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1. Introduction

According to the provisions ofanmeel i ame ] i tdyi ftfeesteinntg ishaindia
as RTCA6@mM® | EC280800EDEC JESDR&t weeen edegradati on paths du
3, |l ots of products are subj @actoedsts@ ss taaardd amadn utf eascttsu r b enfga |
l eave the factory to ensure thadomi mmar ednytn armeilci acdburliing . t K
cause a certain degree of d edger gardaad a toind eqyfd atd fme iaprdo ga ¢ hd&s ali

performance. Mor eover, bef or ed ymraand wcc tcsh aardet t pdudi, sittihicer efser, e

exists a long or short procemat loddss ttoa asgcec uarnadt etl rya ndsepsacrrti,k

ultimately |l ead to the wear amd htemnand®merierfiotrieal prpedd otrg

certain amount of initial d e gdregd aatdiad n olme fpaarteh sput i nto use

(*) Correspo
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The degradation behaviors ofherddoiucpsoaesgs, t oc obrebimoedle | &
first. Among t he stochasticeldaetgiradahi mWia xamodd el sl ei dk,etl htdhae
exponenti al di spersion (ED) O MbERskor ap agreanneertad ri zeesdt i srtad d ho
process that more accuratelyfdwsscrcihméarpr didawet sc omisti ld ead &rd|
degradatiomM measabeemsproposeertforimaaniclei tartde tdReegradati on
devel opment of degradati on naocdceel lienrgat eMa ntye s¢ ¢ hforl aameswoh &V, e

studied the degradation modeliinfggbhywEEDmMpovod hse & s . I n the
of mat hemati cs, Pebmat Helrhataincdkadurtyroain telty ,als.ome schol ars h:
derived the solution and apprnoaxiumaet i ohh nmohdeel i nft EB®I p rpoecref s
order to facilitate the modeh 6Eopbméewonki horombdeht hgnt Wwe
reliability engi néefeiri sitgl yp r ot reers e clkean go f heterogem®roukngtn

exponent i dli kdei sppreorcseisssn i n t he Sthe gr aditGatsaslumimendo dtethatnhgt he Ppr o
which unifies and extends t hedetgrraaddiattii comma |l Qloengsriaddeartiinogn tsh a
process. 7CH%®mr oeptoseaeld. a nonl i neheer memgmaldatdicrn ri buti on, t h
pat h model i ng based on ED pracdeadd esantdo ienxtprloadiunc etdh et Ine t
measurement error of the tesbywiush nigi ft é ep neéndgn ed ticopanl.s. c Wasrsge
l1paid attention to the quanteisttatbilvieshmelndt ioofn sthh e Wied nveere n
par ameters of the degradatiopr omedsl monaeder wdi hf amanti ast rd
l evel s, i nmecshagiasmd eqhieval eaacrer eolfatti b@2cbbhsi seeedalbdegrad

e
proceg.opaome procedure for mewihtamimsandecagmi viail tinale degradat
t

t es of ADT through the jointbaasppm iccnatGakmad phisd auld etdy tthe
par ameter hypot hddl 2 stadbtl $ shggamcaspsts adonsi dering stochast
accelerated ED process degrapan s peacttiewsd onfiodoeplt ihmaded ecm gt
opti mal design of the test atnhde roepatliimald dtehsei ganp polfi &gtpiewn &
fatigue | ife assessment dfn fspeciffibermeehodouoedaeredmpnit @
addition, the traditional t esx peneit heordtsg | eosppteicmiazlatyi otnh e els
require a certain amount of samplies$) aandoifnisimbreatutf]i
deter mi ne t he failure of thmreodeplresdacte uwedolftoai npr o doencst]si
informatildn TheireKloy e, it i s nmedeaeshs ashrayw et oc ecrotnadiurnc t| it hiet at i o
accelerated degradation testprtodusherwéenhtbdemptliexe depagrriadac
obtaining information by subjdeqtriardg tti ben pprroodcuecsts ,t ot hmeor de @
and comprehensive working comadidt itdhres .delgm adadcémtin yeaamr € me m:
schol ar s haveeriatteddateds sacaamldadtiiladt reisb uitnitoons ar e not pur
degradation modeling. 1HBonrd weenést pngc ersosdeesl ,s,Watnlge ED pro
et ld&Have established a vari etnyo noft od e g rmaodaantti oomm utse sd e gnmmoaddeal ts

considering accelerated str esdsesccorviabrei attlees pmodoaf snwiitbanb
wi ener process. I'n the Isaody ammfou@a mma t p i clceegwsa,e alt ii maan fnlo & e |
Wa n g dt7coanls.i der ed t he relatsoinsabhlpe Heotrwaermscnihlei ng compl

parameters of the degradation &ocel samhdoltéares s thraevses ¢ ov a oid

establish the -Samemlhedatgiramnasideqgsadadvamnmi anoedel ing so as t
model . I n the inversé& &@ausHsei adtlgt B Gpt ppacPsocelld into acc
all.®2stablished the accel erat ecd odseegr atdeatti e @smotde&dl basédabn
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holars have investigated tpar ametdems efunedcetrs assedicatag d
ener processes, mainly in tdegmadafi omepatahs abf | $it mi lodr
d vari abcedamgddod Rukns teatblailsbéd ha&aterogeneity in accelera
riety of i-mpfeved Wanedem peveesseaepertahtaitng conditions.
nsider multiple performance |mareasmetnere,r avhddmr efufre @tngs a
eir dependenci es, whi ch weélli t igaulanpi 6 pertthiee sexingdt edni cvee r
terogenei 2®¥n.r oXpiossce deta ala.nd oac cefl feeatt ewi tEHD model ing | ack
teroskedastic measur ement eArdrddrt,i owhailc hs tcuachi e ased vi t ain
rspective of the random ef fagpoptl icfarbtiit @ megt dar ptr @ dfuwcnt t lWerg r
e -imdiewi dual di fféevemacrpcsedWaaly ientradduces asnt oEDapEDR)S
ener process in which themoddeegr adat iacicounat e featiisnfiite sa
neralized inverse Gaussi andemrracdeass oho hex glr@aigrenéihey.unk
terogeneity in the degradaMbdal r boe s dg-8 winhdd apaa roamredi enyee re
del , whi ch greatly facili batses a&met hneo deellE Dpiraogeeed e.r Wi 2)d
ocessed man random effects. Imo dad ditth aotn , ci omadsuycdeesic hlodstaer reosgse
udied the heterogeneity of itnhper odveegdr asdtaotcihoans tpiact hEsM parlegsoerni
mma process and the |1 G propasametiecedsmMmpOoh) alpptr e \cihh ti esis ¥t &
ke its degeneracy paramet eri nsfaotrinsaftyi arhemat michaahdcl pood
30l L. rstly proposed the wuselidfe telxda rla@opadbtcens ahdreriebbh
gradation model ling, consi pgenidngt shbyraodsesmderfifegtinihtai
generacy parameters thereiandbetyr dadhse eGafmentat sdi stri buti o
d Hmed Sum,Ppreadpoasled an ext ernfched riemsvterosfe t hi s paper is
ussian procreaeismani t it obcihaassetdl € s cerfifbeecst t dbodd proadpped se dStBRS i st

