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A complicated devicemay havemultiple failuremodes, and some of the failuremodes are sensitive to low temperatures. To assess the
reliability of a product withmultiple failuremodes, this paper presents an accelerated testing in which both of the high temperatures
and the low temperatures are applied. Firstly, an acceleration model based on the Arrhenius model but accounting for the influence
of both the high temperatures and low temperatures is proposed. Accordingly, an accelerated testing plan including both the
high temperatures and low temperatures is designed, and a statistical analysis method is developed. The reliability function of
the product with multiple failure modes under variable working conditions is given by the proposed statistical analysis method.
Finally, a numerical example is studied to illustrate the proposed accelerated testing.The results show that the proposed accelerated
testing is rather efficient.

1. Introduction

With the successive development of engineering and science
technology, high reliability devices usually operate for many
years under working conditions. Accelerated testing has been
proposed as a means to predict the performances for highly
reliable products. Product reliability can be obtained by
using the accelerated testing techniques, in which the devices
are subjected to higher-than-normal stress levels, leading to
failure within days or weeks rather than years. By fitting
the accelerated failure data to an appropriate model, device
reliability under normal use conditions can be estimated
[1, 2].

The accelerationmodels and the statistical analysis meth-
ods have been the main focus of the studies about accelerated
testing.The relationship between the stress and the reliability
of device is established by an acceleration model. Common
acceleration models include the inverse power law model
and the Arrhenius model [3, 4]. A lot of efforts were made
by scholars to develop a new acceleration model. Benavides
[5] constructed an acceleration model for step-stress and

variable-stress situations. van Dorp and Mazzuchi [6] devel-
oped a general Bayes exponential inference model. Khamis
and Higgins [7] proposed a model known as KH model for
step-stress ALT, which is based on a time transformation of
the exponentialmodel.The purpose of statistical analysis is to
predict the reliability of product under working conditions
based on the accelerated testing data and the acceleration
model. Tang et al. [8] obtained MLE for parameters in a
multicensored accelerated testing. Xiong [9] discussed MLE
for the exponential step-stress ALT with type II censored.
Fard and Li [10, 11] and Balakrishnan et al. [12–14] finished
a lot of researches about the statistical analysis method of
accelerated testing. Most of work on the accelerated testing
method assumed that there is a single cause of failure. How-
ever, a complicated device may fail due to several causes. The
accelerated testing method with multiple failure modes has
been a new focus of the accelerated testing researches. Kim
andBai [15] andCraiu and Lee [16] described the situations in
engineering when multiple failure modes occurred. McCool
[17] presents a technique for calculating estimate intervals
for Weibull parameters of a primary failure mode when
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Figure 1: The car control device installed in the temperature test
chamber.

Figure 2: The detection equipment for the car control device.

a secondary failure mode having the same Weibull shape
parameter is acting. Klein and Basu presented a series of
papers [18, 19] on the analysis of accelerated testing when
more than one failure mode is acting. There are a number of
articles on the analysis of multiple failure data, some of which
are reviewed in Pascual [20, 21], Liu and Qiu [22], and Xing
et al. [23].

High temperatures are widely applied in the existing
accelerated testing. Failure modes that are sensitive to high
temperatures can be induced quickly by an existing acceler-
ated testing. However, the latest results of the low temper-
ature tests for the car control device and the ship control
device described in the next section show that some failure
modes are sensitive to the low temperatures. When the high
temperature accelerated testing is applied to a product with
multiple failure modes, the failure modes that are sensitive to
the low temperatures will not be induced and the reliability
assessment result will far depart from the actual reliability
of the product. To assess the reliability of a product with
multiple failure modes, this paper presents an accelerated
testing in which not only the high temperatures but also the
low temperatures are applied. An acceleration model with
multiple failure modes based on the Arrhenius model is
given, an accelerated testing plan is designed, and a statistical
analysis method is developed. A numerical example shows
that the proposed accelerated testing is efficient.

