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Abstract

Warranty is a topic that has been studied extensively by
different disciplines including engineering, economics,
management science, accounting, and marketing
researchers (Blischke andMurthy, Warranty cost analysis.
Marcel Dekker, NewYork, 1994, p 47).Warranty policy is
a guarantee for the seller of a product to provide the buyer
with a specific service, such as replacement or repair, in
the event of the product failure. Today warranty policy is
an important marketing factor used by the manufacturers
and corporates to promote its product to consumers
(Park and Pham, IEEE Trans Syst Man Cybern A
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40:1329–1340, 2010). This chapter aims to provide an
overview on warranties focusing on the cost and benefit
perspective of various warranty and maintenance policies.
After a brief introduction of the current status of warranty
research, the second part of this chapter classifies various
existing and several recent promotional warranty policies
to extend the taxonomy initiated by Blischke and Murthy
(Eur J Oper Res 62:127–148, 1993).

Focusing on the quantitative modeling perspective of
both the cost and benefit analyses of warranties, we sum-
marize five problems that are essential to warranty issuers.
These problems are: (i) what are the warranty cost factors;
(ii) how to compare different warranty policies; (iii) how
to analyze the warranty cost of multi-component systems;
(iv) how to evaluate the warranty benefits; (v) how to
determine the optimal warranty policy.

A list of future warranty research topics are presented
in the last part of this chapter. We hope that this will stim-
ulate further interest among researchers and practitioners.

Keywords
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10.1 Introduction

Warranty is an obligation attached to products (items or
systems) that requires the warranty issuers (manufacturers or
suppliers) to provide compensation to consumers according
to the warranty terms when the warranted products fail to
perform their pre-specified functions under normal usage
within the warranty coverage period. Similar definitions can
be found in Blischke and Murthy [1, 2], McGuire [3], and
Singpurwalla and Wilson et al. [4]. Based on this defi-
nition, a warranty contract should contain at least three
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characteristics: the coverage period (fixed or random), the
method of compensations, and the conditions under which
such compensations would be offered. The last characteristic
is closely related to warranty execution since it clarifies
consumers, rights and protects warranty issuers from exces-
sive false claims. From the costing perspective, the first two
characteristics are more important to manufacturers because
they determine the depth of the protection against premature
failures and the direct cost related to those failures.

Traditionally, warranty serves as a protection instrument
attached to products sold to consumers. There are two facets
of the protection role: on one hand, it guarantees a prop-
erly functioning product for at least a period of w, either
financially or physically. On the other hand, it also specifies
an upper bound on the liability of the supplier induced by
the warranty. In addition to the protection role, warranty has
always been one of the most important elements in business
marketing strategy. As indicated in [3, p. 1], manufacturers,
primary rationale for offering warranty is to support their
products to gain some advantage in the market, either by
expressing the company,s faith in the product quality or by
competing with other firms. Due to the more than ever fierce
competition in the modern economy, the market promotion
role of warranty has become even more significant. Manu-
facturers are fighting with each other through various chan-
nels from competitive pricing, improved product reliability,
to more comprehensive warranties. Because of technology
constraints or time constraint, it is usually difficult to improve
product quality in a short time. As a result, warranty has
evolved as an essential part of marketing strategy, along with
pricing and advertising, which is especially powerful during
the introduction period of new, expensive products such as
automobiles and complex machinery.

In the last two decades, warranty has been studied ex-
tensively among many disciplines such as engineering, eco-
nomics, statistics, marketing and management science, to
name a few. Consequently, the literature on warranty is not
only vast, but also disjoint [1]. There are three books and
hundreds of journal articles that have addressed warranty-
related problems within the last 10 years. A comprehensive
collection of related references up to 1996 can be found in
[2]. In general, researchers in engineering are interested in
quality control and improving product reliability to reduce
production and service costs. Some of the major references
are Chen et al. [5], Djamaludin et al. [6], Hedge and Kubat
[7], Mi [8], Murthy and Hussain [9], Nguyen and Murthy
[10], and Sahin [11]. Economists usually treat warranty as
a special type of insurance. Consequently, they developed
the economic theory of warranties as one of many applica-
tions of microeconomics. We refer readers to DeCroix [12],
Emons [13, 14], Lutz and Padmanabhan [15], Padmanab-
han and Rao [16], Murthy and Asgharizadeh [17] and the
references therein. Statisticians mainly focus on warranty

claim prediction, statistical inference of warranty cost, and
estimation of product reliability or availability. Some of the
key references are Frees [18, 19], Ja et al. [20], Kalbfleisch
[21], Kao and Smith [22, 23], Menzefricke [24], Padmanab-
han andWorm [25] and Polatoglu [26]. A long-term trend in
warranty study is the focus on various warranty-management
aspects. Some recent references are Chun and Tang [27], Ja
et al. [20], Lam and Lam [28], Wang and Sheu [29], and
Yeh et al. [30, 31]. Blischke and Murthy [32] developed a
framework for the analytical study of various issues related
to warranty. Recently,Murthy and Djamaludin [33] enriched
the framework by summarizing the literature since 1992 from
an overall business perspective. Another review by Thomas
and Rao [34] provided some suggestions for expanding the
analysis methods for making warranty decisions. Park and
Pham [35] discussed several cost models with consideration
of non-renewable and renewable warranty policies based on
two-dimension aspects such as failure times and repair times.