nsideration of the measuretheatuesedr i ho Skedli owi t3h, pcon
th asymmetric degr adXl3uisemn nbeethhaovdisortsgs eldi uonetoval al | ML E
yesian model avewagitnhheter abgoiei ¢ htmshe apawameét as i nt erv
sed on both the | G processbanadtba G&ammao bpsreorcveastsi,onwhii ©
ed straightly a Bayesian mloaeleér agpesmeaber esitnhuel adteegdr ada g
terogeneity b®4aweale nWawnrgd 5est;efdflect i veness and convergenc ¢
oposed a degradation modehe centi aAb np a sdeditesa nttdd rhadFeDn oc
ansformations and shape scaaplpel istabchastyi oift ¥y héapedp msne
mma process, which makes tharmwoeki nfleafiwhahdpopmteéf ey s
stochastic processes moreddfliexedl!liyn iHo wkalelre 1ff.ew scho

ve consi dereedoft hset riemsfsl uoenn t he random effect
TablTehel . key symbol definition tabl e.
Symbc Expl ain Sy mb Expl ain
MO I ndependent smooth Ot Average value
00-u The ditri bution wwi Standard deviation
t Ti me Q0 Time function
- Degeneracy paramet e q Ti me covariate
_ Scal e parameter U, Parameters of accele
¢ L) The regularization S The standard stress
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Sy mbc Expl ain Sy mb Expl ain

o( L) The cumulative func 0 Quality characteri st
ww The degree of degra T I nitial valwue par ame
J Shape parameter ‘ Mean value of hetero
G St andard devi ati on Z Il ndicator function
D Randmmocess deviatii ] Failure threshold
. . : .~ »+ The PDF of ED with r
FHT The first hitting t QOSAM
y Heterogeneity param 0o The CDF of I ife unde
Wb model s i nivalaies by B
N The PDF of |l i fe und VA The reliability func
Qo initial -Yalues by B random initial wvalue
"00 The CDF of -EDPe of "Q - The PBEnNnder accelera
. . Co v~ The PDF of |ife unde
Y O Theeliability funEDRF Q0 random initsal val ue
o} Thet h qguantil e Q0 The PDF of -EDPe of t
, t hpg h quantil e of th .
o distribution n Number of observatio
0 The-lliockgel i hood funct k Number of parameters

-44&The mean time to fa m Number of component s

2. ED process considering heterogeneity of initial value 00 aip . 3
and degradation processes HerGQ-ghorepresents t heiBghidii
the degeneracy paraemetesp¢nd :

e
2.BD accelerates the degradation process ) ) .
scal e par ameter (di ffusivit)

2. INolnl i near ED degradation QeEecprsrE88 as foll ows:

The peDocess a generalized st o@Wakt i®ed @ dQegal - cW¥HE i nP

common stochastic processes, WHhed® aasndivf emeRr @5 ote s sSt Gahar
process, | G process, composilel aptoiifshsdohni Ppsrt e s LIULARAT 2Rl
some products whithr bBamechamipEegx Csuunguhl aatsi ve distribution

integrated chips, their degradandenhtd)pzdhe| egmualrat isvue tfaupc
described as ED processes, atidf ftemeendaidthiesgswvhébeadenwr pe.
show that the ED model can i npkeevet fRe deesstCirmaPttiioonn a €& urtahce
reliability analysiex odegpracd@@ @t atiithnadompinveni ence, w
mechanisms [6]. shape parameter IMretheriMed ,  to
The tradhprtoicoensasl iEsD det er mi n Wh egdye ntontee sq rtihfer dreggireadat i on 1
and the dispersion rate and HPd ktimrde e€ baiss @ ntaneer t sy hage par
1) It initiates frooom m valu@degradatgeRomedehd owhiheh pirod
2) Consistent with the thr edndt ytphees doefg rtardaadai tSjinotnhye c Issat gl o2
proceisosheass, st atistically indepBhebndetmbmt Aepnthemeanake of

i .e., booO &Ny |, the stochad8mpentpr dJd&ogns the above defini
incrementd® and@o ®O are indepamdeyw@ari ance of y are given
O3w -0

of each other; c

3) Fowmd anyo , thede edtddts
Al so combining the definit.i
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trajectory, establishQada he annoanrle nsehaorwnf i mc tTabh e, 2i . e.

Qm m I n mathematical statistriggs. eR@RATmEINIGZ Ht€iedrd NIeR hd@li Cie
exponential and power functi carosnmomd yo futsernd wseaedk | ted ad esc rsith
fidt nonlineddd prowi0és Qe p p . e. Stress Normali Str®s Nor mal i
and the tiwk,i nhemvalhei §inal ttern%rbsrfo&ma%gjiomitima AN

a eneralized ED distribution, i.e.,. . . L
. g - humi di & oaéW elect o ¢
VW DOOC-wahhm. stres
I n this way, t he model | i ng

2. 1Acc el erated stress model .
processes can be achieved by

I'n order to obtain the I i-fe jimdextmedundedrilapiing t B QEDE a
reliability products, it is nECesHsaMywERmintroduce accele
t t i ti t k| | | t t

0O obtain degradation dat a qUICISIIoJ/eI _n acocfe Ertaoei%a n?uetcua
test stress covariate netedtshet g, be coPS|de¥e at whlah g(

val Ués Or manc an d

dri f gwirlalt ebde psa mrdeesrst aMmrdr hseartuussf y the

model [A6r]r,h ermdndees| |, orlglnated|n|nt|}he sil‘eel'tddj”m FB\BE'[[IDFOCDOOHSSEI
chemistry, i s nowadays W|derl)yrfuosrem N¢q 'Iaelratgbute%
model |l i ng, and is generally SutsO hatStlucejscthl'be CRE rbglg]faltg

bet weeenc htahr act eri stic quantity of(*)OD%?U J]uctY%Hs hﬂ“h?e and tn
he mai n f eaBE DR easr eo fa g hfeo IBISc

(1) I nt rodewdiinfg tphearnadmietntee |
value parameter ofQwhiuahi teqqua

applied temperature stress, i
-Y | Qui— o
whelWies a constant, called thehdtrUrgaulctdiclfofedirignGenhet wegdmt b

the product's own fail E&fie madlEniknP hGihegt a3kt emePhOductior
activation energy kfistBol ctzeh@aBnirthcl ohwnhitcdsthavree saper

constant, i.e.Tis8.t6H& tee/mpecr BBk N &+t rR¥g to the improveme
generally the Kelvin temperatlLPrV@livntme; weaelnee adfly very sm
Tharr hewided shows that the @moRhedbé¢t JegrRdathenbetter
is proportional to the rate 99" %-eaction, and for the pur
parameter estimation and prodé@dsiGyNsidRéeéi Mbdkhe cRhe SEd
expressed as foll ows: degradation rate paranmcebater sf
— | Q&R Y T a Gaussian d&d$t'hi butwbhnehiak

whelWaenflar e t he parameters to b€t uhde N &i ttdhed MLtk |iel hitViighu e
modelSiand he standard stress. random effects.

