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Everyone knows what time is until you start to think
about it and then you realize you do not know.
St. Aurelius Augustine (354-430 AD)

During my research, I have frequently had cause to reflect on 6W$XJXVWLQH·V
statement, and every time I did so I have realized how little I know!
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Abstract

Abstract
,QWRGD\·VJOREDObusiness scenarios, an organization can strengthen its competitiveness by offering a spectrum of industrial services that range from traditional customer support to turnkey solutions. To achieve this service spectrum, it is necessary to manage information consumption and production at
right quality level in right time. When dealing with complex technical systems, e.g. military aircraft, with long life cycles, the management of maintenance-related information is crucial to fulfil stringent dependability, Life
Support Cost (LSC) and safety requirements. Today, there is available Information & Communication Technology (ICT) to realize an eMaintenance solution for the necessary information logistics. However, there is a lack of appropriate frameworks, methodologies and tools that enable a service-oriented
approach to eMaintenance.
Hence, the purpose of this research is to explore and describe how an eMaintenance solution can be developed to provide information services that support the maintenance of complex technical systems. To fulfil the purpose, a
major case study within military aviation has been performed, supported by
two minor case studies within the healthcare sector and the process industry.
Empirical data has been collected through interviews, observations, archival
records and workshops. The analysis is based on developed theoretical
frameworks, Design of Experiment (DoE) principles and available international standards.
The results of this research are: I) an exploration and definition of eMaintenance; II) a description of eMaintenance as support to maintenance of complex technical systems; III) an eMaintenance Management Framework
(eMMF) for establishment of an eMaintenance platform; and IV) a methodology with a supporting toolbox that facilitates the identification of maintenance support information.

Keywords
Maintenance Support Service, Complex Technical Industrial System, ServiceOriented Architecture, Information Logistics, eMaintenance.
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Summary in Swedish

Summary in Swedish (Sammanfattning)
I dagens globala företagsklimat kan en organisation stärka sin konkurrenskraft genom att erbjuda ett helt spektrum av industriella tjänster, allt från
traditionellt kundstöd till färdiga nyckellösningar. För att uppnå ett sådant
tjänstespektrum är det nödvändigt att kunna hantera konsumtion och produktion av information på rätt kvalitetsnivå vid rätt tidpunkt. Vad gäller
komplexa tekniska system, t. ex. militära flygplan, med lång livslängd är hanteringen av underhållsrelaterad information avgörande för att kunna uppnå
hög driftsäkerhet, låga underhållskostnader (Life Support Cost, LSC) och rigorösa säkerhetskrav. Det finns idag Informations- och Kommunikationsteknik (IKT) som möjliggör en eUnderhållslösning för den nödvändiga informationslogistiken. Det saknas dock lämpliga ramverk, arbetssätt och verktyg
som möjliggör en tjänsteinriktad ansats mot eUnderhåll.
Följaktligen är syftet med denna forskning att undersöka och beskriva hur en
lösning för eUnderhåll kan utvecklas så att den tillhandahåller informationstjänster som stödjer underhållet av komplexa tekniska system. För att uppnå
detta syfte har en stor fallstudie utförts inom militär luftfart, stöttad av två
mindre fallstudier inom sjukvårdssektorn och processindustrin. Empiriska
data har samlats in genom intervjuer, observationer, arkivstudier och seminarier. Analysen baseras på utvecklade teoretiska ramverk, principer för statistiks försöksplanering (Design of Experiment, DoE) och tillgängliga internationella standarder.
Resultatet av denna forskning är: I) en utforskning och definition av eUnderhåll; II) en beskrivning av eUnderhåll som ett stöd för underhåll av komplexa
tekniska system; III) ett ramverk för eUnderhållshantering (eMaintenance
Management Framework, eMMF) i syfte att etablera en eUnderhållsplattform; och IV) ett arbetssätt med stöttande verktygslåda som underlättar identifieringen av information som stöd till underhåll.
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List of Definitions
Term

Description

Availability

Availability is the state of an item of being able to perform
its required function (IEV, 2008).

Built-in Test

A built-in capability of the mission system or equipment,
which provides a test capability to recognize and localize
faults or deterioration of performance. (IEC 60706-5)

Dependability

Dependability is a collective term that describes the availability performance and its influencing factors: reliability
performance, maintainability performance and maintenance support performance. (IEV, 2008)

Effectiveness

Effectiveness is the ability of an item to meet a service
demand of given quantitative characteristics (IEV, 2008).
The effectiveness is the accuracy and completeness with
which specified users can achieve specified goals in particular environments.

Efficiency

Efficiency is the ratio of output power to input power of a
device (IEV, 2008).

Enabling-system

A system that complements a system-of-interest during its
life cycle stages but does not necessarily contribute directly to its function during operation. An enablingsystem has a life cycle of its own. (ISO/IEC, 2008)

Framework

Framework is defined as a meta-level model (a higherleelvel abstraction) through which a range of concepts,
models, techniques, methodologies can either be clarified
and/or integrated. (Jayaratna, 1994).

Maintainability

Maintainability is the probability that a given active maintenance action, for an item under given conditions of use
can be carried out within a stated time interval, when the
maintenance is performed under stated conditions and
using stated procedures and resources (IEV, 2008).
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Maintenance

Maintenance is the combination of all technical and administrative actions, including supervision actions, intended to retain an item in, or restore it to, a state in which
it can perform a required function (IEV, 2008).

Maintenance
eService

Maintenance support information services based on the
ICT.

Maintenance
plan

Maintenance plan is detailed plan that specifies the methods and procedures which need to be followed for system
support throughout its life cycle. (Blanchard, 2004)

Maintenance
support

Resources required to maintain an item, under a given
maintenance concept and guided by a maintenance policy. Resources include human resources, support equipment, materials and spare parts, maintenance facilities,
documentation, information and maintenance information
systems. (IEC, 2004)

Methodological
tool

A methodological tool is defined as a set of timedependent order of thinking and action stages (Jayaratna,
1994).

Methodology

A set of principles of method which have to be reduced to
method suitable for a specific situation (Checkland, 2007)

Ontology

Ontology is an explicit specification of a conceptualization, which is the objects, concepts, and other entities that
are presumed to exist in some area of interest and the relationships that hold them (Genesereth & Nilsson, 1987).
Ontology is a representational vocabulary for a shared
domain that includes definitions of classes, relations, functions, and other objects Gruber (1993)
Ontology is the representation of meaning of terms in vocabularies and their interrelationships (W3C, 2008).

Process
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Process is a complete set of interacting operations in a system by which matter, energy or information is transformed, transported or stored. From a time related perspective a process is a sequence of interrelated events.
(IEV, 2008)

List of Definitions

Product support

Product support can be defined as any form of assistance
that companies offer to customers to help them gain
maximum value from the manufactured products. It is
commonly referred to as after-sales service, customer
support, technical support, or simply as service. (Markeset, 2003)
In literature customer support, after-sales support and
product support are often used as synonyms.

Service

Service is a set of functions offered to a user by an organization (IEV, 2008).

Service to support the product

Services to support the products can be defined as serYLFHVQHHGHGWRHQVXUHDSURGXFW·VIXQFWLRQDOSHUIRUmDQFH7KHVHVHUYLFHVDUHJRYHUQHGE\WKHSURGXFW·VIXQctional weaknesses. It includes support services such as
maintenance, repairs, spare parts, expert advice, diagnostics, etc. (Markeset, 2003)

Services to support the customer

Services to support the customers can be defined as serYLFHVLQWHQGHGWRVXSSRUWWKHFOLHQW·VDFWLRQVLQUHOation to
the product.
They include services such as advanced training, performance analysis, operations and maintenance strategy
development, etc. This kind of service is governed by cusWRPHU·VDQGPDQXIDFWXUHU·VNQRZOHGJHH[SHrtise, as well
as their wants, needs, and preferences. (Markeset, 2003)

SOAP

SOAP provides a simple and lightweight mechanism for
exchanging structured and typed information between
peers in a decentralized, distributed environment using
XML.
SOAP does not itself define any application semantics
such as a programming model or implementation specific
semantics; rather it defines a simple mechanism for expressing application semantics by providing a modular
packaging model and encoding mechanisms for encoding
data. (W3C, 2008)
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Software architecture

Software architecture involves the description of sysWHPV·
inherent elements, the interactions between the elements,
their composition guided by patterns and constraints on
those patterns (Sowa & Zachman, 1992; Shaw & Garlan,
1996)

Support Service
Performance

Maintenance support performance is the ability of a maintenance organization, under given conditions, to provide
the resources required to maintain an item, under a given
maintenance policy (IEV, 2008)

System life cycle

The evolution with time of a system-of-interest from conception through to retirement of the system (ISO/IEC,
2008)

System-ofinterest

The system which is under consideration in a context
(ISO/IEC, 2008)

Taxonomy

Taxonomy is science and practice of classification things.

