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Health Indicator Construction using the Equipment’s Failure Stage
Degradation Function
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The Health Indicator (HI) is used to monitor equipment conditions. Supervised HI extraction methods assume a
general degradation pattern, ensuring robustness. However, existing degradation functions are often designed
assuming monotonic degradation without reflecting actual equipment characteristics. When the assumed pattern
deviates from reality, the extracted HI may suffer from performance loss. This study aims to enhance HI
extraction by identifying failure stages and designing degradation functions that better reflect real degradation
patterns. A change point detection algorithm was used to identify failure stages, which were then used to
construct the degradation function. The proposed method was validated using real-world data from a Weapon
System. Compared to conventional linear and exponential degradation functions, the proposed approach
improved HI performance by up to 29.13% in terms of Monotonicity. As the proposed degradation function can
be applied to various equipment types, it is expected to enhance HI extraction in practical applications.
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1.A 2 St gkst= A H) B ol tHKong et al., 2024). 53] PHM A A o]
A 28} U B 3 (Health Indicator, HI)-& 1] 9] o 7] %] & 11
e Ao §EER DG M BU A2 2L E S Ag v gt aRA GBS Y= A 247
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et al.,, 2019). HIE 4o Fe|& FAH o2 3, o] &
o Ao A% S Bkt A Al A
(Li et al.,2024; Kim et al,. 2023). 53] 5 A 2" A&
NE 74 84 7o) FEAEOE A8 wo] eAH Z2
AR WA dE, /129 B 710 Atox
© AT 1A BA TR FATE EAJH(Zhou et al,
2024; Xu et al., 2023 Guo et al., 2018). 753 H] 9] A|2Hlo] B3¢
o ek 74 84 9] 43t HEl s whgety] fel, H2
ol HI FF< AT A4% 71w =Y Ol Bo] AHEH L St
(Zhou et al.,2024; Xu et al.,2023). 217482 ThF3 A Hlo]
HE Asn, 248 A9¢ Saae o adgold. £
H AR mAe Ao 3} geS g5t 101] 83
A e AlA dHolg7F Zdel 4 Ede W Ao F3}
AT E gotd 4= 9t}
A& o] &3 HI F52 Ag 7
4*(Degradation Function, DF)E ©] 43 &2 F& ¥ tH(Zhou
et al., 2024; Yu et al., 2019; Guo et al., 2018; Bajarunas et al.,

al.
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2024). o] & A 718k HI %2 8

El 719 g3} 218 Ao A W HAp) Qloke 7HA st
EAQAE 7|W O 2 HIE FE3th(Yu et al., 2019; Bajarunas
et al., 2024, Xu et al., 2024). 1] 9] 80| A& o uje}, 4
& HlolE gk A3t Hof E1 e fAE 2 ABBAE Zad
A =, o] ol & FEFYE ALY A FAES} 2

