
 

A degradation-based model for joint optimization of burn-in,
quality inspection, and maintenance: a light display device
application
Citation for published version (APA):
Feng, Q., Peng, H., & Coit, D. W. (2010). A degradation-based model for joint optimization of burn-in, quality
inspection, and maintenance: a light display device application. International Journal of Advanced Manufacturing
Technology, 50(5), 801-808. https://doi.org/10.1007/s00170-010-2532-7

DOI:
10.1007/s00170-010-2532-7

Document status and date:
Published: 01/01/2010

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1007/s00170-010-2532-7
https://doi.org/10.1007/s00170-010-2532-7
https://research.tue.nl/en/publications/c3e7d385-7de7-43ac-82eb-2158d870a802


ORIGINAL ARTICLE

A degradation-based model for joint optimization of burn-in,
quality inspection, and maintenance: a light display
device application

Qianmei Feng & Hao Peng & David W. Coit

Received: 6 March 2009 /Accepted: 11 January 2010 /Published online: 3 February 2010
# Springer-Verlag London Limited 2010

Abstract This paper presents a degradation-based model to
jointly determine the optimal burn-in, inspection, and
maintenance decisions, based on degradation analysis and
an integrated quality and reliability cost model. Degradation
modeling plays an important role in reliability prediction and
analysis for many highly reliable components and equipment,
when the failures can rarely be observed. Unlike traditional
applications, quality and reliability must be considered
simultaneously for devices subject to degradation, because
quality inspection decisions often impact anticipated reliability
and failure-time distributions. This paper presents an integrated
model to jointly optimize quality and reliability for devices
subject to degradation, with a focus on burn-in, quality
inspection, and maintenance policies. Based on the degrada-
tion modeling and analysis, the reliability function and the
time-to-failure distribution are derived under the condition that
the quality inspection is applied following the burn-in period.
The optimal burn-in, quality inspection, and preventive
maintenance policies are determined by minimizing the
expected total cost per usage lifetime. The proposed model is
illustrated using the application of light display devices, in
which the degradation path follows a negative shifted
lognormal distribution with a random failure threshold. A
numerical example is provided to illustrate the application of
our model to the light display devices.

Keywords Degradation modeling . Burn-in procedure .

Quality inspection . Preventive maintenance . Negative
shifted lognormal distribution . Light display devices

1 Introduction

Modern electronic, mechanical, and other engineering
systems are becoming increasingly reliable with the
advancement of manufacturing technologies. As a result,
it often takes an unacceptably long time to obtain failure-time
data, even under accelerated conditions, for the traditional
failure data analysis, distribution fitting and reliability
prediction. The design of highly reliable systems can benefit
from a methodology for reliability analysis based on limited
failure data, such as degradation-based analysis. Degradation
modeling and analysis has attracted considerable attention
from researchers in statistics and reliability since the early
1990s. It is a convenient and analytically sound method to
estimate failure-time distributions and predict reliability,
which has been successfully applied to many applications.
Examples of degradation include the wear on rubbing surfaces
of a microengine [1], the degrading light intensity of vacuum
fluorescent displays (VFDs) [2], and the increasing crack
size on microstructures [3].

Previous studies on degradation have been focused on
developing degradation path models and estimating time-to-
failure distributions, using experimental design to improve
reliability, and exploring preventive maintenance policies for
continuously monitored degrading systems. Lu and Meeker
[3], and Meeker et al. [4] developed general statistical
models to estimate the time-to-failure distribution from
degradation measures. Singpurwalla [5] provided an over-
view of a class of stochastic failure models that can be used
for systems affected by dynamic environments. Kharoufeh
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[6] derived the explicit probability distribution of the random
failure time for single-unit systems that deteriorate continu-
ously and additively due to the influence of a random
environment modeled as a general, finite-state Markov
process. Kharoufeh and Cox [7] presented a degradation-
based procedure for the estimation of full and residual
lifetime distributions for single-unit systems using real sensor
data. Lu et al. [8] proposed a model with random regression
coefficients and a standard-deviation function for analyzing
linear degradation data. Bae and Kvam [2] introduced a log-
linear degradation model with an unknown change point
to characterize nonlinear degradation paths representing
incomplete burn-in during the manufacturing process.
Gebraeel et al. estimated residual life distributions based
on sensory-updated data using a neural network approach
[9, 10], a Bayesian approach [11], and for components
with exponential degradation patterns [12]. Huang and
Dietrich [13] utilized the natural ordering of performance
degradation data to fit a truncated Weibull distribution to
model reliability.

