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A copula-based approach to modelling the failure process of
items under two-dimensional warranty and applications

Shaomin Wu*

Kent Business School, University of Kent, Canterbury, Kent CT2 TPE, United Kingdom

Abstract

Hundreds of scholarly papers on optimisation of preventive maintenance policies for items under
warranty have been published in the reliability related literature. They typically have two limi-
tations: they make a simplified assumption on the relationship between age and usage for items
under two-dimensional warranty and they assume that it is cost-effective to conduct preventive
maintenance (PM) on each sold product item. These assumptions may not reflect the reality. This
paper therefore proposes a copula-based approach to modelling the relationship between age and
usage of items under two-dimensional (2D) warranty. It investigates the probabilistic properties
of the bivariate failure rate functions of age and usage and derives optimal PM policies for users
who bought multiple product items. It also proposes approaches to incorporating maintenance
effectiveness in bivariate copulas for depicting the dependence between age and usage. A case
study and numerical examples are provided to illustrate the findings.

Keywords: (T) maintenance, warranty, cost-effectiveness, asymmetric copula, bivariate failure
rate function.

1 Introduction

Warranty is a contract agreed by the warrantor and the buyer when the latter purchases product
items from the former. It defines conditions and obligations in case the items fail to perform their
intended function. From a warrantor’s perspective, they wish to save budget on warranty claims,
for which one of the means is to reduce the number of failures of the items during the warranty
period. To this end, it inspires researchers to develop numerous methods, including optimisation
of preventive maintenance (PM) policies, as discussed in this paper.

In the literature, there are many scholarly papers on the development of PM policies for product
items under warranty. Among them, two-dimensional (2D) warranty is one of the central topics. A
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2D warranty covers age and usage. For example, the warranty of a car covers its age and mileage
and the warranty of a copying machine covers its age and the number of papers it has copied. The
existing research, nevertheless, has two limitations: They assume that relationship between age
and usage is linear; and (2) they do not validate whether it is cost-effective to conduct PM or not.
To overcome these two limitations, this paper aims to propose a new approach to modelling the
relationship between age and usage and then a new method to optimise the PM policy.

1.1 Related work

To model the relationship between age and usage of a product item, three approaches have been
developed (Wu, 2012): marginal approach, bivariate approach, and composite scale approach.
The marginal approach uses the multiplication law of probability to obtain the joint distribution
between age and usage, the bivariate approach directly estimates a joint distribution, and the
composite scale approach seeks a linear combination of age and usage to form a new variable.
The composite scale approach assumes a linear combination and such an assumption may be too
restrictive. Many authors assume a linear relationship between age and usage to simplify their
calculation processes. However, this simplification can fail to capture important information on the
dependence between age and usage. As such, a joint distribution should be estimated, for which
copulas can be used (Wu, 2014; Anderson, Chukova, & Hirose, 2017; Gupta, De, & Chatterjee,
2017). A copula is a multivariate cumulative distribution function whose one-dimensional margins
are uniform on the interval [0,1] (Nelsen, 1999). In the reliability related literature, copulas have
been used to depict (1) the dependence between different levels of a degradation process of a
system under condition based maintenance (Xu, Liang, Li, & Wang, 2021; Andersen, Andersen,
Kulahci, & Nielsen, 2022), (2) the dependence between components in a multi-component system
(Ahmadi, 2019, 2020; Torrado, 2022; H. Li, Zhu, Dieulle, & Deloux, 2022), or (3) the association
between two adjacent working periods before and after a repair for items whose failure processes
are measured by age (Wu & Wang, 2018).

Preventive maintenance for product items under warranty has been widely investigated. Shafiee
and Chukova (2013) provide a literature review on maintenance for items under warranty in 2013.
We therefore review the research published after 2013. In the literature, there are many papers on
PM policies for products under 2D warranty. Here are some examples. For instance, Shahanaghi,
Noorossana, Jalali-Naini, and Heydari (2013) propose a method to optimise the number and degrees
of preventive repairs for items under 2D warranty to minimize the extended warranty provider’s
servicing cost. Huang, Chen, and Ho (2013) optimise a non-periodic PM policy to optimise a
two-dimensional warranty term with a constraint on reliability. In their paper, they assume the
relationship between the usage and age is linear. Y. Wang, Liu, and Liu (2015) investigate a
periodic and imperfect PM policy for an item covered by a fixed and combined 2D base warranty
and extended warranty region from a warrantor’s perspective. Su and Wang (2016) propose a
method under which the item is preventively maintained according to a specified age interval or
usage interval, whichever occurs first. Huang, Huang, and Ho (2017); Dai, Wei, Zhang, and He
(2020) propose a customized 2D extended warranty policy, in which customers are classified into



three categories based on their usage intensity, and optimise different PM policies accordingly.
J. Wang, Zhou, and Peng (2017) optimise preventive maintenance policies by considering the
cooperative and non-cooperative interactions between the manufacturer and the consumer. X. Li,
Liu, Wang, and Li (2019) jointly optimise a burn-in policy and a PM policy for a product under
warranty. Zhao, Liu, Xu, and Wang (2022) optimises imperfect maintenance policies for warranted
products subject to stochastic performance degradation. Dai et al. (2020) present a PM policy for
a product with their users being grouped into two groups according to their usage rates. Peng,
Jiang, and Zhao (2021) develop a PM policy for a product under warranty and consider the impact
of random and dynamic usage rates on the PM decisions. J. Wang, Zhu, and Du (2021) develop a
mathematical model to optimise a PM policy for a product under a 2D warranty. To the best of our
knowledge, a common implicit assumption in the existing literature is that preventive maintenance
is performed on every product item and few authors have validate this assumption.

1.2 Gaps between research assumptions and practice

From our observations, there are at least the following two gaps between the reality and the
academic research.

Gapl Relationship between age and usage. Some existing literature assumes a linear rela-
tionship between age t and usage u with u = (¢, where [ is a constant parameter. It is
logical to assume that this relationship is estimated by building a linear regression model
from warranty claim data. Based on the analysis in Section 3.1 in this paper, such a linear
relationship does not hold on the warranty claim data collected from a car manufacturer.

Gap2 Necessity for PM. Existing literature predominately assumes that preventive maintenance
can be performed on every product item under warranty. According to Davidson and Drake
(2019), however, from an analysis of the approximately 340 claims made on more than 2,450
representations and warranties insurance policies placed by Aon in North America between
2013 and 2019, the warranty claim frequency is 6.2% in 2019. With such low warranty claim
frequency (or defective rates), it is hard to imagine that performing PM on each product
item is cost effective. That is, there is a need to investigate under what conditions preventive
maintenance should be performed on items under warranty.

1.3 Novelty and contributions

This paper aims to tackle the two aforementioned gaps, which creates novelty and makes contri-
butions to the literature of the reliability and maintenance research area. The main contributions
of the paper are listed below.

(a) It investigates the dependence between age and usage based on asymmetry copulas from
different perspectives, including the bivariate hazard function and the conditional survival
function, both of which are derived from the asymmetric copula. It also provides the bounds
of the bivariate failure rate function, investigates probabilistic properties of the conditional



survival function, and suggests some approaches to using the copula to model the effectiveness
of preventive maintenance.

(b) It proposes two necessary conditions, under which PM can be executed in a cost effective
manner, and then proposes a novel method to optimise PM policies, which minimise the
expected cost, subject to the constraints.