2 A EE o] &3 HIZ %% & 4= ) Th(Chen et al., 2024; Xu et
al.,2024).
3 & dlole & &85t
%i} HHEJ% St —*r ME DFE 71 {0 & ZHCH(Chen ef al.,
tal.,2023). o] B4
Ef& a5 UdS FH
ghot ey Al A A
2Ho] E%LOH Aol E}ﬂ X* A< 14 e I ol g thof
g 43} SAVE debe  3lon, A& 7]E DF7}
AR 48t FS A3 whgetA Robe o] HrkLier
al.,2024; Zhu et al., 2023; Yan et al., 2022; Duan et al., 2023).
2 =adAe AH9 1% 9AE 8o E =& DFY
1% @7 34(Failure Stage Degradation Function, FSDF)E A
QFstATE. AlRE FSDFE A1 o] A wlolE ¢ F3t 9 © 2t
o ARA S Sgste AAAA AHEHT 7120l ARHAD
DFe} 2], A|¢HE DFE HolH & 7|9 o & 1 DA & A&
3 o AUt *ﬂ " 1% GAE QA3 DFE A% US f
AFIA Y, HI 2 A5l 719 4= Y th(Zhou et al., 2024; Li
etal.,,2024; Zhu et al., 2023, Park et al., 2023).
2 =29 71 E Festd et 2k
1) gule) ds} f e o] Go-2 DFS FSDFE At ATt Al
Q¥ FSDF= H| 9] d3tE o8] u4 dAZ AlEat]
ZAg T Aok
2) FSDF & AF&-3S uf 7]& o A= d DFET 29.13%
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HZo e HA R g5 2 ARG A= A 9 g3 £4
S HolH2HE FET & U= Encoder-Decoder 725 &
gHHI 2 ¥4 o] ?i:ILQ At ElolH 7N HI % W&
%4 T BHECE TEY
E u| o] AA o7& Bl
Fah o F AR *A ?Z}OHH TRE AA AT A
3l Encoder-Decoder E&-& SFAZt S5d Edlo 43}
T2 HolB & YEstd, B He ssd AT o
st 73t dolHE SHstA AFdstA sl A8 2Apt
A A o] & el AP AFES A & 7Y Al
A HlolHE g5d &, F3l 711 HolH & H2E Ho]H
= 015':]0}04 Zq"c} T B2 AE ALY ol @
7 AP +E Y dolge 27 d5d AN F4
ZehA7] “ﬂ-‘:"ﬂ, B9 oAs g3l A8 AR AGH A
ol o]FA TG AFA LAE AT AHHA A
719k dhA o g Aekslsle] HIS F&3Th A d3ts dut
Ao g ATt EAS 4 5"3% A BE, o] g WA
ANAE dolEE BFe H ERA0|th Yu et al(2019)
Bi-LSTM 7|4} Encoder-Decoder 2.2 -& o] &3t A|AIG Al A
tole e EA& ity s £ 4 719 HIE Al¢tstaich =
S Gonzalez-Muiiiz ef al.(2022)2 7]&2] 8 Wg o] A
A ea g, A 3 3H(latent vector) oA 2] AFA LS
o] &3t HIE FE38l= W& A3 AT Xu et al.(2023)
Decoderol] Self-Attention WAUES =Usta, 1 Yoz
Encoder®] 293 & AHETOEZN AA HolE 9 F42
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Table 1. Related Works

Han Byeol Park - Yun Kyung Park - Hyerim Bae

Methodology o
Author - - DF Contribution
Supervised | Unsupervised
Yu et al(2019) J Reflect the characteristics 9f equipment degradation over
time
Gonzalez-Muniz et al.(2022) v Latent Vector-Based HI Extraction
Yen et al.(2022) J Leveraging Elbow Points to Identify Equipment Failure
Stages
Xu et al.(2023) v Apply the Self-Attention mechanism to the Decoder
Chen et al.(2021) J QDF Suggest LDF, QDF, and SPDF based on the laws of human
aging
Qin et al.(2023) J PDF Supplementing QPF by settiﬁg param.eters in the
degradation assumption function
Zhu et al.(2023) v SDF Divide the equipment's lifecycle into four equal parts
E tial
Li et al.(2024) v );ponf.n a DF with RMS statistic applied to an exponential function
unction

Z(bottleneck)o M DFE F7} &4 & RxH 07 383},
A £ ¥ (Latent vector)©] FA £& o] DF7} A 2¢ 43} 7
o Rt E s Ao BN wo| 2o A HIE F2F
T At 53], g9 B33 &5 S 7 nj g H < 43} g
HE AT F o HI F2AA FHA S85 3 A TH(Zhou
et al., 2024). A S35 7|9 HI 3% W4 2 DFE B8 7149

HIE A4sta, o5 29 Sh5o] Bxaog FE3.
Chen et al.(2021)2 DF(Degradation Function)& ¥ 2 283}
© 24|, DCAE(Deep Convolutional Auto-Encoder) @ o] Al

