboobobodbobooboboobgooboboonFigl.3
gboogobboogobo-gbbuoobbogboobooobbuooobboann
gogbbobooooboboboooo-boooobboooobobbbooooobooboga

FH3 8550
<D

G JERSE H W G

Fig. 1.3: Relation between sensing and signal processing on general inverse problem

0000000000000 0000000000ODOD0O0 (=000)boooooo
gbobodbFgl4b00b00000O0OOODODODOODODOODODODOD

—5—



g1 0Od

HERE 12361 B W RRE
B -5 BB B1T 5 Y RIRE

WEER
Vi
| |

EA B 3 BWT AT A

Fig. 1.4: Relations between sensing and signal processing on inverse problem of diagnosis

pbobbobbobbobobobobobooboboooobooboobobbobb
Ooobb0O /ARO0000D000DO00DO00DO000O0O0ODO0OD pOODOODLOOD
gbobobuogdgobbooooboboboooobbobuoooobbboogoobooboa
Dobobooboobobboboooboobobbobooboobobooboob
gbbobuoodgobbbooogbbboooobbobuoooobbobooobobobod
gbobobuogdgobbooooboboboooobbobuoooobbboogoobooboa
gbbboooobodgbbboooobbbboooobbboooobbbooo
gbooobuoooobbobooogon
gbobobogooboboogobobuoogbobbboooobbobuoooobobod
gbbobbooogobbobbbooodobobbbuoooobbbboooobodan
gbbobuooogbbobuooooboobbbboooobbboooobbbogo
gbooboooobbboooooboboooobobobuoooobbbooooobooboa
gbbbuoodgobbbooodgbbboooobbbuoooobbbooobobbod
gbobogbbooodboobboooobbuooobbboobbooobboobooo
gbooboogoobobuooooooobobbboooobbboooobbbogo
gbbobuodgbobbboodgbbbuoooobbbuooobbbooobobobog
gbbobuoogoboboooobboboooobbobuoooobbbooonoboobod
gboobboooobbbooooboboooobobobuoooobbbuooooobooboa
gbbobooogobbbuoooobbbboooobbboooobobobbooon
gbobbuoodgobbbooogboboboooobbobuooobbbooooboobod
gooooggon
gbbbooodbobobuoooobbbuoodgbbbboooobbbuoooobobogd
gbobbuoodgobbbooogboboboooobbobuooobbbooooboobod
000000 /0000 /'00000000000000000000000D00
gbbbuodgobbbooobbbuoooobbbuooobbbooobobbod
gbobobooggboboboogoooobbbboooobbboooobobobogo
OoOoobooobo0 pOb000O0Db0O0OD0DbO0O0RKRDbOO0ODbOo0ObDbDOoOD
gbbbuodgobbboooobbbuoooobbbuooobbbuooobobobod
gbogbbobooggbbboooobbbbooooobbbuoooobbbogo

—6—



1.1. OOoooo

gbobooooobo pmUbobuoboobobobobooboobboboobood
gbobobobooobooob pOKRO0O0O0O0DO0ObO0ObOO0DOO0bO0ObOobOoDOn
gobbbouoggobbodo

1.1.3 O0Udooooboooboood

gobbbuoggbobboooobobobuoooobbbuoooobbboooobon
gogbbooggboobbboooobbbuooobooboboooobobouooooo
gobbbuggobbouoooobbbooobbboooobbobboooobobn
gbogbuodgbogboobugboobobboboobooboobogoagn
gobbobuogoobobobooooobbboooobbbooobobobouooobobon
gobbbuggobbouoooobbbooobbboooobbobboooobobn
gogbbobuooodgobobboooobobbboobbuoooobobuoooobobod
gobbobooooboboooobbobooogoon
g2gdbbbouogobbbuoooobbbuoooobbbuooogbobobooo
gobbobuogoobbooboooobbbooobobbboooobooboooobon
googgbbooogobooooboooboboobboobbuoobbooooobo
gbbodbogooboobbuodbbooboobboobbbuoobboobog
gobbobuoggobbobooooobbbdooobobbboooobooboooobon
gobbboooobobobooooobbboooobobboooobobbooooobnoon
gogbbobuogoobbbdoooobbbooobbboooobobobboooobobo
gobbobuogoobobboooobbboooobbboooooobooognon
gboobooobooboobooboobooboobooboobooboon
gogbbobuogoobbbdoooobbbooobbboooobobobboooobobo
gbobogobooodbboob-ugoboogbbuoobbuoobbooboonn
0000000000000 00000000000000 [25,26)00000000
gobbbuogoobbobuoooobbbooobbbooooboboboooobon
gogbbobuogogoboboobooogobbboooobbbuooobobobooo
gboooboobgn
000000000000000000000000000000000000 (27
gobbobuoggobobbooooobbboooobbboooboobouoooboon
gobbbuoodgobbooooobbbooobbboooobbboooobbn
0000000 [2]000000000000 29)0000000000000000
gobbobuoggobobbooooobbboooobbboooboobouoooboon
gobbbuoogobboboooobbbooobbbboooobboboooobbn
gobbobuoooobobboooobbbooobobobooooboboooobon
gbobogoboobbugboboogobboobbuogbbuooobboobboonbo
gobbbuoogobboboooobbbooobbbboooobboboooobbn

