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High reliability and long service life have become the development goals and urgent needs of
equipment research and development, especially for important equipment and major projects,
which put forward new challenges to the traditional reliability technology. As an effective means
to support the high reliability and long life of equipment, accelerated testing (AT) technology
has become a hot research topic. On the basis of AT application demand analysis, the technical
system of AT is proposed. The current state of research on modelling and analysis methods for
AT is reviewed and analysed from five aspects: modelling and analysis of accelerated life tests
(ALTs) with a single failure mode, modelling and analysis of accelerated degradation tests
(ADTs) with a single failure mode, modelling and analysis of ALTs with multi-failure modes,
and modelling and analysis of ADTs with multi-failure modes. And finally, future research
directions for techniques related to modelling and analysis of ATs are envisioned.

Keywords: accelerated test, modelling analysis, accelerated life test,

accelerated degradation test, reliability

1. Introduction

With the progress of science and technology, the reliability and
life of the product requirements are getting higher and higher.
At the same time, the contradiction between the user’s expect-
ation of high reliability and long life of the equipment and the
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equipment manufacturer’s requirement of short development
cycle and low development cost is becoming more and more
prominent. Therefore, the efficient growth and evaluation of
equipment life and reliability has become an urgent problem
to be solved. The emergence of accelerated test (AT) techno-
logy makes it possible to solve this problem.

The basic principle of AT technology is to accelerate the
performance degradation or failure process of the specimen by
increasing the test stress level under the premise that the failure
mechanism remains unchanged. On one hand, the failure time
or performance degradation data under accelerated conditions
are obtained, which are converted to the normal (on-site) state
by mathematical modelling to validate or evaluate or predict
equipment life under normal stress level [1-4]. On the other
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Figure 1. Accelerated test vs. traditional reliability test.

hand, product defects are quickly stimulated and thus to realize
highly efficient reliability growth through design or process
improvement on the one hand [5].

The relationship between AT and traditional reliability test-
ing methods is shown in figure 1. Highly accelerated stress
screening corresponds to traditional environmental stress
screening (ESS), which is mainly applied in the production
stage to quickly expose various manufacturing defects of
products in the production process and eliminate products with
early defects. Highly accelerated life test (ALT) is applied to
the development stage to realize efficient reliability growth,
which is called reliability enhancement test by Boeing when
applying this technology [6, 7], and this term is widely used
at present. Reliability enhancement test corresponds to the
traditional reliability growth test, which can provide highly
reliable growth technology for high reliability and long life
engineering.

ALT corresponds to traditional reliability demonstration
test. An ALT is a test method based on sound engineering
and statistical assumptions which utilizes a statistical model
related to physical laws of failure to transform reliability
information generated in a short time by an economical and
accurate method to quantitative repeatable estimates of a part’s
reliability characteristics when it is operated at rated stress
levels [8]. Accelerated degradation test (ADT) is a devel-
opmental branch of ALT, which analyses degradation data
of equipment performance. This test can overcome the dif-
ficulties of zero failure in the application of ALT and has
a broad application prospect. ALT and ADT provide long-
life prediction and validation techniques for high-reliability
and long-life products. Due to the use of accelerated stress,
the life course of the product is greatly compressed, and
thus early assessment can be realized before the expiration
of the product’s service life, and the prediction ability is
strong. Therefore, AT technology has become an inevitable
requirement for product life assessment under time and cost
constraints.

This paper is focused on ALT and ADT techniques, the pur-
pose of which is the assessment and prediction of product reli-
ability and life. AT appearing in the following text refer to ALT
and ADT unless otherwise specified.

AT can be categorized into ALT, ADT, AT with a single
failure mode, and AT with multi-failure modes according to
the type of failure mode of the product under test. ALTs are
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Figure 2. Types of stresses for accelerated tests.

mainly for products with sudden failure mode, in which the
data obtained are failure time data. ADT is mainly for products
with degradation failure mode, in which the data obtained are
performance degradation data. In the AT with a single failure
mode, only one failure mode occurs. In the AT with multi-
failure modes, two or more failure modes occur in the product.
The AT for this type of product is called AT with competitive
failure modes, in which the test data may have both failure
time and performance degradation data. ALT and ADT can
be regarded as special cases of ATs with competitive failure
modes.

According to loaded stress with time in the AT, the AT
can be divided into constant stress AT (CSAT), step stress
AT (SSAT), and variable stress AT (VSAT) [2], as shown in
figure 2. SSATs include step-up stress ATs (shown as a solid
line in the figure) and step-down stress ATs (shown as a dashed
line in the figure).

The constant stress acceleration test is relatively simple to
perform, analyse data, and the life assessment results are more
accurate. SSAT can make the sample failure faster, and the
required sample size is less, but the accuracy of the life assess-
ment results is not as accurate as the constant stress test. VSAT
is very demanding on equipment, and the data analysis is very
complex. So it is rarely used in practical applications. SSAT
can be considered as a special type of VSAT.

After the AT technique was proposed, it has received a great
deal of attention due to its outstanding advantages in reliability
and life assessment and validation, and the researchers’ studies
have mainly addressed the following issues:

(1) Modelling and data analysis of AT

Modelling and analysis methods of AT occupy an important
position in AT research. Many researches in this field focus on
this issue, mainly studying the data analysis methods of ATs
for products with different failure types, such as sudden fail-
ure, degradation, single failure, multiple failure, etc. The main
questions are studied including how to improve the accuracy
of reliability and life assessment, and how to make the meth-
ods easy to apply in engineering practice.