At the same time, stress needs3)t fopesidiedd ddr dihLe d athd odne ¢
the unity of differenSbanth&0B$i Ghifefastuft &t [tiheg ramge malelf f .

standardized stress level, ardNSHd Idttand8Bfdifzultliowm ddfath
g . | Qon"Y,, | Qowh".
YOY® Q' ph) o
(4) I ncorporatetd hdeddrmebe o

wheXe¢s the daily opeitah i s¥gr stddsegs ssdla¢ veln dfr atjleet ori esj neéal
anXidis the accelerated | imit degeadateorl proabeshess the f:
or mechani sm chaitfhe sKeedla, tdf€ 5} h&or t hejissamee tparomiurcegd b
acceleration model, the standtseédl Zfawmindn dmetsh ondost acrhea ndgief f!
for different stresses [19], meecdhanhemcommonly used stress
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The specific model construc(CDR) ppades$ hei $PDa&s offoltlhoewspr o
For processes with stochastprodcmssial EBI weshof pamidomm
initial degradation valfocas bé#éate ddeepreinvda toino r6 a®fn {BeSme f&dirirninubl a

correctly incorporated into nespexD ipredgess. Considering
stochastic nature of the initial degradati+sens the express
Ooelg — -0 T — o
of the degradation model with time shift is as foll ows
W¥o - wyo ¥ X 0o e : ;
At the beginning:®f the test, i.e., at
on , ¥t U] e —— 70 t — pT
and hane I i I h tih d
N N . . n articul ar, when tihnee adre,
on - wrt DOO-ty thH W P ¢

Therdbpbeys an ED proei®@ds w

[
and var+ance

whetoies the CDF of the st alndgar
Therefore, the mean value of the generalized degenerat
) ) . the PDF of the standard norm
process of ED considerjng random initial val ues is
approximation, some characterl
~ s P .
Qo t, the va+riance is expressions Finally, the rel
According poinhheafpddkemati on (mngho)(‘pep(gAl\I)_y()T - p @
[4], the probability density function (PDF) can be approx
o I n addition, due to the pr.
degeneracy parameter imsahiest
0 oe — tQoatyo t10 pm  the Gaussian =di‘shtr, i bwntiicdin,alil.
whebDies the random process deR/ri%[f'?fo?\rmuth%i%%teorf()gtehneeiéity i
di stribution, denoted as: hs:
© Q- =001 — P X
::Yp_ - om Further, considering the ra
[ tae - p in order to more accurately r
(p & & ¢ PP the accelerated stress and t
:; . consider the randlbm béedesnsiepis
r —Hh  plt and theuROErofft he accelerated
It foll owsy) t dles wdiemf er ent val ues, t he |
_ ) ) Q- ———0w — p Y
correspbodmegmay be ;di &®f Wiremer when v
procesg; = W@heSmmma pr qce sasp; Iwhefgonsidering the above rando

process;”Napitgd, whecmomposite PoiBEPP grdcdes derived from Eq.
Distribution forms that have .§ cloggd ferm aLdQ(bchonsider
first hiFH)Ii ageti mpo(tant in reliability applications.
Assuming that the failure thresholgd of yfghe prodgct i sw a
val ue, d% n cFtHeEds bdye f[4 0n]Je:d a's

"O0YQeE @Wpod ] W] PG
The FHT of t he product obeys t he ED distribution,
combined with Egq. (9), the cumulative distribution funct
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QO ., Mo -"0-0- di stribution can be obtaine

performance parameters randor

— O-AfFAh B B 1 ——tA@ptary tO
Agp —— « ——-rv0 t —— Q-
—1 71— -B B wp "Iy "l1lad - & ¢isr t0
I n addition, thecrmal babilkiarwnwtoft hahe product CQ
i s whebes denoted as foll ows:
YO p 00 p , 06 -0-Q- ¢p b= - Foom
To more fully characterize thelg’vy—qs!—i—feqs—ftdlﬁ—etgap&’rop(imate me
ti me to fa|Ip-Uheq(;tMﬁTﬁ@Bbaeanuﬂerl(Deglp c‘xém i Foc ('
as [7]: vy i
rp & " L
. 448000 - e0O ¥ — — 1 N a— —
¢S and
— ¥ — — tA@GDP — Q- . .
n (043 Qo T Qo T cy
. Meanwhi | ededgeireerfaitregpiomerysme
be— ©Q biQmH — O- co deg y
" ED distr i lpgd=i @t,f) .when
Ai's expressed as: In addifti ;am, i ndicator func
5 -—— _ 4 C - selection of the initial v al
pi ece, i nlnieceadtsi ntgo tbheatconsi de
« o« T - T ¢t taken to the initial degrada
whe®@etis the inve’QtseaerimtnpttHheor\NholfCh is also accompamibed Thg
guantile of the standard nornéaxlprdeissstiroiantsi Q% foll ows:
Ultimately, the parBaDetean vieet or of pﬁd18 BS
expr es e d hmmwBAthMH and in the case “offiQ p o
accelerated degradation, the p@ag@ameder VEecCtiagr pCeache sbsea reyx Pt
a®© | h A A RAAHM. heterogenei ttyldodartamet degr ada
3. Statistical inference parameBence at dtshmits spoeat th

distribution at t he s ame ti
3.Qverall MLE model

hyperparameter estimati on, ar

For test data, parameter estiRaticqR cBgt RIQdidenRiGFdho dt B el i eotYiS
solve for the wunkneBMnP paarda nreetaglriszeof the BS

the extrapolation of reliability indicators. MLE is a pa
estimation method that providesuga BWa“y Btoas%vqxé)lﬁaot_eg_thgnmo

paramediemg given observati onswheded hih$ htwhd &l ¥ htes vk citmort he g

field of reliability engi-neeunkindownl3par dmettelri st dve®dbdet, e & &
l'i kelihood function of all sareplead oglesneerivtat i denggr d dattihennt e &
expressed as: products, and one has:

OP B B #TQ 30 P ') -
whero® denotes the degradation it P dment O the
componedits amé parameter to be séél”v&er}.i'B"’“?i?;ﬂ_;:mvo' op
Then, the overall l ogarithmic—1TML-Es® bv’,@"gdfeﬂ_qb BOom "trlope—oED
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Further molriekeltihrrodd gD citn otplasm B mB8Ser s, |l ocal parameters

accelerated case i s: a. Perform overall MLE bas
o " op il Taw initialized gl obal parCamet
0g - — -B 8 v " o v v .
"t 13 - @ _H hthm
B v B nifsyO — 0O b. Initialize thedl ochal, ped

-x0*‘h , construct the initial
c. Set the nwabdr iaftdObét gt

(ONS

In the parameter solving progtees:psﬂgmtehg otpﬁeimp()Zsattqérgina)rg]t()cgii‘
cancbestructed based on the fblf/ndl\ﬁd]?\fd”sarltm Iriorpgertd){lethtaot tthheE
S,

maxi mum point derivative of o'v;I)LeEralts|o‘(r)1F,V], |aomdt£]3£sttih’6ﬂtpeadrtIi
derivative of each parameter is 0.

However,disi ncreobservabl e, dW!%Qﬂ—c—rnEPrQigﬁléd”WhiCh ser
optimization ofl i kenlei habdvef yRQUiva" kodvS chain and the ne
computationally difficult t 05 of |MP yesme n 't and usually fail
converge to a solution. Moreover, for_  the Ilikelihood func

. _ ' ‘' —B Qo —-tyo T
Eq. (31), the intengprlailc ad peaedr attoi ochi riesc ttloyo c o fole]
solve all parameters as a whole” It i8% niecesgsary to intro

EM algorithm to solve the hypvrepgear arhestadnri tbsed |oubttiao nn epdr obbyl egnt

3.RPhe | mproved -btsdacehpasgEM calsgtBe?psl(El.Hr% obtain€arby Monegrati

of -IBEP the expecQatiisonheamd si mul at

di stributien; fftumkd i obt wifned
The EM algorithm provides a feasible method,6K for _sol vincg

chain a prior. di stribubeon
unobservable and random effect parameter solutions bn¥ fin

demanded parameters fro t he
the MLE of the potenti al di stribution parameter ,with the

St epM-s3t e p, based xan" thhe nev
dat aset and utilizing t he conditional expectation 0 f |
b b Lol ad . N Buitid fd ma x| mi zbeI the MLE by combEDPR ng
observa ac&t aofi nt he ittdlde n_ var, a es. . .