It is noted there a vast number of papers on preventive maintenance optimisation for product
items under warranty. However, little has been reported on the justification of the applications
of preventive maintenance policies to product items under warranty. For example, if there are
only less than 5% of the failed items of a product, which are then claimed warranty, conducting
preventive maintenance policies on each item may not cost-effective. From this perspective, the
significance of this current paper lies in its consideration of the claim rate and further indirectly
challenging the validity of the assumption—which is the preventive maintenance can be conducted
on all product items— made in the existing research.

1.4 Overview

The remainder of this paper is structured as follows. Section 2 lists assumptions. Section 3
derives failure rates and conditional survival probability. Section 4 introduces methods to assess
maintenance effectiveness. Section 5 studies planned PM, constrained by the cost-effectiveness.
Section 6 provides a case study to illustrate the applicability of the proposed approaches to assessing
maintenance effectiveness. Section 7 provides numerical examples. Section 8 concludes the paper.

2 Assumptions

This paper makes the following assumptions.

A1 Suppose all the items start operating at time t = 0, and the warranty duration is w units of
time and L units of usage.

A2 The product has two types of possible failures: type I failure and type II failure, with
initial failure rates r(t,u) (or ri(t,u)) and ry(t, w) if the product is covered by 2D warranty,
respectively. (¢, u) is a decreasing function of ¢t and w and ry1(¢, u) is an increasing function
of t and wu.

A3 Both failure types I and II are repairable. Repair on type I failures is always minimal, that
is, a repair will restore the item to the status just before it failed. The failure rate function
of the type II failure mode after the (k — 1)-th repair is 7y, (t, w). ri(t, ) is the failure rate
function before the first failure, respectively.

A4 The two failure types are statistically independent.



A5 The warranty policy is the NFRW (non-renewing free repair warranty) policy, under which
the warrantor guarantees a satisfactory service during the base warranty period and the failed
item is repaired by the warrantor at no cost to the user.

A6 It is the warrantor’s responsibility to perform preventive maintenance (PM) and the associ-
ated costs will be borne by the warrantor.

A7 Time on repair or PM is so short that it is neglectable.

Remark 1 (Justification of the assumptions of the two failure types) Theoretically, PM
only takes effect on items when their failure rate function increases in time t. However, it is
often stated that base warranty is designated for items with a decreasing failure rate, or items with
teething problems. As such, there is a need to distinguish items with decreasing and increasing
failure rates and treat them differently.

3 Modelling the dependence between age and usage

This section investigates some assumptions made on the dependence between age and usage in
the existing literature and identifies their irrationality. It recalls the asymmetric copula proposed
in Wu (2014) for measuring such a dependence and provides the relationship between this copula
and Spearman’s rho. For this copula, we derives the lower and upper bounds of the associated
bivariate failure rate and obtain some properties of the related conditional survival functions.

3.1 Comments on the existing approaches

Regarding 2-D warranty, many papers assume there is a linear relationship between age ¢ and usage
u, that is, u = ft, where (3 is a constant parameter. Apparently, this relationship is assumed based
on a linear regression model built from warranty claim data. To validate it, we have collected some
warranty claim data. Figure la, on which the X-axis represents age and the Y-axis represents
mileage, shows the distribution of 1,000 warranty claims collected from a UK auto manufacturer.
Each dot in the figure represents a warranty claim. From the figure, the variability of the mileage
increases in respect of age. As such, it is statistically inappropriate to fit a simple linear regression
model between the age and mileage because there exists heteroscedasticity (i.e., unequal variances)
in the residual of the model. Fig 1b, on which the X-axis represents the standardized predict values
and the Y-axis represents standardized residuals of the model, is the residual plot of the model.
The figure shows a <-shaped pattern, which suggests that the variability of the mileage increases
in age and that there exists heteroscedasticity. Some methods that can be used to cure the
heteroscedasticity problem include:

Method (i): A weighted linear regression model is developed to explore the relationship between
age and usage.
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Figure 1: Warranty claim data collected from an auto manufacturer in the UK.

Method (ii): A transformation such as the logarithm transformation is used on the dependent
variable u and then re-build a linear regression model In(u) = By + 1t + €, or equivalently,
u = ePothitte where € is the residual of the model. This method will end up with a nonlinear
relationship between age and usage, instead of a linear relationship.

Method (iii): A bivariate probability distribution is used to fit the observations, as shown in Wu
(2014).

It should be noted that if Method (i) is used in development of PM policies, the weight matrix
must be incorporated into the PM policy optimisation. To the best of the author’s knowledge,
however, such a consideration has never been reported in the literature; and (2) that the non-linear
regression model developed in Method (ii) is unable to capture the asymmetric phenomenon. The
asymmetric phenomenon can be observed from Fig la: there is no warranty claims in the oval close
to the Y-axis—which represents the area occupied by warranty claims for items with small age
and large mileage, and there are some warranty claims within the oval close to the X-axis—which
represents the area occupied by warranty claims for items with large age and small mileage. One
may presume that such an asymmetric phenomenon may exist in other applications.

It should also be noted that for widely studied systems such as cars, research is often ill-
conducted because they assume that the operating time is available for analysis, which is not the
case as automotive vehicles normally do not record such data. If data on operating age is available,
there is no doubt that they can find the relationship between the operating age and the usage is
approximately linear.

Consequently, Method (iii) should be used to capture the relationship between age and usage
and is the method that will be investigated in this paper. It should be noted that Wu (2014) only
investigates the relationship between age and usage for non-repairable systems, whereas this paper



concentrates on the scenarios of repairable systems.

3.2 An asymmetric copula approach

In probability and statistics, for a given collection of random variables, if each variable has a
marginal probability distribution, then one can construct their joint distribution using a copula.
That is, a copula is a joint probability distribution that represents a multivariate uniform distri-
bution of multiple random variables and it depicts the dependence between the random variables.
For example, the joint distribution, F'(¢,u), of age (t) and usage (u) can be expressed by a copula,
C(v1,v9). That is, we can find an expression for F'(¢,u) by noting that

F(t,u) = P(X; <t, X5 <u)
(F1(X1) < Fi(t), Fa(Xy) < Fy(u))
(F1(X7) < vy, Fo(X3) < v9), (1)

P
P

where vy := Fi(t) and vy == Fy(u). v; and vy are uniformly distributed random variables. Then
Eq. (1) yields
F(t,u) = C(Fi(t), Fa(u)) = C(vy, vq), (2)

The reader is referred to Nelsen (1999) for a detailed introduction to copulas.
A copula can be symmetric or asymmetric, as defined below.

Definition 1 (Nelsen, 1999) We say a copula is symmetric if C(vy,va) = C(ve,v1), and asym-
metric if C(v1,va) # C(vq, v1).

According to Wu (2014), the dependence between age and usage can be depicted by two char-
acteristics: positive dependence and tail dependence, which are elaborated below.

The dependence between age and usage is positive, as shown in Fig la. The strength of the
association can be measured by Spearman’s correlation coefficient, or Spearman’s rho for short.
Hence, Spearman’s rho between age and usage must be positive, which is referred to as the positive
dependence in what follows.

