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ABSTRACT

The purpose of this study is to determine the artificial intelligence-based degradation index from the image of the
cross-section of the microstructure taken with a scanning electron microscope of the specimen obtained by the creep test
of DA-5161 SX, a nickel-based superalloy used as a material for high-temperature parts. It proposes a new method of
quantification and proposes a model that predicts degradation based on Bayesian inference without destroying components
of high-temperature parts of operating equipment and a creep life prediction model that predicts Larson-Miller Parameter
(LMP). It is proposed that the new degradation indexing method that infers a consistent representative value from a small
amount of images based on the geometrical characteristics of the gamma prime phase, a nickel-base superalloy
microstructure, and the prediction method of degradation index and LMP with information on the environmental
conditions of the material without destroying high-temperature parts.
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Fig. 1 Prediction process of gamma-prime phase region through U-Net (a) Microstructure original image (b)
Region-of-interest image (c) Gamma-prime region prediction image

ool Bx) ghe A7 uo| 3t ASHE9 LMPE
o Za 4 9, BEAA] that o MrAl 8
& 7V551) shof Gek LMP o] % mele] 59 71
of sHlA g dlolE =i YA OR AL 7%
o] ol A] Mot £ 291 71715 5] st
o e ezt olu]A|eko 2 LMPeh HHI A} of %
FAS 292 Sy QAHOR AT 4 glek

Lo

o

II. Hlo|E

21.d0|H &=

Aol AHE 7 DA-S161 SX2A] B4l 22]o]
= 2ol ALER= 77| 2HE0lT ASTM E130-11
(1ol AAIE T ARl Tt ez, o) Toje, ¢
ol Agel BE AW e slEew, 2o
120mm, 57 6.25mm¢l A|HE 7|20 2 167}4] 3474
2232, 1) sjo] Theto] Bz A7HE Sl
sfeto] § AHBE ol it Bz JFES
LR E I RS o P R ES AR Y
(SEM;Scanning Electron Microscope) 2.2 Hitachi X4
S-3400N-& ARg-5to] Zrdstainh. & A Al 7152
HHH o 2 = oulx] #200, #400, #600, #3800, #1000 &=
Axom Abgstel TekIgEl, XE Beyom
Colloidal silica 1um & ARE-3Fo] 147} o]AF HAuls}$
t}. o] 32 Marble’s reagent(10g CuSO, + 50m! HCL
+ 50ml S = AYPseh 167H4] 220 A
22k A)gieh B AolA $IAE A Bgato] o
AT OF 3012044, % 99149] o]u| X2 Hedatel
th & AR V&AM (Accelerating Voltage)-2
20kV, ll-8&(Magnification)-2 x5.00k, 257 2l(Working

17

Distance)+= 9.2mmo| i, o]u]Z] =Z7]|+= 1280x960°]t}.

2.2 H|0|E MAz2|

% 13} o] FE3E e 2 E ofn|A| HlojEH =
Shehe] P27 viAITE 224 ojm| ARt B Y 4=
QE=E HA G A(ROIL; Region of Interest) S =3Hch
ol o]u]x] 9] F 7]+ 1280x9600f 4] 1280x896 = Z0]
Eoh B9el ofulAo] thSshe v'¢] Semantic
Segmenation o= TES 3t 5279] ofl-g|o|A
(Annotation)-& 433} Segmenation-& H5o|u| x| &
TRk ShEoln A= deld 2E 5 U-Net> 53
TSI ol 91g o]m|A]= 224x224x3
o], 2 o]u] A= 224x224x1 9] FehS Zrt. & 5t
efolE] Sl o 22uibsfo] ) 11 % sirol ALSE Tfet
e}z of Sulirfol o). & ATE 915} AFEE 99172]
8|3 A1 ofm|A]o] T4l Bk El U-Neto] 2]
o] E|o] 5 o] Jo] ol 0|33} o]n| (7' HAA,
v: A7 EE e o] Hed mEof| o) o & w2
543 4 Uk

A A AL 167142 2 249 L%,
kA7, LMP&= Min-Max 7g512H5 §-3f 0.1
Apo] gHE: 2% A elshsic.

o) [e]
acpnt iy

olo

=
0.

