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Foreword

I am delighted and honored to write a foreword to this useful book. Indeed, I have
personally known Adolfo Crespo Márquez for many years and in consequence
Vicente González-Prida Díaz as Adolfo’s Ph.D. student. Our collaboration has
been initiated from complementary skills on maintenance engineering by inves-
tigating innovative work related to new forms of maintenance strategies (i.e.,
proactive strategy), organizations (i.e., e-maintenance) and engineering (i.e., sys-
tem engineering). This work was also achieved in close partnership with industrial
community of maintenance and asset management taken into account Adolfo
involvement in Spanish industrial society called INGEMAN. A lot of collaboration
results exist, but the main one is the contribution to the creation of the working
group Advanced Maintenance Engineering, Service and Technology (A-MEST)
within the IFAC TC 5.1. The WG is a founded repository defending new advanced
maintenance/asset management challenges and issues. Adolfo and his team were
able to take the opportunity of A-MEST to broaden the scope of their activities
while upgrading their initial skills in Maintenance Management. In that way, they
are now key representative actors in Europe and beyond on maintenance/asset
management engineering. This position is proven by their high scientific credi-
bility supported with relevant articles and books.

This new book entitled ‘‘After-sales Service of Engineering Industrial Assets.
A Reference Framework for the Warranty Management’’ is fully in line with this
position by considering a specific item of maintenance/asset management engi-
neering related to warranty management—after-sales service which is a field
actually not well formalized. In the book, an asset is considered as product or
service launched in the market, that presents a certain level of complexity (com-
plex industrial asset), and that after the sale requires an assistance (warranty)
leading to an organization of resources supporting the buyer technical services
(after-sales management).

Thus, the first originality proposed by the authors is to study this item, not as an
isolated issue but really in a holistic way, to be consistent with practices of system
engineering in order to assess globally its costs and profits by considering its
impacts and relationships with the other items implemented in company.
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Therefore, the book is developing material to attack the following general ques-
tion: How to select a policy for a warranty assistance program and track its
performance in order to improve the profit and the image of the company?

In response to this question, a second originality is defended in terms of a
proposal of a warranty management framework as a conceptual and generic
structure, which can be then instantiated to particular sector. Thus, the generic
aspect assigned to the framework is enabling the book to be of interest to a wide
audience of readers having different warranty needs with regard to products or
services of different application domains.

The last main originality is that the book encloses a series of examples con-
stituted by case studies related to the different chapters and that offer a practical
overview. Indeed the intention of the authors is to synthetize case studies with
practical applications that transmit in a simple way how the referred methodolo-
gies are implemented in the after-sales service field.

From these originalities, and as with all good reference works, this book pro-
vides a solid, formal, and, therefore, authoritative basis for the study, as well as the
application in practice, of the after-sales service and warranty management. It is
also an easy-to-ready book because it is going, by providing illustration, from
fundamental issues to details on different methods and techniques that can be used
to improve decision making in the different stages of the after-sales service
management process. Therefore, the main strength of the book is, on the basis of a
very clear text, to offer a way of thinking to asset provider, manager, engineer …
in order to facilitate the requirement definitions with regard to after-sales service
and transforming them into the realities of methodologies and techniques imple-
mentation well in phase with the profit and image of the company.

This way of thinking is structured on six parts in the book. The Part I details the
context and the purpose of the work. In Part II, the fundamental issues and current
research topics in warranty management and after-sales service are described. It is
providing readers with a case study to illustrate not only a range of typical items
for the topics addressed but also a global state of the art including models, tech-
niques, methodologies, and tools. The Part III is defining the key contribution of
the book in terms of warranty management framework proposal. This framework
is divided into four steps considering the effectiveness, efficiency, assessment, and
continuous improvement of a technique assistance program. The use of the
framework is shown with regard to the case study given in Part II. Then, the
authors are proposing to go deeper with the four different stages. It leads to
describe relevant material because underlining practically how the different well-
known methods and approaches such as Balance Score Card, ILS, LCCA, RAMS
… are referred to each stage (Part IV). An extension of this framework is studied
Part V by considering at least intellectual capital and maintainability index. The
final part is devoted to conclusions and summarizing the obtained results.
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Thus, the content of the book is well organized, attacking the right questions,
and bringing significant answers enough formalized and generic to be usable both
by academic and industrial readers. It leads to offer a real scientific and applicative
added value for the maintenance and asset management communities. In that way,
this book is going to sit on my bookshelf forever. I am confident the reader will
find this book as useful and enlightening as I have. Thus, I wish the reader an
enjoyable study of after-sales service and warranty management, and many pro-
ductive applications of it.

Benoît lung
Université de Lorraine

Nancy
France
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Preface

The aim of this book is to propose, to describe in details and to show the practical
implementation of an advanced after-sales management framework devoted to
warranty management. This framework is proposed for companies producing
either standardized or customized products. Such a management tool will allow
easy organizational improvement and will support innovative decision making
processes for technical assistance in after-sales services.

The content of the book is divided into six parts:

• The Part I (Chap. 1) is an introduction to the book and describes the context and
the purpose of the work. An introductory material to the process followed for the
elaboration of the book is also provided.

• The Part II presents the fundamental issues and current research topics in
warranty management and after-sales services. A literature review illustrates
current state of the art including main international research contributions and
best practices. Case studies are presented to illustrate these issues accordingly.
This Part II is structured in the following chapters:

– Chapter 2: This section presents a case study to illustrate a range of typical
circumstances in the management of warranty claims, such as spare parts
management, inter-departmental decision-making processes, cost related
issues, etc.

– Chapter 3: The state of the art in this area including models, techniques,
methodologies, tools and other contributions developed by different authors
will be here presented.

• The Part III contains the main contribution of the book: a proposal for a war-
ranty management framework. Specifically, the following chapters are included:

– Chapter 4: Existing models for assets maintenance management are com-
mented and compared with each other, highlighting the difference between
process-oriented versus declarative models. These models will be adapted to
the after-sales management process showing the actions and stages in order to
lead and manage the organization of a warranty assistance program.
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– Chapter 5: Based on the above chapters, a framework for warranty manage-
ment is proposed. This framework is divided into four steps or stages con-
sidering the effectiveness, efficiency, assessment and continuous improvement
of a technical assistance program.

– Chapter 6: This chapter exemplifies the proposed framework for the initial case
study in Chap. 2. This chapter also shows various ways to follow for the
analysis of quality and maturity in terms of customer service management.

• The Part IV explores the different stages of the proposed framework more
deeply. The idea is to specify different methods and techniques that can be used
to improve decision making in the different stages of the after-sales service
management process. This part includes the following chapters:

– Chapter 7: Deals with the warranty program effectiveness. Techniques like The
Balance Score Card, Criticality Analysis and the Root-Cause Failure Analysis
are applied to different case studies.

– Chapter 8: Focusses on the warranty program efficiency. The implementation
of tools like Integrated Logistics Support or Cost-Risk-Benefit Analysis is
considered within the after sales service.

– Chapter 9: Warranty assessment and control. The application of methodologies
like: Life Cycle Cost Analysis (LCCA), and the Reliability, Availability,
Maintainability and Safety (RAMS) analysis is suggested and exemplified.

– Chapter 10: Devoted to the continuous improvement in customer service
management. This chapter considers the implementation of techniques such as
Six Sigma, CRMs, and new ICTs in order to make data processing and
communications easier.

• The Part V of the book presents extensions to the warranty management
framework considered above. Different ideas and contributions are introduced to
strengthen the structure and foundations of the framework. specifically the
following chapters are added:

– Chapter 11: The value of Intellectual Capital in the customer service is here
analysed, quantifying the worth generated for the company by the customer
service department.

– Chapter 12: The maintainability index is defined and assessed by attributes
related to staff, product design, as well as logistic support needs.

– Chapter 13: In the final part we explore how the proposed framework can be
extended by applying System Dynamic Model and simulation to the after sales
services. Also we tackle the problem of disassembly of a complex industrial
asset planning using the Theory of Bayesian probability.

– Finally, the sixth and final part is devoted to the conclusions of the entire work,
specifying the different parts and summarizing the results obtained (Chap. 14).
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This book illustrates our personal experiences within this field and offers the
readers a real perspective of the use of the tools defining a framework for warranty
management of engineering industrial assets.

July 2013 Vicente González-Prida Díaz
Adolfo Crespo Márquez
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Introduction



Chapter 1
Researching the After-sales Services
and Warranty Management

1.1 Introduction

Day after day, enterprises must face a great variety of problems related to the
management and reliability of the products they launch in the market. The setting
where these companies carry out their activities is usually complex and globalized,
and the one in which we must take into account high competitiveness of the
market. In short, as we move in a changing world with competitors at any point of
the globe and with different economic criteria, any business present many and
diverse challenges to face, some of which cannot be found yet among the main
decisions of executives nowadays. This research aims to observe these challenges,
and specifically the after-sales management, and how it can improve reliability of
industrial assets launched to the market increasing the satisfaction of the client and
the financial objectives of the business. To this purpose, it is convenient to point
out the reason behind the different keywords by defining each term [1].

• Reference Framework: ‘‘Frame’’ is defined as the pattern or conceptual model
by which determined subject should be regulated or contrasted. If we add the
term ‘‘of reference,’’ it is implied as well that the frame is used as a base or
support to compare, measure, or relate. That is, the concept of ‘‘reference
framework’’ is used in this research as a conceptual structure to solve or guide
complex issues about some of the areas of knowledge through a description or a
generic approximation.

• After-sales Management: All those organizational and managerial activities that
determine objectives or priorities, strategies or methods, responsibilities, etc. of
the after-sales service, with the purpose of putting them into practice through
planning of technical assistance, their control and supervision, allocation of
resources etc., in a way that its economic aspects are included in the general
accounting of the organization. The ‘‘after sales’’ concept is understood as the
period of time during which the seller or manufacturer guarantees to the buyer
assistance, maintenance, or repairs of what has been purchased.

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_1,
� Springer International Publishing Switzerland 2014
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• Complex Industrial Asset: An ‘‘asset’’ is defined as the whole concept of assets
and rights with monetary value that are property of a business, institution, or
individual, which at the same time are indicative of their accountability. The
terms ‘‘industrial’’ and ‘‘complex’’ refer to all those material assets related to the
industry, that have a certain level of technical complexity, and therefore require
a determined technical control (for example, an automobile, an aeronautical
component, an automaton, a reactor, etc.)

• Warranty: A temporary agreement of the manufacturer or retailer, by which it is
obliged to repair with no charge any sold item in case of a breakdown.

Basically, this research is about products or services that are launched in the
market and that present a certain level of technological complexity (complex
industrial assets) and that after the sale require an assistance (warranty) that leads
to a certain organization of resources that assures the buyer certain technical
services (after-sales management). For which reason, some generic guidelines are
proposed (reference framework) to facilitate and maintain team work, internal and
external communication, business ethics, as well as human resources and corpo-
rative social responsibility.

1.2 Objectives of the Book

The main objective of this research is to develop a management framework that is
applicable to organize the after-sales service, so that it remains aligned with the
objectives of the company and it is not presented as a separate entity, nor as a mere
cost center from a financial point of view. In other words, the idea is to consider all
points of view related to the company and not just the technical or financial
perspective. Sustainable development of the organization depends on its consid-
eration as a holistic system where the component parts (highly specialized
departments with their own management goals), collaborate to achieve collective
objectives [2]. With such purpose (and even though the structure of the research
will be developed in greater detail in a later/further section), this main objective
can also be divided into the following secondary objectives:

1. Analyze the state-of-the-art regarding management and warranty of the after-
sales service (Part II).

2. Identify the concepts and developed methodologies that come into effect for
other areas of management such as maintenance, and to apply them to cases of
warranty assistance (Part III).

3. Develop the implementation of these methodologies regarding the after-sales
service (Part IV).

4. Justify the importance of the research with future extensions or possible lines of
research in this area (Part V).
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Following this scheme of objectives, the research defines a framework as a
support to the management of a warranty program (understanding program as a
sequence of activities). This framework is divided into blocks that are also com-
posed by actions centered mainly in the improvement of the reliability of the
product as well as of the relation between manufacturer and user. The re-engi-
neering in the management processes and the application of the right organization of
the after-sales service allow (among other options) to influence on the design of the
product and its fabrication, increasing its quality and reliability as it improves
the flow of information (Fig. 1.1) relative to product defects and its causes. Due to
the fact that the main objective of the research is vastly wide, in order to make the
expected goals in the research more manageable, it is convenient to break down
such objective into small questions of research. The answers to such questions will
jointly contribute to the essential solution of the subject to investigate. The after
sale, viewed from a wide perspective, can boost the business’ economic benefits not
just by the sale of secondary products (spare parts, maintenance contracts, and
warranty extensions…), but also by identifying and analyzing problems to deter-
mine and eliminate the causes, avoiding constant problems of the users.

In order to facilitate a better understanding of the essential problems in this
area, the first question of the research will be relative to the existing methodologies
used in areas such as maintenance, improvement processes, and its capabilities:

• 1st Question: How the different studies, models, and approximations… done so
far have helped the identification, analysis, elimination, and prevention of
problems when there has been a failure in an industrial asset?

With the previous knowledge, it is possible to suggest a management process
that covers the already known and successfully implemented methodologies in
other areas, so that the maturity in the organization improves in terms of the after-
sales service. This leads us to the second question of the research:

• 2nd Question: What systems are proposed to provide after-sales service to make
the most of the advantages of the successfully applied methodologies in other
areas?

One of the most important issues in after sales is decision-making: which policy
should be adopted, or if the right follow-up procedure is being applied. For this a
systematic procedure is needed to assure the decisions are based on facts and that a

OPERATIONS WITH THE CLIENT

Warranty Definition

Warranty Purchasing

Service Contract

COMPLAINT PROCESS

Complaint 
Presentation

Complaint Validation

FINANCIAL MANAGEMENT

Payment

Accounting

Budget

WARRANTY ANALISIS

Operational Report

Suppliers / Repair

Performance / Quality

REPAIR MANAGEMENT

COMPONENT RECOVERY

Fig. 1.1 General scheme of warranty management
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correct follow-up procedure is being properly applied. With this in mind, the third
question of the research is:

• 3rd Question: What should the after-sales service be like in order to be efficient
and advantageous from a business point of view?

The book describes a cyclical procedure of improvement, selecting a deter-
mined management policy, and carrying out a follow-up check of its performance.
It is required, in order to know which is the most appropriate policy, a form that
indicates how to measure the impact in the decisions of the company, before and
after the application of the selected policy. This leads us to the next question:

• 4th Question: How should technical and financial performance in the after-sales
service be assessed and controlled so as to allow improvement during the
management of its procedure?

In order to measure the performance of technical assistance, access to the
relevant information regarding the service is required. This is a complex problem
owing to the after-sales impact of an industrial asset that can affect different areas
of the business. On the other hand, the commercial information of the asset’s
behavior in different types of users is not always available or represents a wide
variety of data [3, 4]. This leads us to the fifth research question:

• 5th Question: What information should be relevant to make decisions regarding
the after-sales service and what are the future researches that arise from this
line?

Figure 1.2 shows how the suggested questions relate to each part of the
research.

In few words, taking the previously mentioned into account, this book develops
the following problem: How to select a policy for a warranty assistance program
and track its performance, in order to improve the profit and the image of the
company? The content of the indicated chapters is described in the next section
where the structure of the book is summarized.

1.3 Rational of the Methodology Followed

This research has been structured in a series of Parts that are divided into chapters,
with its content mainly theoretical and general. Some of them include cases that
are concerned with mainly practical content, that attempt to specify with examples
some techniques introduced previously in the same chapter. In other words, a
classification of engineering tools will be presented throughout the chapters,
developed mainly for the improvement of the assistance to industrial assets in the
market through warranty management developed in cases, which will be shown in
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practical applications. Next, there is a description on how the present document is
structured:

1.3.1 Origins and Background (Part II)

• Chapter 2: Initial scenario where the problem is proposed. This chapter
develops a current and generic example that proposes a realistic and concise
vision of the chain of supply, the internal works of a typical manufacturer
company and the clients and providers management. This context pretends to
introduce the casuistry of the problems regarding warranty problems, all of this

PART I

PART II

PART III

PART IV

PART V

PART VI

QUESTION 1

QUESTION 2

QUESTION 3

QUESTION 4

QUESTION 5

CHAPTER  1

CHAPTER  2

CHAPTER  3

CHAPTER  4

CHAPTER  5

CHAPTER  6

CHAPTER  7

CHAPTER  8

CHAPTER  9

CHAPTER 10

CHAPTER 11

CHAPTER 12

CHAPTER 13

CHAPTER 14

Fig. 1.2 Relation between the research questions and the chapters
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serving as a starting point of development of this research. However, it is
important to highlight the existence of different types of suitable warranties
according to the type of product (products for consumption, commercial prod-
ucts, industrial, standard opposite personalized products, etc.) [5]. In this par-
ticular scenario, the analysis of after-sales management is done within the
framework of a company that provides its services during a specific period of
time and according to a determined calendar of deliveries. The type of product
to be analyzed will be of a personalized item (or ‘‘customized’’) where the
warranty is negotiable with the client.

• Chapter 3: State-of-the-art. The first task was to analyze all those relevant
studies on the topic. This state-of-art describes in a brief and general way some
of the innovations, functions, and objectives that different authors propose for a
modern management of the warranty. From this, analysis can be deduced from
characteristics and properties of different scenarios and contexts and that, in
general, are appropriate to a whole taxonomy of cases where it is possible to
apply this area relative to management.

1.3.2 Methodology and Resolution Proposal (Part III)

• Chapter 4: Methodology based on maintenance management models. Chapter 4
reviews the most important maintenance management models, pointing out the
innovations proposed by each author. From this, analysis derives some results
where it can be distinguished from some of the desirable characteristics of a
modern and efficient model of maintenance management. These characteristics
are the following: that the system includes in itself a clear methodology for its
implementation, that make reference to supporting tools that are required for its
execution, that be preferably cyclic, etc.; considering these features and taking
these conforming key elements of each model, finally a maintenance manage-
ment model is proposed based on the operation of the norm ISO 9001:2008 [6].

• Chapter 5: Reference framework. This chapter corresponds to the central point
of the research. It is here proposed a reference framework for the management
of warranty assistance, using engineering techniques that are already developed
for similar processes [7]. Within this generic framework, models are presented
integrating models already developed and in application. They will be gathered
in four sequential stages where the different techniques will play a crucial role.
These four stages will contemplate effectiveness, efficiency, evaluation, as well
as the constant enhancement of the management of after-sales service.

• Chapter 6: Audit to the initial scenario. In this occasion, the initial scenario
presented in Chap. 2 will be compared to the criterion of the reference frame-
work proposed in Chap. 5. This comparison will also allow us to introduce in
this chapter a brief summary of the quality aspects for the enhancement of the
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after-sales management together with some other practices done by businesses
nowadays. All of this can facilitate the quantification and evaluation of the
maturity level that the company reaches.

1.3.3 Development of the Proposed Stages (Part IV)

• Chapter 7: On the effectiveness. This chapter starts by defining the concept of
The Balance Score Card, which intends to align local after-sales objectives with
the global objectives of the business. The model also intends to avoid the
creation of a compartmentalized company in which decisions are made in an
independent manner. An organizational structure of this sort would negatively
affect its own future development and consequently its image to the customer.
Next, the chapter describes the Analytic Hierarchy Process as a tool that can
facilitate decision-making related to some of the critical aspects of the man-
agement warranty permitting the alignment of after-sales actions with the
business’ objectives. The chapter ends with a study of the root failure analysis.

• Chapter 8: On the efficiency. In order to assist warranties with a minimum in
loses, unnecessary expenses, or efforts, it is needed to take into account the
efficiency in the after-sales service. This efficiency is here defined as the
assistance of the same service but less costly. For this reason, the components
that constitute the Integrated Logistic Support, its levels of repairs, and the
frequency of duties are defined. The chapter continues with a brief Cost, Risk
and Benefits Analysis applied to the after-sales service. These tools (originally
developed for general project management), can be adapted in a very useful way
to organize and control the technical assistance of the customer during the
warranty period.

• Chapter 9: On the assessment and control. Equipment of any industrial asset
must take into account a great deal of restrictions and conditions. The compo-
nents or subsystems present ranges of potential failure modes that should be
considered from the initial stage of the design of the entire system, according to
its way of operation, environmental conditions, the time of the failure, etc. The
RAMS Analysis offers an approximate assessment of the behavior of equipment
that operate under severe conditions, such as those elements with complex
systems of the aerospatiale sector, defense, self-propulsion, industry, etc. the
terms of the acronym RAMS transmit the following concepts [8] that are usually
expressed in terms of probability:

– Reliability is the capacity of a system to carry out the functions that are
expected from it, under established conditions and during a specified period
of time.

– Availability is the degree to which a system can be used during a determined
period of time. It is usually expressed as a time ratio.
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– Maintainability is the characteristic of the design and the installation of an
element in which it must be re-established or substituted after a determined
period of time, it is the maintenance done according to the prescribed
procedures.

– Safety is the condition of being protected against failures, errors, damage, or
any other incident that can be considered undesired.
Besides the before mentioned, this chapter includes the Life Cycle cost of the
physical asset. This is determined through the identification of the product’s
functions applied at each stage of its life, the calculation of these functions’
costs and the application of appropriate costs throughout the life cycle.

• Chapter 10: On continuous improvement: The chapter defines the Application of
the ICTs and the benefits that can provide to a physical asset in the market and
that requires warranty assistance, defining qualitatively its influence within the
proposed reference framework and its interaction with the rest of the stages,
necessary to provide the customer the proper management in technical assis-
tance. After that, the chapter describes how customer relations management can
help decision-making regarding the after-sales service (strategic acquisition of
replacements, classification of different types of customers, etc.), and how it is
adjusted within a contractual and legal framework that regulates the relations
with the client when the technical assistance warranty is applied. This legal
point of view link management of after-sales issues to the current situation is
presented in real markets. The chapter concludes with a definition of the Six
Sigma Method, expanding and indicating the parts that consist of and carry out a
review regarding how it interacts with other methodologies and tools.

1.3.4 Extensions to the Proposed Reference Framework
(Part V)

• Chapter 11: Technical assistance intellectual capital. After-sales services are
characterized as a highly complex field inside business and involve various
disciplines: management, organization, human resources, company economy,
safety, environmental management, and knowledge of production throughout
the chain. In short, it is a key department by its contribution to look after the
interests or to satisfy the needs of clients and enterprises profits. In order to
improve maintenance, the intellectual capital is one of the best tools to achieve
it. It has to appreciate technical aspects, personal flexibility, changes, adapta-
tions, creativity, learning capacity, willingness to team work, ability of decision
and easiness to work in multiple, and interrelated operations. Therefore, the
knowledge of the maintenance staff is a strategic asset for the company, and it
can be considered as a competitive advantage. These aspects must be evaluated
in order to place correctly the contribution of maintenance within the company
valuation and future plans.
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• Chapter 12: Maintainability in the after-sales management. This chapter con-
tains a procedure that obtains the maintainability indexes for industrial devices.
This analysis can be very helpful when comparing or selecting a system from
another, to achieve an improvement in the design of a device according to the
demands of a technical assistance program, to improve the after-sales services to
a device that is in a given time and in a determined industrial environment, or to
prevent maintainability problems caused by temporary changes of location,
among others. For this purpose, those characteristics are here defined, describing
the different levels on which technical assistance can be divided. All of this
derives in the evaluation of some indexes applicable to any type of industrial
asset or user, in the phases of preparation as well as of its operation. So, for
those measurements can be contrasted, it will be necessary to determine the
moment in the life cycle of the device in which its index is evaluated and the
conditions of use and environment made by the client at that precise time.

• Chapter 13: Dynamic model and Bayesian nets in after-sales services. Busi-
nesses that operate in mature markets have to acknowledge the importance of
complementing the sale of industrial products with assistance services. That is to
say, the contribution as an added value of tangible products along with intan-
gible services, designed and combined in a way that are able to satisfy as a
whole customers’ specific needs [9]. The supply of spare parts, technical sup-
port, damage repairs, update installations, equipment reconditioning, performing
inspections, constant maintenance, are some of the significant examples of
offered services related to the product after the sale of an asset and that can be a
stable source of income, being more resistant to economical cycles than the
buying–selling equipment [10]. This chapter deals with the development of a
dynamic model of systems that have been created to explore quantitatively the
cause relation and the impact that represents the introduction of a new after--
sales policy, with the aim of improving customer service [11]. As a second part
of this chapter, a new approach on after-sales service is included, in this
occasion at the end of the product’s life cycle. This will serve to determining an
optimal plan for the dismantling of a complex industrial system and its recy-
cling, using for that the Bayesian nets theory.

1.3.5 The Case Studies

The book encloses a series of examples constituted by case studies related to the
different chapters and that offers a practical overview. With the exception of the
introductory and concluding chapters (Chaps. 1 and 14) and those related to the
state-of-the-art and methodology Chaps. 3, 4 and 5, the rest of the chapters include
an exercise or an example that would make easier for the reader the comprehen-
sion of the concepts developed in theoretical sections.
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In general, the studies of specific cases are normally used, in engineering as
well as in other fields of research, to support and help the understanding of dif-
ferent subjects and theoretical developments.

Generally, there is a great amount of information at our disposal when it comes
to the description of the cases. Such information can trivialize the analysis, or
complicate it even, to a level beyond unreasonable. That is why, the intention is to
synthesize case studies with practical applications that transmit in a simple way
how the referred methodologies are implemented in the after-sales service field, in
order to reduce prices. How can they allow more efficient decision-making pro-
cesses? How can they boost the business’s image and its standing in the market?
etc. An emphasis is placed on the range of study scenarios, as it is shown in
Table 1.1. These several contexts are distinct from one another and analyze a
different matter concerning the after-sales warranty management of an industrial
asset under warranty.

1.4 Limitations and Evolution of the Research

With the task of reaching the indicated objectives in Sect. 1.2, the research has
been affected by a series of limitations. Some have been on account of external
issues (imposed by the economic and technological reality in which we found
ourselves) and others of an internal one (imposed by the author in order not to
extend the time in this research in an exaggerated fashion.). Basically, these
limitations have consisted in:

• The research is about after-sales management in general. It is not specified to a
particular sector (each sector will require this framework to be applied in a
different way).

• Within warranty management, the research mainly highlights the warranty
period, even though such service (depending on the terms of the service con-
tract) could include other type of assistance such as maintenance, repairs, or
gathering of supplies and repairs.

• In most parts of the book, the object is a complex industrial asset. This asset is
considered to be the physical product that is up for sale. However, the object can
also be a service that needs to be guaranteed, i.e., utilities.

• The different methodologies of the book are presented from a conceptual point
of view. It is not the objective of this research to outline mathematical or
computational models.

• The study limits itself to the selected tools of the available warranty manage-
ment at the time of the development of this book.

• The research is based on warranty management [7]. The importance point here
lies in the way of technical assistance is carried out. Instead of doing this in the
asset’s own place of manufacture, it is done on a sold asset. This is the reason
why this research incorporates customer’s voice in the casuistry of maintenance.
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• The notion of ‘‘reference framework’’ is used as a conceptual structure to solve
and guide complex questions in a determined field through an approximated
generic description. Therefore, it is not a ‘‘reference model’’ since it would
represent the basis of a computational context for its implementation in a
determined field.

In regard to what is stated above, it is necessary to add that this present work
has taken a long period of time and its development consists of several years of
labor. Throughout this time, the questions of the research have been evolving and
arising from both its necessities and its own development. The value of chapters
and case studies is intended to be supported through publications in congresses,

Table 1.1 List of case studies included in the chapters

Chapter Methodology
applied

Case Study Question to solve

6 Quantification of
maturity

Manufacturer of products
which are launched into de
market and which require
assistance

What is the company’s own
perception of the after-sales
service?

7 The balance
scorecard

Farm machinery (haversters
and headstocks) sold first
and second hand

What after-sales service results
more profitable?

7 Procedure of
hierarchical
analysis

Spare parts management for
customized products
manufacturing in a
determined production
moment

From where is the best place to
get the spare?

8 Analysis of
management
risks of
customer
relations

Water distributing company
that suspends the supply
due to a failure in the
network

What is the cost of maintaining
or losing a customer after
suffering a failure

9 Reliability,
availability,
maintainability,
and safety
analysis

Electromechanic item in a
designing phase

Which would be the list of spare
parts recommended for
attending the warranty in a
satisfactory way?

9 Life cycle cost
analysis

Faulty engines are repaired
with a repair warranty

How long would be the best
warranty period in case of
doing a repair?

10 Six sigma
methodology

Automotive company that
repeatedly receives the
same time of reclamations
in warranty

What is the procedure of a
reclamation that affects
design?

11 Quantification of
the intellectual
capital

Water distribution companies
that attend similar areas of
customers

Which company presents the
best investment of their
initial budget?

12 Maintainability
assessment

Bridge crane requiring
technical services

How easy or difficult can the
assisted item be maintained?
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scientific journals papers, or in book chapter, where the research does not present a
strict temporary parallelism with different contributions.

Some of the most important contributions to the development, consolidation,
and countersign of this book (published in different scientific journals, confer-
ences, and book chapters, both in the international and national field) are included
in the reference section of each chapter.
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Part II
Current Issues in Warranty Management



Chapter 2
An Initial Case Study. Understanding
Warranty Management Issues

Case studies have normally been used to support and help theoretical subjects in
engineering and other research fields. When these cases are developed, it is usually
found that such an amount of information can either trivialize the study or com-
plicate it beyond a reasonable level. Therefore, the intention here is to synthesize a
practical case, which transmits easily how a proper management of warranty
assistance helps to reduce costs, enables us to make suitable decisions, and
improves the image of the company in front of the client. As mentioned at the
beginning of this research, there are different types of warranties according to the
different products in the market (consumption products, commercial products,
industrial, standard or personalized products, etc.) [1]:

• Standard Products: Free Replacement Warranty (FRW), Pro Rata Warranty
(PRW), or a combination of both.

• Commercial Products (purchased in volume): Warranty applied to a fleet or
group of items.

• Personalized Products: Reliability Improvement Warranty (RIW).
• Base Warranty and Extended Warranty.
• Etc.

The case examined here deals with a customized product and the warranty
management with the client. This study starts summarizing the background related
to warranty, highlighting the importance of a warranty cost management system.
Once the problem is defined and along with the development of a particular case
study, analysis of data and conclusions will be shown. Besides, a procedure is also
proposed related to the way of working among different sections inside a generic
company. This procedure will be examined succinctly using a workflow chart.
Other practical cases in the field of warranty can be found in [2].

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_2,
� Springer International Publishing Switzerland 2014
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2.1 Background

In order to apply an effective warranty management, it is critical to gather proper
data and exchange the different types of information between the modules into
which a management system can be divided [3]. In our case, a warranty man-
agement will be proposed, as a system based on a several modules organization. In
the literature review (this chapter), one can observe different interactions between
warranty and other disciplines, and how they are dealt with by the different models
and authors. In particular summarizing, three important interactions must be
considered:

1. Warranty and Maintenance: In many cases, the warranty period is the time
when the manufacturer still has a strong control over its product and its
behavior. Additionally, the expected warranty costs normally depend, not only
on warranty requirements, but also on the associated maintenance schedule of
the product [4].

2. Warranty and Outsourcing: The warranty service or, in general, the after-sales
department of a company, is usually one of the most susceptible to be out-
sourced due to its low risk and also to the fact that, among other features,
outsourcing provides legal insurance for such assistance services [5].

3. Warranty and Quality: The improvement of the reliability and quality of the
product not only has an advantageous and favorable impact in front of the
client, but also this improvement highly reduces the expected warranty cost [6].
However, in the vehicle industry for example (see Fig. 2.1), it is probably a
simplification to consider a low ratio of client’s claims supposes high quality,
that is because such situation has to do with those companies that reject cus-
tomer claims redirecting them to the suppliers. In Fig. 2.1, the axis of ordinate
indicates the percentage dedicated to warranties in respect of the income in
vehicle sales.

4. Warranty and Cost Analysis: In reference to costs estimations (see Fig. 2.2), and
apart from warranty issues, there are nowadays several methods to accurately
estimate the final cost of a specific acquisition contract. In our case study, the
method applied in a simplified way is denominated ‘‘Estimate at Completion’’
(EAC).

In few words, EAC is a management technique used in a project for the cost
control progress. Here, the manager foresees the total cost of the project at
completion, combining measurements related to the scope of supply, the delivery
schedule, and the costs, using for that purpose a single integrated system. Warranty
costs can be included in the global analysis of the project, providing the estimation
costs of the same service generated at the end of contractual responsibility.
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2.2 Case Study Scenario

The company that is focused on in the case study is a large manufacturer in the
metal industry that operates globally. The company designs, manufactures, and
purchases a wide range of industrial vehicles (such as machinery used in forestry,
hydraulic excavators, or track loaders) for industrial customers, as well as other
related products such as spare parts. In addition to the purchase of standard
vehicles, nowadays the customization of machines is also common. In our case,
the company must supply the client with a specified amount of customized
vehicles on a defined schedule. In the contract, warranty assistance is included for
the vehicles of the fleet during a period of time that starts when each vehicle is
delivered to the customer. To provide the after-sales service in a satisfactory way,
the fulfillment of some conditions is required:

1. Teams formed by properly trained personnel.
2. Tools for maintenance/warranty tasks.
3. Materials and spare parts to carry out the repairs.

Fig. 2.1 Ratios of warranty
claims from 2003 to 2013

EAC = Incurred To Date + Estimate To Completion

TimeNow

Program

Follow-up

Fig. 2.2 EAC formula
(adapted from [7])
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The first two conditions are considered fulfilled. Regarding the third condition,
the necessary materials for warranty operations are obtained from the same
warehouse as the assembly line. This way, there are two possibilities to recuperate
the material:

• When the piece is repairable, a spare part is taken from the warehouse, which is
later returned after the disassembly of the product being repaired.

• When the piece is not repairable, a spare part is also taken from the warehouse,
but it must be restored by the purchase of another.

This situation is possible because the manufacturing stock allows the supply of
material for warranty assistance without risking the necessities of the assembly
line. The problem in this scenario is defined as follows: Due to the fact that
manufacturing and warranty assistance share the same warehouse, there will be
instances where the manufacturing is at a very advanced stage and simultaneously
there will be many vehicles under warranty. From this moment onwards, every
decision made prioritizes one of the two activities. Apart from the context
described above, the study takes place during the lifetime distribution of delive-
rables. This means that, historical data regarding costs, faulty items, etc., are
available for the research. In reference to the faulty items, it has been used a
classification tree with several levels following a hierarchical structure based
mainly on their functionality, and reaching a sufficient level of detail in terms of
procurement aspects. In figures, the described scenario and the delivery schedule
are shown in Table 2.1. Our case study will be developed considering also the
following hypothesis:

• Every vehicle has the same reliability (they have the same failure probability).
• The warranty cost is constant with the time.
• The warranty time does not stop at any moment.

The EAC for warranty depends on company policy. Usually, the budget for
warranty is determined as a percentage of the total project cost. In our case study,
the total cost, manufacturing plus indirect costs for each vehicle, is supposed,
amounts to ca. 375,000.00 € and the percentage for warranty attendance will be
2 % of the budget for total costs. That yields around 2,625,000.00 € for the
attendance of warranties during the whole project.

2.3 Analysis, Development, and Results of the Case Study

In the literature review of the previous chapter, many case studies can be found
which are related to the data analysis taken from warranty assistance (qualitative
and quantitative date). This analysis is based on real data and offers a substantial
amount of detail. Two references that offer a complete revision of this topic are [8]
and [9].
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2.3.1 Costs Analysis of the Warranty Assistance

As mentioned, the study takes place when the company has already delivered a
number of 150 vehicles. In this time, there are 105 vehicles under warranty. Some
preliminary data are shown in Table 2.2. Together with this, there is also a sample
regarding the number of vehicles under warranty according to the defined delivery
schedule. Some figures here have been rounded off in order to simplify their use
during the study.

Table 2.2 (as commented) is only a sample extracted from the complete
delivery schedule. From this complete schedule, it is possible to note that the
warranty expiration date of the first vehicles is obviously on March 2010 and, also,
that the most critical moment (t2) will be in September 2013. The graphic in
Fig. 2.3 can help to illustrate it.

In April 2014 (t2), the already delivered fleet—315 units—will have a maxi-
mum number of vehicles simultaneously under warranty—115 units—(see con-
tinuous graphic line). In this moment, we can observe how close the due date of
the deliveries is (April 2015). Consequently, much closer (and critical) is the
manufacturing of the last vehicles. In t2, our teams of maintenance/warranty
technicians will have to attend a high number of vehicles which will demand a
huge number of spare parts. At the same time, the operators of the assembly line
will request pieces for the production of the last vehicles. The shared warehouse
will have in storage enough pieces for manufacturing, but not for more, so the
supply of any spare parts demanded by the after-sales personnel must be carried
out taking into consideration the importance of the material, the time to repair the
disassembled piece, and/or the time to restore it by purchase. Every piece in the
classification tree (see Fig. 2.4) belonging to the lowest level (level where mate-
rials can be procured) will have a weight (or critical) which changes with time.
Every piece will be considered much more critical as the end of the manufacturing
process gets closer. Therefore, and taking also into account a costs analysis, it is

Table 2.1 Data of the
described scenario

Date Accumulated amount of vehicles

March 2008 Rollout
April 2009 45 units
April 2010 100 units
April 2011 150 units
April 2012 200 units
April 2013 260 units
April 2014 315 units
April 2015 350 units

Total amount of customized vehicles to be delivered: 350 units
Warranty period for each vehicle: 2 years
Warranty expiration for last vehicle: March 2017
Time point of the case study (t1): April 2011 (150 unit already
delivered)
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necessary to bear the investment of a minimum strategical stock in mind in order
not to leave warranty claims unattended.

Considering the data indicated above, it is possible to carry out a simple costs
analysis obtaining some average values. Calculation of some values:

• Warranty cost per complaints:
CC = C1/R1 = 1,000,000.00/1,200 = 833.33 €

Table 2.2 Extract of the delivery schedule

Date Accumulated amount of
vehicles

Monthly delivery
(units)

Vehicles in warranty
(units)

March
2008

Rollout 5 5

April 2009 45 unit 3 45
April 2010 100 unit 4 91
April 2011 150 unit 4 105
April 2012 200 unit 4 100
April 2013 260 unit 5 110
April 2014 315 unit 4 115
April 2015 350 unit 2 90
April 2016 350 unit 0 35

Number of delivered vehicles t1: V1 = 150 units
Number of warranty claims in t1: R1 = 1,200 warranty claims
Warranty incurred cost in t1: C1 = 1,000,000.00 €
EAC for Warranty: EACw = 2,625,000.00 €
Number of vehicles to be delivered: V(t) = (according to delivery schedule)
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Fig. 2.3 Warranty evolution graphic, in terms of deliveries
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• Warranty cost per vehicle:
CV = C1/V1 = 1,000,000.00/150 = 6,666.67 €

• Complaints per vehicle:
RV = R1/V1 = 1,200/150 = 8 complaints

With these values, and in order to illustrate them more clearly, a graphic
(Fig. 2.5) is included in the warranty evolution in terms of costs. That is because
the total incurred warranty cost of every vehicle has been considered in a con-
servative way. That means they have been treated as already incurred costs when
each vehicle is delivered to the customer. Therefore, the accumulate warranty cost
does not increase after the delivery of the last vehicle. In further studies, it will be
possible to consider as well several destinations of the vehicles, where a maximum
number of local vehicles can happen in different moments of the defined lifetime
and costs must include the movement of warranty teams to different locations.

Comparing the above results with the foreseen costs indicated in the EAC, a
graphic is obtained as the one set out in Fig. 2.5. The EAC is formed by a first part
already known, which refers to the Incurred to Date (ITD), plus a second foreseen
part (continuous gray line), which refers to the Estimate to Completion (ETC).
Apart from the EAC line, the warranty cost line obtained from the cost average in
t1 is also here implemented (discontinuous black line). As a result from this
graphic comparison, one can see that the cost at the end (ca. 2,335,000.00 €) is
slightly lower than the budget considered at the beginning of the project
(2,625,000.00 €). This means, there is a budgetary buffer of ca. 290,000.00 €,
which can be used for the investment of a strategic stock of spare parts. This
amount would correspond to the budget for attending the warranty of around 43
vehicles, or equivalent as if the warranty assistance should be taking the advantage
of ca. 15 months before the end of the manufacturing process. Other interesting
average values that can be obtained from this exercise are for example the esti-
mated total amount of warranty claims, which shall be around 2,800 reclamations.
Anyway, and as the main conclusion of this analysis, the procurement of these
strategic spare parts should avoid the use of the stock shared with the assembly
line, offering this way an appropriate service to the client. That is due to the
possibility of assisting warranties independently of the manufacturing department
and consequently, not affecting the final goal of the project.
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2.3.2 Quantitative Analysis of the Claims

It has been possible to compile data for a large variety of items with customer
complaints. These items are classified according to their functionality and also
divided into components that can be procured (see Fig. 2.4: Classification tree of
components). Fig. 2.6 exposes a sample of the gathered data as an example for this
case study.

This kind of analysis usually helps not only the quality department, but also the
manufacturing process, in order to focus on the components which have more
incidents during the warranty period. By improving the manufacturing process or
taking special care during the assembly of components, it is possible to reduce
complaints regarding a specific item. Due to the large amount of components in
complex systems such as an industrial customized vehicle, it is suggested to select
the items to make all the gathered information easier to manipulate. The set of
criteria to select a group of items is not exclusively related to the number of failure
occurrences. The cost of such components is also important, as well as the delivery
time to procure them, etc. In general, it is important to know how critical each
component is for the company and for the fulfillment of the production line. All
these features will be conditions to bear in mind when the time to make a decision
comes. In other words, these features will be turned into factors which will give a
specific weight to each component. This weight will finally help the manager to
make the proper decision. By taking this into account, and referring back to the
previous figures and data included in the graphic, it is possible to transform the
data in terms of relative frequency. This relative frequency refers to the number
(ni) of times that an event (i) takes place (in our case, failures) and divided per the
total number of events (Rni). Considering therefore statistical concepts (and
together with other factors) is possible further on to weigh, as mentioned, the value
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of each component in order to prioritize between the supplies for warranty
assistance or to keep the available piece for the manufacturing process (Table 2.3).

A very interesting reference regarding analysis of data statistics is [10], where
data analysis is used for the improvement of TQM. The rest of the components are
basically not considered because:

• They have been affected by a very small number of failures.
• They have been delivered fast enough and mostly in time.
• There is extra stock in warehouse due to the purchasing of a minimum amount

of pieces, greater than the real necessity.
• Or they are not, definitively, under the interest of the project managers’ point of

view, due to other reasons.

Summarizing, with the tasks previously explained in order to obtain a set of
chosen components (those acknowledged as critical), what we are really com-
posing is a list of strategical spare parts. This means that, in case the company
approves the use of the budgetary buffer that supports of the warranty service, the
purchasing process can be quickly launched. All these actions will finally lead the
company to positive returns:
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• By reducing the probability of paying penalties due to global delay in the project
delivery.

• By improving the confidence of the client due to the completion of contractual
terms, such as the warranty assistance.

It is necessary to remark that everyone of the failures referred so far are inci-
dences considered to be under warranty. For further research in this field, inci-
dences not considered under warranty are also included. The analysis of such
events must take into account the reasons why these situations occur (bad training
of the user?, poor information for maintenance?, clients accustomed to other
family product with different behavior?, etc.). Anyway, in each case and even
when the failure is not attributed to the manufacturer, the company must take
interest in the possible causes.

2.3.3 Spare Parts Management for Warranty Assistance

Regarding logistics of warranty services, Ref. [11] discusses diverse questions in
this context. The change in the utilization of pieces from assembly line to warranty
assistance has a negative effect in terms of cost on the whole project. The extra
costs associated with the spare parts are of course due to the different prices
between the acquisition of a piece at the beginning of the project for the whole
fleet, and the acquisition of a piece punctually during the lifetime of the project
and for a specific incident. Therefore, management must provide compensation

Table 2.3 Relative frequencies

Component Number of claims fi ¼ ni=
P

ni

Pump 95 0.1827
Engine 70 0.1346
Battery 62 0.1192
Brakes 54 0.1038
Valve 46 0.0885
Alarm 38 0.0731
Gear 30 0.0577
Disjunctor 26 0.05
Regulator 22 0.0423
Lights 18 0.0346
Intercom 14 0.0269
Antenna 12 0.0231
Seats 10 0.0192
Heater 8 0.0154
Navigator 6 0.0115
Horn 4 0.0077
Steering wheel 3 0.0058
Cable 2 0.0038
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between the difference of values in order not to keep such increments in the total
costs of manufacturing, but to incur in the total warranty costs.

Consequently, the percentage incremented in the final price of purchase can
also be a factor to bear in mind when estimating the weight for each component. In
order to ascertain a correct warranty support service, the proposed action is
basically to acquire various reserves that would allow repairs without delays in the
vehicle manufacturing and simultaneously during the process and to supply spares
to the warranty service from the assembly line in a reasonable way. According to
the aforementioned considerations, and together with the data collected, the
experience of warranty/maintenance technicians, the knowledge of the engineering
department, and of course using the already developed techniques in maintenance
(Fig. 2.7), it is possible not only to elaborate a spare parts purchase plan for
warranty, but also to improve the business decision-making process as well as to
contribute with improvement actions for engineering and manufacturing. This
purchase plan refers to an applicable list of essential parts to assure the satisfactory
assistance of a large number of reclamations. At the end of the warranty period, the
remaining spare parts can be negotiated with the client for their use in further
maintenance tasks. This fact forces strict control of all these material parts so that
they remain available for supply to the customer at the conclusion of the project.
At the same time, this action will represent an opportunity to recuperate, at a
determined point in the future, one part of the incurred cost. In general, decision-
making will be the result of a process focused on a final choice among several
alternatives. In our case, in order to lead the company to a fast and adequate
decision-making process, every department should clearly identify what needs to
be done and what is the scope of their responsibility. For the company in this case,
we have adapted the idea of a warranty management system divided into modules,
proposing furthermore, certain interactions among different departments within the
company, which share the information, make suitable decisions according to their
responsibilities, and coordinate activities to a common and profitable goal for the
whole company. In order to illustrate such interactions, activities, etc., a workflow
has been used (Figs. 2.8, 2.9) following a business process modeling notation
(BPMN) methodology as a graphical representation for this specific business
process, making it more easily understandable. The considered departments here
(including the client) are as follows:

• Logistics department (LD)
• Manufacturing department (MD)
• Administration (MB)
• After-sales department (AD)
• Quality department (QD)
• Purchasing department (PD)
• Engineering department (ED)
• Customer (C).
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The process starts when the customer detects a failure in a vehicle and con-
sequently informs the company. Communication can be addressed to different
department of the company, but the most appropriate way is to channel them in
only one communicator as, for example, the service or after-sales department.
Anyway, the after-sales department can also detect failures in the course of its
maintenance activities (see Fig. 2.8). In any case, once the information reaches the
after-sales department, the facilitated information is analyzed. If the incidence is
considered not to be object of repair under warranty (for example, when the cause
of the failure has been a wrong or bad utilization), the after-sales department
informs the management board who finally decides if, in spite of this, the inci-
dence is repaired as warranty. If the incidence is discarded as warranty repair, the
management board should also inform the customer. The customer can of course
disagree with such a consideration. Therefore, a list of interventions (those not
considered firstly as warranty) must be negotiated between the parts. If the inci-
dence is considered under warranty conditions, the after-sales department must
carry out a diagnosis of the incidence, detecting the problem, analyzing its solu-
tion, and determining the resources (staff and materials) and the necessary time for
repair. In reference to the material, the warranty technicians must identify between
the repairable and the non-reparable/consumable materials. In reference to the
materials, warranty technicians must identify those repairable from those that are
not or material for sale. The necessities in general are communicated to the
company management who addresses the actions to the corresponding department
(logistics, manufacturing, and/or purchasing department), in order to finally
facilitate the material to the after-sales department. This is the moment when the
company administration must make the most important decisions in terms of costs
and manufacturing prevision. Once the after-sales department has the material
(either by a loan from warehouse, by a loan by cannibalization, or acquisition by
purchasing), they inform the management board (and afterward the client) (see
Fig. 2.9) the subsequent action plans. The damaged material is sent to the com-
pany where the quality department (together in some cases with the engineering
department) analyzes the failure. If the repair has been by replacement and the
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Fig. 2.7 Typical feedback from collected reliability and maintenance data
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material is identified as repairable, the quality department manages the repair,
taking into account the appropriate certification.

The material, once repaired and certificated, will be stored again in a warehouse
for its usage in the assembly line. In this process, every piece of data about the
incidence, damaged material, repair, etc., gathered by the after-sales, quality, and
engineering departments are introduced in a database which is followed up and
reviewed by the quality department. Once the incidence is resolved, the after-sales
department communicates the closure of the assistance to the company adminis-
tration, who transmits this to the client. It is important to receive a document from
the customer with the approval of the performed tasks and the acceptance of the
service closure. The database associated with these incidences and necessary for
their follow-up and should include, not only those incidences considered to be
under warranty, but also the data about preventive and corrective maintenance
performed on every vehicle, in order to enable the analysis of, for example,
repetitive or systematic failures among others studies. The described workflow
refers to a particular management of a specific case study. This workflow does not
intend to be generic and therefore is susceptible to improvement. It is proposed in
Chap. 5 a general management with the aim of, later in Chap. 6, criticizing or
evaluating the way management works. Likewise, in continuation to this chapter, it
is suggested to consult Appendices 1 and 3, where matters such as quantification of
maturity and analytical hierarchy processes are dealt with based on what it has
been developed in this chapter.
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Chapter 3
State of the Art

Warranty is usually defined as the assurance policy applied to all customers where
the purchased goods or services are (or shall be) as presented and, if not, they will
be replaced or repaired. This assurance is applied during a period of time after a
product has been sold, the management of such policy combines technical,
administrative, and managerial actions during the warranty [1]. The purpose is to
maintain or restore the item to a state in which it can perform the required
function, which are considered necessary to provide a given service. Therefore, a
structured approach to warranty preparation must take into account that offering
warranty involves risk of high warranty servicing cost [2].

Warranty management is considered as all those activities of organization that
determine the after-sales objectives: priorities, strategies, and responsibilities, and
implements them by control, supervision, and a proper management of the cus-
tomer complaints. As priorities are understood those targets assigned and accepted
by the management of the after-sales department. These objectives may include
availability, cost reduction, custom satisfaction, etc. In the same way, strategies are
understood those management methods in order to achieve warranty objectives. It
is important to indicate that warranty can be observed basically from the customer
or client perspective, or from the seller or supplier. The most generic case would
be of a business that is in the middle of a supplier chain (see Fig. 3.1), offering a
customer after-sales service (managed by the after-sales department) and
demanding a warranty service from the suppliers (managed by the operation or
purchase department). In many instances, it is found in practice that both man-
agements are interrelated to each other. This means that there are cases where the
failure communicated by the customer can be repaired by the supplier within the
warranty period. The ideal case would be that of acquired products from suppliers
and those sold to customers after a manufacturing process. Those products do not
present defects or failures. This ideal situation is represented in Fig. 3.2.

As mentioned, the structured warranty preparation must take into account that by
offering warranty, there is an involved risk in the warranty servicing cost [2]. This
case is logically viewed from the perspective of a company that provides warranty
assistance to its customers. On another respect, there are cases where there is a
warranty from the supplier. Businesses to which the purchase of new products
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represents an important element in the total overall operations budget, an efficient
management of warranty programs, have a significant impact in the total operations
cost [3]. For both of these reasons, it is possible to find methodologies that include the
economic aspects of the organization of warranty management (in both directions).
For that purpose, different authors here propose models, action frameworks, or
systems that allow those businesses in specific cases to manage warranty costs in the
best way possible. Although in any case, the authors will also present both strong and
weak points. In general, studies of warranty are usually observed through a manu-
facturer optic that provides after-sales services to its clients. This is in short the
context in which this research is developed. The research starts by highlighting the
importance of a warranty management system and by describing the methodologies
followed to reach the state of the art and that has simply consisted of an intense search
and the gathering of models and studies that appear in the current literature, classi-
fying and comparing them. This global search of systems of warranty management
will be presented in a chronological order, and later making comments on them in
terms of the different criterion. The result of this first part of the research has been
integrated in the general conclusions at the end of the document.

3.1 The Importance of a Warranty Management System

Many manufacturing companies spend great amounts of money of their budget on
their product and service warranties. However in most of cases, this decision does
not receive any more attention. Today, effective warranty management processes

WARRANTY INCIDENCES
WITH SUPPLIERS

WARRANTY INCIDENCES
WITH CLIENTS

Actual Process

Suppliers A B C D Clients

Checking

Remake
Complaint

Non-conformance

Reprocess
Delay

Complaint

Checking Checking Checking

Fig. 3.1 Warranty of a business in a supplier chain

Ideal Process 

Suppliers A B C D Clients

Fig. 3.2 Ideal case without any defects
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are not yet decided by most executives. In practice, companies often pay attention
to their warranty management processes only when high levels of liability are
involved with a claim or recall. As a consequence, they are missing opportunities
for significant cost savings, as well as for increasing the business value through
better-quality products and higher levels of customer satisfaction.

Warranty management deals with decision-making at strategic and operational
levels. This requires taking into account the interactions (see Fig. 3.3) between
engineering, marketing, and post-sale support elements of the manufacturing firms
[3]. Therefore, warranty management needs to be treated today not as a cost center
but as an asset that can create a higher value of the business performances. An
effective warranty management requires the integration of leading practices and to
find critical points in the decision process. These critical points will depend on the
already existing service management of the organization and its warranty man-
agement capabilities. These are different actions that will help improve business
performance and value creation. Some examples are as follows:

• Reducing the time for claims handling;
• Reducing costs by introducing more automated processes;
• Reducing customer loss due to poor product quality;
• Improved supplier selection and collaboration, cost sharing and quality

programs.

The result is lower warranty costs, better products, and higher levels of cus-
tomer retention. It is known that warranty management requires attention not only
to warranty processes, but also to better strategies, more effective tools and inte-
grated systems, as well as better organizational structures.

WARRANTY

POLICIES

WARRANTY

MANAGEMENT

WARRANTY

COST ANALYSIS

WARRANTY &

ENGINEERING

WARRANTY & 

LOGISTICS

WARRANTY & 

MARKETING

Fig. 3.3 Warranty interactions (adapted from [3])
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3.2 Literature Review

Up to this point, the provision of a global vision is demanded including, as much
as possible, articles, essays, and important works dated from the initial com-
mencements of this subject up to the latest known sources. For this reason, it is
necessary to point out those articles and revision works that had previously dealt
with this field, such as [4] and [5], where approximately 1,500 classified references
in different categories with very detailed documents can be found. Besides the
aforementioned and in order to find studies related to the warranty cost modeling,
the bibliographical search used in this research has been carried out using the
following different electronic databases on the Internet:

• ABI/INFORM Global—ProQuest
• Blackwell Synergy
• Business Source Premier—EBSCOhost
• Compendex (Engineering Village)—Elsevier Ingeniería de la Información
• Current Contents Connect—ISI
• ISI Web of Knowledge—ISI
• NTIS—Ovidio (SilverPlatter)
• Scirus
• Scopus—Elsevier
• Springer Link
• Wiley Interscience.

Up to now, the management of warranty has received very little attention, at
least as consumer products are concerned [3]. Nevertheless, searching concepts as
‘‘warranty,’’ ‘‘warranty management model,’’ it is possible to find many related
studies treated from different points of view. Some of these studies are regarding
the following issues in Table 3.1, listed chronologically.

This summary chart tries to list certain key articles, relevant for the focus of this
research, providing a global vision of warranty management. Many other articles
could have been considered due to the assigned key words in different magazines
and journals. However, they had to be discarded because of their different scope
and final objective. Basically, the criteria to the above-mentioned articles were as
follows:

1. The article proposed a warranty cost management model.
2. The article was published in scientific journals.
3. The article presented not only a review or an application, but also a model

proposal.
4. The model in the article had preferably a graphical/mathematical representation

or a software application.
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In short, the mentioned articles represent a simple way the current state of the
art related to warranty cost management. Nevertheless, besides these contributions,
there are also other papers, books, and essays found in the bibliographical search,
which deal also with the same subject and that bring also other points of view of
the object of study. Investigators of diverse disciplines have analyzed different
aspects of warranty that are also relevant for an efficient management. More details
in this respect can be found in [19].