Furthermore, as explained in Gapl, there exists an asymmetry phenomenon between age and
usage. That is, the joint distribution between age and usage should be an asymmetric copula.
Although Definition 1 clearly defines the meaning of an asymmetric copula, a better way to detect
the asymmetric phenomenon existing in age and usage is to use the tail dependence, which is a
concept borrowed from probability theory. The tail dependence of a pair of random variables
measures the dependence between the variables in the upper-right quadrant and in the lower-left
quadrant of [0,1]? (Nelsen, 1999), i.e., it is a measure of their co-movements in the tails of the
distributions. Accordingly, the lower-upper and upper-lower tail dependence coefficients of copula
C(vy,vq) are given by

A(C) =1 lim S0 (3)

v—0+ v



and

N(C) =1 — i CEZ%Y) (@)
v—0+ v
where \%!(C') depicts the dependency between large age and small usage and A"“(C') depicts the
association between small age and large usage. Then the asymmetric phenomenon between age
and usage can be described by A\%!/(C) > \4(C).
To construct a copula that satisfies the above two conditions, i.e., positive dependence and tail
dependence, Wu (2014) constructs the following asymmetric copula.

C(v1,v2) = poC*(v1,v2) + (1 — po)(va — C*(1 — vy, v2)) (5)

where pg € [0, 1] and C*(v1,v9) is a base, symmetric copula.

Wu (2014) compares the performance of C(vy,v,) in Eq (5) with two other models on a set
of warranty claims collected from an auto manufacturer in the UK and concludes that the copula
in (5) outperforms the two other models in terms of the AIC (Akaike information criterion).
Nevertheless, the author did not discuss other properties of the copula, such as its Spearman’s rho
and its bivariate failure rate function, which will be investigated below.

In statistics, Spearman’s rho is a non-parametric statistic measure of the strength of the as-
sociation between two random variables. Denote p* as Spearman’s rho of the copula C*(vy, vs).
Then we can obtain Spearman’s rho of the copula C(vy,vy) as follows.

Then we obtain the following proposition.

Proposition 1 Spearman’s rho of C(vy,vs) shown in Eq. (5) is (2py — 1)p*.

The proofs of the above and other propositions can be found in Appendix.

Hence, Spearman’s rho of C'(vy, vg) is positive if p* > 0 and py > 0.5, or p* < 0and 0 < py < 0.5.
There are many copulas that have been proposed (Nelsen, 1999). The following copula, the survival
Gumbel copula, is a symmetric copula that is widely used in the literature of reliability:

C*(Ul,vg):U1+U2—1+Co<1—7j1,1—1}2). (6)

where Cy(v1,v9) = exp {— [(_ In(vy)? + (— 111(“2)9] v

Plugging C*(vy,v2) in Eq. (6) into Eq. (5), we obtain

} is the Gumbel copula.

C(v1,v2) = po(vr +va =14 Co(1 — vy, 1 —v3))+ (1 —po)(vy — Co(vy, 1 — vg))
= v — po(1 — v2) + poexp {_ [(—In(1 = v1))’ + (= In(1 — vy))’] 1/9}

~(1=p)exp { = [(= (1))’ + (~ (1 ~2))"] "} (7)

If po = 1, C(v1,v2) in Eq. (7) is a symmetric copula. According to Wu (2014), A\b*(C) = 0 and
A(C) = (1 —pg)(2 — 2/9). That is, the copula C(v1,vs) has the tail dependence if py # 1 and
0 > 1. As such, in what follows, we impose py # 1 and 6 > 1.
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3.3 An asymmetric-copula-derived hazard function

To optimise a PM policy on product items, we need to know the expected number of failures, which
is derived from the failure rate function of the items. When the lifetime distribution function of
the items is a univariate function of time ¢: F(t), the failure rate function is defined by dﬂ?{tc)lt.

Nevertheless, if the lifetime distribution function of the items is a bivariate function of time ¢ and

usage u, there are different definitions of failure rate functions. Below we adopt the one introduced
by Basu (1971).

Given a bivariate cumulative distribution function F'(¢,u) and its associated density function
f(t,u), then its corresponding bivariate hazard rate can be defined by

P{tSXl<t—|—A1,U§X2<U+A2’t§X1,USX2}

pum— 1'
r(t7 U) max{Allr,%Q}%O AlAQ ’ (8)
or equivalently:
f(t,u)

tiu) == . 9
it = i )

For a given copula C(v1,v2), one can obtain its associated failure rate function as follows.

Denote ¢(vy,v9) = %, then
OF 1% Fy 1% t
oy PEEC 0B ) | fO ) P ) S o
dv10v; AET ) fo(Fy H(v2) filt) fa(u)

where f(t,u) = O*F(t,u)/0tu, fi(t) = [;° f(t,u)du, and fo(u) = [[° f(t,u)dt.
Suppose F; is differentiable (i = 1,2), since F(t,u) =1 — Fl( ) — FQ( )+ F(t,u), the bivariate
failure rate function can be defined with the copula as follows:

r(t,u) = f(t,u)  c(on,v2) fi(F () fo(Fy (v va)) an

F(t, u) 1-— V1 — VU2 + C(Ul, 1)2)

Denote gy, (v1,v2) = In(Co(v1,v2)) = [(—In(1 — v1))? 4+ (= In(1 — v2))’] Mo Then, for example, for
the copula given in Eq. (7), its density is obtained by

c(v1, vg)
— = 1n(11__:22)] - {pO[gt,U(Ul,UZ) + 6 — 1}[ge,u(v1, 02)]1—29 = 1n(11__zj)11)] - exp(—gru(v1,v2))

129 [= In(v1)]*!
+ (1 = po)[ge,u(1 = v1,v2) + 0 — 1][gru(1 — v1,v2)] e exp(—gru(l —v1,v2)) ¢
1
(12)
It can be seen that one can plug C(vq,v2) in Eq. (5) and c(vy, v2) in Eq. (12) into Eq. (11)

to obtain (¢, u), respectively. However, the expression of r(¢,u) can be very complex. When we
calculate the failure rate fo fo r(t, u)dtdu, the result will become even more complex, numerical



methods may therefore be pursued. This may also be the case when we calculate the failure rate
for the case that the joint bi-variate distribution is symmetric (i.e., for the case when py = 1).
Following on the above discussion, we have the following result.

Denote
C+(1)1,U2) = Uy — C*(l — Ul,Ug) =1- V1 — C()(Ul, 1-— Ug) (13)
Fr(t,u) = C*(v1,v9), r(t,u) = £,+((t oy and F*(t,u) = C*(v1,v9), r*(t,u) = j; (( )) where f*(t,u)

and fT(t,u) are the density functions of F*(¢,u) and FT(t,u), respectively.
Then

C(v1,v9) = poC*(v1,v2) + (1 — po)CT (v1, v3). (14)
That is, C(vy, v2) is a mix of C*(vy, v) and CT(vy, vy).
As aforementioned, the expression of r(t,u) is complex. However, we can find lower and upper
bounds of r(t,u), as shown below.

Proposition 2 min{r*(¢t,u),r"(t,u)} < r(t,u) < max{r*(t,u),r"(¢t,u)}.

3.4 Conditional survival functions under a special case

Another interesting quantity is the conditional survival probability, which provides an alternative
measure of the dependence between age and usage. It is the probability of future survival of one
dimension by accounting for the length elapsed of the other dimension.

B1
For simplicity, let’s consider a special case: Suppose Fj(t) = 1 — exp {— (%) } = v; and

72

B
Fy(u) = 1 —exp {— <l> L vo. That is, we assume that the distributions of X; and X,

are Weibull distributions, respectively. Then, the dependence between age and usage can also be
shown by the following proposition.

