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Abstract: Accelerated degradation testing (ADT) is an efficient tool to conduct material service
reliability and safety evaluations by analyzing performance degradation data. Traditional stochastic
process models are mainly for linear or linearization degradation paths. However, those methods
are not applicable for the situations where the degradation processes cannot be linearized. Hence, in
this paper, a general ADT model based on the Wiener process is proposed to solve the problem for
accelerated degradation data analysis. The general model can consider the unit-to-unit variation and
temporal variation of the degradation process, and is suitable for both linear and nonlinear ADT
analyses with single or multiple acceleration variables. The statistical inference is given to estimate
the unknown parameters in both constant stress and step stress ADT. The simulation example and
two real applications demonstrate that the proposed method can yield reliable lifetime evaluation
results compared with the existing linear and time-scale transformation Wiener processes in both
linear and nonlinear ADT analyses.

Keywords: accelerated degradation testing; Wiener process; reliability; uncertainty; unit-to-unit
variation

1. Introduction

Due to the highly competitive market, nowadays many products are requested to have long
lifespans and high reliability. In order to quantify their lifetime and reliability characteristics,
accelerated degradation testing (ADT) is conducted under harsh environmental conditions to accelerate
the performance degradation and obtain sufficient data for reliability analysis in a short time
with a limited budget [1-3]. Thus, it has been widely used in many engineering applications,
e.g., batteries [4,5], light emitting diodes (LEDs) [6,7], etc.

The aim of statistical analysis of ADT data is to extrapolate product characteristics that are of
interest at normal stress levels which, in general, comes from two directions. In the time direction, the
deterministic degradation trend varying with time should be modeled at all accelerated levels for linear
or nonlinear scenarios, i.e., the degradation model. In the stress direction, the relationship between
acceleration variables and degradation-related parameters need to be established based on physical
mechanisms or empirical experience, i.e., an acceleration model which will be used for the lifetime and
reliability extrapolation at the normal stress level. In addition, the uncertainties from the temporal
variation of the degradation process and unit-to-unit variation from the inherent heterogeneity of the
tested products should be properly considered when analyzing ADT data. In the literature, two classes
of models are widely used for degradation modeling, i.e., degradation path models [8,9] and stochastic
process models [10-12], with examples for acceleration models including the Arrhenius model for
temperature stress and the Eyring model for voltage stress [3,8,13]. With different combinations of
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degradation and acceleration models from these two directions, extensive work has been given to the
statistical analysis of ADT data.

Since the stochastic process models can describe the temporal variation of the degradation process
in a finite time interval, more attention has been given to them. In linear ADT analysis with a single
acceleration variable, Park and Padgett [14] proposed two accelerated degradation models based on
geometric Brownian motion and the Gamma process, and analyzed the constant stress ADT (CSADT)
data of carbon-film resistors under temperature stress. Pan and Balakrishnan [15] proposed two linear
modeling methods based on the Wiener and Gamma processes, and simulated one step stress ADT
(SSADT) data with the Arrhenius model for model verification. Wang, et al. [16] used a linear Wiener
process to model the degradation process for reliability evaluation of products with the integrated
ADT and field information. In the cases with multiple acceleration variables, Liao and Elsayed [17]
selected Brownian motion with a linear drift as the degradation model to infer the field reliability and
applied it to LED CSADT data with electric current and ambient temperature.

In reality, the degradation processes of some products may experience nonlinear due to the inner
deterioration mechanism of the product material, e.g., crack growth. In order to analyze this kind of
ADT data, a time-scale transformation is generally used based on linear stochastic process models
with a single acceleration variable. To our knowledge, Whitmore and Schenkelberg [11] were the
first to accomplish this work in the area of ADT and proposed a time-scale transformation Wiener
process model for the cable CSADT data analysis under temperature stress. A similar transformation
is introduced in the Gamma process [10] and inverse Gaussian process models [12] for ADT modeling.
In consideration of the unit-to-unit variation, Tang, et al. [18] incorporated a random variable into the
acceleration model to capture the random effect and also used the time-scale transformation Wiener
process model for nonlinear LED CSADT data analysis under electric current stress. However, the
problem of using time-scale transformation is the implied assumption that the degradation processes
can be linearized. It may not be suitable for nonlinear ADT analysis where the degradation paths
cannot be linearized. In traditional degradation analysis, Wang, et al. [19,20] proposed a general
Wiener model which utilizes two time-scale parameters to extend the above transformation and can
solve the nonlinear degradation modeling to a greater extent. In our previous work [21], we introduced
this model into ADT analysis, but without the consideration of unit-to-unit variation.

Based on the above research, it can be concluded that the existing methods partially solve
the modeling problems of some ADT data with their applications in both the time and stress
directions. However, more efforts are still needed, especially for nonlinear ADT modeling with
multiple acceleration variables. Therefore, in this paper, a general ADT model is proposed to fill this
gap based on the Wiener process. The general ADT model will consider the unit-to-unit variation and
temporal variation of the degradation processes, and is suitable for both linear and nonlinear ADT
analyses with single or multiple acceleration variables, simultaneously.

The rest of this paper is organized as follows: Section 2 introduces the general ADT model and
derives its failure time distribution under the given stress level; Section 3 deals with the statistical
inference of unknown parameters in the proposed model for both CSADT and SSADT; Section 4 uses
one simulation example and two real applications to illustrate the superiority of the proposed method
over other existing Wiener processes for both linear and nonlinear ADT analyses; and some concluding
remarks are given in Section 5.