s

9

>




2 HEAISH| =2X]| Vol 27, No, 1: 15-26, Jan, 2023

o

B E =R APttt 53] Ho] x| ¢t 3 H ) 7
Aot T2 AA 3R IS MCMCE E-8-31 Metropolis-
Hastings SamplerE £3f 3|74 143= gtelu]g
EAAS, 2249 5)o Bes FESHL A5 %
e BERA ABH o AYeisch

glolE A2 9914<] ojulAlo tisf 2t L=
HHO R 80%= SHETIOE(T927) =, 20%+= HIAE
dlolE(1997) 2 sttt shEtlolE = 4ot ol

2 et 9 oS m e Sk AgE g on, |
sEdolgt o ERA e AFA7] o) g

= A

3.1.1. &3} Qe A 0] Aeks) vb
AME 71RE w0 A et 2 WS 283 g3} Y
A TS Ho“ﬂii% 18 20} 7o o E Mg}
SEM o|u| x| & &9 & U-Net& 53 v 22]¢l v/ &
w2 E 2 3(Fast Characterization)3}1L v/ H9-& o]
z1ztsto] oA HlolEHo]Lof 4 W AAHHT}

o]Z Bag-of-Image(Bol)2}1l Ygslgich =3 32|

Al 22 93] AJfdo] d-8-o= X3 = Bolo
Ao AMH 205 543 ofn]A] ol
7H 4ol A| k. o] 12 AFIHA ol A 4/ P
T8 Q1o 28 5= A HoRe I oy} Hlo]
H7E SA g0l thg E3} 1Y A0] wapof 7Pk 2

1 Bag-of-Images(Bol)

)

Bag-of-Features(BoF)

i
Bol7} -4 =9 Bag-of-Feature(BoF)E 4514 ®
t}. o]7]A] Feature7} 2Ju|sli= Hl= o|u]x] ol &X]
1= v 99 9] 71518+ EA(Geometric Feature)S 2]
uj3lt}, ' o] 7181eh ERS AFR5E0 B A 0|3 A4
= 93} olEAS & o] 7]518HA 0.8 AEE 2 9l
g}, AFR31 7)8F8RA 0 ERJLS & [271A]o]H, BoI<>ﬂ
U= BE onAoA ISEE= + o 718k EA&
2 AeFststo] Bag-of-Feature(BoF)E LAJ3ct
o] IHAL ~ o] FAFo B HE 423 AeFslel=e A
© g2 EAJZSHFeature Engineering)©| Z-8- k] = 114 o]
th B o :,Loﬂ/\«} AFR3E 71318k EA] 3 Contour
perimeter% 7 9] £ 2] Zdo|Z 2Ju|s}, Contour area
= & YE HHE 9ujstch Convexhull perimeter=
(6104 AT ' & EESH A= E|9] ZololH,
Convexhull area= "1 ¥} 0] Z 2Ju]glc}, Aspect ratio= 2]
(2)2} 7o) v/ & E 4= bounding box 2] FFJH|E 2Ju]
sfe) Mg 02 Az o] Hes pherel v ol AMg
o} £ Ao S| o183 o] Helelsi
width
height

ol

EXx]o

r{o _101'

rir

aspectratio = 2)
Elongation& 2] (3)1} Zo] 4/ & E#4 bounding
box®] ol ut AER e Mo] Lol 2 71 wie] ol

L

.| Aspect mlal... compactness |...

3752898

1.818869

1421750

3 Determination of Slgnlflcant Cluster
+ Geometric Feature Extraction . Mixture weights with descending
/ ™~ order based on posterior
v
Y
= Significant
Vs
Areai Area, L \
\ /
Ve \ PN
Equivalent
diameter \ " S /
et o=t
TERTE Dirichlet Process Gaussian Mixture Model e
11396071

1.309585

0 7.500000)
1 1.923538]
2 1.384615)
3 0600000
4 0705882

1.398044]

13.564038|

+ Creep test image database with

+ Determination of significant cluster of geometric feature using DPGMM
+ The significance is determined by cumulative sum of mixture weights with

characterization from segmentation model « Creep test feature database from Bol

4 Generation of Degradation Index

+ Image for Inference + Trained DPGMM

t cluster

v
Pafyl
-

e J
L

vy

s,
s,

3
Kt

™
A
A

b
-
»

Geometric Feature

-_srvg,

S(+ weight x mean value of the assigned significant cluster fory')

counts for observed y'in an image
target y' counts in a significatn clsuter
all " counts in significant clusters

gradation Index =

“weight =

+ Images from the same
experimental environment

descending order based on posterior

Representative of Degradation Index by Sampling based Bayesian Approach

- sampling based Bayesian
inference with MCMC

- Validation of convergence and

autocorrelation for Markov Chain

e b 4
o s
[Environment Information] [Representative of Degradation Index]
Rupu Equivalent
Test ID Temp. Stress it TestID Aspect ratio Eccentricity Pt
1 0.1000 05656 | 06832 1 00030 00020 00830
z 05000105027 03071 z TOT10 00040 05140