Proposition 3 The conditional survival functions satisfy the following statements.
o P(X; > t|Xs > u) decreases in t for all u and P(Xy > u|X; > t) decreases in u for all t;

n Ft(tu Pt (tu
o poFi(1) + (1= po) Tt < P(X1 > #]Xy > ) < (1= po) Fi(t) + po g s and

o P(Xa>ulXy >t) > poF(u) + (1 — po) 7 (;;)

Proposition 3 can provide the dealers of second hand products with useful information in reliability
assessment. It is noted that warranty analysis for second-hand products is a popular research topic.

4 Modelling the effectiveness of maintenance

The preceding section mainly focused on methods of modelling the dependence between age and
usage and investigating relevant probabilistic properties for product items under 2D warranty,
which are useful for non-repairable systems or describing the dependence between age and use for
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repairable systems during the time before the first failure (or warranty claims. But those investi-
gations cannot be applied to systems with multiple repairs or preventive maintenance activities.
To overcome this limitation, this section therefore aims at investigation of the effectiveness of
maintenance for repairable systems under 2-D warranty.

When scheduling a PM policy, we need to understand the effectiveness of each maintenance,
including PM and CM (corrective maintenance). The effectiveness of maintenance can be perfect,
imperfect, or minimal. A perfect repair brings the item under maintenance to the status that is
as good as new (AGAN); a minimal repair restores the item under maintenance to the status just
before the item failed, or as bad as old (ABAO); and an imperfect repair brings the item to a
status between AGAN and ABAO.

There are methods that have been developed to model the effectiveness of PM (see Nakagawa
(1988); Wu and Zuo (2010), for example) and many models have been proposed to model the
effectiveness of repair (or corrective maintenance). The reader is referred to Wu (2019) for a brief
review of some models and a comparison of the performance of more than ten models on fifteen
real-world datasets, where the performance is measured by AIC, corrected AIC, and BIC (Bayesian
information criterion).

Nevertheless, methods on modelling the effectiveness of maintenance on items with their relia-
bility being measured by both age and usage is sparse. Below we investigate possible methods.

Based on failure rate functions. In this case, r(¢,u) is regarded as the failure rate function
of the time to the first failure, based on which the failure intensity function is developed.
Similar to the approaches proposed for items whose reliability is measured by one variable
(Wu & Zuo, 2010), for items with 74 (¢, u) as the failure intensity function of the item after
the (kK — 1)th PM, one can assume the following three scenarios (with ay,...,a4,b; and
by being parameters): (i) Linear relationship: ri(t,u) = ayrg_1(t,u) + ag; (ii) Nonlinear
relationship: ri(t,u) = rp_1(ast + aq,byu + by); and (iii) Hybrid relationship: ry(t,u) =
ai7rg—1(ast + aq, byu + by) + as.

Based on copulas. Let Yi; and Yy (kK > 1) denote the working time to the kth PM and the
associated usage, respectively. Uy, = Y1, — Y3 -1 is the time duration between the kth and
(k—1)th failures and Uy, = Y5 — Y51 is the associated usage, where Y; o = 0,Y2¢ = 0. Let
G k(7)) and G () be the cdf (cumulative distribution function) of U j, and U, , respectively,
Hy(y1,y2) be the joint probability distribution of Uy and Usy, and Ck(uy g, uay: 6x) be the
associated copula of Hy(y1,y2), where 6y, is the parameter in the copula. For example,

Cr(ur g, ua g O) = poC* (ur g, uag: Or) + (1 — po)CF (uy g, ug it ). (15)

where C*(uy i, ug i : 0) is defined as the copula C*(uy k, usy) in Eq. (6), 6y is the parameter
of the copula. CT(uy g, usp: Ok) = ua — C*(1 —uy g uop) =1 —upp — Co(ur e, 1 —ugy) as
the copula C* (v, v2) defined in Eq. (13). The parameter 0y in Cy(uy g, u2y: 0)) controls the
strength of the dependence between v; and vy. 0, may depend on 61,0y o, .... For example,
0r may follow the autoregressive process, that is, 6, = «ag + Z§:1 a;0,_;. This provides a
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unique strength that other approaches may not have as it assumes the dependences between
age and usage after repairs evolve over time.

If we investigate the failure process based on the copula after each PM, there are following
two scenarios.

Scenario A: U, and U, ;_; are independent: For example, if the geometric process (Lam,
1988) is used’, U; . ~ Gi7k(af_1x) with a; > 0 if {U; 4,k =1,2,...} follows the geomet-
ric process. Then (Uy y, Us ) follows a two-dimensional geometric process. Rizwan and
Yunus (2015) obtain the expected number of failures up to (¢,u) as follows

M(t,u) = F(t,u) + /0 /0“ M(ay(t —uy), as(u — ug)) f(ug, us)duydus, (16)

where F(t,u) is the copula with the form shown in Eq. (15).

Scenario B: U, and U, ;_; are dependent: Models such as the virtual age models (Kijima,
1989) and the failure process model with the exponential smoothing of intensity func-
tions (Wu, 2019) can be used. For example, in case the virtual age model (Kijima,
1989) is used, we assume V; ,, = V; ;1 + p;U; i, where V;, is the virtual age/usage after
the kth repair. Then

&° Gl 1(y + LU)
G T :/ —=—~dH, , 17
wnle) = [ TEVE ) a7)
where G ( 0
© Gy + =
Hypy) = Hipr (y) — / I 0 aH, (),
0 Gi,l(y)

and i = 1,2, p; € [0,1]: (a) the repair is a harmful repair if p; > 0; (b) the repair is
a minimal repair if p; = 1; (c) the repair is an good-as-new repair (or replacement) if
pi; = 0; and (d) the repair is efficient if p; € (0, 1).

In this case, there is no closed form of calculating the expected number of failures
M(t,u). One may therefore use a numerical method to estimate it. One can then
estimate a copula C'(H;1(y), H;2(y)) based on historical data. It should be noted that
in this case, H;x(y) is a conditional probability distribution.

Apparently, the above assumptions, on the dependence between U, , and U; 1 and the dependence
between ¢, and 6_;, must be tested and validated on failure data such as lab experiment data or
warranty claim data and repair data.

iThe definition of the geometric process is: Given a sequence of non-negative random variables { Xz, k = 1,2,...},
if they are independent and the cdf of X}, is given by F(a*~'z) for k = 1,2, ..., where a is a positive constant, then
{Xk,k=1,2,---} is called a geometric process (GP) (Lam, 1988).

12



5 Optimisation of PM policies

The above discussion suggests that there is a need to use the failure rate/intensity function derived
from an asymmetric copula in describing the failure process of items under 2D warranty. This
section aims at development of PM policies that incorporate the methods to tackle both knowledge
gaps Gapl and Gap2.

It is not cost effective to conduct PM on each sold product item if the failure rate of the product
is very low. A special case is that the warrantor possesses historical data about the usage rate
of different users, select those users with high usage rates, i.e., high warranty claim rates, and
then conduct PM on those product items. For example, a car manufacturer may perform PM on
taxies as their usage rate is very high. However, in most cases, at the time when a product item
is purchased and a decision on whether PM should be conducted on it, the warrantor will need
to know customers’ sensitive information such as the usage rate. Such information is often not
available and needs protecting according to the relevant data protection laws. A feasible method
is to model the relationship between age and usage based on warranty claim data and then apply
such a model in the future (Mitra, 2021; Zhao, Chen, Lv, & He, 2022).

Let w denote the warranty period and L denote the limit of the warranty usage. We assume
that PM is only performed on the age basis. That is, PM is carried out at time 7', 27, ..., (N —1)T
with NT = w. To ensure PM is conducted in a cost-effective manner, it can be conducted on each
sold product item under 2D warranty only if the following condition is satisfied.