(2) Validity of the AT

The validity of the AT refers to that test data of products can
be obtained in a relatively short period of time by the AT to
achieve product lifetime assessment, and there are good agree-
ment between the results of the lifetime assessment and its
actual operational lifetime. The issue of validity is currently
a hot spot in AT research and application, as well as a bottle-
neck in solving the engineering applications of ATs in a wider
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range of fields. In this problem, it is necessary to investigate
how to check the consistency of the failure mechanism of the
specimen in AT with that in service conditions to ensure that
the modelling analysis prerequisites are valid.

(3) Optimal design of AT

The optimal design of the AT is the inverse problem of the
modelling analysis, which studies how to design the test under
the given constraints (stress range, test cost, etc) in order to
obtain the accurate estimation of various parameters of reli-
ability. Optimal design can be described as a constrained
extremum problem. The optimization objective is the accur-
acy of parameters estimation of reliability under use condi-
tions. The constraint is the test cost including sample size and
test time, etc

(4) Engineering applications of AT

It has become a challenge to be solved how to use AT model-
ling analysis method to achieve its life prediction and reliab-
ility assessment in engineering practice due to complex struc-
ture and diverse service conditions of products. It is neces-
sary to research and solve a series of problems such as how
to design the AT program for a specific product object, how
to carry out AT’ to obtain test data, how to model and analyse
the data to obtain the results of the prediction and evaluation
of reliability and life, how to analyse the validity of the results,
and so on.

This paper mainly reviews the current research status of
modelling and analysis of ATs. Section 2 summarizes the
research related to modelling and analysis of ATs with a single
failure mode. Section 3 summarizes the current research status
of modelling and analysis of ATs with multi-failure modes. In
section 4, future research trends for techniques related to mod-
elling and analysis of ATs are envisioned. Section 5 concludes
the paper.

2. Modelling and data analysis of AT with a single
failure mode

2.1. Modelling and data analysis of ALT with a single failure
mode

2.1.1. Modelling and data analysis of CSALT with a single fail-
ure mode. Due to the relative simplicity of the CSALT
method, modelling analysis of CSALT with a single fail-
ure mode was first studied. It mainly focuses on how to
improve the accuracy of statistical analysis. Hirose studied the
nonlinear problem in the accelerated model, and introduced
the threshold stress in the accelerated model to improve the
model, which improved the accuracy of the constant stress test
analysis [9]. Watkins investigated analysis method of the max-
imum likelihood estimation (MLE) for CSALT under Weibull
distribution and constructed a simplified numerical solu-
tion model for easy engineering applications [10]. Bugaighis
investigated the effect of the type of censorship (time censor-
ship or type-I censorship, failure censorship or type-II cen-
sorship) on the MLE of the Weibull log-linear model [11].
McLinn introduced constraints between the life distributions

at each stress level, which led to an improvement in the accur-
acy of the statistical analysis [12]. Wang and Kececioglu fur-
ther discussed the parameter constraint problem and proposed
three models, 0, I and II, to model the parameter constraints
and established the WK-MLE numerical solution method [13].
Kumar and Nassar established analysis methods for cases
where the lifetime of a product at a constant stress level fol-
lows the generalized inverse Lindley distribution [14, 15]. Wu
et al discussed interval estimation of the two-parameter expo-
nential constant stress ALT model under Type-II censoring
[16]. Smit and Lv proposed Bayesian analysis methods for
the Eyring—Weibull model and constrained randomization in
CSALT, respectively [17, 18]. Zhang et al, proposed a two-
step analysis method based on constructive data for CSALT
under Weibull distribution to solve the problem of the sensitiv-
ity of the initial value of the iterative algorithm for MLE, which
improves the accuracy of modelling and analysis and avoids
the process of table checking, and is easy to be applied in
engineering [19].

2.1.2. Modelling and data analysis of SSALT with a single fail-
ure mode.  The original step stress test method was the step
load method applied in mechanical durability tests (e.g. fatigue
tests) [20]. The advantage of the step-stress test is that this AT
method reduces the requirement for the number of specimens
and has a higher acceleration efficiency than the constant stress
test.

With the exception of the initial stress level of the test, the
single failure mode of a test unit from a step-stress test is gen-
erally the result of the combined effect of several different
accelerated stress levels. So how to separate the product life
information under each accelerated stress level from such fail-
ure data is a key issue in the modelling analysis of step-stress
tests. In 1980, Nelson proposed the famous cumulative expos-
ure model (CEM), also known as the Nelson CEM, Nelson’s
model or Nelson’s principle [21]. According to the CEM, the
test times of products under different accelerated stress levels
can be converted to each other, thus making a breakthrough
in the statistical analysis of step-stress test. At the same time,
Nelson also statistically analysed the failure data of cable insu-
lation materials under step-stress test, and obtained the estim-
ation of life distribution parameters under normal stress level
through the MLE method.