2. The General ADT Model
2.1. Models

The general ADT model based on the Wiener process is given by:

Mo: X (t) = u(S;n) A(£0) +0B(T(t7)), 1)
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where X(f) is the performance degradation value of product at time ¢, o denotes the diffusion coefficient,
which is assumed to be constant, B(.) is the standard Brownian motion to describe the temporal
variation of the degradation process, A(.) and 7(.) are the monotonous functions with time, 8 and -y
are the time-scale parameters to present the linear or nonlinear modeling. Without loss of generality,
the initial degradation value is set to be zero. If not, X(t) = X(t) — X(0) will be used.

For the drift coefficient 1(S;), it is assumed to be dependent with the acceleration variable S as
the acceleration model. The acceleration model for both single and multiple acceleration variables is
denoted as:

P
w(Sn) = Uoljl [¢p (s0)]™. )

If there are p acceleration variables, then § = [s1, 52, ..., sp] and # = [170, 771, ..., 1p], where s,
is the vth acceleration stress type and 7, is the vth constant coefficient. While ¢(.) is the continuous
function of acceleration variables s;, i =1, 2, ..., p. For instance, if ¢(s) = exp(1/s), Equation (2)
presents the Arrhenius relationship (exponential type); while if ¢(s) = s, Equation (2) presents the
Eyring relationship (power rule type).

Considering the unit-to-unit variation due to the inherent heterogeneity among the tested
products, the drift coefficients y(S;#) are varied from product to product. Hence, we consider it
as a random variable to present this kind of variation. Similar methods can be found in Peng and
Tseng [22], Wang [23], and Si, et al. [24]. Here, for simplicity, the coefficient 77y in Equation (2) is assumed
to follow a normal distribution with mean value a and variance b, i.e., 1790 ~N(a, b). The parameter
values should be such that Pr(u(S;%) < 0) is nearly zero to avoid negative values existing in the drift
coefficient of Equation (1). Thus, if such a random effect is not considered (b = 0), Equation (2) will
become the traditional acceleration model in Park and Padgett [25].

The attraction of Equation (1) is that it can cover two commonly used Wiener processes in the
ADT field as its limiting cases, which are:

e Casel. If A(t;) =t and 7(t;7) = t, Equation (1) is simplified to the traditional linear Wiener
process, which is widely used for ADT analysis, see [16,25-27] and so on:

My :X(t)=pu(S;y)t+0B(t). (3)

o Case2. If A(;0) = T(t;7), Equation (1) reduces to a time-scale transformation Wiener process as
in [11,18]:

My : X (t) = u(S;) T (t;y) +0B(T(£7)). )

Herein, if the time-scale transformation z = 7(f;7) is used in Equation (4), then Case 2 will become
a similar form of Case 1 as Y(z) = u(S;%)z + 0B(z).

Furthermore, if the acceleration variables in Equation (2) are set to be at normal stress levels where
u(S;n) ~N(uo, (73), Equation (1) and its limiting cases (i.e., Equations (3) and (4)) are the degradation
models used in traditional degradation analysis [19,20,28].

As described above, the general ADT model in Equation (1) can present the uncertainties from
the unit-to-unit variation (b # 0) and temporal variation of the degradation process, and can be used
in the situations with single (p = 1) and multiple (p > 1) acceleration variables for linear and nonlinear
degradation processes. For clarity, Equation (1) is named M, while Equations (3) and (4) are M; and
M. Since model M; and M, are widely used in the ADT field, in this paper, we concentrate on the
comparison of M; and M, with M to verify the effectiveness of the proposed model for both linear
and nonlinear ADT analyses.

For the evaluation of lifetime and reliability, the probability distribution function (PDF) of the
failure time should be given, which will be derived in the following section.
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2.2. Derivation of the Failure Time Distribution under the Given Stress Level

Although ADT is implemented at accelerated stress levels, the lifetime and reliability evaluation
are conducted at the given normal stress level Sy = [sgo), sgo),- -, SE,O)], where sz(,o) is the uth
acceleration stress type under normal level. Thus, the drift coefficient 1(Sp;#) follows a normal

distribution. Therefore, we simplify the notation of y(Sp;%) to u in the derivation of the failure time
distribution. From Equation (2), it is known that p ~N(po, 03), where g =a - ngl [4) (sz(,o))] T and

0)\ 12"
b [o ()
In general, the failure time is defined as the time when degradation path X(t) first exceeds the
failure threshold w, i.e., the first passage time (FPT):

T=inf{t: X(t) > w}. )

Let a time transformation z = 7(t;7); thus t = T-!(z;y). We define p(z;0) = AT Y(zZ7):0).
So, Equation (1) becomes [20]:

Y (z) = pup(z6)+0B(z), (6)
and its drift coefficient is: 4o (2:0)
Z;
K(z0) = p pdz - @)

For simplicity, let h(z;0) = dp(z;0)/dz. Under some mild assumptions, the PDF of the FPT for the
new degradation process Y(z) is (see Theorem 2 in Sj, et al. [24]):

_ . « (z: B 2
Pz (Z“’l) = \/21E (w ;L;pZ(ZIQ) + (39)) - exp (MW) . (8)

In consideration of the random effect due to unit-to-unit variation, the uncertainty of y should be
included in the PDF of the FPT. We compute the result by the law of total probability, i.e.,:

pz(z) = /Pz (zlw)p () dp. ©)

In order to explicitly obtain the formula of Equation (9), Theorem 3 of Si, et al. [24] is introduced
and modified accordingly; that is:

Theorem 1. If 4 ~N(y, ag), and w, A, B, C€ R, then:
—Bu)? BoRw+gC —Bug)?
EP‘ {(w - A‘”) - exXp ( L ZCH) )] Y, Bzag—&-c ' <w —A Boztfg-‘rg > " exp (2(((‘1]321752)@) : (10)