3.3 Models and Support Tools for Warranty Cost
Management

A key aspect of the strategic warranty management is that decisions with regard to
warranty must begin at a very early stage in the product life cycle and not as an
after thought just prior to the launch stage [3]. Other usual problems during the
application of warranty services are for instance the following ones:

• Information systems support often limited.
• Long cycles of time for claims review.
• Excessive number of invalid claims.
• Not to distinguish warranty responsibility.
• Warranty data not used to improve product quality.
• Additional claims due to slow corrective actions in manufacturing, engineering,

or product design.
• Others.

All these issues are negative circumstances that a proper warranty management
model should avoid. And effective management of product reliability must take
into account the link between warranty and reliability [20] (see Fig. 3.4). Inter-
esting contributions as the one above mentioned can be found in the literature
regarding this topic. The authors of these contributions usually try to identify the
processes, the actions, stages, tools, methods, or necessary support techniques to
manage properly the warranty costs. Basically, a well-established model on war-
ranty management will help achieve a successful goal in the performance of the
company warranty service. Hence, by reengineering of management processes and
the application of a correct warranty cost model, it is possible to:

• Improve sales of extended warranties and additional related products (mainte-
nance contract, spare part supply, technical assistance).

• Improve the quality by improving the information flow about product defects
and their sources.

• Improve relationships with the customer.
• Reduce expenses related to warranty claims and processing.
• Better management and control over the warranty costs.
• Reduce invalid-related expenses and other warranty costs.
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In all previous cases, a difference in warranty organization should be considered
when the product is still pending manufacture, and when the product is already in
the market. In both cases, for an effective warranty management, it is critical to
collect the proper data and to exchange the different types of information between
the modules (see Fig. 3.5) in which the management system can be divided [21].

3.4 Main Contributions of the Selected Models and Authors

As it has been mentioned before, the selected models and authors can be sum-
marized in the following chronological chart (see Table 3.1). Up to now, these
contributions have been commented in a very succinct fashion. However, the study
is going to be focused on particular interactions between warranty and other
disciplines, and how they are dealt with by the different models and authors. Other
important aspects for future researches will be the view on warranty from different
points of view, such as the manufacturer, the customer, and society perspective.

3.4.1 Warranty and Maintenance

Firms which offer warranties frequently require that certain guidelines be observed
in the use of maintenance of the product [6]. A guideline for determining warranty
issues versus maintenance issues is that information which can assist to define if
failure should be considered to be warranty, maintenance, or neither. Warranty
usually includes (but it is not limited to):

• Defects in materials or workmanship, and
• Replacement of parts with valid manufacturing failures during warranty

coverage.

Fig. 3.4 Link between
warranty and reliability
(adapted from [20])
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On the other hand, the definition of maintenance [22] includes all those tech-
nical, administrative, and management activities to preserve or restore equipment
to a state in which it can perform the function it is required to. Some management
activities could be considered under warranty issues. In any case, maintenance
requires us to identify the objectives of maintenance. This, as it will be shown
further, is in order to complete its functions according to the characteristics of
those service provider companies [23]. In the literature review, there are models
which consider warranty and maintenance together [14]. In any case, maintenance
usually includes (but it is not limited to):

• Scheduled maintenance and inspections.
• Adjustments, lubrication, replacements, etc., after determined time of use.

While typical components of direct costs are direct material and direct labor,
maintenance together with insurance, taxes, and depreciation is usually considered
indirect costs [8]. In order to integrate maintenance service with other information
systems, as for instance could be information about warranty, there are also
computerized management systems which provide efficient methods of integration
and support all maintenance, combining management and anticipated warranty
services [24]. In spite of all this, there are issues not covered by warranty or
maintenance (but that are not limited to):

• Missing parts.
• Fuel/battery servicing (if needed).

Fig. 3.5 Warranty
management system in four
modules (adapted from [21])
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• Upgrading of software (if needed).
• Environmentally induced corrosion.
• Parts changed for customer convenience.
• Storage.
• Any issue related to accidents, negligence, etc.

Regarding the effects of warranty cost on an imperfect model that can be
applied to economic manufacturing quality, if a manufacturing process is out of
control, it stays there unless maintenance inspection actions are applied [10].
Preventive maintenance ensures that a process is in control and in the as-good-as-
new state at the beginning of the next production run. This, as it will be shown
further, affects to the warranty in the sense that a process under control will
produce articles with an expected quality, reducing consequently the cost of its
warranty. Therefore, it is essential a good maintenance of the productive process.
Analyzing non-repairable services products in reference to warranty cost, there is a
situation in which the authors analyze replacement cost according to different
warranty policies [17]. That is, the author considers renewing or non-renewing free
replacement warranty policies; applying preventive maintenance or only
replacement upon failure is carried out. There is also a scenario about software
reliability and its warranty cost [18]. In this specific case, it is considered that the
life cycle of a piece of software shall include a series of production activities,
namely design, coding, testing, and operation/maintenance phases. In addition to
these cases, there are other authors mentioned in the literature review who deal
with warranty and maintenance. For instance, in the scenario where failure or
repair is age dependent [14], the evaluation of the warranty cost depends on the
failure process, the degree of repairs, and the prescribed maintenance of the item.
The expected warranty costs associated with the product sold under warranty costs
depend on the warranty contract and the maintenance schedule associated with the
product [14]. Most technical items have some prescribed maintenance schedule
such that at certain moment of time, preventive inspection must be applied. In this
case, the model proposed by the authors is appropriate in many practical situations
for calculating costs associated with service and maintenance policies of repairable
products. While in most models for warranties and for preventive and corrective
maintenance, the repairs assumed to be instantaneous in the case of non-renewing
warranty with repair time [15], the main contribution is allowing nonzero repair
time for the warranty claims and assigning costs, which are dependent on the
length of the repair. Additionally, the evaluation of the warranty cost or any other
parameter of interest in modeling warranties depends on the failure and repair
processes as well as on the assigned preventive warranty maintenance for the items
[15]. The type of repair which takes place depends on the warranty reserves,
related costs, assigned warranty maintenance, reliability and safety requirements
of the product regarding the warranty cost analysis. When the scenario is taking
into account imperfect repair and preventive maintenance [16], warranty policies
with preventive maintenance could be a good candidate since they provide extra
protection to consumers at a relatively low cost. Many maintenance and warranty
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models using renewal theory were actually based on this assumption, i.e., ‘‘as good
as new’’ after each maintenance. ‘‘As good as new’’ represents one extreme type of
repair result and usually a system may not be good as new, but updated to an even
later/improved version after maintenance; i.e., repair is imperfect. Optimal
maintenance actions for one component depend on the states of the other com-
ponents. Obviously, the warranty cost policy proposed in this case incorporates
opportunistic maintenance and characterizes the classes of possible maintenance
actions during the entire warranty period. In summary, in this section, it will be
possible to observe two types of analysis toward warranty and maintenance: One
focused on maintenance and its impact in the warranty (free anticipated mainte-
nance provided by the manufacturer) in respect to maintenance given after war-
ranty; and second type focused on the role of maintenance (mainly preventive
maintenance) in the warranty service. Other relevant references to this respect are
the following [25, 26] and [27].

3.4.2 Warranty and Outsourcing

Outsourcing has become a strong complement to the resources of a company that
wants business development and expansion. The topics of warranty and subcon-
tracting are currently in active research, where subcontracting appears to be linked
to the theory of agency. An important reference to this respect [28]. As definition
of outsourcing everyone understands that it is when a company purchases a
product or process from an outside supplier rather than producing it in house. In
other words, outsourcing is like subcontracting and, consequently, it has advan-
tages and disadvantages (see Fig. 3.6). This fact has caused to numerous organi-
zations the re-evaluation of procedures when engaging outsourcing activities. The
outsourcing of technical tasks does not guarantee successful completion nor ensure
that the best interests of the company will be accomplished. Nevertheless, within
the advantages, it is important to mention that (among others features) outsourcing
provides legal insurance for services [23].

In addition to this and regarding the warranty outsourcing (as in maintenance), it
is suggested to compose levels of externalization progressively in time, increasing
internal knowledge and control about activities before recruiting a new one, that is,
to carry out a partial outsourcing. Another advantage by using an independent third-
party warranty servicing company is that the main organization can focus on new
and existing projects rather than spending a disproportionate amount of time and
effort on warranty works. In any case, in order to implement strategies (as a possible
externalization), one needs an effective warranty management system that deals
with aspects such as data collection, model building and analysis, and tools for
effective decision-making [20]. A computer-based management system to assist the
decision-making process must contain the following three subsystems:
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1. Databases;
2. Prototype models;
3. Packages for modeling, analysis, and optimization.

When times are good, companies are maybe not too concerned taking decisions
and tend to spend money at deficiencies. However, during difficult economic
times, companies should evaluate every cost. In order to compare costs between
in-house warranty service and outsourcing to a third party, a calculation is needed
of what is being spent on personnel time and expenses for trade scheduling time,
traveling expenses, taxes and insurance, non-warranty items repaired or replaces
among others (see Fig. 3.7).
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A contract model [29] between the outsourcer and the outsourced companies
can be as follows:

1. Contract definition
2. Contract layout
3. Pricing and payment
4. Duties of each party
5. Confidentiality and security
6. Product ownership
7. Warranties
8. Penalties
9. Validation, verification, and testing
10. Limitation of liability and excluded matters
11. Termination provisions.

Nowadays, companies are expanding into markets outside their usual region.
By standardizing their warranty and customer management process, aggressive
companies can make use of outsourcing just to extend to major markets
worldwide.

3.4.3 Warranty and Quality

Nowadays, we can find that there are several different ideas regarding the meaning
of quality [30]. Quality referred to conformity is crucial so that non-conformative
items present a high warranty cost. On the other hand, there is a relative quality in
the technical services, which will depend on the actions of the agent which carries
out such assistance. Some relevant references to this respect [19, 31–34]. In
general, warranties are used as signals of quality and as elements of marketing
strategies. Therefore, warranty may be looked at as an indication of quality.
Looking at those companies that are leading the way in customer satisfaction,
making and selling quality products, it is possible to see that they are the ones
making aggressive changes to post-sales services, starting with their warranty
programs. Often, manufacturers use warranty as a means to provide information
about the quality of the products and it represents an important tool to influence the
market [7]. At the same time, warranty is imposed on the manufacturer through
legal processes so that customers’ interests are defended and protected. When
organizations decide to increase their competitive level, they often decide to
enhance the service quality as a differentiator (see Fig. 3.8). Although there are
nowadays more suppliers to choose in any field, customers are also more informed
about product and service quality. They expect an attentive service. Organizations
can only provide attentive, trustworthy, and resourceful service if they have an
internal customer culture. If employees are discouraged, they will not be focused
on delivering high levels of service quality. It is a well-know fact that consumers
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have more knowledge of quality issues. Otherwise, reasons closely related to
quality and the uses of warranties by the sellers are as follows:

• Many consumers have neither the time nor the inclination to deal with products’
failures or repairs.

• Due to the increasing complexity of the products, consumers are often unable to
judge quality before buying a product.

As it has been mentioned before, warranties are used as signals of quality and as
elements of marketing strategies. Some other authors [14] focus warranty and
quality in the way that warranty provides indirect information about the quality of
the products and represents an important tool to influence the market. The use of
warranty is widespread and serves many purposes, including protection for man-
ufacturers, sellers, insurance, buyers, and users.

In the same way as above mentioned, warranties also serve as indicators to
inform customers of the product quality and reliability [17] that could give the
company a competitive advantage. Regarding the situation about software reli-
ability and its warranty cost [18], software reliability is one of the most important
characteristics of software quality, being its measurement during the software life
cycle essential for producing and maintaining quality/reliable software systems.
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Apart from the just mentioned authors, there are others in the literature review that
have also dealt with the connection between warranty and quality and even gone
into this aspect in depth. For instance, from the case about the estimation and
production for warranty cost with an integrated multicriteria model [8], the type of
information that would be needed for modeling warranty in a real application
could be requested from various sources within a company. Apart from mainte-
nance, other sources could be the marketing department, public relations depart-
ment, or the quality assurance department. The type of information requested
would help to determine the values of the parameters used in the model proposed
in this scenario by the author. In general, all customers want to be satisfied and
their loyalty will remain if there is a lack of a better alternative. Giving customers
some extra value will satisfy them by exceeding their expectations and insure their
return.

3.4.4 Warranty and Cost Analysis

Just as it happens with the notion of quality, there are also various conceptions
regarding warranty costs [35]. These notions can include, for example, the war-
ranty cost of a sold product, warranty costs during the products’ life cycle or the
warranty costs for a time period (for those sales made in a determined time). Once
again, there are costs for the manufacture and the consumers and that are widely
discussed and detailed in [31]. Regarding more recent works related to warranties,
it is recommended to refer to [36]. In general and in respect of warranty cost
modeling for a future period of time [6], the author of the same reference mentions
that warranty increases manufacturer responsibility before the consumer, besides
the obligation to meet certain specific quality standards or performance that is
expected of the product. In a situation like the one outlined in [9], the model takes
into consideration warranty costs, time of replacement, and risk costs. In this
context, the quality of the system usually depends on the quality of the testing
methodologies used and the duration of their application.

This situation is applied to software, but can be also considered in other sce-
narios. In this particular case, when the test takes more time, the more reliable the
software can be expected to be; nevertheless, the total cost of the software
development will also increase. In the scenario when it is considered a warranty
policy with time-dependent costs for non-renewable minimal repair [11], most of
products provide some sort of assurance to the consumer regarding the quality of
the product sold, and this assurance is in the form of a warranty. With the phi-
losophy of improving quality adopted by manufacturers, that impacts on the
product in the development on warranty costs. Contrary and in Ref. [13] to the
warranty cost analysis in the case about non-renewing warranty with repair (Case
8), authors consider here that the improvement of the reliability and quality of the
product will highly reduce the expected warranty cost. It is easy to see that when
the penalty cost is high, low warranty cost is needed; the best strategy is to
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decrease the average repair time by improving the quality and reliability of the
product. Customer assistance quality costs (Cc) can be expressed as follows:

Cc ¼ Cf þ Cd þ Cp þ Co ð1Þ

where the terms of (1) correspond to:

• Cf: Failure Costs (customer claims, warranty charges, responsibility insurance,
legal trial, or losses due to repetitive assistance, reprocesses, labor, and
materials);

• Cd: Detection Costs (process controls, inspections, revisions and supervisions, or
customer remarks); and finally

• Cp: Prevention Costs (quality planning, training programs, quality audits, data
analysis and acquisition, preventive maintenance, or supplier assessment).

• Co: Other costs.

As previously mentioned in other parts of this research, because of the difficulty
of providing future costs, often companies consider a percentage of the total value
of the product a business decision to be able to fulfill warranty. The challenge here
lies in the estimation of such warranties in order to be feasible as much as possible
to adjust reserved budget to attend to customer claims. This estimation, as we will
see further on, is evidently related to product reliability that is why the calculation
of this estimation will be fundamental to obtain a good provision of warranty costs.
This estimation of warranty costs together with the anticipated sales of a deter-
mined product make it possible for an organization to determine and manage its
customer service properly without unnecessary excess or deficiencies in order to
be better prepared to face future claims. Regarding the effects of warranty cost on
an imperfect model that can be applied to economic manufacturing quality [10], it
is there indicated that traditionally the lot size for manufacturing a product was
economically determined based on the assumption that a production process
always produces items of acceptable quality. Product quality, however, is not
always perfect, and it is usually a function of the production process. Therefore, it
is not desirable to isolate the problem of economic manufacturing quality (EMQ)
from the state of a production process. When the production process is in the ‘‘in-
control’’ state, items produced are of high or perfect quality [10]. On the other
hand, items produced contain defects or are of substandard quality when the
process is out of control. It is assumed that at the beginning of the production
cycle, the production process is ‘‘in-control,’’ producing items of acceptable
quality. In a situation about imperfect repair together with preventive maintenance
[16], warranty cost could be a significant portion of the overall product cost
depending on the type of product, its inherent quality/reliability, and a multitude of
other variables including the warranty period. To gain some advantages in highly
competitive markets, manufacturers must continuously improve product quality or
upgrade their products creatively. In general terms, warranty management involves
models in order to evaluate the objective in terms of decision variables, to assist
the decision-maker in the decision-making process [3] (see Fig. 3.9).
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In the scenario of non-renewing warranty with repair time [15], manufacturers
must have effective warranty management due to the fact that on the one hand
customers expect a warranty program, and on the other hand, and in order to be
successful in the marketplace, the manufacturer needs it. Furthermore, and related
to the scenario on software reliability and its warranty cost [18], management
technologies employed during the life cycle are essential for producing and
maintaining quality/reliable systems. There should be efficient management during
the testing and maintenance phases of the life cycle since any delay may cause a

Fig. 3.9 Integrated model for total warranty costs (adapted from [3])
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company significant financial loss. Other contributions are for instance when a
consumer experiment a product failure during the period of warranty and makes a
claim again the seller [6]. The implication of claim costs for the buyer has to be
into consideration. In this scenario about the modeling of general warranty costs
for a period in the future, there are situations when the benefits of the warranty at
time t are less than the consumer’s personal costs of making a claim. That means,
let us suppose that the length of the firm’s expressed liability may be constrained
by warranty. However, the actual duration of the warranty period may be short-
ened by a point at which cost and income are equal and there is neither profit nor
loss in consumer claim costs and benefits. That happens at a point in time prior to
w (that is t* in Fig. 3.10). If the benefits available in time t are given by the linear
function R(t) = p(1 - t/w) and the consumer’s claim costs are given by M(t), the
consumer would reach an intersection point at time t*. Rational consumers would
not redress warranty claims beyond t*, even when they have a valid claim, because
their claim costs exceed potential claim benefits. This analysis has important
implications for the firm because it will tend to reduce the quantity of claims which
will be made against the firm and, hence, the costs of the warranty program. In the
scenario related to the estimation and production for warranty cost with an inte-
grated multicriteria model [8], it is shown how top management should be inter-
ested in the integration of functional aspects of the company as marketing,
production, and finance in order to be collectively incorporated in models with a
systems focus. This management is assumed to be able to prioritize the different
goals in a descending order of importance. Additionally, it is expressed that top
management would be much more at the disposal to set aside larger amounts of
warranty reserve if sales were high.

Regarding the warranty policy with time-dependent costs for non-renewable
minimal repair [11], the manufacturer can estimate the amount that may be spent
on minimal repair with an estimation of sales during a period. Such information
helps management in selecting an adequate warranty period that is consistent with
the goals and objectives of the company. The magnitude of the warranty expenses
should be established serving this as a planning tool for management.

R (t)
p

M (t)

t* Time

$

0 w

Fig. 3.10 Consumer claims
costs and benefits (from [6])
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Chapter 4
Learning from Maintenance Management
Models

4.1 Introduction

The European Standard UNE 13306 (2001) [1] defines maintenance management
as the management activities that determined maintenance objectives, strategies,
and responsibilities, and that are carried out through planning, maintenance control
supervision, and improving organizational methods including the economic
aspects of them. In this respect, different authors have proposed models, frame-
works, or systems that look for better methods of maintenance management. Using
the most advanced techniques and proposing innovative concepts; each model that
has been proposed has strengths and weaknesses. This chapter chronologically
presents a series of developed models for the management of maintenance, of
which their applications can be seen when dealing with the organization of war-
ranty management. Analysis results from different models have generated a
management proposal based on the ISO 9001:2008 [2].

4.2 Maintenance Management Models

As previously set out in the Chap. 3, different contributions were observed in the
reviewed literature regarding warranty management; in this case, an equivalent
task is carried out related to maintenance management, which will permit us to
identify the process, the actions, stages, tools, methods, or support techniques
necessary to properly manage maintenance. Based on these methodologies, that
will serve as base to develop later a management framework applied to after-sales
management. The contributions regarding models of maintenance management
appear in chronological order in Fig. 4.1. In the similar way as the Chap. 3, criteria
to select the models were as follows:

1. The proposed management model has to be global and not focused on just one
phase of management or maintenance tool.

2. The model must not be an automated software or CMMS type.

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_4,
� Springer International Publishing Switzerland 2014

55

http://dx.doi.org/10.1007/978-3-319-03710-3_3
http://dx.doi.org/10.1007/978-3-319-03710-3_3


3. The model must be published in a scientific journal or review.
4. The model proposed must be new and not a revision or application of an

existing one.
5. The model preferentially must have a graphic representation.

Each of the models proposals have their qualities and limitations, that is why it
is useful to recognize and analyze them so as to be able to take the best of each one
and later apply them according to the particular merits of the practice. The revision
allows us to visualize an important aspect of the study that has to do with the
chronological order of the contributions of different authors that are considered
most relevant to the improvement of maintenance management models. Table 4.1
summarizes the proposed innovations for each model in chronological order. Here,
it must be noted the work of gathering models made by the Ref. [15], which
justifies in greater detail the different innovations that those models suggest. It is
necessary to mention that aforementioned innovations correspond to those
appeared for the first time within a maintenance management model, which does
not mean they are innovative concepts inside or outside the area of maintenance.

Briefly discussed, results presented in Table 4.1 can distinguish that throughout
the time, maintenance management models have been acquiring new elements
such as:

1. Process focussed.
2. Innovative proposal in technical aspects, for example oriented to maintenance

re-engineering.
3. The development of models in a standard language of information exchange

with the view to be used in GMAO applications.
4. The quantity and quality of the maintenance information required (operational

and financial data) have led to the successive incorporation of quantitative
techniques and software tools, mainly to deal with matters of maintenance

Fig. 4.1 Chronology of maintenance management models
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management efficiency. Later efforts have been developed to introduce new
methodologies and instruments to improve the efficiency of maintenance.

5. The software tools have made it possible to continuously improve and evaluate
the function of maintenance. This is due to the quality and quantity of indi-
cators and developed methods to study the efficiency and effectiveness of their
operations.

6. There is a recognized necessity that the area of maintenance be effectively
linked to productive assets and to other areas of organization. The revolution of

Table 4.1 Innovations on maintenance management models

Year Innovations Author(s)

1990 1. Suggest a complete system of maintenance indicators Pintelon and Van
Wassenhove [3]

1992 2. Expose the necessity of a link between maintenance and
other organizational functions

Pintelon and Gelders
[4]

3. Highlight the importance of the use of quantitative
techniques for management

4. Propose organization by levels to execute maintenance
functions

5. Discern the usage of expert systems
6. Mention TPM and RCM

1995 7. Propose an analysis of efficiency and effectiveness of
maintenance

Vanneste and
Wassenhove [5]

8. Emphasize the importance of leadership in maintenance
management

9. Introduces the concept of Reengineering of maintenance Campbell [6]
1997 10. Suggest the model base don the concept of situational

management theory
Riis et al. [7]

2000 11. Propose the usage of a great variety of tools and Japanese
concepts for the statistical control of maintenance
processes, using a module called ‘‘feedback control

Duffua et al. [8]

2001 12. Orientate their model to automated use, expressing it in the
language IDEF Ø (standard language of model)

Hassanain et al. [9]

2002 13. Discern usage of e-maintenance Tsang [10]
14. Propose a guide to analyze the convenience of

subcontracting as an element of entrance to maintenance
system

15. Incorporate tacit knowledge as well as explicit and
integrates it in an automated database.

Waeyenbergh and
Pintelon [11]

16. Values specially the management of knowledge within a
maintenance model

2006 17. Suggest the unión of tools QFD and TPM within a
maintenance management model

Pramod et al. [12]

2007 18. Propose that maintenance must focus on the fulfillment of
requirements of all interested parties

Soderholm et al.
[13]

19. Contributes a model with a methodology of application
clearly expressed, orientated to the improvement of
operational reliability and the life cycle cost of industrial
assets

Crespo Márquez
[14]
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e-maintenance [16] leads us to a new model of potential management, but also
to new demands in the business capabilities.

7. The management model begins to include the evaluation of the products’ life
cycle and also the maintenance function evaluation. The management tends to
integrate the asset strategy with that of maintenance.

In summary, it is possible to identify the tendency of models developed in the
last few years which consists of creating systems focused on the process and
quality, of a closed cycle and that include supporting techniques, methods and
tools to improve the decision-making and to achieve the greatest organizational
efficiency.

4.3 Process-Oriented Models Versus Declarative Models

In Sect. 4.2, there has been described some of the most important management
models published in recent years. Table 4.2 proposes an initial division classifi-
cation of the models in two types: declarative models and process-oriented models.

Declarative management models mentioned the components in the management
system, even if they do not refer explicitly to the intercommunication link between
them. In this type of models, there is no clear distinction in the flow of information
between the components, and therefore, some aspects related to the functional,
interrelational, or synchronization cannot be clearly perceived. However, some of
these models are very complete, including a great variety of aspects related to
maintenance. On the other hand, process-oriented models normally offer a clear
transfer of information between the components of the model. In others, a closed
circuit sequence is also clearly represented. In many cases, it seems like these
models are more easily applied in a organization than declarative management
models [17]. It is undeniable that each type of model has its pros and cons that is
why it is convenient to study and analyze them to better identify which is more
convenient when applied in a specific situation and condition.

4.4 Maintenance Management Models Comparative
Analysis

In the view of being more precise when comparing models, it is opportune to
create a verification list that in someway reflects the distinct elements that appear
as a general tendency in different management models throughout the years. A first
group of verification elements can be inspired by the norm ISO 9001:2008
(see Table 4.3).
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This norm [2] is the international reference of a quality management system, so
it serves as a generic guide to the operation of any process that needs to fulfill with
determined requirements such is the case of maintenance. It can be observed that
the number of elements that appear in Table 4.3 is less that the number of quality
elements that originally appeared in the norm. This is due to the fact that some
components have been grouped and simplified in function to their importance for
maintenance, considered as an integral part of the organizations’ general system of
quality. As it has been mentioned previously, some models limit themselves to the
enumeration of elements that a maintenance management system should contain,

Table 4.2 Classification of declarative and process-oriented models [15]

Declarative models Process-oriented models

Pintelon and Van
Wassenhove [3]

Pintelon and Gelders [4]

Vanneste and Wassenhove [5]
Riis [7]
Duffuaa et al. [8]
Hassanain et al. [9]
Tsang [10]

Waeyenbergh and Pintelon [11]
Pramod et al. [12]
Soderholm et al. [13]
Crespo Márquez [14]

Table 4.3 Verification list for the analysis of management models

Typical elements of a quality system Supporting techniques to maintenance
management

Quality management system
1. Process-based system input/output
2. Sequence and interaction of processes
3. Description of elements of each process
4. Generation of documents and/or registers
Responsibility management
5. Link with policies or strategic objectives of the

organization
6. Definition, objectives
7. Commitment to high management
8. Clear definition of responsibilities and authorities
9. Adequate communications
Product manufacture
10. Proposed tools for its execution
Resources management
11. Resources management (people, material,

infrastructure)
12. Purchase control
Measurement, analysis and improvement
13. Audits, internal studies on customer satisfaction,

information analysis, corrective and preventive
actions, etc.

14. Focus on continual improvement

1. Study techniques for economical and
financial aspects of maintenance

2. CMMS
3. Specific techniques for human resources

management
4. Application of operation research of or

administrative sciences
5. Life cycle analysis
6. TPM
7. RCM
8. Maintenance policies: FBM, UBM,

CBM, OBM, DOM
9. Simulation
10. Inventory models
11. Reliability theory
12. Expert systems
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only taking into account the system’s own dynamics. However, there are relatively
few models that define a clear method to implement and operate a maintenance
management system. In fact, the following can be commented upon:

1. About management system:

• Within the models, the declarative models do not have an input/output
focused on a process and do not consider a clear methodology for their
application. In general, these models do not mention the advance quanti-
tative techniques in maintenance.

• In all of the models, documents and registers are generated as entries for the
decision-making process.

2. About management responsibility:

• All of the models define the objectives of the function of maintenance;
however, not all of them link these objectives with the strategic objectives
of the business.

• The majority of the models do not make a clear reference to principles of
responsibility, authority, and good communication.

3. About maintenance support:

• Approximately half of the models incorporate the use of support techniques
of operative research and management methodologies.

• The techniques TPM and RCM are the most mentioned maintenance
methodologies.

• In general, TPM and RCM tend to appear together in the management
models.

• CMMS is mentioned as an indispensable tool in the majority of the models.
The most recent models include other functions of ICTs in the improvement
of maintenance management (e-maintenance and expert systems). These
tools also permit us new necessities of organization.

• The majority of the models are not linked to the functioning systems of
technical support tools.

• Very few models include the use of simulation, reliability theory, and/or
expert systems.

4. About resources management:

• Almost a third part of the models does not mention inventory management
and purchase control techniques.

• The majority of models refer to economic aspects and financial analysis of
maintenance function.

• Curiously in previous models, one can see a greater emphasis in aspects
related to management of human resources.

• In the majority of recent models, the study in human resources is carried out
from the perspective of security and hygiene. It is supposed that modern
organizations have already adequately covered issues-related salaries,
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personal satisfaction, training, and other basic aspects of traditional human
resources.

5. About measurement, analysis and improvement:

• All models take into account different stages for maintenance (evaluation,
analysis, and improvement), and little more than half of them (even with a
rising tendency) mention literally the concept of ‘‘continuous
improvement.’’

6. About the methodology and functioning of the model:

• A very important attribute of some of the models is the inclusion of an
application of methodology, which stimulates continuous improvement.

4.5 Maintenance Management Model Based
on the Standard ISO 9001:2008

From the previous analysis onwards, it is possible to identify a series of concepts
(tools, elements, activities) that are repeated in some of the models previously
mentioned. With the aim of ordering them, such concepts were classified into
distinct categories: planning, support processes, maintenance, control, and
improvement execution. These categories have been framed in the model sug-
gested by the norm ISO 9001:2008 for quality management with the purpose of
conferring a sense to the grouping of terms. In this manner, a model can include in
itself the tools that can be used to fulfill each of its stages. The norm ISO
9001:2008 is taken as an international reference for any quality management
system, making it (as it has been mentioned in previous sections) a generic guide
to the operation of processes in which requirement fulfillment must be demon-
strated, such is the case of maintenance function. The result is a maintenance
management model that intends to take the best from the studied contributions and
that is based on the operation of the norm ISO 9001:2008 (see Fig. 4.2).

This model begins and ends with the requirements and the satisfactions of the
interested parties for proper maintenance management [15]. Here, it takes the
‘‘interested parties’’ focus that is proposed by [13]. The model is also designed to
be effectively used in all levels of organization (reminding us of the proposals of
[4] who manage their model in three levels of activity within the business). Note
that planning involves the company’s senior management. The middle levels are
those that perform support processes and control at maintenance level and gen-
erates data for the continuous improvement of the system and the replanning.
Likewise, the way in which this model is structured makes possible the existence
of a link between function of maintenance and the rest of the organizational
functions.
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4.6 Maintenance Management and ICTs

4.6.1 Concept of Electronic Technology

The e-technology is a new concept where the use of ICTs and new technologies
are integrated. In order to develop, implement, and support them [18], they require
intranet, extranet and Internet, as well as electronic devices as: sensors, wireless
communication devices, Personal Digital Assistant (PDA), among others. All these
technologies increase the possibilities of: using data from many origins and dif-
ferent kinds [19], processing huge data volumes, performing advanced analysis as
a support for the decision-making and putting into practice cooperative or col-
laborative activities. The e-technologies infrastructure is constituted by all those
resources (applications, services, devices) needed to carry out the operations
identified and defined by the organization, but in a remote way (MCT or Mobile
Collaborative Technologies). Thus, the e-technology encompasses the use of a net
with one or several servers, work stations, applications, databases, sensors, PDA
devices… elements in general terms which provide a control, follow-up and
diagnosis of the equipment conditions in real time. The use of MCTs [20] allows
optimal data integration and a high flexibility in the adaptation to the different
operational environments, increasing at the same time their access. The func-
tioning of this infrastructure is grounded to guarantee the quality level of the
foreseen services for the process performance in terms of scalability and avail-
ability. More in particular, the goal is to guarantee an acceptable answer time for
the company and the client. To achieve this, it is used Key Performance Indicators

Fig. 4.2 Maintenance management model based on ISO 9001:2008
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(KPIs) in order to asset the global process performance and to compare them with
the foreseen ones. The current advances in the mobile collaborative technologies
(MCT) can change radically the management of industrial assets. The combination
using wireless sensors, nets and mobile handy devices, solves the access problem
to the information existing in many organizations. Some of the MCTs main fea-
tures are as follows [20]:

• Synchronized communication,
• Spatial distance handling,
• Portability improvement,
• Geospatial location,
• Maximal accessibility,
• Identification simplicity,
• Instant information and
• Process agility.

The influence of all these capabilities is even more important when the tasks are
characterized by the immediacy and the high mobility of the involved staff [21].
Currently, the fast convergence of technologies is causing that many of the main
features in a particular mobile device are more and more shared by most devices as
PDAs, tablets, smartphones, or ultra-portable laptops (UPL). As commented
before, the mobile technology has a positive and very important impact thanks to
the elimination of space–time barriers, which allow the development of intelligent
user interfaces that share information contextualized to each kind of operation or
function. A large amount of innovative products already belongs to the e-tech-
nologies family. Some of them are mentioned here below [18]:

• New intelligent sensors MEMS, (autonomous microsensors, memory cells, etc.),
wireless sensors, sensor nets. Sensors are the key element to carry out basic
processes in reference to electronic technologies as they permit us to know in
real time the operational conditions of a unit or device.

• Label RFID. It identifies operator and component of the unit (geolocation). It
allows us to store data about the unit or device performance and functioning and
makes it possible to outline actions and operations performed on it (for example
as in maintenance).

• Global positional system (GPS), in addition to the labels RFID, it is used for the
calculation of location of an operator or the necessary tools.

• Wireless technologies provide considerable savings in net costs and a high
degree of flexibility that it is not possible with cable systems. The main wireless
technologies include nets, such as IEEE 802.11, 802.15.4 ZigBee, 802.15.1;
Bluetooth; wireless local area network, such as WiFi, WiMax, GSM-UMTS (of
long distance).

• Innovative communication systems (virtual reality) that support the interaction
people/device or people/people, for example, allowing information reception
directly in text form or in fixed or animated image form.
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• Tools for the intelligent diagnosis and prognosis provide support to the decision-
making process.

• PDA, smartphones, graphic tablets, laptops, etc. (all of them provided with
WiFi, Bluetooth, RFID reader, Windows Mobile), for the development of a high
number of functions that enables the right execution of tasks performed by the
operator, with a minimum time requirements.

• Specific standards of integration and interoperability among the ICT compo-
nents that constitute electronic technologies (for example MIMOSA o
Machinery Information Management Open Systems Alliance, IEC62264, OPC
foundation for Open Connectivity).

• Web services (for control, diagnosis, prognosis, and planning) based on a group
of technical norms and standards (Internet-based technologies) used to exchange
data between applications in heterogeneous environments: Simple Object
Access Protocol (SOAP) for message exchange, Web Service Description
Language (WSDL), etc.

• Web-CMMS (e-CMMS) is a computerized maintenance management system
(CMMS). It is capable of monitoring and managing the preventive maintenance
activities of the company, offering also new functions such as application ser-
vice provider/providing (ASP) that allows us to connect with mobile technol-
ogies to recover or to send data.

The use and integration of all the above described technologies (among others)
in a single infrastructure changes the denomination of the processes adding the
prefix ‘‘e-’’, which is generally accepted. Therefore, new concepts appear as for
instance the one referred to maintenance management (e-maintenance) or for the
warranty management (e-warranty), generating at the same time an infrastructure
or platform (e-platform) for maintenance or warranty.

4.6.2 Definition of E-Maintenance

Nowadays, the necessities of information and the ICT development are causing the
transformation of the whole business process. The ICT use is generating changes
in the management of the different processes as, for instance: e-business, e-
operation, e-manufacturing, e-production, or e-maintenance. In general terms [16,
22], e-maintenance can be defined as a maintenance management concept by
which the assets are controlled and managed via Internet. Nevertheless, e-main-
tenance can be considered as a maintenance strategy, that is an electronic man-
agement method, using in real time that data obtained from the equipment by
digital technologies; as a maintenance plan; as a kind of maintenance (based on
CBM, proactive and predictive maintenance), or as a maintenance support
(resources and services). E-maintenance constitutes an interdisciplinary approach
which consists of supervision, diagnosis, prognosis, and control [23]. The objec-
tive is to reduce the amount of ‘‘in situ’’ inspections and to eliminate unnecessary
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maintenance activities. E-maintenance integrates the already applied principles on
maintenance, adding a Web service as well as collaborative principles [16]. The
collaboration is not limited to share and exchange information, but knowledge and
intelligence among the different units, departments, expert operators, and com-
panies in a collaborative environment for the development of better decision-
making on maintenance, along the asset life cycle. The e-maintenance platform
appears when the conventional and hierarchical structure is replaced by an intel-
ligent structure [23] (Intelligent Manufacturing Systems, IMS). It consists of
providing ‘‘intelligence’’ to the component through electronic technology. For that
purpose, it is required to have support nets for information exchange, real-time
communications between the devices, etc. Through a prefixed alarm system and
based on the monitoring of equipment conditions, it is possible to optimize the
priority of the maintenance activities. The costs based on criticality (CBC) com-
bines information about the technical status or equipment health, cost of the
maintenance activities, cost by production losses and risk factors. We can sum-
marize these improvements in the following [19]:

1. Remote assistance: The warranty service technicians can remotely access to the
product which presents a failure or where a complaint has been made, allowing
them the remotely start-up, control, configuration, condition monitoring, data
collection, and analysis of the product. One of the best advantages is to connect
products distributed in different and distant geographic locations, to a warranty
service center that allows a remote decision-making.

2. Cooperative warranty service: The e-warranty would allow implementing an
information infrastructure connecting clients (users) with suppliers (manufac-
turers), or connecting engineers and technicians with the products using
Internet. The resulting platform would allow then a strong cooperation between
different areas of the company (production, maintenance, purchasing, etc.) and
different companies (suppliers, customers, equipment manufacturers, etc.). This
way, errors in the process are minimized, communication are optimized
(enables bidirectional flow), feedback cycles are generated; in short, quality is
enhanced.

3. Online assistance: The remote follow-up of sold units during the warranty
period, together with the possibility of programming status alerts, allows the
manufacturer or supplier to respond quickly to any situation and even before
the user has been detected failure, preparing accordingly any intervention in an
optimal way. For example, PDA plays a key role in remote assistance, since it
permits maintenance staff to get direct information from devices and equipment
in any place.

4. Predictive warranty service: The e-warranty would allow a failures prediction
in those units offered for sale taking into account the product current state and
the intended use on it, together with the life predictions on component (supplied
by the manufacturer) that allows it to achieve a reduction in the life cycle cost
of those units. As well as the adjustment of operation needed for the right
maintenance.
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5. Failure diagnosis: The e-warranty allows technicians to carry out online
diagnosis to those occurred failures, as well as to suggest solutions to the end
user. Consequently, it reduces the communication time between supplier and
customer, improving the quality of the shared information and, therefore, the
resolution time. All these factors contribute to increase the availability of
production equipment reducing time of repair (MTTR), as well as minimizing
necessary resources (costs).

4.7 The Warranty Management Process

4.7.1 Methodology

As we already know, management is usually defined as a process for leading and
directing all or part of an organization. This means, management corresponds to all
those activities that determine targets, strategies, and responsibilities within an
organization, putting them into practice by means of planning, control, supervi-
sion, and considering economical aspects of the company. In our case, the war-
ranty management process will suppose consequently the course of actions, series
of stages, or steps to follow, in order to lead and direct the organization of a
warranty program. Management here will be focused on a new product recently
launched into the market, coexisting production, and postproduction activities.

More details about the different focuses of strategical management can be found
in Refs. [24, 25]. As it is shown in Fig. 4.3, a warranty program management,
viewed from a strategic perspective, begins with a strategy linked to technical and
commercial planning from the very start of the product development process
[26, 27]. The steps in this scheme happen in many cases simultaneously; hence, an
after-sales support (for example) is frequently offered while the production line is
still open. That means, that the information obtained from this after-sales service
can be very helpful for the production lines and, of course, very useful to improve
the design and development of the product. For such context is exposed here a
proposal for reference framework. In order to characterize the processes related to
warranty management, it is possible to implement different tools of representation.
In a very simplified way, our reference framework will be surrounded by boundary
conditions such as the ones indicated in Fig. 4.4. This black box-like representa-
tion (level 0) will be analyzed and studied in depth (level 1 and level 2) using
standard integrated definition methods (IDEF) [28, 29]. This standard is easy to
apply and comprehend and enables us to represent each part of our framework in
boxes with inputs, outputs, resource uses, and signal controls [30, 31] that have
been implemented in this document in a very simple way.

In addition to this brief definition about the management of a warranty program
and its inference on the product life cycle, there are currently different
international standards which pretend to approach the whole business activity,
dividing this in a chain of processes. Nevertheless, the management process
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defined in such standards and quality management systems usually fulfills the
following features [32]:

• Customer focus.
• Involvement of people.
• System approach to management.
• Factual approach to decision-making.
• Leadership.
• Process approach.
• Continuous improvement.
• Mutually beneficial supplier relationship.

Particularly, the EN-ISO 9000 [33] defines a quality management system,
which is designed to attend the needs of all interested parties: customers, suppliers,
employees, and owners.

4.7.2 Warranty Management Process

Using the model of a process-based quality management system in a simply way
and adapted to the warranty management, it is possible to obtain an approach
shown in Fig. 4.5. This improvement process is a variable of the Deming cycle
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POST-LAUNCH
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Aftersales Support
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Fig. 4.3 Life cycle from a warranty perspective (adapted from [24])
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also known as plan–do–check–act (PDCA). It is important to highlight the fact that
warranty data will play a critical role in this process. This data collection comes
from customer’s claims (that is, data that can be collected when a unit is receiving
warranty services), as well as other complementary data.

Further researches can approach problems related to data requirements, taking
into consideration for example their overall impact on the analysis and the related
consequences. In short, this adjustment to the warranty management process is
possible due to the flexibility of the standards, since they can be applied to every
type of work organization regardless of type and size of the business. On the other
hand, following is the justification to the selection of the four steps in the warranty
management process (effectiveness, efficiency, assessment, and improvement), in
which our proposed framework will be based on.

The first step is related to the warranty program effectiveness. Here, it is defined
the warranty objectives, priorities, and strategies, as well as those key indicators
for the proper performance of the warranty program. In this moment, it is
important the soon intervention on those already detected weak points with high
impact on the customer satisfaction. Effectiveness shows how well the company
(or particularly, the after-sales department) meets its goals or fulfills the customer/
company needs. It is often discussed in terms of the quality of the service pro-
vided, viewed from the customer’s perspective. This will allow us to arrive at a
position where we will be able to reduce warranty costs associated ultimately with
customer dissatisfaction. In the case of warranty, effectiveness represents the
customer satisfaction related to the capacity and condition of the company assets
or, in other words, the reduction in the after-sales company cost because product
service is available for the user when it is needed. Therefore, effectiveness con-
centrates itself on the correctness of the warranty process and if such process
produces the required result.
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Fig. 4.5 Approximation of a warranty management process, according to ISO
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As a second step, it is considered the warranty program efficiency. That is to
attend warranties with minimum waste, expense, or unnecessary effort. Efficiency
is therefore understood as the provision of the same or better service under the
same cost, giving a measurement of how well the warranty assistance is being
performed. The warranty support efficiency can be considered as the ratio between
the planned or expected resources necessary to fulfill the required warranty task
and the resources actually used. By the properly performance of this step, it is
possible to obtain not only a fast and relevant enhancement in terms of reliability,
but it is also possible to assure a very effective definition of the warranty plan
activities from the after-sales department.

The third managerial block is devoted to the warranty program assessment. In
order to assess the warranty service, warranty program assessment is needed to use
suitable measurements which should be defined during the strategy phase of the
warranty program. The measurements in general must enable mainly the comparison
of reliability data as well as the inclusion of the life cycle cost assessment. Once
warranty assistance is done, or based on a periodical review to the product perfor-
mance, is when the warranty program assessment must be carried out. The company
should therefore establish and use a standard and repeatable method for collecting
and analyzing data and interpreting results, which may be based on corporate or
industry factors. The results should be used to support and justify enhancements.

Finally, the fourth step is related to the warranty program improvement. This
will be made based on accepted management performance indicators. As everyone
can imagine, with the already mentioned steps, there is a huge amount of data
related to warranty with a wide variety of information. To assure the continuous
improvement cycle is therefore necessary a computerized information system for
the warranty program, which can enable the cyclical process of managing data and
analyzing results [34]. In this step is included the concept of e-warranty, which can
increase the possibilities to use information from multiple origin and from different
types, to process larger volumes of data and to make more advanced reasoning and
decision-making, as well as to implement cooperative activities. E-warranty is
therefore the use of information technology in the context of after-sales service, for
example, in the data storage and its analysis in relation to customer’s claims.
According to the described process and divided into four steps, it is possible to
represent in a very simple and easy way the different connections for data exchange
(see Fig. 4.6) that can be useful for a company when it comes to properly organize a
warranty program as well as to manage all information in regard to the field.

In Chap. 5, there will be a deeper analysis on each phase (level 2) trying to offer
a complete representation of all stages. Practical application of the proposed
framework will become evident in later chapters. Nevertheless, it is important to
highlight the role of the client in the warranty management process [35]. Likewise,
due to a complexity in the structure here proposed, it seems logical that the final
contextual element for the application of this framework will be those industrial
customized products that present a high level of technology and sophistication (for
example aircrafts, defense systems, naval machinery, agricultural industry, or
construction machines).
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Chapter 5
Reference Framework

In every field, any management process can be usually split into two basic parts: a
moment for ‘‘thinking’’ and a moment for ‘‘doing’’ (Fig. 5.1). That means there is
a time to define a strategy and another time to implement such strategy [1]. Related
to the management of a warranty program, the first part will require the definition
of warranty targets, which will be derived directly from the business plan. These
objectives will be not only to decrease costs, but also (and very important) to
purchase a reliable product, offering an appropriate after-sales service to the user.

In general, the definition of the warranty program strategy will determine the
success of such warranty service conditioning of course the implementation of
plans, schedules, controls, and improvements. The second part of the warranty
management processes (the implementation of the selected strategy) will face
different difficulties. These difficulties can be for instance the capability to assure
proper skill levels in the staff, to carry out correctly the work planning and the
schedule fulfillment, or to assure the use of suitable tools, among others. Basically
in this study, a generic framework is proposed for the management of warranty
assistance with the intention of improving the quality of the product avoiding weak
points during the manufacturing and, consequently, reducing costs from the after-
sales service. In order to reach these purposes, the experience and the data gath-
ered during the warranty assistance must be used as a feedback to the engineering/
manufacturing process. Along four steps, this framework will include, as men-
tioned, moments for ‘‘thinking’’ and moments for ‘‘doing,’’ just in order to perform
finally an adequate service to the customer in a satisfactory way, applying a
continuous improvement in the warranty management process and, consequently,
a continuous improvement in the whole productive system.

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_5,
� Springer International Publishing Switzerland 2014
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5.1 Management Framework of a Warranty
Assistance Program

This section will briefly introduce blocks and methods that can be used to enhance
the decision-making process in the after-sales service context. The proposed ref-
erence framework for a warranty management program supposes here an essential
supporting structure and a necessary basic system for the management of such
program and that influences engineering and manufacturing phases. It is important
to insist on the fact that there are many other relevant tools and techniques and not
just the ones mentioned in this document. As the reader will be able to see, some of
the techniques here mentioned are related to the reliability of the product, but the
intention is not limited just there. Besides product reliability, other aspects must be
also taken into account like overall operations such as production and services. For
this task, it has been necessary to elaborate joint strategies for warranty
improvement in products already in the market and strategies for new products not
yet developed. Due to the fact that this field is very wide and it is considered a
challenge to attempt to integrate into it, this document will try to underline in a
succinct way a great part of the material to that respect. Nevertheless, and for
further information on this subject, other works in this broad field are for example
the following sources: [3–6].

5.1.1 First Step: Warranty Program Effectiveness

With the purpose of avoiding contradictions in the warranty strategy program and
the company’s general management, the study proposes the implementation of a
balance scoreboard (BSC). Basically, this methodology considers goals and targets
through four points of view as it is shown in Fig. 5.2.
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Fig. 5.1 ‘‘Doing’’ and ‘‘thinking’’ in warranty management (adapted from [2])
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BSC applied to the management of a warranty program can involve the
following steps:

(a) Strategical formulation for the warranty program (such as the outsourcing [7]
of warranty assistance or the development of warranty teams with multiskilled
technicians).

(b) Translation of warranty strategic into middle-term reachable objectives (such
as the identification of measures designed to pull people toward an overall
vision).

(c) Development of action plans (in order to reach the targets identified in step b,
and taking into account any necessary changes in the organization’s support
infrastructure).

(d) Periodical review of performance and strategy (just to quantify the progress in
order to formulate new strategic objectives, action plans, or the revision of the
whole scoreboard).

Once the warranty program’s objectives and strategies are defined, it is nec-
essary to determine the product criticality. The criticality analysis is understood
here as how crucial is the complaint of a client due to a failure and its conse-
quences to the business. Decisions and actions from the warranty program can
involve the possibility of a certain deviation from business objectives (in terms of
profit losses, redirection of resources, possible delays, use of assembly pieces as
spares, etc.). Therefore, the application of a technique which helps systematically
to decide which assets should have priority related to the management of the
warranty program is required, in accordance of course with the existing program
strategy. One of these techniques can be based for example on risk–cost assess-
ment. The criticality analysis based on risk–cost combines the probability of an
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occurring event, with the impact that this event would cause. As a result, we obtain
a criticality matrix that offers a prioritized view of probable events related to
warranty issues, which allow us to align after-sales actions with the business
targets.

By this way, it is possible to foresee where to apply available resources to
mitigate risk reducing warranty cost and customer dissatisfaction. Finally, when
the strategy to follow has been defined and the probable events have been prior-
itized, it is the moment to focus on those customers’ complaints related to
repetitive or chronicle failures that suppose high-priority events. If it is possible to
find and to eliminate the causes of those failures by a soon intervention, it will
provide a fast and important initial advantage of the warranty program strategy.
Anyway, there are different methods already developed to perform this analysis of
weak points. For instance, the failure root cause analysis considers actions in order
to discover the reason for the appearance of a specific failure and how to correct its
causes. A first classification of the causes could be of course if the failure must be
attended under warranty or not (see Fig. 5.3). This analysis will help to readapt the
considerations taken initially on the balance scorecard, improving by this way the
warranty program effectiveness. A detailed root cause failure analysis may consist
of the following:

• Determining a root cause of failure;
• Proposing, testing, and validating hypotheses;
• Recommending preventive actions;
• Implementing improvements;
• Forming a team of experts;
• Gathering evidence;
• Analyzing the results and determining failure causes.

Complaints under 
warranty

Complaints of 
customers

Possible failures 
under warranty

Causes still unknown
» This area reduces itself by the 
experience
» Related costs
are in principle
unexpected

Causes already known
» First approach based on
maintenance data
» Related costs
are under
control

»

»

» First approach based on

»

Fig. 5.3 First classification of causes
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After all that has been stated here, the effectiveness of a warranty program
could require specific information (inputs) and also provide determined results
(outputs) that can be summarized in Table 5.1.

These data constitute a sample that intends to illustrate the way in which the
proposed methodologies can be implemented in a generic company that com-
mercializes industrial products. Inputs and outputs will depend on, naturally, the
particular organization as well as on the boundary conditions where the company
develops its commercial and industrial activity.

5.1.2 Second Step: The Efficiency of the Program

To attend warranties with minimum waste, expense, or unnecessary effort is
necessary to design an adequate plan for the warranty program. The plan for a
certain product will require identifying its functions, the way these functions may
fail, and then establishing a set of applicable and effective tasks, based on con-
siderations of product safety and service economy. A method that can help to
elaborate such plan at the very beginning of the warranty program can be extracted
from management techniques of the maintenance field. Particularly, it will be
useful for the application of an adapted FMECA or RCM, as for instance using

Table 5.1 Inputs/outputs in the effectiveness of a warranty program

Inputs Outputs

Balance scorecard • Incidence risks • Selection of KPI
• Warranty costs evaluation
• Targets KPI
• Action plans
• Improvement• Historical reliability in

items
• Warranty program costs
• New technologies

strategies
• Customer
• Marketing data
• Improvement proposals
• Commercial

requirements
• Required warranty

services
Criticality analysis • Selection of KPI • Matrix of criticality

• Historical failure data
• Failure information

Failure root cause
analysis

• Matrix of criticality • Identification of the failure root in critical
equipment• Historical failure data

• Failure information
• Standards and methods
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FMECA for generic maintenance plan design (see Fig. 5.4). An initial mainte-
nance plan, applied to the warranty time horizon, can suppose a good first
approach for the warranty capacity planning, the spare parts’ provisioning, the
warranty task schedule, skill level of the technicians, etc. The planning and
scheduling improvement applied to a warranty program can of course enhance the
effectiveness and efficiency of program policies. Such improvement will depend
on the time horizon of the analysis. About costs and failure modeling, there is a
huge range of diverse approaches, analytical and empirical, related to other fields.
In order to carry out a Warranty Policy Risk-Cost-Benefit Analysis, such activity
will depend of course on the objective that the own model builder keeps in mind.
Previously in Chap. 3, in Fig. 3.9, an integrated model for total warranty costs is
presented.

In any case (as here with the management of a warranty program), the problem
is influenced by the information available. In addition to this, the complexity of the
issue is usually high and considerations must be taken under certain assumptions in
order, either to simplify the analytical resolution or to reduce sometimes the
computational needs. In the same way as it happens in an effectiveness program,
efficiency can also require specific information, such as to provide determined
results that can be shown as an example for a generic company in Table 5.2.

Inputs and outputs will also depend on the particular organization as well as on
the boundary conditions where the company develops its commercial and indus-
trial activity.

5.1.3 Third Step: The Evaluation of the Program

Once designed, planned and scheduled, activities of the warranty program using the
above described techniques are carried out, and the performance of such tasks has to
be evaluated and assessed. As a complement of the above-mentioned techniques, a
study related to reliability, availability, maintainability, and safety (RAMS analysis)
takes its importance due to the huge amount of restrictions and conditions that any

1. What are its functions?
2. How can it fail?
3. What does the failure cause?
4. What happens when it fails?

5. Consequences of the failure?
6. What can we do to prevent the failure?
7. What can we do if it is not possible to 

prevent the failure?
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Fig. 5.4 Application of maintenance techniques to warranty casuistry
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complex product, currently on the market, holds in itself. Its components or sub-
systems present ranges of potential modes of failure that must be considered from the
initial state of design. Some standards (as the ISO 14224/2000) [8] deal with this
matter. In any case, the RAMS analysis gives an approached evaluation of the
product behavior when it will be in use. As a result of such analysis, one can obtain a
deep knowledge about the product capacity to perform properly the functions
expected from it, under established conditions and during a period of specific time. It
is also possible to know in which degree a system or component can be used during a
certain interval of time or must be restored or substituted. In addition to this, this
analysis takes into account the condition of the product to be protected against
failures, mistakes, accidents, damage, or any other incidents considered as not
desirable. These concepts are usually expressed in terms of probability, and for their
measurement, it is taken into account the mechanisms and relationships between
failure cause and effect. Due to the fact that, as mentioned, an after-sales support is
frequently offered while the production line is still open (see Fig. 4.3), the purpose
here is to improve the product engineering and manufacturing with the feedback of
warranty program data. With the data gathered till now, a reliability assessment can
highly influence changes on the product design as it is shown in Fig. 5.5. With an
adequate reliability and availability assessment, it is possible to demonstrate in the
first stages of the product, how requirements expressed in initial technical specifi-
cations can be incompatible or even impossible to accomplish for determined
product [9]. If the product is already launched, this analysis can help to take quickly
the necessary measures to correct and/or improve the product, foreseeing also
probable claims from the users due to the real lack of reliability on the product, in
comparison with the previous reliability, sold a priori.