2. The Low Temperature Tests

2.1. The Low Temperature Test for the Car Control Device

2.1.1. Testing Procedure. The function of the car control device
is to receive signals from the control panel and output signals

e failed resistances

Figure 3: The failed resistances.

Figure 4: The ship control device installed in the temperature test
chamber.

to control the speed and direction of the car. In the low
temperature test, the car control device is installed in the
temperature test chamber (as shown in Figure 1), and the
working state of the device is observed by the detection
equipment (as shown in Figure 2). At the request of the device
producer, the testing temperature is 233 K.

2.1.2. Failure Mode. It is detected that the speed controlled
by the device (the output signal is 42 km/h) is lower than the
speed set by the control panel (60 km/h) when the car control
device is tested 220 hours at the temperature 233K.According
to the results of a comprehensive circuit analysis, several
resistances values are outside the normal range. The failed
resistances are shown in Figure 3 (as the internal structure
of the device may be related to the commercial secrets of
producer, the parts unrelated to the failuremode are covered).

2.2. The Low Temperature Test for the Ship Control Device

2.2.1. Testing Procedure. The ship control device is installed
in the temperature test chamber, which is shown in Figure 4.
The working state of the device is observed by the detection
equipment and shown in Figure 5. At the request of producer,
the testing temperature is 223K.

2.2.2. Failure Mode. It is detected that some working param-
eters of the device are zero when the ship control device is
tested 180 hours at the temperature 223K. According to the
results of a comprehensive circuit analysis, a flip-flop in the
communication circuit is out of work.

High temperatures are widely applied in the existing
accelerated testing methods. However, the results of the
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Figure 5: The detection equipment for the ship control device.

above low temperature tests show that some failure modes
are sensitive to the low temperatures. Obviously, if the
existing high temperature accelerated testing is applied to a
device with the failure modes that are sensitive to the low
temperatures, the reliability estimation result will far deviate
from the actual reliability of the device (Figure 6).

3. Basic Assumptions

The accelerated testing presented in this paper is based on the
following assumptions.

(1) All failure modes are independent of each other.
(2) The failure time of every failure mode is assumed to

follow the exponential distribution.
(3) The failure time of every failure mode at different

temperatures follows the Arrhenius model.

4. Acceleration Model

Arrhenius model was first used by Svante Arrhenius in his
studies of the dissociation of electrolytes, but nowadays it is
widely accepted as the right tool to describe the influence
of temperature on the rates of chemical processes, as well
as many other physical processes such as diffusion, thermal
and electrical. Arrhenius model can describe the relationship
between the temperature and the mean lifetime of products
as

𝜃 (𝑇) = 𝐴 exp(𝐸𝑎
𝑘𝑇

) , (1)

where 𝜃 is the mean lifetime of products and 𝐴 is a constant
that depends on the product geometry, the specimen size
and fabrication, the test method, and other factors. 𝐸

𝑎
is the

activation energy of the reaction, usually in electron volts. 𝑘
is Boltzmann’s constant, 8.6171 × 10−5 electron volts per ∘C. 𝑇
is the absolute temperature in Kelvin, which is equivalent to
the centigrade temperature plus 273.16 degrees.

When the product lifetime follows the exponential distri-
bution, the failure rate of the product is the reciprocal of the
mean lifetime. Consider

𝜆 (𝑇) =
1

𝜃 (𝑇)
=
1

𝐴
exp(−𝐸𝑎

𝑘𝑇
) = 𝑎 exp( 𝑏

𝑇
) , (2)

where 𝑎 = 1/𝐴, 𝑏 = −𝐸𝑎/𝑘.

The failed flip-flop

Figure 6: The failed flip-flop.

Type-I failure mode
Type-II failure mode

T

𝜆

Figure 7: Two types of failure mode.