Therefore, we substitute Equations (8) into (9) according to Equation (10). The result is:

—o(z; 2 -0)02 2
p2 (2) = e (~ G ) - (w0 (o (z50) ) 2) MBS )y
where Q = p?(z;0)03 + 0%z.
Hence, the PDF of the FPT for the general model can be obtained by the reverse process of the
time transformation z = 7(¢;y) through Equation (11); that is:

—A(t 2 0)02w—+uo?T(t; -
P1 (D) = <) vamg P (—(w S ) ' <“’—GA“'9)J° R 7)) e, (12)

where Q = A%(t0)03+ 0?T(t7); G = A(E0) — h(T(t;7);0)T(H7).
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Supposing that A(t;0) = t? and T(t;y) = 17, Equation (12) becomes:

2
t\/27'c (03120 + 02t7) 2 (o§t¥ + o2t7) v (03120 + o2t7)

Herein, the relationship [pr(t)dt = 1 should be satisfied. Therefore, the PDF and cumulative
distribution function (CDF) of the FPT for model M, are modified as:

frt) = pr(t)/ [, pu (u) du,
Fr(t) 2[5 pu (u)du/ [, pu (u) du.

For My, i.e., A(t;0) = t and T(¢;y) = ¢, the PDF of the FPT for M is known as an inverse Gaussian
distribution [29]. Considering the random effect, the PDF and CDF of the FPT are [22,28]:

(14)

2
t — w ex o (‘*J*VOt) ,
fr®) V273 (a3t+0?) P ( 2t(o5t+0?) (15)
pot—w Qugw | 20¢w? _ 203wt+o? (jpt+w)

i = (s ) vew (M 4 17 ) o (2R )

Obviously, Equation (15) is a limiting case of Equation (14) if we substitute 6§ = ¢ = 1 into
Equation (13), where [pr(t)dt =1.

For My, i.e., A(£;0) = T(t;7), the PDF of the FPT for M) is in accordance with Equation (15) through
a time-scale transformation by replacing t into A(t;6) or T(t;y) [18,30], which is also a limiting case of
Equation (14).

In the following section, the problems of parameter estimation will be addressed for CSADT and
SSADT. After that, the PDF and CDF of the FPT at normal stress levels will be computed through
Equation (14) for the lifetime and reliability evaluation of long lifespan products.

3. Statistical Inference

With different loading profiles of accelerated stresses, CSADT and SSADT are widely used in
engineering applications. Figure 1a,b show the schematic of these two types of ADT under three stress
levels. In the left, samples are separated into different groups and tested under different constant stress
levels, i.e., S1, S and S3, while, on the right, all samples are in the same group and tested from the
lowest stress level to the highest in a step-by-step manner, i.e., S — Sy — S3. Thus, the advantage of
SSADT is that it can save the number of samples with a shorter test time [31].

A A
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Figure 1. The schematic of (a) CSADT and (b) SSADT under three stress levels.
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Herein, we provide the method for estimating the unknown parameters in CSADT. Given in
Section 2, the unknown parameter vector is Y = [0, v, 0, a4, b, 11,], v =1, 2, ..., p. The analytic
expressions of those parameters are hard to obtain directly. Hence, a two-stage maximum likelihood
estimation (MLE) method is proposed to address this issue. In the first stage, the parameters related
to the degradation process model are estimated, i.e., (01 = [0, v, ¢] in Equation (1). In the second
stage, the rest of the parameters related to the acceleration model, i.e., (2 = [a, D, 1] in Equation (2),
are given accordingly.

3.1. Estimation of Qg for CSADT

The observed CSADT data x;j is the kth degradation value of unit j under the ith stress level and
tijk is the corresponding measurement time, i=1,2,...,K,j=1,2,... ,n;,k=1,2,..., mij, where
K is the number of stress levels, 7; is the number of test samples under the ith stress level, and m;;
is the number of measurements for unit j under the ith stress level. Let Xj; = (xj1, Xij2, - - - , Xijmij)’
and t;; = (A(t;j1,0), Altij2:0), - .., A(ti]-mi]-;G))’. According to the properties of the Wiener process, the
degradation value X;; follows a multivariate normal distribution:

Xij ~ N(]/lijtij,(szij), (16)

where p;; is the drift coefficient of unit j under the ith stress level:

T (ti;y) T (bjsy) - T (t)

T (tijsy) T (tpry) - T (i)
Qij = : : . :

T(tjsy) Tltpy) T (tijmi]-}"}’)

Letu = (;411,- S TIPRRE ,yKnK). The likelihood function of the CSADT data can be easily
obtained by Equation (16) and the logarithm function is:

n; K n;
L on|o?Qyl = 32 8 (X — pty) Q" (X — pugtyy). (17)

1 i=1j=1

K K
1
uwaaﬂm:—“??Q.ﬂwf%Q
i=1j= i=1j

The first partial derivative of Equation (17) to p;; and o2 are:

ol (p,0,6,7X) _

-20-1 21
opij _Xij‘T Qij tijfﬂijtﬁj‘f Ql-]- tij, (18)

al (u,0,0,vX) 1 Koo
92 _722%2 20412%;( i — i)’ Q! (Xij — pijtis)- (19)

The maximum value of the log-likelihood function in Equation (17) is obtained when
Equations (18) and (19) are equal to zero. Thus, the estimates of f;; and o2 relying on 6 and <y are:

X QZ] 20
Hij = 7,
t,Q; "t
K u ~ I ~—1 R
;1 = (Xij — fijtis) Qi (Xij — fijtiz)
A ' @1

Zqu

i=1j=
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Substituting Equations (20) and (21) into (17), the log-likelihood function is only a function of 6
and v, i.e..:

=

n; K n; K i
; —3 L L InfoQil =3k B (X - fit) 072Q (Xy — fyty). (22)

i=1j=1 i=1j=1

0 MN

10, 7[X) = —

Thus, § and 4 can be obtained by the two-dimensional search for the maximum value of
Equation (22) [32]. Then, the estimation of fi;; and 02 can be easily computed by substituting 8
and 4 into Equations (20) and (21).