Pe to ui@dat;%}‘ h M ,wher wil]l no:
compl ex integral is difficult to compute, and the resulits
o o | N clhangfefd undderbthehsame worIT|r

the EM a orithm are easi ecte the., initia
y g O\I\}/n a#ixed char)écteristics.
setting when applied to real situations, To avoid this |
Step %t v=2 and repeat steB
a stochasthntrpdocedsinso the EM algorithm, and _an .
gl obal MLE I s maxi mum ‘ahnd t
i mproved EM algorithm is procposed t hat uses Markov .chajr
onverges, convergence is de
Monte Carl o (MCMC) instead of estimating .the missing valu
two neighboring estimaties bei
The advantages of this method are wutilized to |{mprove t
I n addi ti omDP fooanstihdeerBSh g a
mi ssing value estimation accuracy., o
covariates, t he | ocal @ar an
The overall idea of the MCMC. megthpopd is to,6 caonstruct
| h %i Ff) , and t he accel
a Markov chain so that its smooth distributian S the }%o
parameter constrikstiepni metblac
di stribution of the parameter to be e [ ed,. t
i mproved c
of the posterior di stribution through t ov chain,
co el er n
perforaCaMonot e nt egration on the sampl es ieoe. the valid
sapm es) based on the Markov chain Wheln it reaches the §mo o
di stribution. The specific steps of fthe +mp+roved procedu
as foll ows:
Step ILInitialize the parameters, mainly including gl obal
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| — p ¥o T - - = = = — —

- = no_ _ - & &y
w ou o — = —
f 18] &
y— — — — — — —=&

M-St ep will maxi malgdar aurpedaetreﬁgtt_me bel obal & o X
solved based on the new parameters &
(0 — - - - - - — v
- x 0| Qwh “Yh Qwry Y. o #
[0 B - - - (27

The key to the EM algorithm is to alternate

bet westhe p sM-saredbs unt il t he paorameters converge. ©

This wild.l gradually improve t%iencaeccthreacFyI Sohfertﬁng“ir_gjfjal}ngg
esti mBt es.mproving stthbeystsetpocﬁﬁlstemgntogome”VtemeFiSher_EmamDid)e
l gorithm, the difficulties 5N rPteeé)rbélaigglinng can be ef

a
solved to maximize the wuse of a priori Laa_’ia to obtain p
estimates of the parameters.

3.8n interval estimation method based O;EU gnformation
matri Xtcanldcul us RO &2 G-

— C—B;- 79
For the unknown parameters of t he ode obtained by the
overall ML E and E M al gorithms, %ﬁ ep --age-tmg%—nse}rally
approxi mations of t he di stributed parameters, and t he
characteristics of statistical t.p@opry makgmlt rf1p055|ble
their true vheuéestelMhatebotiemati din,c as pait owa..
the parameter estimation task, c;n" Egjetfa({nml nﬁTéhgorQ?nge
exists for the true values of t h7e d|strTHbutTMd&r‘tﬁT’rparamet
determine t he accuracy and crRenf i dencg of t he pa,@ameter
estimates. oot e e B 8oty R
Since the EM algorithm is wused in this papermo”solve f C
unknown parameters, the intervalm £t|pr3a13eu53 of FI’Ihe par ame
can be derived based on the normal asymp,tfﬁ‘tﬁ%—'{}ature b
solving the inverse matrix by obsBer.vgnq)th%‘E]%sat}e_E dnforr
matri xaandngbthe estimated asymptotic covariance to
derive the interval estimates of th%paagmﬂet--éjl’;sr}of intere
I f it is an MLE of the parameter in the overall densi

Ll FO . .
function, then it asymptotically obgws Ba’ nforamag @distribut

o o o p . P Ty
—Duo -he O— o e ZB B8 o
o Fev FO ide)
Thus, under asymptoti d®© theory, tBh g Bp'a%aﬁmmtﬁ—ﬁ’sk
‘R fPhtRURY f ol |l ow a multidimensiogsal nor mal + 0
. . o T Es — tB 1 B e —
di stributi dn ‘WhhHHhhmeant he obser vhehg =5 ™R O R
Fisher matrix is: i) } Ty FO RO
Og -ﬁ'ﬁ'] =tB o B ?? 3YB—Q—
-F]U B " 8 ||'OT3¥ Q-
R TR
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hall . Ty FO hO | Taylor's formula, there are
G o SR
3Q Q- 3— Q- Q- 3~
-hb pB B 1" w B " B " -hO’Q_
AR« o -0 = - Y — = 3= rr
RO p p p TFar We find that since the Browr
- = pB B — = } ] o .
LU ¥ v WH variation t h@t il nTohte rOe faonrde ,i
B " B "'oﬁﬂ TMFOTWFON T”O‘Q- term of the Tayl or expansi on

and cannot be omitted, dscasdnb

RO TO . .
B " B w3y — Q- trivi al

T B = by itself. We can obt
ho Py g P PEY Qe Q- -Q- Qi Tp
T G v )
Tor TFO RO . : .
" wod ™ ¥y Further, modsaipgieankirasl ,0 Wh
By B o o m O d g B s
. we have:
_U B n 8 II,O‘F&_Y 3“’){‘?’9—
nLm R i QQ—0i -0 -—0Q — -— Qi -0 T1¢
T 0 T 0 T 0 T o T o T o T o
I I R A The next step i s to sol ve
. . ' o - calculus based on the alxawe
rL,rrrer Lt a stochastic process satisfyi

In summary, the partial der Egati{ 38éffanditvheheesobdoadnedy dbdy
to be solved; the first partimdaserdmearntf,oetslmaa nftdhrea ssemcad n d

already been solved in Secti omoglas and the specific solu
the second parti aAppdeenrdiivxatAi.ves i s gi.ven .in

Wy ©®© —0i —w -— o 10
Based on tlsecroemdulotrdeof parti al derivatives, it

is clear that the calcul ati on Iclbe t3bionvse a0y efistihonm dthy rid,
random variables -calnods eidn tfeogrrmaMi dwhiidkehhbRul adien toevrewalt,h et rens |
cannot be solved by the tradl PIBAARI MBEhBYsAPPHOXIhNAL ipR G
| tcml culus is used to deal witdh ThBeliompl ef0od uddwdstfior i aa

First, gi ven th‘e(q,tp,roMtﬂ@tsefiunnfCOtri”banti0” mat r i x tchlaots eidn vionl
a normally distributedf(dindam YatG@bl BE W Veed ndotlypmatidre x v
the fof tpamfc esrs : covariance matUti xe ctivipdr amea ff

Ay 00— o interval of the pabpaanetlkee axp

Next, | ueitreggr al processing, %Sefine a new procedure

Zst hat satisfies the following CO”—Chi—tiQ”’éG)d)i—ﬁ—*Qb(bi— 1
@ - O®W whekies the quantil e oduntdreer

whefe9i s a measurable functi oht adar & enQretpd—ii i & thrgdhl iyt igom,
stochastic processes arisingthg oW TLVREAEBNSF €paPatlifall X .de @iy
comput atddiom ,(ttlomtde gr al introduc®%asitdatheasqfi cgagh parameter.
i gand satisfies Brownif@msimotai oh? H&WB&Y, ishg§crverall proc
functdsoant iosff ying a stochasti c! breecdeisCst i OgnE{dddysiegdy song §B h np
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BS-EDP Modelling