Table 5.2 Inputs/outputs in the efficiency of a warranty program

Inputs Outputs

RCM adapted to warranty • Failure root identification in critical
equipment

• Resource estimation
• Repair quality
• Warranty assistance

plan
• Recommended replacements
• Proposed task frequency
• Historical failure data
• Failure information
• Technological update
• Improvement proposals

Warranty policy of cost risk
benefit analysis

• Resource estimation • Incidence risk
• Incidence cost
• Resource assignment
• Detailed assistance

program

• Repair quality
• Reclamation forecast
• Cost and risk reduction
• Availability of technical and

human resources
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To complete this third step about warranty program assessment is important to
include a life cycle cost analysis, which calculates the cost of the product for its
entire life. The typical analysis includes costs for planning, research and devel-
opment, production, operation, warranty, and disposal [11]. From the consumer’s
point of view, the life cycle cost will suppose the acquisition costs, purchase price,
costs of operation and maintenance, etc., that means, in general, the total cost of
the item ownership. In any case, the life cycle cost regarding warranty issues is
highly influenced on the values for reliability and failure rate, cost of spares, repair
times, and component costs. Normally, a low budget for product engineering leads
to high warranty costs in the future. Those customer complaints related to
important or costly failures should be soon attended and the failures fully analyzed
to identify not only further tasks to proceed with the repair, but also preventive
actions which can avoid or at least to decrease future claims due to similar reasons.
Therefore, this consideration involves performing a root cause failure analysis
already included in step 1. An overall review of all the warranty complaints can
show repetitive failures and trends related to vendor/buyer problems, quality
issues, manufacturing conditions, product design, etc.

Table 5.3 provides a sample of the information that can be required or obtained
in the assessment and control step of a warranty program for a generic company.

Reliability models
» Testing model
»

Data
» Vendor data
» Test data

Decision
process

Prototype
» Reliability development

» Product implications

» Testing model
»

Reliability models
» Testing model

» Assessment model

» Vendor data
» Test data

Data
»

»
»

»

Vendor data
» Test data

Decision
process

Prototype
» Reliability development

» Product implications

Decision
process

Detail design
Component reliability
Reliability development

Constraints

Decision
process

Prototype
» Reliability development

» Product implications

DataReliability models

Fig. 5.5 Reliability assessment and the product development (adapted from [10])
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5.1.4 Fourth Step: Program Improvement

As a result of the previous steps of this management process, a continuous
improvement in the warranty program management is possible thanks to the
application of emerging techniques and technologies in areas considered of higher
impact. The implementation of new technologies to warranty brings with itself the
introduction of the concept ‘‘e-warranty.’’ This concept is proposed as a component
of the e-manufacturing, which takes an advantage from the emerging information
and communication technologies, in order to implement a cooperative and dis-
tributed multi-user environment. Therefore, e-warranty can be defined as a war-
ranty program support which includes the resources, services, and management
necessary to enable proactive decision. This support includes not only e-technol-
ogies, but also e-warranty activities such as e-monitoring, e-diagnosis, and
e-prognosis. Together with the application of new technologies to warranty man-
agement, the involvement of after-sales technicians in the improvement warranty
process is fundamental to successfully achieve targets and goals that require a high
level of quality in the product and efficiency of the technical assistance service.
Consequently, higher levels of knowledge experience and training will be required.

It is clear that one of the most important parts inside the management of a
warranty program is the relationship with the client. The techniques that manage
these relationships are usually considered part of an enterprise resource planning
(ERP) system, and sometimes it is treated as a complementary part. The customer
relationship management (CRM) is used not only to define a strategy of business
centered in the client, but also to include a group of applications useful to deal with
data related to clients, complaints, and, in general, the commercial activity of a
company. A CRM module can be adapted for the warranty management, which
should allow the company

Table 5.3 Inputs/outputs in the assessment of a warranty program

Inputs Outputs

Reliability, availability,
maintainability, and safety

• Incidence risk • Items historical reliability
• Recommended replacements• Patterns of use
• Proposed task frequency
• Data about ‘‘dependability’’

Life cycle cost analysis • Incidence cost • Warranty program cost
• Data about ‘‘dependability’’

and CCV
• Data about

‘‘dependability’’
• Duration and potential

extension
• Recommended

replacements
• Proposed task

frequency
• Patterns of use
• Costs and risk

reduction
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• To identify products and services that clients require to be attended.
• To optimize assistance times and information channels.
• To identify client’s groups in order to develop warranty strategies.
• To be aware about the current after-sales necessities of the clients.
• To increase sales of the company together with the client’s satisfaction.
• Among others.

The CRM (just as part of an ERP or as a complementary system) includes
operational areas and tasks that deal directly with the client (‘‘front office’’) and
other ones more analytical where different parts of the company are closely
involved (‘‘back office’’) representing the business intelligence, as it is shown in
Fig. 5.6. The main part of any CRM strategy will be the database, which can
provide very interesting information about complaints, repetitive failures, hidden
defects, quantitative and qualitative analysis, statistical results, etc.

To lubricate all this machinery, the setup of programs is necessary to optimize
the organizational efficiency, in this case focused on the warranty program man-
agement. For that purposes, it is possible and interesting to adapt, for instance,
concepts from the total productive maintenance (TPM) philosophy. The TPM tries
to achieve a continuous improvement applied in that case to a maintenance
practice. This objective resides also in other methodologies such as total quality
management (TQM) or even the ISO 9000 (ISO 9000, 2000) [12], which has been
used here as a base for the framework. In our case, and with the intention to go
beyond, many organizations are recently implementing a new management phi-
losophy that can be also very useful for the warranty management. The Six Sigma
is a methodology that integrates the human factor with improvement tools, mainly
statistical, to engage the complex mechanisms inside a company (Fig. 5.7). As it is
known, Sigma in statistic means a dispersion measurement (variability). This
variability is considered as the main enemy of quality; therefore, Six Sigma
proposes the following steps:

• To select indicators or variables, which are critical for quality.
• To measure these variables in order to compile real data of the current situation.
• To detect the variation source of those interesting variables and their allowed

tolerance.

Front office

Warranty 
information

Departments involved

Back office

Web and email

On field technicians

Call center

Partners and subcontractors

E-warranty system

Communication channels

Warranty 
information

After sales

Quality

Engineering

Manufacturing

Administration

Fig. 5.6 Customer relationship management of the proposed framework
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• To implement solutions.
• To apply statistical controls that allows the long-/middle-term improvement.

The application of the Six Sigma philosophy (Fig. 5.8), supposes the necessity
of real data and the use of a huge amount of variables.

Therefore, this methodology combined with new e-technologies can bring very
good results in the field of the warranty program management. For the imple-
mentation of the Six Sigma, it is required a team dedicated full-time to such
matters. Regarding warranty issues, this team should be composed by middle
managers, independents of after-sales, engineering, manufacturing, or quality
department, but establishing a management team who watch over the warranty
matters dealing with the complaints from customers and/or to providers.

Customer
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Process

ImprovementFocus

Strong Point

Method

Support
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Employes

Effective

Tools

Leadership
Communication Resources Rewards

Fig. 5.7 Integration of total quality principles in Six Sigma
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In the similar way to the previous stages, Table 5.4 offers a sample for a generic
company. It shows all that specific information that is required or obtained in the
continual improvement stage of the warranty. It is important to point out that all
these inputs and outputs will depend of course on the organization in question and
of the boundary conditions where the company develops its industrial and com-
mercial activity.

5.2 Integral Representation of the Warranty Management
Framework

The proposed warranty management framework [13] achieves the highest level of
maturity as it is a cyclical process (see Fig. 5.9), whose decisions are taken
according to the overall targets of the business, adopting the feedback taken from
quantitative and qualitative data for the enhancement of the productive system and
applying known technologies, already developed in other areas (see also Chap. 6).

Just as in Figs. 4.4 and 4.6 of the previous chapter, we try to characterize the
process related to warranty management using representation tools such as inte-
grated definition (IDEF) methods [14, 15]. These representation methods are easy
to use and understand, and we are going to represent each proposed stage of the
warranty management framework as a chart with inputs, outputs, and used

Table 5.4 Inputs/outputs in the enhancement of a warranty program

Inputs Outputs

Communication and information
technologies

• Assessment of warranty
management program

• Data of ‘‘dependability’’ and CCV
• Technology observation

• New strategies,
e-technology

• Historical failure data
• Reclamation forecast
• Patterns of use
• Historical data
• Patterns of actions

and claims

Customer relationship
management

• Matrix of criticality
• Reclamation forecast
• Historical data
• New technologies, e-technology
• Business requirements
• Communicated claims

• Customer satisfaction
• Marketing data
• Failure information
• Claim execution

patterns

Six Sigma • Assessment of warranty program
costs

• Repair quality
• Incidence costs
• Data ‘‘dependability’’ and CCV
• Claim execution patterns
• Standards and methods

• Improvement
proposal

• Technological update
• Costs and risks

reduction
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resources [16, 17]. The after-sales department, as any other, has to operate
according to a business plan and to contribute to the scope of company objectives
complying requirements [18]. When the strategy is defined, the following step is to
implement it considering the restrictions of the organization. For that goal, it is
necessary to set all those functions required to perform the strategies and classifying
them in processes and activities. The overall warranty management process can be
divided into blocks, as the ones proposed for maintenance by Refs. [2, 19, 20].

Consequently, the objective will be to define a process diagram where the
different stages of the proposed framework can be distinguished. The main pro-
cesses and activities will be similar to the case of maintenance. Table 5.5 indicates
the basic and common activities in the case of warranty and the proposed
framework, indicating their relation to every phase of the reference they are led to.
However, technical performance for each activity can be different from one
company to the other. These blocks represent different processes for particular
warranty management scenarios, which need different resources, and contribute in
a different way to the service quality, according to the type of knowledge they are
based on and to their control possibilities.

The process to coordinate all the interactions among warranty functions cor-
responds to the ‘‘strategy organization.’’ This process also leads the warranty
management interactions with the rest of the company organizational functions,
enhancing the knowledge management.

Step 1. Effectiveness

Step 2. Efficiency

Step 4. Improvement

Step 3. Assessment

Balance Score Card

Criticality Analysis

Failure Root Cause Analysis

Maintenance Design Tools 
adapted to Warranty

Warranty Policy Risk-Cost-
Benefit Analysis

Life Cycle Cost Analysis

Reliability, Availability, 
Maintenability and Safety

Six Sigma

Customer Relationship 
Management

E-Technologies (ICT’s)

Fig. 5.9 Framework proposal for a warranty management program
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From an operating point of view and according to the responsibilities involved,
three possible interactions are here presented among the warranty processes:

1. A first possible interaction is when a complaint is communicated by a customer
which must be answered by warranty assistance.

2. A second possible interaction in case of an incident not detected because a
complaint from a customer, but through (for instance) a proactive (e-warranty)
or a detection during another intervention.

3. Finally, activities from the after-sales department are also requested when there
is any modification in parts of the product already in the market. When it
happens, this is usually due to mistakes in product design or failures in a
product batch. Many of these types of activities are sometimes approved to be
accomplished during preventive maintenance actions.

Table 5.5 Inputs/outputs between stages of the proposed framework

Criticality 
Analysis

Failure Root 
Cause Analysis

Maintenance 
Design Tools 
adapted to 
Warranty

Warranty Policy 
Risk-Cost-Benefit 

Analysis

Reliability, 
Availability, 

Maintenability 
and Safety

Life Cycle Cost 
Analysis

E-Warranty
Customer 

Relationship 
Management

» KPI selection
» Warranty program 
costs evaluation

» Criticality matrix » Criticality matrix

» Identification of 
failure root cause 
specially in critical 
equipments

» Estimation of 
resources
» Repair quality

» Incidences risk » Incidences cost

» Recommended 
spares
» Suggested task 
frequency

» Depend. data
» Recom. spares
» Suggested tasks 
frequency

» Dependability  & 
LCC output data

» Items historical 
failure data

» Items historical 
failure data

» Items historical 
failure data

» Claims forecast » Usage patterns » Usage patterns
» Claims forecast
» historical data

» New e-tech strategy

» Failure information » Failure information » Failure information

» Technical update
» 6s improvemts 
proposals

» Cost and risk 
reduction

» Cost and risk 
reduction

» Standards and 
methods

» Technical and 
human resources 
available

» Technology watch

» Business 
Requirements
» Communicated 
complains

INPUTS OF THE ACTIVITIES:
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In a few words, Table 5.5 summarizes all inputs and outputs that have been
discussed throughout the present chapter, also adding the way the different
methodologies and proposals interact. As it has been previously stated, the per-
formance of the organization varies from one to the other and will depend on the
particular scenarios where it is applicable. To illustrate in greater detail the
interactions between stages, it is possible to represent next level (level 2),
obtaining the processes shown in Figs. 5.10, 5.11, 5.12 and 5.13.

As it has already been introduced with level 0 and level 1, the representations
shown in Figs. 5.10, 5.11, 5.12 and 5.13 are a simplified way of illustrating how
the different proposed stages interact with one another, in a way that if we took one
of them in an isolated way, we would observe the boundary conditions in which it
is immersed, as well as the flows of information in which it participates, either as
receptor or as generator. This form of illustrating the proposed reference frame-
work is based on the standard IDEF methods [21, 22] that, also as previously
mentioned, are easy to implement and understand, allowing us to represent each
stage of our reference framework in boxes with a series of inputs and outputs [16,
23], applying here in a particular manner to serve our purposes of study.

That is to say, the intention here has not been to follow inflexibly the criteria of
the IDEF standard, but to take advantage of its illustrative potential to reveal in a
distinct way the same information shown in Table 5.5. In these four figures spe-
cifically, the indicated numbering in circles makes reference to the phase of the
proposed framework from where it emerges or where information or data are
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directed that are indicated on the flow lines. Due to that at the beginning stage this
study was founded on the intention of applying tools developed in the civil
industry to the defense sector, it is important to highlight here (even though it is
not within the limits of this research) that currently there are information software
packages that facilitate organization of a high quantity of interactions and infor-
mation, principally for complex industrial assets from the military fields such as
combat vehicles, armored boats, and military transport airplanes.

5.3 Framework Implementation

Once the proposed framework has been described, this section will briefly describe
the way in which it would be applied in a real case. In general terms, the previ-
ously described framework for warranty management requires the following
conditions or characteristics for a successful application:

1. General support of the organization: The implementation of this framework
requires the agreement, support, and comprehension of the whole company.

2. Complex industrial assets: This framework will be useful when the product is
highly complex and technologically sophisticated.
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3. Supporting information systems: It is mandatory that all the applied information
systems should be appropriate to coordinate and organize large amounts of data
as well as different involved areas. Specifically, the application of information
systems can be organized into three main modules: logistical support analysis
(LSA), provisioning, maintenance and supporting services management, as well
as two additional modules: technical documentation and e-learning (Table 5.6).

4. Training staff and managers: The people in charge of making decisions in the
field of application of this reference framework have to be trained in all sup-
porting techniques and methodologies, also to be needed to be provided with a
proper vision of the warranty management framework.

5. Training of technical staff: Complementing the last paragraph, personnel per-
forming warranty interventions have to assure an accurate data collection
(symptoms, ways of failure, causes, etc.).

6. Assurance and commitment in the control: It is important to guide and properly
manage the warranty program at a tactical, operative, and strategic level within
the applied and proposed reference framework.

As an example of a successful application of the warranty management
framework, some businesses use as a supporting tool the ‘‘Eagle Tool Kit,’’
developed by the company [24]. ‘‘Eagle’’ is an information system designed in an
efficient fashion to help creating, administrating, and delivering supporting

Table 5.6 Modules of supporting information systems

Logistic support
analysis

Provisioning Maintenance
management

Technical
publications

E-learning

Management of
logistic support
analysis (LSA)

Integration of data
from LSAR

Configuration
management

Technical
content
management

Content
management

Reliability,
availability, and
maintainability

Creation of the
illustrated
catalog of
replacements

Operational use
of failure
follow-up

Knowledge
database of
SGML/XML

Reuse of
content in
technical
publications

Maintenance task
analysis

Interaction with
the supply
chain

Inventory and
material
management

Applicability
management

Model of
content in
XML

Generation of task
modules

Support through
international
standards

Parameters and
data analysis

Complete
publication
capability

Multimedia
support

Integrated edition
of XML

Exchange
capabilities
and
management
of parts

Interactive
electronic
technical
publications

Support to
pedagogical
structured
objects

Standards for
logistic data of
products

Logistic based on
performance

Specifications
for technical
publication
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logistical data, being currently used by government agencies, contractors, service
suppliers, and companies worldwide to manage integrated logistical support (ILS)
of the equipment and assets in operation, following the corresponding military
norm [25]. The previous conditions and characteristics represent mainly the
warranty management of a complex industrial asset in its phase of operation by the
user. However, the proposed framework is also relevant in the preoperative phase,
when the product is still in a phase of design and development, so it is possible to
forecast the supposed behavior of industrial assets once they are launched in the
market.
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Chapter 6
Auditing the Initial Case Study

In this chapter, we will proceed to analyze the case study proposed in Chap. 3 as an
audit, suggesting improvement actions in accordance with the reference
framework described in Chap. 5 [1, 2]. It is intended to check the support provided
from distinct methodologies and tools proposed as stages in the reference
framework [3, 4]. With the purpose of outlining in greater detail a complete
development of a framework, further researches in this field will be able to focus
on the identification of those good and bad practices followed by different com-
panies in several sectors.

6.1 Considerations to the Current Situation

This brief exercise is helpful to check whether our organization is considering the
nowadays available techniques to manage properly these kinds of issues or there
are still some fields left on the decision-making scope, which could be targeted for
improvement. For that purpose, Tables 6.1, 6.2, 6.3 and 6.4 present in few words
some weak points of the case study and the referred suggestions according to the
application of the proposed framework.

6.2 Improvement Actions

Once identified those areas to be enhanced, it is possible to propose some practical
actions to improve the warranty program management and, in general, its decision-
making for our defined study scenario.

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_6,
� Springer International Publishing Switzerland 2014
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6.2.1 Case Study Scenario Effectiveness

For each department implicated in the warranty management process, a balanced
scorecard model is suggested to avoid discordances between local objectives and
the complete business goal. Objectives, measures, targets, and initiatives mainly
for the after-sales department, but also for logistics, manufacturing, quality, pur-
chasing, and engineering departments, must be developed under the supervision of
the management team and periodically reviewed in order to quantify the middle-
term progress and to formulate new strategic goals and action plans. In accordance
with this program strategy, it is crucial to have clearly defined between client and
manufacturer concepts as systematical failure or inoperance degree, in order to
enable special interventions when needed. The Criticality and the Failure Root
Cause Analysis must be therefore performed using those data about incidences,
damaged materials, repairs, etc., gathered by after-sales, quality, and engineering
departments and saved in the database, having also in mind those considerations
taken initially on the balanced scorecard. These analyses and the database com-
piling must be followed up and reviewed by the quality department.

6.2.2 Case Study Scenario Efficiency

As soon as the warranty assistance began to be applied, the current warranty needs
related to the actual organization’s support infrastructure appear much clearer. With
these data, a reliability analysis, together with a risk-cost-benefit analysis (adapted
both to warranties) can be performed, making easier on one hand those decisions

Table 6.2 Efficiency stage checking

Phase Initial scenario Proposed framework

4. Maintenance
techniques
adapted to
warranty

The maintenance criteria about
capacity planning, the spare parts
provisioning, the warranty task
schedule, skill level of the
technicians, etc., is applied during
the whole warranty program

An initial maintenance plan, applied
to the warranty time horizon, can
suppose a good first approach.
Nevertheless, it is crucial for its
adaptation to the warranty
necessities

5. Warranty policy
risk-cost-
benefit

There is no risk–cost–benefit
analysis; however, a costs
provision is supposed at the
beginning of the project, and
during the development of the
warranty program, there is a
follow-up and a readaptation of
the initial budget assigned to
warranty assistance

An integrated model for total
warranty costs depends on the
information available. Moreover,
the complexity of the issue is
usually high and considerations
must be taken under certain
assumptions in order, either to
simplify the analytical resolution,
or to reduce sometimes the
computational needs

6.2 Improvement Actions 95
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about capacity planning, spare parts provisioning, warranty task schedule, skill
level of the technicians etc., and, on the other hand, the readaptation of the initial
budget assigned to warranty assistance. These facts are of course alive during the
development of the warranty program. That means the different departments must
follow up those data which affect their scopes and responsibilities, according to the
event evolutions and the boundary conditions for each moment. The management
team should gather all these information and, together with the after-sales depart-
ment, periodically update the required resources to cover properly the actual
warranty necessities.

6.2.3 Case Study Assessment

The warranty database, fed with those information coming from after-sales,
Engineering, and Manufacturing areas and kept by the quality department, is a
good tool to perform a Reliability, Availability, Maintainability, and Safety
analysis, as well as a life cycle cost study. The results from the RAMS analysis
will be expressed in terms of probability, taken into consideration the mechanisms
and relationships between failure cause and effect. These results feed back the
Engineering and manufacturing department, so they can apply changes in the
design and assembly, improving consequently the product reliability, and will be
useful for a later phase related to the Six Sigma application. The reliability values
and the failure rates influence highly the cost of spares, the repair times, etc. This
information must be taken into account on the one hand by the management team
in order to determine an appropriate budget for the possible warranty needs in the
future and on the other hand by the after-sales department in order to attend soon
those claims related to important or costly failures. By these actions, the after-sales
department should also identify those preventive actions which can help to avoid
or decrease future customer complaints, started by similar causes.

6.2.4 Case Study Improvement

The huge and diverse amount of data requires of course an automatic processing
and a systematical treatment. The use of a database and other computing tools to
save and store all these information is therefore essential. The help of the IT
department to make easier the data processing and the information flow can be
very useful. In addition to this, the use of new e-technologies has been also
proposed along this paper. These new e-tools can be for instance (and when
possible) the vehicle condition monitoring system. This system can check whether
systematical failures have been eliminated and solved. The above-mentioned
warranty database, together with a customer relationship management system,
helps the management team to (among others) identify customer’s groups or, in the
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case of a fleet of vehicles, to determine different vehicles’ behaviors when they are
located in different destinations, in order to plan a proper warranty schedule and to
analyze with the after-sales department possible reasons and causes to localized
failures. Finally, the management team has been here defined as a full-time ded-
icated team to coordinate and deal with all those warranty issues. Nevertheless,
according to the Six Sigma methodology, this team will be much more effective if
included among its members are engineers, technicians, and managers from each
implicated department. By this way, the management team can not only have a
complete view of the warranty process, but also know the casuistry of each
involved area and how decisions can affect them. As an example, Table 6.5 tries to
summarize how much the different department can be involved in the described
phases of the proposed framework. In any case, this involvement degree will
depend of course on the company policy for its warranty program management.
Other references are [5–7].

6.3 Quality and Maturity Aspects in Warranty
Management

6.3.1 Standards and Best Practices for the Quality
of Warranty Management

Now, it is the moment to observe what companies are doing nowadays on this
field, their best practices in warranty management concerning business process and
covering quality and contractual aspects. There are some standards which capture
best practices from the industry, whose application can be very useful for their
warranty management in order to find competitive advantages in this field
(Table 6.6). Some of these standards are presented as follows:

• The Baldrige National Quality Program and the associated Award helps to
improve organizational performance practices, capabilities, and results, sharing
information on best practices among US organizations of all types and being
used as a working tool for managing performance and for guiding planning and
opportunities for learning [8].

• Total quality management (TQM) is a management philosophy which tries to
improve every function in a company (marketing, finance, design, engineering,
production, customer service, etc.) in order to focus them on one company
target, meeting customer needs [9].

• European Foundation for Quality Management (EFQM) helps organizations to
continually improve and achieve higher levels of performance in management
by processes and quality, providing networking and mutual learning experi-
ences, as well as supporting the implementation of best in class tools [10].
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• ISO 9000 is a family of standards for system management by processes and
quality, which is maintained by the International Organization for Standardi-
zation. It proposes a set of procedures that cover all key processes in the
business in order to ensure that such processes are effective, reviewing peri-
odically the quality system itself for effectiveness and facilitating continual
improvement [11].

• Committee of Sponsoring Organizations of the Treadway Commission (COSO)
is a recognized organization of the private sector, which provides guidance on
critical aspects of organizational governance, business ethics, internal control,
enterprise risk management, fraud, and financial reporting [12].

• TL 9000 is a quality management practice created to focus on supply chain
directives, mainly for the international telecommunications industry [13].

Unfortunately, no single model works in every condition. Standards and refer-
ence frameworks should facilitate and improve business processes and productivity
in general [15]. Therefore, the proposed framework has to capture features of these
standards, fitting our problem better. According to [16], a process is a set of tasks
logically related to run for attaining a certain result of business. In addition to this,
Ref. [17] considers a process as a logic organization of persons, materials, energy,
equipment, and procedures in designed activities to produce a final specified result.

Particularizing to our case, warranty management should be carried out as a
redesign [18] using an integrated methodology in order to achieve an improvement
on processes’ performance, such as cost, quality, service, and speed [19]. There is,
consequently, a double view of each process: a strategic view (for its contribution to
business) and an operational view. The warranty management framework proposed
at the beginning of this work is focused on both previous views [20]. The framework
is based on activities which help to assure the quality on the warranty service [21],
facilitating the decision-making and finding improvement points in a quick and easy
way. Summarizing, it tries to be oriented to customers, processes, and delivery of
services. In addition to all the above-mentioned standards and references, the
Capability Maturity Model Integration (CMMI) is a framework to improve processes

Table 6.6 Standards and international practices (adapted from [14])

ASSESSMENT GUIDELINES PERSPECTIVES

Baldrige

TQM

King

ACC

Turnbull

ISO 9000

EFQM
Lean

CoCo

COSO

6 - Sigma

TL 9000
QUALIT

Y A
ND

IM
PROVEMENT

CORPORATE

GOVERNANCE
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oriented to those customer services as warranty assistance can be. It provides a list of
essential elements of management in order to reach a determined level of maturity in
management, making efficient processes [22, 23]. The CMMI is therefore now
proposed to evaluate those areas involved in the warranty management. For that
purpose, maturity is quantified in five progressive levels:

• Level 1—Initial:
It represents a process with unpredictable result. The process is unstable and
unorganized. It is defined by who performs it without explicit procedures.

• Level 2—Repeatable and reactive:
It represents a process characterized by repeatable performance. The process is
planned, implemented, monitored, and checked according to predefined
objectives.

• Level 3—Defined and proactive:
It represents a process characterized by a proper implementation program in the
company. The process is based on well-defined methodologies, techniques, and
supporting technologies. Proper procedures are established to drive this process.

• Level 4—Managed:
The process is controlled, adopting quantitative techniques and, if this is the
case, statistical analysis. The business objectives are checked by the compre-
hension of the results of the quantitative analysis.

• Level 5—Optimized:
Focused on continuous improvement aligned with business objectives, a cor-
porate policy is established to manage the quality of the process, based on
quantitative data and feedbacks about the processes. If this is the case, also new
methodologies, techniques, and technologies are tested.

6.3.2 Best Practices Applied to the Warranty Management
Framework

In order to support our framework on the selected international frameworks, we
have selected mainly widely extended and general practices:

• EFQM (2006): The European model of excellence from the European Foun-
dation for Quality Management is a model used as a reference to maximize the
continuous improvement of the management toward internal and external effi-
ciency, coordinating activities and resources of the company.

• ISO 9001 (2008): The family of ISO 9000 is a list of procedures about ‘‘quality
management’’ used to develop the proposed reference framework, as a guide for
quality and processes orientation.

• TPM: Total productive maintenance by Japanese Institute of Plant Maintenance
(JIPM) is a maintenance program centered in machinery to reduce quality
failures, breakdowns, and accidents and to improve the productivity and moti-
vation without quality reduction [24, 25]. TPM is used as a guide in
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maintenance, giving a special attention to the personnel knowledge which can
be adapted for the warranty management.

Based on this, the after-sales department, as any other, has to operate according
to a business plan and to contribute to the scope of company objectives complying
requirements [26, 27]. When the strategy is defined, the following step is to
implement it, considering the restrictions of the organization. For that goal, it is
necessary to set all those functions required to perform the strategies and classi-
fying them in processes and activities. Once the strategy has been defined, the next
step is to set it into practice, taking into account the organization’s restrictions. It is
therefore necessary to define all functions to be able to carry out strategies and
classify them in processes and activities. In order to categorize activities by their
strategic value (for instance, their usage in cost and resources, or in reference to
their contribution to quality, taking into account the type of knowledge in which it
is based, as well as the control possibilities). The overall warranty management
process can be divided into blocks, as the ones proposed for maintenance by Refs.
[28, 29]. Consequently, Table 6.7 defines a process where it can be distinguished
as the following blocks:

• Strategy organization (SO), in order to coordinate and integrate warranty
management activities for the achievement of the department/business
objectives.

• Control (Ctr.), in order to deal with alarms and what to do about it, in a proactive
sense (e-warranty).

• Incidents management (IM), in order to face complaints and how to correct
them.

• Warranty analysis (WA), in order to improve continuously the whole warranty
management.

• Incidents prevention (IP), in order to decrease the rate of complaints, conserving
customers.

• Capacity management (CM), in order to assign properly the available resources.

Table 6.7 describes basic and common activities, indicating their relation to the
process which leads them. Nevertheless, the technical actuation for each activity
can be different from one company to another. The table here shown is supported
in the indicated doctoral thesis in Ref. [30].

After this, there is a necessity to measure and guide the evolution of warranty
management toward higher levels of performance. In order to achieve this goal, a
warranty control system should be established and the knowledge has to be
managed continuously, because any incident must be documented to follow a
continuous improvement. In these terms, a methodology for the warranty man-
agement has been developed as a framework proposal. Its implementation can help
for example to develop plans and take decisions with clearer goals and planned
objectives as well as to find a better choice of strategies. The proposed framework
facilitates the management of changes due to the fact that it can help in the
decision-making, linking the effects with their root causes. For that target,
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warranty measurements have to be structured hierarchically for each organiza-
tional level with performance indicators. It is possible to increase control and
knowledge in warranty with the use of the following:

• Modeling techniques as simulation and future forecasting.
• Information system facilities, ‘‘e-warranty.’’

Table 6.7 Basic activities in warranty assistance

Activity Description SO Ctr. IM WA IP CM

Scheduling Plan on all the warranty activities *** ** ** ** ** **
Documentation Elaboration and compilation of processes,

procedures, reports, etc.
** ** ** ** ** ***

Budgetary control Accountability of budget assigned to
warranty

*** * ** * ** ***

Resource
management

Control of resources, tools, staff, vehicles,
etc.

** ** ** ** ** ***

Training Internal and external learning/training ** ** *** ** ** **
Logistics Spare parts and warehouse management ** ** ** ** *** **
Safety Prevention of labor risks with regulations

on safety and health
*** ** ** ** ** **

Legal
communications

Contacts with administration, government,
or other companies

** ** *** ** ** **

Monitoring Monitoring alarms about product status * *** * ** * **
Configuration

control
Installing of new parts * *** ** ** ** **

Incidence
management

Management of all kinds of incidences * * ** ** ** *

Element
modification

Verification of product changes * ** * * ** **

Measures Evaluation of product quality * * * ** ** **
Facilities Environment conservation, e.g., cleaning,

disinfection, etc.
* * * * ** *

Support in field Support in field on demand to other
complaint

* * * * ** *

Predictive analysis Predictive analysis to avoid or minimize
future impacts

* * * ** * **

Problem
management

Analysis of repetitive failures or with
unknown causes

* * * ** * *

Impact analysis Analysis of possible impacts and risks on
products

** ** ** ** *** **

Preventive analysis Improvement plans or tasks to optimize
product performance

* * * ** * **

Change
management

Coordination activities which can affect
warranty assistance

* ** * ** ** *

Capacity
management

Capacity analysis in infrastructure * * * * * **

where
* Activity less involved in the corresponding process block
** Activity averagely involved in the corresponding process block
*** Activity highly involved in the corresponding process block
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There are many management tools, some from quality management [31–33]
and others taken from reviewed models for maintenance [25, 28, 34–36]. How-
ever, the application is more suitable in some processes than others. In Table 6.8,
it is described where the uses of different management tools proposed for the
warranty management framework are more profitable.

As it has been previously stated, this technical performance valuation (more or
less involved) in the corresponding process differs from one company to the other
[30]. The different degree of participation will depend on the company’s policy for
its warranty management program, the different faces of the business (and partic-
ularly after-sales service) that intend to promote or boost, as well as the own vision
of technical staff, engineers, and administrative staff on their level of involvement
in their area together with the company’s. After this, the Table 6.9 describes some
other tools and methodologies not included in the framework proposal for warranty
management, but also useful for its improvement in general terms.

As stated in this chapter, it is suggested to consult next section where aspects
about quantification of maturity are dealt with.

Table 6.8 Framework stages regarding processes

Steps of the
proposed
framework

SO Ctr. IM WA IP CM Purpose

Balanced
scorecard
(BSC)

*** ** ** ** ** ** Measurement of warranty performance
through indicators

Criticality
analysis

** ** *** ** ** ** Resources and task structure according to
priority criteria

Failure root
cause
analysis

** ** * *** * * Determination of root cause of failures

RA and MDT *** * * ** * * Improvement of the life cycle of the parts in
terms of performance

Risk–cost
optimization

** * * ** * *** Decrease in risks and their consequences

RAMS analysis ** ** * * *** * Prevision of product behavior
Life cycle cost

analysis
*** * * ** * * Improvement of the life cycle of the parts in

terms of costs
E-warranty ** *** * ** ** ** Remote online communication to facilitate

the decision-making and knowledge
creation

CRM *** * ** * ** ** Management of complaints, communications,
and customers’ requirements

Six Sigma *** * ** * *** ** Integration of human factor with statistical
tools, to engage the whole mechanisms
inside the company

where
* Step less involved in the corresponding process block
** Step averagely involved in the corresponding process block
*** Step highly involved in the corresponding process block
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Table 6.9 Other tools and methodologies in warranty management

Tools and methodologies Purpose

Human performance management Evaluation of human resources according to the
objectives

Competences-based management HR management according to the capacities of the
personnel

Knowledge management Knowledge generation to improve the warranty
assistance

Outsourcing Strategic decision to center the efforts in the key
activities

Centralized and automated management To improve the control and reduce unnecessary
tasks

Quality function deployment (QFP) Link between performance and customer
perception

Logistic and inventory tools Resources management
Work flows Sequence of task representation
Arrow diagram (AD), activity network

diagram (AND), PERT, and CPM
Activities planning

Linear, nonlinear, goal, and multiobjective
programming

In order to facilitate the decision-making in
circumstances of poor information

Tree diagram To plan tasks and decisions in a hierarchical way
SWOT—Strengths, weaknesses,

opportunities, threats
Analysis of the organization, internal and external

Interrelationship digraph (ID) and Isikawa
diagrams

In order to link causes with their consequences

Expert and support systems Artificial Intelligence in order to make decisions
Game theory Choice among different alternatives in warranty
Simulation modeling Modeling and checking alternative conditions and

consequences
Histograms and pareto diagrams Resource or task structure according to the

frequency
Multidecision criteria methods Resource or task structure based on several

variables
Process decision program chart (PDPC) In order to make decisions related to risks and

consequences
Brainstorming and quality circles (QC) Continuous improvement and innovation
Affinity diagram Link between innovation and different information
Statistical prediction techniques Prediction and improvement of warranty activities,

equipment life cycle, and quality
Queuing theory Simulation of resources or tasks
Temporal series Prediction according to historical data
Casual models Prediction related to different information
Matrix diagram Information linking in order to define priorities
Markovian process Time estimation for product part availability
Deterministic models In order to improve warranty assistance
Check list In order to check and save the performed tasks
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6.4 Case Study on the Maturity Assessment

In this section, we will present a methodology to evaluate the level of maturity that
an organization has when it comes to a warranty management program. For that,
we will depart from the described scenario in Chap. 2, where the initial problem of
after-sales management was proposed, and we are going to apply the techniques
and best practices developed previously in this chapter.

6.4.1 Valuation of the Maturity of the Initial Scenario

This brief exercise is very useful to value quantitatively the way in which our
organization is considering available techniques to properly manage after-sales
service or, on the contrary, whether there are still some improvements related to
the decision-making process. Till now, we have analyzed all of those aspects
related to best practices and their application to our reference framework; it is
required now to quantify how a company manages warranty assistance. In other
words, the specific warranty management needs quantification for its maturity in
terms of the evolution developed by the organization and its capabilities; in order
to make decisions, managers need to know the present situation and the potential
future of the organization and make the pertinent decisions in the weaker areas.
Nowadays, maturity analyses have become frequent and these need to be carried
out on a certain frequency to know whether the application of measurements has
provided the desired effect. To achieve this, the organization must know which are
the best practices and the competitive advantages, and also their weaknesses, in the
sector where the company performs. The evaluation of maturity can be based on
existing management practices as CMMI levels [23] and EFQM enablers [10]. For
our case, the method to determine the maturity level of a company regarding the
warranty management and taken as reference our framework proposal will be
assigning certain rates to the involved departments in reference to their influence
in the already commented management process blocks. That is, we will be basing
it on the degree of involvement that is shown in Table 6.10.

As it has been mentioned, this evaluation on technical involvement (major or
minor) in the correspondent process differs from one company to another. The
different degree of involvement will depend on business policies for their warranty
management program, as well as the vision of the company on technicians,
engineers, and administrators in general, related to their level of involvement in
their area and in relation to the entire company. From that table, giving a value for
each degree (for example, * = 1, ** = 2, and *** = 3), we get the matrix rep-
resented in Table 6.10. In the same way, we assigned certain ratios to the influence
of management blocks with respect to the departments of our case study (Chap. 3).
That is to say, based on the degree of involvement that is shown in Table 6.5 and
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giving a value for each degree (for example, * = 1, ** = 2, and *** = 3), we get
matrix represented in Table 6.11.

As it has been discussed, the degree of involvement will depend on the politics
of the business regarding its warranty management and the vision that every
employee has in their field in relation to the whole of the company. We see that
Table 6.10 is a matrix 10 9 6, and Table 6.11 is a matrix 10 9 7. By exchanging
the first one and multiplying both matrices, we get as a result a new matrix with the
6 9 7. Now, we apply the following operations:

1. Dividing each element by the sum of its corresponding row, it is possible to get
the quantitative value of how the involvement services are distributed in each of
the departments.

2. Dividing the previous result by the sum of the column corresponding to after-
sales department, we can compare the degree of involvement of each depart-
ment under a common reference

3. Multiplying by 100, we get the percentage values of the previous result, and
they are shown in Table 6.12.

Evidently, we observe that the after-sales service has a 100 % involvement in
the management and decision-making that affect a warranty program. Neverthe-
less, we can also see how other departments have quite a high degree of
involvement in such decisions, such as the quality or engineering department.

6.4.2 CMMI and EFQM Practices

In order to achieve a determined level of maturity, CMMI defines several generic
and specific practices that have to be fulfilled in each level [22] in accordance with
the defined issues of the framework: mission, objectives, responsibilities, etc.
Moreover, combining it with the EFQM model, it is possible to express the

Table 6.10 Values assigned to the involvement degree acc. to framework processes

Phases of
framework

Strategy
organization

Control Incident
management

Warranty
analysis

Incident
prevention

Capacity
management

BSC 3 2 2 2 2 2
CA 2 2 3 2 2 2
FRCA 2 2 1 3 1 1
RA & MDT 3 1 1 2 1 1
RCB 2 1 1 2 1 3
RAMS 2 2 1 1 3 1
LCC 3 1 1 2 1 1
EW 2 3 1 2 2 2
CRM 3 1 2 1 2 2
Six Sigma 3 1 2 1 3 2
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fulfillment percentage inside each level. Further research can deepen in such
aspects for different companies with diverse configuration in their modules or
departments. When the analyzed business reaches a certain degree of consecution
in every department and in every process, the framework is considered totally
implemented. The degree of progress for this consecution is characterized by the
following:

• 100 % when the framework is totally implemented.
• 66 % when the framework is widely implemented.
• 34 % when the framework is partially implemented.
• 0 % when the framework is not implemented.

Following with our case, with these obtained weights (proportional to the
involved departments in relationship to each process), it is possible to deduce the
actual contribution that such company is really applying to achieve the excellence.
This excellence according to the maturity level is the contribution of each maturity
level to the achievement of the mentioned excellence as shown in Table 6.13,
expressed also in reference to the EFQM enablers.

The EFQM enablers are crucial due to the following:

1. Policy and Strategy: Company develops and keeps the mission and vision of
the organization through a clear strategy focused on the client, and supported by
relevant policies, plans, objectives, targets, and processes.

2. Leadership: Company develops and facilitates the achievement of the mission
and vision through appropriate actions and behaviors, leading to the effective
management of the organization and its relationships.

3. People: Company develops and manages the knowledge and full potential of its
people, not only individual but also team based.

4. Partnerships and Resources: Company plans and manages its external part-
nerships and internal resources, in order to manage its processes effectively
according to its policy and strategy.

5. Processes: Company designs, manages, and improves its processes in order to
generate an increasing value for its customers.

These enablers are also susceptible to be assessed. Therefore, it is possible to
combine the previously mentioned weights for departments or modules in a
generic company reference, with the percentages or rates of such enablers. Con-
sequently, the goal of all these matters is to check the potential of the whole
company regarding the warranty management, analyzing each department from
the point of view of itself:

1. Performance in the processes.
2. Quality of its activities.
3. Attention to customers.
4. Utilization and development of technologies.
5. Capacity to improve and innovate.
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Summarizing, all this work helps basically to establish properly a reference
framework for the management of the warranty assistance, increasing the value of
the whole organization. The proposed methodology will allow us to measure the
evolution regarding standards and regulations and the comparison with other
companies of the sector. To determine the maturity is necessary to apply external
references as objectives [37, 38]. In this sense, the effective management needs to
be based on quantitative business models that integrate warranty with other
decisions like production, etc. [39]. Consequently, measurements of warranty
performance and company performance will be useful to characterize the perfor-
mance of the warranty management framework in the achievement of the
objectives.
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Part IV
Development of the Framework Stages



Chapter 7
Management Effectiveness

7.1 The Balanced Score Card in After-sales Management

7.1.1 Alignment of Strategy with Global Objectives

The balanced score card (BSC) is a methodological tool with a multidimensional
focus that makes possible to integrate corporative strategies with the company’s
own operation in order to determine the organizational objectives, assessing
business performance through management indicators [1]. This way, the BSC
helps implementing strategic lines set by management [2] and permits, as well, to
align the targets of the departments or operational units with the strategic global
objectives, controlling their deviations. The BSC can be understood as a com-
munication, information, and training system (of the company strategy), which
does not substitute the traditional process of strategic planning [3], but on the other
hand, it complements it and helps its communication and implementation [4]. This
methodology transforms both vision and strategy in a compound of objectives and
grouped actuation indicators based on four perspectives (dimensions) considered
as key elements for management and control [5] (Fig. 7.1):

1. Perspective of learning and growth. The objective is to assure the capacity of
adaptation and long-term renovation of the company (in response to the various
changes in the field), as well as to keep knowledge of the areas considered as
basic competencies.

2. Perspective of internal processes. It considers quality, productivity, and costs
of distinct objective processes developed by the company, among them, the
processes of maintenance management and warranty reclamation management
(number of defective units, productive life cycle, idle capacity of equipment,
etc.

3. Perspective of customers. It evaluates the way in which the company generates
value for the customers. It seeks to measure the impact and satisfaction that the
company generates on its customers.

4. Financial perspective. It measures survival, growth, and development of the
company in financial and value generation terms.
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The BSC maintains the technical and financial measurement [5], but at the same
time carries out a series of more general and integrated measurements which link
internal processes, employees, and system actuation to the company’s long-term
success. In this way [6], the BSC complements the financial indicators as well as it
clarifies, translates, and transforms vision and strategy, allowing us to identify,
plan, and determine strategic initiatives. These indicators must be defined to
measure in the clearest way possible the objective they are associated with. This
permits their strategic follow-up and the assessment of their consecution by an
appointed member of staff responsible for such task. Each initiative, indicator, and
objective will have someone in charge of controlling its degree of compliance.
Afterward, these initiatives or strategic actions are defined so that they will permit
to reach the objectives and proposed targets. The establishment of actions requires
considering the implantation effort and the benefits that are obtained from it.
Lastly, a periodical follow-up system must be established according to the degree
of consecution of the strategic objectives [6] to be able to make decisions and
opportune corrections in the defined strategy. The concerning indicators in the
BSC methodology must be relevant, practical, measurable, and implementable [7].
There are two types of indicators in the BSC frame [8, 9]: indicators of results (lag
measurements) and indicators of performance (lead measurements). It is necessary
that the BSC balances both measurements [10]. Lag measurements reflect the
results of previous decisions, giving information about what had occurred, but not
being able to change the result. On the contrary, lead measurements generally
assess process performance and allow us to detect what is happening and what
actions should be taken to improve results. Lead measurements are more predic-
tive and make quicker adjustments possible. Once those indicators are defined, it is
necessary to integrate them with the rest of the company’s preexisting information
systems [1]. Moreover, the source of data needed to feed the indicators and its
appropriate periodicity must be identified.

STRATEGIC MISSION

AND OBJECTIVES

CLIENT’S
REQUERIMENTS

LEARNING AND
GROWTH

FINANCIAL
REQUERIMENTS

INTERNAL
PROCESSES

Fig. 7.1 BSC perspectives
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7.1.2 BSC Principles in Global Warranty Management

The BSC is a dialogue and communication process in all areas of a company
including the after-sales service. As this communication process works, a greater
participation, alignment, and synergy are achieved. The management of technical
and financial indicators allows the company to use the same language for after-
sales services. The financial perspectives, customers, processes, and learning
suggest, for example, calculating the availability in terms of the repair average
time and failure average time, improving the relation between parameters such as
production, sales, costs, and availability. One of the targets of the BSC applied to
warranty services is to transform strategic objectives in the sales area into specific
action plans based on key and contrastable management indicators, developed
based on the four perspectives of the methodology (Table 7.1).

The process consists of setting measures, targets, and the action plans to
achieve them. This way, it is possible to align ways of management to/with the
objectives of the company. This alignment is also possible because of the devel-
opment of key indicators through a series of functional measures, closer to the
obtained results in different processes and therefore easier to measure and control.
The BSC in all makes a total implementation of maintenance strategies at all levels
possible, encouraging participation of all the involved people in the consecution of
strategic objectives and achieving the strategic alignment of the entire organization
based on the strategy transformation of specific action plans.

7.1.3 Application to Improve Effectiveness in Warranty
Management

As it was previously stated, this methodology aligns local objectives of a
department or a business unit, with the global objective of a company. In the
specific case of warranty management, these BSC methodology principles are
intended to be used within a constant improvement framework (refer to Chap. 5,
Fig. 5.9) in order to avoid possible contradictions between a warranty program and
the global strategy of the company. That is why, the application of this BSC is
proposed. Basically, this methodology considers targets and objectives based on
four points of view, as it has been previously mentioned. When these viewpoints
are applied to a warranty management program, the BSC methodology includes
the following steps:

1. Strategic formulation of the warranty program (as the possible externalization
[12] of warranty services or the development of warranty equipment with
polyvalent technicians.

2. Translation of after-sales strategy to reachable short-term objectives (such as
the identification of measures destined to push personnel to a global vision.
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3. Development of action plans (in order to reach the objectives identified in the
previous step and taking into account the necessary changes in the business
infrastructure of support).

7.2 Hierarchical Analysis in the Decision-Making Process
During Warranty

Once the warranty program objectives and strategies are defined, it is necessary to
determine the criticality of the product. In this context, criticality analysis is
understood as the impact customer’s claims can have on the global strategy and
expected results. Those decisions and actions taken from the warranty program
will involve the possibility of a certain deviation from business objectives in terms
of profit losses, redirection of resources, possible delays, etc., or the use of
assembly pieces as spares, among others. Therefore, it is required to apply tech-
niques that can systematically determine which goods have a greater priority in the
warranty management process, according to the existing strategy. One of those
techniques could be based on, for example, a risk–cost evaluation. The criticality

Table 7.1 Application of the BSC methodology to warranty management (adapted from [11])

Strategic
objectives

Measures
(KPIs)

Targets Action plans Perspective

Mission
and
strategy

To improve the
effectiveness
of warranty
costs

Warranty costs
per sold
unit

Current (X) %
Objective

(X - 1) %

To assure the
correct
acquisition
of data and
analysis of
criticality of
equipment

Financial

To improve repair
time and
service quality

Repetitive
failures

MTTR

Number of
repetitive
failures \ x

Reduce the
MTTR in a
(Y) %

Failure analysis
program and
after-sales
support
improvement

Customers

Improvement in
the service
process and its
documentation

In compliance
with quality
standards

Certification of
services
before a
determined
date

To develop
procedures
of pending
technical
inspections

Internal
process

To assure the
correct levels
of training to
accomplish
the mission

Level of
training
according
to type of
service

Definition of
precise
training
levels

To carry out
training and
evaluation

Learning
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analysis based on this assessment would combine the probability of an event with
the impact this event could cause. As a result, a criticality matrix is obtained
offering a vision of priorities in regard to probable events related to warranty issues
and moreover permits us to align after-sales actions with the targets and objectives
of the company. This way, it is possible to forecast where to apply available
resources and minimize risks, reducing warranty costs and customer dissatisfac-
tion. Lastly, when the defined strategy has been set and the probable events have
been prioritized, it is time to focus on those customer reclamations related to
repetitive or chronic failures that represent high-priority events. If it is possible to
find and eliminate the causes of these failures through a prompt intervention, this
will provide an important initial advantage and a quick strategy of a warranty
management program. In any case, there are already different developed methods
to carry out these analyses on weaker points. This section intends to synthesize in a
simple way how the analysis hierarchical process (AHP) at production and sale
stage can help to make more appropriate decisions on strategic actions, for
example, in regard to spare parts to properly assist customer claims [13]. The
analytic hierarchy process (AHP) method establishes a series of scales from
comparisons. Inputs in this methodology can be measured as the price, weight,
time, provisioning, etc., or the subjective opinion on how the satisfaction and
preference sentiments can be. AHP shows an approximate and realistic assessment
of the best decision, including certain and small judgment incoherencies when
subjective opinions are adopted, evidently due to the fact that human judgment is
not always consistent.

7.2.1 General Features of the Analytic Hierarchy Process

The ‘‘AHP’’ is a methodology developed by Thomas Saaty in 1970, based on
facilitating the understanding of a complex problem through a breakdown in parts
ordered hierarchically ranked (approaches and alternatives), quantifying and
comparing variables through addition of views with geometrical average to syn-
thesize a solution [14, 15]. The process has been used to assist numerous corporate
and government decision makers. Some examples of decision-making problems
are as follows: choosing a telecommunication system, choosing a product mar-
keting strategy, etc.

In short, problems are decomposed into a hierarchy of criteria and alternatives
(see Fig. 7.2). There are several published articles about AHP method on decision-
making [16, 17]. In the decision matrix (Fig. 7.3), it is synthesized decision maker
information with resulted elements in pair compared criteria with a normalized and
reciprocal scale of relative importance (see Table 7.2).
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The elements of decision matrix fulfill

• Reciprocity : wij ¼ 1=wji for all i; j ¼ 1; . . .; n:

• Consistency : wij ¼ wik=wjk for all i; j; k ¼ 1; . . .; n:

•
P

j ¼ 1; . . .; n wj ¼ 1:

The method has the following axioms:

1. Reciprocity. The importance of the relation Wij is the inverse of Wji, so Wii = 1.
2. Homogeneity. Compared elements in relation to the same property have the

same order of magnitude.
3. Dependence. To control the dependence among the elements forms the same

level and consecutive levels.
4. Performance of expectations. The structure of criteria and alternatives has to

represent the expectations in a ranking.

As it has previously stated, in the application of this method, subjective values
can be used. This subjectivity is presented, implying a degree of uncertainty or
lack of reliability. That makes it necessary to measure the sensitivity in changes in
parameters. To measure here the reliability (CR), we use the ratio of consistency

Alternative 1

PROBLEM

CRITERION1.1

Alternative 2 Alternative … Alternative n

CRITERION1 CRITERION2 CRITERION… CRITERIONn

Alternative 1

PROBLEM

CRITERION 1.1

Alternative 2 Alternative … Alternative n

CRITERION 1 CRITERION 2 CRITERION … CRITERION n

Fig. 7.2 Problem decomposition into criteria and alternatives

w11 w12 … w1n

w21 w22 … w2n

W = … … … …
wn1 wn2 … wnn

Fig. 7.3 Decision matrix
AHP

122 7 Management Effectiveness



rate (CI) of a comparison array into pairs to the value of the same index of a
comparison array into pairs randomly generated:

CR ¼ Cl
Clrandom

� 0:1

Reliability is sufficient if CR is less than or equal to 0.10; otherwise, it must be
reviewed to improve its consistency. The application of this method in the deci-
sion-making process involves the acquisition of the following objectives:

• Improve organization, structuring, and documentation (feedback) of the process.
• Use a rational and logical analysis, which minimizes emotional burden of trials.
• Classify and compare alternatives.
• Employ quantitative and qualitative criteria, accurate or measurable, and inac-

curate or estimated.
• Consensus and satisfaction in group decision-making.
• Predict at times likely results.

As it has been hinted at, analytical hierarchy process has been applied to
multiple business situations, as well as political or personal issues, especially when
it is necessary to synthesize the knowledge of different specialists to support
decisions:

1. Personal situations, where everything is looking on organizing and reflecting
internal preferences, for example acquisition of resources and identification of
tracks.

2. Political situations in public administrations. Generally is orientated to con-
sensus achievement or forecasting future, for example identification of public
transport routes and public services allocation.

3. Business situations in private companies. Orientated mainly by competitiveness
and improvement, it is used in all situations to achieve objectives: organization,
structuring projects, resource allocation, prediction, etc.

Table 7.2 Saaty scale to compare criteria in pairs

Saaty scale Reciprocal Saaty scale

1 Equal importance of both elements – –
3 Weak importance of one element over

another
1/3 Slightly less importance of

one over another
5 Essential or strong importance of one

element over another
1/5 Less importance of one

over another
7 Demonstrated and very strong importance

of one element over another
1/7 Far less importance of one

over another
9 Absolute importance of one element over

another
1/9 Absolute less importance of

one over another
2, 4, 6, 8 Intermediate values 1/2, 1/4,

1/6, 1/8
Intermediate values
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In our case, AHP method is orientated to continuous improvement, having
taken into account the following points [18–20]:

• If the number of alternatives grows, comparisons grow exponentially, and the
use of method can be made cumbersome [21].

• It does not consider variation in criteria ranges.
• It is more a comparing tool for management than a statistical method [22].
• Valuations of comparisons can be interpreted differently by different subjects.
• Individually comparison may lead to conflicts, because if A [ B and B [ C, it

may occur A \ C.
• Inclusion of a new irrelevant approach may affect management of two relevant

criteria [23]. This would contradict axiom of multi attribute value theory
(MAVT) on irrelevant alternatives [24].

• Asymmetrical inconsistency in eigenvectors by Saaty scales [25, 26].

To correct this lack of consistency, the modified AHP method was developed
[25], Donegan et al. [26], but also it has its criticisms [27], indicating that
improvements in real cases are not as crucial as Saaty AHP original method.

7.3 Root Cause Analysis in Warranty Management

7.3.1 Root Cause Analysis for the Identification of Physical
Causes

The general objective of incrementing company benefits, from a maintenance
perspective and for the extension of the after-sales services, involves also
increasing equipment reliability including the prolonged life span [28] of the
company’s physical assets as well as those products launched to the market. The
main target in industrial asset management will be to predict possible alterations in
the process as well as unplanned detection in the production process, minimizing
at the same time possible losses. This way, the priority would be to define a
sequence of efficient actions, which assure minimal production losses and maxi-
mize company’s profits [29]. Nowadays, the objectives of any realistic model of
maintenance management and after-sales services should be set and dependable on
the business plan of the company. Thus, strategies must always be aligned with the
company’s business plan [30] since this will depend on the consecution of the
objectives of after-sales service and the company’s own business plan. Subse-
quently, the development of new technologies and their practice in management
requires a skilled technical assistance team in both technical and management
matters [31]. Therefore, this justifies the use of more complex tools that permit the
generation of more certain solutions in the after-sales service that minimize
uncertainty. In the specific case of maintenance, the implementation of method-
ologies significantly reduces costs through focusing on the root causes of failures.
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To confront and overcome these challenges, it is necessary to utilize these
maintenance tools: total productive maintenance (TPM) and reliability-centered
maintenance (RCM) [32]. More specifically, RCM analyzes functions and failures
of a system and identifies the consequences in order to implement preventative
measures using standardized and more logical procedure [33], even though this
analysis does not lead us to a profound research to identify the mechanisms of
failure and their real causes [34]. In another respect, the proactive maintenance
uses tools such as root cause failure analysis (RCFA), failure modes and effects
analysis (FMEA), critical analysis (CA) and acceptance testing and age explora-
tion (AE). Some authors even make a distinction and identify a sub area in this
maintenance, calling it radical maintenance (RM). This involves the detection and
prediction of the root causes of failures, to later take the appropriate measures to
eliminate the root causes or the conditions that created them [35].