Usability

Usability is a the extent to which a product can be used by
specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of
use (ISO, 1998).Satisfaction refers to the comfort and acceptability of the work system to its users and other people affected by its use.

XML Schema

XML Schemas express shared vocabularies and allow machines to carry out rules made by people. They provide a
means for defining the structure, content and semantics of
XML documents. (W3C, 2008)
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List of Abbreviations
Abbreviation

Full Form

ACRP

AirCraft Related Publication

BIT

Built-in Test

BPEL

Business Process Execution Language

CATWOE

CATWOE are Customers, Actors, Transformation,
Worldview, Owner and Environment.

CMMS

Computerized Maintenance Management System

Corba

Common Object Request Broker Architecture

COTS

Commercial Off-The-Shelf

CRIS

Common Relational Information Schema

DBMS

DataBase Management System

DCOM

Distributed Component Object Model

DoE

Design of Experiment

EAI

Enterprise Application Integration

EDA

Event-Driven Architecture

EIAI

Enterprise Information Architecture and Infrastructure

eMMF

eMaintenance Management Framework

eMMM

eMaintenance Management Model

eMP

eMaintenance Platform

eMSD

eMaintenance Service Development

ESB

Enterprise Service Bus

EssUP

Essential Unified Process
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List of Abbreviations

FMV

Försvarets MateriealVerk

HTTP

HyperText Transfer Protocol

HUMS

Health & Usage Monitoring System

HW

HardWare (any physical goods, e.g. an aircraft engine or a
computer)

ICT

Information & Communications Technology

IEC

International Electrotechnical Commission

IL

Integrated Logistic

ILS

Integrated Logistic Support

JBI

Java Business Integration

LCC

Life Cycle Cost

LRU

Line Replaceable Unit

LS

Logistic Support

LSC

Life Support Cost

MIMOSA

Machinery Information Management Open System Alliance

MoE

Measure of Effectiveness

MPDS

Maintenance Plan Delivery Service

MPFS

Maintenance Plan Feedback Service

MSD

Maintenance Service Development

NFF

No Fault Found

NFFP

National Aeronautic Research Programme

OASIS

The Organization for Advanced Standards for Information Society

PDF

Portable Document Format
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List of Abbreviations

PLCS

Product Life Cycle Support

PNB

Probability of No Backorders

PPS

Production Planning & Scheduling

RMI

Remote Method Invocation

ROS

Risk Of Shortage

ROST

Risk Of Shortage with Time tolerance

RUP

Rational Unified Process

SGML

Standard Generalized Markup Language

SOA

Service-Oriented Architecture

SOAP

Simple Object Access Protocol

SRU

Shop Replaceable Unit

SW

SoftWare (a computer program)

SwAF

Swedish Air Force

TATEM

Technologies And Techniques for nEw Maintenance

TELMA

TELe-Maintenance

UDDI

Universal Description, Discovery and Integration

UML

Unified Modelling Language

W3C

World Wide Web Consortium

WS-BPEL

Web Services Business Process Execution Language

WSDL

Web Services Description Language

XML

eXtensible Markup Language
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Introduction and Background