3.2. Estimation of (), for CSADT

The estimate of (), is related to the acceleration model in Equation (2). From Section 3.1,
the estimates of the drift coefficients y;; for unit j under the ith stress level are given and the

corresponding stresses are sz(]i), i=1,2,...,K,j=1,2,...,n; With the consideration of unit-to-unit
variation in Equation (2), the relationship among them is denoted as:

[4 . p . 2
o ) OAYKAS @\
oy =N (o 11 o ()] 11 o ()], @
where ;; will be replaced by its estimate f1;; from Equation (20).

T (i) _F i)\ 17 - . .
For simplicity, let (sv m,) =11 [q) (sv )} . Thus, the log-likelihood function for (); is:
v=1

nj

: (gD 2
' (a,b, o) = 5 é 1% w)) -1t 3 (=elm))” oy

EE (lnb +2In (sz@

Similar to the estimation procedure of (), we compute the estimation of 4 and b relying upon

(¢

’7v) , which are:

K n; N 2
p L B 25
EE (@) =

Then, substituting Equations (25) into (24), the 7, can be obtained by a p dimensional search
for the maximum value of Equation (24). After that, the estimates of @ and b can be given by
Equation (25), accordingly.

Q)
[
T MN
a
[N
]
2
Sl
u?
=
S
\_/
@‘)

K K
b i

i=1 i

3.3. Estimation of Qg and Q) for SSADT

The estimates of unknown parameters in SSADT are slightly different from that in CSADT. If
we divide SSADT data by the number of the stress levels K and set the initial values at each stress
level to be zero, the SSADT data can be transformed into CSADT data. For instance, in Figure 1b,
the degradation values from 0 to x; during the time interval [0 , 1] is obviously a subset of CSADT
data. For the time intervals (f1, t2] and (f,t3], a transformation will be given since the initial values of
both time and degradation value are not zero, as they are in CSADT.

Keeping this in mind, we assume that t € (t; ,t] and its corresponding degradation value is
x € (x1 ,x2]. According to the properties of the Wiener process, the degradation value x satisfies that
x — x1 ~N(ua(A(t:0) — A(ty;0)), ?(T(tyy) — T(t;7))) where yy is the drift coefficient when t € (t; , t2].
Given that ¥’ = x — x1, A/(£;0) = A(t;0) — A(t;0) and T'(t;y) = T(t;y) — T(t1;y). The SSADT data
in the time interval (t,f;] can be interpreted as a subset of CSADT data where the transferred
degradation value is from 0 to x’ during the time interval [0 , t*], where t* is A/(t;0) or T'(t;7y) accordingly.
This procedure is the same for the data in the time interval (¢,, f3].
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Following this idea, let the observed SSADT data be Xijks which is the kth degradation value of
unit j at the stress level i and tijk is the corresponding measurement time,i=1,2,... ,K,j=1,2,...,n,
k=1,2,...,mj. The transformations are given in Equations (26)—(28):

Xij1
Xij = x{jz = X(i1)jmg_y; " Lmyxas (26)
Xijm;
A
tj = Zj] ’ —A (t<’*1>im<i—1>ﬁ9) g, 7
A (fijm,-,-;(?)
T(tjy) T(tuy) o T ()
T(tjuy) T(hy) - T ()
Q; = I I : T (t(i‘l)f'”ofl)f"v) ey (28)
T (tij;y) T (hpy) - T (fijmi,;’Y)

where [, <, is the m X n all ones matrix; fgj = 0 and xgj = 0.
Then, the unknown parameters in SSADT can be given by the proposed two-stage MLE method
for CSADT, as shown in Sections 3.1 and 3.2.

4. Case Study

In this section, one simulation example and two real cases are used to demonstrate the validity
and superiority of the proposed models and methods over other existing forms of the Wiener processes
on linear and nonlinear ADT analyses.

The literature has shown that the expectation of the degradation path can be formulated by an
exponential function [33]. Therefore, the forms A(t;0) = t? and 7(t;y) = t7 will be used in this paper.
In order to compare the s-fits of model My with M; and Mj, the Akaike information criterion (AIC)
is introduced:

AIC = —2lyax + 21y, (29)

where l;x is the maximum value of the log-likelihood function in Equation (17), and 1y, is the number
of unknown parameters. The lower the AIC value is, the better the model fits.
According to Burnham and Anderson [34], it is imperative to rescale AIC to:

A; = AIC; — AICmin, (30)

where AIC,,;, is the minimum of AIC; values. Then, A = 0 for the best model, A < 2 for models having
substantial support, 4 < A < 7 for models having considerably less support and A > 10 for models
having essentially no support compared to the best models.