[

07000 | 03420 | 01000 15 000600 | | o000 | | odea0

6|

09000 | 02278 | o075 16 0020 | | o000 | | o33

Fig. 2 A method for quantifying degradation index using a sampling-based Bayesian inference method

18



HIOIX|2t =2 7|4t LIZAD| Z3tFo| Bt s

U=e gkt (7]
l i length | L h | <l hy) (3
elongation = W engt <lengt 3)

2 ¢15Lo] A= Compactness+= 4] (4)3} Zro] Contour
Area®] tj3l] Aot 223t Contour Perimeter & ZH=4]
A4 25131 21 Contour Perimeter”} 9of W n5}ko] A
ot W= Q=] & 4= Qleh ¥o] F9- 19 3h& 71|
™, 5513t FEfolH Compactness 9] g2 1Ht} Z715}
A k(7]

- contourperimeter?
compaciness = 47 X contourarea “)
Solidity+= 2] (5)¢} o] 2 (concavity) S =4
4 Qs AEEA Yolut B Aol 19] ghe 7}
ZIeh[7]
t
solidity = contourarea 5)

convexhull area

Modified eccentricity= 4](6)1} Zo] EA4|E =
EF 2] major axis®] Zo]2} minor axise] Z o] 9] H|Z
AolstAtt. o] A2 7]&9] eccentricity b= THE 4]
2] e4919] 2 7ol 2 o] 85 4L Tefsho] Modified
eccentricity 2 7 9]}t [7]

minorazislength

(6)

modified eccentricity = - -
magjorazislength

Angle-2 EXE &34t bounding box 2] 7|20 Al Z-
=& 9Ju|slH, Equivalent diameter+= 4] (7)1} Zo] &
A Wz Be WAL 2 U] 2182 ojujsi,

=2 O
==

( 4 X contourarea )

equivalent diameter = \/ @)

™

2 Ao A= 79249] g5 ol B & 7|HES 2 BoF
= etgon] 7k Jlsety B4 127kA0] gt
156,8627}10] AeEE S Biek. 7 slster
EXHZ Dirichlet Process Gaussian Mixture Model
(DPGMM)= ¥| | E5t5-8 Wajstol Algrizo] 7]t
3 Mixture weight5-2 W@ 240 2 1pgsko] =213
01090 5]7] He] Ze|~ElS felgt el AE 2wt
shqict.

A2 Laluat

ahi ofu) o] TialAq 212}

19

i

HsE Y Fa2|= £ oS0 wy

o] " | thsf 7|55 <]

L B
oll 245t + 7Heitg &

_‘_é_
=
A

d %k%

A, o]l
2 2 gl of

v 7HTE’_}%1 E

A Qkatet. 7|5k
Elo] Bt W]
TEEO Ve e
o 3 ZeinEg Y 7151
%EiiEiE Zéﬁ}ﬂ a % A4d o] 27
1 71815He]) SAZLS ol 8slo] thg 4]

o] 2} olElAg Aojat 4 girk.

soweight x 'Ol 2 E S 2{AEQ| )
O[O[X| L & XH Sty ol 0
515 BALE HHE 0 7
e e

=™
oft 10 4

=
O/gjA] Lf e SRAHILUE

* welght =

®)

A (8)2 o] Sef2H o afjdshs o wh AEiskar A
R EAGE AAE 2 aEA
Segmentation of|&9] @290 JFFr, oju]R| o] =0
el st ol nlet o of G E g 4= Qlrk
oju|A] W FHE o] FE v o SeaE 9| JFE 3t
571 918l 7t SelAE ol S o et oW AW &
F] 2 o] vIER VS-S et npAure g
olm| A Wf EAst= v o F M= ]’]"T‘O1k] el
NN BEEE v 0 4 YR E A5} QlElso] whels
27} 3hgick
w2 oju]x]
Z EA]o] gj-go] =
£ 2241] o]y
shtel o
Holer 2 e Agstel @
S AASEETE 19 33 22 H)|
= MCMC ¥ Metropolis-Hastings Sampler&
Mz =31 o3} olul A0l Hato] st /\}Tg_£4

= o=

0

N
\

O ’
B2 v

[Prior distribution]