77—



g1 0Od

gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
gooood
gbobobobodooogbobobbbuoooobbbobbboooooobobobbod
000000 @Boj0o00000f0oooo0o0o0o0oooooooooooooo
0000000000000 00000000O0OD0O0000 B1jooooooooOoO
gbbbuoodgobbbooogbbboooobbbuooobbbouooobobobod
gbobobuoodgobbboogoboboboooobobuoooobbboooooboobod
Dbobooboobooboobooboobobbobboboobooboon
gbbbuoodgobbbooogbbboooobbbuooobbbouooobobobod
gboobooggboboboooooogobobbboooobbbooogboobbogo
Dbobobooboobooboobooboobobbobbooboobooboon
gbobbuoogobbbooogbbboooobbobuoooobbboooobobobod
gboboboogobbbooooboboboooobobuoooobbboooooboobod
gbbobooggbbbooogbbobbbbooobobbboooobbbodao
gbobobuoooobbbuoooobbobuoooobo
gbobbooodooboboooobobobuoogbobbboooobobobuooguoboboad
gbbboodgbobbboodgbbboooobbbuoooobbbooobbbod
gbbobuoodgobbbooogbbboooobbobuoooobbobooobobobod
gobgdgbbogobbooooggbbuooboooboooobbuogobboono

1.2 0O00OO0ogn

gbbbooodgbobobuoooobbbuoodgbbbboooobbbuoooobobodgd
gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
gooboooobobboooooboboboooobboboooobbbooooobooboa
Doboboobooboboobuoobobooobobboobuooboboboobon
gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
obobooboobooboobosbuoobooboobobbobn

giligboboooooobobbooooobbboooobbboooooobobobooo
gboboboboboobobboboobodobugbuoobobbobboboobo
gbobboodgobbbooooboboboooobbobuoooobbboogoboobod
gooboooobobboooooboboboooobboboooobbbooooobooboa
gbbbuoodgobbbooogbbboooobbbuooobbbouooobobobod
gbobobooobobobbooooboboogobobbouooobon

g20000000000000000b00b00000bbboogoooboboao
gboobogboboodboobooboboiligobboobobooobbooobooobboo
gbbbuodgobbboooobbbuoooobbbuooobbbuooobobbod

—8—



1.3. OOoooOod

gobbobuoggobbobooooobbbdooobobbboooobooboooobon
gobbbooooboboboooobobobuooooon

gobbos3sbboogoboboooobbboooobbobboooooobobooo
gogbbbugoobbobuoooobbbooobbboooobbobboooobobn
gobbobuogoobbooboooobbbooobobbboooobooboooobon
gobbboooobobobooooobbboooobobboooobobbooooobnoon
ggbbobuogoobboooobobbboodgboo