1 Introduction and Background
,QWRGD\·VJOREDObusiness scenario, one feasible way of increasing an organi]DWLRQ·VFRPSHWLWLYHQHVVLVWRRIIHUDVROXWLRQWKDWLVEDVHGRQWKHFXVWRPHUV·
needs, expectations and requirements. In this customer perspective, the major
incitement for choosing a solution (goods, service or any combination
thereof) is the benefits that it can contribute to the custRPHU·V YDOXHgenerating process (Grönroos, 2007). For many manufacturers, support services as a part of a solution provide a source of long-term revenue. Furthermore, the services are important to achieve customer satisfaction, loyalty, and
customer retention (Grönroos, 2007).
Support solutions based on services and intended to support the customer
UHTXLUHNQRZOHGJHRIWKHFXVWRPHU·VRSHUDWLRQDQGFRUHEXVLQHVV 0DUNHVHW
2003). The reason is that these support solutions should enhance the cusWRPHU·V behaviour in relation to a technical system (Markeset, 2003). One way
to classify support solutions is to consider the object which the services are
intended to support, e.g. product or customer. From this perspective, two
main support solution categories might be identified: I) support to the product; and II) support to the customer (see Mathieu, 2001a, 2001b). In addition,
there is a need of an overarching strategy to provide support solutions. Goffin (1999) describes four essential components that should be considered
ZKHQHVWDEOLVKLQJDVXSSRUWVROXWLRQ, LGHQWLI\FXVWRPHU·VVXSSRUWUHTXLUements; II) design for supportability; III) select distribution channels; and IV)
promote support for competitive advantage. However, the support requirements will change GXULQJ WKH WHFKQLFDO V\VWHP·V OLIH F\FOH GXH WR WHFKQLFDO
GHYHORSPHQW DQG FKDQJHV LQ WKH VWDNHKROGHUV· QHHGV RSHUDWLRQDO HQYLURnment, laws and regulations (Juran, 1992; Bohner & Arnold, 1996; North et al.,
1998; Kotonya & Sommerville 1998; Söderholm, 2005). Hence, the support
solution needs to be modified and adapted to retain customer satisfaction.
In order to achieve and maintain the required levels of customer satisfaction
and performance in a support solution, the provision of effective logistic support is necessary (DoD, 1986; IEC, 2001; Blanchard, 2004). Integrated Logistic
Support (ILS) is a structured methodology by which all the logistic support
services required by a customer can be brought together (DoD, 1986; IEC,
2001; Blanchard, 2004). One important part of an ILS solution when dealing
with complex technical system is maintenance. Maintenance is the combination of all technical and administrative actions, including supervision, intended to retain an item in, or restore it to, a serviceable condition in which it
can perform a required function (IEC, 1990; Blanchard, 2004). Maintenance
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PD\EHVHHQDVDSURFHVVWKDWPRQLWRUVDWHFKQLFDOV\VWHP·VFDSDELOLW\WRGeliver services, records problems for analysis, takes corrective, adaptive, perfective, and preventive actions and confirms restored capability (Coetzee,
1998; Campell & Jardine, 2001; Söderholm et al., 2007; ISO/IEC, 2008). The
purpose of the maintenance process is to sustain the capability of a system to
provide a service (Liyanange & Kumar, 2003; Söderholm et al., 2007;
ISO/IEC, 2008). A generic maintenance process consists of phases for management, support planning, preparation, execution, assessment and improvement (IEC, 2004). Hence, maintenance is multidisciplinary and involves
a wide range of roles, such as managers, process owners, maintenance technicians, maintenance planners and logistic managers. Therefore, to be efficient
and effective, the maintenance process should be horizontally aligned with
the operation and modification processes and vertically aligned with the requirements of external stakeholders (Liyanange & Kumar, 2003; Söderholm et
al., 2007).
Actors within the maintenance process require support to perform their activities. The maintenance support refers to all resources required to maintain
an item under a given maintenance concept and guided by a maintenance
policy (IEC, 2004). Examples of maintenance support are: documentation,
personnel, support equipment, materials, spare parts, facilities, information
and information systems. Hence, the provision of the right information to the
right information consumer and producer with the right quality and at the
right time is essential (Parida et al., 2004; Parida & Kumar, 2004; Lee et al.,
2006). Furthermore, the dynamic and comprehensive information context related to maintenance of complex technical systems with long life cycles emphasizes the importance of appropriate information logistics. The main aim of
information logistics is to provide just-in-time information to targeted users
and optimization of the information supply process, i.e. making the right information available at the right time and at the right point of location (Heuwinkel et al., 2003; Haseloff, 2005). Solutions for information logistics need to
deal with: I WLPHPDQDJHPHQWZKLFKDGGUHVVHV¶ZKHQWRGHOLYHU·,, FRQWHQW
PDQDJHPHQW ZKLFK UHIHUV WR¶ZKDW WR GHOLYHU· ,,,  FRPPXQLFDWLRQ PDQDJePHQW ZKLFK UHIHUV WR ¶KRZ WR GHOLYHU· DQG ,9  FRQWH[W PDQDJHPHQW ZKLFK
DGGUHVVHV¶ZKHUHDQGZK\WRGeOLYHU· +HXZLQkel et al., 2003; Haseloff, 2005).
However, the establishment of appropriate information logistics is a great
challenge when dealing with maintenance since necessary information is often hidden among vast quantities of data, stored for other purposes, at different places, in different formats, and generated throughout the whole life cycle
of a system (Tsang, 2002; Candell & Söderholm, 2006). At the same time, the
increasing amount of data and information can lead to data overload and in-
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formation islands, which both contribute to unwanted maintenance-related
consequences, such as reduced product quality, incidents and accidents
(Kletz, 1994; Ollila & Malmipuro, 1999; Holmgren, 2005, 2006; Holmgren &
Söderholm, 2008). One reason is that data overload can cause problems in the
decision-making process due to non-availability of right information (Rasmussen et al. 1994; Candell, 2004; Parida et al., 2004). Simultaneously, information islands prevent the integration of information in an organization, e.g.
information generated or stored within the operation, maintenance and business processes (Parida et al., 2004; Söderholm, 2007; Söderholm et al., 2007).
Due to this challenging information context, the development of ICT contributed in the early 2000s to the emergence of eMaintenance, which today is a
common term in maintenance-related literature (Muller et al., 2008; Levrat et
al., 2008).
However, there are different views of what eMaintenance actually is. During
the last decade many efforts to define eMaintenance have been conducted
(see, e.g. Iung & Crespo, 2006). Some consider eMaintenance as a maintenance strategy, where tasks are managed electronically by the use of real-time
item data obtained through digital technologies, such as mobile devices, remote sensing, condition monitoring, knowledge engineering, telecommunications and internet technologies (Tsang, 2002). Others view eMaintenance as a
support to execute a proactive maintenance decision-process (Muller et al.,
2008). Another view is that eMaintenance should be considered as a model
that enhances the efficiency of maintenance activities by applying ICT for the
provision of information (Tsang, 2002). eMaintenance is also viewed as a predictive maintenance system that provides monitoring and predictive prognostic functions (Koc & Lee 2001; Parida & Kumar, 2004). In the latter view,
eMaintenance is seen as a support to eOperation through remote diagnostics
and asset management, but also through simulation-based optimization and
decision-making in a specific organizational eBusiness scenario. An additional view of eMaintenance is the integration of all necessary ICT-based tools
for optimization of costs and improvements of productivity through utilization of Web services (Bangemann et al., 2004, 2006). This view can be considered as a technological approach to eMaintenance, where Web services technology is used to facilitate integration of information sources that contain
maintenance-relevant content.
However, regardless of the many views of eMaintenance, it is commonly realized that the establishment of a dynamic and effective eMaintenance solution
requires an appropriate software architecture. Software architecture involves
WKH GHVFULSWLRQ RI VRIWZDUH V\VWHPV· LQKHUHQW HOHPHQWV WKH LQWHUDFWLRQV Eetween the elements, their composition guided by patterns and constraints on
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those patterns (Sowa & Zachman, 1992; Shaw & Garlan, 1996). One approach
to software architecture related to eMaintenance is the concept of a common
database, i.e. an integration at the data level for provision of the needed flexibility for different working areas (e.g. maintenance), as support to strategic,
tactic and operational decision making (Kans, 2008). Another approach to an
architecture for eMaintenance is a client-server approach (Han & Yang, 2006).
This client-server architecture is based on two subsystems: I) a maintenance
centre which is intended to be tailored to the needs of the company through
cooperation among the maintenance-related areas; and II) local maintenance,
which implements and evaluates the maintenance system provided by the
maintenance centre. Another architecture approach relies on a star-like layered architecture (Bangemann et al., 2004, 2006). One way to realize this starlayered architecture is to use a platform that utilizes the Web services technology upon the existing maintenance applications to provide function and
data integration. However, the Web services technology is only one way to
realize a Service-Oriented Architecture (SOA).
SOA presents a vision of a world where resources are cleanly portioned and
consistently represented (Erl, 2006). SOA is gaining momentum worldwide
by promising agility, mobility, interoperability, reuse and better alignment
with business objectives (Erl, 2006; Pulier & Taylor, 2006). In the context of
software architecture, SOA represents a model where business logic is decomposed into smaller elements that can be distributed (Erl, 2006). One of the
benefits of such elements is that they are autonomous and can be individually
distributed (Erl, 2006; Pulier & Taylor, 2006). Another benefit is that these
elements are unified by the term service, in order to reduce their dependency
on underlying technology and emphasize their target, i.e. the business processes (Erl, 2006; Pulier & Taylor, 2006). The Organization for Advanced Standards for Information Society (OASIS) describes SOA as a collection of best
practices, principles and patterns related to service-aware, enterprise-level
and distributed computing (OASIS, 2008). Their efforts are focused on support to agile computing by providing concepts for workflow management,
translation coordination, orchestration, collaboration, loose coupling, business process modelling and other related concepts. One way to classify research related to SOA is into the four groups: business, engineering, operations and cross-cutting (Kontogiannis et al., 2008).
There are extensive existing efforts that can be adapted to approach issues
related to some of these needs. These efforts can be categorized in two
groups: I) generic efforts that are not specifically aimed at maintenance, but
might be utilized for maintenance purposes and II) specific efforts that are
specifically aimed at eMaintenance.
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Examples of generic efforts are: Essential Unified Process (EssUp), Rational
Unified Process (RUP), Service-Oriented Architecture (SOA), Event-Driven
Architecture (EDA), Web services, eXtensible Markup Language,
XMLSchema, Reference Model for Service Oriented Architecture, Open
Document Format, Microsoft .NET and Biztalk, IBM Web Sphere, Oracle BEA
WebLogic and SAP Business suite.
Examples of more maintenance-specific efforts are: Product Life Cycle Support (PLCS), Production Planning & Scheduling (PPS), ISA-95, Open System
Architecture for Enterprise Application Integration (OSA-EAI), Common Relational Information Schema (CRIS), Condition monitoring and diagnostics of
machines - Data processing, communication and presentation (ISO 13374),
the PROTEUS-platform, the concept of System for Mobile Maintenance (the
SMMART-project) with focus on smart tags and wireless communication,
Tele-maintenance platform (TELMA), Technologies And Techniques for nEw
Maintenance concepts (within the TATEM-project) with focus on monitoring
technologies related to aviation, Maintenix (MXI Technologies), IFS Applications and the SAP Service and Asset Management within the SAP Business
suite.
Some of these efforts contemplate support solutions from a business process
perspective (e.g. RUP and EssUP), while others focus on technological aspects
of service provision (e.g. OSA-EAI, PROTEUS, DYNAMITE and Maintenix).
However, to enhance the information logistics related to maintenance support through appropriate information services, both the business process and
related technologies need to be linked and aligned seamlessly (see the reasoning in Koc & Lee 2001; Liyanange & Kumar, 2003; Parida & Kumar, 2004;
Parida et al., 2004; Söderholm et al., 2007).
In summary, the development of eMaintenance has been approached from
different perspectives, e.g. efforts from Machinery Information Management
Open System Alliance (MIMOSA, 2008), the IMS Centre (IMS, 2008), starlayered architecture for eMaintenance within the PROTEUS project (Bangemann, 2006), infrastructure for mobile monitoring technology within the
DYNAMITE project (IST, 2008), the TELMA-platform for materialising a
physical process (Muller et al., 2007), client-server architecture (Han & Yang,
2006), and the common database concept (Kans, 2008). Hence, these efforts
are complementary and contribute to achieve service-oriented information
logistics related to maintenance. However, nothing published has been found
that approaches eMaintenance from a service-oriented perspective to provide
information logistic solutions related to maintenance support information
services through adaption of SOA.
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1.1 Purpose
The purpose of this research is to explore and describe how an eMaintenance
solution can be developed to provide information services that support the
maintenance of complex technical systems.
More specifically, the objectives of this research are to provide:
x a framework that approaches eMaintenance and its characteristics from a
service-oriented perspective.
x suggestions of technologies, methodologies and tools that can be used to
develop maintenance support information services.

1.2 Research Questions
To achieve the stated purpose and objectives, the following three research
questions have been formulated:
RQ 1:

What are the characteristics of eMaintenance related to complex
technical systems from a service-oriented perspective?

RQ 2:

How can a service-oriented eMaintenance solution as support to
complex technical systems be developed?

RQ 3:

How can maintenance support information services related to complex technical systems be identified?