In this chapter, we briefly review some recent work in
warranty literature from the manufacturers, perspective. The
objectives of this chapter are to classify various existing
and relatively new warranty policies to extend the taxonomy
discussed in [36], and to summarize and illustrate some
fundamental warranty economic problems including several
warranty-maintenance policies such as the block replacement
and age replacement policies.

10.2 Classification of Warranty Policies

Numerous warranty policies have been studied in the last sev-
eral decades. Blischke andMurthy [37] presented a taxonomy
of more than 18 warranty policies and provided a precise
statement of each of them. In this section, we extend the
taxonomy by addressing several recently proposed policies
that might be of interests to warranty managers. It should be
noted that we mainly focus on type A policies [37], which,
based on the taxonomy, are referred to as policies for single
items and not involving product development.

10.2.1 Renewable and Nonrenewable
Warranties

One of the basic characteristics of warranties is whether
they are renewable or not. For a regular renewable policy
with warranty period w, whenever a product fails within
w, the buyer is compensated according to the terms of the
warranty contract and the warranty policy is renewed for
another period w. As a result, a warranty cycle T, starting
from the date of sale, ending at the warranty expiration date,
is a random variable whose value depends on w, the total
number of failures under the warranty, and the actual failure
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inter-arrival times. Renewable warranties are often offered
for inexpensive, nonrepairable consumer electronic products
such as microwaves, coffee makers, and so forth, either
implicitly or explicitly. One should notice that theoretically
the warranty cycle for a renewable policy can be arbitrarily
large. For example, consumers can induce the failures so that
they keep on getting new warranties indefinitely. Such moral
hazard problems might be one of the reasons that renewable
policies are not as popular as nonrenewable ones among
warranty issuers.

One way to remedy this problem is to modify the regular
renewable policy in the following way: instead of offering the
original warranty with a period of w repeatedly upon each
renewing, warranty issuers could set wi = αwi–1,α ∈ (0, 1],
for i = 1, 2,· · · , where wi is the warranty length for the
i-th renewing, and w0 = w. Actually, this defines a new
type of renewable warranty, which we refer to as geometric
renewable warranty policies. Clearly, a geometric renewable
policy is a generalization of a regular renewable policy, which
degenerates to the latter when α = 1.

The majority of warranties in the market are nonrenew-
able; for these the warranty cycle, which is the same as the
warranty period, is not random, but predetermined (fixed),
since the warranty obligation will be terminated as soon as
w units of time pass after sale. This type of policies is also
known as a fixed-period warranty.

10.2.2 FRW, FRPW, PRW, CMW, and FSW
Policies

According to the methods of compensation specified in a
warranty contract upon premature failures, there are three
basic types of warranties: free replacement warranty (FRW),
free repair warranty (FRPW), and pro-rata warranty (PRW).
Combination warranty (CMW) contains both features of
FRW/FRPW and PRW. Full-service warranty, (FSW), which
is also known as preventive maintenance warranty, is a policy
that may be offered for expensive deteriorating complex
products such as automobiles. Under this type of policies,
consumers not only receive free repairs upon premature
failures, but also free (preventive) maintenance.

For nonrepairable products, the failed products under war-
ranty will usually be replaced free of charge to consumers.
Such a policy is often referred to as a free replacement
warranty or an unlimited warranty. In practice, even if a prod-
uct is technically repairable, sometimes it will be replaced
upon failure since repair may not be economically sound.
As a result, for inexpensive repairable products, warranty
issuers could simply offer FRWpolicies. Consequently, these
inexpensive repairable products can be treated as nonre-
pairable. However, for repairable products, if the warranty
terms specify that, upon a valid warranty claim, the warranty

issuer will repair the failed product to working condition free
of charge to buyers, then such a policy is a so-called free
repair warranty. In practice, it is not rare that a warranty
contract specifies that the warranty issuer would repair or
replace a defective product under certain conditions. This
is the reason why most researchers do not treat FRW and
FRPW separately. Nevertheless, we feel that it is necessary to
differentiate these two type of policies based on the follow-
ing reasoning: first, repair cost is usually much lower than
replacement cost except for inexpensive products; secondly,
by clearly defining the compensation terms, warranty issuers
may establish a better image among consumers, which can
surely be helpful for the marketing purpose.