In general, there is a wide variety of tools and methods to determine the root
causes of specific events or failures [36]. These may vary in complexity, the
quality of information required, and applicability of results. Generally, the most
used are the 5 reason analysis, change analysis, current reality tree (CRT), FMEA,
failure tree analysis (FTA), Pareto analysis, Bayesian inference, and the Ishikawa
diagram. These methodologies have substantial differences, and some of them can
be classified as qualitative (5 reason analysis, Ishikawa diagram, HAZOP, among
others) and quantitative (Bayesian Inference, Pareto analysis, FTA, among others)
[29, 37, 38]. While qualitative methodologies are carried out generally in the form
of brainstorming, the quantitative ones can require complex mathematical meth-
ods. The importance of the use of root cause analysis (RCA) tools for maintenance
and after-sales services lies in the necessity to understand the main causes of
failure on which the administration, management, or operation can have some
impact in a way that chronic and recurrent failures can be avoided through a
determined action plan. In this sense, it is not sufficient to only find the origins of
the failures, but it is necessary to generate corrective and essentially preventative
actions.

Here is where the use of these types of tools plays a fundamental role. It should
be also mentioned the palliative maintenance between possible strategies, given
that it is a possible maintenance to temporarily solve problems of customers under
a pending long-lasting warranty of repair. It can also be added that opportune
maintenance (preventative action as a consequence of a corrective action) provides
a better protection to the organization that manages the warranty. Likewise, the
Bayesian network can be used as a support for decision-making based on a
probabilistic reasoning, considering that it allows us to calculate the probability of
future events and has the capacity to adapt to changes [39]. Moreover, the mon-
itoring and diagnosis objective is to be able to integrate previous knowledge of the
processes with the present observed physical evidence. This way, a more plausible
explanation of the behavior of the process can be given. The Bayes theorem
incorporates this type of predictive support to the diagnosis [40]. The flowchart
presented in Fig. 7.4 (based on the projects of [34] and [36]) shows the location of
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the distinct methodologies of RCA in a model of maintenance management in
stages. It is the base of the defined in the previous chapter for a warranty man-
agement program.

7.3.2 Root Cause Analysis Models

Even though the hierarchical analysis process has been introduced in this chapter,
the Pareto analysis is also mentioned located in the hierarchical stage of the critical
equipment so that, along with the criticality matrix, it can help to determine which
equipments are critical in a systematic level. The FMEA can be used at the stage of
weak point analysis of critical equipment, where an evaluation of causes, failure
modes, and effects could be considered relevant. The CA helps to determine
whether the weak points of critical equipment are significant in the system’s
performance. The ETA or the Bayesian inference can be used to carry out more
complex analysis in the definition of root causes of failures in equipment and the
critical weak points of the system as well as for the correct development of an
action plan defined on the adapted after-sales/maintenance strategy. All the pre-
viously mentioned, it is important to point out that the applicable functioning of
the methodologies is achieved when they are properly used for a determined
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Fig. 7.4 Location of the RCA methodologies focused on maintenance management
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requirement of a specific stage within a reference management framework, in
terms of the characteristics, information requirements, and resources. The root
cause of a failure can be defined as the most basic cause which can be reasonably
identified and controlled [41]. The literary review supporting this focus explains
that there are three levels of root cause failure of a system:

• Physical Root Cause: Failure on equipment caused by physical reasons.
• Human Root Cause: Failure on equipment caused by human intervention.
• Latent Root Cause: Failure on equipment caused by decisions at an organiza-

tional level that leads to an event of failure.

The failure analysis (FA) or RCA consists of examining in detail the items that
are in a failure state in order to define the root cause of the failure and improve the
system reliability [42]. This process identifies the factors that caused the failure
using a structured focus with designed techniques that make the proper identifi-
cation and problem solution possible. Its execution eliminates or minimizes those
root causes that can generate recurrent failures, not focusing on the consequences
of such failure [43]. Within the RCA methods, four groups can be distinguished
[44] (Table 7.3).

Following, there is a brief explanation of the most used RCA methodologies in
reliability engineering, standing out their advantages and limitations. These are

• Failure Modes and Effects Analysis:

The failure mode analysis, its effects (FMEA), and its criticality (FMECA) is a
qualitative method that identifies potential modes of failures and analyzes the
consequences of all possible failures on systems that could affect a component,
proposing measures to avoid or minimize the consequences of these failures on the
system [45]. The method systematically analyzes all failure modes at a component,
equipment, and subsystem level and assesses the effects and criticality (FMECA)
in the system and the probability of occurrence [34]. Basically, it identifies those

Table 7.3 Classification of the RCA groups based on their focus

Root Cause Analysis
groups

Description

Deductive Approach that involves a general-to-specific reasoning (for example,
failure tree analysis)

Inductive Approach that involves reasoning from individual cases to general
conclusions, giving a general focus (cause-and-effect diagram and
HAZOP analysis)

Morphological Method based on a structure of the system studied. It focuses on the
potentially dangerous elements, focusing in factors that have more
influence on the system security (for example, evolution of
accidents, barriers, health and safety at work)

Non-orientated system
techniques

Concepts and techniques non-orientated to systems such as the
previous ones (for example, analysis of change and study of
probability of human error)
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zones that need improvement in order to assure that the functions of the system
work in a reliable and secure way (at a global level). The method follows an
inductive approximation, starting from the failure of a component and its produced
effects through the system, seeking out all possible consequences. In its limita-
tions, the low performance in complex problems stands out by not being able to
show the related causes based on evidence beyond the specific mode of failure that
is analyzed [37]. Besides, its effectivity is limited by the experience of the group of
work that is developing it.

• Failure Tree Analysis:

FTA is a deductive and quantitative method that begins by searching an
unwanted event ‘‘superior event’’ with the aim of analyzing the causes for such
event and quantifying the probability of occurrence. The cause analysis is carried
out through a logical diagram, where the combination of diverse elemental events
leads to the superior event. It is a graphical representation of events of a hierar-
chical order, and it makes it possible to identify and classify possible events
(graphically represented in a tree-type scheme) that can cause a failure in the
system and carry out estimations of failure occurrence probability of the system. It
is widely spread for its easiness of use and due to the fact that presents a high and
intuitive level of abstraction of the system. The diagram is drawn using conven-
tional logical symbols, so that cause relations can be identified with the relations
‘‘Y’’ and ‘‘O’’ or several combinations. With this detailed information, the efforts
to improve the system’s security and reliability are more centered and adapted to
such system. Moreover, the FTA can assist to predict failure occurrence consid-
ering that it provides data that describe the circumstances in which they can occur,
defining the importance of each critical element of the system. It is an applicable
technique on static and dynamic complex systems, and it provides the objective
basis to analyze system design and its common failures and makes it possible to
check the requirements of security compliance, as well as to justify changes and
complements. One of its limitations is the fact that it does not work correctly as a
RCA, given that it cannot manage functional or sequential dependencies between
components. Furthermore, it requires the use of specific information related to
known failure reasons of components. However, it is frequently used as a support
for RCA, requiring the use of that specific information related to known failure
reasons of components [37].

• Cause-and-Effect Diagram (CED):

CED is a tool that splits potential causes into more detailed categories, in a way
that can be organized and related according to the factors which help to identify
the root causes [43]. It is also known as the Ishikawa diagram or fish bone diagram.
Its limitations lie on the fact that it cannot show all cause relations between the
primary effect and the root cause, and also, it does not provide evidence to support
the cause factors [37].

128 7 Management Effectiveness



• Pareto Analysis:

This analysis is a statistical focus for problem-solving, which uses a database to
identify the predefined number of cause factors occurred in the system. It is based
on the Pareto principle, which assumes that the 80 % of the problems are caused
by the 20 % of the causes. Sometimes, it is used as an RCA method; however, the
Pareto analysis functions more appropriately in defining the beginning of an
analysis. They are also commonly used to set maintenance priorities ordering
failure codes of the equipment according to its relative cost or its contribution to
downtime. It is limited by the accuracy of the information analyzed, and losses
cause connection in the cause-and-effect principle [37].

• HAZOP:

This methodology, which acronym stands for HAZard and OPerability, has
become the cornerstone of risk studies of processing plants. The HAZOP study
makes it possible to determine in a qualitative way which are the consequences on
a system when the operational conditions or design varies [38]. This study is
traditionally carried out as a structured brainstorming exercise, provided and led
by a HAZOP study leader, and uses the participant collective experiences. To
achieve the study’s goal, basically some questions are set and analyzed such as
‘‘what deviation can occur?’’ ‘‘what parameters of the process are relevant to
measure?’’ ‘‘why do those deviations occur?’’ (causes) and ‘‘how are they
expressed’’ (consequences).

In a HAZOP study, these questions are asked once the total system is divided
into its constituent parts, such as sections and nodes. These questions are related to
the objective of the system, while the process represents the means to reach those
objectives. The restrictive factor of the HAZOP study is the consideration of time
and resource requirements, so that it can be carried out throughout the plant life
cycle (which is mainly the focus of this methodology). One step further in the
study would be to do a quantitative search of the deviation range limits of the
nominal values of design, in which the equipment could maintain its aptitude and
the system could continue operating properly.

• Bayesian Inference:

The Bayesian nets (BN) are one of the most widely applied techniques in prob-
abilistic inferences, given that provide a flexible structure for evaluating and mod-
eling uncertainty. This way, the BNs (graphically) are formed by two nodes that
represent random variables connected through arcs that quantify a causal relation
between the nodes and in which each one represents a random variable that can take
two or more discrete values. Process monitoring and failure diagnosis require to
assume as accurate numerous information sources which could be not certain or not
totally reliable or incomplete, to be able to infer when the status of an equipment
process has changed and to be able to identify the root causes of this change. Such
inferences are necessarily imperfect and are valuable if the conclusions are sup-
ported by some quantitative measurements in spite of the uncertainty [40].
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Two types of inferences can be supported and considered through the BNs: the
diagnosis focus and the predictive focus [46]. When there are abnormal changes in
the conditions during the operation of a process, and those changes cannot be
identified nor corrected, some unwanted events, known as failures, can be gener-
ated. A causal representation of the facts through BNs generates a chain of events
and transitions, which are relevant to the RCA under uncertainty and for the pur-
pose of decision-making support about proper corrective actions [29]. Figure 7.5
represents a model of BNs for an RCA, in which the root causes (Hi) group contains
all conceivable hypotheses of failure sources, which can possibly produce failure
events or modes (Sj) that represent all those symptoms preceding a failure (F).

These symptoms refer to changes in operation conditions, which affect the
equipment performance and final result of operation. BNs have proven to be useful
for a wide variety of predictive purposes and monitoring. Similar applications have
been documented in the medicine field and image processing, among other fields
[40]. In the manufacturing industry, it has been also been used as a monitoring and
diagnosis method in real time to identify failures of components in multistage
processes [47]. There is a high necessity for decision-making in reference to
maintenance management and after-sales service extension. BNs are an applicable
methodology combined with other supportive decision-making methods, such as the
decision support (DS). DS is a computer-assisted information system that supports
all the company’s activities regarding decision-making. A properly designed DS is
the interactive software that compiles useful information from a combination of
data, documents, personnel knowledge, and identified business models and helps
solving problems and making decisions. An alteration analysis (that which includes
the RCA and DS) is an industrial control process that has the global aim to extract
from maintenance and after-sales databases the necessary information for an early

Root Cause
Passive /Active

H1 H2 H3 Hn

Triggers certain event

Lack of information and control

S1 S2 S3 Sm
Effect or symptom

Maintenance  / Loss
of control

S1 S2 S3 Sm

Prevents / Allows 
the Failure

Sc1 F SC2

Fig. 7.5 Concepts of a BN in a root cause analysis (adapted from [29])

130 7 Management Effectiveness



evaluation of abnormalities, as well as to locate and solve problems in the operation,
maintenance, and after-sales assistance processes [29]. Other tools that also could be
added are the APR (risk preliminary analysis), PDR (Nets of Petri Estocastica), CM
(Markov chains), MSC (Monte Carlo simulation), etc.

7.3.3 Advantages and Inconveniences

The previously described tools and methodologies present advantages and
inconveniences intrinsic to each of them. Depending on the type and analysis in-
depth carried out, it is necessary to evaluate each methodology in order to select
and use that which better adapts to the raised necessities. Even though all meth-
odologies have the capacity to define an analyzed problem, the CEDs are not able
to show every causal relation between primary effects and root causes. Neither
they are able to deliver a clearer route toward the root causes since they only
categorized or order isolated causes in groups that produce a primary effect.

However, they do possess a low requirement level of information and resources
and are relatively easy to use [37]. The HAZOP study is a structured one in the
form of brainstorming and developed by people involved in the problem to solve;
therefore, it is highly dependent on the experience of those in charge of carrying it
out and should be conducted in several sessions which require time and other
resources.

Its advantage lies in the developed plans to prevent the recurrence [38]. The
FMEA is effective to find failure causes of a component and however loses
capacity to solve complex problems when it fails to establish causal relations
further than the failure mode that is being analyzed. The FTA is a quantitative
method that works extremely well in engineering problems. It finds causes related
to the original design of the system, determining possible scenarios and selecting
appropriate solutions, as long as human factors are not included [37]. Equally, the
Bayesian inference (in spite of requiring greater resources and having less sim-
plicity in its use) presents large capacities to establish causal relations for a wide
number of variables and it is apt as a support for decision-making and recurrence
prevention [29]. Its structure provides the combination of previous knowledge,
either obtained in a causal form or by observed data. The BNs can be used to know
the casual relations and facilitate comprehension and the optimum form of prob-
lem analysis and future event prediction [46, 48]. Then, Table 7.4 shows a sum-
mary comparative chart based on a group of criteria for methodologies commonly
used in RCA analysis.

The difficulty in obtaining solid results through some of these methodologies
lies in the usage of only one focus, given that the qualitative analysis (brain-
storming type) can leave aside a relevant amount of information contained in
quantitative data, while another mere numeric focus is feasible of having a turn
since it does not take into consideration aspects such as experience or relevant
qualitative information. The use of an isolated method can derive in an incomplete
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analysis. Thus, in some specific cases, the integration of RCA tools can be con-
venient specially when dealing with complex systems, obtaining this way better
results [49]. In fact, one of the most common combinations to support an RCA
analysis is that of FMECA and FTA [34]. All in all, there is evidence regarding the
integration of the distinct types of RCA to generate more solid results, that is to
say, each tool unitarily possesses its own limitations. However, the integration
among them allows them to eliminate their own and individual limitations of each
and every one of them. The present research proposes a representation model of a
system malfunctioning, and the identification of the physical causes of such fail-
ures by the integration of BNs, failure trees, FMEA, and HAZOP studies based on
the variables determined status that, given their dependencies, can unchain a state
or failure event. The integration of these methodologies represents a more solid
result in the identification of the main causes of a deviation of performance from
the generation of the causality chain.

Following this chapter, it is suggested to consult next sections where aspects
about the balance score card are dealt with as well as a hierarchical analysis
procedure focused on what was here elaborated.

7.4 Case Study on Balanced Score Card

7.4.1 Application from a Financial Perspective

This practical example is based also on the case that will be described in Chap. 13,
which deals with a manufacturing company that also assembles farm machinery
[50]. In this particular case, the principles described in this chapter (about the
balanced score card) will be applied. Those that mainly constitute as business
activities and form a part of considerable profits in such company are the pro-
duction, sales and repair of harvest machinery, and its harvest heads, whether they
are produced or previously used. One key element for the company is to improve
and optimize the technical support services, that is to say, to improve after-sales
processes with the aim of increasing benefits coming from this area and retaining
clients so that future sales are assured. After-sales activities consist of supplying
spare parts, warranty service as well as maintenance contract with their customers.
The company’s management intends to compare from a financial point of view, the
four aspects of the business (sale of new and secondhand harvesters as well as new
and secondhand harvesters’ harvest heads) that are the most efficient in regard to
warranty costs. By doing this, and from a global viewpoint, the company can
reassign objectives and assure an appropriate and satisfactory customer service in
all their products, detecting which product provides the most, and the least, ben-
efits. The inactivity of a harvest machine could cause great losses to the customer.
Therefore, during harvest season, these machines should be at their highest per-
formance capacities, and in the event of a breakdown, a quick repair should be
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guaranteed either by the parent company or one of the authorized assistance
centers. Because of this, the company must take on a new strategy to reduce the
number of technical assistance interventions, especially during harvest season
since these corrective repair services are totally unexpected and difficult to control.
To achieve this, the company must decide to take measurements or KPI (key
performance indicators): sales price of the product; the corresponding warranty
cost; the percentage in respect to sales price; along with the objectives (percentage
and monetary) of what the warranty cost should be. Information for each type of
product is listed in detail in Tables 7.5, 7.6, 7.7 and 7.8, according to the type of
machine.

In the case of the data related to new or secondhand attachments (Tables 7.6,
7.8), the price to consider should just take into account the price of the harvest
heads as reference and not the price of the rest of the machine (practically
speaking, this case study has considered an approximate base price to be 180,000 €
for the machine). It is clearly observed that the data in this case study have been
distributed by projects. Nevertheless, this is an equivalent form to what could be
temporary evolution, in which supposedly manufacturing processes are improving
and the arisen problems during the warranty period should tend to decrease.
According to Ref. [2], maintenance can be defined as all those actions that control
the process of deterioration that can lead to failures in the system (preventive
maintenance), as well as the restoration of a system to its operative state through
corrective actions after failure (corrective maintenance).

When the manufacturer must provide warranty assistance to a customer, both
parties must have a clear idea of the what the service consists of and what the
circumstances should be, whether assistance must be provided or not. In the sales
of farm machinery (new or secondhand), just as many other sectors, there is a
possibility of performing maintenance contracts and/or warranty extensions. This
is not the aim of this study, but could be an interesting object to evaluate, applying
the balanced score card methodology, how the introduction of preventive main-
tenance contract can impact the company’s after-sales performance.

In other words, carry out this case study from three different scenarios (as it will
be mentioned in Chap. 13):

• Scenario A: No preventive maintenance contracts are applied, neither under the
warranty period nor not.

• Scenario B: Users hire preventive maintenance services only during the war-
ranty period.

• Scenario C: Users hire preventive maintenance services not only during the
warranty period but also once it expires throughout the product’s life cycle.

This case study is based on scenario A. That is, the study only considers
warranty costs. However, the results of this analysis could differ if we consider the
influence of maintenance hire.
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7.4.2 Results in the Practical Application

Following our particular case, in Fig. 7.6, four graphics can be observed as the
result of the previous tables.

Graphics in Fig. 7.6 represent the following values:

• Percentage values of the warranty cost in terms to the sales price, dots in the
form of rhombus and colored in dark gray;

• The tendency of the warranty, continuous line in light gray;
• The objective value, dash and dot line;
• And the ‘‘challenge’’ or proposed improvement in the objective, gray dotted

line.

In the upper right corner of each graphic, the average total cost of the warranty
is shown in respect to the sales price. In short, these graphics show the tendencies
of warranty costs: upward trend (in the case of used harvesters) and on a down-
ward trend (harvest heads LM) or oscillating in a high and low degree. Those
products that have tendencies which end up rising are marked by a dark gray
triangle, whereas the inverse is marked by a light gray rectangle. Likewise, the
product whose mean percentage in warranty costs exceeds the objective value is

Table 7.8 KPI relative to used headings
Project Machine Sales

price
Warranty
(€)

%
Warranty/
sales
price

Target
%
warranty/
sales
price

Improvement
obj. %
warranty/
sales price

Warranty
target (€)

Improvement
target
warranty (€)

OP 66 CAT 550 110,000 – 0.0 2 1.8 3,000 2,700
OP 10 CAT 570 121,052 258 0.2 2 1.8 3,000 2,700
OP 15 CAT 580 172,133 1,334 0.8 2 1.8 3,000 2,700
OP 18 CAT 550 120,000 – 0.0 2 1.8 3,000 2,700
OP 21 V 921.1 — € 4,666 2 1.8 3,000 2,700
OP 25 CAT 550 94,828 1,293 1.4 2 1.8 3,000 2,700
OP 27 CAT 580 155,000 7,366 4.8 2 1.8 3,000 2,700
OP 35 DX 225 220,444 469 0.2 2 1.8 3,000 2,700

Table 7.7 KPI relative to used harvesters
Project Machine Sales

price
Warranty
(€)

%
Warranty/
sales
price

Target %
warranty/
sales price

Improvement
obj. % warranty/
sales price

Warranty
target (€)

Improvement
target
warranty (€)

OP 02 CAT 574 115,000 439 0.4 2 1.8 2,600 2,340
OP 09 CAT 574 85,000 297 0.3 2 1.8 2,600 2,340
OP 36 EL 574 B 162,000 2,259 1.4 2 1.8 2,600 2,340
OP 51 TJ 1210Y 60,000 570 0.9 2 1.8 2,600 2,340
OP 63 P Bisón 90,000 3,840 4.3 2 1.8 2,600 2,340
OP 67 P Bisón 70,000 933 1.3 2 1.8 2,600 2,340
OP 70 CAT 574 75,000 3,540 4.7 2 1.8 2,600 2,340
OP 72 CAT 574 70,000 – 2 1.8 2,600 2,340
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marked in dark gray, whereas the opposite (those who improve the objective) are
marked in light gray. In conclusion, we can observe how the sale of harvest heads
model LM does not present an appropriate behavior in the after-sales services from
a financial point of view. In the other extreme, we can find the case of the
Harvesters Model 554. On the other hand, it can be observed in the case of sales of
used or secondhand products that, in spite of achieving in both cases the warranty
costs’ objectives, the after-sales service costs of used harvesters will increase in a
near future, exceeding the objective value. These values, tendencies, or drastic
changes observed in different graphics also show the derivated results in the
decision-making process (personnel restructuration, tools update, tools repair,
etc.). In any case, the methodology of BSC helps in a simple way to detect
problems, which could later be addressed in a management council or in the
prevision of possible circumstances that generate them. The following are other
interesting references concerning the balanced score card: [3–5], [7] and [51] and
about financial perspective: [1], [6] and [8].

Coste medio de garantía / Precio de venta

1,91% 1,05%

Coste medio de garantía / Precio de venta

COSTS DE GARANTÍA POR PROYECTO COSTS DE GARANTÍA POR PROYECTO

COSTS DE GARANTÍA POR PROYECTO COSTS DE GARANTÍA POR PROYECTO

COSECHADORAS MODELO 554 CABEZALES MODELO LM
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0,67% 2,97%
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7.5 Case Study on an Analytic Hierarchy Process

7.5.1 Practical Application of AHP

In Chap. 3, a scenario was described on which the present case study will be based.
It is the moment to apply the methodology also represented as AHP previously
developed in this same section. This application will be performed in a simple way
and following these next three steps:

1. State the objective: to obtain a spare part for the warranty assistance with
minimal effects on the assembly line.

2. Define the criteria:

• Criterion 1: Stock extra (the higher the extra stock the better).
• Criterion 2: Terms

– Criterion 2.1: Supply term (the shorter the supply time the better).
– Criterion 2.2: Repair term (the shorter the repair time the better).

• Criterion 3: Reliability (the higher is the reliability, or lower is the failure
frequency, the better).

• Criterion 4: Costs
– Criterion 4.1: Supply cost (the lower is the supply cost the better).
– Criterion 4.2: Repair cost (the lower is the repair cost the better).

• Criterion 5: Vehicles amount
– Criterion 5.1: vehicles still to deliver (the higher is the amount of

vehicles to deliver the better).
– Criterion 5.2: vehicles under warranty (the lower is the amount of

vehicles under warranty the better).
3. Selection of alternatives:

• Spare part is obtained from warehouse.
• Spare part is obtained by cannibalization.
• Spare part is obtained by purchasing.

This information can be arranged in a hierarchical tree or in a chart. In any case,
the information is then synthesized to determine relative rankings of alternatives.
Both qualitative and quantitative criteria can be compared using informed judg-
ments to derive weights and priorities. In order to define the relative importance of
the criteria, it will be used judgments, determining by this way the ranking of the
mentioned criteria. Using pairwise comparisons, the relative importance of one
criterion over another can be expressed (see Table 7.2): 1 equal, 3 moderate, 5
strong, 7 very strong, and 9 extreme. In order to turn this matrix (see Table 7.9)
into ranking of criteria, in other words, to obtain a ranking of priorities from a
pairwise matrix, Dr Thomas L. Saaty demonstrated mathematically that the
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eigenvector solution was the best approach [52]. To calculate the eigenvector, a
short and simple way is to raise the pairwise matrix to powers that are successively
squared each time, calculating the sum of each row and normalizing.

This process is finalized when the difference between these sums in two con-
secutive calculations is smaller than a prescribed value. The computed eigenvector
gives us the relative ranking of our criteria (see Table 7.10). In order to review its
consistency, we apply the already-stated formulas CI y CR to kmax, which is
obtained from the previously indicated eigenvalues (see Table 7.10) and the
matrix of pairwise comparisons (Table 7.9), once it is normalized [26].

Therefore,

CI ¼ kmax � n

n� 1
¼ 0:103948072

Consequently,

CR ¼ CI
CIRando

¼ 0:103948072
1:41

¼ 0:073722037\0:10

The value CIRando depends on the number of criteria being compared (in this
case, eight criteria). Saaty proposed the use of an appropriate consistency index
(also called RCI ‘‘random consistency index’’). He randomly generated reciprocal
matrix using scale 1/9, 1/8,…, 8, 9 (similar to the idea of bootstrap [53, 54]),
obtaining a random consistency index in order to check whether it is about 10 % or
less. The average random consistency index of sample size 500 matrices is shown
in Table 7.11.

In terms of the alternatives, a pairwise comparison determines the preference of
each alternative over another (see Table 7.12).

Table 7.9 Matrix of pairwise comparisons

Extra
stock

Supply
term

Repair
term

Reliability Supply
cost

Repair
cost

Vehicles
still to
deliver

Vehicles
under
warranty

Extra stock 1/1 3 3 2 4 4 5 5
Supply term 1/3 1/1 1/2 2 1/3 1/3 1/4 1/4
Repair term 1/3 2 1/1 2 1/3 1/3 1/4 1/4
Reliability 1/2 1/2 1/2 1/1 3 3 4 4
Supply cost 1/4 3 3 1/3 1/1 1/2 1/3 1/3
Repair cost 1/4 3 3 1/3 2 1/1 1/2 1/2
Vehicles

still to
deliver

1/5 4 4 1/4 3 2 1/1 1/2

Vehicles
under
warranty

1/5 4 4 1/4 3 2 2 1/1
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As mentioned earlier, AHP can combine both qualitative and quantitative
information. Particularly in our study case, it has been here applied a qualitative
point of view, trying to describe a generic context which has considered:

• A high extra stock, reliability, as well as a high amount of vehicles still to be
delivered;

• A short term in the supply and/or the repair of a piece; and
• A low cost in the supply and/or the repair of a piece, as well as a low amount of

vehicles under warranty.

With the previously mentioned context, computing the eigenvector will deter-
mine the relative ranking of alternatives under each criterion (see Table 7.13).

Multiplying in terms of eigenvalues, the relative ranking of alternatives and the
relative ranking of criteria, we can obtain the highest ranked alternative under the
described context (Tables 7.14, 7.15, 7.16).

Therefore, the best decision under the previously described context is to obtain
the spare parts from the warehouse, the second option for the manager is to obtain
the piece by cannibalization, and finally, the worst decision would be to obtain the
spare parts by purchasing. In summary, the AHP provides a logical framework to
determine the benefits of each alternative. Other deductions are possible to obtain
from the numerical results.

In this particular example, the executive manager can check the influence, for
instance, of purchasing additional units, which would change the weight of the
criterion extra stock but also the supply term and the supply cost, or performing the
repair of the failed piece although it would have a longer repair term. In other
words, this tool allow us to use it as a sensitivity analysis, showing how projected
choices can change with qualitatively or quantitatively variations in the input of
key assumptions on which the decision-making is based and showing in some way
a criticality analysis of the issue.

Table 7.10 Ranking of defined criteria

Ranking order Criteria Eigenvalues

1 Extra stock 0.2797
2 Reliability 0.1777
3 Vehicles under warranty 0.1338
4 Vehicles still to deliver 0.1162
5 Repair cost 0.0854
6 Repair term 0.0732
7 Supply cost 0.0705
8 Supply term 0.0636

Table 7.11 Random consistency index (RCI)

N 1 2 3 4 5 6 7 8 9 10
RCI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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Although costs have been here included, in many complex decisions, costs
should be set aside until the benefits of the alternatives are evaluated. Otherwise, it
could happen that the general costs of the warranty program were too high, taking
not care about its benefits. In other words, discussing costs together with benefits
can sometimes bring forth many political and emotional results.
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Chapter 8
Management Efficiency

8.1 The Logistic Support in the Technical Assistance

This part of the chapter will deal with some aspects about the logistic support and
its influence in warranty management. As an introduction, this section will
examine issues such as:

1. The classification of elements’ candidates for a logistic support analysis (i.e.,
those components of the industrial asset, which, due to its importance according
to certain factors, deserve to be especially analyzed for the warranty
management).

2. The choice of repair echelons (i.e., those levels where it is more efficient to
perform the assistance, in order to take appropriate measures for the develop-
ment of a warranty program).

3. The definition of tasks (i.e., methods that define maintenance and warranty
tasks for a component of a specific product).

In order to launch a new product to the market with a suitable warranty pro-
gram, it is necessary that during the early stages of its product life cycle, the
logistic support has to be identified and assessed for that product. Some references
and standards already deal with this issue [1, 2] mainly for the military sector.
According to these references, the data required for a logistics support analysis can
be categorized under three different groups:

• Data related to product configuration and its requirements;
• Data related to possible failures; and
• Data related to maintenance and components acquisition.

Logistic support analysis is an iterative process that may be useful for the
company management, in order to size the customer-service department, the staff
qualifications, the materials needed, etc., with the goal of providing the appropriate
technical assistance during the product warranty period to the customer [3].

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_8,
� Springer International Publishing Switzerland 2014
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The following chart (Table 8.1) shows the interaction with other disciplines and
how logistic support can influence them.

This table includes items that are not typical on logistic support. For example,
the reliability (corresponding to a product characteristic), maintenance, design, and
standardization (which are also not elements of logistical support, etc.). However,
they are considered here due to their involvement and their importance in logistic
support. In other words, the product identification and evaluation from the point of
view of logistic support are to analyze the parts, types, and quantities, the technical
requirements and skills levels of technicians, the tools and technical documenta-
tion for the operation and repair. All of them should be aimed for implementing a
technical assistance program in order to assure a specific product-market position.
It will therefore be necessary a database that records those sources of logistic
support as well as the identification and acquisition of elements.

8.1.1 Classification of Elements Candidates for a Logistic
Support Analysis

Those logistic support candidates to be considered in a logistic support analysis
process [1, 4] can be defined as follows:

• Logistic Support Full Candidate: Components requiring that their logistic
support is fully analyzed (fiability, maintainability, disponibility, required skills,
tools, manpower, etc.).

• Logistic Support Administrative Candidate: These are components that do not
require a complete analysis of their logistic support, but they are necessary to be
taken into consideration to perform the complete analysis of full candidates. In
other words, an administrative candidate is the one which has to be manipulated
in order to access other candidates of the product.

Table 8.1 Logistic support influence

Disciplines or areas Logistic support influence

1. Reliability and maintenance LORA, FMECA, RCM/failure rates/MTTR, MTBM
2. Maintenance planning Maintenance tasks
3. Manpower/technicians Required skills/staff knowledge
4. Deliveries support Spare parts
5. Tools and equipments Special tools/test equipments
6. Technical documentation Catalog of spare parts/maintenance manuals
7. Simulation and training Staff skills
8. Computer-based support Hardware/software reliability
9. Facilities Required equipments and location
10. Transport/dimensions Mass, size, weight/volume, transport, type
11. Design Texts with recommendations
12. Standardization Elements control
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In Fig. 8.1, a procedure to select the corresponding types of candidates men-
tioned above is proposed in the form of a flowchart. Knowledge of logistic support
in the product key elements is essential to plan, schedule, and organize a program
of maintenance and warranty support. In this framework, component reliability is
considered as the first factor. Those components presenting a high failure rate will
be selected to be included in the full candidate list for logistic support. In order to
limit or restrict the amount of components in the list, threshold limits can be set for
the failure rate (in operating hours, kilometers, etc., depending on the type of
product). The second factor considered is maintenance; those components
requiring intensive preventive maintenance, whose maintenance tasks require
specific staff training or those components presenting a high technical maintenance
complexity and documentation will be also full candidates. According to the
product maintenance, the candidates to consider will be those components that
require scheduled preventive maintenance in order to function properly during the
life cycle of the entire system, as well as those cases when it will be needed to
implement corrective tasks. The third factor depending on the components needs
of support equipment (for diagnosis) or special tools (for repairs) to carry out the
development of maintenance, either preventive or corrective, as well as warranty
tasks. In addition to this, a fourth factor is the criticality. In this case, candidates
will be those components whose failure affects the safety of the product or the
user, altering the fulfillment of the product function.

There are four standardized levels to measure the criticality:

1. Catastrophic: failure can cause the loss of the entire system.
2. Critical: failure can cause serious damage to the system, so the product cannot

achieve the success of its functions.
3. Marginal: failure can cause damage to the system, so there is a delay or loss of

product availability.
4. Minor: failure is not serious enough to cause damage to the system, but an

unscheduled repair will probably be required.

Finally, the fifth factor considered is the accessibility of the components. We
consider that a component will be an administrative candidate when (although it is
not fulfilling the requirements for full candidates) it is necessary to be removed to
have access to other product full candidates or when the access to this element
must be done frequently. To conclude, if a component does not meet any of the
above criteria, it will be considered as noncandidate.

8.1.2 Choice of Repair Levels

Once logistic support candidates have been selected a level of repair analysis
(LORA) can be carried out [5]. Notice that the choice of the repair level presents a
high influence on the logistic support in terms of cost-effectiveness. The aim of the
analysis is indeed to choose the proper action, not only during the development of
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a warranty program, but also during the rest of the product life cycle. The repair
levels used in this paper have been extracted from the military sector [5]. Other
terms commonly used are also line repairable unit (LRU), which are immediately
replaced on ground, and shop repairable unit (SRU) or technical level of inter-
vention (TLI). The proposed framework suggests a way to evaluate and determine
how and where a maintenance or warranty task should be executed, in order to
afford the lowest cost. Using the already-developed notation for the military sector
(Table 8.2), it is possible to define the levels or echelons at which maintenance
tasks must be performed according to a cost minimization criteria. Repair cost at
each level (C1, C2, C3, and C4) can be calculated knowing the different costs
(direct labor, material, handling, etc.) for the different maintenance echelon. Then,
it is possible to minimize an objective function in order to determine which
echelon is the most recommendable to face a repair. A fifth echelon related to
reconstructions and major changes performed by the own industrial maintenance
(overhaul) is sometimes considered.

Future researches in this field can be focused on the calculation of different
costs (which are not within the scope of this study) or, once the warranty period
has expired, the combination of extended warranties with maintenance assistance.

8.1.3 Task Definition

In literature, many methods are described to define maintenance and warranty
tasks when components of specific product fail [6]. To achieve this goal, the failure
modes, effects, and criticality analysis (FMECA) provides a good basis for
determining those maintenance tasks that are necessary and, consequently, their
extrapolation to the case of assistance under warranty. In a warranty management
context, the reliability-centered Maintenance (RCM) becomes a dependability
analysis for the definition of those tasks to be performed during the warranty
period, in accordance to the forecast of possible customers’ complaints. Within

Table 8.2 Repair levels (adapted from [5])

Repair
level

Significance Cost

Echelon 1 Developed by the user C1

Preventive maintenance tasks by the operator
Echelon 2 General changes for parts and adjustments C2

Preventive tasks and correction (e.g., duration 4 man/hour)
Echelon 3 In-place repair/change of damaged assemblies C3

Preventive tasks and correction (e.g., 4 man/hour \ duration 50 man/hour)
Echelon 4 General repair of damaged sets and subsets C4

Preventive tasks and correction, determined by maintenance manuals when
duration [ 50 man/hour
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these technologies, the criticality of a failure mode can be assessed using the safety
hazard severity code (SHSC) as catastrophic, critical, marginal, and minor failure
(already mentioned) or through a more quantitative assessment which is the case of
the military field [7].

Cm ¼ kp � a � b � t
Cr ¼

X
Cmð Þn where n ¼ 1; . . .; N

where [8] is as follows:

• Cm (modal criticality number): It is calculated for each failure mode of each
logistic support item.

• Cr (item criticality number): It is calculated for each logistic support item.
• kp (failure rate): It is usually obtained from failure rate predictions [9, 10].
• a (failure mode rate): It is usually obtained from failure mode database sources

such as [11].
• b (conditional probability): It is the analyst’s best judgment that the failure will

occur, based on the item severity classification.
• t (mission phase duration): In military or aerospace sectors, it is an average data

of the usual system functioning.

The product analysis allows identifying preventive tasks to be performed. As
commented above for the FMECA and RCM, the results can be extrapolated to the
case of technical assistance in the development of a warranty program. Future
research in this field can focus on the combination of RCM and FMECA with
customer relationship management (CRM), which is also considered as one of the
stages in the proposed framework for warranty management. This integration of
RCM and FMECA solutions with an enterprise resource planning (ERP) is gen-
erally known as reliability-centered maintenance and optimization (RCMO),
which can improve not only the definition of new strategies for customer service,
but also the continuous improvement in the efficiency of warranty management,
and (consequently) customer satisfaction. After determining the tasks to be applied
during the warranty period (and its possible extensions or combinations with
maintenance contracts), it is time to define the frequency of these tasks. In general
terms, the evaluation of these intervals depends on the experience and product
engineering, as well as the forecast of possible claims by the customer depending
on product reliability. However, in order to calculate, this frequency is applied
usually (although not exclusively) the following formulation:

TF ¼ 1=MTBFtec þ 1=MTBMin þ 1=MTBMndð Þ � AOR

where
TF Task Frequency
MTBFtec Mean Time Between Failure Technical
MTBMin Mean Time Between Maintenance Induced
MTBMnd Mean Time Between Maintenance No Defect
AOR Annual Operating Requirements
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In order to obtain an in-depth knowledge on this formula, we suggest consulting
the Ref. [1], which defines the parameters for calculating the frequency. However,
simplifying:

– Mean time between technical failure (MTBFtec): Indicator of system reliability
that is calculated from known failure rates of various system components and
documented by technical characteristics. Technical parameters reflect the
technical reliability that the system/equipment must demonstrate. In determin-
ing these parameter values, all failures and resultant actions to restore the item
will be considered.

– Mean time between maintenance induced (MTBMin): One of the categories of
maintenance events contributing to the mean time between maintenance actions
(MTBMA) value. Induced malfunctions are those induced in the system/
equipment under analysis from external sources (i.e., other equipment, per-
sonnel, etc.).

– Mean time between maintenance no defect (MTBMnd): One of the categories of
maintenance events contributing to the MTBMA. These events consist of
removals, replacements, and reinstallations of equipment due to erroneous
failure indication. The MTBMnd shall be developed using historical data and
field feedback information from similar items to establish the number of
maintenance events that are the result of erroneous failure indication. An
alternative procedure approved by the requiring authority may be used in lieu of
the above procedure.

Once obtained the frequency for a specific task, it is possible to determine the
required spare parts. For that purpose, it is necessary to know previously the
following parameters:

• Task frequency (TF) per year and product unit
• Spares quantity per task (QT)

With these data, it is possible to obtain the spare parts frequency per year and
product unit:

K ¼
X

TF� QTð Þ

Summarizing, this entire section tries to transmit that in order to attend war-
ranties with a minimum of waste, expenses or unnecessary effort, it is required to
design an appropriate plan for the warranty program. The plan for a specific
product will need to identify its functions, how these functions may fail, and then,
a set of efficient tasks based on safety considerations of the concerned product and
on the assistance economy. As discussed in Chap. 5, an initial maintenance plan
applied to the warranty period can be a good first approach for capacity planning
under warranty, spare parts provisioning, scheduling of tasks for assistance, the
training level of technicians, etc. The program planning and improvement applied
to after-sales management can, of course, enhance the efficiency of warranty
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program policies. This improvement will depend on the time horizon of the
analysis. Other references in this field are [12–14].

8.2 Costs-Risks–Benefits Analysis in the After-sales
Management

Once described the main lines of the logistic support from the point of view of
warranty tasks (logistics support components, their repair levels…), another
important aspect to consider in this stage (the efficiency of after-sales service) is to
analyze the costs, risks, and benefits applied to the development of a program of
warranty assistance. In order to achieve this, firstly, it is necessary to remark that
the warranty support service itself does not generate any profit, in the usual sense
of profit definition. In general terms, the ‘‘benefit’’, as stated here, refers to a lower
cost. That means, a cost that is intended to decrease, so that this ‘‘benefit’’ reverses
to the warranty as a parameter related to competition and as a marketing tool,
which can increase the sale of a more robust and higher-quality product compared
with other market competitors. In terms of cost and failure modeling, a wide range
of different approaches, both analytical and empirical, have been developed in
other fields. An interesting reference in this area is [15]. Generally, in order to
carry out an after-sales policy to analyze risks, costs, and benefits, it will depend
on the available information, being also the complexity normally high in this case,
so simplifications are usually required to make easier the resolution of such
analysis, or just to reduce the computers needs. This section will try to summarize
briefly the main concepts related to costs, risks, and earned value (EV), taken these
concepts from the general theory of project management and in order to adapt it to
the customer service for a better management and control.

8.2.1 The Costs Management in the Technical Assistance

A project cost management includes those processes required to ensure that the
project is completed within the approved budget [16, 17]. Regarding warranty
tasks, it will be primarily concerned with the cost of the resources required to
fulfill the complete activities related to the after-sales service in order to provide to
the customers a proper technical assistance. It is possible to observe from different
points of view the warranty cost management (Fig. 8.2). On the one hand, the
general cost management should consider the effect on the cost of the product of
decisions taken for the whole project.

For example, limiting the number of design reviews may reduce the cost of the
project, but at the expense of an increase in service and customer’s operating costs.
A broader view of warranty cost management should be referred also to the life
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cycle cost, considering therefore acquisition, operating, and disposal costs when
evaluating with the balance scorecard the different project strategies. Conse-
quently, a creative approach applied to optimize life cycle costs will:

• Save time
• Increase profits
• Improve quality
• Expand market share
• Use resources more effectively
• Solve problems not only for the warranty assistance but for the whole business.

This approach is usually called as value engineering which is used together with
the life cycle cost analysis as techniques to reduce cost and time, improve quality
and performance, and optimize the decision-making. On the other hand, the par-
ticular cost management does not require considering all those decisions taken
during the whole product life cycle. The particular costs for warranty refer just to
those activities needed to resolve a problem during a specific period of time at the
beginning of the phase of use or product operation. Such activities will depend just
on the product quality. Frequently, estimating and analyzing the financial per-
formance of a product launched to the market does not consider warranty issues. In
this case, controllable and uncontrollable costs should be estimated and budgeted
separately to ensure that the expected benefits will be obtained from the actual
performance of the product.

Training Cost (Operator
and Maintenance
Training)

Acquisition cost
(Research, Design,
Test, Poduction)

Poor
Management

Software Cost
(Operation and
Maintenance
Software)

Supply and
Support Cost
(Spares,
Inventory)

Product Distribution
Cost (Transportation,
Traffic and Material
Handling)

Operation Cost (Personnel ,
Facilities, Utilities and Energy)

Retirement and
Disposal Cost

Test and
Support
Equipment

Fig. 8.2 Costs iceberg related to logistic support
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In order to influence in warranty costs, it will be easier at the early stages of the
project during the prelaunch stage, due to the fact that a soon definition and
identification of the expected product requirements are critical to reduce future
costs during the warranty period. The process of determining what resources
(people, equipment, materials) and what quantities of each (when needed) should
be used to perform warranty activities is dealt as part of the product logistic
support but supposes, of course, an important part to take into account when the
budget to these activities must be established. In addition to this, the process of
developing an approximation of the costs for the resources needed to perform the
warranty tasks should be preferably done prior to budget request rather than after
budgetary approval is provided, developing an assessment of the likely quantita-
tive result and how much will it cost to the organization to provide this product
service. The product pricing will be a business decision where the above-men-
tioned costs should be taken into account, together with other factors. As inputs for
the warranty cost approach can be included:

• Resource requirements
• Estimated activities duration
• Historical information
• Used structure of the organization
• Commercial available data on cost estimating, and risks (either as threats or

opportunities)…

All these factors have a significant impact on cost which the management team
should consider to budget properly the future technical assistance. The following
methods can be used to estimate the warranty costs:

Analogous estimating: It uses the actual warranty cost of a previous similar
product as the basis for estimating the cost of the current product. It is frequently
used when there is a limited amount of detailed information about the product in
the early product phases. Generally less costly than other estimating techniques,
but it is also generally less accurate. Most reliable when the previous product is
similar in fact and not just in appearance (that includes a similar market target),
and the staff to prepare such estimation have the needed expertise (because the
approach will be considered as a form of expert judgment).

Parametric modeling: It uses product characteristics (parameters) in a mathe-
matical model to predict product failures and consequently the costs of spare parts,
repair time, logistic… as well as staff training, technical documentation, tools and
equipment etc. Models can be simple or complex, but they are more reliable when
the historical information used to develop the model is accurate, and the param-
eters are quantifiable.

Bottom–up estimating: It involves the cost estimation of individual activities or
work packages related for instance to the product maintenance, adapted and
summarized to warranty tasks. Its cost and accuracy will depend on the size and
complexity of the individual activity or work package taken into consideration.
Therefore, the management team must weigh the accuracy against the cost.
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In order to simplify the use of the mentioned methods, there are many software
applications, simulation, or statistical tools widely used to assist with cost esti-
mating. Mayhew [18], and Doyle [19] are suggested references regarding cost
modeling in other fields, although there are plenty of other different methods for
cost estimating. All of them should finally express a quantitative assessment of the
likely costs of the resources required to complete the warranty activities (labor,
materials, and supplies). The estimation is expressed in currency units to facilitate
comparisons with other budgets of the whole business or with the warranty costs of
other products. For instance, it is very useful for large companies with a specific
range of products in the market (e.g., the automotive sector), to control multiple
warranties cost baselines to measure different aspects of the warranty performance
or different degrees in demands or requirements of specific customers’ profiles. In
any case, the warranty cost estimation must be refined during the course of the
warranty period, adding new details which can be available during this time,
making all this exercise more accurate. The estimation report usually includes
other supporting details, as follows:

• Description of the estimated scope of work,
• How such an estimation has been developed,
• Justification of the assumptions considered, and
• Indication of the range of possible results.

Once estimated the costs, it will be needed to be expressed in a management
plan for warranty costs, which will be an additional element in the overall product
plan.

8.2.2 Risk Management in the Technical Assistance

The warranty risk management is the systematic process of identifying, analyzing,
and responding to risk likely appearing during a program of warranty assistance.
Reference [20] deals with issues regarding risk and spare parts estimation, and Ref.
[21] addresses risk and maintenance decisions. Warranty risk is understood as an
uncertain event or condition that, if occurs, has a negative effect on the program
objective. Nevertheless, it brings the opportunity to improve the product quality.
Any risk has a cause and, if it occurs, a consequence.

Therefore, known risks are those that have been identified and analyzed and
may be possible to plan for their occurrence and mitigation. On the other hand,
unknown risks cannot be managed or their probability of occurrence cannot be
assessed.

Nevertheless, executive managers may address them by applying a general
contingency based on past experience with similar programs, in our case, related to
the after-sales service. Those known risks that are threats to the warranty program
may be accepted if they are balanced with the reward that may be gained by taking
the risk. Likewise, risks that are opportunities may be pursued to benefit the
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program’s objectives. One measure of an organization’s commitment is its dedi-
cation to gathering high-quality data on warranty and product risks and the
characteristics of these risks. Figure 8.3 illustrates the risk management process,
divided into different steps described in Table 8.3. Other references within this
scope are, for example, [22–24].

8.2.3 The Earned Value Management Applied
to the Warranty

Once described the influence of factors like cost, risk, and time in the warranty
management, we melt all these features in a technique which allows us the eco-
nomical follow-up of the after-sales service [15, 25]. An accounting system
developed for general projects’ management, applied, and well balanced to war-
ranty management is now presented. This system implies the monitoring of cost
performance to detect and understand variances from the warranty plan, ensuring
that all appropriate changes are recorded accurately in the cost baseline, in order to
prevent incorrect or inappropriate changes (out of acceptable limits) which can
affect negatively to the business goal. The inputs required for this control are, for
instance:

• Warranty cost baseline,
• Performance reports (regarding budget issues),
• Change requests, and
• Cost management plan, etc.

It may also alert the management team to warranty issues that may cause
problems in the future and should be integrated in the general budgetary control
system. Other references within this scope are, for example, [26–28]. The acro-
nyms used (internationally accepted) are in the Table 8.4 which shows their
meaning. It is important here to underline that the best warranty service is the one
that is not needed to be applied. Nevertheless, it does not systematically happen in
the real world, so the company must be prepared for any eventuality that may
occur. The following account ability system referred to warranty management is
for the case when the performances of the client and of the sold product are
foreseen (degree of complexity, type of complaints, etc.). As commented before,
the concept of ‘‘benefit’’ or ‘‘EV,’’ etc., must be understood in the case of warranty
management as a lower cost in the incurred value applied in the technical assis-
tance, keeping high levels of service quality.

Earned value management system (EVMS) or earned value analysis (EVA) is
an integrated management system that allows the progress monitoring, combining
(for our specific case) the technical assistance planning with the warranty cost. The
traditional practice of project management (Fig. 8.4) tends to compare incurred
costs (actual costs) with planned costs (planned expenditure) [29]. In this figure,

158 8 Management Efficiency



the abscissa axis refers to the percentage of the whole-program time. This program
time refers to the warranty period since a new product is launched to the market,
till the warranty expiration of the last sold unit. What is here suggested is that the
level of incurred cost is probably not the right choice to determine the progress of
the warranty program. The level of incurred cost in warranty issues is not nec-
essarily a good measure of progress of the technical assistance tasks. Therefore,
EVA applied to after-sales provides a third reference point which represents an
objective overview of the status of the warranty contract:

• The value of work completed to date and
• The earned value.

This EV is difficult to understand in warranty terms, since the warranty
application does not imply any direct income. On the contrary, it is usually con-
sidered as an expenditure center. Consequently, the philosophy here is to consider
as EV all this benefit obtained by saving resources but applying at the same time a
proper service to the customer. This proper service means fast, effective, and
without any additional eventuality to the customer which supposes a decrease in
the confidence in the company. In the case of the after-sales service, one can ask
whether:

• There is an excess in the incurred warranty cost,
• Whether the product is behaving in an unexpected (and negative) way, or
• Whether the product launch is advanced in comparison with the scheduled

product positioning in the market.

What is here suggested is that the level of incurred cost is probably not the right
choice to determine the progress of the warranty program or the reliability of the
product [30–32].

The concept is to compare the budgeted cost and planning with the actual
planning at any time of the program, integrating the program’s operational
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progress (earned value). The basis of the EVMS applied to after-sales service is the
structured decomposition of the warranty program in work packages. A value must
be assigned to each work package linked to the completion of activities such as
milestones, deliverables… related to the warranty schedule. That is in formulas as
follows:

• EV = Earned Value = [Completed % of the Warranty Schedule] 9 [Budget
for the Warranty Program]

• EV = R ([Completed % of the Work Package] 9 [Budget for the Work
Package])

There are other concepts to have in mind during the benefit analysis of a
warranty program. Such concepts are for instance the following ones, regarding, of
course, the work of the warranty program taken into consideration:

• BCWS: Budgeted Cost of the Work Scheduled
• BCWP: Budgeted Cost of the Work Performed
• ACWP: Actual Cost of the Work Performed

Table 8.4 Acronyms meaning

Acronym Meaning Acronym Significance of acronym

EVMS Earned Value Management System BCWS Budgeted Cost of Work Scheduled
EVA Earned Value Analysis BCWP Budgeted Cost of Work Performed
EV Earned Value ACWP Actual Cost of Work Performed
ITD Incurred To Date Cv Cost variance
ETD Estimate To Complete Sv Schedule variance
EAC Estimate At Completion CPI Cost Performance Index
BAC Budget At Completion SPI Schedule Performance Index

100%90%80%70%60%50%40%30%20%10%
0%

100%

Today

Budget 
scheduled

ITD

Time

Budget

50%
0%

Fig. 8.4 Traditional practice: ITD versus planned costs
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Figure 8.5 illustrates the meaning of the above-mentioned concept. As we can
see comparing these two concepts, the ACWP corresponds to the incurred to date
(ITD), and the BCWS corresponds to the budget scheduled at the beginning of the
warranty program. The BCWP which corresponds to the already-defined EV. In
order to implement all this, the warranty program must have a defined work-
breakdown structure. It does not require being an exhaustive list of tasks; however,
this is a tool which helps to organize the total work scope of the warranty program
by the subdivision in discrete work elements or tasks of the warranty program.
Consequently, by combining the following information, it is possible to calculate
the EV, making an early diagnosis of the warranty program evolution:

• Budget for packages of the warranty program incurred cost by packages
• Warranty program planning
• Degree of the operative program advance

Comparing the obtained curves (Fig. 8.6), it is possible to control the reserves
and to determine risks along the warranty program. Here, the estimate at com-
pletion (EAC) corresponds to the ITD plus the estimate To complete (ETC), and
the budget at completion (BAC) corresponds to the originally planned value of the
complete warranty program. The commented work packages in terms of warranty
are related to that technical assistance which must be given to the corresponding
amount of product units that are foreseen to be sold according to a determined
schedule. The product delivery schedule can be transformed in terms of warranty
costs which are expected to be spent for a specific amount of units in a specific
moment. In other words, if we know the units’ delivery schedule and the foreseen
average of warranty costs per unit sold, it is direct to know the expected warranty
cost for the whole program. Reader can find case studies [33] (see also Chap. 2),
describing a context very useful to illustrate and facilitate the comprehension of
these concepts related to warranty terms. Other interesting references are [34, 35].
Additional concepts related to this benefit analysis are:

100%90%80%70%60%50%40%30%20%10%
0%

100%

BCWS

ACWP

BCWP

Today

Time

Budget

Fig. 8.5 Budgeted costs versus actual costs
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• Cost variance (Cv) is the difference between the EV and the Actual Cost of the
warranty program at any specific time:

Cv ¼ BCWP� PTCA ¼ Earned�Actual

• Schedule variance (Sv) is the difference between the Actual and the planned EV
of the warranty program at any specific time:

Sv ¼ BCWP� BCWS ¼ Earned�Budget

• Cost Performance Index (CPI) is the rate about how much costs to generate each
€ of EV:

CPI ¼ BCWP=ACWP ¼ EV=ITD

• Schedule Performance Index (SPI) is the rate about how fast supposes to gen-
erate real value in comparison with the budgeted one:

SPI ¼ BCWP=BCWS ¼ EV=Quoted

The meaning of such indexes is as shown in the following chart (Table 8.5).
However, one of the main advantages of this benefit analysis is the ability to use

these indexes to foresee the future direction of the warranty program. This is due to
the fact that the calculation of the ETC is adjusted to the performance level
achieved to that date:

• ETC = (BAC - ITD)/(SPI 9 CPI)
• EAC = ITD ? ETC = ITD ? (BAC - ITD)/(SPI 9 CPI)

With these results, we can observe that:

• If the past performance is good: CPI & SPI [ 1, ETC; and EAC \ BAC
• If the scheduled activities are not been achieving: CPI & SPI \ 1, ETC: and

EAC [ BAC
• If CPI & SPI = 1, EAC = BAC

100%90%80%70%60%50%40%30%20%10%
0%

100%
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BID
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Time
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Fig. 8.6 Comparation between EAC and BAC
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Summarizing, the EV management provides integrated data about cost, oper-
ations, and planning regarding (in our case) a warranty program. It is also useful
for an early detection of deviations as well as a provision of objective information
on the status of the warranty contract. It has the ability to objectively determine the
EAC and the warranty program planning, integrating risk management, and the
improvement of cost prediction. In continuation to this chapter, it is suggested to
consult next section which deals with risk analysis aspects in the management of
customer reclamations as it was here focused and developed. Finally, the reader
may notice how the present Section offers an interpretation of the content included
in the PMBOK guide (A guide to the project management body of knowledge).
Those essential matters regarding risk and cost in the PMBOK are here applied to
those aspects related to aftersales and warranty topics [36].