Unlike traditional applications where quality and reliability
are often decoupled, they must be considered simultaneously
for devices subject to degradation. Quality inspection deci-
sions often impact anticipated reliability and failure-time
distributions for devices that degrade over time. Therefore, for
systems with degradation characteristics, manufacturing deci-
sions should be determined by taking into account quality at
the manufacturing phase and reliability during system
operation simultaneously. This paper presents an integrated
model to jointly optimize quality and reliability for devices
subject to degradation. Specifically, we study the burn-in,
quality inspection, and maintenance decisions that impact
quality and reliability of devices.

Different burn-in, quality inspection, and preventive
maintenance approaches have been studied separately.
Preventive maintenance is often implemented to delay or
avoid unexpected failures, which includes periodic mainte-
nance and predictive (condition-based) maintenance. Grall
et al. [14] developed a maintenance cost model for
determining the optimal inspection schedule and replacement
threshold for a single-unit degrading system. To reduce the
uncertainty in cost estimates, Liao et al. [15] proposed a
condition-based maintenance model for a continuous degra-
dation process by taking into account imperfect maintenance
and a short-run availability constraint. Lu et al. [16]
presented a preventive condition-based maintenance ap-
proach based on monitoring, modeling and predicting system
deterioration. Drapella and Kosznik [17] developed a model
to determine equilibrium of burn-in and preventive replace-
ment periods. Jiang and Jardine [18] examined the effective-
ness of jointly applying burn-in and preventive replacement
policy for situations where the failure time follows a mixture
distribution.

However, there is no previous research for determining
these quality policies to optimize quality and reliability
simultaneously. This integrated strategy can reduce cost and
increase customer satisfaction in the long run. We will
develop a comprehensive analytical model to jointly
determine these policies that is not currently available in
the literature, and this complex general model can be
adapted to different system designs. In this research, we
illustrate our proposed model using the application of light
display devices whose brightness degrades over time.
Although degradation modeling of light display devices
has been studied for burn-in process [2] and through
experimental design for improving reliability [19], a
comprehensive approach to jointly optimize quality and
reliability is not available in the literature.

This paper is organized as follows. Section 2 describes
the manufacturing and operation process of a typical light
display device that involves burn-in procedure, quality
inspection and maintenance. The integrated model for
quality and reliability is developed in Section 3 based on
the degradation modeling of luminosity. The impact of
quality inspection on anticipated reliability and failure-time
distributions is also explored in Section 3 before the
integrated model is introduced. Section 4 presents the case
study of a fluorescent lamp to illustrate the application of
the proposed model. The paper is concluded in Section 5.

2 Manufacturing and operation of light display devices

For light display devices that are used under safety-critical
environments, such as control panels in aircrafts and surgery
lights in medical operations, the critical performance charac-
teristic is the luminosity that is related to brightness. Failure of
such devices has been traditionally defined in terms of the
degradation in luminosity over time. For example, the
industry standard definition for the lifetime of plasma display
panels (PDP) and vacuum fluorescent displays (VFD) is the
time at which their luminosity falls below 50% of its initial
luminosity [2, 20]. Failure of fluorescent lamps (FL) is
defined as the time when a lamp’s luminosity falls below
60% of its luminosity [19].