On the basis of Nelson’s theory, the research work on the
modelling analysis method of the SSALT has made great pro-
gress. Tyoskin and Krivolapov studied the interval estimation
of parameters of the SSALT, and established a nonparametric
model for the solution [22]. Tang and Sun proposed the linear
CEM (LCEM) to improve the Nelson model to solve the prob-
lems of no-failure data in step-stress level, and investigated
the application of LCEM in the analysis of SSALT [23]. Mao
gave a method for statistical analysis of SSALT under expo-
nential distribution by utilizing the properties of ordered stat-
istics in exponentially distributed occasions [24]. Ma and Li,
studied the statistical analysis of SSALT under lognormal dis-
tribution, and improved the MLE statistical analysis method
of SSALT, which overcame the difficulty of MLE to find
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Figure 3. Cumulative failure probability function for test samples
in SDSALT and SUSALT respectively.

the multivariate function’s optimum value, and made the ana-
lysis steps flowed [25]. Wu and Cheng studied the statistical
analysis of SSALT with Weibull distribution, and discussed
the deterministic and uncertainty relationship in the analyt-
ical problem, which improved the complexity of the algorithm
[26]. Xu and Fei studied the modelling and analysis method of
censoring type II SSALT with Weibull distribution and accel-
eration model of inverse power law, and obtained the point and
interval estimation of the model parameters, and conducted a
simulated comparative study on the analytical accuracy of the
MLE and the inverse moment estimation [27]. Wang proposed
anonlinear mixed effect model with the assumption of Weibull
distribution for life time data analysis from SSALT to con-
sider the random effects from the group-to-group variation, in
which both MLE and Bayesian inference are introduced for the
estimation and prediction of model parameters as well as other
statistics of interest [28]. Smith et al proposed a novel bino-
mial damage model for ALT, which establishes the relation-
ship between damage or life and stress through the binomial
probability parameter. Specifically tailored to address failures
caused by discrete (shock-based) stresses during a product’s
life, such as the dropping of a handheld device, this model
provides a probabilistic framework to capture these specific
occurrences [29].

On the basis of SSALT method, Zhang proposed the step-
down-stress ALT method, and thoroughly studied the test effi-
ciency, modelling and analysis methods and carried out exper-
imental validation, which showed that the step-down-stress
ALT can further improve the ALT efficiency significantly
while ensuring the accuracy of the reliability estimation of
the product [30]. Here the test efficiency is measured by the
test duration ¢ under the same test setting. The shorter ¢ is,
the higher the efficiency. The test efficiency of the step-down
stress ALT (SDSALT) method is significantly better than that
of the step-up stress ALT (SUSALT) method for the same test
stress level setting with equal sample size, and equal censoring
failures under each stress levels, as shown in figure 3. From
the figure, it can be seen that the time (7;) required for the
SDSALT to achieve the same failure probability is signific-
antly less than the time (7,) for the SUSALT.
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In the modelling and analysis of the SSALT, the complexity
of the algorithm and the non-processing are the main problems
at present. These two problems make the engineering applica-
tion of the SSALT more difficult and make it difficult to real-
ize the software programming of the statistical analysis, which
reduces the value of its engineering application.

2.1.3. Modelling and data analysis of VSALT with a single
failure mode.  The loading stress in VSALT changes con-
tinuously with time, which can stimulate the specimen to
fail faster, thus further improving the efficiency of the ALT.
The simplest VSALT is the progressive stress ALT (PSALT).
Due to the advantages in acceleration efficiency, the PSALT
method has been gradually applied to the ALT, and has
developed into a basic test method.

Yin and Shen derived the life distribution function of
product under PSALT when the life distribution under design
constant stress follows an exponential or a Weibull distribu-
tion and gave the MLE of the parameters [31]. It is pointed out
in [31] that the MLE of the PSALT does not necessarily exist,
and the test data are required to satisfy certain constraints even
for exponentially distributed occasions. Lin and Fei gave the
statistical inference of the PSALT for the Weibull and lognor-
mal distributions, which applied on solid tantalum electrolytic
capacitors [32]. Ma and Ge deduced the life distribution func-
tion of product under PSALT under lognormal distribution,
and gave the statistical analysis method for this occasion [33].
Wang and Wang also studied the statistical analysis of PSALT
with lognormal distribution [34]. Xu discussed the parameter
estimation of multi-group of PSALT with Weibull distribution
using a rather simple calculation method [35]. In response to
the problem of unsolved cases in the analytical method in [32],
Tang and Fei proposed a new method for the parameter estim-
ation of the PSALT and developed a corresponding software
package in C language [36].

Products in most equipment generally are exposed to cyc-
lic stresses during operation or storage stage. For instance,
car bearings experience repetitive forces while in use; air-
craft electronics are exposed to fluctuating temperatures
because of changing sunlit and shaded regions; and out-
door mechatronic devices face temperature fluctuations due
to daily and seasonal cycles. Clearly, it is illogical to eval-
uate the lifespan and reliability of these products through
the application of the aforementioned fundamental ALT
techniques.

A cyclic stress ALT (CySALT) offers a more precise and
efficient approach for predicting the lifespan and reliability of
products under cyclic stress conditions. In this test, the spe-
cimen is subjected to recurring stress cycles. CySALT has
dual benefits: (1) it can mimic the real-world cyclic stress pat-
terns that products endure, using these cycles as an accelera-
tion factor. This enhances the validity of the test results and
improves the accuracy of the predictions. (2) By fine-tuning
the cyclic stress parameters, CySALT can be conducted more
efficiently, which can substantially decrease both the cost and
duration of the testing process.
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Cui proposed a temperature CySALT method coupled
with the Coffin—-Manson-based model to offer a robust
framework for predicting the reliability of electronic equip-
ment packaging [37]. By quantifying the acceleration factor
and activation energy for via cracking, this approach enables
more informed decisions in the design and testing of electronic
packaging to mitigate failure risks.