1.3 000000

gboboooroboobooobOobodreglsdbobooobobobobooonDo
gobbbuoogobbobooooobbbooobbbboooobboboooobbn
gobbobuoooobbboooobbbooobobbooooboboooobon
gogbboboogonbg

g200000dobbooodooboooobboboooobbbuoooonooon
gbodbdodgbooboobooboobobobobbuoobuoobuagbagbagn
gogbbobuooogbbobooooboobobbbuoooobobuoooobobod
gobbobuogoobobobooooobbboooobobboooobobboooooboon
ggbbobuooodgobobbuoooobbbboooobbbooo 2000400b0bD0o
gogbbobuooogobobboooobobbbooooooobboboooobobod
gobbobuoggobbobooooobbboooobobboooobobbooooonoon
gogbbbuooobbbuooobobbbooooboboan

ggb3gbbobsbbbouooobbbbuooobbbbuoooobobbbod
ggbbobuoooobbbuoooobobobuoooobo

g3bbbugoobboooobobobuoooobbbuoooobobbuooonbon
gobbobuogoobobobooooobbboooobbbooobobobbouooooboon
gobbbugoobbobuoooobbbooobbboooobbobboooobobn
gobbobuoooobbboooobbbooobobbooooboboooobon
gobbobuoggobbobooooobbboooobobboooobobbooooonoon
gogbbbugoobbbouoooobbbooobbboooobboboooobobo
gobobuooobobboooobobooon

40000000buodgbogbooboobobboboobbobooboob
gbgoboobobbooboobuoobooboobobboboobooboon
ggbbbuooogbobbbooog2000bbbuoooobobuoooobbobon
gobbobuogoobobboooobbboooobbboooooobooognon
gbgoboobobbooboobuoobooboobobboboobooboon

-9



g1 0Od

FRRE F1E
BT AT ALE BB OB E
-2 DT= D DAZ BB T ~DER LEIR
~ REORAFEL ‘ HFoE ~
SRR DEEE LT DOME
- A BT CRRAE(L T BRI A
!
[ B D= OIE S0 XTI DEOND ]
BEiic By BENBEOIDHDMER,
S ESLBE TR E~R T TODES )
— PO DOESNEBE R OBRE ‘
3 g5 )
FEER/N 7 Sa—F K S WA~ R I
Eﬁﬂi&ﬂ?loiﬂfﬁﬂj #5< %rﬁﬁlﬁz D E AN
SRBRHICB1T5 BEL WE2HTI<B 12 BEL
ElEHROS 71 —% 0 T A7 —F 12X Bar ) —rhD
DR WM OALE « B - M E PRl
FaEs
ARRH - FROT 0D D
B ?ﬁéﬂm
SRR SRS DML
K7 74 et B I L DD
\_ EE- &5 Y,
REBFOERICRET S0 ‘ #Hex
PHEREDO R LZHS-0 D ESNEBE MO R EL
(8 BB B Dk RER

<R D7) OfE BAEEINEE 2B L TRONAR
FEETEMRTE OfF 50 2361) 5, Hic/2HaE DAl

!
( ELb LA BOBE B RIE )

Fig. 1.5: Structure of this thesis
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Fig. 2.2: Schematic view of biased nonstationary diagnostic waves
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Fig. 2.3: Schematic view of localized nonstationary diagnostic waves
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Table. 2.1: Statistics values for vibration waveform on shaft bearing of rotating machine

| Case [|DDO02(V)|0D000S(V)|00B()|00B(A )|
Slight case -0.0581 0.412 -0.0276 3.23
Severe case 0.155 2.29 0.0224 4.59
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Fig. 2.7: Power spectrum for vibration waveform on shaft bearing of rotating machine
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Fig. 2.8: Acoustic vibration waveforms on hammering test for debonding concrete wall

Table. 2.2: Statistics values for acoustic vibration waveform on hammering test

| Case 000 z(V)|[0000SV)[00B () ][00 B |
Normal case 0.000121 0.0397 -0.868 703
Debonding case 0.000124 0.0473 2.12 262
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Fig. 2.9: Auto-correlation for acoustic vibration waveform on hammering test
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Fig. 2.10: Power spectrum for acoustic vibration waveform on hammering test
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Fig. 2.11: Vibration waveforms on shaft bearing of rotating machine with flaking damage
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Table. 2.3: Statistics values for observed waveform on shaft bearing of rotating machine

| Case 000z (V)|[00O0O0S(V)[00B(G)|00B()]
Normal case 0.0145 0.0792 -0.263 3.16
Slight case 0.0849 0.107 0.116 4.58
Severe case 0.0165 0.137 0.184 3.82
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Fig. 2.12: Auto-correlation for observed waveform on shaft bearing of rotating machine

with flaking damage
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Fig. 2.13: Power spectrum for observed waveform on shaft bearing of rotating machine

with flaking damage
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Fig. 2.14: Schematic view of detection and evaluation process in signal processing for
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Fig. 2.15: Three process levels on arising detection of diagnostic waves
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Fig. 2.17: Wavelets in time domain and frequency domain|[3§]
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Fig. 2.18: Fourier spectrum and time-frequency distribution of wavelets for vibration

signal of gearwheel[38]
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Fig. 2.19: Diagnosis example by inverse filter method for shaft bearing vibration|44]
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Fig. 2.20: Extraction process for abnormal signal waveforms by using GA[46]
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(a) Acoustic signal on normal condition (b) Power spectrum on normal condition