High temperatures are widely applied in the existing
accelerated testing methods, and the failure modes (type-I
failure mode) that are sensitive to the high temperatures
are induced quickly. The failure rate of type-I failure mode
grows as the temperature rises, which can be described by
the Arrhenius model and shown as the solid line in Figure 7.
However, the latest test results of the car control device
and the ship control device show that some failure modes
(type-II failure mode) are sensitive to low temperatures. The
failure rate of type-II failure mode will fall down as the
temperature rises, which is shown as the dashed line in
Figure 7.

To a complicated device, both the type-I failuremode and
type-II failure mode are likely to occur. When the probability
that any failure mode occurs is statistically independent, the
reliability function of the product can be expressed as

𝑅 (𝑡) = 𝑝 {𝜃
𝑐
> 𝑡}

= 𝑝 {min {𝑡
1
, 𝑡
2
⋅ ⋅ ⋅ 𝑡
𝑚
} > 𝑡}

= 𝑝{

𝑚

⋂

𝑖=1

{𝑡
𝑖
> 𝑡}}
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𝜆

TT0

Figure 8: The failure rates of multiple failure modes at different
temperatures.

=

𝑚

∏

𝑖=1

𝑝 {𝑡
𝑖
> 𝑡}

=

𝑚

∏

𝑖=1

𝑅
𝑖
(𝑡) ,

(3)

where 𝜃
𝑐
is the lifetime of the product with multiple failure

modes and 𝑡
1
, 𝑡
2
⋅ ⋅ ⋅ 𝑡
𝑚
are the failure times of the 𝑚 failure

modes, respectively. 𝑅
𝑖
(𝑡) is the reliability function of the 𝑖th

failure mode.
According to (3), the product withmultiple failuremodes

can be considered as a series system including 𝑚 units. The
failure rates of the product at different temperatures can be
expressed as

𝜆 (𝑇) = 𝜆
ℎ
(𝑇) + 𝜆

𝑙
(𝑇) = 𝜆

1
(𝑇) + 𝜆

2
(𝑇) + ⋅ ⋅ ⋅ + 𝜆

𝑚
(𝑇)

= 𝑎
1
exp(𝑏1

𝑇
) + 𝑎
2
exp(𝑏2

𝑇
) + ⋅ ⋅ ⋅ + 𝑎

𝑚
exp(

𝑏
𝑚

𝑇
) .

(4)

To a complicated product with multiple failure modes,
the type-I failure modes are dominating when the product
is under high temperature conditions. Contrarily, the type-
II failure modes are primary when the product is under low
temperature conditions. Therefore, the failure rates of the
device with multiple failure modes at different temperatures
can be represented in Figure 8.

5. Accelerated Testing

5.1. Design of Accelerated Testing Plan. To estimate the
parameters of the Arrhenius model, there should be no less
than four levels of temperatures in the accelerated testing plan
(the high temperature levels are no less than two and the low
temperature levels are no less than two).The type-I censoring
testing plan is applied at every temperature level and 𝑡

0
is the

censoring time. The test profile is shown as in Figure 9.

High temperature 1

High temperature 2

Time

t0

...

Low temperature 1

Low temperature 2
...

...

...

Figure 9: Test profile sketch map.

5.2. Statistical Analysis. The failure time is assumed to follow
the exponential distribution when the temperature is a con-
stant.The distribution function of exponential distribution is
expressed by

𝐹 (𝑡) = 1 − exp (−𝜆𝑡) . (5)

The failure density function and the reliability function
are

𝑓 (𝑡) = 𝜆 exp (−𝜆𝑡) ,

𝑅 (𝑡) = exp (−𝜆𝑡) .
(6)

Assuming that there are 𝑚 failure modes occurring in
the test, the 𝑘th failure mode is observedin 𝑠

𝑘
samples at

times 𝑡(𝑘)
1
, 𝑡
(𝑘)

2
⋅ ⋅ ⋅ 𝑡
(𝑘)

𝑠𝑘

. Then, the probability that the 𝑘th failure
modeis observed in a sample at 𝑡(𝑘)