Under a FRW policy, since every failed product within T
is replaced by a new one, it is reasonable to model all the
subsequent failure times by a single probability distribution.
However, under a FRPW, it is necessary to model the repair
impact on failure times of a warranted product. If it is
assumed that any repair is as-good-as-new (perfect repair),
then from the modeling perspective, there is little differ-
ence between FRW and FRPW. For deteriorating complex
systems, minimal repair is a commonly used assumption.
Under this assumption, a repair action restores the system,s
failure rate to the level at the time epoch when the last failure
happened.Minimal repair was first introduced byBarlow and
Proschan [38]. Changing a broken fan belt on an engine is a
good example of minimal repair since the overall failure rate
of the car is nearly unchanged. Perfect repair and minimal
repair represent two extremes relating to the degree of repair.
Realistically, a repair usually makes a system neither as-
good-as-new, nor as-bad-as-old (minimal repair), but to a
level in between. This type of repair is often referred to as
imperfect repair. In the literature of maintenance and reli-
ability, many researchers have studied various maintenance
policies considering imperfect repair. A recent review on
imperfect maintenance was given by Pham andWang [39]. In
the warranty literature, the majority of researchers consider
repairs as either perfect or minimal. Little has been done on
warranty cost analysis considering imperfect repair.

Both FRW and FRPW policies provide full coverage to
consumers in case of product failures within T. In contrast,
a PRW policy requires that buyers pay a proportion of the
warranty service cost upon a failure within T in exchange
for the warranty service such as repair or replacement, cash
rebate or a discount on purchasing a new product. The
amount that a buyer should pay is usually an increasing
function of the product age (duration after the sale). As an
example, suppose the average repair/replacement cost per
failure is cs, which could be interpreted as the seller,s cost
per product without warranty, if a linear pro-rata function
is used, then the cost for a buyer upon a failure at time
t, t < w, is cs tw . The corresponding warranty cost incurred
to the manufacturer is cs

(
1 − t

w

)
. PRW policies are usually
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renewable and are offered for relatively inexpensive products
such as tires, batteries, and so forth.

Generally speaking, FRW and FRPW policies are in the
favor of buyers since manufacturers take all the responsibil-
ity of providing products that function properly during the
whole warranty cycle [1, p. 221]. In other words, it is the
manufacturers that bear all the warranty cost risk. In contrast,
for PRW policies manufacturers have the relative advantage
with regard to the warranty cost risk. Although they do have
to offer cash rebates or discounts to consumers if failures
happen during T, they are usually better off no matter what
consumers choose to do. If a consumer decides not to file a
warranty claim, then the manufacturer saves himself the cash
rebate or other type of warranty service. If instead a warranty
claim is filed, the manufacturer might enjoy the increase in
sales or at least the warranty service cost is shared by the
consumer.

To balance the benefits between buyers and sellers, a
combination warranty (CMW) that contains both features
of FRW/FRPW and PRW policies was created. CMW is a
policy that usually includes two warranty periods: a free
repair/replacement period w1 followed by a pro-rata period
w2. This type of warranties is not rare today because it has
significant promotional value to sellers, while at the same
time it provides adequate control over the costs for both
buyers and sellers [2, p. 12].

For deteriorating complex products, it is essential to
perform preventive maintenance to achieve satisfactory
reliability performance. Maintenance involves planned and
unplanned actions carried out to retain a system at, or restore
it to, an acceptable operating condition [40]. Planned mainte-
nance is usually referred to as preventive maintenance, while
unplanned maintenance is labeled as corrective maintenance
or repair. The burden of maintenance is usually on the
consumers, side. In [41],Bai andPham proposed a renewable
full-service warranty for multi-component systems under
which the failed component(s) or subsystem(s) will be
replaced; in addition, a (preventive) maintenance action will
be performed to reduce the chance of future product failures,
both free of charge to consumers. They argue that such a pol-
icy is desirable for both consumers and manufacturers since
consumers receive better warranty service compared to tradi-
tional FRPW policies, while at the same time manufacturers
may enjoy cost savings due to the improved product reliabil-
ity by the maintenance actions. By assuming perfect mainte-
nance, they derived the probability distributions and the first
two moments of the warranty cost per warranty cycle for
series, parallel, series–parallel, and parallel–series systems.

Many researchers have studied warranty-maintenance
problems. Among them Chun [42] determined the optimal
number of periodic maintenance actions during the warranty
period by minimizing the expected warranty cost (EWC).
Jack and Dagunar [43] generalized Chun,s idea by

considering unequal preventive maintenance intervals. Yeh
[31] further extended the work by including the degree of
maintenance as one of the decision variables along with
the number of maintenance actions and the maintenance
schedule. All of these three researches aim to obtain the
optimal maintenance warranty to assist manufacturers,
decision-making. A related problem is the determination
of the optimal maintenance strategy following the expiration
of warranty from the consumers, perspective. Dagpunar
and Jack [44] studied the problem by assuming minimal
repair. Through a general approach, Sahin and Polatoglu [45]
discussed both stationary and non-stationary maintenance
strategies following the expiration of warranty. They proved
the pseudo-convex property of the cost rate function under
some mild conditions.