During the manufacturing of light devices, chemical
processes result in impurities in the phosphor contained in
the tube, which degrade the light display quality [2]. To
provide high-quality devices to customers, all the finished
light devices must go through a burn-in procedure that is an
essential step to remove harmful impurities remaining in
light devices [2, 19]. The burn-in procedure is typically
implemented after the manufacturing process where man-
ufactured units are operated for a short period of time to
remove weak or defective parts. Selection of the burn-in
time is usually made based on cost, industry standards and
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time restrictions. An effective burn-in schedule should be
determined that it is long enough to induce the defective
units to fail, but not too long to impinge on the required
lifetime of devices [21].

After the burn-in procedure, all devices are inspected to
screen-out defective items whose output luminosity is lower
than a certain level or a specification limit [19]. Automatic
nondestructive testing systems can be implemented to
provide 100% inspection [22]. A specification limit is
usually determined by minimizing quality loss of the
system at the initial state of devices [23-25]. However, this
can be inefficient for the manufacturing of light devices
without considering the degradation during field operation,
as it may lead to unsatisfactory high maintenance costs
during the device's life cycle due to early failures.

During field operation, the luminosity of light devices
degrades leading to quality deterioration and reliability
concerns. The cost of an impending failure sometimes makes
it economical to replace an aged device with a new one,
especially when the light device is used under safety-critical
environments such as control panels in aircrafts and surgery
lights in medical operations. An optimal preventive mainte-
nance (PM) policy should be implemented to prevent failures
due to the degradation in luminosity. For some applications,
replacement can be done based on condition monitoring, but
for many other applications, particularly those with large
inventories of lights, age-dependent PM policies are imple-
mented due to the inaccessibility of the components or
impracticality of monitoring and tracking a large inventory.
Under the age-dependent PM policy, a device is replaced at its
age τ or failure, whichever occurs first, where τ is a fixed
duration [26]. The replacement interval τ is an important
decision variable to be optimized in order to achieve an
acceptable reliability as well as minimize the total cost.

This paper aims to establish a mathematical model that
can be used to determine optimal burn-in, quality inspec-
tion and preventive replacement policies simultaneously.
The joint optimization model is necessary because the burn-
in time, inspection limit and replacement interval interact
with each other, which impacts the degradation path over
the device life cycle. By rewarding high system reliability
and penalizing the quality loss due to variation, the
proposed model can determine the optimal burn-in time,
specification limits for inspection and an optimal replace-
ment interval. Light display devices that degrade over time
are used to illustrate the application and usefulness the
proposed model.

3 An integrated degradation-based model

Consider a light display device (PDP, VFD, or FL) whose
failure occurs when its luminosity falls below a certain

percentage (e.g., 50%, 60%) of its initial luminosity. In
degradation analysis, this type of failure has been referred
to as “soft” failures, as opposed to “hard” failures when
systems or components stop functioning abruptly. To
simultaneously improve quality and reliability over the
lifetime of light display devices, a systematic burn-in,
inspection and preventive replacement procedure is
depicted, as shown in Fig. 1 [21].

3.1 Degradation modeling and analysis

It is known that the luminosity for several types of VFDs,
FLs, and PDPs decreases exponentially over the majority of
the device life cycle, and the logarithm of the luminosity at
time t, X(t), can be expressed as [19]

X ðtÞ ¼ lnΛðtÞ ¼ q � lt ð1Þ

where Λ(t) denotes the luminosity at time t, θ is the log-
transformed initial luminosity, and l is the rate of
degradation. This degradation path is appropriate after
the burn-in procedure when the degradation is stable [2].
The log-transformed initial luminosity, θ, is assumed to be
a constant and the degradation rate l varies from unit-to-
unit, which reasonably fits the lognormal distribution,
LN(μ,σ2).