)=}

glolgl W d3tot A4 ddd JentS shgeta,
B 43S AAstd KU} A A HIZ

ru{
—l'mﬂ
HHN'Iror
met o

Lo]x

T 9SS BAth Qin er al(2023)2 HI FZ 0| A YA Blo]E
o] opdd FHA QI EA7EA] 1 A F7t RS ARk}

of Al E7H3 3’&%‘401]/‘14 g3 J e FE8 1A ot Li et
g A5 7|5k A7) ANA L vlolE &
Ho= 71& DCAE S o] Transformer 735 2§34 HI

Bl Transformer= 7] AALGY Azt
= Q%Q T A7) Wzl 2 E 7]‘%‘1’ g3}
H

=
RMS(Root Mean Square) EAgo 2 Waksle] A7F ol mf
R R = tﬂﬁ}&%%ﬂ FdE AT d5 FH DFE
TR © 2 712 ¥ DERY AA E3} 7
ﬁ‘)ﬂ 7} 7H & T2 AYEE

FEE S HOIEl HLE dol

U 4% A B4 e A
EREER]
@%ﬂxqq

ERLRE

AE 7oz A0z HoE FSDFE A9
FSDF& A A v 9 g3} g8l & o] JUstA vrystd, 14

o HI7} D}Zii A7+ 5
} A& BAS|F T (Zhou et al.,
2024; Chen ef al., 2021; Qin ef al., 2023). 2|1} 41 o] s}
E4E& T A ¥+ DFe A g3t EA 3 7HEE 119

0=
AV S F5oA ZA AYE BHI 22 S T S0, F

ZH HIE &5 34 F ZE &40 BAsto Ao JHE
Ak =9Itk Chen er al.(2021)& Aul o] T3 DFE Q17+
w3} WA o Y7+E ol <Figure 1>3 2 Al 714 <] DFE
Aot

<Figure 1>%] (a)& A1¥ DF(Linear Degradation Function,
LDF)Z Aule] €37} 2b5 ANHFH AE Ao ve= &
&3dk= Aol (b) DFE ©|A DF(Quadratic Degradation
Function, QDF)Z 4] 9] 25 7] Aol 43} F4go
Sou, Nzt a5 wet A At SR Aet 57 5
7hte A ou gt AR O R ()= AH7F st &
A AAA = e 437t gt 54 AR 237t
WA g thE @Y A A DF(Single Point Degradation Function,
SPDF)olt}. o] Al 7kA] DF€] 412 th3- 3% ZTh(Chen et al.,
2021).
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Figure 1. Degradation Functions by Equipment Degradation Characteristics

f(t) :*(i*t.) (1) an et al. (2023)0“ 9]6‘]— }— @-fr O]/;)]-O DF% }\]_‘g_-é—}_ud
o AH9) 27] 4% A3 MDA SEAT, A3tol Ao
f(t) :—(%*ﬂ) @ T FAY A% Ash PAdte B0l govl, 7
: o 4% Aat &el P o & HHT 4 ol HU 2D 4
' =1 Aol 7}%5}‘3}(an et al., 2023). 18} o] &8k DF 9 A QDF
J(t) = (—1 ¥t +( b ).t >t G) o nRAE AN A A HEHS A s
t,—1, t, —t; Labn, .I—]—E}U]E1,1 2o Bl A% A3 mdee] An
. 7heed ol
A (19 1, e A Frolv, ¢ grl o @A Al o] Li ef al.(2024)& A 58t 7]k HI 22 0] A A7 §lo|E 2
o A 3)ell et = A Y 17] A At AHLZ  AH weoz 14w a2 ALLsts Zo] A9 A% A3 i)

A7A = vl o] A7t s a2 mdth o A7 ©e o & wad & qdn %&

DFE R Blole] 3t gl Al Alzho] Aol mak Aol guuae) h A 2at4o] A gsto] HIE 2250 Ao &
ool A&H LR FLAEE Ao AW (@)= A D3 3 fEe wo JYgeA 22 4 ATT ATHL ef al,
seo] e elw, Agbel S5 upe} °‘?%“4 SO A 2024). Thek, RMS SAFE A3l 2 $3he BoIA A
U dukA Q1 A o] A5 A st A of Sul FTh(Lieral,2024).  2:82=0] miebu]E] AAo| wet AR £Ao] BT 5 9o
@2 A S SRR (b)oF £ 24 FESIDEVHALE o An o) Qo FANAE AL MY FE gk
s Astrt dksitks Aol A 2] Aulo] 93 HEl L AH EXoY £ A0 ue} thz
A3