Shohji et al performed thermal cycling tests on chip-level
package solder joints under various conditions, revealing that
microstructural coarsening and solder joint fractures were
observed at temperatures reaching approximately 100 °C,
with the thermal fatigue life adhering to the modified Coffin—
Manson equation [38]. In contrast, when the maximum tem-
perature was room temperature and the temperature range was
minimal, solder joint fractures occurred without microstruc-
tural coarsening, and the thermal fatigue life deviated from
the modified Coffin—Manson equation. Zhu et al proposed a
method of reliability estimation for one-shot devices under
CyALT by the integration of the Norris—Landzberg model with
the Birnbaum—Saunders distribution offering a more nuanced
understanding of their performance under varying cyclic tem-
perature conditions [39].

Wang studied CyALT method for mechatronic products
including test protocol and its critical parameters, methodo-
logy for modelling and analysing CyALT data, and a case
study, which can offer technical guidance for assessing the
lifespan and reliability of mechatronic products under condi-
tions of cyclic stress [40].

Compared with the CSALT and the SSALT, the accelera-
tion efficiency of the VSALT is undoubtedly the highest, but
its statistical analysis is the most complicated, and its applica-
tion is greatly limited. In addition, the VSALT requires a spe-
cialized device to generate the required stress, which makes
the application difficult.

2.2. Modelling and data analysis of ADT with a single failure
mode

In ADTs, the amount of product degradation at different
moments can be obtained, and when the amount of degrad-
ation exceeds a specified threshold, the product is considered
to have failed. Therefore, these degradation data can provide
useful information for estimating product reliability. The use
of degradation data instead of failure time data for reliability
or life assessment has the following advantages: (1) for many
products, degradation is a natural attribute, and degradation
data can be obtained by monitoring their performance data
regardless of whether or not a failure occurs; (2) degradation
data can be applied to situations where there are only a few fail-
ures or zero failures, and can provide more information than
the failure time data (reduced information lost from failure
time data); (3) ADT can yield more accurate life estimates than
ALT with very few failures or zero failures; and (4) degrada-
tion data can provide more information about the degradation
process, which can help us to discover a mechanistic model
between degradation and accelerated stress [41].

Accelerated degradation modelling assumes the following:
(1) the progress of product’s degradation is irreversible; (2)

one accelerated degradation model corresponds to one degrad-
ation process, mechanism, or failure mode; (3) the perform-
ance of test specimen prior to the start of ADT can be ignored;
(4) the failure mechanism under high stress level is the same as
that under the design or conventional use stress level [2, 42].

According to the degree of understanding of the degrada-
tion mechanism of product performance, accelerated degrada-
tion models can be categorized into two basic types: physics-
based and statistics-based accelerated degradation models
[43-45].

(1) Physics-based accelerated degradation models. If the
degradation mechanism of a product is well understood,
then a physics-based accelerated degradation model can be
developed to evaluate the reliability of the product. This kind
of model contains some parameters which are random vari-
ables, and the derivation of the reliability function through
these random variables may be very difficult or complicated.
So the analytical form of the reliability function expression
can not be obtained in general for this kind model.

Nelson analysed the degradation data of an insulating
material under different stress levels, and used the acceler-
ated degradation model to describe the relationship between
the absolute temperature of the material and the breakdown
voltage versus time [46]. Carey and Koenig assumed that the
relationship between the maximum degradation and the abso-
lute temperature of an integrated logic family can be described
by an Arrhenius model, and then estimated the model paramet-
ers using a MLE approach, and finally used this model to pre-
dict the maximum degradation of a product operating at room
temperature enabling reliability assessment of the integrated
logic family [47].

Tseng analysed the manufacturing process of a mercury
lamp and determined that the main factors affecting its degrad-
ation were the concentration of mercury in the lamp and
the concentration of argon gas, and obtained an accelerated
degradation model for this mercury lamp [44]. Meeker and
Hamada discussed the general model of univariate degrada-
tion process, and they classified univariate degradation pro-
cesses into three types: linear degradation, convex degrada-
tion, concave degradation [48]. Feinberg and Widom studied
the Arrhenius theorem in depth and gave a time-dependent
model of thermally activated energy to relate the model para-
meters to the catastrophic failure, which showed that the
Arrhenius degradation behaviour generally obeyed the lognor-
mal distribution [49]. Chuang et al described the kinetic mod-
elling of LED degradation [50]. Meeker et al discussed the
degradation model and method based on degradation data to
derive product reliability and compared the degradation test
method with the traditional life test method [51].

(2) Accelerated degradation models based on statist-
ical data. The statistical data-based accelerated degradation
model is more applicable in engineering because it describes
the accelerated degradation data with a statistical model.
However, since the statistical data-based model is generally
based on the assumption that the degradation trajectory curve
is linear and the standard deviation of the degradation dis-
tribution is constant, the statistical data-based degradation
model is only valid for a constant stress level. Lu and Meeker
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employed a nonlinear mixed-effects model and applied a two-
step analytical approach to calculate the time-to-failure at vari-
ous percentiles [52]. Additionally, they leveraged Monte Carlo
simulations to determine point estimates and construct confid-
ence intervals for the reliability assessment. They gave a gen-
eral trajectory model that includes fixed-effect parameters that
are applicable to all products and random-effect parameters
that only describes the characteristics of degradation of indi-
vidual products. Yang and Yang proposed a method of ADT
with tightened critical values by considering more life data
can be obtained by tightening the critical value [53]. They
modelled the relationship between life and critical value and
stress to estimate the life distribution at a usual critical value
and design stress by MLE. This approach assumes that the
degradation trajectory is linear and the degradation follows a
normal distribution. Lu gave a model with random regression
coefficients and standard deviation functions to analyse linear
degradation data from semiconductors [43]. Tang and Chang
developed a model for non-destructive accelerated degradation
data which were collected from power supply units [54]. Tseng
et al used a simple linear regression with random coefficients
to model the luminosity degradation of fluorescent lamps [55].