8.3 Practical Case on Customer Risk

8.3.1 Application Scenario

Two important aspects about warranty management are represented in this chapter
and Chap. 10. Firstly, the risks analysis for the improvement of after-sales man-
agement and, secondly, customer relations management. As we can see, the concept
of warranty is generally attributed to a physical product sold in the market for its use
during an expected life cycle. When the user is not satisfied with the product,
discards it, uses it with dissatisfaction, or resells it in the secondhand market [37],
all of these together with the uncertainty and the difficulty is assessing the level of
customer dissatisfaction in terms of costs. This is not always the situation that can
be found in the market. There are also services that are sold as products, and which
utility (or distribution) should be guaranteed. This is the case of companies that
provide services such as the distribution of water, gas, energy, etc. For this specific
case, we will consider a water-distribution campaign, which serves customers
through a network of elements with hierarchical structure (see Fig. 8.7). These
types of distribution companies have different characteristics from the manufac-
turers due to the fact that they involve certain particular characteristics [38]:

• Geographical distribution with variable environmental conditions.
• High number and different types of elements.
• High number and different types of clients.
• Elements are interrelated among themselves.

Table 8.5 Chart about CPI and SPI meaning

[1 (favorable) \1 (unfavorable)

CPI Under the budget Over the budget
SPI Ahead of schedule Behind the schedule
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• Hierarchical structure in the element network with different levels of customer
service.

• The infrastructure experiences operational and configuration changes.
• High level of demand in the human resources and material (replacements).

On the other hand, in these types of companies, it is relatively simple to assess
customer level of satisfaction and, consequently, the level of warranty assistance
provided by technical services. This is due to the fact that the user, once it reaches
a certain level of dissatisfaction, can rescind the distribution contract and switch to
another competitor company. Nevertheless, this task must include the uncertainty
of possible incidents in the service and how it affects quality. According to
commercial restrictions, warranty and maintenance services must identify, ana-
lyze, predict, quantify, correct, or attenuate the main and possible incidences
(risks). Future studies can analyze different methods of statistics and decisions [39]
to examine possible risks. Poor quality must be measured in terms of costs, since it
is relevant for the company to relate the evolution of quality to customer satis-
faction. The preventive and evolution costs are easily quantified and predictable
according to recorded tendencies. Included in failure costs, there are some simi-
larly quantifiable, while intangible others are difficult to foresee. That is why, it is
necessary to quantify the consequences to determine important risks so that, with
the aim of getting an efficient warranty in terms of costs, some factors should be
analyzed, such as: magnitude of the incident, appropriate corrective actions, pre-
vision of necessary preventive measures, etc., and the budget that all of these
implies. The most important risks from both the business’ and customer’s points of
view are [40]:

• Customer relations: loyalty decrease due to poor and deficient customer service.
• Price and quality: bad-service disposition increases costs and contributes to

customer dissatisfaction.
• Internal personnel motivation, image and external prestige of the company.

In short, this analysis is focused on the intangible costs’ impact on the customer
when dealing with failures and their consequences on the company.

SOURCE

PRIMARY CONNECTIONS

SECONDARY CONNECTIONS

TERTIARY CONNECTIONS

CUSTOMER LINKS

Fig. 8.7 Infrastructure of a distribution company
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• Loss of production.
• Loss of image and customers.

Owing to the fact that costs are intangible, they will have to be estimated with
hypothetical and statistical criteria.

8.3.2 Initial Hypotheses and Quantification of Consequences

In order to show the effect of poor quality, we will take into account three
hypotheses:

1. The effect of poor quality on the customer will be based on previously carried
out studies regarding this issue [41], in which customer reclamations in more
than 400 big service companies in the USA, Japan, and Europe concluded that a
dissatisfied customer transmits his own bad experience to an average of 9–10
potential customers, and on the other hand, only a 17 % of dissatisfied cus-
tomers had the intention to continue with the services provided by the company
in question.

2. To assess the relation between customers and businesses, we will use the
variable ‘‘customer net present value’’ (CNPV). The CNPV variable will be the
updated benefit per client. In other words, it corresponds to the total of obtained
income from a client during its relation with the company, minus the direct
costs of sales, acquisition, and customer loyalty.

3. As a third hypothesis, there is a certain probability that a dissatisfied customer
will abandon the service. This probability will be estimated using warranty and
maintenance indicators from statistical and analytical methods (‘‘service level
of agreements (SLA)’’). These methods analyze the behavior of a group of
customers that suffer a failure at a point after a certain period of time [42].

To evaluate the impact of the service on the warranty in terms of costs, we will
use the following equation [43]:

Risks ðRÞ ¼ Rðprobability of occurrence� consequence costsÞ i ¼ 1; . . .; n

ð8:1Þ

Along all this, intangible costs of loss of production, customer and corporative
image, as well as risk assessment are described as follows:

(a) Production loss

Any failure of service or interruption in the service causes a profit loss due to
the impact in reducing the CNPV per client. That is why, in order to improve the
life cycle of the customer (i.e., his/her continuance in the service contract), the
warranty should reduce production losses that should be able to be calculated from
a point in which a failure is repaired (Tr), this will be the period of time in which
the service will be inactive. Therefore, for only one failure, the loss of benefits
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(LP) will be the percentage of time the company will have to discount to CNPV for
each client (an average value for CNPV is used in the formula). Evaluation time
should also be determined, and it will correspond to the average customer con-
tinuance in the company (Tc)

LP ¼
Xn

i¼1

Tri

Tc
� mi � CNPV ¼ n � CNPV �

Xn

i¼1

Tri

Tc
� mi ð8:2Þ

The value mi is the number of affected customers per individual failure (i = 1,
…, n). Obviously, the higher the hierarchical position of the device in the network,
the more significant benefit losses are. This is because the number of affected
clients is greater.

(b) Customer and corporate image losses

Losses in terms of corporate image are due to bad publicity from a customer’s
point of view, and it can be classified into three types of possible consequences:

• The company is losing customers.
• The company must reward customer loyalty.
• The company will have to pay more in order to attract more customers.

In other words, these consequences could be translated into a combination of
Eqs. (8.3), (8.4) and (8.5). Some parameters are needed for its deduction:

• Pa = probability of customer abandonment;
• p = expected number of people, customers and potential customers that are not

directly affected by a failure but just influenced by bad publicity;
• rp = customers in a part of the population within a geographic area in the

network;
• rpo = expected proportion of customers as a business’ goal in a part of the

population within a geographic area in the network;
• sl = ratio of customer loyalty,
• sp = ratio of customer publicity,
• sc = ratio of gaining dissatisfied or influenced customers.

Some of these parameters are difficult to quantify. The ratios sx refer to those
additional costs used with the aim of recuperating a client. Specifically, sl will be
the discount cost or indemnity to the client when the company provides a bad
service. Then, sp will be the cost of publicity by client, and sc will be the inverted
cost to attract new customers. The three costs are here used to describe three
different customer’s behaviors (see the three equations below):

1. Customers can discard the service; therefore, the company loses net value per
client and per year.

2. Customers continue with the service, but an sl to ensure customer loyalty is
required.
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3. A potential customer is influenced by bad recommendation. In order to com-
pensate for this, more publicity is needed.

Therefore, these three above-mentioned costs use estimations for the comment:

(b1) Customer loss cost (CLC):

CLC is the sum of CNPV per every lost customer, multiplied by the customer
abandonment probability. As follows:

CLC ¼ Pa � CNPV � 1þ p � rp

� �
ð8:3Þ

Equation (8.3) includes abandonment probability of a customer (affected by a
failure), and the abandonment probability of others due to a bad experience passed
on by the affected customer.

(b2) Customer loyalty cost (CLY).

In the same way, the CLY costs are calculated as the loyalty costs of influenced
customers:

CLY ¼ ð1� PaÞ � sl � 1þ p � rp

� �
ð8:4Þ

Equation (8.4) integrates the probability to keep the affected customer (in
contrast to abandonment probability) and the probability to keep others due to the
bad experience passed on by the customer. Just like in Eq. (8.3), not all influenced
people are customers, but just a part of them (rp).

(b3) Capturing new customers cost (CCC):

In this case the equation is:

CCC ¼ Pa � ðsp þ scÞ � 1þ p � ½rp þ ½rpo � rp��
� �

¼ Pa � ðsp þ scÞ � 1þ p � rpo

� �

ð8:5Þ

This equation incorporates the capturing cost of lost clients due to the failure
and the capturing cost of those clients lost due to the bad experience passed on by
the client (rp) through probability of abandonment. Moreover, (rpo - rp) corre-
sponds to the number of potential clients pending whom shall be gained as a result
of reaching the objectives.

(c) Risk assessment

The study of the probability of abandonment related to reestablishment service
time (or repair time) is a record ‘‘survival’’ analysis focused on those customers
that ‘‘survive’’ a failure. There are different techniques to solve this type of
analysis [44, 45]. In our case, provided that we know the number of clients per
network equipment, we can prioritize all those warranty tasks according to those
risks for the customer, all this, with the purpose of reducing such risks at a greater
speed. Based on the distribution of Weibull and in order to obtain an equation that
reflects customer abandonment probability, density probability function will be:
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f ðtf Þ ¼
b� tb�1

i

ab

 !

� e
�ti
a

b

ð8:6Þ

where ti represents the different times in which a customer abandons the service, a
is the scale parameter, and b is the parameter of form (or slope). For obtaining
parameters a and b, the best option is to work with the logarithm of credibility
function K (Eq. 8.7), starting from a list of different ti.

K ¼ log L t1; t2; . . .; tN ja � bf g ¼
XN

i¼1

log f ðti a � bÞj

¼
XN

i¼1

ðln b� b � ln aÞ þ ðb� 1Þ � ln tið Þ �
ti
a

� �b
� � ð8:7Þ

In order to find the maximum, partial derivatives to the credibility logarithm are
applied (Eqs. 8.8 and 8.9).

o log L

oa
¼
XN

i¼1

1
b
þ ln

ti
a

� �
� 1� ti

a

� �b
� 	� �

¼ 0 ð8:8Þ

o log L

ob
¼ �n � b

a
þ b

abþ1
�
XN

i¼1

tbi ¼ 0 ð8:9Þ

Most of the time, these calculations are very complex. Thus, it is necessary to
recur to statistical methods such as Newton–Raphson to converge rapidly. Basi-
cally, the aim is to determine the equations that are able to foresee the future
behavior of costs based on hypothesis and general parameters emerging from the
market. It is required, therefore, to link them with a probability base. The results
shown in this section, the equations that are related to 30 failures on equipment
that supports around 250 clients each are resolved. Table 8.6 presents each failure,
the number of customers that survive (S) and (F) the time in which customers is
lost.

8.3.3 Results of Application

The developed formulas in the last paragraph have been applied to a case of a
water-distributing company, similar to the case study that will be studied later in
Chap. 11. Table 8.6 shows the data according to the following restrictions:

• p = 10, the expected number of people, customers and potential customers,
influenced by bad publicity;

• rp = 0.33, relation of customers in a part of the population within a geo-
graphical area of the network;

170 8 Management Efficiency

http://dx.doi.org/10.1007/978-3-319-03710-3_11


• rpo = 0.66, expected proportion of customers, as a target of the company within
a geographical area of the network;

• sl = 25€, as the quota to retain customer fidelity,
• sp = 25€, as the quota for customer publicity,
• sc = 300€, as the quota for gaining an dissatisfied or influenced customer,
• Tc = 21,000 h, the average life span of the customer in the company,
• CNPV = 3,000€.

Table 8.6 List of lost and retained clients according to repair time

Customers Status F or
S

Final status
time

Subset
ID

Customers Status F
or S

Final Status
Time

Subset
ID

220 S 1 1 1 F 86 23
165 S 7 2 5 F 140 23
187 S 8 3 132 S 140 23
131 S 10 4 1 F 92 24
119 S 12 5 1 F 144 24
1 F 22 6 5 F 162 24
164 S 22 6 137 S 162 24
61 S 24 7 1 F 126 25
2 S 25 8 1 F 139 25
47 S 31 9 7 F 186 25
160 S 35 10 230 S 186 25
80 S 42 11 1 F 201 26
120 S 45 12 55 S 201 26
1 F 52 13 1 F 104 27
175 S 52 13 1 F 132 27
1 F 54 14 3 F 228 27
100 S 54 14 123 S 228 27
160 S 54 15 174 S 231 28
2 F 73 16 1 F 97 29
138 S 73 16 1 F 135 29
1 F 50 17 1 F 159 29
2 F 80 17 1 F 242 29
160 S 80 17 1 F 283 29
1 F 68 18 1 F 314 29
1 F 87 18 1 F 357 29
142 S 87 18 15 F 411 29
1 F 83 19 190 S 411 29
13 S 83 19 1 F 122 30
3 F 95 20 1 F 208 30
136 S 95 20 1 F 242 30
3 F 110 21 1 F 290 30
139 S 110 21 1 F 320 30
1 F 84 22 12 F 367 30
4 F 132 22 192 S 367 30
181 S 132 22
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The meaning of each column is as follows: ‘‘customers’’, the amount of these
by subset; ‘‘status F or S’’, F refers to customers lost or that have left, and S refers
to customers who remain or survive after a failure; ‘‘Final status time’’ is the
period after which customers decide to abandon or remain with the service; ‘‘ID of
the subset’’ corresponds to the identification of the faulty device.

Based on this chart and using specific software, the Weibull parameters can be
obtained b = 2.24 and a = 945.8907389. If we analyze a concrete failure, for
instance, the case of equipment 22, it can be observed that:

• One customer abandons the services after 84 units of stand-by time (repair
service time),

• four customers abandon the services after 12 units of stand-by time,
• 181 customers continue with the service after 132 units of stand-by time.

Using the obtained values in Eq. (8.6), the reliability in function of the repair
time or abandon probability results in = (1 - 0.985) = 0.0151 where according
to Table 8.6, the average repair time is tr = 146.25 h. Along with this and
applying the indicated restrictions at the beginning of this section, Eqs. (8.2)–(8.5)
result as follows:

LPper client ¼ CNPV � Tr

Tc

¼ 3:000 � 146:25
21:000

¼ 20:90 C==client ð8:2aÞ

CLC ¼ Pa � CNPV � 1þ p � rp

� �
¼ 0:0151 � 3:000 C= � 1þ 10 � 0:33ð Þ

¼ 149:49 C==client ð8:3aÞ

CLY ¼ ð1� PaÞ � sl � 1þ p � rp

� �
¼ ð1� 0:0151Þ � 25 C= � 1þ 10 � 0:33ð Þ

¼ 106:62 C==client ð8:4aÞ

CCC ¼ Pa � ðsp þ scÞ � 1þ p � rpo

� �
¼ 0:0151 � ð25þ 300Þ � 1þ 10 � 0:66ð Þ

¼ 37:30 C==client

ð8:5aÞ

As a result, intangible costs per customer and failure are estimated at 314.31€
(20.90 ? 149.49 ? 106.62 ? 37.30). Therefore, the warranty activities can be
prioritized multiplying that amount by the number of clients related to the
equipment in question (bomb, hydraulic substation, etc.). These results are also
useful if the after-sales service cost is compared to the prevention and evaluation
budget. In short, it has been here developed a simple method to estimate intangible
costs of a distribution company, depending on the service level, that is, the repair
time of a failure and per client. This practical case is also based on the doctoral
thesis [46].
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Chapter 9
On the Assessment and Control

The reliability and availability of a system depends, first of all, on its design and its
installation quality. Also, the reliability and availability conservation will depend
on the maintenance to be performed. A good maintenance plan has to be able to
analyze all possible failures and has to be designed to avoid them. This means it is
necessary to elaborate a detailed failure analysis of all those components that make
up the system. Due to the complexity of such a task, it is important to take into
account all those indications given by the own manufacturer for the main equip-
ment, performing a reliability analysis for the rest of components. In general terms,
if maintenance would be only corrective (attending problems just when they arise),
it could be a profitable short-term policy, but not longer. Achieving a good pre-
ventive maintenance however, the system life cycle can be increased and, con-
sequently, its profitability in the middle and long term. It is also important to keep
in mind that the application of preventive maintenance does not present an
immediate consequence, but the effect of taken actions appears after a certain time.
In addition to this, these plans should apply the principle of continuous
improvement, being updated as a better and deeper knowledge of the system is
available. In this chapter, a mathematical formulation to perform a reliability
analysis in the design stage of the product (reliability, availability, maintainability
and safety, RAMS analysis) is developed and will be focused on customer service
planning, as well as the analysis of the new product, once data are gathered related
to its behavior when it is launched into the market (LCC analysis). That is, the
intention here is to develop two methodologies that allow us to analyze ‘‘a priori’’
the behavior of a future product, and the others would allow us an ‘‘a posteriori’’
analysis of the product’s behavior once it is launched into the market and more real
data are available (LCC analysis).

9.1 General Characteristics of a RAMS Analysis

Next we are going to get the RAMS variables for two subsystems arranged in
series or in parallel and for the case of a system formed by ‘‘n’’ identical

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
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subsystems in parallel where the system is deemed to fail if ‘‘m’’ subsystems or
more fails (case ‘‘m-out-of-n’’). For these cases, it will be deduced those system
features mentioned in the introduction: ‘‘ratio of system failure,’’ ‘‘mean time
between failure,’’ ‘‘availability and unavailability of the system,’’ and ‘‘mean
downtime.’’ However, it should be noted also that sometimes conventional for-
mulas are not used in cases of hybrid configurations, applying for these cases other
methods such as a probabilistic formulation.

9.1.1 Subsystems in Series Connection

This section describes a system conformed by two nonidentical subsystems
arranged in series (Fig. 9.1).

• Failure Rate
Considering only one subsystem, the failure rate will be k1. The probability of
failure in dt is k1dt. When there are two subsystems in series, the probability of
failure in dt is then (k1dt ? k2dt). The system failure rate is therefore (k1 ? k2):

kseries ¼ k1 þ k2

The reliability function (assuming an exponential distribution) will be:

RðtÞ ¼ exp �ðk1 þ k2Þt½ �

• Mean Time Between Failures
Considering an exponential function for reliability, it follows that:

MTBFseries ¼ 1= k1 þ k2ð Þ ¼ MTBF1 �MTBF2

MTBF1 þMTBF2

• Availability and Unavailability
In order to make the system available, each subsystem must be available.
Therefore,

Aseries ¼ A1 � A2

On the contrary, the unavailability will be:

UAseries ¼ 1� Aseries ¼ 1� ð1� UA1Þ � ð1� UA2Þ ¼ UA1 þ UA2 � UA1 � UA2

• Mean Downtime
In case of two repairable subsystems, one with MDT1 and the other with MDT2,
what would the mean downtime be for the two subsystems in series? At any
moment, the system will be in one of the following four states:
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– Both subsystems work properly.
– Subsystem #1 does not work, but #2 does.
– Subsystem #2 does not work, but #1 does.
– None of the two subsystems work.

The last three cases are responsible that the entire system would not be oper-
able. Considering an inactive system, the probability of being inactive due to a
failure in subsystem #1 is as follows:

k1= k1 þ k2ð Þ

Since subsystem #1 needs a MDT1 to be repaired, the repair time associated
with this subsystem is then:

k1= k1 þ k2ð Þ �MDT1

A similar expression is applied to the case of subsystem #2. Synthesizing both
for the complete system, it is obtained as follows:

MDTseries ¼
MTBF1 �MDT2 þMTBF2 �MDT1

MTBF1 þMTBF2

9.1.2 Subsystems in Parallel Connection

This section describes a system of two nonidentical subsystems arranged in par-
allel (Fig. 9.2).

Here, the two subsystems are repairable, with downtime MDT1 and MDT2.

• Failure Rate
If the system was only established by the subsystem #1, the ratio of complete
system failure would be k1 and the probability of failure in dt would be
k1dt. Adding the subsystem #2 in parallel, the likelihood of system failure in
dt will be k1dt reduced by the probability that the subsystem #2 is in failure
mode. The probability of finding the subsystem #2 in failure mode is given by:

MDT2

MTBF2 þMDT2

Assuming that MDT2 � MTBF2, and using MTBF2 ¼ 1=k2, the reduced failure
rate for subsystem #1 is given by: k1 � k2 �MDT2. In the same way, De igual modo,
the reduced failure rate for subsystem #2 is given by:

1 21 2
Fig. 9.1 Subsystems in
series connection

9.1 General Characteristics of a RAMS Analysis 177



k1 � k2 �MDT1

Therefore,
kparallel ¼ k1 � k2 � MDT1 þMDT2ð Þ

• Mean Time Between Failures
Considering the approach that the inverse of the failure ratio is MTBF (certain
for an exponential distribution), we obtain:

MTBFparallel ¼ 1=kparallel ¼
MTBF1 �MTBF2

MDT1 þMDT2

Note that if the two subsystems are not repairable, then the MTBF for the case in
parallel is the sum of the individual MTBFs.
• Availability and Unavailability

For the system becomes available, any of the subsystems should be available.
Therefore,

Aparallel ¼ A1 þ A2 � A3 � A4

On the contrary, the unavailability will be:
UAparallel ¼ 1� Aparallel ¼ 1� A1 þ A2 � A1 � A2ð Þ ¼ 1� A1ð Þ � 1� A2ð Þ

¼ UA1 � UA2

ð9:1Þ

• Mean Downtime
By the definition of:

Unavailability ¼ MDT
MTBFþMDT

� MDT
MTBF

The MDT may be obtained for the case in parallel, using expression (9.1) above.

1

2

1

2

Fig. 9.2 Subsystems in
parallel connection
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UAparallel ¼
MDTparallel

MTBFparallel

¼ MDTparallel

MTBF1�MTBF2

MDT1þMDT2

;

UA1 � UA2 ¼
MDT1

MTBF1
� MDT2

MTBF2

Consequently,

MDTparallel ¼
MDT1 �MDT2

MDT1 þMDT2

9.1.3 Case of n Identical Subsystems in Parallel

Considering a system with n identical subsystems, where the entire system fails if
m or more subsystems fail (Fig. 9.3). In that case, the formulas for failure rate,
MTBF, availability, and downtime for the entire system will be as given below
indicated.

• Failure Rate
If the system consists only of subsystem #1, then the failure rate is k, and the
probability of failure in dt is kdt. In order to have a system failure, we need other
(m - 1) subsystems in failure mode. The option that any of the subsystems
would be in failure mode is given by MDT/(MTBF ? MDT), or (MDT/MTBF)
assuming that MDT � MTBF. In order to find (m - 1) subsystems in failure
mode, the probability will be:

MDT=MTBFð Þm�1

There will be n�1Cm�1 ways for the group (m - 1) out of the (n - 1) subsystems.
In addition to this, any subsystem can be selected to be analyzed as subsystem #1.
Considering all together we obtain:

km�out�of�n ¼ k � MDT
MTBF

� �m�1

n�1Cm�1 � n ¼
n!

ðn� mÞ!ðm� 1Þ! k
m �MDTm�1

ð9:2Þ

This is the failure rate for exactly m failed subsystems. The failure rate for a
number of subsystems higher than m will be reduced by a factor of ðk �MDTÞ. For
a consistent checking, let us consider n = m = 2. This corresponds to two
identical subsystems in parallel. When m = 2 subsystems fails, the entire system
fails. The expression (9.2) for this case is as follows: ksystem ¼ k2 � ð2 �MDTÞ,
which agrees with the formula of the previous section for two parallel-connected
subsystems.
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• Mean Time Between Failures
Considering the approach that the inverse of the failure rate is the MBTF
(indeed, as mentioned above, certain for an exponential distribution), we obtain:

MTBFm�out�of�n ¼ 1=km�out�of�n ¼
MTBFm

n!
ðn�mÞ!�ðm�1Þ! �MDTm�1

• Availability and Unavailability
In order for the system to be available, at least (n – m ? 1) subsystems must be
available. Therefore,

Am�out�of�n ¼
Xn

i�n�mþ1

n!

ðn� iÞ! � i! Ai 1� Að Þn�i

Using the next equation:

1 ¼ Aþ ð1� AÞ½ �n¼
Xn

i¼0

n!

ðn� iÞ! � i! Ai 1� Að Þn�i

availability can be rewritten as follows:

Am�out�of�n ¼ 1�
Xn�m

i¼0

n!

ðn� iÞ! � i! Ai 1� Að Þn�i � 1� n!

m! � ðn� mÞ! 1� Að Þm

And the unavailability will be given by (again, for MDT � MTBF):

1

2

m

n

.

.

.

.

.

.

1

2

m

n

.

.

.

.

.

.

Fig. 9.3 Parallel connection
of n identical subsystems
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UAm�out�of�n ¼
n!

m! � ðn� mÞ! UAm

• Mean Downtime
By the definition of:

UAm�out�of�n ¼
MDTm�out�of�n

MTBFm�out�of�n

MDT is obtained for the case ‘‘m-out-of-n,’’ by the application of previous sections
for UAm-out-of-n and MTBFm-out-of-n. Therefore,

MDTm�out�of�n ¼
MDT

m

9.1.4 Summary of Formulas and Results

Once obtained the expressions that link the RAMS variables with the units that
make up the industrial assets in terms from the components themselves
(Table 9.1), the next step will be to provide a quantitative assessment of these
parameters. From the quantitative assessment one can observe that subunit or
component which can be critical in the functioning of the entire system.

The obtained results can be useful to establish a reliability ranking for the
components, under certain assumptions and boundary conditions. It allows to the
possibility of drawing up a preliminary list of recommended spares, useful for
the warranty assistance. In reference to this, it should be underlined that the initial
data will be approaches and should not be taken as precise values. That is because
the intention of this analysis is first at all to provide a starting point for dealing
with the possible behavior of the elements that make up the industrial asset. Thus,
once the design process will be deeper and the company has experience and a more
precise and detailed knowledge of the systems, the values considered in this
analysis may be refined and adjusted to reality, giving conclusions more suc-
cessfully. Interesting references in this field are [1–3]. Once analyzed the product
reliability in its design stage, next step will be to perform a similar analysis, but
once the product is on the user’s hands and historical data on its behavior are
available. This analysis will assess whether the initial assertions were correct, and
will allow more realistic decisions for future batches of products offered for sale.
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9.2 Influence of Warranty on the Life Cycle Cost
of a Product

Throughout the last years, specialists in areas of engineering and management of
operations have improved the costs quantification processes, including the use of
techniques to quantify reliability and failure impact on total costs of an industrial
asset throughout its life cycle [4]. These improvements have permitted a decrease
of uncertainty in the decision-making process in areas of vital importance such as
design, development, after-sales, maintenance, replacement, and production asset
acquisition. During this process, many of the decisions and actions should be
adopted throughout the industrial asset’s period of use. The challenge now is to
apply these improvements in a product that is launched in the market. Necessities
of support and maintenance depend generally on decisions taken at a design and
manufacturing phase [5]. The most part of these actions have a high impact on the
asset’s life cycle, being of special interest, those decisions related to the
improvement process of factors that affect reliability (quality design, technology
used, technical complexity, failures frequency, preventive/corrective maintenance,
levels of maintainability and accessibility …), considering that all these aspects
have a great influence in the total costs of the asset’s life and influence to a large
extent the possible expectations to extend the product in question’s useful life at
reasonable costs (refer to, for example [6–10]).

9.2.1 Background to Techniques of Life Cycle Costs Analysis

In this section, we will focus on the life cycle costs analysis (LCCA), which is
integrated in the third stage (evaluation and control) of the proposed reference
framework. It is relevant to highlight that there are diverse methodologies brought

Table 9.1 Summary chart of formulas

Two subsystems in series Two subsystems in parallel

System failure
rate

kseries = k1 ? k2 kparallel ¼ k1 � k2

� ðMDT1 þMDT2Þ
System MTBF MTBFseries ¼ MTBF1 �MTBF2

MTBF1þMTBF2
MTBFparallel ¼ MTBF1 �MTBF2

MDT1þMDT2

System
availability
(A)

Aseries ¼ A1 � A2 Aparallel ¼ A1 þ A2 � A1 � A2

System
unavailability
(UA)

UAseries ¼ UA1 þ UA2 � UA1 � UA2 UAparallel ¼ UA1 � UA2

System mean
downtime
(MDT)

MDTseries ¼ MTBF1 �MDT2þMTBF2 �MDT1

MTBF1þMTBF2
MDTparallel ¼ MDT1 �MDT2

MDT1þMDT2
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up in the LCCA field, and that relate, for instance, to the environmental impact or
to the total costs of production assets, etc. [11].

Even though these methodologies have their particular characteristics, they tend
to propose a reliability analysis based on a constant failures rate. Previous records
of the LCCA can be consulted in [12]. However, some of the most important
contributions throughout these last 20 years are presented in chronological order
as follows:

• 1991 (Woodhouse). Presents the LCCA as a systematic process of technical–
economical evaluation, taking into account economical and reliability aspects
[13]. Presenta el LCCA como un proceso sistemático de evaluación técnico-
económica, teniendo en cuenta los aspectos económicos y la fiabilidad [13].

• 1993 (Fabrycky y Blanchard). LCCA model that includes a structured process to
estimate Reliability costs [14].

• 1996 (Kirt y Dellisolla). Present the LCCA as an economical estimation tech-
nique bound to evaluate in a quantitative form all costs associated to the
expected economical useful life span [12].

• 1997 (Woodward). Research line that includes all basic aspects of reliability
analysis and its impacts on life cycle costs [10].

• 2000 (Willians y Scott). Model based on the distribution of Weibull to estimate
frequency of failure and its reliability costs impacts [15].

• 2001 (Riddell y Jennings). Commercial software development on LCCA and
denominated APT Life span [16].

• 2002 (Durairaj y Ong). The quick application of costs analysis techniques
enables us to evaluate beforehand potential design problems and quantify
potential impact in terms of costs throughout the industrial asset’s life span [11].

• 2003 (Parra y Omaña). The consultants firm Woodhouse Partnership and the
Venezuelan Technological Institute of Petrol [Instituto Tecnológico Venezolano
del Petróleo (INTEVEP)], test an evaluation model of the total costs in the life
span of 56 systems of gas compression [17].

9.2.2 Basic Aspects of LCCA

The life span cost of a physical asset is defined through the identification of its
applicable functions at each phase of the product’s life, the estimation of the costs
of these functions and the application of acquired costs during its life span
extension. Therefore, this valuation must include all those costs related to
designing, manufacturing, and production [18–20]. Part of these costs, in the case
of a launched product into the market, has to be assumed by the own buyer. In any
case, involved costs in the life cycle of the product are here considered, without
specifying who (manufacturer or user), has to cope with such expenses. From a
financial point of view, costs generated throughout the life span of an asset can be
classified in two types (Fig. 9.4):
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• CAPEX: Capital expenses (design, development, acquisition, installation, per-
sonnel training, manuals, documentation, tools, and facilities for repairs, spare
parts, product withdrawal, etc.).

• OPEX: Operational expenses (labor, operations, planned maintenance, stock,
hiring, corrective maintenance, penalization for failures, or low reliability
events).

As it has been previously mentioned, after-sales services are normally offered at
the same time that production lines are still open. That is the reason why, product
engineering and manufacturing can be improved with feeding data coming from a
warranty program, reducing consequently, the general expenses of the life span of
the product. With an adequate reliability and availability evaluation, it is possible
to prove during the early stages of the product, how the expressed requirements in
the initial technical specifications are incompatible or even impossible to reach for
determined product configurations [21, 22]. If the product is already launched, this
analysis can help to speed up the necessary measures to correct and/or to improve
the product, foreseeing also probable claims from the users due to the product
unreliability. As referred above, the typical life cycle cost analysis includes costs
for planning, research and development, production, commissioning, warranty,
operation & maintenance, and disposal [23]. From the consumer’s point of view,
the asset’s life cycle cost, also known as the total cost of ownership, will include
the acquisition costs (purchase price), operation & maintenance cost, and disposal
cost (including residual value).

In general, the lower the budget for product engineering the higher risk of the
warranty programs . In these cases, warranty claims for important or costly failures
need prompt and strong analysis to identify, not only further tasks to proceed with
the repair, but also preventive actions which can avoid or at least decrease, future
claims due to similar reasons. An overall review of all the warranty complaints can
be helpful to show, for example, repetitive failures and trends related to vendor/
buyer problems, quality issues, manufacturing conditions, product design, etc.

Fig. 9.4 Costs generated throughout the life span of the product
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9.2.3 Development of the Stochastic Model

To evaluate the warranty service, and particularly to estimate the appropriate
warranty period, it is necessary to apply convenient measures that must be defined
during the strategical phase of the warranty program. These measures in general
must make possible the comparison mainly of reliability data and the inclusion of
the life span valued cost. Following warranty assistance or on a periodical basis
review of product behavior, it is then possible to evaluate and improve the war-
ranty program. The company therefore must establish and apply a standard and
repeatable method to gather and analyze data also to interpret results that can be
based on business factors rather than industrial ones. The results must be used to
support and justify those improvements to be applied. There are different sto-
chastic models that can be considered useful for failures frequency analyses in
systems and repairable unit. This chapter is intended also to compare two different
stochastic methods, the non-homogeneous Poisson process (NHPP) and the gen-
eralized renewal process (GRP). The first one is usually applied to simple repair
cases, and the second one is usually implemented when repairs are complex. In
particular, the NHPP is a model also called ‘‘minimal repair’’ and assumes that the
unit goes back to an ‘‘as bad as old’’ (ABAO) condition after repair. Hence, after
the element’s repair, there is the assumption that is operative but as old as it was
before the failure. These motives, together with its simplicity, are the main reasons
for which it has been decided to apply this methodology in repair warranty cases
(which obviously, must be minor, with the equipment left in a condition ‘‘as bad as
old’’). The NHPP differs from homogeneous Poisson process (HPP) in the fact that
the occurrence failure rate varies with time instead of being constant [24]. In this
process, times between failures are not independent nor identically distributed. The
NHPP is a stochastic process in which the probability of failure occurrence at any
interval [t1, t2] has a Poisson distribution and its mean can be calculated as follows:

mean ¼
Zt2

t1

kðtÞdt ð9:3Þ

where k(t) is the rate of occurrence of failure (ROCOF) and it is defined as the
inverse of waiting time between failures, 1/E[xi] (refer to for example [24, 25]). In
other words, the NHPP is a stochastic process in which the ROCOFs n at any
interval [t1, t2] has a Poisson distribution with the mean:

k ¼
Zt2

t1

kðtÞdt ð9:4Þ
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where k(t) is the ROCOFs. Therefore, according to the Poisson process,

Pr Nðt2Þ � Nðt1Þ ¼ n½ � ¼

R t2
t1

kðtÞdt
h in

exp �
R t2

t1
kðtÞdt

h i

n!
ð9:5Þ

where n = 0, 1, 2,… corresponds to the expected total number of failures at time
intervals [t1, t2]. The expected total number of failures is obtained from the
function of accumulated intensity:

KðtÞ ¼
Z t

0

kðtÞdt ð9:6Þ

One of the most common forms of ROCOF used in reliability analysis of
repairable systems is the Potence Model Law [24, 25]:

kðtÞ ¼ b
a

t

a

� �b�1
ð9:7Þ

This form comes from the assumption that all intermediate times between
successive failures follow a Weibull conditional function of density with param-
eters a and b. The Weibull distribution tends to be used in the area of maintenance
due to its flexibility and applicability to diverse failure processes; however,
solutions coming from gamma and logarithmic are also possible.

This model involves that failure ith is conditioned by the operative time until
the failure (i - 1)th.

Figure 9.5 shows the referred condition [26]. This condition also is brought
about from the fact that the system kept the ‘‘as bad as old’’ condition after repair
(i - 1)th. Therefore, the repair process does not extend life to the component or
system. With the aim of developing this methodology, the notation will be as
follows (see Fig. 9.6):

• Subindex meaning:

– i: failure event and ‘‘as bad as old’’ repair (from 1 to n)
– n: last known failure event
– s: next event after the last known failure (n)

• Times meanings:

– ti: duration of time, interval between failures
– Ti: accumulated duration of intervals

According to the mentioned notation in order to get maximum probability
estimators (ML) in the parameters of the potency law, the following conditional
probability definition is considered:
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P T � Ts T [ tnjð Þ ¼ FðTsÞ � FðTnÞ
RðTnÞ ¼ 1� RðTsÞ � 1þ RðTnÞ

RðTnÞ ¼ 1� RðTsÞ
RðTnÞ
ð9:8Þ

where F(�) and R(�) are the failure probability of components and the reliability on
the respective times, respectively. Assuming a Weibull distribution from Eq. (9.8)
can be obtained:

F Tið Þ ¼ 1� exp
Ti�1

a

� �b

� Ti

a

� �b
" #

ð9:9Þ

where in case that the failure event is i = s, then i - 1 = n. Therefore, the
Weibull conditional function of density is as follows:

F Tið Þ ¼
b
a

Ti

a

� �b�1

: exp
Ti�1

a

� �b

� Ti

a

� �b
" #

ð9:10Þ

For the case of NHPP, there can be obtained different function of probability.
We will use the expression based on the estimation of a time T after the occurrence
of the last failure and before the next one. These expressions can be seen in detail
in [27]. In the case of repairable components already finished, the maximum
probability function L can be expressed as follows:

L ¼
Yn

i¼1

f Tið Þ ¼ f T1ð Þ
Yn

i¼2

f Tið ÞR Tn Tjð Þ ð9:11Þ

P(t1 < Time t)

Fig. 9.5 Conditional probability of failure occurrence

t1 t2 t3 ,,, ti ,,, tn-1 tn ts

T1 T2 T3 Tn-1 Tn Ts

0 T

Ti

Fig. 9.6 Timeline of failure events
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Therefore,

L ¼ b
a

T1

a

� �b�1

exp � T1

a

� �b
" #( )

� b
a

� �n�1Yn

i¼2

T1

a

� �b�1

exp
Xn

i¼2

Ti�1

a

� �b

� Ti

a

� �b
" # !( )

� exp
Tn

a

� �b

� T

a

� �b
" #( )

ð9:12Þ

Once again, the parameters estimators ML are calculated according to [24, 25].
The results are the following:

ân ¼
Tn

n
1
b̂n

ð9:13Þ

b̂
n
¼ n
Pn

i¼1 ln Tn
Ti

� � ð9:14Þ

where Ti is the moment when the ith failure occurred. Tn is the total time in which
the last failure took place, and n is the total number of failures. The expected total
number of failures at times intervals [Tn, Ts], that is to say, the interval tS, mul-
tiplied by the Weibull accumulated intensity function will be [27, 28] as follows:

K Tn; Tsð Þ ¼ 1
ab

Tsð Þb� Tnð Þb
h i

ð9:15Þ

where T is the time after the last produced failure and Tn is the total accumulated
time:

Tn ¼
Xn

i¼1

ti ð9:16Þ

Time till next failure (TNF) from the NHPP [28], taking into account the
Weibull parameters and the total accumulated time, will be given by the next
expression:

TNF ¼ 1
a
þ Tnð Þb

� �ð1=bÞ
( )

� Tn ð9:17Þ

Assuming a Weibull distribution of NHPP, the reliability function will be
according to the next expression [28]:

R Tsð Þ ¼ exp �a� Tsð Þb� Tnð Þb
h in o

ð9:18Þ
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Therefore, the failure probability of the system will be as follows:

F Tsð Þ ¼ 1� R Tsð Þ ð9:19Þ

9.2.4 Proposed NHPP Model for Warranty Assessment

Now and as in the previous section, the steps to estimate the minimum time for the
warranty period (tMTW) in accordance with NHPP are described. As an starting
point, data will be necessary. It will be necessary to know the intervals of time ti
(i = 1,…, n), when the failure events and repair took place. With these data
available, the following steps will be required:

1. Calculation of parameters:

Taking into account Tn as the total accumulated time:

Tn ¼
Xn

i¼1

ti ð9:16Þ

Parameters a and b of the Weibull distribution in the case of the nth event will
be then as follows:

ân ¼
Tn

n
1
b̂n

ð9:13Þ

b̂
n
¼ n
Pn

i¼1 ln Tn
Ti

� � ð9:14Þ

where Ti is the moment in which failure ith occurs, Tn is the total time in which the
last failure event occurs, and n is the total number of failures, and deriving by the
maximum likelihood approach (maximum likelihood estimation, MLE):

LK ¼ L a; b; dataf g ¼ 1
ab

� �n

� bn �
Yn

i¼1

exp � tbn
ab

� �

� tb�1
i ð9:20Þ

2. Calculation of the TNF:

Time till next failure, taking into account the parameters of Weibull and the
accumulated total time, will be given by the following expression:

TNF ¼ 1
a
þ Tnð Þb

� �ð1=bÞ
( )

� Tn ð9:17Þ
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3. Calculation of the minimum time for warranty (tMTW):

With all the previous calculations, it is possible to obtain now the minimum
time for warranty period after the nth repair (Fig. 9.7) with the following
expression (taking into account the 20 % of TNF as minimum warranty time):

tMTWn ¼ TNFn � 20 % ð9:21Þ

4. Calculation of the expected number of failures by tMTW:

The expected total number of failures in the time interval [Tn, Tn ? tMTWn]
according to the Weibull accumulated intensity function is [27] as follows:

K Tn; Tn þ tMTWnð Þ ¼ 1
ab

Tn þ tMTWnð Þb� Tnð Þb
h i

ð9:22Þ

where as it has been mentioned before, tMTW is the minimum warranty time after
carrying out the last repair, being (Tn ? tMTWn) equal to (TMTWn).

5. Calculation of reliability of a system for the recommended warranty period
(Tn ? tMTWn):

Assuming Weibull distribution, the reliability function will be according to the
next expression:

R TMTWnð Þ ¼ exp �a� TMTWnð Þb� Tnð Þb
h in o

ð9:23Þ

6. Calculation of failure probability in the recommended warranty period
(Tn ? tMTWn):

The probability of failure in the system will be consequently the following:

F TMTWnð Þ ¼ 1� R TMTWnð Þ ð9:24Þ

As we can see in the described process, a balance of risks has been applied for
the estimation of the recommended warranty period, and not an objective function.
Basically, the percentage considered as minimum for reliability of the warranty
period is a parameter to be estimated during the budget estimation process,

tn ts

Tn Ts

tMTW n
Fig. 9.7 Timeline of failure
events (detail)
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together with the probability to determine its relation to those costs. It is important
to highlight here that NHPP is an effective tool for minor repair cases as the ones
in warranty reclamations. Nevertheless, extending this point to maintenance
contracts in which the after-sales service of a company must deal with greater
repairs (for example overhauls), where the application of a GRP methodology is
useful for these types of cases [29], when repairs are complex.

9.2.5 Proposed GRP Model for the Warranty Assessment

Now, through the GRP model, the flexibility is increased in order to report on the
five possible system states after a repair, although the complexity is increased too
at the same time:

• As good as new
• As bad as old
• Better than old, but worse than new
• Better than new
• Worse than old

The NHPP model accounts for the second state, while the rest repair states have
not been involved. Generalized renewal process (GRP) copes with all the five
possible states, modeling the failure behavior of a specific system and under-
standing the effects of the repairs on the system’s age [26], introducing the concept
of virtual age (Vn) and furthermore an indicator of repair quality (q). Vn represents
the calculated age of the element immediately after the nth repair occurs.

(a) Calculation of parameters:

Vn ¼ q �
Xn

i¼1

qn�i � xi ¼ q � Vn�1 þ xnð Þ ð9:25Þ

The summation (with V0 = 0 for t0 = 0) assumes that the nth repair com-
pensates for the damage accumulated during the time between the (n - 1)th and
the nth failure, but also damage produced in previous intervals.

The indicator of repair quality (q) represents the state ‘‘as good as new’’ when
q = 0, while the assumption of q = 1 corresponds to a NHPP ‘‘as bad as old.’’ The
values of q that fall in the interval 0 \ q \ 1 represent the after repair states in
which the condition of the element is ‘‘better than old but worse than new,’’
whereas the cases where q [ 1 correspond to a condition ‘‘worse than old.’’
Similarly, cases with q \ 0 would suggest a component or system restored to a
state ‘‘better than new.’’ Therefore, physically speaking, q can be seen as an index
for representing the effectiveness and quality of repairs.
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(b) Calculation of failure probability and system reliability:

For Vn-1 = y, the system has a time to the nth failure, xn, which is distributed
according to the following cumulative distribution function (cdf):

F a; b; q; xn; vn�1ð Þ ¼ Fðxn þ vn�1Þ � Fðvn�1Þ
1� Fðvn�1Þ

¼ 1� e
�

ðxnþvn�1Þb�v
b
n�1

ab

h i ð9:26Þ

where R(t) = 1 - F(t) is the reliability function.
There are different formalizations of the GRP process to model equipment

evolution over time. In this case, we will try to simplify the implementation of the
GRP method based on the study by Ref. [30] built on the GRP II by Ref. [31],
which uses the maximum likelihood approach (MLE), to cover complex systems
with multiple repairs.

log L a; b; q; x1; x2; � � � ; xnf g ¼ n � � ln aþ ln bð Þ

�
T �

Pn

i¼1
xi

� �

þ Vn

a

0

B
B
@

1

C
C
A

b

� Vn

a

� �b

2

6
6
6
4

3

7
7
7
5

�
Xn

k¼1

xk þ Vk�1ð Þb�Vb
k�1

ab

" #

þ ðb� 1Þ �
Xn

k¼1

ln
xk þ Vk�1

a

� �

ð9:27Þ

(c) Calculation of minimal time for the warranty period (tMTWn):

Now, the minimal time for the warranty period after the nth repair based on the
risk until the next failure expressed as a probability derived from the reliability is
as follows:

Solving tMTWn for 80, 60, or 40 % of reliability:

tMTWn ¼ vn�1
b � ab � ln R TMTWnð Þð Þ

� 	1
b� vn�1: ð9:28Þ

Besides, as a continuation to this chapter, it is suggested to consult next sections
where aspects of RAMS are being dealt with as well as those related to the life
cycle cost analysis focused on what has been here developed.

192 9 On the Assessment and Control



9.3 Case Study on a RAMS Analysis

9.3.1 Study Scenario

The case study here presented corresponds to a practical application referred in
this chapter, where a formulation has been developed to apply a RAMS analysis.
The industrial asset to analyze consists on a device with an electrical and a
mechanical part and will be controlled and powered from the outside. According to
the examples provided in Appendix A of ISO/DIS 14224 [32], we can simplify the
battery limits of the device as shown in Fig. 9.8, as a level 0.

The purpose of defining the system boundary is to assure further understanding
of the subunits and maintainable items that are included within these limits. In
general terms, for defining the boundary and consequently the limits of the anal-
ysis, following considerations have been followed:

(a) It is included only elements of the same class (in this case level 1), which are
considered comparable.

(b) It is excluded those items specifically connected across boundaries. The fail-
ures occurred in a connection will not be attributed to the element connected
inside the boundary.

(c) The monitoring and control instrumentation should not be included in this
analysis (outside usually).

The RAMS expressions previously developed are easily applied in this case
following a formulation in series. So if k1 is the failure rate of the electric system
and k2 is the failure rate of the mechanical system, the ratio for the complete
system will be therefore as follows:

• kComplete Syst. = k1 ? k2

The rest variables will be then:

• MTBFComplete Syst: ¼ MTBF1�MTBF2

MTBF1þMTBF2

• AComplete Syst. = A1 ? A2

• UAComplete Syst. = UA1 ? UA2 - UA1 � UA2

• MDTComplete Syst: ¼ MTBF1�MDT2þMTBF2�MDT1

MTBF1þMTBF2

Deepening the level of subunit or component (level 2), we establish that the
industrial asset does not have redundant equipment. That is, the complete opera-
tion of the system under study could be represented by a scheme which would
contain only AND Boolean gates. A Boolean scheme would offer a fairly intuitive
correct operation of industrial assets as a whole entity. However, it is not the
purpose of this case to analyze the performance of a particular device, but to show
a practical application of calculus in order to view the benefits of a RAMS
analysis. For the purpose of representing a functional configuration of the equip-
ment under analysis, it is rather intuitive the block diagram shown in Fig. 9.9.
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Based on Fig. 9.9, let us consider the notation (Table 9.2) for the failure rates,
in order to subsequently obtain the corresponding variables subunits level RAMS.

9.3.2 Application of RAMS Variables to the Practical Case

Next, we will develop the already discussed RAMS expressions for the electrical
and mechanical system, in order to apply afterward as in-series formulation
between these two systems. In the case of the electrical system (Fig. 9.10), and
using the notation given above, the expressions development yields as follows:

• k1 = k11 ? k12 ? k13 ? k14

• MTBF1 = [MTBF11 � MTBF12/(MTBF11 ? MTBF12)] � [MTBF13 � MTBF14/
(MTBF13 ? MTBF14)]/[[MTBF11 � MTBF12/
(MTBF11 ? MTBF12)] ? [MTBF13 � MTBF14/(MTBF13 ? MTBF14)]]

• A1 = A11 � A12 � A13 � A14

• UA1 = (UA11 ? UA12 - UA11 � UA12) ? (UA13 ? UA14 -

UA13 � UA14) - (UA11 ? UA12 - UA11 � UA12) � (UA13 ? UA14 -

UA13 � UA14)
• MDT1 = [[MTBF11 � MTBF12/

(MTBF11 ? MTBF12)] � [(MTBF13 � MDT14 ? MTBF13 � MDT14)/
(MTBF13 ? MTB14)] ? [MTBF13 � MTBF14/
(MTBF13 ? MTBF14)] � [(MTBF11 � MDT12 ? MTBF12 � MDT11)/
(MTBF11 ? MTB12)]]/[[MTBF11 � MTBF12/
(MTBF11 ? MTBF12)] ? [MTBF13 � MTBF14/(MTBF13 ? MTBF14)]]

In the same way, the expressions development for the mechanical system
(Fig. 9.11), yields as follows:

• k1 = k21 ? k22 � [k23 � k24 � (MDT23 ? MDT24)] � [MDT22 ? [(MDT23 � M-
DT24)/(MDT23 ? MDT24)]

• MTBF1 = MTBF21 � [MTBF22 � [(MTBF23 � MTBF24)/(MDT23 ? MDT24)]/
[MDT22 ? [(MDT23 � MDT24)/(MDT23 ? MDT24)]]]/
[MTBF21 ? [MTBF22 � [(MTBF23 � MTBF24)/(MDT23 ? MDT24)]/
[MDT22 ? [(MDT23 � MDT24)/(MDT23 ? MDT24)]]]]

Mechanical 
System

Eléctrical 
System

External 
Control

External
Power

Complete system boundaries

Fig. 9.8 Boundary definition
of the industrial asset under
study
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• A1 = A21 � [A22 ? (1 - A22) � (A23 ? A24 - A23 � A24)]
• UA1 = UA21 ? (1 - UA21) � UA22 � UA23 � UA24

• MDT1 = [MTBF21 � [MDT22 � [MDT23 � MDT24/(MDT23 ? MDT24)]]/
[MDT22 ? [MDT23 � MDT24/
(MDT23 ? MDT24)]] ? MDT21 � [MTBF22 � [MTBF23 � MTBF24/
(MDT23 ? MDT24)]/[MDT22 ? [MTBF23 � MTBF24/(MDT23 ? MDT24)]]/
[MTBF21 ? [MTBF22 � [MTBF23 � MTBF24/(MDT23 ? MDT24)]/
[MDT22 ? [MTBF23 � MTBF24/(MDT23 ? MDT24)]]

Main Power
Supply

Single-phase
Power Supply

PLC 
Input/Output

Clamps Sensors Rotor Drive

Stator

Rotor Assembly

Welding
Machine

ELECTRICAL SYSTEM

MECANICAL SYSTEM

Main Power
Supply

Single-phase
Power Supply

PLC 
Input/Output

Clamps Sensors Rotor Drive

Stator

Rotor Assembly

Welding
Machine

ELECTRICAL SYSTEM

MECANICAL SYSTEM

Fig. 9.9 Functional blocks according to subunits

Table 9.2 Notation for failure rates

Electrical system Mechanical system

• General power supply: k11 • Rotor drive: k21

• Single-phase power supply: k12 • Rotor assembly: k22

• Clamps sensors: k13 • Estator: k23

• PLC input/output: k14 • Welding machine: k24

11 12 13 1411 12 13 14
Fig. 9.10 Electrical system
block diagram

23

21

22

24

23

21

22

24

Fig. 9.11 Mechanical
system block diagram
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As mentioned above, the subunits shown here are constituted by components.
These components will provide later numerical data regarding time failure rates,
time between failures, etc. From these components data and the expressions
already developed, it will be possible to estimate the reliability and availability of
the corresponding subunits, units, and finally the complete equipment.

To facilitate the data handling and the formulation shown here, the treatment is
going to be under two possibilities:

• either as if they were identical (taking the value of the most critical one) and
arranged in a parallel configuration (hereinafter, case -A-),

• or as if they were arranged in a series configuration (hereinafter, be case -B-).

Maintainable items for electrical and mechanical systems are indicated in
Table 9.3.

Taking into account the above-mentioned considerations, the RAMS variables
for the electrical system results as given in Table 9.4:

Here, the subindex cxx in case -A- refers to that component (level 3), critical to
the proper function of the corresponding subunit. Also, the value (*) of case -B- is
assumed under an estimation of 8 h for repairing any subsystem. Identical subunits
would apply to 1.3. (sensors and clamps) and 1.4. (PLC input–output) which, being
composed of a single item maintainable, their variables coincide with the one of
the items. In the same way and also taking into account the above considerations,
the RAMS variables for the mechanical system would be as given in Table 9.5:

As in the electrical system, the subindex cxx in case -A- refers to that com-
ponent (level 3), critical for the proper function of the corresponding subunit. Also,
the value (*) in case -B- is assumed under an estimation of 8 h for repairing any
subsystem. The expressions obtained in terms of maintainable items (level 2) for
both the electric system and mechanical system can be applied now to the
expressions developed above and for those units (level 1) that constitute the
complete system of robot welder (level 0). However, this substitution becomes so
complex relations in these expressions that their manipulation is therefore difficult.
In any case, below it is applied particular numerical data using spreadsheets to
obtain useful results.