=3 874
ah W2 o F-3h3hth(Bajarunas ef al, 2024). 1Y, A Uehdth 22 AY ATES 22 MY T uAY ¥
A7 ] Geol EHAA ol & g4 AtHE HHE TR go vad pFE AT A4 93 H 02 DFE B

8] WY3HA X ATH(Bajarunas et al,, 2024). PP O R ()= F wo) 8h o= 2 £ Bk A HI 22 YA
H7F SR AAMA = B4 5= A AR I3 RE =y} A4 93 g)Elo) o 23] A A Hofof G} B AT
5ol Zagthe DFth A9 Aol SZ ANHRE Za o A= Zu)o 14 UAlS Adste AME 14 U 31
e AL Sl G wet a8ttt st A T AR I8 @8 psprE A4 o}oq 21| 9} DFE o] 83 H] 2% 0] A 9] &
ThEAetE SR ANAE TR AL B AL R & Jojns uay A4 Au)o 93 HELS 189 HIb =
o] A A o] el o] FRol e} gebAm, o] & ERSt= vl zgwe g
of g0l itk =, =l A4 o7 gulo] H5 At AR
S ZEA30 1 sE T 1 0] 3 A9 A% A G Bg A
dron gemne an2ags 23 374 A 47

in et al.(2023)2 23} &4 7]9k9] DF7F Aul o] £ AJA 2 23k 7]uke] HIE %g o) DFS} A4 go)E 7+e] o
ol F FAT A At e e Wdsh AT Ao olF BgL S%48)7] 93] DRl T AT 9ol Aule] 1 W
Hekst7] 1) sekr ) DF(Power Degradation Function, PDF) & 71uko 2 & An| o] 14 ©A A7} o] G A HZhu ef al.,
< AT ©] DF= 9A A5 e #44)e A4S WA 2023; Yan er al,, 2022; Ni et al., 2023; Yan et al., 2023). A1) )
1A s Ast S O frdetA B8t 54 Y A% 34 gD Au o) AERY 14714 BA 2 TR B
< et A YohQin er al, 2023). Qin er al. (2023)0] AU A HIRE Au o) A% AF7} FAGHALE AL FEIE Ao
s2tH ¥ DF & Ther 3 2T M, Yan et al.(2022)2 u] o A& F 304 2 T2,

Yan et al.(2022)0] AIts 2] 9] 314 el = Stage I, Stage
I, Stagel& &5 =H|, o] % Stage [ % Stagelll+ Good
o ConditionZ} Slow Degradation © 2 Nominal Condition®] 3%
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A7t 5 ASHA LAt Axole AATEA| o2& B o]
o 7 1 GAE FEske Mo R E AA Elo]H e RMS
SAFE FalA dlolH e v A 4A S M Al (Elbow point)
ol = Zl ol o}, tl o] H 9] Elbow pointg Zrobu] & 21 ]
o 25 el wet 1 A o R} gty B, gu g
1 HAE IGAE 7] 3= 2714 Elbow point7} 3
Hd|, Aul o] 1 s o) whet Elbow pointd] &

. &, AlA] tlo]E] ol A Elbow pointE 2o} 1% "d‘ﬁ] =S
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Figure 2. Equipment Degradation Fault Stage

o] 14 dA & 7|90 2 HIDF& A<
4l.(2023)8] AF0| T}, Zhu et al. 2023 71 % Yan er al.2019)7}
Ui 394 114 @A E Health stage, Weak fault stage, Serious
fault stage S} Failure stage 4THA| 2 848131 A o] Ao 7] &
55 45 538ke] Z ©hA| o HI =4 & 100, 95, 85, 50,02.2
A Y. <Figure 2> A & "F Axol AHl e 1 GAE Al
233, B3¢ 43 e 1 & 9Tk Zhu er al.(2023)

o] A|Qtet Al &3} DF(Segmented Degradation Function)& 7] &
1% DFETH A2 LossE AlA tlo]E1¢e] 5ol 7kt
oz MY 1% BAE 1H T DFE HIE T35k 2ol &