𝑗
is

𝑝
𝑗𝑘
= 𝑓
(𝑘)

(𝑡
(𝑘)

𝑗
) [

𝑚,𝑖 ̸=𝑗

∏

𝑖=1

𝑅
(𝑖)

(𝑡
(𝑘)

𝑗
)] . (7)

The probability density function of the failure times of all
samples can be represented by

𝐿 =

𝑚

∏

𝑘=1

[

[

𝑠𝑘

∏

𝑗=1

[𝑓
(𝑘)

(𝑡
(𝑘)

𝑗
) [
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∏

𝑖=1

𝑅
(𝑖)

(𝑡
(𝑘)

𝑗
)]]
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(𝑘)

(𝑡
0
)]
𝑠0]

]

,

(8)

where ∏𝑚
𝑘=1
[𝑅
(𝑘)

(𝑡
(𝑘)

0
)]
𝑠0 is the probability that there are 𝑠

0

samples with no failure modes before the censoring time 𝑡
0
.
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Table 1: Failure times of devices.

Temp. Failure time/h
Failure 1 Failure 2 Failure 3 Failure 4

373K 35, 43, 53, 62, 73, 89 85, 96, 115, 127 No sample No sample
353 K 76, 83, 93, 102, 162, 178, 182 No sample No sample
213 K No sample No sample 106, 123, 135, 139 173, 193
193K No sample No sample 18, 29, 37, 45, 53, 69 78, 89, 95, 97

Table 2: Failure rates of different failure modes at different temperature levels.

Temp. Failure rate
Failure 1 Failure 2 Failure 3 Failure 4

373K 7.712𝑒 − 003 5.141𝑒 − 003

353K 2.710𝑒 − 003 2.033𝑒 − 003

213 K 2.378𝑒 − 003 1.189𝑒 − 003

193 K 9.836𝑒 − 003 6.557𝑒 − 003

Equation (8) is the likelihood function of all observations.
Taking the logarithm on both sides, we have

ln 𝐿

= ln[

[
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𝑖=1

𝑅
(𝑖)

(𝑡
(𝑘)

𝑗
)]]
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(𝑘)

(𝑡
0
)]
𝑠0]

]

]

]
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.

(9)

The estimation of 𝜆
𝑘
is obtained by maximizing the

function (9). Consider

�̂�
𝑘
=

𝑠
𝑘

[∑
𝑚

𝑘=1
∑
𝑠𝑘

𝑗=1
𝑡
(𝑘)

𝑗
] + 𝑠
𝑜
𝑡
𝑜

. (10)

Equation (2) can be rewritten in logarithmic form,

ln 𝜆 = ln 𝑎 + 𝑏 1
𝑇
. (11)

Obviously, ln 𝜆 and 1/𝑇 are in linear relation. The esti-
mations of Arrhenius model parameters can be obtained by
utilizing the least squares method.

Furthermore, the failure rates of a product with multiple
failure modes at different temperatures can be acquired by
substituting the estimations of Arrhenius model parameters
of every failure mode into (4).

In the existing accelerated testing under temperature
conditions, the working temperature is usually supposed
to be a constant (such as 20∘C). However, the working
temperatures of the majority of devices are mutative, which
can be represented as

𝑇 = 𝑓 (𝑡) . (12)

Therefore, the failure rate of product under working envi-
ronment will also change on time, which can be expressed as

𝜆 (𝑇) = 𝑔 (𝑇) = 𝑔 (𝑓 (𝑡)) . (13)

Finally, the reliability function of device under working
conditions can be obtained by

𝑅 (𝑡) = 𝑒
−∫

𝑡

0
𝜆(𝑇)𝑑𝑡

= 𝑒
−∫

𝑡

0
𝑔(𝑓(𝑡))𝑑𝑡

= 𝑒
−𝐸(𝜆)𝑡

. (14)

6. Illustrative Example

To apply the proposed accelerated testing to products, a large
number of samples will be needed. However, there were
insufficient data relating to the car and ship control devices,
so instead we present a numerical study where parameter
values aremotivated by these systems.Theproducts are tested
at four temperature levels that are 373K, 353K, 213 K, and
193K. The sample size at every temperature level is ten and
the censoring time is two hundred hours.The failure times of
different samples are shown in Table 1.