* u~Normal
o~InverseGamma
[Likelihood function]
e x~Normal(u, o)

N

Fig. 3 Bayesian plate diagram for inferring the
representative value of degradation index



SI2 M HEAISHS| =2 | Vol, 27, No, 1: 15-26, Jan, 2023

71HgS A3} Qldl o] tfsEgto = A oSl d2
Qe 20 tf3egt A3} Qlul A 0] Htof Thgh AR
7HAEAEE s flsiAE EAd AR A
w4 sfofsh=tl, MET Aol thet +~H /)
A7V S A e r B 4 lew, A
= i AR O RZko] 14005 {4 <ro]
Ao 7 ok, Effective Sample Size(ESS)
Aol z}7|A}2HAd(Autocorrelation) 0] W&
A12]etet Markov chain © = st iTh. 4=/ 7 &}
7\ Al o] 71388 2E3517] 98l Metropolis-Hastings
AZ7] 9] jteration< 10,0003], 47]2] Markov Chain<S-
HEEIA. 00, REES w517 $18) 5,0007f o3t A8
£-Z bum-in, A7 715 THESE7] el 5719
A Zulth thinningS Z13Y5}93c} burn-in ¥ thinning-S
28F Ol X E AT EEE Pyl 11 =

1A Iz
v o 1=
Ao Ao} lexo] tistghe
5l O

=z O
o =

3T T
=22

1ol ALFRIE] 7]
2% Z251900h 2} Qe Ao et gk S 28 o
Zulolele} BlaEdlolE 22t saE|glon], 7} 5
3 strrlol e} HlAE o] E7L S 2t
Qe s0) WA 4] (9)e] ofs) Akatmon] 2

ot 1

‘ Di’m""*DIJC‘“ |

D]itrain )/N x 100(%)

)

Table. 1 Variability of the representative value inference
result of the degradation index of the training versus
test image data

Degradati(?n 1337 Variation ratio(%)
geometric feature

contour_perimeter 11.41%
contour_area 12.95%
convexhull_perimeter 11.74%
convexhull area 12.34%
aspect_ratio 14.10%
elongation 24.93%
compactness 11.01%
solidity 12.10%
extent 12.96%
modified_eccentricity 20.16%
angle 6.85%
equivalent_diameter 11.77%

20

1__ -1 =

o}71 A DI = k5o Efof| A i
A9 omAE df#sh= E3t
DI = shgEol ol WA
A& t#shs 43} Y AE ous
o] 4 2 QoA 160] Frk. B}
tlole| 258 FE25= 12719 7]ste}
w0 BEAE BRAOR 13.53% et

£ 712 elongation©] 131, H5AJ0|
LA Gt Qe BRE V|skeb B40 2 571K 2
sk angleo] 6.85%% 714 2o compactness,
contour perimeter, convexhull perimeter, equivalent

diameter &0 2 i}

A

it
ol
B

T

usg

=
ol
S
=

o ok

lo
2
=

2l
EEE

rlot
ol
N

K
B

i

>
m r_[gg
O on
=)

i)

|

l
o

=

o e
H o

Mo rE 1o XN A

N
2

S0l 74

3.1.2. g3} oldlA o= nd
ok olm|A] HlolE 2 5E 167H4] Ad &4 =24
o A 5= B3} YA i sEghe 25
NS WRSReE, 27 AR 8 2R, 38, Al
AR ohe SR d S ATz E3)
el A o & HElS sk o Sl SR d = A=
Ordinary Least Square(OLS) 37X 4,
Linear Model(GLM), Bayesian Regression(BR), Gaussian
Process Regression(GPR)2 A5l 00 2} mdlof o
off -0 AHPE Aeshs o] f-5of w5
WIS WSkt BRYF GPR 2Ho] 79 OLS 9
GLM Edof v|sf 2h= S35 2= o] A ¢t 547
Hho] mdle A shgdofEof] B#SE A oF> A
of ths A= B/ ol At oA ol S0] 7Hsshe
BR¥} GPRE 7t HE 9] mjetnE & Hg¥Hes Bl
MCMC 9 Metropolis-Hastings(MH) Sampler& &85}
of 225 ABRyE sletuie o] AFRES o
T AFRES S 2R nag e
ARusRA BAZALE £8, A7
BAH(PCAYS B3 Sthe] FARPC)0.Z 9] Fa)
Ll SHALASSO) 3 HE Bl FoN4E 20
7o A2 2718 Aehs W e MTslch
RSE 1) e 2] AHRo.R Fashs AL 59
we) A7ksA) 2T 84S 1| Pal] sigtolet.