10.2.3 Repair-Limit Warranty

In maintenance literature, many researchers studied main-
tenance policies set up in such a way that different main-
tenance actions may take place depending on whether or
not some pre-specified limits are met. Three types of lim-
its are usually considered: repair-number-limit, repair-time-
limit, and repair-cost-limit. Those maintenance policies are
summarized byWang [36].

Similarly, three types of repair-limit warranties may be
considered by manufacturers: repair-number-limit warranty
(RNLW), repair-time-limit warranty (RTLW), and repair-
cost-limit warranty (RCLW). Under a RNLW, the manufac-
turer agrees to repair a warranted product up to m times
within a period of w. If there are more than m failures
withinw, the failed product shall be replaced instead of being
repaired again. Bai and Pham [46] recently studied the policy
under the imperfect-repair assumption. They derived the
analytical expressions for the expected value and the variance
of warranty cost per product sold through a truncated quasi-
renewal-process approach.

AN RTLW policy specifies that, within a warranty cycle
T, any failures shall be repaired by the manufacturer, free
of charge to consumers. If a warranty service cannot be
completed within τ unit of time, then a penalty cost oc-
curs to the manufacturer to compensate the inconvenience
of the consumer. This policy was analyzed by Murthy and
Asgharizadeh [17] in the context of maintenance service
operation.

For a RCLWpolicy, there is a repair cost limit τ in addition
to an ordinary FRPWpolicy. That is, upon each failure within
the warranty cycle T, if the estimated repair cost is greater
than τ , then replacement instead of repair shall be provided
to the consumer; otherwise, normal repair will be performed.
This policy has been studied by Nguyen andMurthy [47] and
others.
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It should be noted that various repair limits as well as other
warranty characteristics such as renewing may be combined
together to define a new complex warranty. For example, it is
possible to have a renewable repair-time-limit warranty for
complex systems. Such combinations define a large set of
new warranty policies that may appear in the market in the
near future. Further study is needed to explore the statistical
behavior of warranty costs of such policies to assist decisions
of both manufacturers and consumers.

10.2.4 One-AttributeWarranty
and Two-AttributeWarranty

Most warranties in practice are one-attribute, for which the
warranty terms are based on product age or product usage,
but not both. Compared to one-attribute warranties, two-
attribute warranties are more complex since the warranty
obligation depends on both the product age and product
usage as well as the potential interaction between them. Two-
attribute warranties are often seen in automobile industry.
For example, Huyndai, the Korean automobile company, is
currently offering 10 years/100,000 miles limited FRPW on
the powertrain for most of their new models.

One may classify two-attribute warranties according to
the shape of warranty coverage region.Murthy et al. defined
four types of two-attribute warranties labeled as policy A to
policy D (Fig. 1 in [48]). The shapes of the warranty regions
are rectangular, L-shaped with no limits on age or usage, L-
shaped with upper limits on age and usage, and triangular,
respectively. Based on the concept of the iso-cost curve,
Chun and Tang [27] proposed a set of two-attribute warranty
policies for which the expected present values of future
repair costs are the same. Some other plausible warranty
regions for two-attribute warranty policies were discussed by
Singpurwalla andWilson [4].

In general, there are two approaches in the analysis of
two-attribute warranties, namely, the one-dimensional (1-D)
approach [48] and the two-dimensional (2-D) approach [49].
The 1-D approach assumes a relationship between product
age and usage; therefore it eventually converts a two-attribute
warranty into a corresponding one-attribute warranty. This
approach is used by Moskowitz and Chun [50], and Chun
and Tang [27]. The 2-D approach does not impose a de-
terministic relationship between age and usage. Instead, a
bivariate probability distribution is employed for the two
warranty attributes. Murthy et al. [48] followed the idea
and derived the expressions for the expected warranty cost
per item sold and for the expected life cycle cost based
on a two-dimensional renewal processes. Kim and Rao [51]
obtained the analytical expressions for the warranty cost for
the policies A and B defined in [48] by considering a bivariate
exponential distribution. Perhaps the most comprehensive

study of two-attribute warranties so far is by Singpurwalla
and Wilson [4], in which, through a game-theory set up,
they discussed in detail both the optimum price-warranty
problem and the warranty reserve determination problem.
Park and Pham [49] recently discussed several warranty
cost models for complex systems considering two types of
warranty periods such as warranty period and post warranty
period subject to minimal repairs. They presented the long
run expected cost models per unit time with consideration
of both the manufacturer and the customer perspectives and
provided the optimum decision variables including warranty
period, repair time limit and periodical maintenance cycles
that minimizes the total expected cost.

10.3 Evaluation of Warranty Policies

Two phenomena make the study of warranties important.
First, warranty has become common practice for manufactur-
ers. According to the survey conducted by McGuire, nearly
95% of producers of industrial products provide warranties
on all of their product lines [3, p. 1]; secondly, there is
a huge amount of money involved in warranty programs.
Based on a report by the Society of Mechanical Engineering
(www.sme.org), the annual warranty cost is about 6 billion
dollars for Ford, General Motors and Chrysler combined in
the year 2001.