Condition 1 [t is cost effective for the warrantor to perform PM for a product under 2D warranty
if the following condition is satisfied.

N kT L w  pL
Cr Z / / TII,k—l(t7 u)dudt + (Ca + Cp) (N - 1) < e / / 7nU(ta u)dUdt (18)
v J (k=1)T Jo o Jo

kT
(k—1
failures after the N — 1 PM activities are performed, (¢, + ¢,)(/NV — 1) is the cost associated with

the N — 1 PM activities, and ¢, fow fOL ri(t, u)dudt is the cost of repairing possible failures of

In the above inequality, the term c, 21]::1 yr fOL r1k—1(t, u)dudt is the cost of repairing possible

the items when no PM is performed. Then Condition 1 means: the expected cost of failure and
maintenance if PM is performed is lower than the expected cost of failure and maintenance if PM
is not performed. Under this condition, PM should be performed.

An alternative condition may be derived from a perspective of reputation protection, which
aims to ensures the failure rate of a product is less than a pre-specified threshold.

Condition 2 For a product under 2D warranty, the warrantor may perform PM if the following
condition s satisfied.

w L N kT L
/ / ri(t, w)dudt + Z/ / -1 (t, w)dudt < 1o, (19)
0 0 k=1 ( 0

k—1)T
where ro < [ fOL r(t, w)dudt + [ fOL ri(t, u)dudt.
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Similar conditions can be proposed for items under 1D warranty.

Another case is that, if a customer purchases multiple product items, it may be reasonable
for the warrantor to perform PM from both economic and reputation protection perspective. For
example, the warrantor may send a repairman to conduct PM on the lot, which can save the cost
on administration and travel, as discussed below.

Consider two scenarios: in Scenario 1, M product items are sold to a customer and they are
installed at the same location; in Scenario 2, M product items are sold to M different customers
and the items are installed at different locations. In case a PM activity on a product needs carrying
out, from the warrantor’s perspective, the main differences between these two scenarios include:
(i) on each planned PM, from an administration perspective, that the warrantor needs to handle
one PM activity in Scenario 1 and M PM activities in Scenario 2; (ii) that the repairman needs
to travel to only one location to conduct PM in Scenario 1 and M different locations in Scenario
2. These incur different travel cost; and (iii) that the warrantor may want to retain its bigger
customer by keeping the number of failures of the product items low, that is, they may prefer to
serve the customer in Scenario 1 over those in Scenario 2.

In Scenario 1, the expected cost of repairing the failures of the M items during the warranty
period is ¢, M (fo fo r(t, u)dtdu + Zk 1fk B fo rie—1(t, u)dudt) it no PM is performed, while
the expected cost of performing PM on the M items is ¢, (N —1)4+¢,M (N —1) if N —1 PM actions
are performed, where ¢, is the cost of administration and the travel on the repairman’s visit to the
place where the items are located. In Scenario 2, the expected cost of repairing the failures of the M
items during the warranty period is ¢, M (fo fo (t,u)dtdu + Zk L fk 1w fo rik—1(t, u)dudt)
which is the same as that in Scenario 1, if no PM is performed, while the cost of performing PM
on the M items is ¢,M(N — 1) + ¢, M(N — 1) if N —1 PM actions are performed. Assuming the
PM takes effect (i.e., the number of failures becomes less if more PM actions are taken), that is,

N+1 L
/ / TILk— 1 t U d'LLdt < / / TII,k71<t7 u)dudt, (20)
1) N+1 1) N 0

that is, more PM actions will result in few failures.
Then the following condition must be satisfied to ensure that performing the N —1 PM activities
is cost effective.

w L N o k% L
co(N—=1)4+c.M / / r(t, uw)dtdu + Z/ ) / rik—1(t, w)dudt | +c,(N —1)M
o Jo =1 J (k-1 Jo
w L w L
<M (/ / T(t,u)dtdu+/ / TH(t,u)dudt> , (21)
o Jo o Jo

The left hand side of inequality (21) is the cost incurred if PM is performed on each product item
and the right hand side is the cost incurred if PM is not conducted. That is, the inequality gives
the condition that PM is needed only if it is cost-effective.
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Inequality (21) can be re-written as,

/ / ri(t, u)dudt — cr /
fe—

One may simply set N = 2, which implies at least one PM to be performed, to check the above

—1) @
/ rig—1(t, w)dudt — c,(N — 1)

H
N

condition.

Then, the optimal number N of PM activities that should be performed can be obtained by
minimising the following objective function (23), which aims to minimise the cost incurred if PM
is performed, subject to the two constraints shown in inequalities (24) and (25).

w L N o k% L
ml\i[n ca(N —1)4+c.M (/ / r(t, u)dtdu + Z/ / r117k_1(t,u)dudt) +c,M(N —1),
o Jo i J (k-1 Jo

ot —b <M, (24)

L
/ / ri(t, u)dtdu — CTZ/ / rik—1(t, w)dtdu — c,(N — 1)

N+1 L
/ / rik—1(t, u)dudt < Z/ / rik—1(t, w)dudt, (25)
0

where Inequality (24) and Inequality (25) are taken from Inequality (22) and Inequality (20),

respectively.
Proposition 4 There exists a finite value N* that satisfies Eq. (23), constraints (24), and (25).
Based on the above discussion, we can create the following flowchart (i.e. Figure 2) to guide

practitioners to use the proposed PM optimisation

Remark 2 For the case of PM policies on items protected under 1D warranty, a similar objective
function and constraint can be obtained. We aim to minimise the following objective function to
find the optimum N, one can obtain an optimal periodic PM policy, where N must be an integer.

w N kX
min ¢, (N — 1)+ ¢, M / Ar(t)dt + Z/ " AiLk—1(t)dt | + ¢, M(N — 1), (26)
N 0 1 J (k-1
N-—-1
s.t. - Ca(kw ) < M, (27)
w N
¢ / Ai(t)dt — ¢,y / Ago1(t)dt — c,(N — 1)
0 o J k-1
NAL g
Z/ )\Hk 1 dt < Z/ )\Hk 1 dt (28)
k=18 D
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including the asymmetric model
proposed in this paper
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,One of them is met and stop
[ Seek the optimal PM intervals }

Figure 2: Flowchart for PM.

where Ai(t) is the failure intensity of the type I failure mode and Ay x—1(t) is that of the type II

failure mode.
The above integer nonlinear programming can be easily solved as in the real problem the integer

N should be small, for example, it is smaller than 25. One can therefore simply use the brute-force

search to find the optimal solution.

6 Case studies

Suppose that the time-between-claims and usage-between-claims of M product items are observed
and N,, warranty claims have been received on item m. Denote t,, and u,, as the time and
mileage between the (k — 1)-th and k claims, respectively.
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6.1 Relationship between t,,; and u,,; for £k = 1,2,...,N,, and m =
1,2,.... M.