I

o
el

Generalized

=

q
ol
S

20
7‘1

[o
B 4

N B~ ox
of FIE

e o

x

]

H

olE Lo g PCE A
3 QUEAS WHgRSE oo] 164 S5 T
3] = 5-fold cross validation Z3+ RMSEZ}o] 714 W



° A2 A A2 APt
27he] R MYHSE HESHs FYoRE ox,
o7 <

[e}
A7 37119] H4=E standard scaler2 A3} & A
S70] 02 s} Qe A g4
= sto] 19| 4] 4xpp7HA] AT M5 Z716to] 2k 3
AE At A=E Uetd= stolwuteulg a5
HA|A 7 A] 5-fold cross validation-2 350 negative
mean squared error7} 7} 2 37 A @ o 9] X3}
sl 2 fAo] Arigio] & AR 2ME 2E 79
Wi Alesiol, Tujo) X148 chapalele] A 4
s

ok dlolElofl thaf A=
sfipe] S po.s Ae g S
W2 Aol s 7]
7 st eaz sfol 7hA 3
BR, GPR)& /4J 53Tt

o 1>

A<
2
=
=
W, 71515 S0

2

OLS+= HaAFHS &8st 3rnde] d=3k
T} AA |G Abol o] ZAE H 4B sl= AT E Ze
ol thas 7 o] 79 4] (10)= 2t

arg(r)nin E(0) = arg(gnin M(y—y,)? (10)

6 e =1

where @ = (9001,--4 0,),
Yi 0o+ 0,2, + ..+ 0,2

oltf E(O)L oleF, y,& iWA HlolEl o] o7k
y = i) Hlole o] AAIZL ne Hlole o] A, v i
HA| dlo|E) o] Aruzol Sgsis Q2L ki that
3|7 9] 2452 oulgith. FHAS: 6,2 E(6) S Ho
13t Alo] 0o] B wf £(0) 7} FisksHe B AAS 0,
2 28 5 9ok B Aol A 4] (11)T} Zo] A
SR A] BHe] 2AJES 3185t 23 OLS thakslq] w
A} 4] (12)9} Zo] 7]5Fek EAY A} ¢ld 2o of
3 o] AEwis 20E AElsh 87 m o] = A9
et mele ATk

y=0,+0,PC,+0,PCl+¢
where ¢ ~ N(0, 02)

(11)

y =0,+0; * selectedvariable; +
0, « selectedvariable,+e
where € ~ N0, 52)

(12)

21

5t WhHnt @slr 3l F2|= +E o F9

GLM& A1 mao] uhg o] vlo] e hglo] el
Folul, WP AoE AT 5 S A (13)7}
ol Yutalet Ay wolrt
glp) =g(B(Y | 2y ..,2,)) (13)
- g(90+ 01371 +.. +9nmn)

o ) =link function

A2k W91t pel Wgizk ke ue] akA
2 AAYlink function) & Fof 2% 2 k. £ A
Toll Az 4] (14)9F o] Awisia shipe] A%
g GLMI} 4] (15)9F o] 7]5t8t 548 s

oo o3 0] A% 274 Aeat GLMY]

ol g e Aot

In(p) =In(E(Y | PC)))
=In(8,+6,PC,)
where link function = In( « )

oM 9 flo

(14)

)

L
n(E(Y | selectedvariable, selectedvariableQ))
n (0, +6,selectedvariable, +0yselectedvariable,)

In(
=1
=1
where link function = In( » )

(15)

BR % GPR-& o] 2|¢l FAof 7Hkgtct. wo] x|t

EAA 71 271o] = o] 2L H|o]= o] Z(Bayes’

5 4] (16)3 Zo] A Qlrh
P(D | w)P(w)

P(D)
P(D | w)P(w)dw

Theorem)-2-

Plw | D) = (16)

where P(D) = /

oltf, P(D | w)& 7Hs ke Froln Zhzte] w7
Sl ol s = o] Yol Unit e
R Fls Aol QHeAE Ed Plw) e A
SRERA o Ho] A4S 8T Weo) Hun B 4
pom, golHE w&sh7] Aol wol vz 7P o= o
= 9lek Plw | D) = ARFREEE 2 A A E R
o 7Fs = 9] 5ol Hlgsto] APd ghE REE dulolE
Bk,