The distribution of X(t) is required when investigating
the optimal specification limit η at the burn-in time t0, and
predicting the reliability of light display devices at any
given time t (t≥ t0), which can be assessed by the
probability that the luminosity is greater than the failure

Device Manufacturing

Burn-in Procedure

Inspection Process

Field Operation

Preventive Replacement 

Burn-in Schedule 

t0
* 

 0 X(t0)
Specification Limits

η* 

 0   X(t0) 

Remove Defective

Items 

Replacement Interval

τ * 

0 t0        τ  t 

X(t) 

H 

η

Fig. 1 The manufacturing and operating process of light devices
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threshold. Based on Eq. 1, we developed the cumulative
distribution function (cdf) of X(t) as [27]

FX x; tð Þ ¼ 1� Fl
q � x

t

� �

¼ 1� Φ
ln q � xð Þ � ln t þ mð Þ

s

� �
; x 2 �1; qð Þ;

ð2Þ
and the probability density function (pdf) of X(t) is
determined to be

fX ðxÞ ¼ 1

q � xð Þ ffiffiffiffiffi
2p

p
s

exp � ln q � xð Þ � ln t þ mð Þð Þ2
2s2

 !
; x 2 �1; qð Þ:

ð3Þ
This implies that X(t) follows a negative shifted lognormal

distribution, which is generalized from the lognormal
distribution [28, 29].

Let p denote the specified percentage of the initial
luminosity that indicates the threshold for failures of light
display devices. p is the proportion decrease of luminosity
once the light device is fielded after burn-in, e.g., 50%,
60%. Since each light is degrading at a random rate, the
luminosity of units that are fielded is a variable. The
corresponding failure threshold, H, for the degradation
characteristic, X(t), is derived from Eq. 1 as

H ¼ X ðtÞ; p ¼ ΛðtÞ
Λ t0ð Þ

� �
; or

H ¼ ln pΛ t0ð Þð Þ ¼ ln pþ X t0ð Þ ¼ ln pþ q � lt0:

ð4Þ

Since l is a lognormal-distributed random variable, it
implies that the failure threshold, H, is also random among
units, rather than a fixed value that is used in most
degradation-based reliability analysis. Degradation model-
ing with a random failure threshold that follows a normal
distribution has been discussed in Wang and Coit [30].
Based on Eq. 4, it can be proven that H follows a negative
shifted lognormal distribution when l fits a lognormal
distribution.

The reliability of a device at any time t can then be
assessed by the probability that X(t) is higher than the
failure threshold [21]:

RðtÞ ¼ P T > tð Þ ¼ P X ðtÞ > Hð Þ: ð5Þ

However, this estimation of reliability is only valid
when no quality inspection is conducted, i.e., all the
produced units are shipped directly to field operation.
When all units are inspected after the burn-in procedure,
a different reliability estimation is required that is based

on conditional reliability function. Light devices that
experience higher levels of performance degradation are
removed from the population and the remaining population
has a truncated distribution, which results in a different
reliability function.

3.2 Impact of quality inspection on reliability

The reliability function without quality inspection is
derived in this section, followed by the derivation of
the reliability function with quality inspection after the
burn-in procedure. This comparison clearly shows the
impact of quality inspection on the reliability estimation,
which further verifies the necessity of an integrated method-
ology for quality inspection and preventive maintenance
policies.

3.2.1 Reliability estimation without quality inspection

Consider the situation where no quality inspection is
conducted after the burn-in procedure. Based on Eq. 5, the
reliability function is derived as

RðtÞ¼ P T > tð Þ ¼ P X ðtÞ > Hð Þ ¼ P q � lt > ln pþ q � lt0ð Þ

¼ P l <
� ln p

t � t0

� �
¼ P ln l < ln

� ln p

t � t0

� �� �

¼ 1� Φ
ln t � t0ð Þ � ln � ln pð Þ � mð Þ

s

� �
: t > t0:

ð6Þ
The cdf of failure time, T, is therefore

FT ðtÞ ¼ Φ
ln t � t0ð Þ � ln � ln pð Þ � mð Þ

s

� �
; t > t0; ð7Þ

and the pdf of T is

fT ðtÞ ¼ 1

s t � t0ð Þ f
ln t � t0ð Þ � ln � ln pð Þ � mð Þ

s

� �
; t > t0:

ð8Þ
This proves that the failure time T follows a shifted

lognormal distribution,

T � Shifted LN ln � ln pð Þ � mð Þ; s; t0ð Þ:

3.2.2 Reliability estimation with quality inspection

In practice, the luminosity of light display devices is
inspected after the burn-in procedure, and the units whose
luminosity is below a lower specification limit are classified
as defective items and removed from field operation. With
this truncation on X(t), the reliability is the probability that
X(t) is higher than H given that the unit passes the quality
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inspection. Therefore, the conditional reliability function is
given as

R tjX t0ð Þ > hð Þ ¼ P X ðtÞ > H jX t0ð Þ > hð Þ

¼
P l < min � ln p

t�t0
; q�h

t0

n o� �

P l < q�h
t0

� � :

ð9Þ

The last step is obtained based on Eqs. 1 and 4. As l
follows a lognormal distribution, LN(μ,σ2), the conditional
reliability in Eq. 9 can be further derived as a step function:

R tjX t0ð Þ > hð Þ ¼
Φ ln min � ln p

t�t0
; q�h

t0

n o� �
� m

� �
=s

� �

Φ ln q�h
t0

� �
� m

� �
=s

� �

¼
1�Φ ln t�t0ð Þ�ln � ln pð Þþmð Þ=sð Þ

Φ ln q�h
t0

� �
�m

� �
=s

� � ; t > t0 1� ln p
q�h

� �
:

1 ; t � t0 1� ln p
q�h

� �
:

8>><
>>:

ð10Þ

Then, the pdf of T given X(t0) > η is expressed as follows:

fT tjX t0ð Þ > hð Þ ¼
f ln t�t0ð Þ�ln � ln pð Þþmð Þ=sð Þ

s t�t0ð ÞΦ ln q�h
t0

� �
�m

� �
=s

� � ; t > t0 1� ln p
q�h

� �
:

0 ; t � t0 1� ln p
q�h

� �
:

8>><
>>:

ð11Þ

This demonstrates that the random variable T has a
truncated shifted lognormal distribution, which is different
from the shifted lognormal distribution given in Eq. 8. It
can be-concluded that the implementation of quality
inspection significantly impacts reliability and failure time
distributions. Therefore, quality inspection and maintenance
policies should be determined simultaneously rather than
separately or sequentially as is often done in practice. A
case study of fluorescent lamps is used to illustrate the
impact of quality inspection on reliability.

3.3 Quality and reliability evaluation and optimization

A comprehensive performance measure should be used
that can simultaneously reward high reliability during
field operation and penalize quality loss during manu-
facturing. We develop an expected total cost model that
captures the expected quality cost, failure cost and
replacement cost during the device life cycle, as shown
in Fig. 1. By minimizing this expected total cost over the
expected usage time, three decision variables, burn-in time
t0, specification limit η and replacement interval τ, can be
determined.

During the quality inspection of light display devices,
three quality-related costs are considered: quality losses due

to the deviation from the ideal value, scrap cost, and
inspection cost [23]. The quality loss of each unit can be
measured by a quality loss function, which can be chosen
based on the type of the quality characteristic: the smaller
the better (S-type), the larger the better (L-type) or the
target the best (T-type). As the luminosity of light display
devices is an L-type quality characteristic in this case, its
quality loss function can be expressed as L X t0ð Þð Þ ¼
k
.
X t0ð Þ2, where k is the coefficient that transforms

deviations into economic values. The quality loss can be
estimated using the expected value of L(X(t0)) based on
Eq. 3:

CQ h; t0ð Þ ¼
Zq

h

L x; t0ð ÞfX x; t0ð Þdx

¼
Zq

h

k

x2 q � xð Þ ffiffiffiffiffi
2p

p
s

exp � ln q � xð Þ � ln t0 þ mð Þð Þ2
2s2

 !
dx;

