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MESE 542 7

Amplitude (mm/s?)

Time (s) Time (s) Time (s)

Y 2-2. 84 ANl 2 AT A dely AE P

Fa5 Qe 2Ae dwdor AR WYem Asd doyHE Fld
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Fuw) = Jmf(x)e‘ﬂ"“xdx (4)
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2.2.2 X2 (Envelope) &4

Z2H(Envelope) #41 74
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2.3. 9894

2.3.1. CNN

CNN(Convolutional Neural Network)s <l17+e] AAlA F+x= mwsh
el 39 dHolgeolA &8& 7lsstn 5
FEoto] ol &&st=d 53d A Wo|ti[16]. CNN 2 o8 719 Convolution
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olFstuA ST FHut Iy ke A w dxkE sdsuA Ads AT
A delHe] dA gds Bt AAF daE 54 W(feature map)olhal

stm, 7} Convolution Layer oA+ o= HolgdA 54 siddS At o] &
sHAl frh, F2 Fo] HogdsE 4L B dYs daehe Aol dow
@ A% (Pooling Layer) 54 W A7|& Fola, EHas Fr AA 2L At
S NG EF " el oYgs W 2 AMEEE
2 HYEE F=3E Max pooling ©o|v} HE 3}o] F==3}= Average
pooling s°| . 5F FF dAE AX H, &F dANA+= dolEE Flatten
AZS 28] 1 x99 W2 WEsta Fully Connected AZo® Hgdith o]
A =5 Yo ® JteA ggvHES 2dsH

e N

e
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o
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e -

o
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vxg
54 F%3% BF @A wrel 3% 9L ekl & dn

Input Convolution + ReLu Pooling Flatten Fully-connected SoftMax
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Function
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2.3.2. 1D CNN

1D CNN(1-Dimension Convolutional Neural Network) CNN =9 Gtxo] Hy
2EE AAE oy X &x49¢ HolHAaA £ AdeS Hole Utﬂi o A

[17]. 1IDCNN < 7]& CNN Edlo] 2 2ol oln x| dlo|EdA &§=t 2}
g, 94 deolgrt 1 A4 mEAAE tﬂOIEM N5 3 A 9] tﬂOlEi)ol e F=2
g8&5rh. 1D CNN 9 7Fg & 5ALS 1 A9 AdS AMEste] o e 24
I'sstHAl AA AEoA AHA EAS ggsite Holth, Ed 7]E
CNN =t} dhepulg #7F A7) wjifol] 3hE v§& SHdA a&F o, B4
WA sk frelsith, AA R oA B HokoA 1D CNN & &-g3lo] Zdto] uha
Al EA A Fae RSl A UEive g4 5SS TE dEHoew
Asts AAEAY dF AYE=E =2 AHE7F ATH[18].

it

O,

F

54 23
1% 2- 7. 1D CNN Feature Extraction %
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2.3.3. TabNet

STEP 1 STEP 2

— OUTPUT

FULLY
CONNECTED

|

Feature Attentive
Transformer Transformer

Attentive
Transformer

STEP N

Agg Agg

X

; ... FEATURE
~ ATTRIBUTES

18 2- 8. TabNet 2dlo] 7| & %

T Lo |

TabNet & A3 dlolgE Aty s Atd Hd 7|we] d= F <l
2492 Gradient-based Learning & &3 #HZA3dt} o] A2 Tree 7|WF Edeo
W A8 (Feature Selection) WA1S Held WES A FZxo sk, AF dlo
Aol &3ty darg]lFolt}. T3 Sequential Attention Mechanism = AF&3}aL,
o wAvg oW EAS AREH] dEEte] AHdes weolal AW
A= EAo] Qi) olw] 54 Aee Qlxdxwitt thE4 -85 (instance-
wise feature selection), 7N ¢1AE1 A9 13 EHo] Helx]o] dlo|Ele] tjekst
EXS wtddd 4= ). TabNet ¢ 53 © & unsupervised pre-training & A 3}H
Encoder-Decoder & AHA dF3te 722 AS3E0] L= E AAT glo]
Aes A FEAZE F Aok Aol 191