For all time-between-claims and usage-between-claims of M product items, the log-likelihood func-
tion is given by

NE

1[(0) = log fi(tm. ks Um.k)

3
I

I
NE
Mz Mz

log | f1k(tmke) o,k (Um ) i (Frk (tm) s Fo(Umi))]

3
&
=

M

log f1k(tmk) +10g for(tmr) +1og cu(F1r(tmi)s For(tmp))] (29)

3
I
_
i
o

where ¢, (Fix(tmk), For(Umy)) is the density of copula Cy(Fy g(tmk), For(umy)) and 0 is the set
of parameters in fi (¢, &, Umk)-

The warranty claim data were collected from an automotive manufacturer in the UK and
contains the warranty claims from 1257 cars with different numbers of claims. That is, M = 1257
and NV, is the number of warranty claims of car m with m = 1,2, ...,1257. The maximum number
of claims in those 1257 cars is 29 and the minimum number of claims is 3. Each claim includes
the age of the claimed car and the accumulated miles. However, there are not many cars that are
claimed for many times. To ensure a sufficient sample size for estimating the parameters in the
models shown in Eqgs. (30), (31), and (32), we choose max{N,,} = 12 and min{N,,} = 3. In total,
there are 7219 claims that are used in the following angﬁysis. "

We adopt the method proposed illustrated in Scenario A in Section 4. The Weibull distribution
is used as the marginals here. That is, we assume the marginal distribution of age and that of
usage between two adjacent warranty claims follow geometric processes, respectively. Denote

akilm «aq ak*l‘Z a2 . .
v = Fip(z) =1 — exp{— < L ) }and voy = Fop(zr) = 1 — exp{— < v ) }, in which a4
and ay are the parameters of the two geometric processes, respectively, and £ = 1,2,...,12. We

then apply the three following models to fit the claim data.

The model in Asymmetric-A. The copula is

Cr(u1 k, Ua,k) =Do {”17’“ + v, — 1+exp {_ (= In(1 = v1 )" + (= In(1 — va))"0*] l/gl’k}}

b2
o1 {ons — exp { = [(= (o)) + (= (1 = vy))] b (30)
The model in Symmetric-A. The copula is

C’k(ul,k, u27k) =V1,k + Vo k — 1 +p0 {exp {— [(— 111(1 — ’Ul,k))el’k + (— 111(1 — U27k))91’k} 1/01’k}}

+m {exp {— [(— In(1 — va))GQ’k + (—1In(1 — vg,k))ez”“}l/em}} ) (31)
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Table 1: Results of the model estimation.

(&3] ﬁl a9 62 a1 as Po (91 ~ 924 —1(0) AIC
Asymmetric-A  311.31 0.75 9177.98 0.72 1.23 1.20 0.93 see Table 2 108678.9 217419.8
Symmetric-A 29855 0.74 8387.83 0.68 1.23 1.21 0.32 see Table2 108914.6 217891.2
Single-A  272.05 0.73 7857.13 0.67 1.23 1.18 see Table 2 109070.8 218177.6

Table 2: Parameters of the copulas

E o1 2 3 4 5 6 7 8 9 10 11 12

01 3.03 3.01 3.09 3.08 299 287 296 3.03 3.01 272 3.07 298

Asymmetric-A =g — 59866 0.86 0.85 0.62 036 092 047 0.47 039 037 0.44

61 1.58 197 214 1.89 345 200 1.74 209 334 1.23 341 1.90

Symmetric-A for 3.67 356 3.35 3.67 265 358 359 3.70 256 341 283 3.62

Single-A 6, 281 3.09 296 3.11 3.06 3.04 278 3.12 254 2.71 257 232

The model in Single-A. The copula is

Oty o, U ) = Vig + Vo — 1+ exp{—[(—=In(1 — v14))% + (= In(1 — vy))* %}, (32)

where pg + p1 = 1.

In the above models, the model in Asymmetric-A (i.e., Eq. (30)) is the model proposed in Eq.
(15), the model in Symmetric-A (i.e., Eq. (31)) is a weighted linear combination of two symmetric
copulas, and the model in Single-A (i.e., Eq. (32)) is a bivariate distribution.

Table 1 shows the parameters of the three models estimated on the claim data. Table 2 shows
the copula parameters 0 j.

From the last column in Table 1, we can find that the AIC of the proposed method is the
smallest, which suggests that the proposed method outperforms the two other methods. Another
observation is that a;,as > 1, which implies that the times between warranty claims increase with
respect of the number k of claims.

To visually understand the dynamics of the copula parameters 6, and 6,, the three figures in
Figure 3 show their values against k.

If we do not apply the model 6, = ag + Z§=1 a;0,_; on the copula parameters and simply
impose all 6, for k =1,2,...,12 are equal and 0y for k = 1,2,...,12 are equal, based on which

Table 3: Results of the model estimation.

&3] b1 (&%) B2 ay ag Po 01 0o —1(0) AIC

Asymmetric-B 318.404 0.754 9322.931 0.662 1.170 1.133 0.921 3.441 0.823 108875.4 217768.8

Symmetric-B  338.164 0.763 8447.803 0.709 1.185 1.106 0.820 3.512 1.486 108979.6 217977.2

Single-B  289.444 0.739 7927.174 0.646 1.119 1.064 2.932 109228.3  218470.6
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the parameters of models (30), (31) and (32) are shown in Table 3. The three models are renamed
to Asymmetric-B, Symmetric-B, and Single-B, respectively. It can be seen that the AIC values in
the last column in Table 3 are similar to those in Table 1, which suggests that we can impose all
01 for k=1,2,...,12 are equal and 0y, for K =1,2,...,12 are equal.

35
e theta {1} = = theta {2 4 .

3 .——f—\/—_,_\/\ ~. , \
35 il e 3
' 3 "y (/W 28

28 - -t 26

Al \ ’ I 24
1 \ 3 ,’ A N \ | !
4o % N . (2 ts / \ | 22
05— N Yiteaaee ' - = theta {1l —theta K}
0 t 2
123 456 7891011 {23 456 78 910U 1 SEAE N ARl
(a) 61, and 02 in Asymmetric- (b) 61 1 and 6o, in Symmetric-A. (c) Oy in Single-A.

A.

Figure 3: Copula parameters in k’s.

In summary, from the above analyses, we can find that the AIC values of the proposed method
are the smallest for both the copulas with changing parameters and those with fixed parameters,
which shows the superiority of the proposed method.

6.2 Relationship between ¢,,; and u,,; for a given &

If we estimate the probability Fj (¢, x, umk) for a specific k, we can maximise the following likeli-
hood.

M
[(0) = Z log fi(tm ks tm.k)

m

I
_

M=

og f1k(tmk) + 108 for(tm) + 10g cu(Fi(tmk)s Fop(tmp))] - (33)

3
Il

That is, Iy, is the likelihood of the gap-time and gap-mileage between the (k—1)—th and kth claims.
The minimum values of —[; are shown in Table 4, from which we can see that the asymmetric
model has the smallest —[;, for £ = 1,2,...,12. The last row shows the total number of the k
warranty claims, for instance, N5 = 720 (located on the 6th column and the 5th row in the table)
means that 720 items have received five claims.

The result shows that the model shown in Eq. (30) has the smallest value of the maximum
likelihood if we fit a bivariate probability distribution between two adjacent claims.
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Table 4: —I; on specific gap times and gap mileage.