Among many issues related to warranty, there are two
fundamental questions that must be answered, especially for
warranty issuers: (1) how much a warranty will cost; (2) how
much benefit can be earned from a certain warranty. This
section summarizes some ideas and discussions appeared in
the literature that are closely related to these two questions.

10.3.1 Warranty Cost Factors

Due to the random nature of many warranty cost factors
such as product failure times, warranty cost is also a random
variable whose statistical behavior can be determined by
establishing mathematical links between warranty factors
and warranty cost. There are numerous factors that may be
considered in warranty studies. Among them, we believe that
the followings are of great importance: the characteristics of
warranty policies; warranty service cost per failure; product
failure mechanism; impact of warranty service on product
reliability; warranty service time; andwarranty-claim-related
factors.

Different warranty policies may require different math-
ematical models for warranty cost. One way to model the
warranty cost per item sold is through a stochastic counting
process [N(t), t ≥ 0], which represents the number of fail-
ures over time of a warranted product. Let S1, S2,· · · be the

http://www.sme.org
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subsequent failure times, and denote by CSi the warranty cost
associated with the i-th failure. Assuming that all product
failures are claimed, that all claims are valid, and instant
warranty service, then the total warranty cost per item sold,
C(w), can be expressed as

C(w) =
{ ∑N[T(w)]

i=0 CSi , for N [T(w)] = 1, 2, · · ·
0, for N [T(w)] = 0.

(10.1)

From (10.1), it is clear that the probabilistic behavior of
C(w) solely depends on N[T(w)] (the number of failures
within a warranty cycle T) and CSi , as well as the potential
interaction between them. In general it is very difficult to
determine the distribution of C(w). However, it is possible to
obtain the moments of C(w) using modern stochastic process
theory and probability theory.

For nonrepairable products or repairable products with
a single component, warranty service cost per failure is
often assumed to be constant. However, for repairable multi-
component products, warranty service cost per failure in
general is a random variable whose distribution is related to
the product (system) structure and the warranty service cost
for each component.

Product (system) failure mechanism can be described by
the distributions of subsequent system failure times. This
involves the consideration of system structure, the reliability
of components, and the impact of repair on components,
reliability and system reliability. System structure is essen-
tial in determining system reliability. Extensive research on
reliability modeling has been done for different systems such
as series–parallel systems, parallel–series systems, standby
systems, k-out-of-n systems, and so forth, in the literature of
reliability [52]. Unfortunately, to our knowledge, there is no
complete theory or methodology in warranty that incorpo-
rates the consideration of various system structure.

If a warranted product is nonrepairable or the as-good-as-
new repair assumption is used for repairable products, then a
single failure-time distribution can be adopted to describe the
subsequent product failure times under warranty. However,
if a warranted product is repairable and repairs are not as-
good-as-new, then the failure time distribution(s) of repaired
products differ(s) from that of a new product. This situation
may bemodeled by considering a failure-time distribution for
all repaired products different from that of new products [1].
Strictly speaking, distributions of subsequent failure times of
a repairable product are distinct, therefore, such an approach
can be only viewed as an approximation.

As mentioned in section “Evaluation of Warranty Poli-
cies,” warranty compensation includes free replacement, free
repair or cash rebate. For the case of free replacement,
warranty service cost per failure for manufacturers is simply
a constant that does not depend on the product failure times.
In the case of cash rebate (pro-rata policy), warranty cost

per failure usually relies on product failure time as well as
the rebate function. When repair, especially the not as-good-
as-new repair, is involved in warranty service, one has to
model the repair impact on product reliability, which in turn
has a great impact on warranty cost per failure. One way
to model subsequent failure times under this situation is to
consider them as a stochastic process. Consequently, modern
stochastic theory of renewal processes, nonhomogeneous
Poisson processes, quasi-renewal processes [40] and general
point processes could be applied.

To our knowledge, most warranty literature assumes that
warranty service is instant. This may be justified when the
warranty service time is small compared to the warranty
period or the warranty cycle. A better model is to incorporate
explicitly the service times into warranty cost modeling. One
recent attempt to include non-zero service time in warranty
analysis is byMurthy and Asgharizadeh [17]. In this chapter,
they developed a game-theoretic formulation to obtain the
optimal decision in a maintenance service operation.

Warranty claims-related factors include the response of
consumers to product failures and the validation of warranty
claims by warranty issuers. It is no secret that not all con-
sumers will make warranty claims even if they are entitled
to do so. It is also true that warranty issuers, to serve their
own benefits, usually have a formal procedure to validate
warranty claims before honoring them. Such situations may
be modeled by assigning two new parameters α and β, where
α is the probability that a consumer will file a claim upon
a failure within T, and β is the proportion of the rejected
claims [53].

There are other factors that may be of importance in
warranty cost evaluation such as nonconforming product
quality [5], multiple modes of failure, censored observations
[19], etc. Unfortunately, it is impossible to consider all the
factors in one warranty cost model. Even if such a model
exists, it would be too complicated to be applied.