X
2
N
N
olr
X,
o 13

o:
il

TabNet 9] 8k T2+ 9 2-8 3 #Zo] ofFolx vk, N W] decision
step S ZHE Sequential attention mechanism 22 Ho|HE g5l o] o
77t e] Step oldb= ©eelA W A8 HAo] o] Fox=H|, FEH & S
Feature Transformer & %3 dlo]Elo] o3t <13 S =33t} o]ojA] Attentive
transformer & E3A F23 W (feature)S ABs}ar, t}L Decision Step A
sksk W F7HS Agksit) Step (ol gy AHE thE Step o7 HESta

£ 7IRto 2 gewls AASAA Sh5S dsith. ZF Step Alele] &4 e
7|24 o2 ReLu $Hr7F A&

—_—

pul

o]
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2.3.3.1. Feature Transformer

G
F F F F

Shared Across Decision Steps Decision Step Dependent

cro
cro®
cro

Feature Transformer

1% 2- 9. TabNet ¢ Feature Transformer

Feature Transformer & TabNet o}7]8)x <] A4 Q4= 7} Step oA &
dg deolHE ladste] oefst wAe=m  xdstel HiE dHeoly  sd
ayHor &HE 4= rl. Feature Transformer & Shared Across decision
steps ¢ Decision step dependent #= EFo =2 FAEY. 7k EFL& o)y
g HEA A o] 7hssl 542 ofeje} o] vm ¢ Utk

T 2

f1 o

;

rr
j‘:_(,
ki
k)
Ed
i

- Shared Across Decision Steps: Decision Step °|A &3
M Ser, FEAd EAS dzdsy. E5E& FadeEx 7

Decision Step reoll 434 & o] 71538ttt

- Decision Step Dependent: Z} Decision Step w}t}
G Step A EAHE RIS sHEdU olE &

AnE F5T F Ao

Arol 2L JA|, TS Fo] g5 Ao TosHA &
st AsS AT GLUE oFd 2(6)3F o] YEd 4 A3 W Ve
o= AORo= 47 ofdl Q1Y EAAA Aosts &S e},

GLUx) =X -W)Oa(X-V) (6)
mxwto g7 ZF =9 ZH#S A t3EtE Batch Normalization S E3a 859
= WA st} 712 Feature Transformer W3-o Residual
v Y49l 7 TS SHSHA SAEeE HEE
Hebeto, ZHe Al ste WAt gyl s wmEE
AA = e
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2.3.3.2. Attentive Transformer

Prior scales

xewoas.ieds

Attentive Transformer

% 2- 10. TabNet 9] Attentive Transformer

= Sequential Attention Mechanism < %3 tjolg]& gt<53}
|

=
= szstel o
YFsn BBAF S dAtE 4L Wk T B A

Attentive Transformer + Z} Decision Step |4 E4 HeL Fgst=
o]

d
=)
o
Rl
)
o
Lo
=
i)
)
=
2
!
&

% stgo] Abssn FAl

o= Qs
53 9]
EAuioz 7§ s
B 4 Qv Attentive Transformer oM E ¢ QEE
AAbstal o] & WO ®E Feature Mask & A4t o] Mask & T wA<lA
AHEE e TEAIZE A FoE SAY FAEE 5AE TEsteE 98
F8 8t} Attentive Transformer oAE ZA <42 Sparsemax & A3
a¥ 2-11 ¢F o] SoftMax &7} (0,1)¢] WA B ke jo] 1 o] HEF
T g5 AA3d, Sparsemax o AS- 9 3 T dHEE 0 o2 759
Y ARe oAlste] A (sparsity)s FEIT Wz Hed A= 1 =2
o] F83 ARoE IS F JEF
10| ==+ softmax, ([t,0]) 1
— sparseman, 1) o

w

W

i
!IIIIIII"m
! llllllml

g g

1% 2- 11. Sparsemax 9} SoftMax €] W] [21]
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=
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3. B4 Aul Wole 57 L 4

3.1. MCT A¥] 7+ & 1% +3

FA7A F sl MCT(Machining Center TooDv T2 E3eh 29
TAES AL 7tEstr] faE AHRHEE ZIAIT MCT & F2 2350 9
gas] wgd A FgE S8 FAES A hEeted, Adnlel wet X, Y,
Z Fo=2 AIAF oFs Foto] stes T ojFT A™ stes FTI SAD
Fde=a AT 7 A= FHES AYa dARE ZEH Al 2o dA Ao oY
A FEE ARSstEA g ddtel EAE 4 sk Adeld AAE A
FES MCT AHlelA A5 @Ast= A% & ol zhzhe] 24 Ay a=
Aaff A= AL et o