According to (10), the failure rates of different failure
modes at different temperatures are estimated and shown in
Table 2.
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Table 3: Arrhenius model parameters of different failure modes.

Failure 1 Failure 2 Failure 3 Failure 4
Parameters
estimation

𝑎
1
= exp(13.5939)

𝑏
1
= −6.8852𝑒 + 003

𝑎
2
= exp(11.1040)

𝑏
2
= −6.1077𝑒 + 003

𝑎
3
= exp(−19.7425)

𝑏
3
= 2.9183𝑒 + 003

𝑎
4
= exp(−23.2113)

𝑏
4
= 3.5095𝑒 + 003
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Figure 10: Failure rates of different failure modes at different
temperatures.

According to (11), the estimations of Arrhenius model
parameters are obtained by utilizing the least squares method
and represented in Table 3.

The failure rates of different failure modes at different
temperatures are calculated by replacing the parameters in
(2) with the estimations that are shown in Table 3.The failure
rates of different failure modes at different temperatures are
shown in Figure 10.

Furthermore, the failure rates of device with multiple
failure modes at different temperatures are acquired by (4).
Consider

𝜆 = 𝑔 (𝑇) = 𝜆
ℎ
+ 𝜆
𝑙
= 𝜆
1
+ 𝜆
2
+ 𝜆
3
+ 𝜆
4

= exp (13.5939) × exp (−6.8852𝑒 + 003
𝑇

)

+ exp (11.1040) × exp(−6.1077𝑒 + 003
𝑇

)

+ exp (−19.7425) × exp(2.9182𝑒 + 003
𝑇

)

+ exp (−23.2113) × exp(3.5095𝑒 + 003
𝑇

) .

(15)

Figure 11 plots the failure rates of product at different tem-
peratures based on (15). The curve denotes the fact that the
product is more fail under high temperature environments
or low temperature environments. The point indicates the
minimal failure rate (1.5037𝑒 − 004) when the product is at
the temperature of 282K.

To a complicated device, both of the type-I failure mode
and the type-II failure mode are likely to occur. The data
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Figure 11: Failure rates of the product at different temperatures.

of type-I failure modes and type-II failure modes can be
obtained by the proposed accelerated testing. To the existing
accelerated testing, only the high temperatures are applied.
The type-I failure modes (failure mode 1 and failure mode
2) are induced quickly, but the type-II failure modes rarely
occur. Therefore, the failure rate that is estimated by the
existing high temperature accelerated testing is

𝜆
ℎ
= 𝑔
ℎ
(𝑇) = 𝜆

1
+ 𝜆
2
. (16)

The estimation of failure rate based on the high temper-
ature accelerated testing is inaccurate due to the neglect of
type-II failure modes, and the relative error is defined as

𝑒 =
𝜆 − 𝜆
ℎ

𝜆
× 100% =

𝜆
3
+ 𝜆
4

𝜆
1
+ 𝜆
2
+ 𝜆
3
+ 𝜆
4

× 100%. (17)

Figure 12 plots the relative error at different temperatures.
The curve denotes that the relative error is small under
high temperature conditions, while it is large under low
temperature conditions. The relative error is less than 10%
when the temperatures are higher than 310K and it is more
than 90% when the temperatures are lower than 273K.

In the existing accelerated testing, the working temper-
ature is usually supposed to be a constant (such as 20∘C).
However, the working temperatures of themajority of devices
are mutative. Figure 13 shows the working temperature of the
product.