1.3 Research Significance
eMaintenance is an emerging area within both the academic and the industrial communities. eMaintenance can be considered as a facilitator aimed at
supporting business goals and achieving a competitive advantage. Furthermore, it represents an applied knowledge area that has its origin in business,
maintenance and ICT.
Furthermore, in this context complex technical systems are considered as systems that present difficulties for their maintenance actors. These difficulties
are caused by, e.g. an extensive number and characteristics of inherent items
and interdependent structures between these items (i.e. the indenture levels).
This type of systems is highly dependent on adaptive maintenance support
provided at corresponding maintenance echelons. In this complex context,
the provision of information logistics is necessary in order to achieve proper
maintenance support. Hence, the establishment of an eMaintenance solution
is essential.
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However, the establishment of eMaintenance solutions is highly dependent
on supporting development processes and related methodological and technological means, which today have a very strong technological focus. Hence,
the main significance of this research is that it addresses the development of
service-oriented eMaintenance solutions and provides suggestions of methodological and technological support that can be utilized in this context.

1.4 Scope and Limitations
Maintenance support is considered as the resources (e.g. human resources,
support equipment, materials and spare parts, maintenance facilities, documentation, information and maintenance information systems) that are required in order to maintain an item (IEC, 2004). Since the purpose of this research is to contribute with efforts to facilitate the development of maintenance support information services, this research is limited to the resources
that are related to information logistics, i.e. information and information systems.
In this research, maintenance support is considered from a service-oriented
perspective. Additionally, the establishment of information logistics related
to maintenance support has been approached from a SOA-perspective.
Hence, aspects that are related to organizational boundaries, e.g. legal aspects
of supplier and customer relationship, are out of the scope of this work.
A system life cycle may consist of stages like concept, development, production, utilizations, support and retirement, to which different life cycle processes can be related (ISO/IEC, 2003). The maintenance process related to
complex technical systems is often initiated in the early stages of the life cycle, i.e. conceptualization and development. However, maintenance and
maintenance support activities are critical and consume more resources during the utilization and support stages of the system-of-LQWHUHVW·V OLIH +HQFH
this research is mainly limited to the provision of information services related
to the utilization and support stages, even though required information may
have been produced during any stage of the system life cycle.
Regarding dependability of a system, the focus of this research has been on
maintenance support performance. Hence, reliability performance and maintainability performance have not been in focus. The reason for this choice is
that the maintenance support performance is affected by the maintenance organization and its support resources, e.g. maintenance-related information
and information systems. The other two dependability factors describe the
characteristics of the technical system itself.
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Considering the application area, this research focuses on complex technical
industrial systems and not on simple consumer products. Within this limitation a further focus is aviation, since the research was initiated by a combined
academic and industrial project related to eMaintenance within aviation. At
the same time, aviation is representative for application domains with solutions (i.e. products and services) that are technically complex and have long
life cycles.
In the context of this work, a service is considered as a set of functions offered
to a user by an organization (IEV, 2008). Actors are considered as things or
people that are outside the system and interact with the system to achieve
some goal (Jacobson, 1992; Bittner & Spence 2003). Since this research examines the maintenance process from a generic process perspective, without
considering organizational boundaries, the services related to the support of
maintenance are also looked at from a generic perspective. Hence, these services are considered as artefacts that are aimed to serve the actors, i.e. information-consumers and information-producers, within the maintenance process, regardless of their organizational belonging.

1.5 Thesis Structure
The structure of this thesis is as illustrated in Figure 1.

Figure 1. Structure of the thesis.
Chapter 1 ¶,QWURGXFWLRQ DQG %DFNJURXQG· - describes the background, stateof-the-art and problems related to the research area. It also describes and motivates the research purpose, research objective, posed research questions and
limitations of this research. This chapter motivates the extent of the theoretical framework that is described in more detail in Chapter 2.
Chapter 2 ¶7KHRUHWLFDO)UDPHZRUN·² provides a description of the main theoretical framework that has been used within this research. It describes theories related to maintenance, Information & Communication Technology (ICT)
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and the intersection of these two research areas, which is represented by
eMaintenance. The theoretical framework has been used to achieve an understanding of the studied domain.
Chapter 3 ¶5HVHDUFK0HWKRGRORJ\·² describes some aspects of research, e.g.
approaches, purposes, strategies, data collection and analysis. It also motivates the performed research choices related to these aspects. In addition, a
summary of conducted research activities and appended papers is provided.
The selection of research methodologies has been performed based on the
research purpose, the objective and research questions, described in Chapter
1, and the theoretical framework described in Chapter 2.
Chapter 4 ¶Maintenance related to Swedish Military Aircraft· ² provides a
description of the background, current status and a prediction of future needs
related to the application domain that has been in focus, i.e. maintenance related to Swedish military aircraft with a special focus on the Gripen aircraft.
Chapter 5 ¶Description of Papers and Prototype Development· ² provides a
summary of appended papers in this thesis and also describes the prototype
development process that has been applied in this research.
Chapter 6 ¶5HVXOWV· ² provides a presentation of achieved finding related to
the research questions stated in Chapter 1.
Chapter 7 ¶'LVFXVVLRQ· ² discusses the conclusions and results described in
Chapters 5 & 6. It also discusses the reliability and validity of the results and
provides a summary of the research contributions.
Chapter 8 ¶&RQFOXVLRQV· ² concludes and analyses the results presented in
Chapters 6 & 7 and provides some suggestions for further research.
¶5HIHUHQFHV· ² provides a list of references.
¶$SSHQGHG3DSHUV· ² this part of the thesis consists of six papers that are appended. The content of these papers are summarized in different chapter of
this thesis, e.g. &KDSWHU¶5HVHDUFK 0HWKRGRORJ\·DQG&KDSWHU6 ·5eVXOWV·
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2 Theoretical Framework
This chapter presents the essential theoretical framework and its relevance to the research work.

2.1 System Life Cycle and Integrated Logistic Support
The system life cycle is the evolution with time of a system-of-interest from
conception through to retirement of the system (ISO/IEC, 2008). System logistics includes activities such as planning, analysis, testing, production, distribution and support related to a system throughout each phase of the system life cycle, which are illustrated in Figure 2 (Blanchard, 2004). The support
VWDJHRIDV\VWHP·VOLIHF\FOHVWDUWVZLWK WKHSURYLVLRQRI PDLQWHQDQFHORJLstics and other support for the system-of-interest during its operation and use
(ISO/IEC, 2008). Its objective is to enable continued system-of-interest operation and a sustainable service through provision of logistics, maintenance,
and support services (ISO/IEC, 2008).

Figure 2. The system life-cycle phases (Blanchard, 2004).
Logistic Support (LS) is a composition of all considerations that are essential
and aimed at the provision of effective and economical support to a system
during its whole life cycle. Integrated Logistic Support (ILS) can be defined as
a disciplined, unified, and iterative approach to the management and technical activities which can be expressed as follows: I) define support; II) design
support; III) acquire support; and IV) provide support (DoD, 1986).
Hence, ILS can be viewed as a management function aimed to assure that the
V\VWHP IXOILOV WKH V\VWHP XVHUV· XOWLPDWH FRQVXPHUV·  UHTXLUHPHQWV DQG HxSHFWDWLRQ GXULQJ WKH V\VWHP·V OLIH F\FOH 7KLV UHTXLUHPHQW IXOILOPHQW LV QRW
only related to performance, but also effectiveness and economical aspects.
(Blanchard, 2004)
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The cost of LS is a major contributor to the Life Cycle Cost (LCC) of a product. However, ILS is also defined as a management methodology by which all
the LS services required by a customer can be brought together in a structured way and in harmony with a product. In order to improve the product
and its support and minimize the through-life cost, the objectives of ILS are:
integrating of support considerations in product design; developing consistent support arrangement; providing necessary logistics support and allowing continuous support improvement. Application of ILS promises benefits
for customer and supplier through: meeting customer requirements; better
visibility of support costs; increased customer satisfaction; lower customer
support costs; increased product availability and fewer product modifications
due to deficient support. (IEC, 2001)
In order to provide an economical support to a system the support elements
must be integrated with other segments of the system. These support elements are: maintenance planning; supply support; test and support equipment; transportation and handling; personnel and training; facilities; data;
and computer resources. (Blanchard, 2004)
LS includes manpower, personnel, training, technical documentation, spare
parts, packaging, transportation, storage, support resources, disposal and
maintenance (IEC, 2001). One important part of an ILS solution when dealing
with complex technical system is maintenance. Hence, maintenance-related
solutions, e.g. maintenance support information services, should be understood from a holistic life cycle and logistic perspective.