- HY A%

- A el Rt QF e, &8 55 3 &8F o, F Y =¥

Tow Q% st N

- BAHE A 23S A SUkR Vb ARRE Ak wold v A

23S Be F o] VIAA &8 2e ST

3.2. H2E "= 7z ¥ Ag MAA

2 1A Adulel Ag ERE HHoR AtEE AsAe AdFA T
AHEEE dlolE Ale 53S9l MCT HAE wWE=E 83t doHE
A5t HAE WEs REE S X, Y F 2714 WEFoR o] Fdt Tk At
& AATH FAO 37HA 2 7IAA AggS BAF st E AAEAY HAE
W= AAA Jef= 19 3-1 9 ()¢ 2ok s AlA= (b)) 2ol 100mV/G
AME BE FZo 500mV/g AAHE A~3E F2o X8, 28 ZFo] 100mV/g
ANE Sa A2 7 A BAeE 2 5SS anzor A, 7o)
AE(GMF)59 2 T34 AE 59 HoHE F38tax st ~3E Fide
500mV/g ¢ & AAE AAste] 7hg A2k Fete] B e I vpE=
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F A% vAE AF Asel U@ dolHE FHFuA Ak olsh o] Al
W 9l A ANE gl dolHE ASFom wANE A A
oz Add & 9l Ao slmEc. @ APAN mAD

' 3 wARste] TS 1Y 3-2 &

o A% mAL gAe Y ool

o> i X fo o

2E| | GMF1 GMF 2

| 167 3271

| 2t 3071
307 [ 4 30M
[wotg |

@ 100mV/g D& M
(2E)

@ 500mV/g &

>
o i
.L !

Eaatio]

(b) & AA %:jil' 1A () HI2E W= 4824 =243}
Ao AFEE MCT HAEHZ=
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ol A Wole 2ol o 3mme] datste] A e wale
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7o) A 7)o] ol G NEAA AT AHE wAle
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3.3. Hl°|g 3
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#29 delHE A% doHz ®y %o 100mV/g A% AAs =
mo] 500mV/g A% AN TR0l 2 welw AgRr ov g AT
25600 M= AAS}AT AF BA Al o= A ANsE Hisleln A3 F3
HUSA T ﬁoﬂ 22 78 AEE 10 22 oA @ 2

7oA, AR Fas sfEd, &
= . = 1X *é—‘jrl"?—Ei 10X A& wj<
Aus T ghe AzEetel Jep o Aweld wass 7ol wlA FIE(GMP)E

R S <)

H Oko

e

kv

(m Mo
D o o o

A AT VSR AFEHoAE Sd Fuge 2 g AR 7o whEE <l
st A5 94 As AR disf BAeta, x2 AFdEdHAgME ¥
Agtoly Hojyg Agor i WAHE= FAH AE o HEHES Hole=Ad
s EA g B3 S AAELS B AU FExE gtk 72 A
ARG HlolE= ®E RPM 1320 oA HAS5H HelBE &85, AH8H ZF 44 ¢
T Wel BEe a9 3-4 9 2h 100mV/g 9 AE AME FAT g gedA
A SHE Holn, 500mV/g o AAE AFd dodoA & wiE, u55)
o= e Ax7E Frheke] BbAdS Bl
EHd A9 100mV/g & 5 AA

- Frequency Range (i5 %): 35 to 360000 cpm, 0.58 to 6000 Hz

- Frequency Range (£10 %): 25 to 600000 cpm, 0.42 to 10000 Hz

- Resonant Frequency: 30 kHz Nom.
2359 AX" 500mV/g & AF AA

- Frequency Range (5 %): 60 ~ 540,000 cpm, 1 to 9000 Hz

- Frequency Range (£10 %): 30 ~ 840,000 cpm, 0.5 to 14000Hz

-  Resonant Frequency: 25 kHz Nom.

40 | 40

. 30 }on] : AR {30

€20 . ; 20“3

c | <

§10 0$

g 0] /ﬁ ‘ 0 g

Faot ;A -10%‘

§-20 | | - 20

a * Deviation L @

30— ‘in (%) forf < 10kHz ~ 100 mV/g .- ‘ S ST .30

“ in (d8) for f>10kHz 500 MV/g e .