Many scholars have paid much attention to the modelling
and analysis of degradation data. Nelson studied the life time
distribution based on the performance degradation relation-
ship, and gave a complete description of the ADT, including
the scope of application, statistical modelling, and data ana-
lysis methods [2]. Nachlas introduced a comprehensive model
for predicting degradation acceleration under thermal cycling
conditions, potentially aiding in the development of ADT and
ESS methodologies [56]. However, empirical data and prac-
tical case studies are required to affirm the model’s accuracy.

Meeker et al gave the analysis methods of accelerated
degradation data, and they assumed that the degradation data
can be described by a mixed-effects nonlinear regression
model, and used approximate MLE to estimate the model para-
meters, and proposed a method for estimating the lifetime time
distribution in different cases [42]. A nonparametric regres-
sion accelerated lifetime stress modelling analysis method was
given by Shiau and Lin [57]. The method assumes that the
changing stress level only affects the performance degradation
rate and not the shape of the degradation curve, thus weaken-
ing the assumption of the regression function form and allow-
ing the accelerated degradation data to play a dominant role in
the fitting process of the accelerated degradation model.

Aiming at the problem that the theoretical derivation of the
MLE method for ADT with single failure mode is complicated
which is difficult to be applied to the engineering, Deng pro-
poses the constant stress ADT methods based on the degrada-
tion amount distribution and based on the pseudo-failure life,
respectively, and the study shows that the proposed methods
have high accuracy in the estimation of the reliability and the
life, and are easy to be applied to the engineering application
[58-60].

In summary, the main limitations of current modelling
and analysis methods for single failure mode AT lie in the
assumption that products fail solely due to a single mech-
anism. In reality, products may exhibit multiple concurrent
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failure modes (such as corrosion, fatigue, wear, etc), lead-
ing to deviations between model predictions and actual fail-
ure behaviours. These methods also neglect the competition
and synergistic effects between failure modes, as multiple
potential failure mechanisms might accelerate or delay the
primary failure process, yet the models fail to account for these
interactions. Key challenges include: ensuring that model
structures (e.g. acceleration equations, degradation paths)
accurately reflect physical failure mechanisms rather than
serving as mere mathematical fits. Existing models, primar-
ily designed for constant stress conditions, struggle to handle
dynamic stresses (e.g. temperature cycling, random vibra-
tions) encountered in real-world applications. Many models
assume linear or stationary failure processes, whereas actual
failures may exhibit threshold characteristics (e.g. mater-
ial yield points) or abrupt transitions (e.g. brittle fractures).
Future advancements could focus on: integrating physical
mechanisms with data-driven approaches to enhance model
interpretability, developing dynamic accelerated models cap-
able of simulating time-varying stress profiles, incorporating
advanced uncertainty quantification techniques to better char-
acterize model reliability.

3. Modelling and data analysis of AT with
multi-failure modes

3.1. Modelling and data analysis of ALTs with multi-failure
modes

Products in service often have multiple failure modes, their
failure is generally caused by these multiple failure modes
compete with each other, that is, the result of competitive fail-
ure. Competitive failure is an important form of product fail-
ure, and the statistical analysis method of ALT for products
with competitive failure is very different from that of single
failure occasions. And it is of great significance to study the
statistical analysis of ALT for competitive failure occasions.
According to the existence of correlation between the com-
petitive failure modes, competitive failure can be divided into
independent and competitive failure occasions. In ALT with
independent competitive failure, it assumes that the competit-
ive failure modes of the product are independent of each other,
there is no correlation. However, in ALT with dependent com-
petitive failure, it assumes that the competitive failure modes
of the product are not completely independent of each other,
and there is a certain degree of correlation between each other.
The traditional statistical analysis of AT usually assumes
that the product has only one failure mode. With the con-
tinuous development of AT technology, its application areas
have been expanded from component-level or material-level
products with single function, single structure and a single fail-
ure mode to assemblies-level products with a high degree of
integration and a variety of failure modes. The products in AT
have often more than one failure mode which affects with each
other. When each of the many failure modes of a product can
lead to failure, that is, the lifetime of the product is the smal-
lest failure time in each failure mode, the product is said to
be a competitive failure product or product with competitive



J. Reliab. Sci. Eng. 1 (2025) 012002

Topical Review

failure modes [61]. For example, in the ALT of insulation sys-
tem of an electric motor, the failure of the insulation system is
generated by one of failure modes: turn-to-turn failure, phase-
to-phase failure, and slot-to-slot failure, and the life of the
insulation system is the minimum failure time of these three
failure modes. Bearing failure can result from one of failure
modes: inner ring failure, outer ring failure, rolling element
failure, and cage failure. Semiconductor device failures can
be attributed to electrical failures or mechanical fatigue of I/O
interfaces (e.g. solder joints, etc) exhibiting competing failure
modes. A breakdown short-circuit in the motor coil can cause
a sudden motor failure, while wear and tear of the mechanical
components can cause a degradation failure, and in practice the
form of motor failure is the result of the competition between
these two failure modes. Thus, it is of great significance to
analyse the product reliability based on the competing failure
modes, and to consider multiple competing failure modes to
model and analyse the reliability of the product more in line
with the actual failure law of the product [62].