2.2 Maintenance and Maintenance Support
When dealing with complex technical industrial systems, maintenance has a
PDMRU LPSDFW RQ WKH V\VWHP·V GHSHQGDELOLW\ VDIHW\ DQG /LIe Cycle Cost
(LCC). This impact may be exemplified by insufficient or erroneous maintenance efforts that result in decreased quality, incidents and accidents. To
achieve the best result, maintenance should be considered during the early
stages of a complex WHFKQLFDOV\VWHP·VOLIHF\FOHLHGHVLJQDQGPDQXIDFWXring (Blanchard & Fabrycky, 1998; Goffin, 2000; Blanchard, 2001).
The provision of maintenance and maintenance support is also one of the
main prerequisites to ensure dependability of systems throughout their
whole life cycle (IEC, 2004). Furthermore, dependability of a system implies
availability performance and its inherent factors: reliability performance,
maintainability performance and maintenance support performance (IEV,
2008), see Figure 3.
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Figure 3. Elements of dependability.
There are also other views of dependability as a qualitative property of the
system that is equal to the system trustworthiness, which is the degree of user
confidence (Sommerville, 2006). However, user confidence is a marker of the
fact that the system operates, and does not fail, in normal use as they expect it
to. Sommerville (2006) describes four main dimensions of dependability:
availability, reliability, safety and security. He also mentions that there are
other dimensions that can be considered, when dealing with dependability,
such as reparability, survivability and maintainability.
Reliability is an inherent characteristics of a system and can be defined as the
probability that an item can perform a required function in a satisfactory
manner under given conditions for a given time interval. The reliability performance can be measured by the ability that an item has to survive over a
VSHFLILFWLPHLQWHUYDO %ODQFKDUG,(9 7KHUHOLDELOLW\RIDV\VWHP·s
inherent items affects the need of maintenance (Murthy et al. 2002). Hence,
items with low reliability require more maintenance than items with high reliability.
Maintainability is another inherent characteristic of a system, which refers to
the probability that a maintenance action, for an item under given conditions
of use, can be carried out. Hence, it concerns performance aspects such as
ease, time, accuracy, safety and economy (Blanchard, 2004; IEV, 2008). Maintenance support performance is the ability of a maintenance organization,
under given conditions, to provide resources required to maintain an item,
under a given maintenance policy (IEV, 2008).
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Murthy et al. (2002) view maintenance as a multi-disciplinary activity which
involves: understanding of degradation mechanism and linking it to data collection and analysis; provisioning of quantitative models for prediction of the
impacts of different maintenance actions; and strategic maintenance management. They also pinpoint three main steps involved in maintenance management: understanding the system-of-interest; planning optimal maintenance actions; and implementing these actions.
In order to fulfil maintenance actions related to complex technical systems
there are three essential enabling prerequisites that are required, i.e. maintenance philosophy, maintenance policy and maintenance process (see Figure
4).

Figure 4. Relationship between maintenance philosophy, maintenance policy and
maintenance process.
Maintenance philosophy is defined as a system of principles for the organization and execution of the maintenance (IEV, 2008). It defines a framework for
an overarching perspective on maintenance in the organization, which has
impact on when, how and where maintenance takes place.
Maintenance policy is a general approach to the provision of maintenance
and maintenance support based on the objectives and policies of owners, users and customers (IEC, 2004). It describes the interrelationship between the
maintenance echelons, the indenture levels and the levels of maintenance to
be applied for the maintenance of an item (IEV, 2008). It is an organizational
guide to performing maintenance, see Figure 6.
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0DLQWHQDQFHPD\EHVHHQDVDSURFHVVWKDWPRQLWRUVDWHFKQLFDOV\VWHP·VFapability to deliver services, records problems for analysis, takes corrective,
adaptive, perfective, and preventive actions and confirms restored capability
(Coetzee, 1998; Campell & Jardine, 2001; Söderholm et al., 2007; ISO/IEC,
2008). The purpose of the maintenance process is to sustain the capability of a
system to provide a service and thereby achieve customer satisfaction (Liyanange & Kumar, 2003; Söderholm et al., 2007; ISO/IEC, 2008).
Hence, an efficient and effective maintenance process needs to be horizontally aligned with the operation and modification processes and vertically
aligned with the requirements of external stakeholders (Liyanange & Kumar,
2003; Söderholm et al., 2007). As illustrated in Figure 5, the maintenance
process covers a spectrum of activities required for managing, support planning, preparing, executing, assessing and improving maintenance. This process description highlights the importance of continuous improvement within
the maintenance area, as described by Nowlan & Heap (1978), Nakajima
(1988), Campbell & Jardine (2001) and Murthy et al. (2002).

Figure 5. A generic maintenance process.
A maintenance echelon is an organizational level where a specified set of
maintenance actions are carried out on an item (IEV, 2008). Depending on the
characteristics of the system-of-interest and its mission profile, the related
maintenance echelons can be structured in several levels, e.g. organizational
level, intermediate level and depot/supplier level (Blanchard, 2004).
The indenture level represents the strXFWXUH RI D V\VWHP·V LQKHUHQW LWHPV
from the point of view of a maintenance action (IEV, 2008). Examples of indenture levels are: system, subsystem, subassembly and component (Blanch-
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ard, 2002). Maintenance concept describes and illustrates the specific maintenance approach based on the indenture level and maintenance echelons
(Blanchard, 2004; IEC, 2004), see Figure 6.

Figure 6. Constitution of maintenance policy (IEC, 2004).
There are two main maintenance strategies: preventive and corrective. Figure
7 depicts these strategies. Preventive maintenance implies proactive activities
to avoid possible future problems. Corrective maintenance, on the other
hand, implies reactive activities performed to correct faults. Examples of corrective and preventive activities are: adjustment, calibration, cleaning, lubrication, refurbishment, repair and replacement.

Figure 7. Type of maintenance tasks, adapted from (IEC 60300-3-14, 2004).
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Maintenance support refers to all resources required to maintain an item under a given maintenance concept and guided by a maintenance policy (IEC,
2004). Examples of maintenance support are: documentation, personnel, support equipment, materials, spare parts, facilities, information and information
systems.

2.3 Service
A service is a set of functions offered to a user by an organization (IEV, 1990).
Services are important to achieve customer satisfaction, loyalty, and customer
retention (Grönroos, 2007). In order to sustain the continued operation of a
technical system there is a need to provide support that consists of necessary
support systems and services (ISO/IEC, 2008). When providing this support,
a infrastructure consisting of items such as support sites, equipment, facilities, tools, support personnel, maintenance manuals and procedures is necessary (ISO/IEC, 2008). Furthermore, the provision of support requires knowlHGJHRIWKHFXVWRPHU·VRSHUDWLRQDQGFRUHEXVLQHVV 0DUNHVHW 7KHUHaVRQLVWKDWWKHVXSSRUWLVLQWHQGHGWRHQKDQFHWKHFXVWRPHU·VDFWLRQVLQUHOation to a technical system (Markeset, 2003). Hence, one way to classify support is to consider the object at which it is aimed, e.g. product or customer.
From this perspective, two main support categories might be identified: I)
support to the product; and II) support to the customer (see Mathieu, 2001a,
2001b).
Managing information during and after the system life cycle is essential to be
able to provide relevant, appropriate, complete, valid and timely support in
the form of information (ISO/IEC, 2008). Hence, information logistics is one
of the support elements of the ILS of a technical system (Blanchard, 2004).

2.4 Information Logistics
The dynamic and comprehensive information context related to maintenance
of complex technical systems with long life cycles emphasizes the importance
of appropriate information logistics (see Tsang, 2002; Blanchard, 2004; Muller
et al., 2008). The main aim of information logistics is to provide just-in-time
information to targeted users and optimization of the information supply
process, i.e. making the right information available at the right time and at
the right point of location (Heuwinkel et al., 2003; Haseloff, 2005). Solutions
for information logistics need to deal with: I) time management, which adGUHVVHV ¶ZKHQ WR GHOLYHU· II) conteQW PDQDJHPHQW ZKLFK UHIHUV WR ¶ZKDW WR
GHOLYHU· III  FRPPXQLFDWLRQ PDQDJHPHQW ZKLFK UHIHUV WR ¶KRZ WR GHOLYHU·
IV FRQWH[WPDQDJHPHQWZKLFKDGGUHVVHV¶ZKHUHDQGZK\WRGHOLYHU· +Huwinkel et al., 2003; Haseloff, 2005).
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Frameworks, concepts, methodologies and platforms for the establishment of
information logistics related to maintenance is often represented by the term
eMaintenance in literature, see for example: Bangemann et al. (2004, 2006);
Han & Yang (2006); Kans (2008); and MIMOSA(2008).