10.3.2 Criteria for Comparison of Warranties

Warranty managers usually have several choices among var-
ious warranty policies that might be applied to a certain type
of products. This requires some basic measures as the criteria
to make the comparison among these policies.

There are several measures available, including expected
warranty cost (EWC) per product sold, expected discounted
warranty cost (EDWC) per warranty cycle, monetary utility
function and weighted objective function. EWC and EDWC
are more popular than the others since they are easy to
understand and can be estimated relatively easily. The key
difference between them is that the latter one considers the
value of time, an important factor for warranty cost account-
ing and financial managers.
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To our opinion, monetary utility function,U(x), is a better
candidate for the purpose of comparing warranty policies.
The functional form of U(x) reflects the manufacturer,s risk
attitude. If a manufacturer is risk-neutral, then U(x) is linear
in x. This implies that maximizing E[U(x)] is the same as
maximizing U[E(x)]. However, manufacturers may be risk-
averse if they are concerned about the variations in profit
or in warranty cost. For example, a particular manufacturer
may prefer a warranty with less cost variation than another
with much larger variation in warranty cost if the difference
between the EWCs is small. If this is the case, then it can
be shown that the corresponding utility function is concave
[54]. The main difficulty of the utility theory approach is that
utility functions are subjective.

Weighted objective functions could also be used for
the purpose of comparing warranties for manufacturers.
One commonly used weighted objective function is
E[π (x)] − ρV[π (x)], where ρ is a positive parameter
representing the subjective relative importance of the risk
(variance or standard deviation) against the expectation and
π (x) is the manufacturers profit for a given warranty policy x.
Interestingly, such an objective function coincides to a special
case of the utility theory approach when the manufacturer,s
subjective utility function is assumed to only depend on the
first two centered moments of π (x) [55, 56].

In the above discussion, the term warranty cost refers
to the manufacturer,s cost per warranted product. In our
opinion, this is the fundamental measure for the purpose of
evaluating any warranty for manufacturers since it provides
precise information on the additional cost incurred to manu-
facturers due to warranty. An equally useful measure is the
discounted warranty cost (DWC) per cycle. This measure
incorporates the value of time, therefore it is useful when
warranty managers are interested in determining warranty
reserve level. It is also of importance to financial managers
performing warranty cost analysis.

Some researchers have proposed warranty cost per unit
time, or warranty cost rate, as the primary warranty cost
measure. As indicated by Blischke and Murthy [2], warranty
cost rate is useful in managing warranty servicing resources,
such as parts inventory over time with dynamic sales.

Another related measure is warranty cost over a product
life cycle. Blischke and Murthy named this cost as life cycle
cost-II (LCC-II) [1]. A product life cycle begins with the
launch of the product onto the market and ends when it is
withdrawn. For consumers, warranty cost analysis is usually
conducted over the life time of a product. In [1], this cost is
labeled as life cycle cost-I (LCC-I). LCC-I is a consumer-
oriented cost measure and it includes elements such as pur-
chase cost, maintenance and repair costs following expiration
of a warranty, operating costs as well as disposal costs.
Park and Pham [35] studied the expected warranty cost

models for twomaintenance policies such as age replacement

and block replacement policies with various warranty poli-
cies. For instant, if a failed product is delivered to the war-
ranty service center, the repair service is provided, and if
the repair time exceeds the repair time limit the replacement
service is provided.

10.3.3 Warranty Cost Evaluation for Complex
Systems

Most products (systems), especially expensive ones, are com-
posed of several nonrepairable components. Upon a failure,
the common repair practice is to replace failed components
instead of replacing the whole system. For such products,
warranty may be offered for each of the individual com-
ponents, or for the whole system. For the former case, the
warranty cost modeling and analysis for single-component
products can be applied readily. In fact, most warranty litera-
ture focuses on the analysis of warranty for single-component
systems via a black-box approach. However, for the latter
case, it is necessary to investigate warranty with explicit
consideration of system structure because evidently system
structure has a huge impact on product reliability, therefore
it is a crucial factor in warranty cost study. Unfortunately, as
indicated by Chukova and Dimitrov [57, p. 544], so far there
has been only limited study on this topic.

Some researchers have discussed the warranty cost model-
ing for parallel systems. For example, Ritchken [58] provided
an example of a two-component parallel system under a
two-dimensional warranty. Hussain and Murthy [59] also
discussed warranty cost estimation for parallel systems under
the setting that uncertain quality of new products may be a
concern for the design of warranty programs. Chukova and
Dimitrov [57] presented a two-component parallel system
under a FRPW policy. Actually, for nonrepairable parallel
systems, the modeling techniques of warranty cost is essen-
tially the same as that of black-box systems unless the system
is considered as repairable.