9.3.3 Application of Numerical Data and Results

Once we have correlated components RAMS variables with the assets functions
ones, we will try to reach a quantitative assesssment. With this quantitative
assessment, we will see what subunit or component is critical for the function of
the entire system and will require more (or more frequent) preventive maintenance
than other subunits. If we want these results to be useful, data for component
parameters should be gathered and, in case this is not possible, we may relay on
existing data bases. There are nowadays several databases that can provide
interesting information. One of the largest databases is the EPRD-97—electronic
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Table 9.3 Taxonomy of electrical and mechanical systems

Electrical system Mechanical system

Maintainable item Part or component Maintainable
item

Part or component

General power supply Cable section 6 mm2 Estator Estator structure
Cable section 16 mm2 Tube tighter

assembly
Cable section 10 mm2

monophase
Start-up tighter

Cable section 6 mm2

monophase
Roller

Protections 5SY6 215-8 Rotor assembly Fixed rotor
Protections 5SY6 206-8 Removable rotor
Protections 5SY6 308-8 Edge preparation

device
Protections 5SY6 303-8 Welding group
Protections 5SY6 332-8 Bolt
Protections 5SY6 315-8 Torch hose
Protections 5SY6 463-8 Grip hose
Contactor CN20 220 Grip hose cover
Contactor AL9-30-10-24 Torch
Contactor AL12-30-10-24 Rotor driver Auger
Contactor VH300 Motor reductor

Single-phase power
supply

Cable section 6 mm2 Conical tighter
Protections 5SY6 502-7 Interphase worm

gear
Protections 5SY6 214-7 Welding

machine
Machine plug

Protections 5SY6 503-7 Pressure reductor
Sensors Clamps Assembly support
PLC input/output PLC Others

Table 9.4 Formulation of cases A and B for the electrical system

Case -A- Case -B-

General power supply
• k11 = 15 � kc11 • k11 ¼

P
k11k ðk ¼ 1; . . .; 15Þ

• MTBF11 = MTBFc11/15 • MTBF11 = 1/k11

• A11 = 1 – 15 � (1 - Ac11) • A11 = MTBF11/(MTBF11 ? MDT11) 9 100
• UA11 = 15 � UAc11 • UA11 = 1 - A11

• MDT11 = MDTc11 • MDT11 = (*)
Single-phase power supply
• k12 = 4 � kc12 •k12 ¼

P
k12k ðk ¼ 1; . . .; 4Þ

• MTBF12 = MTBFc12/4 • MTBF12 = 1/k12

• A12 = 1 – 4 � (1 - Ac12) • A12 = MTBF12/(MTBF12 ? MDT12) 9 100
• UA12 = 4 � UAc12 • UA12 = 1 - A12

• MDT12 = MDTc12 • MDT12 = (*)
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parts reliability data, and NPRD-95—non-electronic parts reliability data. Both
databases have been developed by the Reliability Information Analysis Center
(RIAC), considered as a Center of Excellence by the Department of Defense
United States [33]. Another database also fairly widespread is offshore reliability
data (OREDA) [34]. This database is for projects sponsored by international oil
companies, whose purpose is to gather and exchange data about reliability and
maintenance of facilities and exploration devices between the organizations par-
ticipating in the project, acting as a forum for management and reliability data
collection within the oil and gas sector. For our case study, we used the database
failure rate data in perspective (FARADIP) [1]. This is one of the largest databases
on ratios and failure modes and is widely used as a baseline. It provides data
ranges for failure rates in electrical, electronic, mechanical, pneumatic elements,
instrumentation, etc. In any case, taking into account that:

• kijk = Failure rate = No failures per million hours, and
• MTBFijk = Mean Time Between Failures = 1/kijk (9106 h)

This database FARADIP provides values that can be applied as approaches for
each component, given on one hand for case -A- (where the critical element is
taken for each subunit); and similarly, considering the case -B- (which it is

Table 9.5 Formulation of cases A and B for the mechanical system

Case -A- Case -B-

Rotor drive
• k21 = 4 � kc21 • k21 ¼

P
k21k ðk ¼ 1; . . .; 4Þ

• MTBF21 = MTBFc21/4 • MTBF21 = 1/k21

• A21 = 1 – 4 � (1 - Ac21) • A21 = MTBF21/(MTBF21 ? MDT21) 9 100
• UA21 = 4 � UAc21 • UA21 = 1 - A21

• MDT21 = MDTc21 • MDT21 = (*)
Rotor assembly
• k22 = 8 � kc22 • k22 ¼

P
k22k ðk ¼ 1; . . .; 8Þ

• MTBF22 = MTBFc22/8 • MTBF22 = 1/k22

• A11 = 1 – 8 � (1 - Ac22) • A22 = MTBF22/(MTBF22 ? MDT22) 9 100
• UA22 = 8 � UAc22 • UA22 = 1 - A22

• MDT22 = MDTc22 • MDT22 = (**)
Estator
• k23 = 4 � kc23 • k23 ¼

P
k23k ðk ¼ 1; . . .; 4Þ

• MTBF23 = MTBFc23/4 • MTBF23 = 1/k23

• A11 = 1 – 4 � (1 - Ac23) • A23 = MTBF23/(MTBF23 ? MDT23) 9 100
• UA23 = 4 � UAc23 • UA23 = 1 - A23

• MDT23 = MDTc23 • MDT23 = (**)
Welding machine
• k24 = 22 � kc24 • k24 ¼

P
k24k ðk ¼ 1; . . .; 22Þ

• MTBF24 = MTBFc24/22 • MTBF24 = 1/k24

• A24 = 1 – 22 � (1 - Ac24) • A24 = MTBF24/(MTBF24 ? MDT24) 9 100
• UA24 = 22 � UAc24 • UA24 = 1 - A24

• MDT24 = MDTc24 • MDT24 = (**)
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considered a series configuration for such parts or components). Finally, it is
obtained the results shown in Table 9.6.<Query ID="Q7" Text="Kindly check and
confirm the usage of decimal system in ‘Tables. 9.6–9.14’ and Fig. ‘9.12–9.17’
have been correctly identified and amend if necessary.’’ –>

From the above results, it is possible to obtain RAMS parameters for higher-
level units, applying the formulation resulted from the block diagrams. Consid-
ering the values of case -B- which corresponds to a more realistic situation and
taking into account that:

• Aijk = Availability = MTBFijk/(MTBFijk ? MDTijk) 9 100
• UAijk = Unavailability = 100 - Aijk

• MDTijk = Mean Downtime (*)

(*) It has been assumed in the table an estimated time of 8 h for the repair of
any subsystem [7]. With the above consideration, we obtain the values shown in
Table 9.7.

Here, the parameters have been obtained for the whole system RAMS by
applying an in-series formulation.

Based on the above information, it is going to obtain the reliability values R(t).
For that purpose, it is going to get R(t) assuming a mixed behavior of the elements
[35] (Table 9.8). That means, the mechanical components will follow a Weibull
distribution with b = 0.5 (cells with white background) and electrical components
will follow an exponential distribution b = 1 (cells with gray background).
Representing these values graphically, it is possible to observe the evolution for
items maintainable over a year (Fig. 9.12).

In the same way, the graphical evolution of mechanical and electrical systems,
as well as the complete system, will be (Fig. 9.13).

Comparing the results of reliability after one year, we obtain the following
order of priority and criticality matrix (Table 9.9). Focusing on the maintainable
items, one can get a ranking of items from lower to higher reliability, which will
define a preliminary list of recommended spares. This list can be formed first by
taking those items whose reliability fell by 80 % after one year of operation and,
within these items, by selecting those components or parts, whose failure rates
(kijk) account the 80 % of the total failure rate considered for the corresponding
maintainable item, as a Pareto principle or rule 80-20.

9.4 Case Study on the Life Cycle Cost Analysis

9.4.1 Application Scenario

As it has been mentioned before, there are different types of warranties that are
appropriate for different types of products [36, 37]. The case hereby explained
deals with a commercial product whose warranty is negotiated with the customer
as well as the possibility of extensions and other kinds of after-sales contracts.
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In this particular scenario, the customer is interested in the acquisition, use, and
maintenance of one of the specific engines that have been developed and previ-
ously tested by the manufacturer. Some of these engines are already in use by the
customer. This means there is plenty of information about the performance of
these engines; therefore, the service company can offer periods of specific war-
ranty to the customer after determined maintenance services, assuring the repaired
engine will present 80 % availability during a specific period of time. Such period
of time is to be determined following the guidelines previously detailed in this
chapter. The availability is determined by the company, according to the risk that
the organization is willing to take. The specific period of time is what here below
is going to be determined, applying two different stochastic methods, the NHPP
and the GRP. As mentioned, the first one is usually applied to simple repair cases,
and the second one is usually implemented when repairs are complex. This case
refers to a complex repair; therefore, results obtained by GRP will be more
appropriate to determine a specific warranty period.

9.4.1.1 Exercise 1: NHPP Application

As above mentioned, the manufacturing company has at its disposal historical data
about the engine behavior. As Table 9.10 can illustrate, failure and repair events
are presented according to ti. With this ti (i = 1,…, 6), the values already defined
are as follows:

Ti ðhoursÞ; Tn=Ti; Ln Tn=Tið Þ

With these values and applying the above developed formulas, we will obtain: an,
bn, TNFn, tMTWn, K, R(Ts), and F(Ts). However, in order to see how impacts the
NHPP in the calculation process, we will apply the mentioned formulas consid-
ering different numbers of known events. That means, we will analyze the system
behavior under n = 4, n = 6, and n = 8.

Applying the process for n = 6 and n = 4, we obtain the results shown in
Tables 9.11 and 9.12.

Table 9.6 Results for cases A and B

ij Maintainable item (Level 8 ISO14224) -A- -B-
lij = n 9 kijk lij = Rk (kijk)

1.1. General power supply 90.00 47.00
1.2. Single-phase power supply 12.000 6.500
1.3. Clamps sensors 10.000 10.000
1.4. PLC input/output 50.000 50.000
2.1. Rotor driver 80.000 23.000
2.2 Rotor assembly 400.000 180.506
2.3. Estator 200.000 155.000
2.4. Welding machine 1,100.000 315.600
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Table 9.8 Reliability matrix for a mixed distribution

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
days/month 31 28 31 30 31 30 31 31 30 31 30 31
T (month) 1 2 3 4 5 6 7 8 9 10 11 12
T (hours) 744 1416 2160 2880 3624 4344 5088 5832 6552 7296 8016 8760
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Table 9.9 Priority order and criticality matrix

ij Element R (8.760 h)

1 2.4. Welding machine 0.189621467
2 2.2 Rotor assembly 0.284372381
3 2.3. Estator 0.311845703
4 2.1. Rotor driver 0.63835212
5 1.4. PLC input/output 0.645325783
6 1.1. General power supply 0.662509753
7 1.3. Clamps sensors 0.916127254
8 1.2 Single-phase supply 0.944650747

Reliability Severity

I II III

C Estator Rotor assembly Welding machine
B General power supply Rotor driver
A Single-phase supply Clamps sensors PLC input/output
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Applying different percentages (80, 60, and 40 %) for reliability, we can obtain
different times as recommended warranty period based on the time till next failure.
The use of one tMTWn or another is a decision which can be more easily taken if we
know the expected amount of failure K, as well as the system reliability R(Ts). For
that calculation, it has been here considered one year of function after the repair
(ts = 8,760 h).

With this exercise, we observe how decreases the time till next failure as well as
the system reliability, when the amount of failures and repairs events decreases. If
we analyze separately the development with the time of these cases, the mentioned
differences in the system reliability are even more remarkable. The calculated
parameters not only depend on the correct number of failures but also the order of
them. A small number of divergent failures can distort the parameters, as in the
first four events (see event 3, ti = 3.12800 h), so it is desirable to consider con-
vergent times of failures avoiding the mixture of different failure modes.

Consequently, the different risks assumed for warranty (in other words, the
different choices for the percentage taken in the warranty time calculation) yield to
different results in the values for the minimal time for the warranty period
(Table 9.13). Figures 9.14 and 9.15 show the evolution of R(Ts) along 2 years after
the events n = 4,…, 8, have taken place for Ts = [2,190, 4,380, 6,570, 8,760,
10,950, 13,140, 15,330, 17,520].

This exercise contributes to illustrate the calculation of warranty periods.
Nevertheless, it is also possible to explore how the time until next failure changes
under the application of different warranty policies. In other words, it can be
considered TNF as a variable. For this purpose, as an extension to this exercise, we
can take into account the company’s preference in maintaining a certain level of
risk in the possibility of failure. That is, we will consider as an example that
F(T) B 0.20, 0.30 and 0.40. This means that the company will not admit more than
a 20, 30, or 40 % probability of failure during the warranty period. Therefore, if we
maintain a fixed failure level, we obtain different values for the warranty periods
that, the more probability of failure there is, the greater the slope of the warranty
curve. In other words, if the company assumes greater risks in its warranty period,
the decrease in the period of warranty time will be more significant when the
probability of failure and repair increases.

Table 9.10 NHPP engine historical data related to time per warranty event (n = 8)

Event (i) ti (h) Ti (h) Tn/Ti Ln(Tn/Ti)

1 13,460.00 13,460.00 0.09 1.63
2 9,287.00 22,747.00 0.01 1.10
3 3,128.00 25,875.00 2.65 0.97
4 10,148.00 36,023.00 1.90 0.64
5 9,037.00 45,060.00 1.52 0.42
6 8,771.00 53,831.00 1.27 0.24
7 7,459.00 61,290.00 1.12 0.11
8 7,252.00 68,542.00 1.00 –
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9.4.1.2 Exercise 2: GRP Application

In addition to the described exercise, which has helped to illustrate the calculation
of warranty periods, it is possible also to explore now considering GRP model in
order to obtain the different warranty parameters. For that purpose and as a second
example, we are going now to consider the same repair events, obtaining the
results of Table 9.14.

In addition, now for the GRP model, Figs. 9.16 and 9.17 show the evolution of
R(Ts) along 2 years after the events n = 4, …, 8 have taken place for Ts = [2,190,
4,380, 6,570, 8,760, 10,950, 13,140, 15,330, 17,520].

Now as with NHPP, through GRP model, the higher is the failure probability,
the higher the slope of the warranty period curve. In other words, if the company
assumes higher risks in its warranty policies, the increase in the warranty times
shall be more significant. The adjustment of the reliability obtained from the GRP
versus time and number of expected failures confirm its better fit thanks to the

Table 9.11 NHPP engine historical data related to time per warranty event (n = 6)

Event (i) ti (h) Ti (h) Tn/Ti Ln(Tn/Ti)

1 13,460.00 13,460.00 4.00 1.39
2 9,287.00 22,747.00 2.37 0.86
3 3,128.00 25,875.00 2.08 0.73
4 10,148.00 36,023.00 1.49 0.40
5 9,037.00 45,060.00 1.19 0.18
6 8,771.00 53,831.00 1.00 –

Table 9.12 NHPP engine historical data related to time per warranty event (n = 4)

Event (i) ti (h) Ti (h) Tn/Ti Ln(Tn/Ti)

1 13,460.00 13,460.00 2.68 0.98
2 9,287.00 22,747.00 1.58 0.46
3 3,128.00 25,875.00 1.39 0.33
4 10,148.00 36,023.00 1.00 –

Table 9.13 NHPP results obtained with n = 8, n = 6, and n = 4

n = 8 n = 6 n = 4

an 18,107.47 18,594.02 19,471.96
bn 1.562172 1.685553 2.253470
TNFn 5,367.67 5,155.20 3,749.66
tMTWn (20 %) 1,217.77 1,178.91 878.32
tMTWn (40 %) 2,770.34 2,673.73 1,973.40
tMTWn (60 %) 4,926.88 4,735.69 3,452.79
K 1.653580 1.736069 2.532629
R(Ts) 0.191364 0.176212 0.079450
F(Ts) 0.808636 0.823788 0.920550
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inclusion of the parameter q, see Table 9.15 where a comparison of both models,
NHPP and GRP, is realized using the likelihood value as a representation of the
adjustment.

GRP is a general model, providing a way to describe the rate of occurrence of
events over time understanding the effects of the repairs on the age of that system,

Fig. 9.14 NHPP reliability evolution depending on time and the amount of events

Fig. 9.15 NHPP surface representation of R(t, n)
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and including the renewal process or the NHPP representation. For example,
consider a system that is repaired after a failure, where the repair does not bring
the system to an as good as new or an as bad as old condition. In other words, the
system is partially rejuvenated after the repair.

9.4.2 Results and Conclusions

The obtained result as a warranty period in exercise 1 is, as it has been previously
mentioned, a minimum value calculated with a NHPP model. It has considered
different percentages (20, 40, and 60 %) of waiting TNF. Now, the company will
have to decide whether this period is convenient or not to be extended with the
consequent warranty cost increase. Therefore, the calculation of this percentage is
one of the most important steps that need to be taken into account in this process.
We also need to have some input on the risks the company is willing to assume for
the warranty period. For this reason, two exercises have been here represented. In
case the warranty period is a prefixed value included in the repair order or main-
tenance contract (or when imposed in the effective legislation [36]), the manu-
facturer (or subcontracted company offering the corresponding warranty
maintenance services) can forecast with the previously described calculations the
time until the next warranty service. This is in order to save part of the general
budget for this warranty service and to have at its disposal a technical team ready
for possible future events. To such effect, the NHPP model has a demonstrated
ability to give good results in real situations, with minimum repairs [38]. Based on
this, due to its conservative behavior and being manageable with respect to
mathematical expressions, the NHPP model was chosen specifically for this task.
However, when the repairs are not minimal, the best adjustment can be obtained
with GRP model through its adaptability with three dimensions (a, b, and q), at the
expense of more complexity. Of course, the previously described models have their
advantages and limitations so that the more realistic the model is, the more complex
the involved mathematical expressions are. The main strengths and weaknesses of
these models are summarized as follows:

Table 9.14 GRP results obtained with n = 8, n = 6, and n = 4

n = 8 n = 6 n = 4

an 10,901.91 11,551.98 11,971.63
bn 3.464468 3.355038 2.663281
TNFn 9,016.30 8,850.22 8,087.37
tMTWn (20 %) 5,199.15 4,735.58 3,301.54
tMTWn (40 %) 7,099.28 6,770.40 5,548.63
tMTWn (60 %) 8,745.11 8,554.81 7,715.04
K 0.920753 0.973892 1.162304
R(Ts) 0.398219 0.377610 0.312765
F(Ts) 0.601781 0.622390 0.687235
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• Strong points:

– Both are useful and simple models to represent the aging and deterioration of
an industrial asset.

– NHPP involves mathematical expressions that are relatively simple.

Fig. 9.16 GRP reliability evolution depending on time and the amount of events

Fig. 9.17 GRP surface representation of R(t, n)
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– NHPP is a conservative approach, but GRP is better for the evaluation of the
warranty period regarding any given risk [39].

• Weak points:

– NHPP is not appropriate to simulate repair tasks that restore the equipment to
a different state of ‘‘as that of the old’’ [26].

– GRP is not adequate to simulate repair actions when the number of events is
small.

– GRP involves relatively complex mathematical expressions.
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Chapter 10
Continuous Improvement

10.1 Application of ICTs in the Process of Warranty
Management

10.1.1 The E-technology Concept in the Warranty
Management

One of the most important parts inside the management of a warranty program is
the relationship with the customer. The continuous improvement in the warranty
management of a company or an organization requires the application of emerging
techniques and technologies in those areas considered with more impact. The
implementation of new technologies to the warranty management brings with itself
the introduction of the concept ‘‘e-warranty’’ which is proposed as another com-
ponent of ‘‘e-manufacturing’’ and parallel to the concept of ‘‘e-maintenance’’ (see
Chap. 4), disposing the advantages of the new and emerging technologies on
information and communications, in order to apply them inside a multiple user
environment, by a cooperative and distributed way. Therefore, the e-warranty can
be defined as the support to a warranty program which includes those resources,
services, and management needed to enable proactive decision-making. Apart
from the e-technologies, the aforementioned support also includes activities which
are typically associated with warranty such as monitoring, diagnostics, and
prognosis. Together with the application of new technologies for the warranty
management, the involvement of the technicians from the after-sales service is
essential in the continuous improvement process of the warranty in order to
achieve a success goal which supposes higher levels of product quality and service
effectiveness of the technical assistance. Consequently, it will be required higher
levels of knowledge, experience, and training. Considering the proposed frame-
work, the application of new information and communication technologies will
have an effect on certain processes, which will be turned into ‘‘e-processes,’’ while
others will not be affected. The concept of e-warranty basically proposes a new
way of managing a warranty program by which the products are controlled via

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_10,
� Springer International Publishing Switzerland 2014
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Internet by the manufacturer, e.g., information can be gathered or is possible to
manage alarms. Thus, the manufacturer obtains real-time data from the equipment
under warranty through digital technologies. The data obtained by sensors prein-
stalled on the equipments provide information about their status (temperature, run
time, pressure, etc.) and allow a continuous diagnostic, which enables the failure
prediction due to the malfunction of equipment or due to a bad use. The e-warranty
incorporates the same principles already applied in the conventional process of
warranty management, adding a Web service and the principles of collaboration
and/or monitoring. This application may also be a useful strategic marketing tool
when seeking new business, offering to the users the possibility to extend the
warranty contract by the remote tracking of product performance, and, conse-
quently, being able to foresee possible failures. In any case, this new advanced
model of customer service management breaks the physical distances between
manufacturer and customer through the use of ICT, transforming the company into
a manufacturing services’ business that provides support to its customers any-
where, anytime.

10.1.2 Technologies Applied to the Technical Assistance

Based on the ICT application to maintenance (see Chap. 4), in the case of warranty
assistance, we also find the following options which can be applied on warranty
management tools to generate new emerging processes and aiming a better per-
formance of the technical assistance:

1. Remote assistance Using tools for remote access to information (Internet,
Bluetooth, etc.), the warranty service technicians are able to access the product
which presents a failure or where a complaint has been made, allowing them
the remotely start-up, control, configuration, condition monitoring, data col-
lection, and analysis of the product. One of the biggest advantages is to connect
products distributed in different and distant geographic locations, to a warranty
service center that allows a remote decision-making.

2. Cooperative warranty service The e-warranty would allow implementing an
information infrastructure connecting clients (users) with suppliers (manufac-
turers) or connecting engineers and technicians with the products using
Internet.

The resulting platform would allow then a strong cooperation between different
areas of the company:

• Production (to implement changes in the manufacturing process).
• Purchasing (acquisition of a specific spare part).
• Engineering (change in the product design).
• Quality (to certify the compliance of the product itself and/or the repair works

performed on it).
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• Logistics (to control spare parts inventory and to calculate the minimum path to
transport those spares to the place where the related device is located).

• After-sales or management team (to assign teams, tools, materials, planning,
etc., when the failure cannot be repaired remotely).

• Etc.

In this manner, process errors are minimized and communication is optimized
(it facilitates the bidirectional flow), feedback is generated, and to sum up, the
quality and the perception of the service by the client are improved.

3. Online assistance The remote follow-up of sold units during the warranty
period, together with the possibility of programming status alerts, allows the
manufacturer or supplier to respond quickly to any situation and even before
the user has been detected failure, preparing accordingly any intervention in an
optimal way.

4. Predictive warranty service The e-warranty would allow a failure prediction in
those units offered for sale, taking into account the product current state and the
intended use on it, together with the life predictions on component performed
by the different manufacturers, and obtained through a reliability analysis
(RAMS analysis) [1].

5. Failure diagnosis The e-warranty allows technicians to carry out online diag-
nosis to those occurred failures, as well as to suggest solutions to the end user.
Consequently, it reduces the communication time between supplier and cus-
tomer, improving the quality of the shared information and, therefore, the
resolution time.

10.1.3 Influence on the Proposed Management Framework

The proposed framework for the management of warranty assistance (see Fig. 5.9)
consists in several tools and methodologies which involve the handling of a large
amount of data relating to warranty. The stage we have defined as ‘‘e-warranty’’ is
included in a fourth block of the management framework related to the
improvement in the warranty program.

This improvement is carried out based on the performance of management
according to the policy adopted by the company and it needed a computerized
information system for the warranty program, which enables the cyclical pro-
cessing of data management as well as the analysis of results. In this step is
included the concept of e-warranty, which facilitates the decision-making, pro-
cessing for that purpose large volumes of data and information from multiple
sources and with a great variety of types. e-warranty is therefore the use of
information technology in the context of after-sales service management as for
instance may be the case for data storage and their analysis in relation to consumer
complaints, among others. The e-warranty concept has a multidisciplinary
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approach (similar to the Six Sigma methodology), based on the monitoring,
diagnosis, prediction, and real-time control of products and the detection of
abnormal conditions. The diagnosis identifies possible causes of early degradation
or failure in the sold unit (important when doing the RCA of the failure), and the
prediction analyzes the impact of the failure on the product itself (essential for the
criticality analysis). Thus, the manufacturer is able to obtain in real time whether a
failure has occurred on equipment under warranty and, consequently, the failure
(in terms of the causes that produced it) is included in the coverage of the warranty
program, or it is a result of a misuse or an accident with the equipment. With this
information, the manufacturer can anticipate the failure, warning the user [such as
an added value in the customer relationship management (CRM)] about the
existence of anomalies in the control parameters and recommending, for instance,
the preventive shutdown of the equipment, reducing thereby the repair time and
cost (avoiding further damage with the shutdown), and achieving at the same time
a mutual benefit for both, manufacturer and customer. The collected information
also allows the manufacturer to make decisions and to carry out maintenance
actions if necessary, generating automatically work orders and speeding up the
administrative procedures. Sometimes the historical information from the equip-
ment may be sufficient to verify the ‘‘natural’’ cause of the failure, or an abnormal
situation; thus, it is not required a previous physical assessment to start planning
the repair. The influence of ICT on the steps proposed as reference framework for
the warranty management can be summarized very succinctly in the following
guidelines, according to the numbering shown in Fig. 9.17:

1. Analysis of customers and complaints.
2. Multidisciplinary approach.
3. Prioritization in the decision-making.
4. Analysis of the failure impact on the product.
5. Identification of possible degradation causes or anticipated failure.
6. Modernization of technical assistance plans.
7. Processing of large volumes of information.
8. Update of reliability data and failure rates.
9. Data feedback on the product life cycle cost.

From the steps proposed as a framework, the processes that can be considered
as emerging processes are those ones innovative in the warranty management and
susceptible to be implemented with new information and communication tech-
nology. They are rounded in Fig. 10.1: risk–cost–profit analysis, life cycle cost,
and RAMS analysis. Although it is not indicated in the figure, obviously, the
customer communications are made usually using ICTs (e-mail, mobile telephone,
Internet…), which cannot be considered as an emergent process. In few words,
following a cyclical approach of continuous improvement to the warranty man-
agement, the fact of applying new information and communication technologies to
the customer service, effects in the management framework itself a feedback at
every stage with information and digital data directly from the units launched to
the market and sold.
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10.1.4 Advantages and Future Utilizations

The e-warranty concept allows a full knowledge on how products or devices
behave by receiving signals from sensors on remote. Thus, during the specified
warranty period, possible failures can be predicted reducing substantially the
administrative procedures, increasing functioning time, and optimizing the
equipment performance and productivity. A possible future use of the e-warranty
system might be the optional hire by the customer of an e-warranty extension on
the product; thus, the customer would take advantage of the sensor network pre-
installed on the equipments in order to predict failures which may affect the
equipment or may have an impact on the production line where this device
develops its functions. The e-warranty system or platform enables to warn man-
ufacturers via Internet when:

• There is a failure in equipment.
• Before the failure occurs (alarms), and
• When the equipment reaches certain conditions in its operation.

Moreover, it also provides the customer and the manufacturer with the neces-
sary information from all equipments in real time, using for that purpose any
Internet browser. The manufacturer receives the message (alarm) with detailed
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information when a failure occurs and proceeds (if possible) to send those tech-
nical and material resources to resolve it, notifying the customer about the
necessity of a warranty or maintenance operation. The failure prediction in
equipments brings benefits for both parts customer and manufacturer during the
warranty period of the equipment. The customer benefits by avoiding or reducing
the equipment downtime. Anticipating failures minimizes damage on the equip-
ment as mentioned above, and this also reduces the repair time and therefore
reduces significantly the labor and material (components damaged) costs in charge
of the manufacturer. All this is translated into a fast, effective, and efficient service
to the end user, increasing the operating time of the equipment under warranty, its
productivity, and finally the customer satisfaction. Obviously, the application must
be clearly and explicitly agreed in the acquisition contract of industrial assets, in
order to avoid conflicts or problems regarding the privacy of customer activities.
The e-warranty is a proactive system, where information is automatically and
instantly received from the equipment, being able to configure what kind of
information is desired depending on the equipment under analysis, for example,
failures, equipment performance, anomalies in measurable parameters (tempera-
ture, pressure, etc.) workload peaks, equipment status, among others. The trans-
mitted data can only provide information about the operation of the equipment. In
addition to the above mentioned, the application of this system has other
advantages:

• It eliminates spatial barriers between customer and manufacturer.
• It eliminates the time barriers.
• It reduces the cost per failure to the customer and manufacturer.
• It collaborates in the organizational familiarity with ICT.
• It enables permanent access and control in real time to all that information on

the equipment under warranty.
• It facilitates fast communication between customer and manufacturer.
• It eliminates paperwork for the manufacturer in case of equipment failure (cause

verification, repair record, etc.).

10.2 Management of Customer Relations in After-sales
Service

10.2.1 Importance of Customer Relations

As it has been mentioned in several occasions, nowadays we acknowledge that
companies, in the practice, pay more attention to their warranty management
processes when there are repercussions at high levels of responsibility and costs,
putting at stake the product’s demand on the market or the recuperation of lost
customers. As a consequence, there are losses of opportunities of significant
cost savings as well as the possibility of increasing the business’ value through

218 10 Continuous Improvement



better-quality products and higher levels of customer satisfaction. It is why it is
mandatory to take into consideration the interactions between the engineering, the
marketing, and the after-sales support elements from an operational and strategic
level [2]. Therefore, warranty management should be handled, nowadays, not as a
cost focus, but as an active that can create more value in the performance of the
business. For instance:

• Improving the reclamation response time (speeding up their process).
• Decreasing reclamation costs (giving them an automatized treatment).
• Reducing personnel in charge of the reclamation process.
• Reducing the loss of customers due to the poor quality of the product.
• Improving distribution costs (speeding up the information flow with suppliers).

The result will be to reduce the costs of the warranty, improve the product and
services, and gain consequently higher levels of customer retention. Therefore, the
after-sales service requires improving the strategies with the use of more efficient
tools and integrated systems, as well as through an organizational structure. The
application of new technologies represents higher levels of knowledge, experience,
and personnel training in the technical service. Logically, one of the most
important parts within a warranty management program is the relation with the
customer. The techniques used in these relations are generally considered as a part
of an enterprise resource planning (ERP) system or as a complementary part of
them. The customer relation management (CRM) is exclusively used not only to
define a business strategy centered on the customer, but also to include a group of
information technology applications useful to sort and manage data related to
customer and reclamations, and in general to the commercial activity of the
company. As it has been mentioned before, the CRM is often used as a module for
customer management including ERP software. Originally, the CRM was once
focused mainly on marketing and commercial aspects. However, the CRM module
can be adapted to warranty management, allowing the company to:

• Identify products and services requiring assistance.
• Reduce the time of the assistance and optimize channels of information.
• Identify groups of customers in order to develop common strategies.
• Be conscious of customer’s real needs after the sale.
• Increase sales on the same level as customer satisfaction, etc.

Customer relation management (as part of a ERP or as a complementary sys-
tem) includes operative areas dealing with tasks directly related to the customer
(front office) and other more analytical areas closely associated to different internal
parts of the company (back office).

This representation is shown in Fig. 5.6. The main part of any CRM strategy
will be a database that can provide information about claims, repetitive failures,
hidden defects [2], quantitative and qualitative analysis, statistical results [3], etc.
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10.2.2 Contractual Aspects on Warranty

10.2.2.1 Strategic Issues

A warranty program management, viewed from a strategic perspective, begins
with a strategy linked to technical and commercial planning from the very start of
the product development process [4]. However, an after-sales support is frequently
offered, while the production line is still open. That means, that the information
obtained from this after-sales service can be very helpful for the production lines
and, of course, very useful to improve the design and development of the product.
In addition to this inference on the product life cycle, there are currently different
international standards (that will be forward treated) to be considered when
defining any after-sales strategy, which approach the whole business activity [5].
The management process defined in such standards and quality management
systems usually fulfills certain features already defined in Chap. 4. Considering
these characteristics was able to develop the reference framework for the warranty
management in Chap. 5. However, many of the information required to this close
loop is not possible to obtain from the very beginning of the process. Therefore,
trying to adapt the different steps of any project (see Fig. 4.3) to the phases of the
framework will have an evolution as shown in Fig. 10.2. We can observe here how
during design and development of the product, it is the time to get a first approach
of a strategical formulation for the warranty program through an incipient balance
scorecard as well as an approximated evaluation of the product behavior. As a
result of such analysis, one can obtain a deep knowledge about the product
capacity to perform properly the functions expected from it, under established
conditions and during a period of specific time [6], as well as the cost of spare
parts, reparation times, etc. [7].

As a result of the previous steps, this prelaunch stage is also the perfect moment
to start considering the implementation of new e-technologies and activities such
as e-monitoring, e-diagnosis, and e-prognosis using remote devices. After this
preliminary stage, comes the launch stage, which is highly influenced by the
production and the marketing phases. From the proposed framework point of view,
it is the moment to turn on some new steps with new iterations of our close loop.
For instance, with the results obtained from the RAMS analysis, an initial main-
tenance plan, applied to the warranty time horizon, can suppose a good first
approach for the warranty capacity planning, the spare parts’ provisioning, the
warranty task schedule, skill level of the technicians, and so on. In the same way,
with former studies in the product life cycle cost during the prelaunch stage, it is
possible now to carry out an incipient analysis on Warranty Policy Risk-Cost-
Benefit. In this launch stage is also of importance to start implementing a CRM,
which will be used, in general, for the definition of a business strategy centered in
the client. Afterward, it comes the post-launch stage where every steps of our
proposed framework will be finally in action. Here, we can see how a criticality
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analysis based on risk–cost combines the probability of an occurring event, with
the impact that this event would cause. Or how useful can be the application of a
new management philosophy like Six Sigma (which will be later discussed), as a
methodology which integrates the human factor with improvement tools, mainly
statistical. For posterior iterations of the suggested warranty management refer-
ence framework, it will deal mainly with aspects more related to the warranty
logistics and the achievement of a balance between costs and customer
satisfaction.

10.2.2.2 Legal Aspects on the Warranty Management

Once analyzed the strategic management of the product life cycle from a warranty
perspective, it is time to briefly discuss about possible warranty extensions and
how they can be expressed by a contract which encompasses the conditions for
such extended assistance. In the literature, we observe that warranty is sometimes
called as a ‘‘service contract.’’ However, there are some differences between both
concepts [8]. Mainly, a service contract is purchased separately, while warranty is
part of the product purchase and integrated to the sale. Therefore, a warranty
extension should be considered as a ‘‘service contract,’’ whose scope can be the
same as the one for warranty, or on the contrary, it can include and/or exclude
some different topics. Afterward, during the warranty time (and normally close to
the end of this period), the warranty extension will be agreed between buyer and
seller and finally committed into effect, if both parts are interested to prolong or to
contract this service. In legal terms (Fig. 10.3), warranty and warranty extensions
are concepts expressed through a contract between the parties for specific assur-
ances and applied to customers during a determined period of time (W ? L, where
W and L are the warranty and the extended warranty period, respectively).

Such a warranty can be given for purchased products or for services with a
specific workmanlike quality. In the case of warranty extensions applied to a
product, this contract can give different conditions of the technical service to be
provided by the manufacturer, which are described in the fundamental terms of the
contract. These agreement clauses give consequently a legal obligation to the
manufacturer in front of the buyer. Usually, there is an inherent understanding by
the buyer about the warranty concept itself, which is independent of any written
expression. In any case, the sold products and the products whose warranty has
been extended must reasonably conform (or keep conforming) to an ordinary
user’s expectations, and the seller must be sure that the item is fit for that particular
purpose. Those countries that have ratified the United Nations Convention on
Contracts for the International Sale of Goods (CISG) find the obligation that,
excepting when the parties have agreed otherwise, a seller must provide goods fit
for their ordinary purpose [8]. Comparing for instance the American law, with the
European law, in the USA, when the seller at the time of contracting has reason to
know any particular purpose for which the goods are required and that the buyer
trusts in the seller’s skill or judgment to select and provide suitable goods, there is
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then an implied warranty that the goods shall be fit for such purpose [9]. In general
terms, the products must comply the trade standards applicable to the contract for
sale and for the warranty extension, being uniform in quality. They must fit those
purposes which such goods are ordinarily used to, even if the buyer ordered them
for use otherwise. The Uniform Commercial Code (UCC) allows sellers to dis-
claim the implied warranty of products. Therefore, in the USA, a disclaimer must
be marked or in evidence in the contract. Other codes and laws (as the Magnuson-
Moss Act which covers warranties on consumer products used for commercial
purposes), together with interesting references on this field, can be found in [4]. In
Europe, countries usually have a general law for the defense of consumers and
users [10] and other complementary laws for warranty and after-sales services,
where all those seller’s responsibilities together with the consumer’s or user’s
rights are depicted. Particularly, the repair and the substitution according to this
law will be adjusted mainly to the following rules:

(a) They will be free of charges for the user. This free repair considers the nec-
essary expenses to correct the non-conformity of the product with the contract,
including the shipping and handling, as well as the costs related to the man-
power and the materials.

(b) They will be carried out in a reasonable term and without more inconve-
niences for the user, depending of course on the products sort and the purpose
that they have for the user.

(c) The repair stops the computation of warranty terms. This suspension period
will begin since the user puts the product at the seller’s disposal, and it will
conclude with the delivery to the user of the product repaired.

(d) Once concluded the repair and given the product to the customer, if the item
continues being not according to the contract, the user will be able to demand
the substitution of the product (unless this option would be disproportionate), a
price discount, or the resolution of the contract.

(e) The user will not be able to demand the substitution of the failed item in the
case of secondhand products or fungibles.
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(adapted from [4])
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It is interesting to add here that in connection with suspension periods, the
warranty term as well as the extended period is sometimes suspended for all the
affected elements from the moment when the appearance of the defect is com-
municated to the contractor, until the repair or substitution is performed. It is not
considered to be affected by this suspension those elements which stay operative in
spite of the failure. This issue is frequently not clear in contracts and supposes
usually a confrontation topic between user and seller. Further research on this field
can be for instance about how warranty is seen by other markets, mainly emerging
countries, and the interaction between such markets with the developed countries,
since the first ones usually are manufacturers and the second ones usually are users
or consumers. Some possible policies on service contract extensions can be
extracted from references [4, 11, 12]. Figure 10.4 tries to illustrate some possible
policies to take into account at the moment of offering a contract for warranty
extensions. Apart from deciding what kind of policy is more interesting for the
parts, it is important to include in the service contract the following paragraphs
(see Table 10.1). As already commented, due to the fact that there is usually an
inherent understanding by the buyer on the warranty concept itself, it is important
to define as clear as possible all those requirements, conditions, work scope, etc.,
by written in the service contract for the mentioned warranty extension. Further
researches on this topic (mainly on possible policies) would be very interesting and
welcome, in order to contribute to the development of the after-sales service area.

10.3 The Methodology Six Sigma in After-sales Warranty

In the proposed warranty management reference framework (Chap. 5), we can
observe that the forth step refers to the continuous improvement which will be
carried out based on indicators that are generally accepted [13]. The obtained
information from the described steps in previous chapters can represent a great
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amount of data as well as a wide variety in their typology. Therefore, the challenge
will be the treatment of such information and also the knowledge to discriminate
between useful data from which are not. With the aim of assuring a more con-
tinuous cycle of improvement, it was been included in the forth step the appli-
cation of new technologies, to process great data volumes with multiple sources,
and the incorporation of management applications that makes proper decision-
making and contractual customer relations easier. Before all that variety of tools, it
is necessary to implement a quality methodology that, in a certain way, lubricates
all these management and organization machinery. Whit this in mind, we now
continue to describe in a succinct manner the Six Sigma method [14, 15]. Also,
there will be a brief description of its interactions with other tools and management
and quality methodologies for its possible application in the after-sales service.

10.3.1 Brief Description of the Method

We have analyzed that in order to engage all this tool and methodology mecha-
nisms, it is necessary to apply programs or methods that improve the efficiency of
the organization, specifically in our case, that improve the management and
organization of warranty services. With that aim, it is possible and interesting to
adapt concept, for instance coming from the total productive maintenance (TPM)
philosophy, which attempts to achieve a continuous improvement in the mainte-
nance application [16, 17]. This objective resides also in other methodologies such
as total quality management (TQM) [18, 19] or even the ISO-9000 [5, 20] family
that has been used in our case as a base for the reference framework. Definitely,
and with the attempt to go beyond, a lot of organizations are recently applying a
new management philosophy that can also have positive results and utility for the
after-sales service. The Six Sigma is a methodology that integrates the human
factor with improvement tools [21, 22], mainly statistic, so that it is possible to
engage, as mentioned, complex mechanisms within the company [23]. The sigma
is better known in statistics as a dispersion measure (variability) [24]. This vari-
ability is considered as the main negative factor of quality; thus, the Six Sigma
proposes the following measures [25]:

Table 10.1 Example guideline for a service contract on warranty extensions

• Extended period • Remedying of warranty defects • Damaged products
• Predelivery inspection

form
• Costs for replacement of components,

repair, etc.
• Expiry of warranty

• Geographic area • Non-refundable costs • Changes in design
• Warranty defect • Replaced components • Measurements
• Service and maintenance • Products sold by other vendors • Limitation of

liability
• Payment • Refund, payment of compensation • Force majeure
• Notice of warranty claim • Normal wear and tear • Representations
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• To select those indicators or variables that are critical for quality.
• To measure these variables so that real data are gathered from the current

situation.
• To detect the variation source of the variables of interest and their admissible

tolerances.
• To implement solutions.
• To apply statistic controls that allow the medium- and long-term improvements.

The application of the Six Sigma philosophy requires real data and the use of a
great amount of variables [26]. Therefore, and as it has been highlighted previ-
ously, this methodology combined with new electronic information and commu-
nication technologies can throw some great results in the warranty management
program and service field. The application of the Six Sigma requires a full-time
dedicated team in such matters [27]. In the case of technical assistance to the
customer, this team must consist of medium-level managers, independent from the
departments of not just after-sales but engineering, manufacturing, or quality. That
is to say, they must be constituted as an autonomous team that assures the reso-
lution of issues related to customer reclamations. In short, the aim of the Six Sigma
is directed through three main areas: customer satisfaction improvement [28], time
reduction in the assistance cycle [23], and defect reduction [29]. To implement the
Six Sigma [30, 31], a group of people is needed and should be organized as follows
(refer to Fig. 10.5):

• BLACK BELT is the person 100 % in charge that deals with critical opportu-
nities of change and getting the right results. It is almost an expert in solving
problems through Six Sigma tools.

• MASTER BLACK BELT is the trainer, consultant, and monitor of the BLACK
BELT. It is an expert in Six Sigma tools. It is also the responsible for an efficient
performance on behalf of the groups or teams.

• GREEN BELT is trained in the Six Sigma methods. The difference between
them and the BLACK BELT is that the GREEN BELT usually has another real
job within the organization; thus, they only serve part-time as members or
leaders of a team.

• CHAMPION This position is very common in the Six Sigma method, and
normally, it is a high-rank executive the one who sponsors a GREEN BELT or a
group. Generally, they are key managers in changing the direction of a
company.

• IMPLEMENTATION LEADER The implementation leader is a professional in
the field of business improvement.

• DMAIC TEAMS are in charge of quality processes as well as of solving prob-
lems of the company that are reflected in the customers and equally have
repercussions in the company’s capital.

DMAIC is the acronym in English that stands for ‘‘define, measure, analyze,
improve, and control.’’ It is designed so that teams are formed with specific tasks
supervised by a BLACK BELT or a GREEN BELT. At the same time, these tasks
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are reviewed by a MASTER BLACK BELT, who is a CHAMPION and finally the
IMPLEMENTATION LEADER. Each part of the acronym DMAIC entails the
following actions [13, 14]:

• DEFINE There is a need to consider the program framework as a whole. Groups
must define what the considerations of a problem are and how to visualize it.

• MEASURE It has two main objectives:

– Gathering data to validate and quantify the problem.
– Obtaining key indicators for problem resolution.

• ANALYZE Once the information is gathered, it must be analyzed, and the criteria
for problem resolution must be set out.

• IMPROVE This is the stage where problems are identified and solved, adapting
the necessary measures to prevent them from occurring again.

• CONTROL This is the part that is in charge of localizing defects and prevents
them from occurring again.

10.3.2 Interaction of the Six Sigma with Other Tools
and Methodologies

In terms of corporate management, Six Sigma is already a mature and solid
methodology and, at the same time, versatile and applicable, designed to reach,
maintain, and optimize results in the company. This methodology uses a set of
statistical and management tools (Fig. 10.6), which when they are synergistically
combined allows to reach significant short-term results [32]. The application of
this methodology proves that the company adopting it improves incredibly the
satisfaction of its customers and company value, eliminating all that is done but
that does not increment value [28, 33]. In short, the implementation of the Six
Sigma methodology in the corporate culture reduces costs and increases produc-
tivity and benefits, and the satisfaction of its customers [34, 35]. In general, all
corporations that implement it deal with the same basic question: What is the flow
of the process? Who are the actors? What are the objectives of the process? What

CHAMPION

IMPLEMENTATION LEADER

CHAMPION

MASTER BLACK BELT

BLACK BELT

GREEN BELT

DMAIC TEAM

Fig. 10.5 Organization for the implementation of Six Sigma
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does the customer expect from it? What are parameters used by the managers and
the people responsible for controlling it?

The cultural aspect undoubtedly affects the way in which this methodology is
implemented. Taking into account context and type of company implementing this
methodology, certain tendencies and interaction combining the Six Sigma with other
quality tools emerge. For instance, usually these combinations are to be found:

(a) Lean Six Sigma

The application of integrated Lean techniques to statistic tools is a solid fact.
And it is gaining popularity. The combination properties of this technique allow an
easier simulation of processes with the aid of computer information technologies
[36, 37]. As it is shown in Fig. 10.7, Lean methodology makes it possible to
eliminate activities that do not provide an added value, creating at the same time, a
flow of processes. Basically, this technique is focused on reducing all sorts of
waste such as

• Overproduction
• Waiting time
• Transport
• Excess of processing
• Inventory
• Movement
• Defects.

Customer
satisfaction

Business results
Success factors

Methodologies

Tools

Lean
Design

TPM

VSM – Decision what tool to use

Visual management – Focus to abnormalities management

Lean 6-Sigma

Kaizen JIT Kanban

DOE

SMED
DMAIC FMEA Fishbone

Kitting C&E VMI Control Charts
VOC

5S – Beginning of waste elimination

Participation
of employees

Learning doing Problem
solving

Fig. 10.6 Methodologies to improve customer satisfaction (adapted from [32])
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These Lean tools include continuous processes of analysis (Kaizen), production
‘‘pull’’ (Kanban), and elements and failure-proof processes (Poka-Yoke).

(b) DFSS: Design for Six Sigma

Also, gaining popularity is the system known as define–measure–analyze–design–
validate (DMADV). Techniques are incorporated to reach a higher creativity and
innovation level, integrating as well TRIZ (Russian acronym for theory of inventive
problem-solving) tools [38]. Basically, DFSS, or design for Six Sigma, it is usually
defined as a rigorous focus for product design and services with the aim of reaching
(and exceeding) customer expectations [39, 40]. Companies that apply Six Sigma
usually find many defects that in reality are originated from the design process. This
is the reason why DFSS makes it possible to redesign processes of manufacturing as
well as initial capacities and assures that final products are produced with fewer
defects through the existing technology. That is to say, DFSS integrates engineering
and designing processes so that defects are eliminated before they can even occur.
The integration of DMAIC principles and designing tools such as ‘‘initiate, design,
execute, and sustain process’’ (IDEaS) produces as a result product designs that
comply, always and from the beginning, with the Six Sigma norms. In short, the
DFSS design stems from the Six Sigma technique and other quality methodologies
related to DMAIC that were developed originally by Motorola in order to sys-
tematically improve processes through defect elimination [41, 42]. As opposed to
Six Sigma/DMAIC predecessors, which are normally allocated to solve existing
manufacturing problems, DFSS pretends to avoid such manufacture problems
through the practice of a more proactive focus for problem-solving and to com-
promise the company’s effort in an early stage so that potential problems can be
reduced. The main objective of the DFSS is to achieve a significant reduction in the
number of faulty units and production variations. It stems from the comprehension
of customer expectations, carrying out critical evaluations of quality (CTQs),
before the design is completed. Normally, only a small part of the CTQs are related
to reliability in a DFSS program; therefore, reliability does not get the proper
attention, considering that the DFSS program does not usually set its objectives to
analyze long-term problems (after manufacture) that can arise from the product.

SIGMA

COST

TERM QUALITY

-

Efifciency Efectivieness

LEAN 6

Process
Performance
Improvement

Fig. 10.7 Complementation
between the objectives of
Lean methodology and Six
Sigma
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(c) DFR: Design for Reliability

The good practice philosophy can be summarized in three important principles
that can be applied nowadays to successful companies [43, 44]:

1. Reliability must be designed in products and processes using the best scientific
methods available.

2. It is important to know how to calculate reliability, but more importantly, to
know how to achieve and maintain it.

3. The practice reliability must begin at a very early stage, in the design process,
and must be integrated with the development cycle of the product in general.

Comparing it to the DFSS, the design for reliability is indeed a process spe-
cifically orientated toward getting high levels of reliability in the long term [45, 46].
This process tries to identify and prevent designing problems at a development
stage, instead of finding these problems when the product is later in customer hands.
For that, a wide variety of tools are used [47, 48]. These tools are different from the
ones used in DFSS, although there is certain superposition.

Figure 10.8 illustrates the tools used in DFSS and DFR, as well as the overlap
between them. As it can be seen in the graphic, the types of tools used in DFR are
based on models related to the useful life of the product, the physical property of
the failure, warranty predictions, etc. The common zone between DFSS and DFR
includes such tools as voice of the customer (VOC), design of experiment (DOE),
and the failure modes and effects analysis (FMEA) that are essential to any type of
improvement program of a product. As a closing statement of this section, it is
worth mentioning that besides the interactions of the Six Sigma with other tools
and methods in both the quality field and continuous improvement (many of them
referred to in this chapter), it can also be observed that some tendencies are
affecting, for instance, the proper training of the staff responsible for the Six Sigma
implementation. That is to say, nowadays there is a certain change in the Black
Belt and Green Belt profiles, where each time there is a higher requirement of
knowledge and training, as well as a minor individualist consideration of the
projects. In another respect, there is a current search for certain specialization. This
way, Black Belt and Green Belt specialists come forward according to the
implantation sector. The following chapter suggests consulting next section where
aspects of Six Sigma methodology in warranty management are dealt with,
together with the focus on what was here elaborated.

10.4 Case Study on Six Sigma Methodology

This chapter briefly described the theoretical foundation upon which Six Sigma
methodology is based. In this next section, this theoretical base is going to be
applied in a succinct manner to a generic manufacturing plant in the automobile
sector. It has been decided, for that purpose, to modify the starting data in order to
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develop this application from an academic point of view, with an easy extrapolation
to other contexts and with the sole purpose to emphasize the potential of the Six
Sigma methodology. As it has been seen throughout this document, when a cus-
tomer notices a fault in a product (in this case his/her vehicle), the situation can be
considered as abnormal since it is expected that the customer’s product (a vehicle)
works perfectly. Nevertheless, these abnormal situations, which should be treated
as warranty incidences, represent highly important percentages in the expenses
incurred by automobile companies. Therefore, their study, analysis, and improve-
ment belong to a justified field, as it has been observed in Fig. 2.1. We have seen
that the improvement in reliability and quality of the product does not just have a
favorable impact on the customer but also considerably reduce expected costs of
warranty services [49]. However, in the automobile industry for instance, to con-
sider a small ratio of customer claims might be merely a simplification. That ratio
could be related to the fact that some companies reject those claims more effec-
tively, encouraging and redirecting customers to the suppliers. This might result in
an interesting line of research for future researches related to this particular field.

10.4.1 Application Scenario

The study scenario is based on a real automobile manufacturing plant, from where
we have extracted data regarding the number of vehicles sold a month, the failure
ratios these sales represent, the time it takes the technical service staff to react and
repair under warranty failures, etc. In short, a typical assembly automobile plant
has the following different areas or productive departments: stamping, bodywork,
painting, and assembly. Such areas form the general sequence of the vehicle
manufacturing. A brief description of each of them and their existing interactions
is listed as follows:

• Stamping: This is the area in which all the metallic parts (of the bodywork or
structure of the vehicle) are formed. The stamping area uses steel rolls as raw
material, and these are cut in rectangular forms of different sizes depending on
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Fig. 10.8 Tools and methodologies used in DFSS and DFR
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the use they will have (the process used to cut steel to form rectangles is known
as ‘‘blanking’’). Once the steel roll is processed, each blade is introduced into a
press, and the metal is squeezed to get the finishing needed for the chassis, roof,
doors, etc.

• Bodywork: The bodywork area is the client of the stamping area. Bodyworks use
the previously stamped parts as raw material, and the transformation in this area
consists in joining these parts to form the structure of the vehicle. The union of
these pieces is done through welding processes. The plant we are studying has a
high degree of automation. Therefore, this means that most of its welding
operations are performed by robots.

• Painting: Once the bodywork of the vehicle is built, it goes to the area of
painting where the unit is submerged in inks so anticorrosive materials can be
applied. Then, the unit is painted and undergoes a dry-heating process. The
finished product at this stage of the process consists in a painted shell which is
later sent to the assembly area.

• Assembly: The final assembly area is the biggest and with the largest number of
operators. In this area, the painted unit is received without any parts installed.
The process in the assembly area normally consists of several hundreds of work
stations (our study plant has 284 work stations in the assembly area) at which
the operators take part in an assembly-line manufacturing process. The vehicle
is first assembled with the installation of wires, sound insulators, modules, and
sensors. After that, the carpets, instrument panels, and interior fabrics are
installed. Finally, it is completed with the installation of the engine, transmis-
sion, suspension, and wheels.

Once the vehicle is assembled, it is delivered to the area of quality control
where some functional tests are run. One of the most important functions, which
come together with the transformation of the vehicle throughout all the areas or
departments, is related to logistics of material. The modalities of material gath-
ering to the production process vary depending on the characteristics of the
operation and on the material itself, even though, generally, there is a need to
minimize the inventories.

10.4.2 Set Out and Application of the Methodology

One of the biggest problems, in short, will be to reduce the number of incidences
in/under warranty. To achieve this, there should be an improvement in the quality
control during the productive process as well as in the efficiency and technical
servicing performance in warranty, in the way that staff can deal quickly and
effectively with an abnormal situation of systematic failures on sold vehicles. The
application of the Six Sigma methodology in the after-sales service allows us to
analyze the reliability of a product once is put on sale, improve it, and also boost
the performance of the warranty service when dealing with failures. With this
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purpose, the Six Sigma methodology will be applied in our particular case, in order
to reach these objectives using multidiscipline equipment, statistic tools, recorded
data, etc., just as other previously mentioned criteria.

10.4.2.1 Roles and Processes of the Six Sigma Application

This section defines the strategy based on roles and responsibilities (functions) in
which the personnel in charge of dealing with problems regarding warranty will be
focused on. This is a key activity within a quality system to all those companies
that, nowadays, pretend to be competitive in the market. Staff focused on this area
of work should follow certain guidelines. The following is a description of the
different guidelines or roles that are considered in our generic plant:

• Role 1: It is related to the total comprehension of customer problems, priori-
tizing them and adjusting quality inspections in the manufacturing process so
that those problems can be prevented if possible (Fig. 10.9).

That is to say, the purpose of this role consists of understanding, in a very clear
way, the difference between customer expectations and the current quality level of
the vehicles, so that these concerns can be later translated into specific require-
ments to be adjusted in the manufacture process and/or the product design. This
role includes two critical processes: first, definition of defects and priority dis-
satisfactions, which refer to these key activities: classifying of defects, internal
indicator analysis, benchmarking, communication, contact with the client, etc.
Secondly, the other critical process involved in this role is the early detection of
failures, which consist of adjusting quality inspections in the factory, providing
feedback to the specific process generating the problem, etc.

• Role 2: This role is focused on solving those problems that were previously
prioritized (role 1). The Six Sigma methodology is of great help at this stage as
it is a very efficient tool for solving problems in a systematic way. This role has
as a concept to bring abnormal situations to an earlier stage of a product’s life
cycle. An abnormal situation would be when a customer detects a failure in his/
her vehicle, whereas a normal situation would be to expect a perfect perfor-
mance from the product. The real problem-solving issue lies in the ability to
control these abnormal situations at the earliest stage possible and correct them
as quickly as possible (see Fig. 10.10).