(¢) Acoustic signal on abnormal condition (d) Power spectrum on abnormal

condition

(e) Extracted abnormal signal (f) Power spectrum of abnormal signal

Fig. 2.22: Diagnosis example by using abnormal signal extraction method based on GA

for shaft bearing vibration[46]
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Fig. 3.1: Example of localized nonstationary diagnosis waveforms
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Fig. 3.2: Schematic view of experimental bearing test system

Fig. 3.3: Photograph of experimental bearing test system

gogob3dsbbobbboiddooooobboobboooooooobobooobobo
gogbbbugoobbobuoooobbbooobbboooobbobboooobobn
goboood
Fig34O00O0O0OO0O0OOODOO0ODOOOOOODOObOOobDOoOobOobooooobobo
gbudgboobobboobuodobuoboobobbobooboobogbonon
gobbobuoggobbobooooobbbdooobobbboooobooboooobon
gboobgoobobboboobooboobooobooboobon
gobbobuogobbbooogbbobuoooobbbuoooobbboooobon
gobbobuogoobobboooobbboooobbboooooobooognon

—47—



30 bObhoboooobbbooobobbbooooboboa

—

10 15

Amplitude (V)
S

Time (msec)
(a) Normal condition

—

10 15

Amplitude (V)
S

Time (msec)
(b) Damaged condition

Fig. 3.4: Experimental observed waveforms for bearing test specimen
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Fig. 3.7: Schematic view of arising detection based on conditional probability logic
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Fig. 3.9: Waveform and power spectral density of simulated observed waveforms
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Fig. 3.11: Joint probability distributions of observed waveform F1%
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Fig. 3.12: Differential joint probability distributions of observed waveform Fi%
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Fig. 3.13: Arising-ratio distributions of observed waveform F1%
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Fig. 3.15: Asymmetrical arising-ratio distributions for observed waveforms N2 and
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Fig. 3.17: Symmetrical and asymmetrical arising-ratio distributions and evaluated char-

acteristic parameters for observed waveforms I5*
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Fig. 4.1: Example of nonstationary diagnostic waves on cardiac electrogram
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Fig. 4.3: Photograph of optical fiber feeler scanning system
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Table. 4.1: Dominant specifications of CK-40 type optical fiber
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Diameter 1.0mm
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Young’s modulus of core 2.94GPa
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Fig. 4.9: Measured scanning waveform derived from black and white print pattern
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Fig. 4.18: Schematic view of SDP transform
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Table. 4.2: Parameters of sample observed waveforms data

00000 | 00000000 (V) | 00000 (V) | 000000 (Hz) | SNO |

So 0.30? 0 0 00
Si 0.452 0.3 12 1.5
Sy 0.452 0.3 24 1.5
S 0.30% 0.3 12 1.0

O00000000000H —L =15, m =60k = 25,50,75,100, 125, 1500 7y = 1.00
&£ =4000000000000SDPOO0O0OOOONOOONONOOONONOOOONOO

(a) For waveform S (b) For waveform S;

(c) For waveform Sy (d) For waveform S5

Fig. 4.19: Examples of SDP|[64]
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Fig. 4.20: Schematic view of SPDF[59]
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(a) For waveform S (b) For waveform S
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(c) For waveform Sy (d) For waveform S

Fig. 4.21: Examples of SPDF
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Fig. 4.22: Process flow of signal processing for circulated notes in market