1 ' : 1
! i : Stresssensitive 1
! Reliability and Life onj ; ! - random effects 1
' [Update the RI the normal stress | ! : Accelerat.ed stress_’ The Arri]enlus mode SRR amexp( b ﬁ) :
: X y )l covariates (U, b) i ;
i I Pl is =a, exp(b,S) 1
1 : | * :
: BS-EDP RL Accelerated model ; i Degradation RandomEffects of The ED process{(, > !
i |_ Distribution backpropagation | 1 | process - degradation rates [ P ) S
: 4 b heterogeneity ~N(m52) B ;
1 1 Q 1
! Reliability | _ &8s, 6,05
i e kel L T valu Random Initial value g?,, Qe |
: 3 E—— : ————— based on timshift v ;
, , eliability | t,e TheBS-EDP |
! Degradatiorthreshold Assessment i : ( ) !
T[T ot T | . :
! Improve estimate [ o !
. 1. verall MLE of
i M Steps stochastic EM} iy e ;
' Optimization Update parameters algorithm !
[} }
' results (7 v42: Ovaa F 412 801 — Int_erval 1
] - Initialize global - v estimate :
' parameters = - 3 Observation :
! Global (10r 70901 0+6) Initialization | | 2 2 : , ;
I i — S Information Matrix 1
i [P Maximize | (€S maximum parameters O !
. < v+l No v '
1 MLE Initialize | | - - :
i Parameter e e Variancecovariance ,
: convergence parameters |— matrix :
i ~N(m,50%) v _ |
! Construct the] confidence leved l [
1 Compute the posterlcg initial Mark - 1
! of the v - (Mu1:Sued) [ (THEEL] LIy | Confidence Intervall |
i EM Algorithm Chain :
| Parameter E Steps Workflows | Results of interval estimatidn,
! Estimation I
___________________________________________________________________________________ |
Fi g. plielpiiiee t he pEODPased RIEgradati on model ling f
4. Simulation case studies OO DYO® phgp to°hp fradmmg v TV
) ) h ﬁ) indicates that the
I n this paper, mul tiple sets o nte Carl o simulation te
degradation rate sat sfies a
performed to show the correctness, stability and converge
_ _ and a standard deviation of
the method. The simulation data for two sets of degradat
. The two parameters consider
=50 ns@BO0, are first analyzed using the model proposed 1 n_
. , . by data interception after si
this paper to give the estimation results and to compar
. . degradation data of 5 produc!
errors in par ameter estimati on. Next, real accelerate
. B of 10 product s, incE&0,neBE@O, S &VE
degradation tests aresfhihfmmeéecdted to assess the time
. . ) , simulated rédspeardd&Evwerye iamtder
random initidaelgr@adadtuieonanldet erogeneity under
as t he true values of t he t
acceleratedastsesIheop&dD®Pmarers of the BS
simul ation dat a, par ameter e
al so estimated to extrapol ate reliability metrics under
. proposed met hod )
nor mal stress, which are wultimately compared with the ori
I n order to ensure the sta
real values. ) . )
solution, it is necessary to

4. 1. Simul ati on and parameter i BStdildNft wioin Vidne didt &P Ny al
without considering acceleratmieoarkurement indexes are rela
This part introduces tEDe neoidnewlr atoiron MA&Eg ul tasn do fmetame sBISI ar e
t hat does not consider the raommparesf é¢bteseoft haeeeltgpase @

The prior model and par amet ersshoawfn Itidne3Tmdd e | are as foll ow
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TablRar3dameter estimation results and errors from true val
n paramet J= 2. = 10 q= 1. (= 0. J= 0 e= 1 d= 0.
estimate 2. 08¢ 13.51 1.00C 0.36¢ 0.11¢ 1.222 0.15¢C
RE 0. 16¢ 0. 351 0.16¢ 0.472 0.11¢ 0.22: 0.50°:¢:
50 MA E 0. 417 3.514 0.19¢ 0.11¢ 0.11¢ 0.22:2z 0.05¢
MS E 3. 4BFE 2. 40E 7. 900&£ 2. ®&£ 2. 80&£ 9. 8®&E 5. 0U=E
estimat e 2. 39¢C 10. 73 1.167 0.25ft 0.01C 1.10C 0. 11:¢
RE 0. 04: 0.073 0.02¢ 0.02C 0.01C O0.10C 0O0.13:¢
20¢C MA E 0.10¢ 0.736 0.03Z 0.00Ef 0.01¢ 10( 0.01¢
MS E 5.906F 2. ®F 5.20& 1. 26E 5. 9UE 5. 0AFEx 8. FAE

It can be seen that with the Anncd®d®askYO® | theeh "M nthoedf "Yoif s
the errors of the estimated vARuesvhefreedadlr paiamat evat omj
with the true values are signdiicadt ID)YOG d QaddYh Doodf YHhHe N
n= 200 are all cent rhlilcehd iwidtitciart els. athEat t R TQ
the model has good convergenceTlherdefsarad, | ithke parameters

Accordipgr amesttheati on sasdaitit§ i R h&mith.me
par amét ©Or. 25@0 0. 8109200 are verMoncleosCarl o simulations of |
to the real values of the sipnaurdfadreded ntwircep®Dorms,etwhiodh ¢
a good measure of the initialprrodudamn ersasn.d oArltye rs eclad cctud da,t i
heterogeneity of t he degr adanttieorv alr aofe 0i.s25 eupi esseéedmea:

O ppmum po, which is close to tlkRachresev20&lones.i der the product

4 .¥%alidati on of simul ati on aanhe Sia ueltaetrioenstpﬁ]a?p%hers

par al er gest
under accelerated test par améimeh (cgipgipg o random
l ocal p arfa mefit e r ofiping @ Th
A product is subjected to accelerated degradation test,
degradation trajectory of t he
nor mal operating temperatur%ndl Sfogg%lﬁ’e etth?iv% ce%lterlantietq
temperatureasllbsel ilse 3B3B3Mi ti n temperature
P s da% bepfdres i s del et e d-a x ia:
is 383K.
coordinate is the new degradse
- 0.75 1.75 K - 0 0.75 1.75 2.75 3.75
T=333K . T=353K !
Failure Threshold i
O o e A e e 20 ---———--1- H
le £ Zl5 £
o 121 e o 121 Nu
Q Q!
k) ) !
© 10+ g © 10 g:
o = (o)) o
[0} [0} 1
@) @] i
51 51
0- 0-
0 1 2 3 4 5 0 1 2 3 4 5
Time (Days) Time (Days)

Fi gSi @dul ati on data and ddeigfrfaedrageilteen attrealj eleetga raidead i Wl

The estimation is carried otuhi suspamen handnetthhe dr @3 wilptos ea
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Tabl e 4.