2.5 eMaintenance
Today, information needs and the development of Information and Communication Technology (ICT) have added velocity to everything that is done
within industry through transforming the business process into eBusiness
(Lee, 2003). In fact, ICT has dramatically changed practices within almost
every aspect of life all over the globe. The increased use of ICT as support to
different processes is often highlighted by the prefix ¶e·, e.g. eBusiness,
eManufacturing, eProduction, eOperation, eHealth and eMaintenance.
In the existing eBusiness environment, information and information systems
have become critical maintenance support resources to achieve efficient information logistics. Information logistics might be provided through support
information services based on ICT.
When providing support information services related to maintenance, avoiding data overload and information islands are two key elements. Data overload can cause problem in the process of decision making due to nonavailability of right information. Information islands prevent the integration
of information in an organization (Parida et al., 2004). In order to avoid these
two problems, two requirements need to be fulfilled: I) the prevention of data
overload, by the ability to differentiate and prioritize data (during collection
as well as reporting), and II) the prevention, as far as possible, of the occurrence of information islands by integrating maintenance-related information
sources (Candell & Söderholm, 2006).
Avoiding information islands requires information integration, which can be
implemented based on different approaches, such as peer-to-peer, hub-andstroke, and data-bus, and through different technologies with different properties and features (Newcommer, 2002; Erl, 2006; Pulier & Taylor, 2006).
Hence, a third requirement, which address the integration, needs to be added
in order to avoid occurrence of islands of integration.
When dealing with information integration, there are essential issues that
need to be considered: I) the syntactic problem; which refers to the format
and structure of content, and II) the semantic problem; which refers to the
meaning of content. Further, for an application area, e.g. maintenance, it is
also necessary to apply an ontology, which is a representational vocabulary
for a shared domain that includes definitions of classes, relations, functions,
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and other objects (Gruber, 1993). Ontology is also described as an explicit
specification of a conceptualization (i.e. abstract, simplified view of the
world), which is the objects, concepts, and other entities that are presumed to
exist in some area of interest and the relationships that hold them (Genesereth & Nilsson, 1987). Furthermore, ontology is described as the representation
of the meaning of terms in vocabularies and their interrelationships (W3C,
2008). A common ontology facilitates the machine processability and supports reasoning outside the transaction context.
During the last decade many efforts to define eMaintenance have been conducted (see, e.g. Iung & Crespo, 2006). Some consider eMaintenance as a
maintenance strategy, where tasks are managed electronically by the use of
real-time item data obtained through digital technologies, such as mobile devices, remote sensing, condition monitoring, knowledge engineering, telecommunications and internet technologies (Tsang, 2002). Others view eMaintenance as a support to execute a proactive maintenance decision-process
(Muller et al., 2008). Another view is that eMaintenance should be considered
as a model that enhances the efficiency of maintenance activities by applying
ICT for the provision of information (Tsang, 2002). eMaintenance is also
viewed as a predictive maintenance system that provides monitoring and
predictive prognostic functions (Koc & Lee 2001; Parida & Kumar, 2004). In
this latter view, eMaintenance is seen as a support to eOperation through remote diagnostics and asset management, but also through simulation-based
optimization and decision-making in a specific organizational eBusiness scenario. An additional view of eMaintenance is the integration of all necessary
ICT-based tools for optimization of costs and improvement of productivity
through utilization of Web services (Bangemann et al., 2004, 2006). This view
can be considered as a technological approach to eMaintenance, where Web
services technology is used to facilitate integration of information sources
that contain maintenance-relevant content.
There are also a vast number of efforts related to technologies and methodologies for condition monitoring, diagnostic and prognostic purposes that can
act as valuable parts of an effective eMaintenance solution; see e.g. Byrne et
al. (1995), Rao (1996); Nandi & Toliyat (1999); Jantunen (2002) and Peng &
Chu (2004). Emmanouilidis et al. (2006) describes a scenario where such multiple built-in systems can be deployed in a plant and their output can be
made available to a central or remote system. In this scenario, the central system can be a server wherein all records of the main database are stored, including information about failures and failure modes, which resembles the
concept of a common maintenance database as proposed by Kans (2008).
However, Emmanouilidis et al (2006) also points out that the built-in moni-
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toring systems can either be implemented as thin clients with only basic data
collection and condition monitoring capabilities, or as thick clients with the
capability of providing diagnostic services as well.

2.6 Software Architecture
In order to establish information logistics related to maintenance through information services there is a need for an overarching architecture and infrastructure. The importance of this is discussed by Koc & Lee (2001); Blanchard
(2004); Bangemann et al. (2004, 2006); Han & Yang (2006); Iung & Crespo
(2006); Kans (2008) and Muller et al. (2008).
Hence, the establishment of a dynamic and effective eMaintenance solution
requires an appropriate software architecture. Software architecture involves
WKHGHVFULSWLRQRIV\VWHPV·LQKHUHQWFRPSRQHQWVWKHLQWHUDFWLRQV between the
elements, their composition guided by patterns and the constraints on those
patterns (Sowa & Zachman, 1992; Shaw & Garlan, 1996).
The adoption of service-orientation in an organization requires a corresponding service strategy that takes into account aspects of business drivers, context and application domain (Kontogiannis et al., 2008). Service-Oriented Architecture (SOA) is a means that facilitates the process of exposition of business logic implemented in computer software between service provider and
service consumer. SOA helps to provide total service solutions for customers
through a homogeneous and business-adapted front-end. SOA is a facilitator
for delivering composite applications, consisting of orchestrated components
(Newcommer, 2002; Erl, 2006; Pulier & Taylor, 2006). The components communicate with one another through standardized interfaces, e.g. Web services, but can be implemented based on different technologies and during
various eras.
Identification of services and alignment of the service development process
with the development of business-services is an important area that needs to
be focused on. Many of the software development methodologies, e.g. Rational Unified Process (RUP) and Essential Unified Process (EssUP), emphasize the importance of a service-oriented approach during design (see, e.g.
Lundell, 2003; Jacobson, 2007; Rational, 2008). Some of them, e.g. RUP and
EssUP, provide tools and practices for business modelling and SOA service
modelling (Jacobson, 2007; Rational, 2008). However, there is still a need for a
means that can help to identify the information services required to support
the process-of-interest. These information services need to be identified and
designed based on the process needs and not technological constraints, e.g.
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BPEL, JBI, Corba, DCOM, RMI and Web services (discussed in e.g. Newcommer, 2002; Erl, 2006; Pulier & Taylor, 2006).
SOA presents a vision of a world where resources are cleanly portioned and
consistently represented (Erl, 2006). SOA is gaining momentum worldwide
by promising agility, mobility, interoperability, reuse and better alignment
with business objectives (Erl, 2006; Pulier & Taylor, 2006). In the context of
software architecture, SOA represents an model where business logic is decomposed into smaller elements that can be distributed (Erl, 2006). One of the
benefits of such elements is that they are autonomous and can be individually
distributed (Erl, 2006; Pulier & Taylor, 2006). Another benefit is that these
elements are unified by the term service, in order to reduce their dependency
on underlying technology and emphasize their target, i.e. the business processes (Erl, 2006; Pulier & Taylor, 2006). The Organization for Advanced Standards for Information Society (OASIS) describes SOA as a collection of best
practices, principles and patterns related to service-aware, enterprise-level,
distributed computing (OASIS, 2008). SOA-related standardization efforts at
OASIS focus on workflows, translation coordination, orchestration, collaboration, loose coupling, business process modelling and other concepts that support agile computing (OASIS, 2008). Hence, service-orientation might be considered as an architectural design philosophy that facilitates encapsulation of
business logic in an artefact called service. Establishment of SOA requires
underlying infrastructure that supports a service-oriented approach.
Service-Oriented Infrastructure (SOI) is considered as the platform that aims
to provide features for the enterprise production environment. SOI can be
considered as a set of technologies and tools that are required to meet needs
and requirements when services, according to SOA, are developed, implemented and managed in an enterprise (Erl, 2006; Microsoft, 2008; OASIS,
2008). It can be concluded that SOA, with support of SOI, is aimed at facilitating enterprise application integration. However, the implementation is also
an important phase when considering the establishment of an eMaintenance
solution. There are several generic existing efforts that contribute to the implementation phase of a solution. An example of these efforts is the guideline
provided by Eriksson & Mirijamdotter (2008) that proposes ten precepts for
implementation of information systems. They state that this guideline addresses the last three phases, i.e. the planning, execution and evaluation, of
the total five key phases related the idealized design of organizations described by Ackoff (1981). However, SOA has implications on all processes
and their actors related to software, e.g. development, evolution, maintenance
and support, discussed by Kajko-Mattson et al. (2007).
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2.6.1 Application Integration
Many contributions have been provided that describe Enterprise Application
Integration (EAI). One contribution views EAI as the integration of applications that enable information sharing and business processes that result in
efficiency and flexibility in the process of service delivery to the customer
(Erasala et al., 2003). Implementing EAI does not invariably involve discarding current or legacy applications; rather it unlocks the value of these applications and deploys their functionality in a scalable and robust way. Another
contribution views EIA as the process of integrating and linking disparate
systems, applications, services and data sources across the corporate enterprise (Chowdhury & Iqbal, 2004). Furthermore, EAI is also viewed as a concept and a collection of software that refers to the process of linking large systems together (Pulier & Taylor, 2006).
Hence, EAI can be defined as an infrastructure of content sharing or a phenomenon that embeds and describes the strategies, standards, processes, concepts, and technologies needed for a seamless integration of the content
sources in an enterprise. EAI relies on a generic fundament and can therefore
be implemented based on any available technology. EAI is part of the Enterprise Information Architecture and Infrastructure (EIAI), which should reflect
and support the enterprise business processes.
Since there is no industry-standard that provides a description of Enterprise
Service Bus (ESB), a variety of descriptions has been provided by the industry. Schulte (2003) describes ESB as a new architecture that exploits Web services, messaging middleware, intelligent routing, and transformation. Another description is: ESB is set of infrastructure capabilities that enable the
integration of services in an SOA (Keen et al., 2004; Microsoft, 2008). ESB enables a business to make use of a comprehensive, flexible and consistent integration approach, based on a message bus architectural integration pattern,
and also reduces the complexity of the applications that are integrated (see
IBM, 2007; Microsoft, 2008). Due to the complex and varying nature of business needs, ESB is an evolutional progression that unifies message-oriented,
event-driven and service-oriented approaches for integrating applications
and service (IBM, 2007). ESB is a software infrastructure that simplifies the
integration and flexible reuse of business components within a serviceoriented architecture. ESB provides a dependable and scalable infrastructure
that connects disparate applications and IT resources, mediates their incompatibilities, orchestrates their interactions, and makes them broadly available
as services for additional uses (Sonic, 2007). It can be summarized that ESB
refers to a phenomenon that reflects a gap in information integration platform
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or strategy. ESB also represents a category of computer software ² also called
middleware - that are developed to address the need of integration between
content sources, e.g. a rather static maintenance plan and more dynamic sensor data, involved in a process, e.g. maintenance. Characteristic for an ESB
platform of today is that it acts as a broker of service components in a business process and provides functionality for communication, routing and orchestrating. An EBS platform helps to purify and cultivate the enterprise IT
architecture by separating the business logic and logic for integration of business components. The harmonization of the integration strategy through an
ESB platform leads to less complexity in the business logic, more robust processes, and less cost for implementation of changes due to new business needs
(discussed in IBM, 2007; Sonic, 2007; Microsoft, 2008).
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3 Research Methodology
This chapter presents some theories of research methodology and the choices made
within this research.