1 10 100 Frequency (Hz) 1000 10k 50k
aF 3-4. AA H Fukg e AR [22]

_19_



3.4.1. A4 Ns 24
. AlAE dlo]E . e 2HEY

Mator Spindle
--GMF1:0.11--- - GMF 1:0.10
-GMF 2:0.17 - - - - GMF 2: 0.07

omE 2
G 1
[

. Y 1 o X000 @ 1X:001
R = o 2X:003 o 2003
= o " o 3X:000 ° 3000
L <] h o 4% 001 o 4001
kel 3 05 ! ° §X:001 o 8X:002
2o R ! o EX008  © BX005
R B, ; o TX001 o 7X:001
[~ ) ° 8X:005 o 8X:002
g, EN ! o 9006 o 9x003
< o 10X004  © 10X:0.02
3

IS

[ 1 2 3 4 5 L] 7 8 a 10 o 00 400 600 800 1000 1200
Time (s) Frequency (Hz)
g ~¥EY 4 A¥EY
08 AT 08 o
08 5 5 08 g 8
i ——Motor ———Spindle @ ' ——Motor ——Spindle
07 i === - GMF 1:0.04 - - - - GMF 1: 0.05 ~. 07 ===~ GMF 1:0.06 - - - - GMF 1:0.05
= ' - - -~ GMF 2:0.03 - - - - GMF 2: 0.06 g - -~ GMF 2:0.08 - - - - GMF 2: 0.04
~ 06 " o 1011 © 1X:008 g o5 o 1X:0.02 s X010
o) i o 2X:030 o 2X:021 E o 2X:027 ° 20020
T 05 v ° 3002 © 3X:.003 @ 05 ! o aX:0.02 © 3X:.002
k= I o 4011 o 4x007 kel ' o 4X:0.04 © 4X:005
= o4 " o 5X004 ° 5X003 3 0 o 5X:0.03 & 5X:005
= " o 6X:0.12 o BX:005 E o EX:021 o BX:014
5 03] I o 7X008 o 7001 B, 03 i o X002 5 X002
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" .\ o 10X007 o 10X:0.01 ok ¥ o 10X007 o 10X:0.03
H.TJJLTH. NI TR RN R " Gﬁ;i%u” AR w1 "
] 0 200 600 00 1000 1200 0 20 00 600 a0 1000 1200
Frequency (Hz)
a9 3-5. A4 A5 AAY R A2HEY 24
8 Aol A ARE 49 A9 Fol -4g oA +4g ghe] RS uellA
WHEet =3 SR o) Az glel F7IAR]l didoe] dASA dEuy Z
AAe] dolB®: AA FEHA 5 542 Bt Ty o= A4 A
A2 gsh wAW 11Hz, 22Hz o A%H wg ARel wiwd. ¥
A EHA M= 22 Hz Fab¢ AEel FH v Bu 57 2As= o= A4
T7b 2 & BTl Wiel 1 e WS st A 2 gl W guUY o
HY HEey 2 39 158 fFEketh. ©o]& Tool Pass Frequency(TPF) kil 39
A2k 34 As Bl F2@ azoth dwHoz gHel T AT
TPF 7} Awjdow Jehgs 74 w4 AdESo] Ad¥ #ZAY. £
2AEGAAE 2X ARl uekon bz 6X 4R delHE ¥ e

AlaA A B s ddS Btk
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AAIE HlolE MR 29ER
P — Motor — Spindle
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3.4.3. 7]¢] A% A3 B4
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Y 4-2 o AE AE delHE Fus dgor wasm A 4TS Fow
EAG F, A7 AR Fae AYsn 2 el dAA 53 @ FEss
dAalelt}, o= Peak SEARAWUS FEoT AdAIE HolFwy, Wit JHo= 7}
THE GRS Sld 1ol Peak 5 (HF2A o] FEHE S T 4 vk
olelg BAL old HAoA WaE RE EE Hu ¥ sdedds U
Hgsto] ofe) E 4-13 2& dloly A2 AT
06“‘ T T
st |
) 04‘:3 T | 2he
g p,j'jL'I 2X
gos & | o2
02 : : | ‘
" X 88 | A
e | dJ 1 KN K M V
il = | : b | ‘J J tw.! '
L MLLWWUW JJMLWM '{ ek f | “'!W ) ‘
0.5X - 9.3X 16.1X 27.8X 40.1X 57.8X 83.3X
Interval of rotational components
18 4- 2. Hloly F& WA
) 0.00~ | 0.50~ | 0.60~ | 0.80~ | 1.00~
Fil hannel | T Label
M| Clhimel | Wy | Lalsel | 5 oo | geg | aee wes | Lo
MCT_VIB | Moter | Acc | BF | 0.002 | 0.001 | 0.001 | 0.004 | 0.002
MCT_VIB | Moter Vel BF 0 0.113 | 0.120 | 0.211 | 0.117
MCT VIB | Moter | Env | BF | 0.012 | 0.022 | 0.032 | 0.093 | 0.031
MCT_VIB | Chuck | Acc | BF | 0.007 | 0.003 | 0.005 | 0.004 | 0.006
MCT_VIB | Chuck | Vel BF 0 0.107 | 0.142 | 0.094 | 0.091
MCT_VIB | Chuck | Env | BF | 0.029 | 0.015 | 0.026 | 0.285 | 0.025
#E 4- 1. 738 Peak & F dHlolH A I
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tholojzdle] 5 W A= FEH ZH2te] ~FME=(Acceleration, Velocity,
54 dolgd dis] Anle] B3 AF Ay FoEE