Based on the estimated resu

Tabl avameter estimation resanNnd sMSEnRréer eo@nETr @lrloend twigytehi r

values under si

mul at ed

Paras resu RE MA E MS E
yj= 2. 2.15 1. 96%Z 4. 30E 9. 20i@
> & 8.00.3. 624 2. 80F 4. 1B
q E.2 1.15.4.00Z 4. 80E 1. 10%
3= 3 3.02.8.00F 2. 40E 2. 806
&= 0. 0.11!/1.5@Z 1.5QRF 1. 1-G6&
b= 0. 0.38!3.5BZ 1. 4RF 1. 006
w= 0. 0.66:1.06F 6. 20EF 1. 9BF
U1= 2 1.24!3.603F 4. 50F 1. 0%
9 =1 0.07:2. 16F 2. 16X 2. 30&

Sample Histogram

0.7 ——— Estimated PDF

Probability
o o o
2 U0 o

o
w

0.14

0.0

15 20 25 3.0 35 40 45 5.0

Value of n

Probability

accel evhdtcehd i g rcaad etsi d rh atte dthse, mo d ¢

In addition, even under the
degradation process Usatnidlslt i & %
satisfy the Gaussian dompar be¢c
with the caséd hef mearnmalmdstdrea s
acceleration are |l arger, the
- - D0 08 p @O Y
VD o8nEEH B hm8 o @ ¢ e®

o - DO o8¢ mBymp T
pU 0 8 MEEH B¢ hm8 o @@ ge®

0.7 1 Sample Histogram

T=353K —— Estimated PDF

0.6 1

o
n

1.5 2.0 25 3.0 35 40 45 5.0
Value of n

FigHeBBerogeneitgurndder rdadadaliomatodd degradati on

For the acceleration test

dtahtea ,n otrhmea | r esltiraelsisl iatrye ma«tt riaeg

0.40 4 —— estimated value 1.0 1
---- true value
0.35
0.8
0.30
0.25 - 0.6
£ 0.20 1 =
0.15 - 041
0.10 -
0.2 1
0.05
—— estimated value
0.00 + 0.0 ---- true value
2 4 6 8 10 12 2 4 6 8 10 12
t t
Fi gCDB and PDF of I ife under normal operati
From the CDF and PDF, it camdbd ifeersthatati oe rebubbsl i
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values, and the estimated medexatnr apiofleat ecdh alriafcet eerrirsari ci d idc
error s, as tabul at ed i n Tabl e 5. It can be seen t hat

Tabllei f5eeti me and errors for extrapolation.

actual esti mat e RE MA E MS E
Medi an | i 5.383 5.3422 7.6B8F 4. 1AZE 8. 406a&
Character. 5. 734 5.6844 8.80F 5. 0B6E 1. 283

5. Practical case studies data of 10 sets of these pro

trajectory analysis, model co
I n sbdcksiwa analyze readnldEds es of I’:lAS IasFr

as e extrapolatior
chips for validation, showing that when, the initial degr :

I the modell’ing process, v
l evel i s ufrEkKn acvem, dteltsecrB D e the q %radatlon mor e .

_ _ degradation trajector)
accurately c’fll’ld reallstlcally. Otnethe atnhae1 yLSEiDS,C_hWIGPSI@CQase-I'Sﬂﬁ(D
used to .verlfy the accuraed ?Le aﬁalef/(éirsa,poﬂtat(':grq gé gbctcgi
degradation to nor mal Operat'fughoh £ exponential funct
5.GaAs | aser respectively, and the for mer

We selected t he |l aser devicéh%e%(?\g%rat Lé'?tCt'o pr‘a@ﬁios@édtt

Meeker at a tempeaaﬁh@@(itbérets?'s of 80

product measured the operatingMEaPPRBhtCeveriyd 258 AP k!
until the test was stopped atsk4eo"‘bno@sﬂsdLIPrs,(EetD tht°§Ies§ff1°é it
failure criterion of GaAs IaEBP§eislothseetospeorfatgﬂba’cut’vlhéﬁ
the product |l aser i nt ensiingy aseyn%\n?etriéor?ssi ft Wmt°|ethé(VhBBB|
current exceeds 10mA judged asatfa%fl uerSStq/\feSl?‘%%*ﬂ%?nI?/nselect

1.0 1.0
0.8 0.8
) Q
= =
< 0.6 © 0.6
> >
g g
*50.4 B 04
< <
0.2 0.2
0.0 0.0
00 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Predicted value Predicted value
@ED process bias (thestor mal ity test
Fi gPP5pl ot for 10 sets of dat a.
I n addition, in order to prtovee ddh@edmoeosd malf i fytofandonsied
the-EBPS model , it i s necessaryetectcodnpalNeAGBINWyI € @b xitd@enr h f
model s. Akai ke | nfAd)yYCma tB aoyne sci@anmptl erxiidry, (but penal iBldCec onngp

I nformati oBn)CCrANORr ¢ onnt{roduced rtictprovaeAlp@GoanmmetCesai t @ab) e
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samples to prevent oveAf,Bt,Cin 0 1 2 ,
anAl @d ve similar resul AbGcBuil 12/ i
prefa8af7radatderefore, this paper i ree
information <criteria for moc;\sloi ____________ :T _____________________________ i de
compl exity and preventing ovg 8 1 i i mi f
sampl es. The~ goodness of fit EG— i

6 06 ¢Q ¢b © i

o "06?6) ‘06 T §’ 4 :

006 xee  ¢O
whelries the | okgslitkel nbhbonbeyr of 27 :
nis the number of sampl es. 01— | | |

0 1 3 4

After determining the degraaati on traj-ﬁn;fe(l(bg:mes, we cal c
the parameter val ues and inforFngTDie@'&néféttSriPﬁjé&tadreiSeSOf

Wi ener process, the Gamma process, the aln@oMmieae8soONn. and t
generalized trajectory ED Procesgs . pfie spg&ﬁé eIXN'e aQideIstea

compaeg er dglhati ve goodness of &ééré)éatt|hoen m?%%ld%’m,andjegtrhaeda
results are shown in Table 6

'separately, and compare it !
Tabl ePabamet er val ues and I nfiotr i@ttt 0@ o nfprointednmt! Ohlet EPbgene
di fferent mo@aAs lodsehmhe same ;. descri pEDnoond edf whheen BSher e
Wiene Gamma |G ED initial value randomness, as
& gi‘:: 320.121?3529.1%1 422'101" generalized trajectory ED mo
d . . . . { . . . . .
, 0 5 3 o 47 conSfder!ng initial Yalue rar
MLE 37.06 50.2950.1 50. 8¢ considering degradatndnt {Edt BE
AlC -70.12 -96.5996.3 -97. 6 proposed in this paper is MO
BIC 63.97 90.4490.1 91. 4¢ out and the results are showr
AlCc -70.04 96.5196.2 97.5: Tablset a7ft.i stical inference res
Through further calculationsp,ar|atm€ M1 M 2 M3 MO ) m

has a smaller value of the infoImatizqry,gcgjngr;i_ogmsgahe(th
conventional model s, and therefgpre ntorde 408cduBatél p2deOscr
the degradation process of GaAsqlas®&rd®98 0.99 0.95 0.97!
As can be seen from the origia@ ddt87 2.h@®4 iZ2nikt3 a?2. HEGr a
l evel is 0. In order to illustrdte

the use scl@nadi & «r2d p
of the model , we delete the firlst 4 setd-df inhcrefhedfal
assume that the product hme beef degr'adeg'Pgr 1000 % dfrs
beginning of the test and cohglp'dkeerldrtqh'ios 4rgo'rrz1er§t4't3b6b5e (? ‘

. ) g 72_ 0 -72.5-118. 7-120.1
obtain a set of data with a ran o] initial ferformance.
d dat | . ] . b Bl C —0.t8-61_.4-':0.3.z-104._8th
egradation rajector can e represent.e i n i . wi

g : y AR AL PR I S R R
color indicating the delesed—data amd tihe fTTorzomtal TOoOr
It can be seen that the va
on the top side indicating the true time of the new de?rz