In other words, these abnormal situations should be stopped, for instance, at the
assembly-line plant, or at the facilities of the specific supplier of the defective part;
another option would be that the risk of the defect being foreseen during the design
process, and from that moment, some actions should be taken in order to eliminate
its possible occurrence. Therefore, this role plays a critical part in problem-solv-
ing, and for that purpose, the activities of this role will be both to prevent critical
problems and the methodology to solve them.
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• Role 3: As problems are being solved (Role 2), causes generating these situa-
tions must be controlled in order to prevent the recurrence of the defect. This is a
very valuable activity as it allows the organization to focus on the control of
critical variables of quality and how to react when such critical variables
overstep the parameters of control, avoiding the need to react when the effect of
the uncontrolled variables reaches the customer. This is a role that prevents the
generation of problems regarding quality (Fig. 10.11).

Therefore, the purpose of this role refers to the improvement in systems and
processes as well as the control of critical quality characteristics (CTQ or critical
to quality) and the selection of criteria (SC).

• Role 4: Ideally, the system should be able to solve problems regarding warranty
(Role 2) and will have control over its critical quality variables and thus prevent
the recurrence of such defects (Role 3). Role 4 is related to the improvements
made from product design and the manufacturing process, so that the product is
not likely to present any defects. This means that the product should be solid on
its own design in a way that the probabilities of experiencing failures are
minimized. At the same time, that product depends less on critical quality
variables. The activities of this role could be considered as proactive as they are
implemented back from the product designing stages, the prevention of defects
based on the acquired experience of roles 1, 2, and 3 (Fig. 10.12). Therefore, the
purpose would be the change in the product or process so a certain capacity is
achieved, greater than the allowed, by the current design conditions. In this role,
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we will have as critical processes, on the one hand, the alignment of the product
characteristics with customer expectations. Thus, key activities would involve to
analyze what aspects result in customer satisfaction, to detect problems at an
initial stage of prototype testing, to encourage interaction between the respon-
sible staff for warranty analysis and the designers of the product, to validate cost
reductions, to participate in preproduction stages, etc.

On the other hand, the purpose of this role will be also to eliminate non-solid
processes, so that its key activities would be both the follow-up and the validation
of changes made to the product.

10.4.2.2 Variability Reduction Team (VRT) Activities

In the previous chapter, it was indicated that the personnel focused on the appli-
cation of the Six Sigma methodology must work following determined guidelines
or roles. Within those work, teams are those usually known as ‘‘variability
reduction team leaders’’ or VRT leaders. As it will be later seen, the role of VRT
leaders is used in the Six Sigma application mainly in Role 2, even though it also
applies to the additional roles. This term could be interpreted as those responsible
for such teams in charge of the variability reduction. Figure 10.13 shows the focus
and responsibility that those VRT teams have within the roles described in the
previous section.
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In short, these people have the primary responsibility of solving problems
which can affect the company in relation to warranties reported by the final cus-
tomer or by the automobile distributor. The definition of this role is a starting point
in the Six Sigma methodology. Among these TRV activities, we can find the
follow-up of customer requirements, the participation in the preproduction/plan-
ning phases, warranty result projections, product change validation, and improving
weak processes derived from a deficient design.

10.4.3 Example and Results of the Application

Let us take into account a quality problem in which the customer starts to claim,
through the after-sales service, that the front fender is detaching itself from the
bumper of the vehicle. In respect of being a repetitive claim on behalf of diverse
customers, the incidence acquires an urgent resolution. The reclamations from
VOC customers regarding this situation indicate that the bumper does not remain
in its place, specifically in the front part of the driver’s side; it comes loose from its
position to the left. Given the importance and the repetition of the incident, the
same system shown in Fig. 10.10 is applied as a process map of resolution. This
system is related to solving non-evident problems in the work station. With the aim
of getting 0 defects, it is necessary to start analyzing the internal indicators which
are reported, observing that evidently the component presents poor quality. This
first study can facilitate to determine the moment when the problem first started
(Fig. 10.14).

In this first analysis, it could also be observed that the assembly of this piece
required a great deal of effort in contrast to other parts in the process. This elevated
effort was confirmed in the work stations through studies that measured effort.
Once these first studies were carried out, a study of each of the affected component
parts was also performed, as well as a follow-up to the corresponding suppliers of
these elements. Regarding the metrological testing of the pieces, it is important to
do a dimensional evaluation, with a certain frequency if possible and mainly in
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respect to the anchorage of the piece to the vehicle, so that the suitability of the
design is verified. A critical point was observed throughout all this analysis during
the stamping process relative to the tensile strength limit of steel used: reaching
levels that surpassed the superior limit (Fig. 10.15). In particular, it was deter-
mined that the tensile strength of the steel was the cause for the displacement of
2.45 mm in the anchorage zone. An engineering change in the zone was proposed
as a corrective action to solve the dimensional problem.

With regard to all this, it was detected that the bad anchorage of the piece was
taking place during the assembly operations. Moreover, it was also found that the
cut of the panel edge presented different conditions. The solution to this issue
consisted in making an instruction sheet to correct the faults, concluding that the
steel was in fact the critical input for the follow-up stamping process.

In the same way, special means of measurement were added and integrated to
achieve the improvement in the current state of the component, thus consequently
avoiding future customer reclamations. After implementing the improvements, we
observed how important it is to carry out an abnormality analysis to detect the
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anomaly [50]. In this specific case, an improvement of 70 % was obtained in
relation to the effort measurements so that the operators did not need to beat the
block to anchor it. Likewise, such improvement is also reflected when taking into
account the internal indicators to that respect (Fig. 10.16), in comparison with
those originally shown in the graphic in Fig. 10.13. Interesting references in this
respect are [41, 42, 51, 52].
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Part V
Extensions to the Framework



Chapter 11
Intellectual Capital in the Technical
Assistance

11.1 Background

Warranty assistance is characterized by a complex field that involves different
disciplines: Management, Organization, Human Resources, Business Economics,
Safety, and Environmental Management and, of course, a good knowledge of the
product helpful for the customer. In another respect, it is an activity that can only
be seen if it responds properly when there is a failure in the product, and therefore
a reclamation issued by the user, which leads to a certain pressure when such
claims take place. In these situations, it is necessary to make decisions rather
quickly, making it often difficult to identify the best choice (cost reduction, low
impact on production, urgency, and priority customer service quality, appropriate
human resources, etc.). Eventually, the decision made is not always liked by the
entire organization so, in case of any doubts, we must act with diligence and high
professional ethics in order to face the responsibility and social impact that may
arise from the decision adopted [1].

The customer service requires a special management (Fig. 11.1) due to the fact
that, as a difference from other departments within the company, it deals directly
with the customer and must be able to meet user’s needs [2]. In customer-oriented
organizations [3, 4], the customer service department is a key [5] for its contri-
bution not only for customer satisfaction [6] through the assistance quality, but
also enriches the entire organization in terms of service [7]. In this sense,
knowledge management is critical because the significant amount of operation
links with intensive exchange of information internally and externally (Fig. 11.2).

Basically, the need to update and share knowledge of technical assistance,
whether for maintenance or warranty incidents [8–10], becomes a key issue. In
order to extend this knowledge, activities such as coaching, mentoring, or on-job
training [11, 12] are used. Sometimes these activities are not so easy to perform as
many procedures and technical instructions refer to equipment under ‘‘laboratory
conditions’’ and not under actual operating conditions. Obviously, when the
product is launched into the market and distributed by different users, the effects
on the physical assets are very diverse. Human capital is crucial for continuous

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_11,
� Springer International Publishing Switzerland 2014
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improvement and decision-making [13–15], since the main source for creating
competitive advantage relies mainly on knowledge, how to use what is known and
the ability to do new things [16]. For this reason, in order to improve customer
service, human capital is one of the best forms of management, through knowl-
edge, skills, attitudes, interests, and competence [17]. This must be assessed by
technical aspects, staff flexibility to changes, adaptability, learning, teamwork, and
so on, as well as the ability to work in diverse and interrelated tasks. Consequently,
the assessment of the value generated by customer service is not an easy task and
takes different perspectives into account. In order to quantify such an assessment,
this section proposes a methodology to measure the advantages of after-sales
service management in companies that have distributed their products in the
market and considering not only the benefits, but also the reduction of risks in the
reliability scope.

11.2 After-sales Service Contribution in a Company

Now, we are going to assess the impact of different areas in the company’s
customer service. In order to achieve this, this assessment will be based on a
comparison of the maintenance department, where different authors [18–22] have
summarized their contributions to that area. Basically, customer service is influ-
enced as follows (Fig. 11.3):

• Management and Organization. Management is a mandatory subject, which
consists of the ability to lead the involved activities and resources (skills,
knowledge, responsibilities, etc.) to defined objectives, in order to facilitate their
control and knowledge management.

• Finance—Economy. From the company’s practical point of view, the customer
service can incur significant company savings by reducing the consequences of
failures that could lead to more serious incidents.

• Business—Functionality. Customer service is aimed at maintaining the product
functions, once it is already in the hands of the client, in order to fulfill the
expected functions satisfactorily.

• Quality and customer relationships. Customer service can increase its contri-
bution to gaining customers and customer satisfaction and retention.

• Impact on safety. After-sales service plays an active and important role in
protecting the internal and external resources. Now, there is also a growing
interest in society for the protection of the environment. Thus, the objectives of
customer service must also be the conservation of industrial assets in safety
conditions, to the environment and people, in accordance with the general legal
regulations on that matter.

• Improvement and development. Experience in technical assistance can improve
products and services through continuous improvement of processes, always
looking for the creation of value, and the ability to quickly react to changes.
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In order to evaluate the contributions in all these areas, we need historical data
and a consistent application of indicators [23]. In this way, indicators can be used
as a support for decision-making and as a guide for the development and
improvement of technical assistance. In after-sales services (mainly due to its high
interaction with customers and other dispersed elements), the contribution of such
a service will consider the measurement of performance on warranty activities,
plus the impact analysis of claims. The contribution of customer service in a
context of failure analysis cannot be considered from a deterministic point of view,
due to the uncertainty in the occurrence of a failure, thus, it must be managed from
a probabilistic approach [1, 24], based on the study of random variables as the
MTBF and MTTR which are characterized by probability distribution functions
[25]. The importance of the claims is not only relevant in terms of operational
performance, but also in terms of costs [26] and the life cycle phases of industrial
assets (Fig. 11.4).

The risk–cost model [26] makes the decision-making easier for a higher benefit
(i.e., ‘‘lower cost,’’ as defined in Chap. 7) with less impact. In general terms, post-
sales costs (CP) are the sum of costs from planned activities (if any), corrective (of
the claim itself), and other risk–costs arising in production, safety, reliability, and
product quality that may affect customer service:

CP ¼ CPlanned þ CCorrective þ CRisk production

þ CRisk safety þ CRisk reliability þ CRisk quality:
ð11:1Þ

Summarizing, we could classify after-sales service costs based on their impact
into two categories [20, 27, 28]:
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1. Direct costs such as planned and corrective costs.
2. Costs associated with risks in order to quantify the consequences due to the lack

of reliability, environmental impact, production, and quality.

Risk costs can be expressed as:

Risk Rð Þ ¼
X

Pr � CConsequence

� �
with i ¼ 1; . . .; n ð11:2Þ

where

• Pr is the probability that a complaint can be issued
• CConsequence is the resulting cost of a specific complaint
• i is the type of possible failures (1, 2,…, n).

In order to know all possible after-sales service costs, one should measure direct
costs and the quantification of risks due to the lack of reliability. These types of
costs can represent the actual and potential capacity for the customer service
organization to produce benefits (i.e., lower costs) and savings for the company. In
other words, we use these measurements to assess the intellectual capital of cus-
tomer service.

11.3 The Technical Assistance as Intellectual Capital

As previously mentioned, a knowledgeable and experienced technical support staff
is a strategic asset for the company and can be considered as a competitive
advantage against other companies in the same sector. These aspects should be
evaluated and for this purpose, the American Accounting Association (AAA) has
defined a series of nonfinancial indicators to facilitate decision-making regarding
the evaluation of human capital [29]. There are many studies on the valuation of

Fig. 11.4 Costs generated along the product life cycle
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knowledge that demonstrate the difficulty of this practice when it is applied to
intangible issues that are complicated to measure and reproduce. Referring to the
measurement of intellectual capital [30, 31], it is considered that knowledge
generates a competitive advantage for the company [32] with the potential to
produce future benefits. Intellectual capital has been defined in 1998 by Euroforum
as all those intangible assets in an organization which, although have not been
considered in traditional accounting, certainly have the effect of producing com-
pany value or to potentially produce it in the near future. Intellectual capital can be
shown in addition to physical assets in three ways [33]:

• Human Capital, such as knowledge, experience, and creativity of the company
employees.

• Structural Capital that considers the organization’s ability to perform its func-
tion. That is, information resources, technological systems, industrial properties,
franchises, corporate culture and the process efficiency, service quality, inno-
vation capacity, etc.

• Relational Capital of the company with agents in its environment (customers,
suppliers, government agencies, etc.), as well as the brand valuation, customer
portfolio, relationships with them, etc.

According to this classification, the majority of valuation methods for intel-
lectual capital [30–34], the sum of different types of capital applies as a reference
equation, weighed by efficiency indexes. Accordingly and consistently with the
calculation method developed by [32], the assessment of an organization’s intel-
lectual capital can be expressed as the sum of human capital, structural capital, and
relational capital multiplied by efficiency ratios specificied for each type of capital:

CI ¼ iH � CHþ iS � CSþ iR � CR ð11:3Þ

where

• CH, CS, and CR represent the economical value of human capital (CH),
structural capital (CS), and relational capital (CR).

• iH, iS, and iR, correspond to efficiency indexes for the intellectual capital. In case
of more than one index for each type of capital, the arithmetic mean or the
average of all of them is used: [(i1 ? i2 ? ��� ? in)/n]

11.4 Proposed Methodology

This section attempts to show, in a quantitative value, how the establishment of an
after-sales service management can create value for the organization. In order to
achieve this, we will quantitatively assess the effectiveness of technical assistance
in the area of reliability.
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11.4.1 Generated Value Regarding Staff

In relation to people and intellectual capital, the two main investments in human
capital, from the accounting point of view, are investment in salaries and invest-
ment in education and training. Thus, the effectiveness of these investments can be
represented by the following indicators:

• Investment in salaries (CHsalary):

– Staff motivation (iH_motivation). This indicator is the rate on personnel
motivation.

– Staff performance (iH_performance). This indicator represents the performance
of the technicians.

– Task productivity (iH_productivity). That means: [Task hours]/[total of hours]
• Investment in training (CHtraining):

– Staff percentage covered by training plans (iH_training).
– Staff percentage with skills to develop the assigned tasks (iH_skills).
– Relationship between staff that perform work orders according to the standard

number of hours and the total work orders (iH_efficiency).

Apart from this, from the point of view of reliability, people dealing with
stressful circumstances, time limits, concerns, etc. can cause errors and failures
with significant consequences for the business. In a few words, there is always a
human error probability (HEP) [35, 36]. The contribution of human capital in the
context of reliability must be quantified in order to know the real potential of the
staff. As an example of the importance of human errors, there are studies such as
the one developed by [37] in different sectors whose results concluded that at least
between 20 and 30 % of failures in industrial assets were caused by a human error.
Most studies [38, 39] on human reliability analysis (HRA), apply a probabilistic
risk assessment. Summarizing, HEP can be used as an indicator, which will affect
the amount of technical assistance so that the higher the HEP, the higher the
number of errors that can take place and, consequently, the higher the costs of
technical assistance. Multiplying iH_reliability by the average cost of a technical
assistance (costa) and the number of all types of assistance (na) in the evaluation
period, the contribution of this negative impact on intellectual capital is:

�iH reliability � cos ta � na ¼ �HEPH � cos ta � na: ð11:4Þ

Therefore, human capital must be reduced in relation to human errors, because
it causes extra corrective activities.

iH motivation þ iH performace þ iH producvity

� �

3
� CHsalary

þ
iH training þ iH skills þ iH efficiency

� �

3
� CHtraining

� iH reliability � cos ta � na:

ð11:5Þ
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11.4.2 Generated Value Regarding Quality

Regarding customers and intellectual relational capital, companies invest in cus-
tomer service (CRclient) so that the efficiency of the investment can be represented
by the following indicators:

• The rate of customer satisfaction due to the received assistance service
(iR_satisfaction).

• The percentage of clients who are not affected by warranty incidents (iR_clients).
That means: (1 - [sum of clients affected by failures/total sum of clients]).

From the reliability point of view, customer service contributes to customer
perception in the way that, the more reliable a product is, the fewer claims from the
customer there will be and, therefore, less need for technical assistance and a
higher customer satisfaction. There are many methods for measuring quality based
on assistance attributes, considering their importance and the company’s contri-
bution to providing such a value [40]. With this in mind, the measurement of
assistance quality has to be carried out by a viable assessment with certain
requirements, such as those related to the technical assistance itself, quick response
time, assistance reliability and safety, and so forth. However, it is difficult to
measure the quality perceived by the customer. The assistance influences on
customer perception through the service quality, i.e., satisfaction increases when
there is a high quality in the resolution of an incident and its quick treatment. We
will limit the assistance effects on the quality of the service by two criteria:

• A poor assistance causes more damage than a good assistance in the customer’s
perception. Client’s perception is diminished with a bad service quality and
transmits negative product advertising to the market.

• It is essential to determine the level of incidents that require a certain level of
service, according to the market as a standard and regarding to the agreements
established with the clients.

Furthermore, the client’s behavior may differentiate greatly from one client to
another. For example, the customer can expect or demand either a monetary
refund, or they can wait or take immediate legal action. In each situation, the client
can stop buying our products and/or give negative publicity. In most cases, the
client keeps a bad experience in mind to remind us when it is more convenient for
him. Basically, each customer perceives service quality differently. It is possible to
estimate the quality of assistance using statistical methods such as ‘‘Survival Data
Analysis.’’ This type of analysis examines a group of individuals and their reaction
to an incident after a certain period of time [41–44]. Besides, the assistance quality
can be measured by the compliance degree with those agreements on warranty
service, delivery date, response time, recovery time, or accuracy on the level of
service, etc. To achieve this, we consider that quality is accepted by the customer
when it is within a tolerance level. This tolerance level can be defined by Pa(tR),
which is the probability of customer loss or abandonment, depending on the repair
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time (TR). Therefore, one can use the loss average probability in a particular sector,
which can be estimated based on historical data of those industrial assets launched
to the market for sale. There are different techniques to solve this type of analysis
[45, 46]. In certain sectors using a variable called ‘‘net present value of the cus-
tomer’’ (NVC), which correspond to the updated profit per customer. This would
be equivalent to the total income obtained from a client during his relationship
with the company, minus the direct costs from sales, acquisition, and retention
(discounts). Therefore, the risk due to customer loss is calculated multiplying
iR_reliability by NVC, the average number of customers affected by incidents (nc),
and the average number of failures (nf).

�iR reliability � NVC � nc � nf ¼ Pa � NVC � nc � nf : ð11:6Þ

Therefore, the relational capital must be reduced in accordance with the
probability of clients that can abandon the service, as shown in the following
formula:

iR satisfaction þ iR incomeð Þ
2

� CRclients � iR reliability � NVC � nc � nf : ð11:7Þ

11.4.3 Generated Value Regarding the Company Structure

Next, the main structural capital investments are from the accounting point of
view: investment in standardization, prevention and performance assessment
(CSprocess); and investment in information and communication technologies (ICT)
and innovation (CSICT). The effectiveness of these investments can then be rep-
resented by the following indicators:

• Investment in standardization, prevention, and performance assessment
(CSprocess).

– Change in the planned activities (iS_planned). That is, the relationship between
planned assistance and total assistance.

– The capacity rate used in relationship to the maximum capacity in support
services (iS_capacity).

• Investment in ICT and innovation (CSICT).

– Percentage of staff that apply TICs (iS_personnel_ICT).
– Percentage of industrial assets covered by ICT as tools for monitoring or

forecasting (iS_equipment_ICT).

Once more, we focus on the value generated by the reliability, in this case,
related to the structure of the company. The indicators here shown can be
understood as a sign of the assets conservation. As in previous sections, we must
assess the impact that reliability has on the company structure. For this purpose, a
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good indicator is the asset availability by the MTBF average in the critical com-
ponents and the mean time to repair average (MTTR). Depending on the industrial
sector, the indicator of equipment availability (Ae) affects the total revenue by the
loss of customers. Therefore, the indicator on asset unavailability is multiplied by
the NVC and the total number of clients (nc). The contribution of this impact will
be negative in the overall intellectual capital.

�iS equipment availability � NVC � Nc ¼ � 1� Aeð Þ � NVC � nc: ð11:8Þ

Therefore, the structural capital must be reduced in accordance with the
product’s availability as can be seen in the following equation:

iS planned þ iS capacity

� �

2
� CSprocess

þ
iS personnel ICT þ iS equipment ICT

� �

2
� CSICT

� iS equipment availability � NVC � nc:

ð11:9Þ

Finally, we should underline that this quantification of intellectual capital may
be different depending on the department or sector of our concern. The method-
ology here proposed is based on the doctoral thesis indicated in Ref. [47]. Apart
from this, as a continuation to Chap. 11, we suggest to consult the next section that
deals with aspects regarding quantification of intellectual capital; as a complement
to what was here developed and focused on.

11.5 Case Study on the Intellectual Capital in Technical
Services

11.5.1 Scenario and Initial Considerations

This section looks at a case study whose context or scenario is similar to the one in
Chap. 8 (that is to say, to a water distribution company). In this case, we intend to
compare the service contribution in technical assistance in terms of intellectual
capital of two companies that work on areas with similar characteristics. To that
end, the described formula in Chap. 11 will be applied. It should be considered that
the after-sales service needs a quantification of its maturity that would reflect the
organization and their capacities. This situation, although it has been already
mentioned in a previous case in Chap. 6, not only requires the assessment of its
management but also the measurement of its efficiency in its applicability. In other
words, the advantages of after-sales management should be evaluated as a quan-
titative value that reflects the produced improvements in reliability (in this case, a
water distribution network) as well as the quality of the product (in this case, the
water distribution service). In accordance with the obtained results, managers will
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be able to know a real situation and make decisions in an easier way, given that the
information regarding quality costs helps to justify the investment in quality
improvement, helping to control at the same time the efficiency of the efforts made
[48]. In short, the aim is to show using quantitative values, that the investment in
intellectual capital creates value for the organization. Moreover, it is important to
highlight that human reliability is the most important factor when explaining and
predicting the company’s economic growth [49]. As it has been previously men-
tioned, the proposed methodology will allow us to measure the evolution of the
norms and regulations as well as the comparisons with other competitors in the
field [50].

External references are used as objectives in order to determine maturity [51,
52]. Table 11.1 shows some of the indicators evaluated in the study regarding
different companies, detailed in Ref. [53]. The different evaluation methods of
intellectual capital employ reference indicators as personnel motivation, customer
satisfaction, personnel performance, rate of training, degree of TICs establish-
ments, non-planned activities, efficiency in the use of resources, etc.

Table 11.1 International indicators indicadores internacionales

Category Benchmark

Yearly maintenance costs: Total maintenance cost/Total manufacturing cost \10–15 %
Maintenance cost/Replacement asset value of the

plant
\3 %

Hourly maintenance workers as a % of total 15 %
Planned maintenance: Planned maintenance/Total maintenance [85 %

Scheduled maintenance as a % of hours worked *85–95 %
Unplanned down time *0 %
Reactive maintenance \15 %
Run-to-fail (emergency ? non-emergency) \10 %

Maintenance overtime: Maintenance overtime/Total company overtime \5 %
Monthly maintenance rework: Work orders reworked/Total work orders *0 %
Inventory turns: Turns ration of spare parts [2–3
Training For at least 90 % of workers, hours/Year [80 h/year

Spending on worker training (% of Payroll) *4 %
Safety performance: OSHA Recordable Injuries per 200,000 labor hours \2

Housekeeping *96 %
Monthly maintenance

strategies:
Total hours PM/Total maintenance hours available *20 %
Total hours PDM/Total maintenance hours

available
*50 %

Total hours PRM/Total maintenance hours
available

*20 %

Total hours REM/Total maintenance hours
available

*2 %

Total hours RNEM/Total maintenance hours *8 %
Available time/Maximum available time [97 %

Contractors Contractors cost/Total maintenance cost 35–64 %
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In this direction, there is a need to measure not only the consequences of
negative impacts carried out by a technical service, but also the consequences of
positive impacts that result from good service, particularly in the most relevant
categories of intellectual capital:

• The human capital or related to personnel through personnel and human reli-
ability investments.

• The relational capital referring to quality through investments in quality and
consequences of customer satisfaction.

• The structural capital or company structure, through structural investments and
equipment preservation.

As a consequence, the indicators of distribution companies must be linked to
network reliability, availability, re-establishment time, etc., and its application
should be through a quality service that increases customer satisfaction.

11.5.2 Results of the Practical Application

The contributions to after-sales services and their impacts will be analyzed, as it
has been previously mentioned, in two water distribution companies that operate in
the same distribution area, and where it is attempted to compare both of them in a
determined period of time.

Table 11.2 shows as a starting point the applied investments and the main key
indicators of performance that both companies present. With this data, the intel-
lectual capital is calculated in order to compare companies A and B, as we can see
the investments of both companies are the same 900,000 €/year. However, we now
are going to apply the formulas developed in Chap. 11, obtaining the results that
are shown in Table 11.3. Here, if we only take into account the capital formulas,
the intellectual capital value is less than the investments of both companies,
695.417 in company A and 777.417 in company B.

Likewise, the following details can be distinguished:

• There is more structural capital in company B than in A due to the ICTs
inversion.

• There is more relational capital in company B than in A due to the fact that
customer satisfaction is higher given that fewer customers are affected by the
failures.

• The human capital is the same for both although company A is more efficient
due to the motivation factor.

In addition, the impact of reliability is also assessed; these values will reduce
the intellectual capital in terms of possible risks in the network to the results of
Table 11.4.
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Table 11.2 Applied inversions and main KPI’s

Investments Company A Company B
(a) Salaries 300,000 250,000
(b) Investment in learning and training 50,000 100,000
(c) Investment in customer attention 100,000 100,000
(d) Investment in quality and processes 300,000 250,000
(e) Investment in ICT and innovation 150,000 200,000
Total 900,000 900,000
KPI Company A Company B
1. Personnel motivation 90 % 80 %
2. Personnel performance 75 % 85 %
3. Productivity of labor 90 % 90 %
4. Personnel with learning 85 % 90 %
5. Fulfillment of personnel competences 95 % 90 %
6. Fulfillment of efficiency versus standards 85 % 80 %
7. Customer satisfaction 75 % 85 %
8. Customer incomes affected by failures 80 % 95 %
9. Planning 60 % 80 %
10. Capacity 75 % 85 %
11. Personnel with ICT 75 % 95 %
12. Equipments with ICT and optimization 80 % 80 %
13. HEP 0.25 0.28
14. Mean cost of activity (€) 150 150
15. Number of activities (na) 589 589
16. Pa (Re-establishment time) 0.0013 0.0005
17. CNPV 3,000 3,000
18. Number of affected customers (nc) 200 200
19. Number of failures (nf) 30 30
20. Availability 85 % 95 %
21. Unavailability 15 % 5 %

Table 11.3 Application of the formulas to assess intellectual capital

Capitals equations Company A Company B

a 9 average(1 ? 2 ? 3) 255,000 212,500
b 9 average(4 ? 5 ? 6) 44,167 86,667
c 9 average(7 ? 8) 77,500 90,000
d 9 average(9 ? 10) 202,500 206,250
e 9 average(11 ? 12) 116,250 175,000
CI_human (a 9 (1 ? 2 ? 3)/3 ? b 9 (4 ? 5 ? 6)/3) 299,167 299,167
CI_relational (c 9 (7 ? 8)/2) 77,500 90,000
CI_structural (d 9 (9 ? 10)/2 ? e 9 (11 ? 12)/2) 318,750 381,250
Total 695,417 770,417
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In other words:

• Taking into account the impact of human errors and, supposing that the average
cost of an activity and the number of activities is the same for both, the negative
contribution by the impact of human reliability is more in company B, due to the
fact that the HEP is higher in B than in A.

• If the re-establishment time is different in both companies but the CNVP is the
same, the impact in terms of costs is more in company A, considering that the
probability for abandonment is higher.

• Finally, the impact on equipment reliability is also reduced. If the type of
equipment supports 200 customers and the CNVP is of 3,000 €/year the negative
contribution is higher in A than in B.

In short, as it is observed in Table 11.5, the difference now between both
companies’ increases. The value of company B is greater than A, mainly due to a
lower level of risks (human error and network failures) in spite of, as we have seen,
starting from an equal budget for both companies. This practical case is supported
also in this doctoral thesis [47].
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Chapter 12
Maintainability and the After-sales
Service

The purpose of this chapter is to describe a process to obtain a maintainability
index for industrial assets that, particularly, have been launched to the market and
need to be technically assisted by the customer service. The concept of main-
tainability considered here is the one defined in the European Standard UNE-EN
13306:2010, which indicates that the item (element or device) maintainability is its
ability to be maintained or restored to a state where it can perform a required
function, considering that the provided technical assistance is carried out under
specific conditions and using established procedures and means [1]. Maintain-
ability is a key contributor to the dependability of an industrial device. The term
dependability expresses a general concept, not quantitative, which encompasses all
those properties used to describe the device availability and its conditioning fac-
tors: reliability, maintainability, and technical assistance support. Maintainability
is therefore an aptitude for industrial devices related to their maintenance, which
will be evaluated under certain conditions of use. This is a key aspect in this
section, which requires previously to the evaluation process, the description of the
device conditions of use for an average end user. These conditions not only have to
do with the way or manner in which the equipment is operated, but also its
disposition where it is located (a process plant, a defense system, an aerospace
craft, etc.) and the environmental conditions where it performs the required
function. In order to complete the proposed analysis, it is also necessary to know in
detail the structural characteristics, the device assembly and installation, as well as
the maintenance routines. This last section will clearly identify the different levels
of technical assistance, the actions in each one, the procedures for carrying out
these actions, etc. As a consequence of the foregoing paragraph, and in order to
obtain comparable measures for the maintainability levels, training of the evalu-
ators will be another key consideration and will be required for a successful
implementation. Then, it will be established as a requirement to fulfill by the
evaluators of maintainability indexes, the accreditation of certain levels of tech-
nical training (in general terms), and technical assistance and maintainability
training (in particular terms). For one device, the proposed maintainability indexes
will be then assessed under different conditions of use, even at different stages of
its life cycle, always with different purposes. Thus, during the preparation phase of
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the device, the evaluation of maintainability index can help and improve the
design in order to facilitate subsequent warranty and maintenance services,
regardless of environmental conditions in which the device operates finally.
Consequently, in its operational phase (and therefore during the period specified
under warranty assistance), in case of extensions to the technical assistance, the
evaluation of maintainability index may be made periodically in order to measure
how easy is technical assistance under specific operating conditions and envi-
ronment, which may often be changing over time. When the maintainability index
assessment is made during the operation phase of the device, it is important to
remark that the thing to evaluate corresponds to the skills of the device, not the
organization responsible for the technical assistance. For example, when the
required training for the staff of technical support is mentioned as maintainability
attribute, it refers to the qualification that must have the staff that is responsible for
performing the actions at a certain technical level. It does not assess the training
level of the existing staff. This nuance is essential for a proper interpretation and
use of this chapter.

12.1 Brief Review of the State of the Art

12.1.1 Introduction

It is not the aim of this section to present a comprehensive and exhaustive study of the
methods proposed for measuring the technical assistance performance, but to offer a
quick overview of the main approaches found in the technical literature dealing with
this issue. The different contributions can be grouped in two main basic approaches,
according to the source of the input information and the nature of it:

1. Expert methods: Those ones based on the use of the experience and knowledge
of maintenance experts combined with historical data and objective
assessments.

2. Statistical methods: Those ones based on the application of historical data
recorded from trials.

12.1.2 Summary of the Reviewed Bibliography

In our review to the literature, the most referred contributions that we could find in
this area have been the followings:

• Eldon [2] uses MTTR as maintainability indicator (involving, in that MTTR, all
the times related with the repair, from the fault location, to the final checking after
repair and setup again). This MTTR is calculated throughout statistical inference,
using historical data. The MTTR of a complex device can be calculated by
combining the MTTR, individually determined for each of its components.
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• Houshyar [3] presents a software tool for the operators of a device to record data
from the device in order to later calculate the performance and the maintain-
ability, based on that information.

• Sols [4] presents some indicators that measure different aspects of technical
assistance operations relating to maintainability, but not giving an overview. All
these indicators are derived through statistical calculations on historical data.
For example, the probability that the repair time is below a certain time for
certain operations (lognormal distribution), the average repair time to get up to
90 % of the functions of equipment, man hours used to relief efforts, the average
cost of technical assistance, etc. All statistical parameters calculated are related
to maintainability and can give an idea about this index.

• Wani [5], in Tribology (for mechanical devices), assesses the tribo-maintain-
ability; that is, the maintainability from the tribology point of view. The tri-
bology features are assessed by a table in which qualitative assessment
corresponds to a numerical value given by experts. Using those values, the tribo-
maintainability is obtained throughout an algorithm.

• Chen [6] the vector projection method (VPM) is based on a multi-objective
evaluation and applies a qualitative assessment with weighted method in order
to calculate the value, depending on several factors on which depends main-
tainability. The factors are grouped according to the physical design (simplicity,
accessibility, assembly, etc.), logistical support (tools, documentation, etc.), and
ergonomics (failure and operating indicators, skills of technical staff, etc.). A
weight is assigned to each factor, depending on their importance.

• Smith [7], discusses the empirical U.S. Military Handbook 472, whose proposal
presents the mean time to repair as an important indicator for maintainability.
There are two main methods to calculate the MTTR. In the first one, the MTTR
is calculated from the average repair time for each failure. In the second method,
we measure a number of maintainability factors that result in MTTR. To per-
form this second procedure, each failure is studied with a checklist composed of
32 factors, 15 of them correspond to design factors, 7 to logistical support, 10 to
the personnel qualification, and other related topics. An expert assesses the state
of the requirements for each factor and, finally, with the points obtained in each
group of factors, it is possible a measurement of mean time to repair based on a
regression of repair time.

• Coulibaly [8] defines two main and general indicators for maintainability (one
taking into account the components criticality of the device under study, and the
other one without this consideration). These indicators include access and
assembly time for all components. There are other important indicators for
assessing diverse aspects that affect maintainability (MTTR and its component
of time, etc.). All calculations are based on statistical data or simulation (for
each new item without historical data).

• Guo [9] calculates MTTR from historical data and validate statistically the
result. Although MTTR is related to maintainability, the author makes no
considerations about that.
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• Ben Daya [10] considers maintainability from a statistical point of view. As in
other researches, he determined certain factors that influence the maintainability
of industrial assets. These factors may relate to the skills requirements of staff
working conditions as well as working environment. Maintainability indicators
are calculated statistically, as the maintainability function, technical assistance
durability, etc.

• Liu [11] mainly considers the maintainability dependency on the human factors
required for maintaining the device, in order to be taken into account in the
device designing process. The author groups those factors in four main cate-
gories: maintenance operations safety, accessibility, comfort, and practicability.

• Lu [12] presents an expert-based assessment procedure. The expert assesses a
set of factors, from which, the author considers, the maintainability is depending
on (such as identification, ergonomics, testability, simplicity, etc., and other
experience evaluated factors). The evaluation of each factor is made by verbal
scale which is translated into numbers by fuzzy logic.

• Abas [13] determines repair time using statistical methods (applying Software
Relex) in a case study. The calculation also considers some environmental and
operational conditions together with repair time data, with the aim of describing
in a better way maintainability with such indicators based on statistics.

12.1.3 Conclusions of the Literature Review

Basically, we can consider that there are two main streams to measure the
maintainability or the technical assistance performance regarding a system or
equipment: either from the internal maintenance or from the customer service
point of view. On one side, there are statistical approaches based on the probability
that a technical or maintenance task can be performed at any given time. On the
other hand, the second group of methods is the expert ones, based on observation
to relief efforts and other factors related to the actual performance of after-sales
service or maintenance department. These factors can be, for example, the envi-
ronment, logistics, personnel training, etc. Technical assistance can be evaluated
by assessing all these aspects and the convenience of combining them. In other
cases, some authors apply graph theory or mathematical models, although they are
not too extended, due to the complexity of these methods. The method presented in
this section can be classified within the expert-based approach. By its use, a
comprehensive assessment and updated maintainability can be achieved, in a way
that is very practical, easy to understand, and to apply.
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12.2 Definitions and Requirements for the Assessment

Just as it has been previously mentioned, maintainability is the aptitude of an
element under certain given conditions of use, to keep in, or returned to, a state in
which it can perform all required functions when the technical assistance is exe-
cuted under determined conditions and using preestablished resources and pro-
cedures. The maintainability index is used to measure the maintainability of an
item. This technique evaluates the general maintainability of a component or the
maintainability of a component at a determined level of technical assistance. Such
level of technical assistance will be therefore a set og actions (in our case) of after-
sales service to carry out a specified intervention, which will correspond to the
subdivision of an element from the warranty and maintenance point of view.
Levels of intervention of an element could be system, subsystem, and component
and will depend on the complexity of an element construction, of the subsystems
accessibility, the level of competence of after-sales service staff, the availability of
test equipment, levels of security and safety, etc. The term unavailability is
understood as the time interval in which a product is in an unavailable state, once
in customer’s hands. Such state will be that characterized by a failure or a possible
incapacity to develop the required function during preventice maintenance.

For more details, it is suggested to consult the UNE-EN 13306:2010 ‘‘Termi-
nology on maintenance’’ [1], and the UNE 20654:1992 ‘‘Introduction guide for
maintainability, requirements, and maintainability program’’ [14]. The assessment
of maintainability indexes will be made according to a number of requirements
regarding the evaluator’s training, the operating conditions and environment where
the assessment is carried out, and the frequency of such evaluations. These
requirements are summarized here below:

• Requirement for the evaluators:
The person in charge of the assessment must demonstrate:

– A university degree in engineering;
– An academic background in the maintenance field of at least 100 h;
– A 25 h academic training in the maintainability field and after-sales area.

• Requirements for the assessment conditions
For the evaluation of the maintainability index in a device that is during its
operational phase, the operator and the technicians who may be involved in the
technical assistance will always be available to the evaluator. So that they can
always clarify, if necessary, the form and manner in which it conducts and
coordinates any of the technical assistance on the device. The device operating
conditions and environment (at the moment of the maintainability levels eval-
uation) will always be described in sufficient detail and recorded in documents
showing the result of the evaluation.

• Requirements for the assessment frequency
In order to achieve continuous improvement of maintainability index, it would
be desirable periodical evaluations, depending on the level of activity to be
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registered on the facilities where the device is located. The evaluation will also
be recommended when it is important to analyze the implications for the
technical assistance when significant changes in their environment and/or their
conditions of use are expected.

12.3 Maintainability Indicators and Maintenance Levels
Description

The maintainability indicators are assessed according to two kinds of attributes or
characteristics of the device:

• General attributes: Those affecting any device maintenance level. That is to say,
they are maintenance level independent.

• Specific attributes: Those depending on the maintenance level. That means, they
are functions of all the maintenance actions to be performed on a specified
maintenance indenture level.

The assessment of the maintainability specific attributes for a device requires,
therefore, the classification of the maintenance actions within specific maintenance
levels. In this paper, we propose five maintenance levels. For each level, the device
maintainability performance will be assessed, checking whether the maintain-
ability specific attributes have been taken into account for the development of
maintenance actions at that level. The attributes ranking is done using a five values
scale from 0 to 4 points, trying to reduce subjectivity and to obtain fair values
easily to manipulate. The maintenance levels are here established based on the
complexity of the tasks to be performed and the complexity of the human and
material resources needed for its performance. The required unavailability time on
the device is here also taken into account. In any case, these levels are due to
common criteria accepted worldwide and are the following ones;

• Level 1: Simple maintenance actions performed in the up state of the device. At
this level, the operator performs preventive or corrective activities which do not
require setting the device into a down state. They are, for instance, simple
adjustments foreseen by the manufacturer, without assembling or disassembling
the device. Another example is the simple replacement of easily accessible
components.

• Level 2: Maintenance actions with replacement of functional components. These
actions set the device into a down state. In this period, the operator performs
preventive and/or corrective maintenance actions, usually considering func-
tional components of the device for their replacement.

• Level 3: Failures identification and diagnosis. In these maintenance actions the
operator, after setting the device into a down state, identifies and locates the
causes of the failures.
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• Level 4: Inspections. The inspections refer to an extensive amount of tests and
preventive/corrective maintenance actions that may require full or partial dis-
assembly of the device. The purpose of the inspection is to maintain, on a
device, the required availability and safety level over the time. Revisions are
usually performed at prescribed time intervals or after determined amount of
operations.

• Level 5: Updating, reconstruction and/or overhaul. These operations are under
the maintenance service responsibility of the plant or manufacturer. They are
very important operations which may include modifications and/or improve-
ments. It is therefore possible that these operations increase the lifetime of the
original device.

12.4 Classification of the Maintainability Attributes

The maintainability indicators’ assessment shall be performed taking into account
attributes from the device. These attributes are classified into three groups
according to their nature: attributes related to the design, related to work condi-
tions and staff requirements, and related to the needs of logistic support. It is
important to observe here how these attributes are connected to capabilities of the
device under assessment, and not to the actual capabilities of the maintenance
organization already existing, where the device is being used.

12.4.1 Attributes Related to the Device Design

Inside this group, we consider eight attributes:

• Simplicity: Existing reduction in the amount of elements and unnecessary
assemblies.

• Identification: Clear location and signs from those components that are going to
be mainly maintained, and from those existing points for inspection and test.

• Modularity: Device design in separated parts, functional assembly units, thus, it
is not necessary to disassemble de whole equip in case of failure, but only the
part(s) where the problem is located.

• Tribology: Right use of materials with appropriated quality in order to increase
the use of life of fragile elements and to improve the lubrication of pieces
wearing out quickly.

• Standardization: Spare parts compatibility to other similar materials when it is
necessary to replace a device component. This attribute is conditioned by the
standards choice during the design of elements such as bearings, gaskets, etc.
and their dimensional and functional tolerances.
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• Failure watch: Indications in the device about critical parameters and alarms to
foresee failures.

• Accessibility: Schedule for accesses to all those elements to be maintained
through gates, sliding doors, etc.

• Assembly/disassembly: Easiness to remove or replace elements in the different
subsystems. This easiness shall be emphasized by gaskets, joints, welding etc.
influencing also the elements size and volume.

12.4.2 Attributes Related to the Maintenance Staff and Work
Conditions

Inside this group, we consider three attributes:

• Ergonomics: Space requirements in order to set up the proper working condi-
tions for the development of maintenance activities. This attribute also assesses
requirements in locations and spaces where materials to manipulate can be
placed when it is necessary to perform interventions on the physical system.

• Training: Skill required to the maintenance staff for the kind of work to perform.
• Environment: Requirements on the environmental conditions are referred in

order to enable the maintenance under proper conditions and complete safety.

12.4.3 Attributes Related to the Necessity of Logistics
Support

Inside this group, we consider five attributes:

• Relation with the manufacturer: Requirements related to the coordination
among the people responsible for the plant maintenance and the manufacturer:
common language, same system for machines management, geographical
remoteness, same working hours, same jurisdiction, etc.

• Personnel organization: Amount of people required to carry out the mainte-
nance operation and possibilities of dividing the work into parallel tasks.

• Spare parts: Requirements in terms of spare parts for their use in the mainte-
nance activity where the acquisition easiness shall be observed.

• Maintenance tools and equipments: Requirements in terms of tools and
instruments for performing the maintenance activity. Functionality, ergonomics
as well as the acquisition easiness will be observed.

• Interdepartmental coordination: Complexity in the task environment:
Requirements for handling of hazardous parts or elements, for the permit
application, for the communication among different departments, etc.
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• Documentation: Indications given by the manufacturer for the device mainte-
nance or prepared for the maintenance service, explaining how to perform the
maintenance action.

12.5 Maintainability Attributes and Maintenance Level

The 17 attributes, commented in the paragraph above, are grouped in two sets,
according to Sect. 12.4. The first group concerns those attributes that make
influence on the device maintainability at any maintenance levels (General attri-
butes); that is, a type of maintainability that is independent of the maintenance
level. The second group of attributes could influence the device maintainability in
a different way and degree, deepening on the level of maintenance that is being
considered (Specific attributes).

12.5.1 General Attributes and Their Assessment

They are considered as eight general attributes that are maintenance level inde-
pendent. For their assessment, the expert will consider each one of them inde-
pendently. The result of their assessment is an integer number within the range
0–4. Hereafter, some examples are presented:

G1. Simplicity: It will be checked for the use of a minimal amount of com-
ponents and assemblies in the devices, even those components that are redundant.

• 0: Very high number of components with redundant elements, easily visible.
• 4: Optimized, reduced, and without redundancy number of components.

G2. Identification: The identification of elements to be maintained and the
points for testing will be checked, considering whether they are clearly indicated
or not. It will be also observed that connectors are identified as well as danger
areas, places where technicians have to be positioned themselves for working, etc.

• 0: No identification.
• 4: Complete identification, everything can be seen in front of the device.

G6. Standardization: For those components which could be replaced at any
moment during their life cycle, it will be checked out of their compatibility with
other ones out of the shelves of the market. It will result in a minimum storage of
components and minimum amount of adjustments.

• 0: Very bad standardization. High difficulty to find a spare part in the market.
High need of spare parts storage.

• 4: Good standardization. High easiness to find spare parts in the market and with
competitive prices. There is no need to store spare parts.
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12.5.2 Specific Attributes (Maintenance Level Dependent)
and Their Assessment

These attributes will be applied in the place where the device maintenance is
performed (which can be different from its usual location), especially in the case of
the last two maintenance levels. We consider nine maintainability attributes, which
should be assessed by an expert, at each maintenance level, by assigning an integer
number, ranged from 0 to 4. Here after, there are two of those attributes, as
examples (see Tables 12.1 and 12.2).

There are similar tables for other seven specific attributes (they are nine in
total).

Table 12.1 Accessibility

Level Watching this attribute will have as a target Assessment scale

1 Checking the proper access for first
maintenance level tasks, for instance: basic
inspections, consumable changes
(lubricants…), etc.

2 Checking the proper access for second
maintenance level tasks, easy repairs by
replacement of functional elements, etc.

In the range [0–4] where

3 Checking the proper access for third
maintenance level tasks, for instance on the
diagnosis and finding out of failures causes
in the device, or the replacement or repair
of minor components

0: Very difficult access, it is needed to
move things and the technician
himself, etc.

4 Checking the proper access for forth
maintenance level tasks, which involve
important revisions on the device, test
performances, etc.

4: Very good access

5 Checking the proper access in order to perform
reconstructions, updating or overhauls in
the device

Table 12.2 Assembly/Disassembly

Level Watching this attribute will have as a target Assessment scale

1 Checking the easiness for the assembly/
disassembly (open, close, connect,
disconnect, adjust, etc.) of those
subsystems or elements which are
involved in the device of first
maintenance level tasks

In the range [0–4], where: 0: Many
difficulties: Many tools are needed.
Material weight, volume, and size are
too important. 4: Very easy to assemble
and disassemble

2
3
4
5
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12.6 Maintainability Indicators Assessment

In order to apply this methodology, it is required to calculate six indicators, based
on the value of the attributes assessed at general level and at each maintenance
level:

• One general maintainability indicator (GMI), which results from the device
general attributes assessment.

• Five specific maintainability indicators, one for each maintenance level, named
‘‘maintainability indicator of maintenance level i’’ (where ‘‘i’’ takes the integer
value 1–5) or LMIi, as a result of assessing the specific attributes of the device.

The maintainability degree of an industrial asset can be understood by studying
the scores obtained for each one of the eight general attributes and for those of the
nine specific attributes (per maintenance level, i.e., 45 values considering five
possible levels). However, it is obvious that such an amount of information is not
practical to be managed (especially for comparison purposes). Moreover, the rele-
vance of the different attributes could not be the same, for a device in particular.
Additionally, an attribute could be very important for a divide in a certain operating
conditions while the same attribute could be negligible for the asset in a different
operating condition, or for a different asset in the same conditions. For the first
reasons (the big amount of heterogeneous information concerning the maintain-
ability of an asset), it would be convenient to aggregate all this information in a few
indicators, leaving the whole attributes information for in deep analysis. For the
second consideration (the different importance of the attributes, depending on the
kind of asset and/or its operating conditions), it is recommended to assess also the
relevance of each attribute. That means that we have to consider two figures for each
attribute (the score for each attribute and the attribute relative importance within the
set of attributes), instead of only one (the score of the attribute), as it has been
considered until now. But this consideration drives to a new problem: to assess the
relative importance for each attribute. Notice that the complexity related to the big
amount of information to deal with the maintainability performance results now even
increased when considering the relative importance of each attribute. For all pre-
vious reasons, the aggregation of the information becomes an absolute need, and in
order to carry out such aggregation, in each case, the maintainability indicators are
obtained by the weighted average of the values achieved in the attributes assessment.

Let us consider that

pAi ¼ f0; 1g with
Xn

i¼1

pAi ¼ 1

where
pAi Relative weight of attribute Ai. The treatment is similar for general attributes

(Gi), as well as for specific ones (Si) concerning a maintenance level;
i Ordinal number of each attribute;
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n Number of attributes that configure the indicator under calculation (n = 8
for the general maintainability indicator, based on the eight general
attributes; and n = 9 for any of the maintainability indicators of any
maintenance level, based on the nine specific attributes).

To determine the contribution of each attribute to the maintainability indicator,
we suggest the following procedure:

• To estimate pAi = {0, 4}: the importance of each attribute for the maintain-
ability calculation. The expert who is assessing the maintainability should
answer how important each attribute (general or specific for a maintenance
level) is, concerning the maintenance of the device under evaluation, in its
operation conditions.

• The weight of each attribute (relative importance of each attribute within the set
of them), will be:

pAi ¼
PAiPn
i¼1 PAi

ð12:1Þ

The general maintainability indicator is defined as follows:

GMI ¼
X8

i¼1

GipGi ð12:2Þ

where
i Ordinal number of each of the eight maintainability general attributes;
Gi Integer value in the range 0–4, for each of the eight maintainability general

attributes;
pGi Decimal value in the range 0–1, weight of each of the eight maintainability

general attributes. These weights have been previously calculated [Eq. (12.1)]
from the importance of the attributes for the maintainability performance.

The maintainability indicator of maintenance level j is defined as follows:

LMIj ¼
X5

i¼1

SijpSij with j ¼ 1; . . . 5 ð12:3Þ

where
j Ordinal number of each of the five maintenance levels;
i Ordinal number of each of the nine maintainability specific attributes;
Sij Integer value in the range 0–4, for each of the nine maintainability specific

attributes, for each of the five maintenance levels;
pSij Decimal value within the range 0–1, weight of each of the nine

maintainability specific attributes, for each of the five maintenance levels.
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These weights have been previously calculated [Eq. (12.1)], in a similar way to
what we did for the case of GMI (Fig. 12.1).

Finally, it should be underlined here that many of the considerations made in
this section have inspired the Spanish Norm Project PNE 151001 of AEN/CTN
151 ‘‘Maintenance’’ of AENOR [15]. Apart from this, as a continuation of Chap.
12, it is suggested to consult next section that deals with aspects of quantification
of maintainability focused on what was here developed.

12.7 Case Study on Maintainability

12.7.1 Scenario and Previous Considerations

This chapter includes a case study with a practical application for the description
of the maintainability index, the scenario of which is shown in Fig. 12.1. On this
occasion, the industrial asset is a bridge-crane [16]. Guidelines described in Chap.
12 will be applied to this industrial asset in order to assess through evaluation
sheets its maintainability index. For that, some global attributes as well as vari-
ables have been taken into account (level 0, 1, 2, 3 and 4).

As it has been indicated, the application scenario is an industrial asset that is
specified as a bridge-crane. Following the indications in Fig. 12.2, it will be
constituted by: (1) a bridge-crane, which type is of those that have a main car (2)
carrying an engine (22) for its longitudinal displacement on the primary cranes,
and a secondary car (3) carrying an engine (31) for its displacement on transverse
cranes (21) installed in the main car (2) and of an engine (42) for the vertical
displacement of a hoist (4) carrier of a transportation hook (41); being the engines
(22, 31, 42) controlled by means of activation (24, 32, 43) that are characterized by
having two radio receptors (51a, 51b) associated to a remote control (operated by
radio) (52) to control the means of activation (24, 32, 43) of the engines (22, 31,
42) in a wireless fashion; this is because the radio receptor (51a) is located in the
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representation of general
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main car (2) to operate the means of activation (24) of the engine (22) for dis-
placement of the related main car and because the radio receptor (51b) is located in
the secondary car (3) to operate the means of activation (32, 43) of the engine (31)
for the displacement of the secondary car (3) and the engine (42) of the hoist (4).
This bridge-crane is a particular example because the longitudinal cranes (1) and/
or the main car (2) include electrified trails (11, 23) interconnected by power
supply to the means of activation (24, 32, 43) of the engines (22, 31, 42) associated
with radio receptors (51a, 51b).

12.7.2 Application of the Evaluation Sheets

Once the scenario has been described, where the methodology previously elabo-
rated in Chap. 12 will be applied, we will then proceed in analyzing the evaluation
sheets (Tables 12.3, 12.4, 12.5, 12.6, 12.7 and 12.8) together with the related
graphics resulting from them (Figs. 12.3, 12.4, 12.5, 12.6 and 12.7).
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Fig. 12.2 Components of the bridge-crane
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12.7.2.1 Global Attributes

Table 12.3 Evaluation sheet of general attributes

Code Attribute Criteria Scale [0–4] where Value

G1 Simplicity It will check the utilization of a
minimum number of
components and groups in
the devices, even those that
are redundant

0: High amount of duplicated
components, easily visible

3

4: Optimal amount of
components

G2 Identification It will check that the elements
to be maintained and the
related places where the
tests will be run are
properly identified;
together with that all the
connectors, danger areas,
specific working places,
etc.

0: No identification 2
4: Perfect identification of

equipment

G3 Modularization It will check that there are
different functional units of
assembly in the device,
which would allow
minimizing handling in
case of maintenance
intervention

0: Complex change of units
and requires the movement
of other units

3

4: Excellent modularization

G4 Tribology It will check that the correct
material is selected for
components which are
subjected to friction,
lubrication and wear, with
the aim of maximizing
their useful life

0: 0–10 % of the items are
properly selected

1

4: 80–100 % of the items are
properly selected

G5 Ergonomy It will check the simplicity of
maintenance tasks,
analyzing the weight, size
and shape of the
components that are going
to be handled. Also
revised, in an equal
manner, will be all those
places where the tasks will
be performed, making sure
that are the proper ones (in
relation to light, volume,
etc.) for changes to be
made easily

0: Tasks with complex
implementation. Elements
are not comfortably
handled because of their
weight, size and shape,
making the operator
become tired. Inadequate
work space

3

4: Excellently ergonomic
device, service is
comfortable and agile

(continued)
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Table 12.3 (continued)

Code Attribute Criteria Scale [0–4] where Value

G6 Standardization It will check the compatibility
of the components to be
replaced with others that
are available in the market.
This will equally benefit
minimizing the storage of
components and the
minimum number of
adjustments especially in
replaceable elements in
low levels of maintenance

0: Poor standardization. High
difficulty in obtaining spare
parts in the market. High
necessity of storage for
spare parts

3

4: Good standardization. Easy
to find replacements in the
market at competitive
prices. No need for spare
part storage

G7 Diagnosticability It will prove the existence of
failure indicators in the
device and the possibility
to monitor those useful
parameters for technical
service

0: Poor diagnostic ability.
There are no indicators of
the condition of equipment
and it is impossible to
make a diagnosis of its
condition

4

4: Good diagnostic ability.
There are indicators that
supply data of the
condition of the equipment
and the indicators are
easily monitored

G8 Coordination It will prove the necessity of
coordination when it comes
to develop the related
maintenance tasks, the
requirements of ways of
communication and
management common with
other parts

0: Poor coordination. The
technician is far away,
speaks another language,
etc.

4

4: Good coordination. The
technician is nearby,
speaks the same language,
there are no
communication problems,
uses standard technologies,
etc.