o -——_IEE! = =
Ta% ArE Ad=xstal, Aoz @ To3 RS Fa5] HF A 2&S
Shstels Ae BHHow @k olu, £4 7 3} go] RE JFA Fol 1 o
HE% ARl ~AEY o] FPS FAE A BY AYE GF o2
5 5 1 | oAt

st 4o ERAS FAAE AL BA H9d. ofdl ¥ 4-2 & 7
seEge] AEH $42 AN F AF 45 L A gund vy Aol Feel

Xweighted = Wace " Xace T Wyet " Xvet + Weny " Xpnw

group by, File and Channel )

0.00~ | 0.50~ | 0.60~ | 0.80~ | 1.00~
0.50 | 0.60 | 0.80 | 1.00 | 1.20

MCT_VIB Moter w BF 0.006 | 0.076 | 0.061 | 0.121 | 0.068

Filename | Channel | Type | Label

MCT_VIB Chuck W BF 0.005 | 0.097 | 0.052 | 0.137 | 0.061

¥ 4-2. FF A3 dHolg A g2
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4.2. Atd AZAE AL 759 tlolE Hu
4.2.1 1Hz @99 71&= F3= HolH

1Hz @]9 7M&% Fa dolHAS Al
AAE Fall =89 deolHE &8t o] u H
Azgter, ol gk Holy A s A 2 QY Xl“ Sl

25 &&= dHeoly FHE, d&Fe dHeol W“P X%EVP 7&%’6‘}3 ol
FAAS WX @7 Wl mAE WsAA] "HA7F Jhseith shAIRE o] &= Q13
A L Agel digh v]go] A JAFAT sF HeolHE &&= Ag AAFH
ﬂﬂ”r wolx A A% E ThEste] dwkst sEo] AT vheAo] EAET of#
O3 4-3 & 1320RPM dlA A" zF A3 2 A4 golHE 1Hz 9= =3
Feojtt. 100mV/g EE AAMolM= AFa el Aoyt A or s/
IS4, 500mV/g & 285 AAMoM = AFaE Le] Aoz 45 5F o)
Azt MR zbo]lE Hole Zo] FRldt o]y Hgor RE HolE Al 3
e AgeE A& 1Hz @99 =S 7HA= Ao F35 6000Hz © HolH
s 7 AFEE 53510

#lofd Zgt

100mv/g T MAf (2H) 500mv/g T& A (2T E)

Sample

710 Zgt ST 2

100mV/g Z& A (ZE) 500mv/g ZE HM (AEE) 100mV/g X& MM (2H) 500mv/g TE MM (ATEE)

Sample

i
. l . . :i
“
0

Frequency (Hz)

a9 4-3. A% 9 AlA H 1Hz 94919 7R Sk dlolE Al
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Frequency Interval
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5. 24

51. A% A7 @ g4 2o nenE A

5.1.1. Agte Az g3t webulg HA

Ae) seulEE ¥ 5-1 9 gk AUAA 2 Fos
HH S xp. & 600 02

. X w9 01 2 AAd
52 8 3 Po] AAR AAE B FHs 7ol AFo YAHI 1
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oA Peak(HHgh) S5HS F=Estel delezt AAdAY. deoly S 7
olefmirt 23] o]Fojxom 0.5 1.5 Abole] 4|9 ghas ARgste] T3
Aol 3 7HA e AHAEYS stuR A= b F AN TheAs
=, La‘f £5=5 Z}7F 0.6, 0.3, 0.1 = AAsIoAN . 7o HAA