—99—



040 0O0OO0O0O0OobobOOOooooboboooobo

00)000000000000 FO0O0OO0OO00OOO0O0OO0O00OODOOOO0OOOOO4
ooboboooboobooboooboooboobooboobooboob F,O0bOoobo
gbbobuooggbbbuooogbbbbooobobbbuoooobboboooogo
goddddodoooooooooouoooooobbbboobbbbbbbood
O0000o0oooOoOoOoOoOOOOOOOOOOODOOOODOOOODOOODDOD (O
000)0000000(00000)0000000o0oooooo0ooooooogo
000000000 (00)booo0o00ooooo0ooooooooooooooo
Dbhoobboobobboobbooobuoob pobbOoO0bOo0obbOo0obbOoon
gboboggobbubbuoodbbboooobboooobbooobboooobon
goboobbooogogooobbboobbbboooooobbobbooooon
Dogboboobobooboboobbobobooobooboboobobuobbobo
bbb -00bboboooobbbuoogbboboooobboban

gbooboooooboboooobboboogbobbboooobbboooobobod
gbbboodgbobbboodgbbboooobbbuoooobbbooabbbod
gbbbuoodgobbbooogbbboooobbbuoooobbboooboboobod
gbobbuogdgobbbooooboboboooobbobuoooobbbuoogoobooboa
gbboboogobbbooodgbobbobbboooobbboooabbbodan
gboooogon

4.4.3.2 OUOO0O0O0OO0OOOOOOOODODO

gbobbobodobodgbdogbobobobbobobobodgbobobobbob
gbobogbugboboobodbooboboobuoooobboboobonon
OO0b00boboboooboobooboooobooboboboobooboOobdTable4.3
ogoooooboobbbbibtbUoedououobbbbbbbxgooogdgd
gbbobuoooobbboooobobobboooobboboooobbbooooobo

gbobobooooboboooobobboooobbboooobbbuooouoboboa
gbbbouoodgobbbooodgbbbuoooobbbuoooobbbooobbbod
gbobobuoodgobbbooogbbboooobobuoooobbbooobobobod
gbooboooobbboooobon

gbbbooodgbobobuoooobbbuoogbbbboooobbbuoooobobod
gbbobuoogoboboooobboboooobobuoooobbboooboboobod
gboboboooobbboooooboboooobobobuoooobbbuooooobooboa
gbbbuodgbobbboodgbbboooobbbuooobbbooobobbod
gbobbuoodgobbbooogboboboooobobuoooobbboooooboobod
gbobboooobobboooooboboooobobuoooobbbooooobooboa
gbbbouooggbbbuooodgbbbbooouooobbboooobbbooo
gboobobuooooboobbbuoooobbboooon

—100—



45, 0000000000

Table. 4.3: Propriety of a proposed method and transmitting light method for various
type of notes

Counterfeit types of note Proposed method Transmitted light method
Denomination | Truth || Denomination ‘ Truth

Genuine o o o o

Type 1U o o o X

Type 2" o o o x

Type 3d X 0 x o

Type 4" X 0 x °

Y Counterfeit type Print pattern Paper surface
Type 1 Corresponding to genuine note Smooth
Type 2 Corresponding to genuine note Rough
Type 3 Not corresponding to genuine note Smooth
Type 4 Not corresponding to genuine note Rough

Table430 000000000000 OOO0ODOOOODODODOOODOODOOODO
gobbobuogoobboboooobbbooobobbboooobooboooobon
gogbobbooobobboooobobuooobobobooooboboog

4.5 U0O0OO: 000000

4.5.1 0OO0OO0OOOOOOO

4.5.1.1 00000

0000000000000 000000 4840000000000 00OODO (OO
0000)000000oOoo &O0O0OC0O00000O0O0D0DOOODMY9oO0O0O0OO0OO
Jbhoboo0booboobuoboboobdTable440 00 0D00ODOODOOODOO

Table. 4.4: Index F, for each denomination of notes

| | 1,000 yen | 2,000 yen | 5,000 yen | 10,000 yen |

gobbobuogoobbooboooobbbooobobbboooobooboooobon

E1000 2.4 14.9 15.2 21.2
E2000 29.8 4.7 23.1 19.9
Es000 27.9 20.8 1.6 22.2
E10000 32.4 24.0 33.8 5.2

gobbboooboboboooobbobuoooooon
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00000000 (48)00 o=3.0deg 000000 p0OOOO0DO p00D0OO0ODO g,
DoOOo00o0booboobuoobOonbbOd Table4bO 460000

Table. 4.5: Indexes p and o, for print part

Index H New notes Circulated notes H Counterfeit notes
17 0.768 0.648 0.192
o 0.114 0.106 0.040