The modelling and analysis methods for ATs of products
with competitive failures are very different from those for
single failures, and it is of great significance to study the mod-
elling and analysis of ATs for competitive failure scenarios.
Nelson investigated the series system model of competitive
failures, and proposed the graph analysis method and the max-
imum likelihood analysis method for the statistical analysis of
ATs [2]. Klein and Basu studied the statistical analysis meth-
ods for ALTs with competitive failures in the case of expo-
nential distribution and Weibull distribution [63]. Kim and
Bai investigated the estimation of life distribution for constant
stress ALT under stress conditions for two competitive fail-
ure scenarios, namely intrinsic failure and exogenous failure,
and gave the estimation process based on EM algorithm, and
the specific formulae were given for the Weibull distribution
[64]. Pascual investigated the optimal design of ALT with
competitive failure when the failure modes obey the Weibull
distribution [65]. Bunea and Mazzuchi proposed a Bayesian
model for the statistical analysis of ALT with competitive fail-
ure to solve the problem that the MLE method is difficult to
be applied due to little failure data in the test [66, 67].

Zhang and Mao investigated the statistical analysis of
simple SSALT for products with competing failure mechan-
isms under exponentially distributed occasions, and studied
the effect of failure mechanisms on the estimation of mean
time to failure under use stress [68]. Wang and Wang studied
the analysis model and point estimation of its parameters for
PSALT with competing failure mechanisms under exponential
distribution, and derived the inverse moment estimator and the
maximum likelihood estimator for the parameters [69]. Zhang
investigated the data analysis method of ALT for products
with competitive failure mechanisms under exponential and
Weibull distributions, discussed the influence of failure mech-
anisms on the estimation of reliability parameters under use
stress level, and compared and analysed the results between
the cases of differentiated failure modes and non-differentiated
failure modes [70]. Wang and Wang discussed the parameter
estimation of the CSALT and SSALT for products with com-
peting failure mechanisms under exponential distribution, and

improved the commonly used MLE method, and illustrated
the effectiveness of the improvement with the results of the
large samples and the simulation analysis [69, 71]. Gao used
mixed distributions to model and analyse the competitive fail-
ure problem, but the mixed distributions can only be used in the
case where the failure times of the failure modes have the same
family of distributions (e.g. exponential distribution) [72].

The current researches about analysis method of AT with
competing failure are mostly based on the assumption that
competing failure modes are independent of each other.
However, failure modes of products are generally depend-
ent of each other due to common working and environmental
conditions and other coupling factors. For example, bearing
failure can be considered as the result of failure competing
between the outer ring failure, inner ring failure, cage failure
and rolling body failure. These four units are coupled together
in the design, manufacturing, assembly and work process by
the structure of the size of the mutual matching, interrelated
movement parameters, etc. The unit life model or function
contains the same random variables, so the failure of the unit
is dependent with each other. The assumption that each fail-
ure mode of the product is independent of each other is incon-
sistent with the actual situation, and there will be a large gap
between the statistical analysis results and the actual situation,
making it difficult to accurately estimate the life and reliabil-
ity of the product. Therefore, it is of great significance to study
the statistical analysis method of AT with competing failure to
improve the accuracy and efficiency of AT.

One of the key issues is how to relate the failure time distri-
bution of products with competing failure to the marginal dis-
tribution function of the potential failure time of each failure
mode. Some possible methods include the joint distribution
method, the conditional correlation coefficient method, the lin-
ear regression method, and the Copula method [73]. In com-
parison, Copula method is more convenient and has become
an important tool for solving the correlation problem, and has
gradually become a current research hotspot, penetrating into
the correlation research in various fields such as risk manage-
ment, financial market analysis, biomedical research and other
fields [74-80].

To address the problem of modelling and analysing the
ALT of bearings with multiple failure modes, Zhang firstly
studied the statistical analysis method of the CSALT, VSALT,
SSALT with independently competing failure and established
the maximum likelihood model for parameter estimation. At
the same time, Zhang proposed a parameter estimation method
based on the artificial fish swarm algorithm for the charac-
teristics of multiple parameters and complex models in the
statistical analysis of ALTs with competitive failure. The res-
ults of the application examples show that the method is easy
and simple to apply, with good estimation accuracy, which
provides a highly efficient tool for solving the problem of
multi-parameter estimation in the statistical analysis of ALT
s for competitive failure occasions [81, 82].

Subsequently, he proposed a new multi-dimensional
Archimedean Copula construction method for the analysis
of AT data in competitive failure-related occasions by syn-
thesizing the features of the existing construction methods
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[83]. This method has a simple process, and avoids the com-
plex conditional probability density calculation and multiple
integrals. At the same time, it can conveniently represent the
correlation between different combinations of variables at
a lower level. And then he proposed the statistical analysis
models of CSALT and SSALT based on Copula model.

Li et al investigated and proposed a new AT method to
estimate the functional lifespan of complex electronic devices
with multiple failure mechanisms by simulating thermal
cycles and impact stress [84]. This method improves upon
traditional approaches by better reflecting failure mechanisms
sensitive to low temperatures and has been validated through
real-world testing on custom circuits.