ð12Þ

where fX (x;t0) is the pdf of the log-transformed luminosity at
the end of burn-in process, and η is the lower specification
limit (LSL) to be determined. If an observed measurement is
below the LSL, the unit is scrapped as a defective item. Let
q(η,t0) be the fraction of conforming units, which corre-
sponds to the area under the pdf curve bounded by the LSL.
Based on Eq. 2, q(η,t0) is derived as

q h; t0ð Þ ¼
Z q

h
fX x; t0ð Þdx ¼ Φ

ln q � hð Þ � ln t0 þ mð Þ
s

� �
: ð13Þ

If the scrap cost per unit is denoted as s, then the
scrapped portion of (1–q(η,t0)) results in an expected scrap
cost of CS h; t0ð Þ ¼ 1� q h; t0ð Þð Þs. The inspection cost per
unit is denoted as CI, which is a constant independent of η.
Therefore, the total expected quality cost per unit incurred
at the manufacturing phase is expressed as:

QC h; t0ð Þ ¼ CQ h; t0ð Þ þ CS h; t0ð Þ þ CI : ð14Þ

The system reliability can be evaluated considering
the cost-of-failure approach [31]. The cost of an unex-
pected failure in field operation is assumed to be a
constant value, fc, which is independent of the time-to-
failure and can be estimated as a one-time repair cost. The
system reliability cost of a replacement cycle is then
evaluated by the expected failure cost (FC(η.τ,t0)) and it is
given by

FC h; t; t0ð Þ ¼ fc 1� R tjX t0ð Þ > hð Þð Þ: ð15Þ

If the system fails before the replacement interval τ, then
it must be replaced by an operational replacement and the
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cost is fc+RC, where RC is the replacement cost.
Alternatively, if it has not failed by C, it should be replaced
based on economic considerations and the cost is just RC.
Thus, the expected total failure and replacement cost at C is
FC h; t; t0ð Þ þ RC.

The expected total cost needs to be minimized over the
expected usage time of light display devices. Based on
Eq. 11, the expected usage time is given as (see Appendix)

E U jh; t0; t½ �

¼
1
s

Rt
t0

f ln t�t0ð Þ� ln � ln pð Þ�mð Þ
s

� �
dt þ t0Φ

ln t�t0ð Þ� ln � ln pð Þ�mð Þ
s

� �

Φ ln h�q
�t0

� �
� m

� �
=s

� � :

ð16Þ
The burn-in cost, BC(t0), is approximated as a linear

function of the burn-in period t0, which is given as
BC t0ð Þ ¼ bt0. Then the expected total cost per unit expected
usage time is given as

TC h; t; t0ð Þ ¼ BC t0ð Þ þ QC h; t0ð Þ þ FC h; t; t0ð Þ þ RC

E U jh; t0; t½ � : ð17Þ

Thus, the constrained optimization model that minimizes
the expected total cost rate due to quality loss and reliability
cost during the system life cycle can be expressed as

h
»
; t

»
; t0

»	 
 ¼ argmin TC h; t; t0ð Þf g
subject to 0 <h < q; Lt � t � Ut ; Lt0 � t0 � Ut0 ;

ð18Þ

where Lτ and Uτ are the lower and upper bounds of the
replacement interval specified by customers or designers,
and Lt0 and Ut0 are the specified lower and upper bounds of
the burn-in time.

Simulated annealing [32], sequential quadratic program-
ming (SQP) [33, 34] and other optimization algorithms can

be implemented to solve the constrained nonlinear problem
in Eq. 18. For the case study in the next section, simulated
annealing algorithm is utilized to solve the problem, since it
is superior for optimization models with complicated
objective functions [35].