To our knowledge, the only published work about war-
ranty study on series systems is by Chukova and Dimitrov
[57, pp. 579–580]. They derived the EWC per system sold for
a two-component series system under a FRPW policy which
offers free replacement of the failed component if any system
failure happens within the warranty period w. Recently, Bai
and Pham [41] obtained the first twomoments of a renewable
FSW policy for series, parallel, series–parallel, and parallel–
series systems. The derivation of the first two moments of
the DWC of nonrenewable FRPW and PRW policies for
minimally repaired series systems can be found in [60].

It is possible to use a Markovian model to analyze war-
ranty cost for complex systems. Balachandran et al. [61]
dealt with the problem of determining warranty service cost
of a three-component system using the Markovian approach.
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A similar discussion can be seen in [57] and the references
therein. Although this approach is a powerful tool in the
literature of reliability, queuing systems, and supply-chain
management, there are some limitations in the applications of
warranty. First of all, it is difficult to determine the appropri-
ate state space and the corresponding transition matrix for the
applications in warranty. Secondly, most Markovian models
only provide the analysis of measures in the steady states
by assuming infinite horizon. In other words, the statistical
behavior of those measures in finite horizon (short-run) is
either too difficult to obtain or not of practical interest.
However, in warranty study, it is crucial to understand the
finite-horizon statistical behavior of warranty cost. Thirdly,
warranty claim data as well as reliability data are scarce
and costly. Markovian models usually require more data
since they contain more parameters than ordinary probability
models that could be applied to warranty cost study.

Using a quasi-renewal process [62], Park and Pham [63,
64] discussed several warranty cost models including re-
pairable models with a fixed warranty period for multicom-
ponent systems subject to imperfect repair service. In their
models, they considered that: (i) the interoccurrence failure
intervals are independent of each other and its follow an ex-
ponential distribution; (ii) the failed products are repairable;
and (iii) the inspection time that examines whether the failed
components need repair services or not is negligible. Using
a quasi-renewal process [62, 65], they derived the expected
warranty cost and the standard deviation of the warrant
cost for systems including parallel-series and series-parallel
systems. Sgarbossa and Pham [66] and Pham and Zhang [67]
developed several cost models of software systems with con-
siderations of risk and warranty factors to obtain the software
testing policies that minimizes the total system costs.

10.3.4 AssessingWarranty Benefits

As mentioned in the introduction, warranty is increasingly
used as a promotional device for marketing purposes. Con-
sequently, it is necessary to predict and assess quantita-
tively the benefit that a manufacturer might generate from
a specific warranty [34, p. 189]. For promotional warranties,
such benefit is usually realized through the demand side.
Manufacturers generally expect that the increase in profit as
a result of the increase in sale, which is boosted by warranty,
should cover the future warranty cost.

A simple way to quantify the benefit is to model it as a
function of the parameter(s) of a warranty policy, for exam-
ple, w, the warranty period. A linear form and a quadratic
form of w were employed by Thomas [34, 68] for this
purpose. As he acknowledged, both forms were not well-
founded and shared the problem of oversimplification [34,
p. 193]. Another approach is to estimate the demand function

empirically. Menezes and Currim [69] posited a general
demand function where the quantity sold by a firm offering
a warranty with period w is a function of its price, warranty
length, advertising, distribution, quality, product feature, and
the corresponding values for the firm,s competitor. Based
on the data from Ward,s Automotive Yearbook, Consumer
Reports, Advertising Age, Leading National Advertisers, and
other sources during the period 1981–1987, they obtained
the price elasticity and the warranty elasticity, which enabled
them to obtain the optimal warranty length through maximiz-
ing the present value of cumulative future profit over a finite
planning horizon. One of the limitations of this approach, as
pointed out by the authors, is that it requires the support of
historical sales data. As a result, it cannot be applied to new
products or existing products without such historical data [69,
p. 188].

A related problem of the demand side of warranty is
the modeling of sales over time. Mahajan et al. presented
several variant diffusion models that may be appropriate
for consumer durables [70]. Ja et al. obtained the first two
moments of warranty cost in a product life cycle by assuming
a nonhomogeneous Poisson sale process [20]. It seems that
such models do not allow the interaction between warranty
and sales, therefore, they may not be used in estimating
warranty benefit.

There is some research (Emons [14], Lutz and Padmanab-
han [15], Padmanabhan and Rao [16], etc.) on the demand
side of warranty concerning moral hazard, advertising, con-
sumers satisfaction, and so forth. However, compared to the
vast warranty literature on estimating total warranty cost, the
study on the demand side of warranty is far behind. Hopefully
we will see more studies on this aspect in the future.

10.3.5 On the Optimal Warranty Policy

One of the most important objectives of warranty study
is to assist warranty management. In particular, in the de-
sign phase of a warranty program, there are often a set of
warranties that might be appropriate for a specific type of
products. The problem faced by warranty managers therefore
is how to determine the optimal warranty policy.