Pan proposed a multi-stress coupling acceleration model
for reliability evaluation of complex -electromechanical
products with high reliability and long lifespans [85]. It incor-
porates a physics of failure model based on a Copula function
and a coupling matrix to analyse multi-stress interactions,
offering improved accuracy and broader applicability com-
pared to traditional methods.

3.2. Modelling and data analysis of ADTs with multi-failure
modes

Zhao and FElsayed analysed the ADT in the presence of
sudden-type failure, and described the degradation path by
Brownian motion, and statistically inferred the reliability
under use stress by the method of MLE [86].

Aiming at the problem that the AT with competing failure
mainly focuses on the constant stress but lacks related research
on the step stress occasions, Tan ef al modelled and analysed
the SSAT for competitive failure occasions in the most gen-
eral form (the co-existence of sudden and degradation type
failures) [87]. The non-completeness of the test data due to
the uncertainty of the failure modes corresponding to failure
samples and the test censoring is fully taken into account. And
he proposed a method to statistically analyse failure-time data
with sudden failure mode and degradation failure mode by
MLE based on expectation-maximization algorithm and MLE
of the pseudo-failure-life, respectively.

Zhang proposed a method for statistical analysis of ADT for
competitive failure-related occasions based on copula model
[88]. He established methods of statistical analysis of ADT
with competing failure based on approach of degradation dis-
tribution and pseudo-failure-life, respectively.

Cao et al developed a proportional hazard-based hard fail-
ure model by incorporating hard failure and correlation of
the degradation process with stress levels to address the chal-
lenge of assessing competing failure reliability in ADT [89].
The parameters in the model were estimated using MLE and
linear regression. This approach was validated through an
example, demonstrating its effectiveness in modelling the con-
stant stress accelerated degradation problem.

Liu et al proposed a reliability modelling and a statistical
inference method of ADT with multiple stresses and depend-
ent competing failure processes [90]. It incorporates the coup-
ling of multiple stresses in an acceleration model and mod-
els the degradation-shock dependence using the Facilitation
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model. The model’s accuracy is validated through a practical
example, showing that it can accurately predict lower reliabil-
ity under higher environmental stresses, and that the parameter
estimation error is minimal at 0.34%.

Chi et al proposed a reliability assessment approach for the
micro inertial measurement unit (MIMU) with long-lifetime
and multiple degradation, based on ADT data and Copula
theory [91]. Each degradation model of MIMU is constructed
by drift Brownian motion and the Copula function is used to
model the dependency between multiple MIMU performance
parameters. The particle swarm optimization algorithm is used
to estimate the unknown parameters in the multi-dependent
ADT model.

In summary, the current limitations and challenges in mod-
elling and analysis methods for AT with multiple failure
modes lie in the constraints of model assumptions. Existing
approaches typically assume independence between differ-
ent failure modes, whereas actual systems may exhibit cor-
relations among failure modes. Multi-failure-mode systems
might involve multiple performance levels or intermediate
states (e.g. partial failure, performance degradation), which
cannot be adequately described by traditional binary-state
models (normal/failure). Different failure modes in the same
unit might trigger distinct types of system failures (e.g.
Type I requiring all units to fail vs Type II requiring only
single unit failure), necessitating modelling through Markov
state transition diagrams. However, the state space grows
exponentially with the number of units, making analytical
solutions challenging. Future research could explore hybrid
models considering both failure mode correlations and tem-
poral dependencies, such as combining Copula functions with
Markov chains. Advancements in multi-failure-mode AT mod-
elling require breakthroughs in model assumptions, computa-
tional efficiency, and data validation, while integrating emer-
ging technologies to drive methodological innovation, thereby
meeting the engineering requirements for reliability analysis
of complex systems.

4. Development trend of modelling and data
analysis of AT

At present, AT theory and method has made great progress,
and has been successfully applied in many engineering prac-
tice. However, the AT technology is still in the stage of vig-
orous development, and there are many theoretical innovation
and application of the transformation of the problem needs to
be solved. The development trend of AT technology is mainly
as follows:

(1) Multi-SSAT modelling and analysis. Products in the actual
service process are usually subject to a variety of stresses at
the same time. So a single stress in AT can not truly reflect
the actual service state of the product. The use of mul-
tiple stresses as the AT stresses of the equipment can fully
reflect the service conditions to obtain more accurate life
prediction with a larger acceleration factor and higher test
efficiency. Modelling and analysis, optimization design,
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and engineering application of multi-SSATSs are expec-
ted to become hot research topics. Multi-SSAT involves a
combination of multiple stresses (e.g. temperature, humid-
ity, voltage, etc), and there may be complex interactions
between these stresses, increasing the difficulty of model-
ling. More advanced statistical models and machine learn-
ing algorithms can be developed in the future to capture
and quantify the interactions between multiple stresses.
For example, generalized linear models or deep learning
models are used to handle complex nonlinear relation-
ships. In addition, designing an experimental program cap-
able of covering multiple stress combinations while effi-
ciently acquiring data is also a complex issue. It may be
necessary to use experimental design methods, such as
response surface methodology or Taguchi methodology, to
optimize the test protocol to obtain the maximum amount
of information with the minimum number of trials.

(2) Modelling and analysis of AT for complex system.