3.1 Research Approach
There are three different approaches to research: deductive, inductive and
abductive (Alvesson & Shöldberg, 1994; Patel & Davidson, 2003), see
Figure 8.

Figure 8. Relation between theory and reality in research approaches (Patel &
Davidson, 2003).
x Deductive research uses general rules and theories to explain a specific
case.
x Inductive research uses empirical data from many cases to explain and
develop theories and general rules.
x Abductive research is a combination of deductive and inductive research
approaches.
Furthermore, there are two main strategies to study and analyze information
that has been collected during the research, i.e. quantitative and qualitative.
Quantitative research uses statistical studies and analysis methodologies.
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Qualitative research uses verbal analysis methodologies (Patel & Davison,
2003). Qualitative research focuses on understanding and the meaning of a
phenomenon (Merriam, 1988). In quantitative research, the measurements
and analysis of variables and the understanding of their correlations are emphasized (Denzin & Lincoln, 2000).
This research is based on a project that reflects a common industrial and academic interest. Hence, the work has its origin in an industrial interest that
represents a reality-based domain, on which theories can be developed. Today, eMaintenance is practiced by at least some areas of industry and is also
discussed in the literature. Hence, in order to verify a developed theory based
on reality it has also been necessary to create a deeper understanding for the
studied domain through literature studies. Therefore, the applied research
approach is neither pure inductive nor pure deductive, but may be classified
as abductive (see Figure 8).
Furthermore, during this research it has been important to understand the
nature of the studied domain, e.g. eMaintenance, and also study and analyze
results, e.g. from the proposed methodology for selection of information services. Hence, both qualitative and quantitative research approaches have
been applied. However, the study is mainly qualitative, which provides a basis for further research that could be more quantitative.

3.2 Different Types of Research Purpose
Every research work usually starts with a problem definition phase, describing the problem the researcher aims to solve or illustrate. A problem can also
be an area that the researcher needs, wants or is keen to study deeper. A
problem is something that a researcher tries to create new or enhanced
knowledge about. (Patel & Davison, 2003)
A problem occurs within a specific problem situation. A problem situation is
a space of real-world events and ideas that is perceived as problematic
(Checkland, 2007). In the context of a problem situation, a problem owner is
the one who gains most from improvements within a problem situation
(Checkland, 2007). The definition of a problem often demands an understanding of the problem situation. Since it is obvious that a problem occurs under
given circumstances, a problem can be solved by changing the situation in
which it appears. Hence, problem-solving can be viewed as a process of improving the problem situation. To achieve this, Checkland (2007) describes a
methodology consisting of seven stages, illustrated in Figure 9. The seven
stages are related to aspects either within the real world or the discipline of
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system thinking. For further details about the seven stages methodology, system thinking and problem solving, see Checkland (2007).

Figure 9. Methodology for improvement of a problem situation (Checkland, 2007).
In this research, information provided within the stages related to the realworld, i.e. the upper part of Figure 9, are based on the data collected from
Swedish military aviation, the Swedish healthcare sector and the Swedish
process industry. The information related to the stages in the systems thinking, i.e. the lower part of Figure 9, is mainly based on the theoretical framework described in the Chapter 2 ¶7KHRUHWLFDO )UDPHZRUN· 7KH VLPLODULWLHV
between Figures 8 & 9 should however also be noted. However, the major
difference is the establishment of new theories, which is emphasized in the
abductive approach, but not by Checkland (2007).
One way to classify research is as applied or fundamental. If the research is
aimed at solving a practical problem, the research is called applied research.
When the research is aimed at gaining knowledge for future use, the research
is called fundamental research. (Patel & Davison, 2003)
Research can also be classified based on how the existing knowledge of the
problem situation is apprehended. If there is a low level of knowledge and
there are gaps in the knowledge about the area of research, the research is
called explorative. The main purpose of explorative research is to gain as
much knowledge as possible about a specific problem. If the level of knowl-
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edge is moderate for a problem situation and the knowledge has started to
get systematized in the form of models, the research becomes more descriptive, and this category of research is called descriptive research. If the level of
knowledge is considered high and theories have been developed for the
problem situation, then the research becomes more related to the testing of
hypotheses; this category of research is called hypothesis testing research.
(Patel & Davison, 2003)
The research presented in this thesis originates from an industrial project
within military aviation. In this research a problem has been defined based
on the expressed needs and requirements from the involved parties within
the project. The problem context has been discussed within the project and
also together with other similar projects, in order to identify the problem
situation. The identified problem situation has been structured through interviews, discussions, workshops and literature studies. Based on the structured
problem situation and created knowledge through literature studies from related scientific and industrial efforts some research questions have been
stated. Furthermore, from the stated research questions a research objective
has been formulated and verified with the involved parties. In addition, a
definition of what eMaintenance is and what it should do has been provided.
This has been used to provide contributions as support to the development of
eMaintenance solutions. Based on this definition a conceptual model has been
developed. Since this research aims to solve a practical problem related to
maintenance of geographically distributed systems, the research is considered
as applied research.
Furthermore, there is no well-established overarching theory about eMaintenance related to complex technical systems. However, there are some islands
of excellence within the area that are focusing on more or less comprehensive
parts of eMaintenance. Hence, this research is considered as both explorative,
when considering the domain of eMaintenance, and descriptive, when considering the domains of maintenance, ICT and service-orientation. The next
step could be to adapt a hypothesis testing purpose, based on the findings of
this research. This has also partly been conducted in the performed experimental simulation study.