Global index 2,875
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12.7.2.2 Variables for a Level 0 Technical Assistance

Table 12.4 Evaluation sheet for variables of Level 0 for technical assistance

Code Attributes Criteria Scale Value

V1 Accessibility -Hinges 0: Very difficult access 5
-Doors 1: Incredibly difficult access
-Removable shelves 2: Difficult access

3: Normal access
4: Very good access

V2 Assembly/
disassembly

-Lock 0: A lot of difficulties 8
-Welding 1: Too many difficulties
-Splices 2: Some difficulties
-Connections 3: Good manipulation
-Edge connectors 4: Very good manipulation

V3 Personnel -Trained people according to
the type of work

0: Very bad 2

-Training for operators 1: Bad
2: Too bad
3: Regular
4: Good

V4 Technical
equipment

-Number of people for
technical operation

0: 5/6 people, no
coordination

6

-Preventing active
maintenance time

1: 4/5 people

-Logistical cost 2: 3/4 people
3: 2/3 people
4: 1 person

V5 Environment -Isolation 0: Very dangerous 5
-Exhaust detection system 1: Dangerous
-Presence of high tension

cables
2: Incredibly dangerous

3: Safe
4: Very safe

V6 Tools and
equipment for
technical
assistance

-Weight and volume
components for an easy
handling

0: Too many rare things 3

-Standard components and
tools

1: Many things
2: Too many things
3: Few things
4: Too few things

(continued)
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12.7.2.3 Variables for a Level 1 Technical Assistance

Table 12.4 (continued)

Code Attributes Criteria Scale Value

V7 Complexity of the
technical
assistance

-Possibility of simultaneous
maintenance work

0: Very complicated 5

-Permits to carry out
operations

1: Complicated
2: Little complicated
3: Regular
4: Very well organized

V8 Documentation -Convenient instruction and
procedure manual for
technical assistance

0: No documentation 4
1: Incomplete
2: Complete but difficult
3: Regular
4: Very good
Level index 0 4,75

Table 12.5 Evaluation sheet of variables of Level 1 for technical assistance

Code Attribute Criteria Scale Value

V1 Accessibility -Hinges 0: Very difficult access 3
-Doors 1: Incredibly difficult access
-Removable shelves 2: Difficult access

3: Normal access
4: Very good access

V2 Assembly/
disassembly

-Lock 0: A lot of difficulties 2
-Welding 1: Too many difficulties
-Splices 2: Some difficulties
-Connections 3: Good manipulation
-Edge connectors 4: Very good manipulation

V3 Personnel -Trained people according to
the type of work

0: Very bad 4

-Training of operators 1: Bad
2: Too bad
3: Regular
4: Good

V4 Technical
equipment

-Number of people for
technical assistance

0: 5/6 people, no
coordination

3

1: 4/5 people
-Preventing active

maintenance time
2: 3/4 people

-Logistical cost 3: 2/3 people
4: 1 person

(continued)
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12.7.2.4 Variables for a Level 2 Technical Assistance

Table 12.5 (continued)

Code Attribute Criteria Scale Value

V5 Environment -Isolation 0: Very dangerous 3
-Exhaust detection system 1: Dangerous
-Presence of high tension

cables
2: Incredibly dangerous

3: Safe
4: Very safe

V6 Tools and
equipment for
technical
assistance

-Weight and volume
components for an easy
handling

0: Too many rare things 4

-Standard components and
tools

1: Many things
2: Too many things
3: Few things
4: Too few things

V7 Complexity of the
technical
assistance

-Possibility of simultaneous
maintenance work

0: Very complicated 3

-Permits to carry out
operations

1: Complicated
2: Little complicated
3: Regular
4: Very well organized

V8 Documentation -Convenient instruction and
procedure manual for
technical assistance

0: No documentation 2
1: Incomplete
2: Complete but difficult
3: Regular
4: Very good
Level index 1 3

Table 12.6 Evaluation sheet of variables of Level 2 for technical assistance

Code Attribute Criteria Scale Value

V1 Accessibility -Hinges 0: Very difficult access 2
-Doors 1: Incredibly difficult access
-Removable shelves 2: Difficult access

3: Normal access
4: Very good access

V2 Assembly/
disassembly

-Lock 0: A lot of difficulties 2
-Welding 1: Too many difficulties
-Splices 2: Some difficulties
-Connections 3: Good manipulation
-Edge connectors 4: Very good manipulation

(continued)
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Table 12.6 (continued)

Code Attribute Criteria Scale Value

V3 Personnel -Trained people according to
the type of work

0: Very bad 4

-Training of operators 1: Bad
2: Too bad
3: Regular
4: Good

V4 Technical
equipment
assistance

-Number of people for
technical assistance

0: 5/6 people, no
coordination

3

1: 4/5 people
-Preventing active

maintenance time
2: 3/4 people

Logistical cost 3: 2/3 people
4: 1 person

V5 Environment -Isolation 0: Very dangerous 3
-Exhaust detection system 1: Dangerous
-Presence of high tension

cables
2: Incredibly dangerous

3: Safe
4: Very safe

V6 Tools and
equipment for
technical
assistance

-Weight and volume
components for an easy
handling

0: Too many rare things 3

-Standard components and
tools

1: Many things
2: Too many things
3: Few things
4: Too few things

V7 Complexity of the
technical
assistance

-Possibility of simultaneous
maintenance work

0: Very complicated 3

-Permits to carry out
operations

1: Complicated
2: Little complicated
3: Regular
4: Very well organized

V8 Documentation -Convenient instruction and
procedure manual for
technical assistance

0: No documentation 2
1: Incomplete
2: Complete but difficult
3: Regular
4: Very good
Level index 2 2,75
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12.7.2.5 Variables for a Level 3 Technical Assistance

Table 12.7 Evaluation sheet of variables of Level 3 for technical assistance

Code Attribute Criteria Scale Value

V1 Accessibility -Hinges 0: Very difficult access 2
-Doors 1: Incredibly difficult access
-Removable shelves 2: Difficult access

3: Normal access
4: Very good access

V2 Assembly/
disassembly

-Lock 0: A lot of difficulties 2
-Welding 1: Too many difficulties
-Splices 2: Some difficulties
-Connections 3: Good manipulation
-Edge connectors 4: Very good manipulation

V3 Personnel -Trained people according to
the type of work

0: Very bad 3

-Training of operators 1: Bad
2: Too bad
3: Regular
4: Good

V4 Technical
equipment
assistance

-Number of people for
technical assistance

0: 5/6 people, no
coordination

3

1: 4/5 people
-Preventing active

maintenance time
2: 3/4 people

-Logistical cost 3: 2/3 people
4: 1 person

V5 Environment -Isolation 0: Very dangerous 3
-Exhaust detection system 1: Dangerous
-Presence of high tension

cables
2: Incredibly dangerous

3: Safe
4: Very safe

V6 Tools and
equipment for
technical
assistance

-Weight and volume
components for an easy
handling

0: Too many rare things 2

-Standard components and
tools

1: Many things
2: Too many things
3: Few things
4: Too few things

V7 Complexity of the
technical
assistance

-Possibility of simultaneous
maintenance work

0: Very complicated 2

-Permits to carry out
operations

1: Complicated
2: Little complicated
3: Regular
4: Very well organized

(continued)

12.7 Case Study on Maintainability 279



12.7.2.6 Variables for a Level 4 Technical Assistance

Table 12.7 (continued)

Code Attribute Criteria Scale Value

V8 Documentation -Convenient instruction and
procedure manual for
technical assistance

0: No documentation 2
1: Incomplete
2: Complete but difficult
3: Regular
4: Very good
Level index 3 2,375

Table 12.8 Evaluation sheet of variables of Level 4 for technical assistance

Code Attribute Criteria Scale Value

V1 Accessibility -Hinges 0: Very difficult access 1
-Doors 1: Incredibly difficult access
-Removable shelves 2: Difficult access

3: Normal access
4: Very good access

V2 Assembly/
disassembly

-Lock 0: A lot of difficulties 2
-Welding 1: Too many difficulties
-Splices 2: Some difficulties
-Connections 3: Good manipulation
-Edge connectors 4: Very good manipulation

V3 Personnel -Trained people according to
the type of work

0: Very bad 3

-Training of operators 1: Bad
2: Too bad
3: Regular
4: Good

V4 Technical
equipment
assistance

-Number of people for
technical assistance

0: 5/6 people, no
coordination

2

1: 4/5 people
-Preventing active

maintenance time
2: 3/4 people

-Logistical cost 3: 2/3 people
4: 1 person

V5 Environment -Isolation 0: Very dangerous 3
-Exhaust detection system 1: Dangerous
-Presence of high tension

cables
2: Incredibly dangerous

3: Safe
4: Very safe

(continued)
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Table 12.8 (continued)

Code Attribute Criteria Scale Value

V6 Tools and
equipment for
technical
assistance

-Weight and volume
components for an easy
handling

0: Too many rare things 1

-Standard components and
tools

1: Many things
2: Too many things
3: Few things
4: Too few things

V7 Complexity of the
technical
assistance

-Possibility of simultaneous
maintenance work

0: Very complicated 1

-Permits to carry out
operations

1: Complicated
2: Little complicated
3: Regular
4: Very well organized

V8 Documentation -Convenient instruction and
procedure manual for
technical assistance

0: No documentation 2
1: Incomplete
2: Complete but difficult
3: Regular
4: Very good
Level index 4 1,875
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12.7.3 Discussion of the Results

Table 12.9 shows briefly the deduced results from these methodologies. Likewise,
Fig. 12.8 shows the general index of the analyzed bridge-crane. Other interesting
references to this respect can be found in [12, 13].
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Table 12.9 Summary of results

Code Attribute Comments

G1 Simplicity There is a limited number of items and the number of components is
optimized

G2 Identification All elements are physically identified (pulley, engine, and weighting
system), except for the crane’s frame of maneuver

G3 Modularity The separation of different functional units is simple
G4 Tribology The bearings are lubricated, but there is wear in the rails and the grease is

not the adequate for the cables. Also, cable temperature that affects
lubrication was not taken into account

G5 Ergonomic Weight and size of the components is reasonable
G6 Standardization Hooks, cables, and devices limit the load
G7 Diagnostic

ability
There are too many failure indicators and the possibility of parameter

monitor is useful for technical assistance
G8 Coordination There is a good coordination: situation, language, and technologies
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Chapter 13
Dynamic Modeling and Bayesian
Networks in the After-sales Service

Nowadays, more developed markets demand more complex products and solutions
that are constituted by both tangible and intangible closely related elements. In
other words, customers demand more each time of the complementary-determined
services affixed to an industrial asset and, consequently, to its respective added
value. Recent technical literature has coined a term for this situation: product-
service systems (PSS). Maintenance, spare parts supply, warranty extension, etc.,
or even the dismantling of a system at the end of its life cycle are some examples
of services related to the sale of a product that the company must assume as an
after-sales service. As we will see in the first part of this chapter, this PSS context
increases the potential of the continuous simulation for the support of better
decision-making. Specifically for that purpose, a dynamic system model will be
developed and applied to evaluate how preventive maintenance contracts, as part
of the after-sales service, can affect the general performance of the services, in this
particular case, of a manufacturer of agricultural machinery. In the second main
part of this chapter, we will study a new approach to after-sales service. This time,
it will be carried out at the end of the product’s life cycle in order to determine an
optimal disassembly plan of a complex industrial asset. Use the Bayesian network
theory to achieve this. The best solution is referred to as optimal trajectory. So, a
trajectory model will be set out. The model must enable the management of
different key factors and specific uncertainties of the disassemble system. After
exposing the present question related to disassembly planning, Bayesian nets show
the influence diagram allowing the manager to make decisions and proceed to the
economical assessment of the different and possible strategies to follow. Among
the different factors taken into account, we will also find that the cost related to the
warranty of recycled products is included, according to the global trajectory
model, the application of warranty costs as variables for decision.

In short, the relevance of this chapter resides not only in the discussion of
different gathered results, but also in showing future approaches to analyzing after-
sales management in an innovative fashion.

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_13,
� Springer International Publishing Switzerland 2014
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13.1 Dynamic Systems Modeling

Traditionally, system modeling has been carried out through mathematical models
that endeavor to find analytical solution that would allow predicting system
behavior according to a set of parameters and initial conditions. However, there
are usually not many simple and analytical solutions for most systems, hence the
necessity to use computer simulation models. Simulation models generate a wide
range of representative scenarios for a determined model, in which all possible
conditions are contemplated (even those that are forbidden or impossible) [1].
A multifaceted, interactive, and dynamic model in structures (as those involved in
provision of PSS) will require a strong tool or method that helps to understand the
system’s own complexity, in order to design better operational policies as well as
to orient changes. The modeling of dynamic systems and the simulation of discrete
events can be used to model business decisions of the company. For the purposes
of this research, it has been decided to apply a dynamic system focus, considering
that it is the more adequate method in compound systems [2]. In any case, it also
adapts well to those problems associated with continuous processes, where
changes of behavior in a nonlineal fashion take place and extensive feedback is
allowed.

The main objective of dynamic systems is to understand through the application
of quantitative models, the way the systems behave and also to predict the con-
sequences on system performance that occur due to policy changes [3]. On the
other hand, the simulation of discrete events represents more often particular
processes, not complete systems, and is better at providing a detailed analysis of
those systems that take part in lineal processes and discrete models.

Therefore, given the potential of dynamic systems, the model presented in this
chapter has been developed to:

1. Comprehend and represent, through the study of connections between service
indicators, the nonlineal relations of all involved processes in the provision of a
PSS.

2. Evaluate in a quantitative way, how the introduction of new policies for the PSS
management significantly affects the company’s efficient performance.

3. Allocate appropriate organizational changes to the processes, thanks to the
responses (feedback) that the simulation sets out with respect to the changes
provided by the provision of the service.

From a technical point of view, the introduction of a new policy involves a
change in the exogenous parameters that confirm the dynamic system model and
whose value is normally supplied by the company under analysis.

In this particular case, the model has been designed for two specific types of
PSS: the provision of maintenance services and spare parts supply. Figure 13.1
shows the elements and the adopted logic to build a dynamic system model.

The dynamic system model has been developed following a general structure
and can be used by any company that deals with PSS (especially maintenance and

286 13 Dynamic Modeling and Bayesian Networks in the After-sales Service



spare parts supply) as well as to test the impact of the application of a new policy
can have in the after-sales service performance. With the aim of proving the
potential of the model, this chapter proposes a specific application in a company of
the agricultural sector.

13.2 Case of Dynamic Modeling in the Farm
Machinery Industry

13.2.1 Study Scenario

This case study regards a worldwide important company allocated in the manu-
facturing business of agricultural machinery assembly. Together with the pro-
duction and truck sales, the main market is production, sales, and repair of
harvesters. A key question for business improvement and optimizing provision of
service on behalf of technical support, in other words, its purpose is to improve
after-sales processes in order to increase benefits coming from this business and to
retain its customers, so future sales are assured. After-sales activities consist of
supplying spare parts and maintenance for customers. An inoperative harvester
during harvest season can represent great losses, so the customer demands quick
repair assistance, and if possible, not during harvest season. It is important for the
customer that this requirement is well assured by the company or their authorized
assistance centers.

That is why, the company has embraced a new strategy to reduce the number of
maintenance interventions, especially during harvest season, since the services of
corrective repair are totally unexpected and hard to tackle. Therefore, it is
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necessary to move toward an additional disposition of after-sales supportive
characteristics that can be carried out more frequently. According to [4], main-
tenance can be defined as the following actions:

1. To control the deterioration process that leads to a failure in the system and,
2. To restore the system to its operative condition through preventive actions after

a failure.

The first is designated as preventive maintenance, where as the second, cor-
rective. Corrective maintenance actions are nonprogrammed activities destined to
restore a system from a faulty condition to an operative one. It refers to a repair or
replacement of faulty components.

In contrast, preventive maintenance actions are programmed and are carried out
to reduce the possibility of failure and to extend the useful life span of the com-
ponent. Normally, the inactive regular time involved in the application of pre-
ventive maintenance activities can represent greater costs to the user that operates
the equipment, more than if the equipment is used until the repair is absolutely
necessary.

However, it is important to compare both costs, as well as the long-term ben-
efits, and the savings associated with the application of preventive maintenance
(for example, reducing inoperative time of the system, a more efficient manage-
ment of spare parts, replacements inventory, system reliability, etc.). On one part,
from a seller perspective, the role of preventive maintenance is becoming more
and more important during the warranty period considering that, in general, the
buyer pays for preventive maintenance reducing this way for the seller, those
failure repair costs generated by corrective maintenance. On the other part, a buyer
that does not take into account the impact of the investment in preventive main-
tenance during warranty and its extension is assuming the total maintenance cost
throughout the active life span of an industrial asset. In other words, there is no
incentive for the seller in investing its efforts in preventive maintenance during
warranty periods, given that the buyer does not pay for those repairs. The only
advantage for the seller to perform preventive maintenance is when the additional
expense of such maintenance is compensated by a general positive return (for
example, customer loyalty).

In short, seller and buyer must evaluate advantages and disadvantages associ-
ated with assuming a service contract (refer to Chap. 10) that provides a warranty
extension, preventive maintenance, corrective, etc. For these types of questions,
the simulation of dynamic systems makes an attempt to give some answers.

13.2.2 Modeling and Results

With the aim of evaluating how the incorporation of preventive maintenance
contracts has an impact in the after-sales service performance of the company, the
analysis has been carried out on three different scenarios:
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• Escenario Scenario A: There is no preventive maintenance contracts applied,
either in or out of warranty;

• Escenario Scenario B: Preventive maintenance contracts are acquired by cus-
tomers just under a warranty period;

• Escenario Scenario C: Preventive maintenance contracts are acquired during the
product’s whole life cycle, in or out the warranty period.

The analyses that have been carried out, taking into account seller’s perspective
(manufacturer) and all considerations have been done based on the complete life
cycle of the product. The model has been initiated taking into account the installed
base in the current company. The simulation time has been established on a
monthly period for 30 years in order to analyze the complete life cycle of a
harvester, which oscillates around 15–20 years. The model has been based on the
following assumptions:

• Each time a failure occurs, it is due to the incorrect operation of a component,
and it occurs in all equipment in the market;

• Only one type of replace pieces is considered (in this case in concrete: the rotor);
• The failure rate of spare parts has been estimated as constant and is produced

after a certain number of worked hours (or bales produced);
• The customer is provided with a preventive maintenance contract for which it

pays a fee that includes the maintenance intervention price and the replaced
spare part, in or out of the warranty period;

• Preventive actions are cyclic, they are carried out at predetermined time
intervals;

• Preventive and corrective interventions are carried out assuming that the com-
ponent is restored to a good condition such ‘‘as good as new’’.

With the aim of executing the dynamic model system, exogen parameters have
been introduced, such as the demand for sold equipment, warranty time period
(one year established), cycle time of a preventive intervention, the failure rate of
the product, the price and cost of a preventive and corrective intervention, the unit
cost of personnel, the unit cost of the spare parts inventory, etc. These values have
been provided by the company.

Following all this, these charts show the main obtained results through a
simulation. Figure 13.2 shows the high-level diagram of the modeling.

The fundamental result is that the company actually gains benefits by the
introduction of preventive maintenance contracts. In particular, the more frequent
the use of preventive maintenance, the greater the benefits it gets from the after-
sales service [5, 6].

Limiting preventive maintenance to a warranty period, it can be observed that it
is less convenient than when it is extended throughout the vital cycle of the
harvesters. Inclusively, in spite of continuing afterward with the same strategy that
makes the company incur in greater operational expenses (due to the necessity to
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carry out interventions both preventive and corrective, and therefore, there is a
need to more personnel to execute these interventions), this compensates due to the
benefit obtained throughout the product’s life cycle (Figs. 13.3 and 13.4). Another
interesting result refers to the reduction in spare parts orders. This is because
preventive maintenance interventions are regular which reduces the uncertainties
with respect to the desired number of spare parts needed. Figure 13.5 illustrates the
evolution of accumulated costs in orders of spare part during the product’s life
cycle.

Finally, it is found interesting that the tendency of costs is derived from per-
sonnel inactivity, which accumulates during the life span of the product. As it has
been previously mentioned, the maintenance interventions are regularly pro-
grammed differently from corrective maintenance; therefore, work time of tech-
nical staff can be better planned and optimized.

Figure 13.6 shows how costs of inactive personnel decrease when preventive
maintenance interventions increase. This context will also be applied in the Chap. 7
to develop a case study related to the balance scorecard (BSC) and warranty
assistance. Future researches can follow the line of applying the results here
obtained precisely with a BSC methodology.

In conclusion, other interesting references, apart from the above mentioned, are
[7–10], specially pointing out the relevance of the developed work in Ref. [11].
Following this section of this chapter, it is suggested to consult the case study in
Chap. 7 where aspects related to BSC are dealt with.

Fig. 13.2 Modeling high-level diagram
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13.3 Bayesian Networks in the After-sales Service

The final life stage of complex systems has been an issue of study for several
years. Systems like the industrial assets are dealt within this project. This is due, on
one part, to the legislative pressures in terms of environmental protection, and on
the other, to possible economical benefits that can be obtained by the imple-
mentation of recycling solutions to products. It is the responsibility of the designer
to integrate recycling limitation by proposing dismantling processes of those
systems already from the design stage. The increment of valuable strategies must
meet all decision-making problems set out during the system withdrawal stage.
Mainly, those valuable products will have to be selected according to technical,
economical, and environmental criteria so that facilitates products’ dismantling
following defined and optimal guidelines. Within this context, three types of
decisions have been considered:

1. The first refers to the dismantling level determination, that is to say, the best
option for valorization, and for subsets, the best dismantling, or recycling
selection.

2. The second refers to the operation sequencing that aims to determine the way of
getting products and the logical sequence of operation to get them.

3. Finally, the number of products and their obtaining date must be determined in
a given setting.

The support to the dismantling process must be made possible by managing
these three previous decisions as well as the establishment of a link between them
in order to keep a total control of the strategy. The dismantling trajectory consists
in the identification of valuable products in a system at the end of their life cycle,
as well as the identification of the channels needed to achieve this and the way to
obtain them. In the modeling of dismantling trajectories, some factors must be
taken into account as they are of influence in all the set. Among them is warranty,
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Fig. 13.6 Cost of inactive personnel during the life cycle
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it will consist of, in general, the responsibility of the manufacturer to maintain the
integrity of the product and repairing or replacing all faulty components of the
industrial asset. There are many investigative works on how this problem is
addressed from a state-of-the-art perspective. Some references to that respect are
[12–15].

13.3.1 Planning of Disassembly

13.3.1.1 Modeling Framework of the Problem

There are several works in the literature review, which deal with these problems
from a determinist context and presenting here a way to relate different focuses. In
general, the modeling of dismantling planning involves three main steps. The first
step refers to the modeling of the industrial asset structure at the end of its useful
life. The objective of such modeling will be to represent the most valuable parts
and subparts and the connections between them [16]. The second step regards the
modeling of its own dismantling process. The obtained model will represent the
different operations that can be carried out in a system in order to get those parts
that are valuable. The third step has to do with the search of an optimal sequence
between the identified stages in the process model. The purpose is to determine the
dismantling level and the sequence jointly. The model must take into account the
preferences of the different actors involved in the final phase of life of the system.
Classical models focus the problem decision as a lineal program solving it using
known algorithms [17].

13.3.1.2 Variables in the Dismantling Process

Problem solving planning entails the use of different models and algorithms. Most
of the done on the subject found in the literature review proposes their own method
and modeled language. In most cases, the approximations considered do not enable
the integration of uncertainties. Our objective here is not to propose an estimation
more to solve this problem, but the integration of uncertainties in the dismantling
process based on existing models to determine an optimum and solid solution. To
achieve this objective, we are using concepts and entities used by distinct focuses
later adding the uncertainties, with the help of a modeled language that can cope
with those uncertainties. The main entities involved in the resolution of the dis-
mantling planning problem are the ones that follow:

1. Components: represent the system composition at the end of their useful life
and can correspond to parts, subsets, and/or intermediate dismantling statuses.

2. Connections: from a structural point of view, connections complement and
represent the articulations and relations between components and subsets.
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3. Variables at the end of their useful life: related to each component describe the
recuperative actions that can be recycling or dismantling operations.

4. Contextual variables: attached to components and variables at the end of their
life, these model the recycling restrictions as well as other actions in reference
to recuperation.

5. Variables of decision: related to components and final life variables, these
represent the different actions in decision-making and provide a framework for
the decision process.

6. Performance parameters: attach the variables of final life, describe the con-
sequences of the actions the person responsible for decision-making.

Based on these entities, Fig. 13.7 proposes a modeling generic framework for the
planning of the disassembly problem (diagram type UML). In this stage, we have
highlighted the steps in the solutions of the problem as well as different variables to be
managed by those who make decisions. We are now going to introduce the concept of
Bayesian network to tackle uncertainties in some of these variables.

13.3.2 Bayesian Networks in Dismantling Planning

13.3.2.1 Bayesian Networks and Influence Diagrams

The following section proposes the use of Bayesian nets as a mathematical model
tool for solving the decision problem: for a determined industrial asset at the end
of its useful life, to determine dismantling levels and sequences on the base of a

Fig. 13.7 Dismantling variable structure
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process model, taking into account the uncertainties of such dismantling process.
Bayesian nets and their extension to influence diagrams are here used considering
that the problems we want to solve present the characteristics that follow [18]:

• They can be represented graphically.
• It is necessary to manage and integrate uncertainties.
• It is necessary to solve an uncertain optimal problem.

The first characteristic listed is important in a multiple-actors’ context such as
the one here considered. In fact, Bayesian nets and influence diagrams facilitate
the comprehension of the problem for all actors through a simple and natural
graphical representation. Besides, they permit in unique representation of the
interaction between these same actors and the interchange of knowledge. In fact, a
Bayesian network is a graph in which knowledge is modeled as a variable and each
variable corresponds to a node in the graphic. The arcs directed represent the
dependence relation between the variables. The first step in the development of a
Bayesian network model consists in obtaining those variables that are not of our
interest. The second point corresponds to the purpose of setting out the problem.
Bayesian nets permit a statistical inference that consists in determining variable
probabilities, hidden, or not evident to the given problem. When all those decision-
making managers consider that there are uncertainties in some variables, these can
be evaluated using a probability formula. Taking into account, knowledge of all
interested parts, these probabilities can be conditional (in other words that depend
on other variables) or marginal. Once all uncertainties of the dismantling process
have been evaluated, managers must determine the optimal solution in accordance
with several criteria. Nodes of decision and utility are added to the Bayesian
network becoming an influence diagram.

This models the problem of option selection at the end of the useful life of each
component, including the utility of these options. In [19], the authors propose
inference algorithms that determine an optimal solution.

13.3.2.2 Decision Problem in the Dismantling Modeling

The following section proposes the use of influence diagrams as tools for decision-
making regarding dismantling model problems, and to do that, it is given a model
of the process. The disassembly using Petri nets can be used to model such a
dismantling process. Petri nets clearly describe precedence restrictions between
operations of the dismantling process. The purpose here is to represent all possible
operational sequences. The decision problem will be to determine the best
sequence according to one or more criteria. Once the behavior of dismantling
mechanism had been translated into an influence diagram, the statuses (recovered
components, subset, etc.) of the dismantling process will have to be determined
according to decision configurations [20]. Dismantling solutions are evaluated
through the nodes utilities of the influence diagram. These model the economical
performance of the different recuperative actions and dismantling operations.
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The influence diagram models permit the integration of utilities in form of a table.
There are three types of nodes:

• Costs of dismantling nodes: related to the dismantling operation nodes, their
value is the in function of the execution of the dismantling operation.

• Costs of recycling nodes: evaluate each mode of recycling action, with respect to
the linked recycling nodes;

• Recycling income nodes: They model the economical flow that is generated
when a recycling option is validated.

These nodes with different utilities permit the optimization of a criterion for a
dismantling plan selection. This criterion is split for each product in order to select
the best operation for each of them. To achieve this, the decision node of each
product will indicate the assessment of each option. The decision rule will consist
in the selection of the option which maximizes the expected utility of the industrial
asset, and this will be designated as the policy at the end of the useful life of the
product. The set of all policies will make up the strategy. This will provide the
products that have to be analyzed at the end of the useful life of the system, its
recycling options and the required dismantling operations. The purpose of the
optimization method is in short the strategy for a determined life end of a system.

13.3.3 Integration of Warranty in a Disassembly Model

This section explores a trajectory model that enables all managers, responsible for
making decisions, to define the disassembly level in order to increase economical
profits. The model uses a Bayesian network that was presented in the World
Congress on Engineering Asset Management (WCEAM). The originality comes
here from the fact of considering warranty costs as factors that can modify deci-
sions in terms of the dismantling level. The problem of the dismantling trajectory
is represented by Bayesian nets that allow the representation of the elements in the
decision problem.

In general terms, the modeled dismantling system by Bayesian nets is described
by the following elements:

1. ‘‘Product’’ nodes that represent the components at the end of the system’s
useful life and that have one or more options of recycling.

2. ‘‘Activity’’ nodes that represent the dismantling operations or the recycling
actions of each product.

3. Arcs that characterize the precedence and exclusion of the relation between
activities.

4. Node parameters that make it possible to characterize the progress of the dis-
mantling process.

The variables of decision are attached to every product. They indicate the
direction of the dismantling trajectory toward an option (dismantling or recycling),

296 13 Dynamic Modeling and Bayesian Networks in the After-sales Service



being the specified restrictions by the arcs. The economical parameters are asso-
ciated with the ‘‘activity’’ nodes through utility nodes. These represent all those
costs and incomes that a determined activity can generate, allowing that eco-
nomical benefits and distinct trajectories to be evaluated and compared. The set of
Bayesian network nodes in the dismantling model is designated by N. The fol-
lowing subsets characterize the structure of the model:

1. NP is the set of ‘‘product’’ nodes, being P an element of NP;
2. NA is the set of ‘‘activity’’ nodes being:

• NA
d

P that represents dismantling operations in P;
• NA

v
P that represents recycling operations in P; A that represents an elements

of NA;
3. NU is the set of utility nodes, which are associated with each activity, being UA

the utility node related to the activity modeled by node A.

The model represents the completed deconstruction trajectory that the manager
or the person in charge of decision-making must identify. The objective is to find
an optimal trajectory that enables, each product and status given, to select of the
best activity (further than just dismantling, functional, or materials recycling). In
this network, Succ(A) represents the group of subsequent product nodes of a
dismantling activity A. A certain dismantling policy can be extracted from the
global model to evaluate each product separately. This makes it possible to obtain
the recursive equation of definition to determine at the same time the optimal
dismantling trajectory. The dismantling policies are modeled by nodes of decision
associated with each product. These nodes are integrated in the model that follows
in Fig. 13.8 (node PLP).

The product in question is the modeling of node P and the modalities of node
PLP that characterized all those possible options that can be selected in the
product. The utilities U(Q), Q 2 Succ Að Þ;A 2 Nd

AP (in other words, Q is a com-
ponent of P), represent the evaluation of components of the product generated by
each dismantling operation. The utilities in a model in which are associated with
each product, such utilities correspond to the optimization results in the policies of
product components. Warranty parameters are here introduced through utility
nodes related to the functional recycling option, specifying for each dismantling
level, the cost of the resulting warranty program as well as the probability (that
will be the reliability of the system, subsystem or study component), characterizing
all the option of implementing the corresponding actions. That is to say, warranty
has been integrated as a decision variable in the recertification process of all parts
resulting from the dismantling of an industrial asset at the end of its useful life
[21]. Future studies can analyze outcomes obtained from applying this method-
ology to different scenarios.
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Chapter 14
Summary of Results and Conclusions

Throughout this research, we have observed how a proper management framework
for after-sales service can help and define new and clearer policies and procedures
in the warranty claiming process, technical assistance to the user, spare parts stock,
etc., reducing costs, improving the quality of the product, and increasing customer
satisfaction. Basically, this research has presented a global reference framework
composed by:

• Re-engineering of after-sales processes
• Possibility to outsource technical assistance
• Data analysis
• Analysis, recovery, and collaboration with the supplier
• Repair management
• Replacement planning and implementation of an inventory management
• Logic validation of warranty claims, etc.

Now, we will summarize the conclusions extracted from each of the parts into
which this research is divided, to later, respond to the questions brought up at the
beginning of this research (Chap. 1) and likewise propose possible future lines for
research in this field.

14.1 Summary of Results of this Work and Research

14.1.1 Origins and Background (Part II)

Setting a study scenario (Chap. 2) has made it possible to summarize a business
process within a specific framework, like warranty management. The analysis
shows how information related to after-sales and recollection services during the
useful life of an industrial asset can be advantageously used in decision-making at
the time to reduce unnecessary expenses and improve quality of the service and in
essence the image of the business to customers. The recollection of data permits us

V. González-Prida Díaz and A. Crespo Márquez, After-sales Service
of Engineering Industrial Assets, DOI: 10.1007/978-3-319-03710-3_14,
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to adjust the necessary parameters to adequately choose between distinct
alternatives. Nowadays, the use of software tools can be useful not only to make
automated selections, but also to model and simulate business processes with the
aim of detecting, for example, their weak points. Together with this scenario,
Chap. 3 has been intended to summarize in a few lines the content of some
contributions in reference to warranty, its management, information gathering
related to objectives, elements, schemes, and comments to this respect, as well as
to try to highlight the defined practices from different authors. In the development
of this analysis, it was possible to extract steps or desirable stages for a modern and
efficient management framework. In this part, it has also been proven how addi-
tional costs of a technical assistance service could be reduced through proper
strategies in the service and an efficient management of its logistics [1]. In order to
adequately manage after-sales costs, businesses must be sure of the length that
these costs reach, clearly define all services covered by the warranty or by
extension contracts, and sufficiently stipulate detailed specifications in order to
provide realistic cost estimations.

14.1.2 Methodology and Resolution Proposal (Part III)

As a consequence of the practice in advanced technologies in manufacturing and
adjusted production systems, the nature of the production context has changed
enormously in the last few decades. This has allowed companies to manufacture
customized products on a massive scale. However, the increasing automation and
reduction of inventories have also clearly incremented the pressure on mainte-
nance systems [2]. As it is exposed in Chap. 4, maintenance management models
have been created to reduce this pressure on a real necessity of application in the
industry. To achieve this, in some cases there is a need to look for an operational
guide to reach the organization’s own objectives on maintenance. Others, on the
other hand, set their final objective as developing an automated system, and some
others simply pursue the ability to evaluate the function of maintenance. In all of
these cases, the main concern in designing a maintenance management model was
the continuous improvement of function performance. Such elements were framed
in a new proposed model, which operates within the mechanisms set by the norm
ISO 9001:2008 [3]. The new model presents these main characteristics:

• It is a cyclical type.
• It is open to the rest of organizational functions.
• Clearly distinguishes the execution of strategic and operative actions, when

these appeared linked.
• Involves management.
• Standardizes evaluation, control, and improvement in efficiency and effective-

ness of maintenance.
• Contributes to the generation of documents and records for decision-making.
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• It is process focused.
• It is orientated in compliance with a quality management system.

Subsequently, a framework has been proposed in Chap. 5. A framework (as an
essential structure of support) necessary to manage a technical assistance service
and that suggests methods to improve its organization and decision-making. As it
has been successively stated, the proposed framework considers already developed
techniques, classifying them in function to their most adequate utilization within a
warranty management process. Ideas and tools provided try to solve problems as
well as to understand in an easier manner what it is happening in the after-sales
field, applying some of the latest tendencies in business management, and also
suggesting new ones such as the application of ICTs. Consequently, this chapter
provides the reader with an updated revision of important methods, techniques,
technologies, that make an organization able to develop different functions related
to after-sales management, allowing it to face up to the current complexity in the
manufacturing and services fields. In Chap. 6, more aspects can be found that are
related to some standards and good practices, as well as the possibility to quantify
maturity. All these aspects have been treated in order to take into consideration the
importance of quality and its application in after-sales management. This man-
agement must assure that the industrial asset meets the needs which it has been
designed for, how to complement it with a modern quality management that rec-
ognizes the importance of customer satisfaction and the prevention of inspections
or reclamations (error prevention costs tend to be much less than error correction
costs when there is a customer complaint). After-sales management has to be
carried out throughout the life cycle of the product and not just only when it is sold,
which involves defining a strategy together with those of technical and commercial
type, in order to reach the organization’s general objectives [4]. Good practices in
after-sales management require taking into account the interactions between the
elements that constitute an organization. Some already developed techniques in
other fields have been introduced. They can be useful for our subject of study.

14.1.3 Development of the Proposed Stages (Part IV)

14.1.3.1 Effectiveness

As we know, nowadays the manufacturer is obliged by contract to provide
warranty assistance to the customer when a product it is sold. Logically, the
reduction in such costs will not be the only aspect to be achieved here, but also
decisions will have to be global and strategic within the company in order to
launch a better and more reliable product in the market, and in the same way, to
offer a proper after-sales service for the user. It has been observed in the previously
proposed framework that the application of a balanced scorecard is essential to
align and harmonize local after-sales services with the global company objectives.
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Together with this methodology, Chap. 7 describes an Analytic Hierarchic Process
that can be useful for complex decisions, permitting also the inclusion of many
levels of criteria and sub-criteria. This process can be applied to a wide variety of
situations such as strategic planning, resource allocation, business policy selection.
Finally, this chapter includes a root cause failure analysis study comparing in
respect to a set of criterion, diverse tools commonly used in these analysis and
observing their advantages and disadvantages.

14.1.3.2 Efficiency

In Chap. 8, various aspects can be observed regarding efficiency in relation to the
improvement of the after-sales management service. Therefore, it is necessary to
analyze the Integrated Logistic Support applied to a product that is in the market,
and how that support facilitates and improves the decision-making process, for
example, the selection of important components and with a high complexity. Also,
other concepts have been included such as task frequency or the many levels of
repairs. Apart from logistic support, other terms such as Analysis of Risks, Costs
and Profits are also included in the study of after-sales efficiency. Nowadays,
concepts and methods of project management theories are applied to many dif-
ferent areas. The intention here is to summarize them and focus them to our
research, considering after-sales services as a project with a specific budget and
with determined milestones. These tools, in general terms, permit us to control the
evolution of a warranty program, to foresee possible new expenses, and, in short,
to make proactive decisions that improve, finally, the satisfaction of the customer
with the company and with the supplied product.

14.1.3.3 Evaluation and Control

The procedures of assessment and control try to provide, on the one hand, a
starting point to recognize in an approximate way, the possible behavior of ele-
ments that constitute a piece of equipment, and on the other hand, to extend that
analysis to the industrial asset’s life cycle. In this way, as the design process
becomes more profound and, once in the market, provides experience and a more
precise and detailed knowledge of the systems, the initially considered values can
be refined and readjusted to reality, providing therefore more accurate conclusions.
To achieve this, Chap. 9 presents a formula on Reliability, Availability, Main-
tainability, and Safety that permits us to infer failure frequencies and consequently
provide a preliminary estimation about frequency and periodical revisions. These
results will also facilitate the outlining of an initial list of recommended spare
parts. On the other hand, there is the idea that a product with a relatively long
warranty period is more reliable and presents a longer duration than another with a
shorter one. That is why the warranty period is often used as an efficient marketing
tool by companies competing among themselves. In this chapter, the life cycle
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costs have been analyzed particularly for the repair study, a formulation based on
the non-homogeneous poisson procedure (NHPP) and general renewal process
(GRP) has been developed. The different methodologies for the LCCA can make it
easier to improve decision-making processes in cases of after-sales services.
Specifically, the application of these stochastics models can, for instance, allow the
prevision of possible failures in the product, as well as the anticipation of repair
expenses that such failures can contribute to the management of products after
they are launched in the market. We have seen that the NHPP is a good estimation
method of warranty period costs due to the fact that the failure rate, obviously, is
going to change as well as the system’s operative time, and consequently, it will
not be homogenous. On the other hand, GRP is the recommend method for a better
adjustment, considering complex repairs of the item.

14.1.3.4 Continuous Improvement

Chapter 10 observes distinct aspects of Application of ICTs in reference to a
specific case of warranty management process. These technologies can facilitate
and improve the decision-making process. In regard to after-sales services, these
decisions can be, for example, the possibility to forecast failures in the product and
in this way anticipate eventual customer reclamations. Currently, ICTs are being
applied in various fields. That is why, the intention of this research to focus these
electronic technologies to a new and emerging concept in electronic warranty, in a
similar way to the already consolidated term e-maintenance. In a few words and
although there are different opinions about it, e-maintenance is understood as the
maintenance based on the use of the Internet for the data and information trans-
mission between system to be maintained and the person in charge of making
decisions. In the same way, the concept of electronic warranty has been defined as
the warranty support that includes management of resources and necessary ser-
vices that permits proactive decisions in the performance of the technical assis-
tance to the client. These applied electronic technologies for example the control
or the diagnosis of reclamations under warranty are, in consequence, key factor to
reach high levels of quality, reliability, efficiency, and of course customer’s trust.
This chapter elaborates on the continuous customer relationship management
(CRM), which is closely related to customer’s perception on the provided services
in terms of quality. Many studies [5] recommend measuring quality costs to
analyze and improve the quality for the company and customers. Quality can be
measured from the user’s point of view through marketing norms and statistical
methods based on historical data. These standards focus on the quality perceived
from the satisfaction of real or potential customers alike. Nevertheless, without
neglecting this aspect, manufacturers are obliged to observe and comply with some
rules and guidelines when dealing with consumers. These norms present similar-
ities and differences according to the market we deal with. Recently in Europe, the
European norm EN 13269 (guide on the preparation of maintenance contracts) [6]
offers an adequate system for making maintenance contracts that can also help
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writing those contractual documents related to warranty service (or extension),
offering a complete view of the contract structure, and discussing different aspects
related to their subject and content.

Lastly, the chapter finishes observing the importance of applying a quality
methodology, the Six Sigma method, in the improvement of after-sales manage-
ment as well as to facilitate decision-making. Table 14.1 summarizes the roles
according to their objective or purpose, the critical processes where they take part
as well as the key activities they carry out. Basically, this section aims to highlight
the application of the Six Sigma methodology in order to face the priorities derived
from the warranty program and even more, through a solid cycle of continuous
improvement, to prevent failure recurrence.

The latest tendencies make an attempt to mix or relate Six Sigma tools with
others less consolidated such as Lean philosophy. It was developed by Toyota
(originally called TPS or ‘‘Toyota Productive System’’) and has experimented
different versions of application by many companies (for instance, the FPS or ‘‘Ford
Productive System’’) and currently is producing excellent results when comple-
mented with measuring techniques and Six Sigma analysis (which was developed
by Motorola). In spite of detractors of the methodology Lean Six Sigma (LSS), it
can be observed that it is a tool with a high level of potential for effectiveness
improvement in all types of companies (mainly services and small- and medium-
sized companies), especially in countries where, as it is happening in Spain, the
implementation of these new management philosophies is in an incipient moment.

14.1.4 Extensions to the Proposed Reference Framework
(Part V)

Chapter 11 intends to identify weaknesses, strengths, and improvement opportu-
nities in the after-sales service through the quantification of its intellectual capital.
Consequently, this procedure will seek to obtain savings and redistribute expenses,
whose combination reflects an improvement in the generated value by customer
service management. The importance of this procedure is that it permits us the
following points:

• Information is shown for the control and measurement of the organization’s
maturity in a quantitative way and including intangible costs.

• Facilitates decision-making and its comparison with external agents, competi-
tors, or internationally regulated and accepted values.

• Detects capabilities as well as weaknesses, in order to help make decisions on
how to solve them.

• Administrative and management decisions are closer to the client as an
improvement in the quality offered by the company and perceived by the user.

• The way, in which the organization concerns itself about its staff and their
performance, creating a good impression of security and warranty.
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This methodology permits us to establish priorities in decision-making based on
reliability indicators and facilitating the comparison of the performance of after-
sales services according to different geographical areas, technical staff, procedures,
operation changes, environmental condition, or in the organization, etc. In short, it is
intended with this assessment increase the collective intelligence of the organization
through a widening improvement and diffusion of knowledge in a normalized
fashion and with the support of information technology. On the other hand,
throughout Chap. 12 it has been observed how maintainability is also a key factor for
evaluating technical assistance that develops in after-sales services. The object of
this chapter has been the definition of a method of index calculation that assesses the
maintainability in industrial devices. The indexes that have been developed here
intend to show the ease with which technical assistance can be given to an industrial
asset, permitting us in this way to improve such tasks in different phases of their life
cycle. For that, criteria have been established that characterized the index of
maintainability according to these distinct attributes, some are general (that is to say,
those that can affect any level such as simplicity, modularity, ergonomics), and
others of a variable character (that depend n the level of assistance in question and for
example accessibility, the needs of personnel, the working environment). Finally,
this fifth part deals with the extensions to the proposed framework. This part serves
the purpose of contributing to the research in the field of product-service systems
(PSS), which is still a relatively new and not very consolidated subject. In more
detail, Chap. 13 develops a dynamic model to quantitatively simulate the services
provided by the department of technical assistance and how they can affect the
general service performance of the company. In this context, the model has been
applied to a specific case study, showing some of the potential outcomes through
different scenarios in which a preventive maintenance assistance is requested/hired
(or not), in and out the warranty period. This chapter concludes by briefly introducing
the Bayesians networks and describing how they can be useful when it comes to
determining aspects of a product, for instance, the case of dismantling an industrial
asset at the end of its useful life cycle (which can be also an interesting matter in the
discussion regarding the after-sales service offered by companies to their customers).
The outlined case considers warranty parameters as a known (entrance/input)
relating a functional recycling option to the level of disassembly, the cost of the
resulting warranty program, as well as the probability and the implementation of the
corresponding actions. In other words, it consists simply of observing a warranty
management based on the usage of pieces or spare parts previously used, which
would link, for example, the areas of reliability or logistical support.

14.1.5 Case Studies

Chapters show a series of cases containing mainly practical and applicable sce-
narios. They attempt to illustrate with examples the application of the lessons
learned in previous theory. Nevertheless, given the fact that it is a chapter that aims
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to summarize the overall conclusions reached and developed all throughout the
research, it is appropriate and pertinent, however, to comment on the results of
such case studies. Already introduced in Chap. 1 (in Table 1), are the scenarios,
issues to solve and methodology of application in each one of them. Now,
Table 14.2 also includes the solutions provided for each one of them. However, it
seems far more interesting to know about the processes of reaching certain deci-
sions rather than the outcomes themselves.

14.2 Conclusions Extracted from the Different Parts

In continuation, the results achieved during this work that were proposed in Chap. 1
are shown here, just as in relation to the different contributions, conferences,
magazines, and books:

• 1st Question: How the different studies, models and approximations… done
so far have helped the identification, analysis, elimination and prevention of
problems when there has been a failure in an industrial asset?

The different studies, models, etc., that have been analyzed through contribu-
tions, such as [7–11], have facilitated the visibility in as far as the current state-of-
the-art situation in which maintenance and warranty management can be found. It
is undoubtedly pretentious to consider that this state-of-the-art analysis totally
covers the facets related to maintainability, after-sales and its interactions in all
fields. However, the reviewed studies and their comparison have sufficiently
permitted the ability to differentiate and select forms or manners to prevent the
recurrence of problems based on an organizational improvement. Likewise, con-
tributions like [7] have permitted an approximation of a business reality identi-
fying a casuistry of events that tend to arise when managing a warranty assistance
program.

• 2nd Question: What systems are proposed for after-sales service so that we
can the most of the advantages of methodologies that have been successfully
applied in other areas?

The knowledge from technologies successfully implemented in other areas has
permitted us to propose in conferences such as [12–17] a generic framework in
which different techniques are divided into four sequential phases (effectiveness,
efficiency, assessment and control, and continuous improvement) playing a crucial
role in the improvement of the organization’s maturity concerning after-sales
services. Some of these contributions suggest likewise good practice application
that improves the quality of the management process.
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Table 14.2 Results obtained from the studies discussed in the chapters

Methodology Study scenario Issue to solve Result

Maturity (Chap. 6) Manufacturer of
products that are
launched to the
market and need
warranty services

What’s the
company’s own
perception on its
after-sales
service?

A maturity matrix is
obtained where the
level of involvement
of each department is
quantified

BSC (Chap. 7) Agricultural machinery
(harvesters and
harvester head) that
is sold in the first-
and second-hand
market

Which after-sales
service is the
most beneficial?

Sales of new harvesters
are the most
beneficial in after-
sales. Used products
tend to exceed
objective value

AHP (Chap. 7) Spare parts management
for customized
product
manufacturing in a
determined stage of
production

From where is
preferable to
obtain such spare
part in that
determined
moment?

The best place option to
get that spare in this
context would be
from the warehouse,
then cannibalization

Risk and CRM
(Chap. 8)

A water distribution
company that
suspends the supply
due to a network
failure

What is the cost of
keeping or losing
a customer after a
failure?

In this context, the
intangible costs are
estimated at
314.31 €

RAMS (Chap. 9) Electromechanical item
in the design phase

Which would be the
spare part list best
recommended for
servicing this
warranty?

The welding equipment,
rotor set, and stator
are the three
components which
reliability decreases
60 % after a year

LCC (Chap. 9) Faulty engines are
repaired providing a
repair warranty

How long would that
period of time be
to carry out the
best repair
service?

The minimum value is
obtained from the
NHPP model,
considering different
percentages of
waiting time until the
next failure

Six Sigma
(Chap. 10)

An automotive company
that repeatedly
receives the same
type of warranty
reclamation

How to deal with a
reclamation that
affects design?

Instruction sheet for
defect corrections,
obtaining a 70 %
improvement (steel
was the critical input
of the imprinting)

Intellectual capital
(Chap. 11)

Water distribution
companies that
attend similar areas
of customers

Which company
presents a better
investment of its
initial budget?

Company B has a larger
investment in
intellectual capital
(best investment of
initial budget)

Maintainability
(Chap. 12)

Bridge crane that
requires technical
assistance

How difficult or easy
is to technically
assist this item?

Graphics are obtained
quantifying
attributes and
variables of
maintainability
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• 3rd Question: How the after-sales service would be in order to enable us to
be more efficient and with a beneficial performance from a business point of
view?

The after-sales services play an important role in companies with rising profits.
For that, it is convenient to apply tools and proper methods that are based on a
holistic vision of technical assistance to the customer, considering all the areas that
are influenced by such service, for example, manufacturing, quality, finance. Both
financial and engineering aspects should be taken into account, for which it is
necessary to translate technical performance and its economical impact. Contri-
butions made in conventions and conferences and journals such as [18–24] have
dealt with these matters presenting applications of BSC or AHP in warranty
program assistance or, just describing the management of risks and costs of after-
sales service. The presented tools integrate the methods used in the industry and in
the general management of projects that identify strengths and avoid weaknesses.

• 4th Question: How would the technical and financial performances in after-
sales services be measured in order to make an improvement in manage-
ment possible?

Even though technical and financial impacts have already been dealt with and
elaborated in question 3, this 4th question concludes the proposed cyclical pro-
cedure of evaluating such impacts and applying techniques in the area of con-
tinuous quality improvement. Some contributions in the field have been made to
carry out that analysis. Specialized papers published in magazines such as [25–32].
The direct impact of the after-sales service is, at first, technical, given that it makes
an attempt to reduce the number of reclamations or non-conformities of an
industrial asset that is already in customer’s hands. However, the purpose of the
companies is to make an economical profit while maintaining their social and
environmental responsibilities; thus, evaluation and control of the economical
impacts of technical services become essential. The possibility to control costs is
set out by monitoring the constant behavior of the product; this may influence the
performance and procedures done in other areas of work within the company
different from the after-sales department. In other words, an improvement in the
after-sales service foresees savings that directly and holistically have positive
repercussions in the rest of the company’s organization; beneficial in terms of
financial profits; and at the same time, in its own corporate image, giving out a
more attractive one to customers. The reliability and life cycle cost analyses of the
product launched to the market, as well as the relations with the customer and the
legal framework of after-sales contracts, feed the management procedures and
make it easier for multidisciplinary equipment (suggested with Six Sigma) to
analyze the improvements before and after adopting determined decision or pol-
icies. In short, the approximations presented for the assessment of the after-sales
service impact, attempt to link technical performance to economical consequences.
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• 5th Question: What information must be relevant to make decisions
regarding the after-sales service and what are the future researches that
arise from this line?

After-sales and maintenance data tend to be stored in the business’ different
databases, this compilation is usually tedious and time consuming. With the aim of
preventing, as much as possible, these inconveniences and contribute at the same
time a holistic touch to the subject, it has been defined on the one hand a procedure
to evaluate intellectual capital of after-sales service, and on the other hand, the
maintainability of the product that permits the comparison of the relevant data for
the best performance of the technical staff in particular and of the organization in
general. In addition to the previously stated, the management of warranty and
after-sales information opens new interesting research lines; an example of these
potential lines would be the modeling of dynamic systems of products and ser-
vices, as well as the application of Bayesian networks in problems where warranty
is considered as just another variable for decision-making. All these have been
extended in the conferences that follow [33–38].

14.3 Future Lines of Research

The different chapters in this research propose and open different lines of study that
can help in the continuation of the analysis of after-sales services and warranty
assistance of an organization, and how this management can affect the business
holistically, the employees and clients. This way for example, we have begun this
research with a generic scenario (Chap. 2) where some other features could be added,
such as boundary conditions to consider final products with different reliability, that
the cost of the warranty be in terms with the time, different degrees of non-operation,
maximum locations at different stages (that is to say, when there is a distribution of
products in different destinations), or when the budgetary margins are negative (that
is to say, there is a need to prioritize failures to attend, or decide on a reduction in
profit margins to have replacements available), etc. Regarding the state-of-the-art
analysis (Chap. 3), topics for future researches could be, for example, new economic
models for the after-sales service and discussions about its management, etc [39]. In
respect to the warranty management models (Chap. 4), an interesting line would
consist of the link between the models with specific tools for production systems, or
to develop new models of reference for maintenance management that are directly
applicable to a chosen organization. In relation to reference framework (Chap. 5), it is
possible to propose the application of other methodologies or to more thoroughly
study the combination the already mentioned, analyzing from the proposed man-
agement framework onwards, information organization and the data necessary to
warranty assistance, with the involvement of a Six Sigma team. In reference to the
application of best practices of after-sales management of an industrial asset on sale
(Chap. 6), it can be interesting to analyze the different viewpoints of different
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countries and markets where other rules and standards exist. For example, it can be
advantageous to know the conceptual difference of this service between the emerging
countries (in general producers or manufacturers), with developed countries (in
general consumers, and consequently, customers of emerging countries). In addition,
another extension to this chapter would be to particularize the quantification of
maturity in each stage of the life cycle of the product (pre-launch, launch, and post-
launch), taking into account that at each stage there are different necessities. This
book attempts to serve as a starting point for future research related to critical
analysis. Some key aspects have been presented throughout Chap. 7 with the aim of
making the adequate decisions that would enable the company to correctly achieve
and reach its global objectives. For that purpose, it is also necessary to pay special
attention to the corporate setting in which the companies must their select options and
make decisions between alternatives, considering, as one very important aspect,
personnel experience in technical service. This research also intends to serve as a
base for further researches related to the critical analysis. Other future lines of
research that can be opened in this field are for example: related to logistic support
and analysis of costs, risks and benefits (Chap. 8), the combination of techniques such
as FMECA, RCM with the CRM (Customer Relationship Management); analysis of
the advanced mathematical methods with electronic support technologies (electronic
surveillance, monitoring, online diagnosis, etc.) with the aim of developing more
elaborate models. In other words, as it has been previously mentioned, currently ICTs
are being applied to a wide variety of different fields [40]; therefore, future researches
can focus on the concept of electronic warranty in the same way as the e-mainte-
nance, etc. (Chap. 10). Besides the application of new technologies in warranty
management, the participation of after-sales personnel within the improvement
process represents a crucial factor for achieving success. It would be necessary
therefore to increase the intellectual capital at higher levels of knowledge, experi-
ence, and training (Chap. 11), together with the introduction of new techniques that
benefit task performance and personnel participation involved in the effectiveness of
the technical service of warranty assistance (Chap. 12). Apart from all mentioned, it
is important to highlight that after-sales management appears within the business as a
potential area of improvement related to the development of new technologies and
the determination of future capabilities in respect to product and service systems
(Chap. 13). Alongside the above-mentioned perspectives of future works in this field
that try to use the network theory of Bayes to determine risks related to warranty.
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