In addition, for illustration purpose of the fitting results, a quantile-quantile (Q-Q) plot is used
to graphically present the goodness of fit of each model on ADT data with the following standard
normal distribution:

i P A (i) ~N(1) i=12-,Kj=12--,n,k=12,--,my (31)

o/ T(tijkr)

where the plot is approximately linear if the fitting is satisfactory.
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4.1. Simulation Example

SSADT data is simulated under three temperature stress levels, T = 60 °C, 100 °C, and 120 °C,
and the normal temperature of 25 °C. The observation time interval is one hundred hours, while the
number of observations under three stress levels are 15, 10 and 5, respectively. Hence, the total test
time is 3000 h. In order to evaluate the influence of the sample size on parameter estimation and the
reliability evaluation, we conduct three simulation analyses under the sample size n = 5, 10 and 30,
respectively. The failure threshold w is 100. Without a loss of generality, the parameters are set to
bef=15,v=04, 02=0.01,a=20,b=5, and 71 = —1500. The Arrhenius model is selected as the
acceleration model, which is:

. _ M
1 (T;n0,11) = 1noexp (273'15 T T> . (32)

First, we check the normal assumption of yg at the normal stress level. Given by Equation (32)
and the parameter settings, Pr(o < 0) = 1.8720 x 10~'%, which is approximately near zero. Thus, the
non-negative assumption can be satisfied to compute the PDF of the FPT. In the following, both the
model comparison and sensitivity analysis are conducted with the abovementioned parameter values.

4.1.1. Model Comparison

Given the ADT data with different sample sizes, the relative errors (RE) of the parameter
estimation in percentage are computed by:

_ Estimated.value — True.value

RE
True.value

x 100. (33)

To investigate the variance and the bias of the estimator, the relative square error (RSE) of
parameters in percentage is also given by Equation (34):

(Estimated.value — True.value)®

RSE =
True.value?

x 100. (34)

From the above settings, My, M; and M, have 6, 4 and 5 parameters, respectively. Meanwhile,
the absolute error (AE) of the candidate model M; (i = 0, 1, 2) to the real model M, is given by
Equation (35) to quantitatively analyze the reliability evaluation results:

N

AE (Mi|Mreal) = Nitz [FT (tj’Mreal) —Fr (tj|Mi>]/ (35)
j=1

where Fr(t) is the CDF of the FPT at the normal stress level given by Equation (13), tj= 0.1,1.1,...,699.1,
for hundreds of hours in this study, N; = 700. Herein, if AE > 0, it means that model M; overestimates
the reliability evaluation results comparing with the true values, otherwise it underestimates.

Table 1 gives the estimates of unknown parameters with their REs and RSEs, and AEs of reliability
estimation for different models at different sample sizes. Figure 2 illustrates the fitting results of
each model on the simulation data when n = 10. Clearly, from /,;5» and A values at each sample size,
M is the most suitable model, then is model M,, and the worst is model M;. The reason is that the
time-scale transformation model M, can capture the nonlinear property of the degradation process to
some extent, but still perform worse than M. As to Mj, it tries to linearize the nonlinear degradation
process, which leads to dreadful fitting results and poor parameter estimation compared with the
true results.
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Table 1. Simulation example: parameter estimates with REs and RSEs in percentage (in parentheses), and AEs of reliability estimation for three candidate models

under three sample sizes.

M; n 2] Y o2 1 Linax AE
a b
5 1.491 0.273 0.0177 21.62 433 -1502 317 .
(057,33 x 1073)  (~32,10) (77,59) (8.1,0.65) (—13,1.8) (0.13,1.7 x 1074 —29x10
Mo 4, 1.502 0.381 0.0097 18.65 442 -1477 35 B
(014,20 x 104 (-47,022)  (-3.1,0.09) (—6.7,0.45) (—12,1.3) (—1.5,0.023) -12x10
0 1.501 0.352 0.0114 20.90 5.18 -1515 1898 B
(0.055,3.0 x 107%) (=12, 1.4) (14,2.1) (4.5,0.20) (3.6,0.13) (1.0,0.011) 2.7 x 10
1 (fixed) 1 (fixed) 0.0607 8.5 x 10° 7.9 x 10° -3045
5 5 . ; ; o 27 0.343
(—33,11) (150,225)  (507,2.6 x 103) (4.2 x 104, 1.8 x 107) (1.6 x 107, 2.5 x 102) (103, 106)
M 1 (fixed) 1 (fixed) 0.0579 8.2 x 10° 83 x 10° -3049
10 5 h . ., 1 1.7 0.365
(—33,11) (150,225) (479,23 x 10%) (4.1 x 104, 1.7 x 107) (1.7 x 107, 2.8 x 10'2) (103, 107)
30 1 (fixed) 1(fixed) 0.0578 9.2 x 103 1.1 x 106 -3087 55 0374
(—33,11) (150, 225) (478,23 x 10%) (4.6 x 104,2.1 x 107) (2.2 x 107, 4.6 x 101?) (106, 112) : :
1.461 =0 7.29 x 104 29.55 8.27 -1577 -
5 217 32 x 1073
(—2.6,0.068) (265, 704) (—93, 86) (48, 23) (65, 43) (5.1,0.26)
My, 1.476 =0 479 x 1074 24.54 7.64 -1544 490 i
(—1.6,0.026) (269, 724) (—95,91) (23,5.2) (53, 28) (2.9, 0.087) 42x10
1477 =0 5.87 x 1074 26.96 8.58 -1577
-3
30 (~1.6, 0.025) (269, 724) (94, 89) (35,12) (72, 51) (5.2,027) 1380 5.3 % 10
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Figure 2. The Q-Q plots for three candidate models for the simulated SSADT data when n = 10.

From the AE values in Table 1, it is known that both model M; and M, overestimate the reliability
evaluation results at normal stress levels. With the sample size increasing, the AEs for M; and M,
become larger since that they are not the right models for ADT analysis and the level of error will
be amplified when more data are available for model validation. Meanwhile, model My slightly
underestimates the reliability evaluation results from AE indexes, and the accuracies are improved by
several orders of magnitude when the sample size goes from five to 30. The results demonstrate that
model M is the most applicable model for nonlinear ADT analysis and can provide accurate reliability
and lifetime evaluation results.