—ly —ly —l3 —ly —l5 —lg —l7 —lg —lg —lo —ln —l12
Asymmetric  19886.2 19612.3 19365.1 14417.7 10584.0 7945.7 5653.2 3899.5 2665.9 1821.4 1285.4 787.0
Symmetric  19941.5 19626.5 19363.6 14435.7 10590.0 7974.3 5654.6 3914.5 2685.6 1841.8 1289.6 799.2
Single 20006.1 19643.5 19389.0 14456.5 10593.7 7993.2 5671.3 3918.6 2685.6 1847.6 1291.1 800.4
N,, 1257 1257 1257 972 720 540 385 272 187 129 91 55

6.3 Difference between the assumptions of linear and nonlinear rela-
tionship between age and usage

Now we analyse the data of the times to the last claims and the mileage to the last claims. After
removing some outliers and only concentrate on the claims within 1095 days (i.e., three years),
950 observations are left and used for analysis. If we build a linear regression model, we obtain
the following model equation,

mileage = 34.766 x age, (34)
with its B2 being 78.7% and the residual plot shown in Figure 4a. From Figure 4a, we can see all of
the residuals are distributed with a <-shaped region. That is, the residual variance increases from
left to right, which suggests the presence of heteroscedasticity and a logarithm transformation can
therefore be applied on the values of mileage. We perform a natural logarithm transformation on
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Dependant Variable: mileage Dependent Variable: In_milsage

= inear Model = = Nonlinear model
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(b) The residual plot of the non-
linear model (35).

Regression Standardized Predicted Valug

(¢c) The cumulative intensity func-
tions of the linear and nonlinear
models.

(a) The residual plot of the linear
model (34).

the dependent variable mileage and then build a linear regression model. The residual plot of the
new model is shown in 4b, from which one can see that the variance is stabilized. The result of
the new model equation is shown in Eq. (35).

8.9564-0.001373 x age

(35)

mileage = e

The model has a R? = 82.2%, which shows an increase from 78.7% from the last model. The
residual plot of the new model is shown in Figure 4b, from which heteroscedasticity disappears.
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In both the above models, we did not remove observations with standardized residuals greater
than 3.0.

We then fit the data with models (30), (31) and (32), respectively, and obtain their likelihood
values 23787.28, 23800.52, and 23801.18, respectively. This shows that model (30) outperforms the
two other models. The parameters of the fitted model (30) are a; = 1077.521, 5; = 1.00912, ay =
32983.540, B2 = 0.955,p = 0.988, 6 = 3.152, 05 = 0.548.

We can use obtain the bivariate failure rate from (8) based on the copula proposed in Eq.
(30). Nevertheless, the resulting expression of r(¢,u will be extremely complex. For the sake of
simplicity, we use the following cumulative bivariate failure intensity to illustrate the impact of
using linear and nonlinear relationship between age and mileage, as discussed in Gapl.

H(t,u) = dot" u. (36)

Figure 4c illustrates the cumulative intensity function H (¢, u) for the models (34) and (35), respec-
tively, which shows the difference resulted from using linear and nonlinear relationships between

age and usage.
Let 0 = —7;
@y

= 1077_5211'009121X32983.5400_955, 51 = 1.00912 and Py = 0.955. If we assume the

relationship between age and mileage shown in Eq. (34), then within 3 years, i.e., ¢ = 1095
days, the expected number of failures is estimated as H(t,u) = dot®'u™ = 6ot (34.766t)%2 =

oo e sgorosst 02 = 1.1655. On the other hand, if we assume the relationship between

age and mileage shown in Eq. (35), then within 3 years, the expected number of failures is

. - B Bs 81 ( ,8.95640.001373¢\Bs __ £1.00912 ,8.956+0.001373¢ -
estimated as H(t,u) = dot” u? = Jot"' (e )72 = {5 sarTooorzaaegs soess = 1.7161. That

is, if we take the assumption that the relationship between age and mileage is linear, within a 3
year period, each product item underestimates 0.5506 (= 1.7161-1.1655) claims.

7 Numerical examples

The preceding sections provided some conditions of conducting PM for items under warranty and
investigated some properties of the failure rate functions of a bivariate asymmetric copula. This
section offers some numerical examples to help boost the understanding of those content.

7.1 Failure rate functions of items under 2D warranty

Set 0 = 0.6,4, = 1.3, = 1.5,7; = 30(months), vy, = 30000(miles) and set py = 0.6, py = 1.0
and po = 0.0, respectively. We obtain the bivariate failure rate functions with (11) and (14), as
shown in Fig 4a, Fig 4b, and Fig 4c, respectively. In those figures, the X-axis, the Y-axis, and the
Z-axis represent age, mileage, and the failure rate, respectively. It is interesting to observe that
the failure rate function decreases in both age and mileage in Fig 4a and Fig 4b at an early stage
and then increase later, while the failure rate function increase in both age and mileage in Fig 4c,
compared to the fact that the failure rate functions of the marginal distributions, Fi(t) and Fy(u),
increase as 57 > 1 and [y > 1.
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Figure 4: Failure rate functions with different p,’s.

7.2 PM policies for items under 2D warranty

Via a PM activity, the failure intensity of the type II failure mode for both age and usage is
assumed to change from A(¢) before the PM to agA(t) after the PM. Suppose that M = 100, C, =
100, C, = 300,C, = 20,711 = 20(months), f1; = 0.9,712 = 200(100miles), 812 = 0.95,721 =
30(months), f21 = 1.5, 7922 = 300(months), B2 = 1.8, a9 = 1.1, w = 36(months). The failure rate
functions are assumed by Ap;(t) = Bliitﬂlvi_l/’yf’;’i (for i = 1,2), and Aip4(t) = 62711552@_1/726;” (for
i = 1,2), where i = 1 stands for age and i = 2 for usage. As shown in Fig 5 (where the X-axis
represents N and the Y-axis represents the expected cost), the objective function in Eq. (23)
decreases when N increases from 1 to 4 and then they increase when N(> 4) increases, where

N =1 means no PM is performed.
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Figure 5: The expected cost for N € {1,2,...,10}
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7.3 PM policies for items under one-dimensional (1D) warranty

Although the focus of this paper is on dependence and maintenance policy optimisation of 2D
products, Remark 2 provides a method of maintenance policy optimisation for 1D products. Thus,
this subsection provides a numerical example for maintenance policy optimisation for items under
1D warranty.

On a PM activity, the failure intensity is assumed to change from A(¢) before the PM to ag\(t)
after it and the time after a PM is reset to 0 (Nakagawa, 1988). Let M = 100,C, = 100,C, =
200,C, = 20,7, = 25(months), f; = 0.8,72 = 30(months), B2 = 1.5,a9 = 1.1, w = 36(months),
Ai(t) = Bit?1=1 /47 and Ay(t) = Bot® 1 /~45%. As shown in Fig 6 (where the X-axis represents N
and the Y-axis represents the expected cost), the objective function in Eq. (26) decreases when N
increases from 1 to 3 and then they increase when N (> 3) increases, where N = 1 means no PM
is performed.

56000

CXpPecled GosL
52000

.\./'
2 4 6 8 10
N (the number of PM)

48000

Figure 6: The expected cost for N € {1,2,...,10}

8 Conclusions and future work

This paper proposed a copula-based approach to model the failure process of items under two-
dimensional warranty. It derived a bivariate failure rate function, some probabilistic properties
of the conditional survival probabilities, and methods to model the effectiveness of maintenance.
The paper then proposed the necessary conditions under which preventive maintenance can be
performed in a cost-effective way and proposed a method to optimise preventive maintenance
policies.

The strength of using the copula-based approach is its capability of modelling the asymmetric
phenomenon in the field failure data. From this perspective, it is able to capture more information
that the other approaches such as those methods obtained based on the assumption of the linear
relationship between age and usage. The drawback is its complex expression of the bivariate failure
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rate function derived from the asymmetric copula and therefore an analytical solution may not
exist. As a result, numerical solutions may need perusing in applications of the bivariate failure rate
function. However, this will also provide a research topic on the derivation of elegant expressions
of the bivariate failure rate functions.