=

0

< 4 A FAE AA AFol7] wie ANFTE AH
& ?0% *}%3}931 A EAelA e AAE A} EXWW a7
A

[e)
R ZHAE ALTAS BAE
o
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X oo

X

2

L
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?VL
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Lo Ho it

ofN @ 18 Mz ol ot JB o O N oL oo 12

E

— T

EQAT A8 1 RS THn gt AL A mep &
= 0.1 2 YA AAste] A4S APgo

u}eju e k av
Xmin 0.5 FH A X Gt
Xmax 600 Hdl X gk
N 100 F1re] A
Amin 0.1 Hr X 4
Feature Type Peak FEYE ER FF
Number of augmentation 2 oy 7} 3l
augmented range (0.5,1.5) =7} X2 HY
Wyee: 0.6 7z} ~HE Y 9
Spectrum Weight Weny ¢ 0.3 7} Z X
Wyer 0.1
X 5- 1. sh5oll AgE 23 A8 gEng
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5.1.2. 1D CNN ¢] dgtvg 434

ID CNN REHeo] Layer & EREE W31 IS WAste] dnkst A

dget7] el 32 AAE . stoly IErEEE FAET AT A
v 71EHRd 1 2 AdAste dgulelE e AFAA 5AS

FE =T A, o9 A4 HdS 1 2 dAHSY £4 4= Cross Entropy

&4 g4, FEulolA 2= Adam & Agste] wi2a kA gho] 7hEsH

&tk Dropout Hl&- 0.5 2 A AAsS g% FAoM AF ¥

H&Adsigto 2y, shs HAgo A HA TS wAstaxt shqltt.

5.1.3. TabNet ¢ vy HA

TabNet ¢} stold spejulH= ofegf % 5-2 ¢ o] AHAsigivh ¢
A (ng) @ o' 2 (n,) S ZH7F 256 o2 dAste 7h
Z53d] FEstEAE A s ATE |
T (Nspep) = 3 22 AAsI 3 AS WAst= v =4S FAH. Feature Reuse
AF(C Gamma )= 1.2 =2 AAsIe] ofd dAA  FEHe HHE A HF
A& o 2X Holy 548 X142 =% A7t Lambda sparse =
0.01 = AAsle Faod ST AdUsies =
slaAde Astenh. - #old I (aared) © 3, 5

2 dAste gy dAEE FE A Juy 5949 S 748 IA FEE
A= Shglh v e 2 FEvho] A= 1D CNN 7 vhak7bA 2 Adam & AH8-3H3itt.

\\)

s2}vl g 2k e
ng 256 gy oz EAL d&sls b
AHEE = AHE =7

n, 256 ol Aoz 9JY dHolE <
TRES Sudhe dWld A7
Ngtep 3 st @Al & Transformer
Bzca f]-L/HE]
Gamma 1.2 Feature Reuse A5 2, o] A<
=9 ArE BL x4
Lambda sparse 0.01 54 AdE A&t teAE 24
Nghared 3 7—} f—%“ﬂ"i %L‘IQFE]T‘:’ Shared Across
Decision Steps 9] 4
Nindependent 2 zt "o A Ff == Decision Step

Dependent 9] <=
- 2. g5l A&% TabNet ¢ d2}v] €
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5.2. 1zt AE5E &3 A EF 43 A4

‘@oﬂ AHEEE A% dolds 1285-13 2o 4 RPM
jlE2 pARY. 3 WA APdAE wa 4% wAew 4

A

el 0}31101]}\1 RS shEstal shEe AR EA @S AT HelHE RIS
A7}k, AFE ofefeo] F 5-3 ¢ o] o]Fofxn. A WA HAFdA= 1 W
HolH & Zﬂ—? ANERZ ARgstar, 2 HI 3¥ HolHE S5 AER ARESth F HA
A= 2 ¥ HolHE AF AMER AMEStaL, 1 Wy 3 W HoHE g5 AMER
ARESETE, ol9F T wWAle g wxp dz(cross validation)s &3l =24 Ao
OS bgAo=s Hrista, dukst wE€S H7tE ¢ JEFs AFS AAssth
A9l M TabNet # 1D CNN 9] R St B sdsiA wlx] A7) 128, St