Figure 3 presents the PDFs and CDFs of the FPT for models My and M, with the real values when
the sample size n = 10. It is clear that model My is closer to the real values than Mj. The mean time to
failure (MTTF) for My and M, are 8340 and 8720 h, while the true value is 8430 h. The results verify
the effectiveness of model My than M, with respect to nonlinear ADT analysis.

0.07 T T T T T T T 1

Real Real
M M

e 0.9+ o
M, M,

0.06F

0.8F

005+

0.04 +

PDFs of FPT
CDFs of FPT

0.03F

0.02F

0.01F
0.1F

IR A N . N . I L . L L L
S0 60 70 80 9 100 110 120 130 S0 60 70 80 9 100 110 120 130
Time / Hundred of Hours Time / Hundred of Hours
(a) (b)

Figure 3. The (a) PDFs and (b) CDFs of the FPT for models My and M, with the real values when
n = 10.
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4.1.2. Sensitivity Analysis

In this section, sensitivity analysis is conducted to analyze the robustness of the general model
My with different values of model parameters [6, 7, a2, 1o (i.e., a, b), #1] for the simulation example.

Here, we set the parameters’ real values to 90%, 95%, 100%, 105% and 110% as the five factor
levels. If model M) is robust, its relative error of reliability evaluation results at normal stress levels
should be as small as possible when compared with the real model M,,;. Herein, we repeated the
simulation procedure of SSADT data for N; = 100 times and n = 10 samples will be generated at each
time point. Then, the relative error for model My (RE of My) is given through Equation (36):

131
RE(Mo) ==Y =Y ‘Féﬂ (| Mo) — Ff (tj|M,eal)|. (36)
Ns = ij:l

where F% (+) is the CDF of the FPT at the normal stress level for the kth simulation.

Due to the extensive pairs of parameter combinations, say 5 = 15,625 and N; = 100 repeated
simulations, it will lead to heavy computational effort to compute the results. Thus, the orthogonal
design of experiments is introduced to reduce the number of combinations, but still be able to find
the sensitive parameters from the response (RE of M) at each factor level [35]. The orthogonal array
Ly5(5°) is selected with 25 overall tests rather than 5°.

The sensitivity analysis results are listed in Table 2, where the numbers from 1 to 5 refer to the
first to fifth factor levels of the real values. For instance, in Test No. 1, the values are all 1, which
means that 90% of all of the real values will be used to compute the corresponding response, which
is 0.026812. The means of the responses for the five factor levels are listed at the bottom of Table 2,
ie, MRj,j=1,2,...,5. The absolute biases are then calculated through § = max(MRj) — min(MRj)
which presents the influence of each parameter to the RE of M. From Table 2, it is known that the
sensitivity of the parameters is ranked as 6 > b > 171 > v > 02 > a for the simulation study. Hence, special
attention should be given to those parameters when using them for reliability and lifetime evaluation
at normal stress levels. Furthermore, the absolute bias ¢ ranged from 0.01806 to 0.05734, indicating
that model M is quite robust for lifetime and reliability evaluation.

Since the parameters a and b contribute to the normal drift coefficient y9, we may be interested in
the performances of M, on a wide range of the coefficients of variations (CVs). Five new factor levels
are given to a and b with other parameters fixed, i.e., 20%, 60%, 100%, 140% and 180%. Twenty five
tests were conducted with Ny = 100 repeated simulations according to the values at the first three
columns in Table 2. The results are shown in Figure 4. As we can see, the relative errors of My remain
as significantly lower values than 0.05 with the CVs ranging 0~0.25. While the relative errors rise to
the values around 0.3 with the CVs ranging 0.25~0.75, the robustness of M| is still shown.

04
0.35
03

s 025 .

=

Y 02

ﬁ 0.15

0.1

0.05 ‘ﬁ o o080
0 [ W YT

oV

0 02 04 0.6
CV

Figure 4. The correlation between CVs and RE of M.
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Table 2. Sensitivity analysis of My with five levels of parameters through the orthogonal array Lo5(5°)

and Taguchi analysis.

Test No. ) v o2 o m RE of M,
a b
1 1 1 1 1 1 1 0.026812
2 1 2 2 2 2 2 0.049430
3 1 3 3 3 3 3 0.076352
4 1 4 4 4 4 4 0.107904
5 1 5 5 5 5 5 0.149784
6 2 1 2 3 4 5 0.101002
7 2 2 3 4 5 1 0.017453
8 2 3 4 5 1 2 0.005818
9 2 4 5 1 2 3 0.042759
10 2 5 1 2 3 4 0.068059
1 3 1 3 5 2 4 0.014726
12 3 2 4 1 3 5 0.060681
13 3 3 5 2 4 1 0.032238
14 3 4 1 3 5 2 0.018415
15 3 5 2 4 1 3 0.006743
16 4 1 4 2 5 3 0.019738
17 4 2 5 3 1 4 0.008050
18 4 3 1 4 2 5 0.010650
19 4 4 2 5 3 1 0.053845
20 4 5 3 1 4 2 0.031300
21 5 1 5 4 3 2 0.053440
2 5 2 1 5 4 3 0.044617
23 5 3 2 1 5 4 0.021416
24 5 4 3 2 1 5 0.009040
25 5 5 4 3 2 1 0.061280
MR1 008206 004314 003371 003659  0.01129  0.03833 T =1.09155
MR?2 0.04702 003605 004649 003570  0.03577  0.06138
MR3 0.02656 002929 002977  0.05302  0.06248  0.03804
MR4 0.02472 004639 005108  0.03924  0.06341  0.04403
MR5 0.03796 006343 005725 005376  0.04536  0.06623
5 0.05734 003414  0.02748 001806  0.05212  0.03455
Rank 1 4 5 6 2 3

4.2. Real Applications

In the next two sections, two real ADT applications are used to further illustrate the advantages
of My over M; and M for both linear and nonlinear ADT analyses.