The expression of the working temperature in mathemat-
ics is

𝑇 = 𝑓 (𝑡) =

{{{{

{{{{

{

243 0 ≤ 𝑡 < 4, 20 ≤ 𝑡 < 24,

243 + 20𝑡 4 ≤ 𝑡 < 8,

323 8 ≤ 𝑡 < 16,

323 − 20𝑡 16 ≤ 𝑡 < 20.

(18)
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Figure 12: Relative error of high temperature accelerated testing.
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The mean failure rate of all failure modes is calculated by
(15) and (18). Consider

𝐸 (𝜆) =
∫
𝑡

0

𝑔 (𝑓 (𝑡)) 𝑑𝑡

𝑡
=
∫
24

0

𝑔 (𝑓 (𝑡)) 𝑑𝑡

24
= 6.0000𝑒 − 004.

(19)

Themean failure rate of type-I failure modes is calculated
by (16) and (18):

𝐸 (𝜆
ℎ
) =

∫
𝑡

0

𝑔
ℎ
(𝑓 (𝑡)) 𝑑𝑡

𝑡
=
∫
24

0

𝑔
ℎ
(𝑓 (𝑡)) 𝑑𝑡

24

= 3.3568𝑒 − 004.

(20)

According to themean failure rate of all failuremodes, the
reliability function of the product obtained by the proposed
accelerated testing is

𝑅 (𝑡) = exp (−6.0000𝑒 − 004𝑡) . (21)

According to the mean failure rate of type-I failure
modes, the reliability function obtained by the existing high
temperature accelerated testing is

𝑅
ℎ
(𝑡) = exp (−3.3568𝑒 − 004𝑡) . (22)

The reliability function obtained by the accelerated test-
ing proposed in this paper is shown as the solid line in
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Figure 14: Reliability functions obtained by different accelerated
testing methods.

Figure 14, while the reliability function attained through the
high temperature testing method is shown as the dotted
line in Figure 14. The reliability life 𝜃

0.6
assessed by the

proposed method is 851 hours, while it is assessed by the
high temperature testing method is 1521 hour. Obviously, the
reliability life is overrated by the high temperature testing
method due to the neglect of type-II failure modes.

7. Conclusion

By focusing on the reliability assessment of a product with
multiple failure modes, this paper presents an accelerated
testing in which not only the high temperatures but also the
low temperatures are applied. An acceleration model with
multiple failures based on the Arrhenius model is given. The
corresponding accelerated testing plan is designed, and the
statistical analysis method is developed.

The failure rate of a complicated device with both the
type-I failure modes and the type-II failure modes can be
obtained by the proposed accelerated testing (as shown in
Figure 11). The device is more fragile under high temperature
conditions or low temperature conditions than the room
temperature.The failure rate is minimal (1.5037𝑒−004)when
the product is in the favourable temperature (282K).

For the existing accelerated testing, only the high tem-
peratures are applied. The reliability estimation of the high
temperature accelerated testing is inaccurate due to the
neglect of type-II failuremodes (the relative error is shown in
Figure 12). In comparison to the high temperature accelerated
testing, the proposed accelerated testing could induce both
the type-I and type-II failure modes, and the reliability
assessed by the proposed accelerated testing is more close to
the actual reliability of the product.
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pp. 128–132, 2014.

[5] E. M. Benavides, “Reliability model for step-stress and variable-
stress situations,” IEEE Transactions on Reliability, vol. 60, no. 1,
pp. 219–233, 2011.

[6] J. R. vanDorp and T. A.Mazzuchi, “A general Bayes exponential
inferencemodel for accelerated life testing,” Journal of Statistical
Planning and Inference, vol. 119, no. 1, pp. 55–74, 2004.

[7] I. H. Khamis and J. J. Higgins, “A new model for step-stress
testing,” IEEE Transactions on Reliability, vol. 47, no. 2, pp. 131–
134, 1998.