/[ R1440 /_[ R1320 l\ /_{ R1200 L\
ZE RPM: 1440 2E RPM: 1320 D& RPM: 7200

TEF: 12 hz TPF: 11 hz TPF: 10 hz
Y Y Y Y Y Y
i A Data Data Data FAF Data Data Data A Data Data Data
°e #1 #2 #3 °e #1 #2 #3 b #1 #2 #3
R — Y
#HojE || Data Data Data Hofd || Data Data Data HOE || Data Data Data
4 #1 #2 #3 Z2g #1 #2 #3 zg #1 #2 #3
e N Y Y N
719 Data Data Data 7101 Data Data Data 7101 Data Data Data
e #1 #2 #3 e #1 #2 i3 R #1 #2 #3
-~ S L N — W N ——
o S e S e Y Y Y Y Y
ST Data Data Data a7 Data Data Data T Data Data Data
ek #1 #2 #3 4 #1 #2 #3 Hy #1 #2 #3

N AN AN J
1

Aol AEE dolE AY 2g

Ag ¥z gt dlolH A% dlolH
#1 Validation 2H e &3 AY 19H A3
#2 Validation 19H 28 &3 A9 2 29
#3 Validation 19H 28 &2 A9 3 A9

¥ 5-3. 22 24 =1 UelAe] wxak G5 WAl oA
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5.3. 48 A¥
5.3.1. 1Hz @99 d< 7[4% F395 HolH

dT 7HEE Fo9 2Y HolHE s ¥ ASd 2

AVG #1 #2 #3
Data Set Model Validation Validation Validation Validation
Acc (%) Acc (%) Acc (%) Acc (%)
R1200 1D CNN 0.9262 0.9051 0.8756 1.00
R1200 TabNet 0.9201 0.8381 0.9631 0.9593
R1320 1D CNN 0.9634 1.00 0.90 0.9904
R1320 TabNet 0.9571 0.9607 0.9164 0.9942
R1480 1D CNN 0.95866 0.9598 1.00 1.00
R1480 TabNet 0.9158 0.8705 0.9560 0.9208
Average
1D CNN 0.9587 | TabNet | 0.9310 | Total | 0.9410

¥ 5-4. A5 Azt ASHA 2E vy UoluE d5d A

@ MEE Foed 29E HolHZ SE ¥ HSY 23
AVG #1 #2 #3
Data Set Model Validation Validation Validation Validation
Acc (%) Acc (%) Acc (%) Acc (%)
R1200 1D CNN 0.9934 0.9968 1.00 0.9834
R1200 TabNet 0.9385 0.9587 0.9140 0.9429
R1320 1D CNN 0.9673 1.00 0.9590 0.7090
R1320 TabNet 0.8569 0.9536 0.8754 0.7418
R1480 1D CNN 0.9995 0.9985 1.00 1.00
R1480 TabNet 0.9708 0.9330 0.9509 0.9985
Average
1D CNN 0.9867 | TabNet | 0.9221 | Total | 0.9544

X 5-5. A5 A7t AEHA ¥ 2UE dHolHE 53 A
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5.3.2. A¢td AZAHHE 4= &

AEAEF 448 2E dolHz & ¥ AW aH
Average #1 #2 #3
Data Set Model Validation Validation Validation Validation
Acc (%) Acc (%) Acc (%) Acc (%)
R1200 1D CNN 0.9361 0.9603 0.9969 0.8511
R1200 TabNet 0.9909 0.9984 0.9985 0.9759
R1320 1D CNN 0.9343 0.9946 0.9574 0.8511
R1320 TabNet 0.98565 1.0 0.9836 0.9759
R1480 1D CNN 0.9852 0.9762 0.9795 1.0
R1480 TabNet 0.9891 0.9717 0.9956 1.0
Average
1D CNN 0.9519 | TabNet | 0.9883 | Total | 0.9701
X 5-6. A5 AHErt A8E BE dHolHR shpe A7
AEAN A48 2WE WIHE 3% F AFT 2%
Average #1 #2 #3
Data Set Model Validation Validation Validation Validation
Acc (%) Acc (%) Acc (%) Acc (%)
R1200 1D CNN 0.9705 0.9921 0.9871 0.9323
R1200 TabNet 0.9747 0.9667 0.9846 0.9729
R1320 1D CNN 0.9967 0.9982 0.9918 1.0
R1320 TabNet 0.9638 1.0 0.9820 0.9094
R1480 1D CNN 0.9995 0.9985 1.0 1.0
R1480 TabNet 1.0 1.0 1.0 1.0
Average
1D CNN 0.9889 | TabNet | 09795 | ‘Total | 0.9842
% 5-7. 435 AErt ALE ~9E voHE &g Ay

ar

— =
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5.4.2. AA X YA 2L Fx/ 712 AF AT v
BEEne  deFas Az ANy Uz AdE BeEFRe  Sedns A5 AU E Y AE
1D CNN TabNet 1D CNN TabNet 1D CNN TabNet 1D CNN TabNet