4.2.1. LED Application

Light emitting diodes (LEDs) have the merit of longer lifetime, lower power consumption, and
higher brightness than traditional light sources and, thus, are widely used in the area of lighting
systems. The CSADT for LEDs is conducted under two electric current levels: 35 mA and 40 mA.
The normal stress level is 25 mA. Twelve LEDs are tested at each stress level and the degradation
data are recorded at 50, 100, 150, 200 and 250 h. The LED will be considered to have failed when
the relative degradation value of the light intensity exceeds w = 50. For the original data, refer to
Chaluvadi [36] (Table 6.3). Figure 5 shows the degradation paths for the twenty-four tested samples
under two stress levels.
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Figure 5. The degradation paths for twenty four LEDs under two electric current levels: (a) 35 mA and

(b) 40 mA.

In [36], a linear model is used to extrapolate the pseudo-failure time of each LED at two stress
levels. Then, the inverse power law is used to determine the relation between the failure time data
and the electric current stresses. This procedure is similar to model M; in our approach. As we can
see from Figure 5, the tested LEDs experience nonlinear degradation paths. Therefore, a linear model
like My may not be appropriate for ADT analysis in this case. Thus, we use model Mj to fit the data
and compare the results with model M; and M, to verify its effectiveness on nonlinear ADT analysis.

The inverse power model is used as the acceleration model, i.e.,:

u (Lo, i) = nol™.

(37)

Table 3 gives the estimates of unknown parameters according to the procedure in Sections 3.1
and 3.2. It can be calculated that Pr(zo < 0) = 6.1870 x 1071, which verifies that there is no danger
of there being any negative drift coefficient. Figure 6 presents the fitting results. It is obvious that
model My is the most applicable model with the maximum log-likelihood and lowest AIC value, which
is the same as the fitting results. As with the linear model M;, the fitting results are worse than the
other two models. Thus, the linear model in [36] is not appropriate for the LED application, while the

performance of model M; lies between model My and M;.

Table 3. LED application: parameter estimates for three candidate models with random drift coefficients

(b #0).
Model ) % o2 o M Ipex " AIC A
a b
Moy 0.442 0.117 73.784 0.273 0.0018 0677 =310 6 633 0
M, 1 (fixed) 1 (fixed) 0761 1.69x107°® 562x1071% 3112 38 4 78 152
M, 0.450 =0 5840 352x107° 243x10711 3112 317 5 644 11




Materials 2016, 9, 981 15 of 20

2r Sr 251
4+
1.5 2F
4 +
1r 15F
+
3r + f
o 05 3} ' o Ir T/
= = i = ry
g g / g i/
< ] +/ < /
n oot «n /
é 0F ‘é- f ‘é- 0.5 ;
K] K| K| 4
G G G
3] 5] 5]
£05F 5L 8 0F
< < <
= = =
<t 4 S ost
oF i
# / [+
1.5F + 1k / q‘#
/ ¥
s
+
2 -1.5F +
+
25 1 ] 2 1 1 2 + 1 1
-5 0 5 -5 0 5 -5 0 5
Standard Normal Quantiles Standard Normal Quantiles Standard Normal Quantiles
M M M

0 1 2

Figure 6. The Q-Q plots for three candidate models for the LED data.

Additionally, as shown in Table 3, the b values are close to zero, which suggests a deterministic
drift coefficient without the consideration of unit-to-unit variation. Hence, we consider this situation
(b = 0) for all three models. The parameters are estimated through a one-stage MLE (see Table 4).

Compared with the AIC values in Tables 3 and 4, it can be concluded that the models considering
unit-to-unit variation (b # 0) fit the LED data better than without consideration (b = 0), which indicates
the presence of such variation. Additionally, among the three models, M should be selected for the
LED ADT data analysis with the lowest AIC value.

Table 4. LED application: parameter estimates for three candidate models with deterministic drift
coefficients (b = 0).

Model 0 0% o? Mn=a 1 Imax np AIC A
My 0.448 0.171 45.429 0.012 1.179 -314.6634 5 639 0
M 1 (fixed) 1 (fixed) 0.776 8.67 x 1077 3.297 -389.7358 3 785 146
M, 0.4477 =0 6.238 1.83 x 1075 3.297 -319.9119 4 648 9

The PDFs of the FPT for different models (b # 0) at normal stress levels are shown in Figure 7.
The MTTF for My, M1, and M, are 1167.2, 1345.0, and 13,169.2 h, while the 95% confidence intervals
are [202.1, 3459.1], [364.1, 3744.1], and [1660.1, 52,787.1] h, respectively. However, the estimated
lifetime using the degradation-path model in Chaluvadi [36] (p. 103) is 1346 h. It is interesting to see
that the intervals of My and M, can capture this value to show the consistency of evaluation results
under different models, while M, computes significantly larger values, meaning that model M, is
unreliable. A reasonable explanation may be that the time-scale transformation is inapplicable for the
nonlinear ADT analysis for LEDs. With respect to model Mj, its lifetime evaluation results are closer
to model M, although it fits worse on the ADT data than model M,. In Tang, et al. [18], the time-scale
transformation model M is used to analyze the same set of data and their 95% confidence interval
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is [1672, 53,466] h, which, however, is also not valid in the LED case, as discussed. For the proposed
model My, its evaluation results are reliable with the best nonlinear ADT data fitting.