4 Numerical example

Consider a fluorescent lamp design that is subject to
luminosity degradation over its life cycle. The parameters
in the degradation path can be estimated from the
experimental results given in [19]. Under the optimal
setting of experimental factors, the expected value of the
initial log-transformed luminosity, θ, is estimated as
7.84664. The mean and standard deviation of ln(l) are
estimated to be –10.8956 and 0.1225, respectively, i.e.,
l ∼ LN(–10.8956,0.12252). As previously stated, the
industry’s standard definition for the lifetime of fluores-
cent lamps is the time t when a lamp's luminosity Λ(t) falls
below 60% of its initial brightness when fielded (at the
end of the burn-in period t0), which implies that p equals
to 0.6.

As described in [19], a lamp after 100 hours burn-in
period is declared as non-defective if its output luminosity
exceeds 2500 lumen. These are the burn-in time and the
specification limit used in the original setting, i.e., t0=100 h
and η=7.8240. We will compare the resulting system
performance between these original setting and the optimal
setting provided by our model. The lamp is replaced
at 30,000 hours based on the reliability estimation, i.e.,
C=30,000 h. In addition, we have the following parameter
settings: b=0.5, k=5500, s=50, CI=0.1, fc=2500, and
RC=50. These are typical or nominal values selected to
demonstrate the optimization model. The feasible bound-
aries for the decision variables, selected based on the

f (x)

7.8442 7.8444 7.8446 7.8448 7.8450 7.8452 7.8454

500

1000

1500

x

Fig. 2 Probability density of X(t0) at t0=100 h

f (t)

20000 25000 30000 35000
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0.00008

0.00010
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Fig. 3 Probability density of failure time T with quality inspection
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practical constraints specified by designers or customers,
are given as:

h 2 0; 7:84664½ �; t 2 10; 000; 150; 000½ �; t0 2 100; 200½ �:
Using simulated annealing, the optimal solution is

obtained as η=7.8408, τ=61,000 h, and t0=100 h, respec-
tively. The performance comparison between the optimal
setting and the original setting indicates that the total cycle
cost per usage lifetime decreases dramatically by 96.3%
from $0.0965/h to $2.6257/h.

The probability density functions of X(t0) and failure
time T are shown in Figs. 2 and 3, respectively. Figure 2
shows the probability density function of the logarithm of
luminous flux at the end of burn-in process, X(t0), as given
in Eq. 3. If the specification limit η is set to be the optimal
value 7.8408, the left portion of the specification limit will
be scrapped as defective items after burn-in. The probabil-
ity density function of the failure time with quality
inspection procedure is given in Fig. 3. Because the quality
inspection procedure is implemented after the burn-in
process, the probability of failure equals to zero when the
time to failure is less than 8,847 h, as given in Eq. 11. This
implies that the quality inspection policy is an effective way
to improve the reliability of the device.

5 Concluding remarks

Based on the analysis of the degradation path of light
display devices and the distribution of the degradation

characteristic, we investigate the integrated optimization of
reliability and quality for light display devices. The
reliability functions and failure time distributions with and
without quality inspection are developed to show the
interrelationship between quality inspection and mainte-
nance policies. It is concluded that the quality inspection
policy has a significant impact on the reliability behavior of
light devices. An integrated approach to determine the
burn-in, quality inspection and preventive maintenance
policies simultaneously is then proposed. The quality loss
cost and unexpected failure cost during the usage lifetime
are evaluated to develop the mathematic model.

Our previous work on microengines [21] differs from the
study in this paper in several respects, although the basic
framework for the two applications is to jointly optimize
quality and reliability policies to achieve minimum total
cost. For the microengine application, the distribution of
degrading characteristic, X(t), follows a normal distribution,
while for light display devices, X(t) follows a negative
shifted lognormal distribution. In addition, the failure
threshold is a fixed value for the microengine application,
while it is a random variable for light display devices,
which makes the modeling of reliability and failure time
distinctly different and more challenging.

Appendix

The expected usage time in Eq. 16 is derived based on
Eq. 11 as follows.
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