A= Zhu et

H4 Q& AZEA) AT Zhu et ol (2023)2 An o 1 o
AE A = Ut 3 2l A A, 14 @ ?{Ml
ﬂ%ﬂ@m%%ﬂﬂi%%ﬁ%i“ﬂﬂﬂ@ﬂ 3t
DFE AHEE A& Attt

o
B =9 HI & T2 A 2E <Figure 3>3 221, A 93}
© WHEL A F/HAE FAED 9A ZHlY 14 d
£ A dete ol el AWt F HAE B =34 A
QH3F FSDF A A of el A gttt o] AA oA AHEE = Fa
82 7] 3 & <Table 2> A H o] ot

Table 2. Nomeneclature

Notration Description
Y, Measurements from sensor data ¢
x Time index of collected sensor data

Total data length of collected sensors

When a changepoint changes the failure stage

Number of failure stages detected

Specific failure stage intervals [r;,_,, 7]

Penalty values to control the number of failure steps

@, Initial values for specific failure stages

;b |Start and end points within a failure phase

Z Length of a specific failure phase

o(z) |Sigmoid functions
Relative position of at each failure stage with
z; t—7_,
T T
Hi(xz) [HI at a specific time «
X Multiple sensor data from a single instrument
i The i-th value of the sensor data
H(t,) |HI value at time ¢,
H,(t,) |Average trend of HI
H,(t,) |Residuals of HI
dH,(t,) |Average trend difference in HI
H  |Average of HI
13 Normalization factor for exponential reduction
Loss,, |Loss of potential backers and DFs
Loss,,.,, |Loss of input data and reconstruction data
DF; |Index of Degradation Function used for learning
A Index of Encoder Decoder latent vector

Acquire Full Run to Fail Convert to Time Domain . ’ Generate a Failure Stage
Start — — Find Failure Stage — .
Raw data feature Function
Yo
Construction HI Curve = Ak Trained AE
onverged?
No

End

Figure 3. Failure Stage Degradation Function HI Construction Process



vl 27 A e

3.1 2G4 34

B Ao Ae Al 1% SAE toly 7|ite 2 s}
3, o]& &8&3 14 GA F<(Failure Stage Degradation
Function, FSDF) A A & AWttt 7| & AT A= 1%
A E 502 AR AU A B ojd 7]—r°ﬂ wheh et
AAE A= Heb &2 71w g 2E B3l A AA

olHIAMN 14 GAE A5 R A, o5 7|Wo R 11
% QA DFE FA 8k A S A Qg

1 GAE A o2 23] )¢k sk B4 (change point
detection) 7] ¥ © 2 = Binary Segmentation, Bottom-up, Dynamic
Programming(DP), KernelCPD 9] W o] AR&-5]of St}

Binary Segmentation-& A/ Al €& ¥HEA 0 2 o] &8s}
A et WA ol AR 7] B8 2l Rgsie g |
S FASA FaAY A=A Edskes @AV o
(Cho et al., 2016). Bottom-up ¥4 27| 775 Al &3}st1
Yt WA o2 Ak WXt B3e 43 o A=
BE 7ol A &A AF=7 YrkSamanch et al,
2016). DP£ BA A== AN AL EZE7F 0(n?) Z 1
$ AA gt 2 A A Dol & v E&H 0|tk Kemnel CPDE AE
71 &A1& Foll v Y wslE 2SS A, Ad A
o M7k A4k v]8-0] =Th(Samaneh et al., 2016).