Table. 4.6: Indexes p and o, for non-print part

Index H New notes Circulated notes H Counterfeit notes
p 0.300 0.277 0.152
o 0.093 0.090 0.035
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Fig. 4.23: Histogram of index p for intaglio print part of new and circulated notes in

market
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(b) Observed waveform on debonding case

Fig. 5.1: Acoustic vibration waveforms on hammering test for debonding concrete wall

(Redisplay)
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Fig. 5.2: Appearance of hammering test for debonding concrete wall
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Fig. 5.3: Observed microwave for buried pipe in concrete wall
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Fig. 5.4: Appearance of microwave radar survey
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Fig. 5.7: Observed waveforms including diagnostic waveform and their model-fitness with

buried objects near concrete surface
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Fig. 5.8: Observed waveforms including diagnostic waveform and its model fitness with-

out buried objects
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Fig. 5.9: Observed waveforms including diagnostic waveform and their model-fitness after

nominal surface wave model subtraction
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Fig. 5.16: Signal processing flow for evaluation of position, diameter and material infor-

mation for buried objects
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(a) Antenna, controller and PC (b) Automatic scanning system

Fig. 5.18: Photograph of experimental microwave radar system
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Fig. 5.19: Cross-section and dimensions of concrete test specimen No.1~4.
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Table. 5.1: Parameters of buried objects in specimen No.1~4

No Object A Object B
’ dy (mm) ‘ ¢1(mm) da(mm) ‘ ¢o(mm)
1 Rounded steel pipe Rounded PVC pipe
7.0 | 350 780 | 320
5 Combined duct (CD) pipe | Combined duct (CD) pipe
69.0 | 420 760 | 270
Deformed reinforcing bar | Deformed reinforcing bar
s 780 | 150 780 [ 90
4 Plica tube Plica tube
750 | 440 730 | 290
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Table. 5.3: Estimated diameters of buried objects in specimen No.1~4

No Object A Object B
’ ¢(mm) ‘ Error ¢(mm) ‘ Error
1 60.0 < 35.0 > | x3.42 | 190.0 < 32.0 > | x6.56
2 45.0 < 42.0 > | x2.14 | 40.0 <27.0 > | x2.96
3 40.0 < 15.0 > | x5.33 | 25.0 <9.0> | x5.55
4 65.0 <44.0 > | x2.95 | 45.0 <29.0 > | x3.10
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Fig. 5.20: Boundary back projection histogram images for concrete test specimen No.1~4

(Dotted lines represent actual positions of buried objects)
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Fig. 5.21: Material evaluation images for concrete test specimen No.1~4
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Fig. 5.22: Relation between actual and evaluated diameters for metallic buried objects
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Fig. 5.23: Photograph of actual concrete wall to be surveyed

Fig. 5.24: Example of X-ray photograph of actual concrete wall
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Fig. 5.25: Internal construction of reinforcing bars reconstructed from X-ray photographs

and scanning lines for actual concrete wall
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(b) Boundary back projection histogram image

Fig. 5.26: Radar image and evaluated boundary image for scanning lines on concrete

wall for scanning line No.1
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(b) Boundary back projection histogram image

Fig. 5.27: Radar image and evaluated boundary image for scanning lines on concrete

wall for scanning line No.2
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Fig. 5.28: Radar image and evaluated boundary image for scanning lines on concrete

wall for scanning line No.3
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Fig. 6.1: Schematic view of three process levels on arising detection of diagnostic waves
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Fig. 6.7: Relations between strictness and calculation amount on process levels of state
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Fig. 6.8: Schematic view of hierarchic signal processing technique combined by waveform

detection and state evaluation
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Fig. 6.9: Relation between signal processing class and evaluation accuracy
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Fig. 6.11: Schematic view of 2D-compressed reliability on proposed hierarchic signal

processing technique
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Fig. 6.12: Application of signal processing level for diagnostic waves
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Fig. 6.13: Relations between diagnostic types and diagnostic waves
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Fig. 6.14: Relations between sensing and signal processing on inverse problem of diagnosis
(Redisplay)
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Fig. 6.15: Enhancement of state evaluation accuracy based on usage of using transfer

function
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Fig. 6.16: Enhancement of state evaluation accuracy based on usage of characteristic

parameters fusion method
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