] decreases significantly affter
trajectory. S

initial values andeghadheét en

indicating a more accur atle =d ¢
0.9628 esti mdEDednoddel t hedB&Sat
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beginning of the test, the pricppdi@®sc oy t MEMAOs ampluipsg .0onas
had already produced degradadadaint iednup Ivtahll ee oR -otf bet agboboudt nheds 6i
hours or so at the same | evelheadfersothoefnsesiatcyivht eht i pi €d ® swi it
value of 1000 hours. i s shown i n Fig. 7, whi ch
I n addition, in the [[Ersdaeesdi sotfr i Mt & log cErsibteham,h stdhveley y t o é
obtained the posterior dast rsiibtudtatoinonaf heterogeneity of
1.0 Q¢
0.81 === PDEF o
Histogram ,/
0.7 0.8 7o
&
2 0.6 ) R
g = 06 o
80.5- C>5 ’ /'
2 — s’
= 041 © s °
Q =2 04 ¢ (0]
3 Q s o
80.3- < R
o ‘f
0.2 1 02| o o
4
0.1 s
. 'O
0.0 0.0
“ 00 05 1.0 1.5 20 25 3.0 3.5 4.0 00 02 Q% o6 08 10
Value of n Predicted value
FigHetferogeneitg distribution of
Therefore, the model consideFsomheheeghadati esulbtes oriet t
test and incorporategetrfeormaneédret aiegtryadaft i otme biemiatvii @lr  wi t |
of the product and the degradattiian pabuoesst oatha sthi ch eidsp sc
retrieve the real operation &bd pdegradatfiiidm thiemda eaf D aj
and makes the degradation macdmkei nbht aniomed raesa s3o7ndarb.16e .h TwhH &
reliability assessment of t hteh ef immeadli asno ll utfiedn macoél ehat ed
case considering double random wvaltabbVeseandr w&eDhbdbB1t 6 %l T h
in Fig. 8. l'ifetime is shorter compared
10l ihine with the actuaslhiditt voaft
' M1 — MO 1000 h is considered.
— M2 — Life data
0.84 — M3 --- 90%CB 5.2ED chi ps
LED <chips are very common i
0.6 1
e illumination and signal i ndi
LL
04 i mproper operation by the cr
' necessary to analyze the rel
024 gener gleldy bjyud he decay value
the test data, the conventior
0.04 and the traditional reliabi
1 2 3 4 5 6 7 8 which seriously affects the
t (1073h) . o
I'n ordersttratiel the validity

test

reliabilitdCGekesdmphedegradation

Fi gRe8ults of
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T =
Climate Chambers

temperature as the accelerat.i e
Rated current operating conditions

Tests were carried out with at the time of measurement t he
. v |
prodguwdtated indexes are shown
TablRar8amet er s unmfdelrED ecshi ps i
Test Profile =
Performance indicValues
Rating 3w ] oc pver i |
Rated vol tage 33. 6V Performancer
; ; Parameters Test Bench
Rat e d current 0 -16A Actual accelerated stress F‘ M
Kit conditions of LED chips under test ¢ !"
Color temperatureb650W e : » }
Junction temperat gg
operation ' " =
: Accelerated test conditions ]
Theoretical maxi mygy — TANT
temperature ' Fi g.Ack®|l erated Degradat.
Theoretioaénsight S60L ux The luminous flux was measu
Actual life span 200@®BM0OO0N the light intensity of each t

To ensure that the failure dgneicthadti sdn d &p arrod t eclhya nigye duy ding
accelerated stress, the testt dietedswhHiochbel £xatrdd edoroup o @Ok

requirements of t her mal desi @gafi Mdo®s dof | athieonshitg abet wene m
ambiteenmiper ature and maximum cuégsensrésshb@WNi hnFFRog. 19. |

1000 differences in the initial
degradation process. The dat
2800— paramet ern.esti mat.i
E
600 01
3
_10.
E 400"
S - %
% — Rja=25t /w 5 -20
g 2004 — Rja=20+ /W d
— Rja=15t /W c
— Rja=10t /W o —30
0- ©
T T T T T T T T T %_40.
0 20 40 60 80 100 120 140 C
Ambient Temperature (+ ) 8
O -501
FigTh®&rmal design.curve o T =60t
_60' — =
The daily working stress of T = 100t or d
ensure that the failure mecha _;14 ! ! ! ! ! ! ! \ pr
. 00 25 50 75 10.0 125 15.0 17.5 20.0
is operated at a rated currer ed

) ) Time (1072h)
of 60AC and 100AC are applied, Wi L1 amn ul timate stiress of

Te product is then subjected Flod-AGEladc diegdradad i 8s fatyg
a constant current source. The test plﬁ??%lr%r'?%eght()?v%tin
the tested parts is placed i tWethier satc cCeOlMpragteed hee §0 0 & hea!
powered by a constant currentt sjusrCtedrain®s 5 ghoupesgdoadpaEDOE
are demMndm series to ensure a8NcBNMSEsebtnd. . BpElatrRg WheRek
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RMSE is 8.8920, which is a b Wi ene Gamma I G ED nect
is also important to compareML/ 350.5 -333.0 -353.0 -312. 25 ¢
stochastic degradati on proceAI 705.1 670.1: 710.1 630.4 w
l i sts al | t he par ameter estBl 711.7 676. 71 716.7 640'3ma
Criterion Al 705.1 670.2: 710.2 630.6
Tabl e 9. vRdruzmetand Informatilotn CCarnitbeerisoenenfotrhat the ED
di fferent moldEDSschifpg he Samedegradation situation pfop&de
Wi ene Gamma | G ED BSED model i s substituted t
> 0.512 1.657 0.06Et 1.54. comPareg with the ED model
q 2 297 92 2927 2 9227 2 29 estlmat|oh for the two sets ¢
. 0 > 3 1. 43¢ as shown in Table 10.
Table10. The parameter estimatians
nonlinee nonlinee nonlinee B SED B SED B SED
(over al (60 ) (100 ) (overs (60 ) (100 )
| 1.4395 1.2662 1.4916 1.440 1.282 1.4914
> 1.6394 1.86009 2.1915 1.427. 1.641 1.937
q 0.9497 1.0184 0.9101 1.0514 1.127 1.012
e(d) 2.58914 1.5301 3.7150 1.890 1.103 2.731
G - - 0.577. 0.131 0.379
U - - 0.000 0.000 0.000
0 - - 0.301 0.301 0.271
ML E -312.87: -117. 98¢ -174.54%f -290.8Z -118.6C -169. 8¢
Al C 631. 745 241. 977 355. 0090 591.65 247 .21 349. 73
Bl C 641.640 249. 792 362.905 608.14 260.24 362.76
Al Cc 631.867 242.227 355.340 591.95 247.85 350.36
The overal |[-E® smodmalt edlasdBSa smathaeni smal eofoft he product L
information criteribentamnd {ittsgatthasetdaomddly dcaotnasi st ent , w h
found thethitfhe ptair@menet er of texe r BEDI &@thii @n ,ofwhtihcihs can al s
mo d e | is close to O, about OcOilther iwdn €EDh aveord elhe flBeBasr nth e tt th
factory testing and transpoedtianamo @oth mdade ssatr i layf f éot t
performance of the produlkbé. THoeweevfeorr,e,t hweh ema reaxntertaepro | aft i n
initial wvalue of the quality ocvhearraalclt eanids tsiecpsariast d aeg gteirma tae
value of the performance has HBextar gtehailsicfreetpiamecsy uwhdeenr iat
shipped out of the factory, pcroortpaalr leyd dsu emutl a ainmepoeursfl eyc twii a s
process and quality coart i falt otvieiasalils eelbBsiomatedd ,eB&red t met s
the light intensity of the dBBHDETrneondelt,e swi tphi e¢chees deas ei @
di fferent during the first t esst stheofwnr d nt HFea gt. e slLt2..
I n addition, the overall estimation ensures that the f:
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1.0 - 4
—— Overall BED 1 Lo : t
Separate BED : 1 I
084 —ED -4 0.8 R, -~
— Life data T1
-== Confidence band 1
0.6 . - 0.6 )
= 1 1 — |
~ 1 1 = 1
w I I w !
0.4 ) 0.4- -
! I
: | —— Overall BED
0.2 ~ 0.24 _J Separate BED
1 — ED
X — Life data
0.04 1 0.04 -== Confidence band
T T T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 20 30 40 50 60 70 80 90
t (1073h) t (10"3h)
Fi g.Rel2d2 ability assessment results