Research about AT is currently focused on occasion of a
single failure mechanism as well as multiple failure mech-
anisms which is independent of each other. Complex sys-
tems often have multiple failure mechanisms that may be
coupled with each other. The system failure is the result of
these failure mechanisms competing with each other. The
problem of AT with competing failure has attracted great
attention from related scholars. Some research progress
has been made in statistical analysis and optimal design of
AT with multiple competing failure mechanism. The dis-
cussion of related issues will remain the focus of research
attention in the coming period. Complex systems are usu-
ally composed of multiple interrelated subsystems, each
of which may involve multi-physical field (e.g. thermal,
force, electrical) coupling, dynamic interaction and non-
linear behaviour, and may also involve many different
failure modes (e.g. corrosion, fatigue, material degrada-
tion), and traditional AT models are difficult to accurately
describe the overall behaviour. In addition, the high cost
and long cycle time of AT of complex systems lead to
limited amount of test data, sensor noise, missing data,
or difficulty in integrating heterogeneous data (e.g. struc-
tured and unstructured data). In the future, multi-scale and
multidisciplinary modelling methods can be developed,
using multi-scale modelling techniques, integrating layer
by layer from microscopic (material level) to macro-
scopic (system level), and combining physical models (e.g.
finite element analysis) and data-driven models (e.g. deep
learning) to improve model accuracy. Synthesize missing
data using generative adversarial networks to solve the
data scarcity problem. Integrate multi-source data (exper-
imental data, simulation data, historical data) to construct
hybrid digital twins.

(3) Accuracy of modelling and analysis of AT. AT is a devel-

opmental branch of statistical test, so the analysis accur-
acy is crucial for AT technology, which is also a common
problem in statistical test research. The problem of statist-
ical accuracy will remain a theme in the research of ana-
lysis methods of AT. In order to improve the accuracy of

AT modelling and analysis, utilizing more complex mod-
els, as well as combining physical models with data-driven
models is a better idea. However, modelling using com-
plex models (e.g. deep neural networks) may overfit lim-
ited data and reduce generalization capabilities. Difficulty
in integrating physical models with data-driven models
leads to a trade-off between interpretability and accur-
acy. In the future, physics-guided machine learning meth-
ods can be developed to embed physical equation con-
straints (e.g. conservation of energy) in neural networks to
enhance extrapolation capabilities, while Bayesian infer-
ence can be considered to reduce estimation bias under
small samples by utilizing prior knowledge (e.g. historical
data) and quantifying uncertainty through Markov chain
Monte Carlo sampling.

(4) Engineering software for AT. With the AT technology
research depth and maturity, research and development
of Engineering software for AT will become an inevit-
able trend in this field of research. Currently, analysis soft-
ware such as ALTA, Weibull4++, Minitab, ReliaSoft has
emerged, which possess basic data analysis capabilities.
However, some of the latest research findings are yet to be
transformed into engineering software. AT involves mul-
tiple disciplines such as material science, statistics, com-
puter science, etc, and software development requires the
integration of cross-disciplinary expertise. The computa-
tional complexity of AT models (e.g. multi-stress coup-
ling models, nonlinear degradation models) is high, and
traditional algorithms may be difficult to meet real-time
requirements. Engineering software is usually oriented
to professional users, with complex interfaces and steep
learning curves, limiting the use of non-professional users.
Models in the software require effective validation mech-
anisms, and users need to assess the accuracy and uncer-
tainty of the models. In the future, modular design can
be adopted to encapsulate different functions (e.g. data
import, model construction, and result visualization) into
independent modules, which is easy to extend and main-
tain. Support plug-in mechanism, allowing users to cus-
tomize algorithms or integrate third-party tools. Utilize
GPU acceleration or distributed computing to improve the
computational efficiency of complex models. Use parallel
algorithms to process large-scale data. Adopt drag-and-
drop interface or natural language interaction to reduce
user learning cost. Provide detailed tutorials and online
help documents to support users to get started quickly.
Integrates cross-validation, Monte Carlo simulation and
sensitivity analysis to help users evaluate model perform-
ance. Provide uncertainty quantification results such as
confidence intervals and prediction intervals.

5. Discussion
The optimal design of ATs is another research direction apart

from the modelling and analysis of AT data. It mainly invest-
igates how to design test schemes to obtain the most accurate
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predictions of product life and reliability at the lowest exper-
imental cost, which is essentially the inverse problem of data
modelling and analysis. The objective function for the optimal
design of ATs plans is generally a measure of the accuracy
of life and reliability estimation, such as the estimation vari-
ance of the p-quantile life, mean square error, and the expected
width of the confidence interval. The design variables of the
plan are related to the type of AT, such as accelerated stress
levels, sample size, test monitoring intervals and frequency,
and test duration. The constraints are usually the total cost
or total time of the test. Numerous scholars have conducted
research on the optimal design of AT, covering the optimiz-
ation of test schemes for constant-stress [92-94], step-stress
[95, 96], and varying-stress [97, 98] ALTs as well as ADTs.

This remains a hot research topic in the field [99-104].

6. Conclusion

Modelling and analysis technology of AT is the current
research hotspot in the field of reliability mathematics and reli-
ability engineering, and it has important application value for
the life assessment of long-life and high-reliability products.
This paper proposes a technical system of AT as shown in
figures 1 and 2, and reviews and analyses the current research
status of modelling and analysis methods of AT from five
aspects: modelling and analysis of ALTs with a single fail-
ure mode, modelling and analysis of ADTs with a single fail-
ure mode, modelling and analysis of ALTs with multi-failure
modes, modelling and analysis of ADTs with multi-failure
modes. Finally, the future research direction of modelling and
analysis technology of AT is prospected. With the further
deepening of the research, the modelling and analysis tech-

nology of AT will have a wider application prospect.
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