Other future research topics include: optimisation of preventive maintenance policies consider-
ing the number of product items that have been sold and optimisation of preventive maintenance
policies for items with multiple repair modes.
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Appendix: Proofs of the propositions

Proof of Proposition 1

Proof. It is known that Spearman’s rho can be obtained from a copula with the formula
p=12 fo fo (v1,v9)dvidvg — 3. Hence, we can express Spearman’s rho with p* as follows:

1 1
p :12/ / C(v1, v9)dvidvy — 3
’ 10 1 1 1
:12p0/ / C*(vl,w)dvldvg + 12(1 —po)/ / Ugdvldvg
0 Jo

—12(1 — po) / / *(1 — v, v9)dvdvy — 3
:12p0/ / C*(Ul, ’Ug)dl)ldvg + 6(1 - po)

— 12 1— Po / / Ul,’UQ dUldUQ 3

=(2po — 1)p (37)

This establishes Proposition 1. O

Proof of Proposition 2

Proof. Ifpy=1and §; > 1, then C(t,u) = C*(t,u). Hence, r(t,u) = r*(t,u).
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Further,

_ f(tw)
rit) = Fo
_ ol () + (L= p)f ()
poF*(t,u) + (1 — po) FH(t, u)
- pD(t)r* (t> u) + (1 - po(t))?“+ (ta u)? (38)
where Fe(t.u)
N Po , U
Polt) = poF*(t,u) + (1 — po) Fr(t,u)
It is easy to obtain that
min{r*(t,u),r(t,u)} < r(t,u) < max{r*(t,u),r" (t,u)}. (39)

It should be noted that Block and Joe (1997) provide a derivation for the case of the univariate
failure rate function as Eq. (39).
This establishes the proof of Proposition 2. 0

Proof of Proposition 3
B1 B2
Proof. Since Fi(t) =1 —exp {— (%) } =, and Fy(u) =1 —exp {— (l> } = 1, then
¢ B0 B20
Gru(V1,02) = [(— In(1 —v1))? + (= In(1 - vg))e] 1o _ [(—) + (E) ] )
g V2

and

gea(1=1,02) = [(=In(on)’ + (~In(1 = 0a))’] " = (‘ Iy (1 ~exp {_ @)B })> : <$)B

It is noted that g, (v, v2) is an increasing function of ¢ and u, respectively, while g;,, (1 —v1, v2)
increases in u but decreasing in t.

Then, F*(t,u) = exp(—gsu(v1,v9)) and FT(t,u) =1 — v; — exp(—gs.(v1, 1 — v2)), from which
we obtain

1/0

(1 —v1) In(1 — vy)]?!
(1 - ’Ul)(]_ - Ug)

c*(v1,v9) = (9t (v1,v2) + 6 — 1][geu(v1, v2)]' 7 exp(—gra(v1, v2)).  (40)
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B10—1 Baf—1
Thus, 7*(t,u) = B2 <L> ' <l> ’ [9t.u(v1,02) + 0 — 1[ge.u(v1,v2)]' 7%, and

Y172 71 72

[In(vy) In(1 — vy)]0 1
v1(1 — vg)

¢ (v1,v9,: 0) = [0 (1—v1,v9) +0—1][gs0(1—v1,v2)]' 2 exp(—gs (1 —v1, v3)).

Thus, we can obtain r* (¢, u) as follows.

r(t, u)

AN
_ Bt {_1““_“"{_(71) H (9.0 (1 = v1,v2) + 60 = 1[gra(1 = v1,02)]')

B1, B26-1 p ’
T2 1—exp{—<%> 1} exp{gt,u(l—vly'lﬁ)—(%) 1}_1

(41)
Then it is easy to obtain the following survival function.
P(X, >t, Xy >u) =F(t,u)

—(1 = po)(1 — v) + poexp {— [(—=In(1 = v))’ + (= In(1 — vy))"] ”9}

— (1 —po) exp {— [(—In(v1))? + (= In(1 — v9))°] 1/6}

u B2

=(1 — po) exp {— <%) } + po exp {—gr.u(v1,v2) }

— (1= po) exp {—g1u(l —vi,02)}. (42)

From Eq. (42), we can obtain the conditional survival functions, for example, the probability of

X given Xy > u, ie., P(X; > t| Xy > u) = %.

Take the first part of the proposition for example.

P(Xl Zt,XQ 2U>

u P2
=(1—po) + poexp § —gru(v1,v2) + (,y—)
2

— (1 = po) exp {—gt,u(l — vy, v2) + (3)62} : (43)

Y2

It is easy to see that P(X; > t| Xy > u) decreases in t for all u.
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Since @ > 1, for positive d; and dy, we have (d;, + dy)"/? < d}/e + dé/e. Hence,

B1
P(X; > t|Xs > u) >(1 —pg) + poexp {— (i) }

M
u B2
— (1 = po)exp § —Gru(l —v1,v2) + (_)
Y2
_ F*(t,u)
= poF(t 1-— _— 44
poFi(t) + (1 — po) Bo(u) (44)
and
u B2
P(X1 > t| Xy > u) <(1—po) + poexp § —Geu(vi,v2) + (7)
2
t 51
—(1=po) [ 1 —expg — <—)
il
_ Fr(t,u
(1= B () + ), (45)
Fy(u)
Similarly,
P(Xl Z t,XQ 2 U,)
P(Xs >ulX;>t) =
(X 2 ulXy 2 1) P(Xs > 1)
B1 B2 B1
t U t
=(1 — po) exp { (—> - (—) } =+ Po €Xp { <—) — Grulv1, 02)}
71 V2 M
t /81
— (1 —po) exp (’V_) — gru(l —v1,09) p . (46)
1
It is easy to see that P(Xy > u|X; > t) decreases in u for all t.
Since 6 > 1, for positive d; and ds, we have (d; + do)"? < dV/? + d/’. Hence,
¢ B1 u B2 u B2
P(Xs > u|X; >t) >(1 — po) exp (—) — (—) +poexp L — (—)
M1 Y2 Y2
t /81
— (1 —po) exp <—) — gru(1 — vy, v2)
N
_ FH(t,u)
= po F: 1-— — . 47
W) + (1= ) 5 (4"
This establishes Proposition 3. U
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Proof of Proposition 4

Proof.  Our purpose is to seek the optimal number N* that satisfies Eq. (23), constraints (24),
and (25). That is, we need to find an integer N* that satisfies L(N —1)— L(N) >0and L(N+1)—
L(N) > 0, where L(N) = ¢,(N—1)+c¢, M (fo fo (t, u)dtdu + 30 1fk e fo i g—1(t, u)dudt)+
c,M(N —1).

It is easy to find from constraint (24) that L(1) — L(2) > 0.

From constraint ( Zk L f 1y fo rik—1(t, u)dudt decreases in N. Hence, there exists

k
an N* entails that Zk:l f(kfl)ﬂ fo rlLk,l(t,u)dudt - ka:+11 f(kal w fo rik—1(t, w)dudt becomes
N

smaller . Hence, we can find an integer that satisfies
L(N +1)— L(N)
kw N+1
=cq +c,M — e, M Z/ / TIL - ltududt— / / rik—1(t, w)dudt | >0
k— N+1
(48)

That is, there exists a finite value N* that satisfies Eq. (23), constraints (24), and (25).
This establishes Proposition 4. O
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