PELT(Pruned Exact Linear Time)= Hl & & 7]9ke
#H2 £E& YL HEME, pruning DS Fal A4t
o A8 AL ERE On) E AT 7+ Ao =3,
S AFoE GAT  glon, B4 Ao Al
NMT M3} A HgH oz Ade 4 Qe ;é}"
CHKillick et al., 2021). 533 AA HHAAE W3} Al
Ao g AT 4 glo}, 14 T AA A AY

Al FA sk 7] ol B ATl A] } Eiass
TFAAA Aals o3 2tk WA, Savitzky - Golay ZH
£ A &3t AA HolEE 2593}, Min - Max Scaling=
& dolHE 0~1 W2 A F3t3+AThShi ef al, 2021). 0|
T3k AIAE HlolH ol thal PELT ¢1eE& 483t
‘?ﬂf‘}’“ < BA8 2, gAE A-E 14 A 9 7*174]-‘?- A
o3ttt PELT= AH&A7F A4 & 3D E] S(penalty term)<
iEO 2 74 F219] vl & FF(RBF)E FHAs} sl HA H3A
< BAstH o] & B3l 1A 9AE Ao E st o] &
SAME DFE FA3T PELTY $4& 4] (5)dl AAH o
o

_ﬁ—{yoﬁi_

)
O dlo ¥O foir B mN IR
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oZi

min ) zE, C(yz,_ ‘+1_T1)+)"[(]’0:7—()<T1<'" (g =T (5)
24 (5)9 Cly, )4 24 DAY 2 W gL
et e, A= e R 1% BAL A k7F S7HE o
SERE NS EXRS
A AAANA 1 SA ol w
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o}t 1870 14 WA DFE W v 28 E 1A BA 9 5
215 & 4= 1o FSDFE A A 817]= o A . 314 2k DF ] A2+

B AH L1002 BHT 2 9)7)0] A TR0 E B4 A
5% 314 BA DFE AHE S 4 Gtk ol 34 BAZH 199
whe} A 2H o] AR A 0 7 9515 74 FE
B0l th %, 2 14 B Aol
8|9 17 @A o] A FE S DFE 2R T = QlTh Al

=z
}\]j_U O]E 61-_/';i o]

o

ol 4t the st 2ol Ao % Yk

Wakg 1o BAHE T |

ittt AaEelE g4

il

A&t BAME 1 dAE AAE T2 74 (1) 2

o8
HI(z)=1b;

a;+ (b,—a )(U(a(?z,—l))—

i i i

3.2 HI 3% Az}

FSDFE 0|43t HI & 4
1) Ao 25 EAS &

if L, <0
if,=0 (7

U(‘ (¥>)~, if Li,>2a.ml.1;i [ri+1,7]

% ©AE FSDF7}F A H 1, o] = Zd o] A
St o AR E T

A= A A58k <Figure 3>3 2Tk

237 YA = s o) Abe] Aol
Z7](Run to Failure, RtF) 18] YA A A tlo|HE &1

ajok gttt o] HloJH = oY, 2=

r>~l

]% p=% ;].ok%]- %a]

)

Fo2 FAHY A RIFE 71E0 2 ALH AA D P
e

o chulek AA HolE 2 7
2) ] l—Hloﬂ/ﬂ ThoF3t 5}

Table 3. Time Domain Feature

] 93
Bol A AHE

Notation

Description

Mean

1 n

=N
2

ni=1

Standard Deviation

1 &
;Y.;Ii — K

Tonrny ifnisodd
Median z, tr, y
) Y ifniseven
2 b
Peak max |z ()|
Root Mean Squares
(RMS)

Root Amplitude

l n 9
1 n

= ||
2

Root Sum of Squares

1
2
EI’f
i=1
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Figure 5. Weapon System Sensing Data
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LDF 0.4996 0.8895 0.8015 0.7071 0.0083
QDF 0.6474 0.8666 0.8123 0.7626 0.0082
KWS-002 SPDF 0.2350 0.6095 0.8638 0.5359 0.0115
SDF 0.6057 0.8018 0.8197 0.7287 0.0080
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SDF 0.5551 0.7895 0.9312 0.7380 0.0081
FSDF 0.8911 0.9225 0.9295 0.9120 0.0067
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