An early attempt to address the warranty design prob-
lem is based on the concept of life-cycle costing (Blischke
[71], Mamer [72]). It is assumed that a consumer requires
the product over a certain time period or life cycle from
the same producer repeatedly upon each product failure no
matter whether under warranty or not. Under this idealized
producer–consumer relationship, the producer,s life-cycle
profit and the consumer,s life-cycle cost can be calculated.
Consequently, a consumer indifference price may be de-
termined by comparing consumer,s life-cycle costs with or
without warranty. Similarly, the producer,s indifference price
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may be calculated based on the comparison of the life-cycle
profits with or without warranty.

An alternative approach is to set up an optimization prob-
lem to determine the optimal price and warranty length
combination jointly through a game-theoretic perspective. In
general, two parties, a warranty issuer and a representative
consumer, participate in the game. The latter acts as a fol-
lower who responses rationally to each potential warranty
offer by maximizing his/her utility. The former, as a leader,
makes the decision on the optimal warranty strategy, which
maximizes the expected profit, based on the anticipated ratio-
nal response by the consumer. Singpurwalla and Wilson [4]
studied two-attribute warranties through this approach. Some
others references are Chun and Tang [73], DeCroix [12],
Glickman and Berger [74], Ritchken [75], Thomas [68], and
the references therein. In the context of production planning
and marketing, Mitra and Patankar [76] presented a multi-
criteria model that could be used in warranty design.

Now, we present a general formulation of the warranty
design problem with some discussion, which may raise more
interest among researchers and practitioners for further study.

Let Ψ = {ψ1,ψ2,· · · ,ψn} represent the set of appropriate
warranty policies for a given type of products. Policy ψ i may
contain more than one parameter. Denote by wi the set of
warranty parameters for ψ i; then we can represent ψ i by
ψ(wi) or wi. If wi contains only one parameter, say, wi, the
warranty period, then wi = {wi}. Denote by p(wi) the selling
price under the policyψ i, and by Cj(wi) the random warranty
cost for the j-th product sold under the policy ψ i. Let p0 be
the production cost per unit (not including the warranty cost),
then the optimal warranty policy ψ(w*) may be obtained by
solving

max{wi,∀i,i=1,2,··· ,n}
E

{
U [π(wi)]

}

s.t. wli ≤ wi ≤wui ,∀i, i = 1, 2, · · · , n

P

[
d(wi)∑

j=1
Cj (wi) ≥ R0

]

≤ α,∀i, i = 1, 2, · · · , n,

where
U(·) is the monetary utility function that reflects the risk

attitude of the manufacturer. It is a linear function if the
manufacturer is risk-neutral and a concave function in the
case of a risk-averse manufacturer;

π (wi) =
∑d(wi)

j=1
[p (wi) − p0 − Cj (wi)] ,

wl
i, w

u
i : are some lower and upper bounds of wi;

d(wi) represents the demand function for ψ(wi);
R0 is the predetermined warranty budget level; and
α is the risk-tolerance level of the manufacturer with regard

to R0.

One should note that the second set of constraints is
actually related to value at risk (VaR), a concept widely
used in risk management, which indicates the maximum
percentage value of an asset that could be lost during a fixed
period within a certain confidence level [77]. It is reasonable
to assume that manufacturers want to control VaR such that
the probability that the total warranty cost is over the budget
is within the accepted level α.

Solving the optimization problem might be a challenge.
First of all, it is difficult to determine the demand function
d(wi), although it is possible to estimate it through marketing
surveys or historical data. Secondly, it is required that war-
ranty managers have complete knowledge of the selling price
p(wi). This requires a pricing strategy in the design phase of
warranty. It should be noted that we could have considered
p(wi) as one of the decision variables, but this makes the
problem more complicated. Besides, it is not rare in practice
that the price is simply set by adding a fixed margin over
the estimated production cost with warranty. Thirdly, it is
required that the probability distribution of warranty cost
should be known. Little research has been done with regard
to this issue except Polatoglu and Sahin [26] and Sahin and
Polatoglu [78]. In general, numerical methods are required
for this purpose. Fourthly, the problem is formulated as a
nonlinear optimization problemwith some constraints, which
may be solved by nonlinear optimization software such as
GAMS. However, in general there is no guarantee of the
existence of a global optimal solution.

10.4 Concluding Remarks

A warranty problem, by its nature, is a multi-disciplinary re-
search topic. Many researchers ranging from the industry en-
gineer, economist, statistician, to marketing researchers have
contributed greatly to warranty literature. In this chapter, we
present an overview of warranty policies, focusing on the
cost and benefit analysis from warranty issuers, perspective.
Although we have successfully addressed several problems
in this area, there are still a lot of opportunities for future
research, a few of which are listed below:

• To advance warranty optimization models and perform
empirical study based on the new developed models.

• To develop and apply efficient algorithms to solve war-
ranty optimization problems.

• To propose and analyze new warranty policies appropriate
for complex systems.

• To Study the distribution and the moments of discounted
warranty cost for various policies.

• Warranty cost modeling for systems with more complex
structures, including standby systems, bridge systems,
network systems, etc.
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• Develop warranty models considering failure dependency
between components due to environmental impact.
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