< 10° <107
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(o] (o]
£ 2 e
3
3
B
- 2
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Time / Hour Time / Hour <10*

(a) (b)

Figure 7. The PDFs of the FPT for different models in the LED case: (a) for My and M, (b) for M;.

4.2.2. Resistor Application

Carbon-film resistors are a fixed-form type of resistor and have superior characteristics to carbon
composite resistors in terms of much closer tolerances, higher maximum ohmic values, and being
used in high voltage and high temperature applications. Thus, the resistance of such a resistor is
affected by the temperature (s1) and applied voltage (s). Hence, in order to evaluate their lifetimes,
the CSADT is conducted under nine constant stress levels with two acceleration variables, i.e., s; = 3.5,
4.0 and 5.0 in hundred Kelvin, s, = 10, 15 and 20 volts. The normal stress level is s; = 3.2315 and s, = 5.
Ten resistors are tested at each stress level. For more details about the description of resistor data,
readers are referred to Park and Padgett [25]. The original data is modified to ensure that the initial
degradation values are equal to zero and the threshold w is, therefore, set to be 0.2. The CSADT data
at the first stress level is presented in Figure 8. It is clear that the degradation processes follow linear
paths which are the same as the data in other stress levels.
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Figure 8. The degradation paths for ten resistors in CSADT (s = 3.5 and s, = 10).
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Regarding the acceleration model with the unit-to-unit variation, the following model with two
acceleration variables is used [25]:

1 (51,52 M0, 11, 2) = 1ot - €22, (38)

Table 5 presents the estimates of the unknown parameters for different models on resistor CSADT
data. We also calculated that Pr(yg < 0) = 6.0094 x 10~%, which verifies that there is no danger of there
being any negative drift coefficient. Intuitively, compared with M; and M, model My displays the
best fit with the maximum log-likelihood value and minimum AIC value. However, according to
the A values, there is substantial support for model M, and considerably less support for model M;.
The fitting results for the different models are shown in Figure 9, which imply that the performances of
those models are similar in the resistor case since that the degradation paths are approximately linear.

4r 4r 4r
+
+ +
3 3 3
o 2 o 2 o 2
a = =
£ e £
5 5 5
7 72 7
= 1k 2 1k = 1t
=} = 5
c. o c.
& = :
c (= [=]
l",‘ 0F é 0F L‘_’, 0F
3 3 3
o4 (o4 (o4
1+ -1} 1+
-2 -2 -2
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
Standard Normal Quantiles Standard Normal Quantiles Standard Normal Quantiles
M

o T 2
Figure 9. The Q-Q plots for three candidate models for the resistor data.

Table 5. Resistor application: parameter estimates for three candidate models with random drift
coefficients (b # 0).

Model 0 Y o2 o m 2 Linax np  AIC A
a b

My 1.076 0918  3.02x107% 896 x107* 419x10°8 0462 0108 1698 7 -3383 0
M;  1(fixed) 1 (fixed) 259 x 1074 0.0012 7.02 x 1078 0440 0.102 1694 -3378 4.8
M, 1.046 =0 235 x 1074 0.0010 512 x 1078 0451 0.106 1697 6 -3381 1.6

a1

Herein, we also checked the models without the consideration of unit-to-unit variation. The results
are listed in Table 6. Compared with the results in Table 5, it can be seen that models with the normal
drift coefficients (b # 0) have lower AIC values, which means that the unit-to-unit variation should be
considered. It is also interesting to see that, from Table 6, M is the best model with a deterministic
drift coefficient, while supports are given to the other two models.

We may also be interested in whether My can be simplified into M, with the assumption (0 = y)
since M, has substantial support. Hence, the likelihood ratio (LR) test is implemented with the
log-likelihood values in Table 5. The resulting LR statistic is 3.57 (<X%,0.05 = 3.84). Thus, we accept the
assumption and choose M.
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The PDFs and CDFs of the FPT for different models are given in Figure 10a,b, which are almost
identical with the MTTF at around 2400 h, and the PDF of the FPT for model M), is slightly sharper
than that of M; and M.

Table 6. Resistor application: parameter estimates for three candidate models with deterministic drift
coefficients (b = 0).

Model 0 0% o? o=a il 12 Imax np,  AIC A
My 1.020 0.9498 3.33 x 1074 0.0011 0445 0.104 1647 6 -3282 2.7
My 1 (fixed) 1 (fixed) 3.02 x 1074 0.0012 0.439 0.103 1646 4 -3284 0
M, 1.008 =0 297 x 1074 0.0011 0.442 0.103 1646 5 -3283 1.8
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Figure 10. The (a) PDFs and (b) CDFs of the FPT for three candidate models in the resistor case.

Comparing Section 4.1 with Section 4.2, it can be concluded that the proposed method can be
effectively used for ADT analysis for both linear and nonlinear scenarios with single and multiple
acceleration variables.

5. Conclusions

This paper has proposed a general ADT model based on the Wiener process and provided
statistical analysis methods for unknown parameter estimation. The general ADT model is suitable for
both linear and nonlinear ADT analyses, with single and multiple acceleration variables, and considers
the unit-to-unit variation among the tested samples and temporal variation of the degradation
processes simultaneously. The simulation example demonstrates that the general model is robust with
respect to ADT analysis and its reliability evaluation results become more accurate when the sample
size increases. Furthermore, the LED and resistor cases have verified its effectiveness and superiority
to real engineering applications over the commonly used linear and time-scale transformation Wiener
process models, which not only fit well with the degradation data at all accelerated stress levels,
but also computes reliable lifetime and reliability evaluation results.
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This study focused on the modeling procedure for ADT data based on the Wiener process.
However, other methods, e.g., the Gamma or inverse Gaussian processes, are worth further research
when the degradation paths are monotonic.
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