It can be sekeDn ptrhoacte stshef i BS degt @datcioonparate of the pro

to the conventional ED procedsecraadespmpatr eadl $ @ ttthe hetpear
estimati on, the overall estiofat idord fefenthe tessTuhlptsse caedsn cbi0s
a better fit, and both fit betatreri caitl ardyAG.vi dentseinmitthe e
Next, the I|ifetime under nocmapsuse is extrapolated base
the statistical -EeDxtrreaspud Itast.i ofrh et
very complex due to the | arge g :?}:tzzg meter
satisfied by the degradation | 71 — natloo°C | e | af
consi deeli mgaticon. Therefore, th-‘ge-
to perfor maMdtimgp slaimpl i ng base és-
di stri et emogénei ty in the acc 54 i s
equi val ent tostpep fiom mi meg EMealEg §3'
that Mst &p eixecuted to esQi mate 27
' AR A i DO QoORYR Qo Y . the e \
final result of parameter esti %5 10 15 20 25 30 35 sho
Table 11. 4
Table 11.esRarmamdtoenr results forFisg.Helk®rogenanel ayeef degrade
Parameters  Estimated results accelerated vs. nor mal
G 0.7411 For this LED chip, accelera;
Be 1.7327 and the results show -EbPatmodk
G 0.0475 extrapolated to normal worKkir
B 2.8715 the median I|ife of the tradi

I n addition, we give a corﬁ&asrsiasogr;gthe)‘tthreapioﬁgéﬂagjﬂagr{{es
degradation heterogeneity oW tfihdhesgtipfeeoneniggal ifger P
accelerated case and normal &{heos&etigalshbff i WhEFR. shgw:
be seen that the rdaefgrraajmdi‘omlr?r\fe‘ﬂlae\é(im{‘ltﬁléfeCt the actual
parameters become |arger as (Mf& @I, I3G6HY sl &lsYs §%WdPqlhal
It can be seen that at higﬁ‘@lrm%ltr"g%rskilnegveclosn,diﬁbf)nsb'nly
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6. Conclusion par ameltner saddi ti on, t his pap

Stochastic model s for produgtegrdaecbqtaidoaqiro?\tearpearﬁfnl%f?éda'
handling heterogeneity 1in inistaita\iIvayaltuhees aacncdelperroacteesdsepsr,oca'
reliability e sEtDi manb e < | TmleotrBJ%tratt'?%gOther parameters, S
heterogeneity addresses this. a§idn‘?un] aetfifo%mtas%'fdf@cmadseemaswyudefceqs'
t hat : (1) ED outperforms tr‘ﬁ’akkional model s in describi
degradati on. (2)yzetd o, cvuaursyidnglsnirmaiodmdiiatlion’ the proposed
degradation for missing earlWOSS{;&PgeEHSngﬁﬁéafng{OBoRfi(
( 3) Fogerheeotuesrodeg—EIhdarbohdeséé]rﬁoriéqitial performance vari
accurate measures, especialIfptijﬁtﬁjéresacé"’@leéreatveac{yétnrgesdse.gr(
ED more realistically assessggoﬁnerln?i%%q’?‘i:ﬂtng}anasnpdorltiafteitoinme 8
for heterogeneous products. ?iS\ferCSOintsxd%frirHegClﬁ'naentiecraolgeCnoe"i]ptc
reliabilityndnedtiical hed @rss iV\PifthObrﬁaeirtheednaHEEfOrmance i nd
strategies, preventing prematdﬁrgéagPBbBQgevaer Isaitgeninflegicnatnetl
risks. primarily f edcru sveesd ed n n g ataan d
I n the futwideécwaer lo,n wé e foIilnofm?irnefcaespeecxtcI:Uding failure
firsBSEDt pegockeygpsmodel s one kiF\HthepéPFSPﬁwg'H{:Emenimeego‘“;‘
degradati on, and the multivarpihé'tsé Cﬁerrﬁoodremlainrl:% &Qéraddeagtriao%
be established for s ome prodeuscttismav&iitohn m%fltisﬁlegibiee?fgrpem??

a promising research directic

Appendi x A

Firstly, we summarize the procedure for calculating fir:
— —— — i
e ®
Uy & '
Gpe_tO(s.t. H p
— . N 18p
[ —Hh ¢
rp %
’r I
R t i i
w a% %
v — -2/ n
o OB 53
Cp fae— I—2=F p
3 fos '8
J— R . . | c
V; — 2/ ¢
o
Lr — 2GR
w o3 s s

Gener al Jiys uwheeerrt ai n:

d @0

wheyyies determined by the product characteristics and dmes

problem the parameter is considered to be related aomtayoho
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I n the case of engineering practiEDO®, par aecneabh ebeecsonsmiadeéeoad
I n addition, the parameter solution of the tsipme idadwarlil ayt
v - tq}5 ﬁ’ Tt
- OB a8
R . g% e
P e— ptopé t - H p »
— . 181
r — t—=—F ¢
sl ®
Uy R ™
ir 53 s t Pl
When the degenerate trajectory is nonlineaQd6 amdnidntdbeéeeenx
Q0 Qwno p.gs o f 0 T o8 Qowno T Qwno T .
We have
i t . .
a5 he 0 18uv
ntQono t ntQwn o t  Qono
T% o t tae f o t taéo T he o '8
o titQowno t 0 t fQwn o t m Qono e e
As can be seen from the partial derivatives computathen
EDdi stributed stochastDwi tphr orceesspse cdte ptl)thatdirhabn tpftae nacesidaenr & p ar t
time covarQawiet iF umd&d.p elchte tsopeci fic solution method is shoyv
(1) Second partial derivativesDof the stochastic proces:
Whe@dsatisfies the power function:
v hal ® g T
-0 az s qs
l’rq‘é s 043 L (843 a® -~
- — = P R P — Cuesa P mp s
r % B o X
. = - — ——Hh ¢
LR fos fos 3
rr s ® -
w as as aB a% v ple
1 b ® ®Fon
oo OB a% 3 3
Ivl Y az S 883 )
P —
- asf% = corsimé p H p
— 18y
Ly - aqs cp 083 Fi’
e tge as as tos G
tr_ . i — —® & eni i
w oz s [os T3 o3
v ® (003 Fi, Tt
'y 5
H
- = P I 8w
e, )
. Q3 H
[N d .
v O gs 3 ke oD i
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'8 p

?|
7|
7|

S 0B 0B t8pp
e

- = = 1 8p¢
%

- = = 1'8po
wheowe wd -& the soluti@dosiasisfmebatheherponential functi ot
second partial derivative solution is given.

(2) Second partial derivawi ves of the time covariate fur
= oo I 8p1
N Q Q e Q
Ts o T a& f o T aeo t e o
E— . 1'8pu
o 1T Q o} T Q e Q
LI T oo 18po
Q p no ¥ Q p nNo t e Q
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