[8] L. C. Tang, Y. S. Sun, T. N. Goh, and H. L. Ong, “Analysis
of step-stress accelerated-life-test data: a new approach,” IEEE
Transactions on Reliability, vol. 45, no. 1, pp. 69–74, 1996.

[9] C. Xiong, “Inferences on a simple step-stress model with type-
II censored exponential data,” IEEE Transactions on Reliability,
vol. 47, no. 2, pp. 142–146, 1998.

[10] N. Fard and C. Li, “Optimal simple step stress accelerated
life test design for reliability prediction,” Journal of Statistical
Planning and Inference, vol. 139, no. 5, pp. 1799–1808, 2009.

[11] N. Fard and C. Li, “Optimum bivariate step-stress accelerated
life test for censored data,” IEEE Transactions on Reliability, vol.
56, no. 1, pp. 77–84, 2007.

[12] N. Balakrishnan and D. Han, “Optimal step-stress testing for
progressively Type-I censored data from exponential distribu-
tion,” Journal of Statistical Planning and Inference, vol. 139, no.
5, pp. 1782–1798, 2009.

[13] N. Balakrishnan, D. Kundu, H. K. T. Ng, and N. Kannan, “Point
and interval estimation for a simple step-stressmodelwith type-
II censoring,” Journal of Quality Technology, vol. 39, no. 1, pp.
35–47, 2007.

[14] N. Balakrishnan, L. Zhang, and Q. Xie, “Inference for a
simple step-stressmodel with type-I censoring and lognormally
distributed lifetimes,” Communications in Statistics: Theory and
Methods, vol. 38, no. 8–10, pp. 1690–1709, 2009.

[15] C. M. Kim and D. S. Bai, “Analyses of accelerated life test data
under two failure modes,” International Journal of Reliability,
Quality and Safety Engineering, vol. 9, no. 2, pp. 111–125, 2002.

[16] R. V. Craiu and T. C. M. Lee, “Model selection for the
competing-risks model with and without masking,” Technomet-
rics, vol. 47, no. 4, pp. 457–467, 2005.

[17] J. I.McCool, “Competing risk andmultiple comparison analysis
for bearing fatigue tests,” ASLE Transactions, vol. 21, no. 4, pp.
271–284, 1978.

[18] J. P. Klein and A. P. Basu, “Weibull accelerated life tests when
there are competing causes of failure,” Communications in
Statistics A: Theory and Methods, vol. 10, no. 20, pp. 2073–2100,
1981.

[19] J. P. Klein andA. P. Basu, “Accelerated life testing under compet-
ing exponential failure distributions,” IAPQR Transactions, vol.
7, no. 1, pp. 1–20, 1982.

[20] F. Pascual, “Accelerated life test planning with independent
Weibull competing risks,” IEEE Transactions on Reliability, vol.
57, no. 3, pp. 435–444, 2008.

[21] F. Pascual, “Accelerated life test planning with independent
lognormal competing risks,” Journal of Statistical Planning and
Inference, vol. 140, no. 4, pp. 1089–1100, 2010.

[22] X. Liu and W. S. Qiu, “Modeling and planning of step-stress
accelerated life tests with independent competing risks,” IEEE
Transactions on Reliability, vol. 60, no. 4, pp. 712–720, 2011.

[23] L. Xing, C. Wang, and G. Levitin, “Competing failure analysis
in non-repairable binary systems subject to functional depen-
dence,” Journal of Risk and Reliability, vol. 226, no. 4, pp. 406–
416, 2012.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Problems 
in Engineering

Hindawi Publishing Corporation
http://www.hindawi.com

Differential Equations
International Journal of

Volume 2014

Applied Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Probability and Statistics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Optimization
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Combinatorics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Operations Research
Advances in

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Function Spaces

Abstract and 
Applied Analysis
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Algebra

Discrete Dynamics in 
Nature and Society

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Decision Sciences
Advances in

Discrete Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014 Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stochastic Analysis
International Journal of