H| o] 2|9k F=2A] Wi 7H =] F]ghof] Thek AARSE
S ALFsoksh 2122] Altto] AA| o ar, 2Flo]
EORR4E 1 Wo| = 27162 2 analytic equationS
&0l A s o] o HYAXA Hrk o] ZAIE 25|
Q8 £ Ato]| A= Metropolis-Hastings Sampling 237



2N B EASHS[=2X] Vol, 27, No, 1: 15-26, Jan, 2023

2]l 715ks}od Hjo] 2| QF =22 %133t Metropolis-
Hastings Sampling ®'H-S th23} 2ok (1) AIeHER)
,%4% xamdidate_% X‘HO]'—‘?—B—’; l]( (i) | J;(iil))ilf—'—E-] }%4%

2 &% (Q)5HE(acceptance  function)

alam i) TV ) 2 AokrEel AR
7( +) o] 7|8kl 4=2&E (acceptance probability)S A

I, (3) ARHFR) A o g 28 o o)
S8 Aestnl, 1— a9 BER AP ALE NS
S A AL o) AE 2V = AITICL[8)

MCMCO| 4| iterationS 43§35t F AT}2 & =2
331z} 6‘]—5 R =90] AL Bz o) gt Markov Chaino|
HP=AE FH71517] 93l sampling iteration
< /\]71—§]-‘75]— O =ZE B8 ZAH7) R Zke] 14+0.05
Aow -&1’%0}0““3} A7 A=

go AyHoR A1 YTy B B9 Lagol ket
Aol B4 WO siglol gl 325 Ae

= Effective Sample Size(ESS)7}
2 A1 et Markov chain© 2
skl & JT“ﬂWt o o & 2l S5 ¢
3] BR & GPR-2 Metropolis-Hastings 2423 9] iteration
©20,0003), 47112] Markov Chain 7}53lg.00, R
= wHEsh] f18f 10,0007 0] gk A& burn-in, A}
Y AEE WEs) 9 sAle] Aol
thinning& 21345} t}. burn-in ¥ thinning2- 1}-2l AHZ
So Bug NF TR FrIeknh oo it
A AR AR ol 1 o o A5
Qs A (17)2 Zro] AT S RS S-85to] =g
Argraeol gk vk —J%kﬂ"ﬂzﬂ""“#

O

[Prior Distribution]
* a~Normal
* PBp~Normal

* o~Exponential

[Deterministic]

* y~Normal(u,c?)

& GHE

6

*n = polynomial degree

u=a+pix+-+ Bpx™

[Likelihood function]

ply | x*,y):/p(y* | xw)plw | y)dw (17)

[

o, wi 223511
°1]§ FaA} Sk A=
T 4 x ol it ol & kg
o p(wly) & o7 go] tigk ARS Bz oo}, ALS:
BExw 2B AAlo] o]#HS TA R MZTYr|ule] L
AFS E3] analytic solutionS 3|33 4= Qli=d|, F 7]

9l B Ao mi AEETOA wol AEE ; B

j84

-

2}

kil

_/'\_
o

ook

w
=
Mo
[
o
S
B
m“ lo
Hﬂ
e
'S 7
4y
ox =
i)
H
fot
)
o
P
WE
to

Hastings Sampling2- 53f ZF 1 A REZE 22319
o T d@)E AWHERA o] FHRS 8T
BRo|H, 13 4(b)= 7|5lsH4] EXYE <3} Qe A
Argslz] ol f-of et A= 270E Adestel dat ol
25 9| &3 BR) graphical representatlonollq—
GPROJ|A Y x &2 Sh= 3 o] =9 y2 A (18)
I o] “A|TL7(f)H e Z7(e) 2 ©] 347\4 UL AL
YREe 54 Bus gl dgudl .

y=f(x) +e
where € ~ N(O,a?)

(18)

o] B3 fo] B34 A(uncertainty) S UERH Z+
7] o2 dEkel tigt ko] &0l USHoRA &

3hA A o] wroldl = 9l GPROJA f(x) = 4] (19)9}
Zro)] 7F9-AJet 3 2 4| A(Gaussian Process) S w2t}

f(x) ~ GP(m(x), k(x.x"))

()

(19)

[Prior Distribution]
¢ a~Normal
2 ¢ fp~Normal

¢ o~InverseGamma
[Deterministic]
=+ Bixs+ fax;

(b)

[Likelihood function]
« y~Normal(y,a?)

0RO

6

Fig. 4 Plate Notation of Bayesian regression of the degradation index prediction model (a) When explanatory
variable is used as a principal component (b) When the top two significant explanatory variables are selected
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