1.00 1

— e

0.95 4

lo 0851 o
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5.5. TabNet ¢ Feature Importance
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[FE 2.9F]

Development of a Signal Processing Algorithm and
Research on Deep Learning—Based Condition
Classification for Machine Tool Health Diagnosis

This study proposes a rotational component—based signal processing algorithm
to effectively diagnose major defects occurring in machine tool Equipments and
efficiently manage data, aligning with the global manufacturing industry's
competitive enhancement and the digital transformation of the domestic
manufacturing sector. Additionally, research was conducted on a deep learning—
based state classification algorithm and explainable artificial intelligence utilizing
the proposed signal processing algorithm. The data used in this study were
collected through an MCT testbed by simulating normal conditions, bearing
defects, gear defects, and tool defects in the equipment. Data were collected
during material processing under various cutting speeds and environmental
conditions. The acquired data were analyzed intensively for cutting and defect-
related components through time-series analysis, velocity, acceleration, and
envelope spectrum analysis.

The proposed signal processing technique is designed to compress large—scale
vibration data efficiently by preserving the characteristics of major harmonic
components in the low-frequency range during cutting processes. This is
achieved by applying dense sampling in the low-frequency region and sparse
sampling in the high—frequency region, thereby maintaining the characteristics of
cutting processes while reducing storage costs. The method also provides a
unified data structure through specific parameters, enabling the conversion of
data collected from different equipment and environments into a standardized
format, thereby establishing a framework for cross—industry data standardization.
This study proposes the use of TabNet, alongside the widely used 1D CNN, in the
frequency domain for defect diagnosis. The 1D CNN provides learning through
filter-based feature extraction mechanisms, while TabNet employs a Sparse
Attention mechanism to sequentially select and learn key features from the data,
offering explainability and enhancing the reliability of prediction results. In
particular, the study aims to effectively learn the characteristics of important
rotational components used for defect classification through TabNet’'s feature
selection mechanism and the proposed rotational component—based signal
processing. Additionally, it seeks to visually present these important rotational
characteristics, thereby enhancing explainability.



The results of this study confirmed that the combination of the proposed signal
processing algorithm and deep learning algorithms effectively addresses the
defect classification problems in MCT equipment. Comparing the performance of
learning models with and without the proposed signal processing, both 1D CNN
and TabNet models trained on the processed dataset showed improved defect
classification performance. In particular, TabNet exhibited lower validation
accuracy and higher variability when trained on simple frequency data without
signal processing. However, when trained on the processed data, the Sparse
Attention mechanism effectively learned the characteristics of specific rotational
components, resulting in significant performance improvements. Additionally, the
combination of the TabNet algorithm and the proposed signal processing
demonstrated substantial performance enhancements across analyses involving
differences in sensor installation locations, sensitivities, and cutting speeds.

In terms of explainability, the integration of TabNet and the proposed signal
processing enabled the visualization of the importance of rotational component
characteristics. Furthermore, it was possible to analyze the patterns of key
frequency features selected at each learning step, known as "Step" in TabNet, for
each defect type. This sets it apart from traditional black—-box deep learning
models by identifying importance frequency feature intervals at each step and
providing explainability for defect classification.

In conclusion, the integration of the proposed signal processing algorithm and
deep learning algorithms was proven to be effective for defect diagnosis in MCT
equipment. Moreover, the explainability of the TabNet model extends beyond
mere prediction performance, contributing to a better understanding of defect
causes by visually analyzing important rotational component characteristics.
These results provide practical strategies for leveraging data in the digital
transformation of the manufacturing industry and advancing smart factory
initiatives. They are expected to contribute to the development of reliable
diagnostic models with enhanced applicability across diverse equipment and

environments.
keyword:

Machine Tool, Condition Classification, Signal Processing, Deep Learning,
TabNet, 1D-CNN, Explainable Al (XAI)
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