3.3 Research Strategy
Yin (2003) describes five research strategies that can be used in empirical research, i.e. experiment, survey, archival analysis, history and case study (see
Table 1). The choice of a proper research strategy is dependent on three conditions (Yin, 2003): type of research question; possibility of controlling the
behavioural events; and focus on historical or contemporary events.
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Table 1. Research strategies (Yin, 2003).

&RQVLGHULQJ54DQG54ZKLFKLQFOXGH¶KRZ·WKHSRVVLEOHVWUDWHJLHVIRU
research could be experiment, history or case study. However, the experiment strategy cannot be applied since it requires control of behavioural
events. Furthermore, the focus of the studied domain, i.e. eMaintenance, emphasizes current and existing technologies, which favours contemporary
events. Hence, according to the criteria given by Yin (2003), the most appropriate strategy to answer RQ 2 & RQ 3 is case study (see Table 1).
&RQVLGHULQJ 54  LW LQFOXGHV ¶ZKDW· 7KLV UHVHDUFK TXHVWLRQ LV PDLQO\RI DQ
explorative nature and is intended to develop relevant hypotheses and
SURSRVLWLRQV IRU IXUWKHU LQTXLU\ )RU WKLV UHDVRQ WKH ¶ZKDW· LQ WKLV TXHVWLRQ
GRHV QRW PHDQ ¶KRZ PDQ\· RU ¶KRZ PXFK· ZKLFK ZRXOG IDYRXU VXUYH\ RU
archival strategies (see Yin, 2003). Yin (2003) further states that it is possible to
use an exploratory study based on any strategy to answer this kind of explorative research question. Since RQ 2 and RQ 3 indicate a case study as an appropriate research strategy, it may be beneficial also to apply this strategy in
order to answer RQ 1. By applying the same research strategy in order to answer all three research questions, it will be possible to achieve a coordination
of the performed work, which will result in saving both time and effort.
The main case study has been supported by a parallel literature study. Furthermore, two minor case studies have been used for analytical validation of
some findings achieved in the main case study, see Yin (2003) for a further
discussion about analytical validation. Within the case studies, elements of
archival analysis, history and survey have been applied.
The two aforementioned minor case studies were conducted with focus on
the healthcare sector and the process industry. The case study with focus on
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healthcare was conducted at the Norrbotten County Council in Northern
Sweden (Norrbottens Läns Landsting, NLL). The second case study focused
on the process industry was conducted at three Swedish process organizations, i.e. Vattenfall, SSAB and Smurfit Kappa Kraftliner.

3.4 Data Collection
To find answers to the research questions there is a need to collect data that
can be interpreted to obtain information and finally gain knowledge (Patel &
Davison, 2003). Within the case study strategy, there are six sources of evidence for data collection (Yin, 2003): documentation; archival records; interviews; direct observations; participant-observation and physical artefacts.
Each of these has strengths and weaknesses as outlined in Table 2.
Table 2. Sources of evidence (Yin, 2003).

The focus of this research has been eMaintenance related to complex technical
industrial systems and the studied application domain has mainly been maintenance related to Swedish military aviation. In this research three case stud-
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ies have been conducted, one related to maintenance in military aviation, one
related to healthcare and one related to some process industries.
System-related data (e.g. operational data and also data related to the maintenance process, such as maintenance plan and executed maintenance tasks)
have been available in documentation, archival records and physical artefacts. Some of the advantages with the selected types of sources are that they
are both stable and exact. However, within the selected sources there are
weaknesses such as retrievability and access due to confidentiality reasons.
Even if the data have been used within this research the reliability will be affected negatively since other researchers outside the studied case might have
limited access. Since these types of data, e.g. operational data and maintenance plan, are extensive with respect to volume and structure, the other
types of sources have been considered as improper for data collection, compare with Table 2.
'DWDUHODWHGWRWKHDFWRUV·LQWHUDFWLRQZLWKWKHV\stems, their experiences and
expressed and hidden needs have been collected through interviews and observations, since these types of data are not formally logged. Some of the advantages of the selected sources are that they are targeted and insightful
within the selected context. However, the selection of informants might affect
the results. In order to overcome this weakness efforts have been put to select
key-informants from multiple organizations. Furthermore, in some cases the
interviews have been performed in multi-actor or multi-organizational
groups or workshops, compare with Table 2.

3.5 Data Analysis
After collecting data the following step is to produce information based on
the data. During this step the data is categorised, classified, arranged and rearranged and placed in a context (Patel & Davison, 2003). The process of data
analysis varies depending on if the research is a qualitative or quantitative.
Examples of effective tools that can be applied in the analysis of qualitative
data are the seven management tools (with exception of matrix data analysis,
which is used for analysis of quantitative data), i.e. affinity diagram, relations
diagram, tree diagram, matrix diagram, arrow diagram and process decision
program chart (see e.g. Mizuno, 1988). There are also other analysis approaches to deal with qualitative data, see e.g. Miles & Huberman (1994) and
Yin (2003).
Examples of effective tools that can be applied to analyse quantitative data
are the seven quality control tools (with exception of the cause-effect diagram, which is used for qualitative data), i.e. check sheet, control charts, his-
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togram, Pareto chart, scatter diagram and stratification, see e.g. Bergman &
Klefsjö (2003).
In this research the arrow diagram has been used to map empirical maintenance activities in relation to a generic maintenance process provided by IEC
(2004). This process mapping has also been used to identify the relation between stakeholders of maintenance support information and to identify related information services. This selection is based on the desired serviceorientation, which favours a process-oriented approach (see e.g. Bergman &
Klefsjö, 2003).
Matrix data analysis (more specifically Design of Experiment and Multiple
Regression Analysis) has been used to plan, simulate and analyse the effect of
ICT on a maintenance support solution. DoE principles were judged to be an
attractive approach in order to efficiently and systematically explore the large
number of factors included in the model of a complex technical system and
its support system. The planning of the experiment followed the seven step
methodology described by Montgomery (2005). The first three steps of this
methodology concern the planning that precedes the design of the experiment, which was made in accordance with the guidelines given by Coleman
& Montgomery (1993).
Since the number of control variables tends to be quite large in a simulation
context, the sequential use of fractional factorial design was considered as a
very useful approach. The reason is that this approach often leads to great
economy and efficiency in experimentation (Montgomery, 2005). See, e.g.
Carlson & Carlson (2005) and Montgomery (2005) for discussions about fold
over designs, which has been applied in this research.
For analysis purposes, there are multiple available alternatives to identify the
control variables that have a significant effect on different response variables;
see e.g. Box et al. (1978), Carlson & Carlson (2005) and Montgomery (2005).
However, due to the lack of replications of runs, normal probability plots
have been used to estimate significant effects. See, e.g. Montgomery (2005) for
a further discussion about the use of normal probability plots in the analysis
of designed experiments. This analysis is in turn based on the regression in
matrix format, see e.g. Hamilton (1992).
In order to understand the eMaintenance concept many of the currently
available academic and industrial efforts have been reviewed and analyzed
through a literature study. This has been done in two main steps: a survey of
existing efforts and then a drawing of conclusions.
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Firstly, the efforts that convey a direct relation to eMaintenance have been
collected. This collection has been categorized into three main groups: scientific, technical and practical. The scientific category contains efforts that contribute with new knowledge and perspectives aimed at facilitating the understanding of eMaintenance as a phenomenon. In this category descriptive and
explorative contributions related to eMaintenance can be found (for examples
of these, see Chapter 2 ¶7KHRUHWLFDO )UDPHZRUN·  7KH VHFRQG FDWHJRU\ LH
technical, represents the efforts that address technological aspects of eMaintenance, e.g. structure and format of maintenance-related content. Finally, the
third category, practical, contains efforts that provide practical means, e.g.
frameworks, methodologies, patterns and best practices, aimed at facilitating
the development of eMaintenance solutions.
Secondly, by studying the characteristics of the intensions of these efforts and
what they are addressing, a picture of what eMaintenance might be expected
to provide has been elaborated. However, in this work the intersection of the
three effort categories has been studied to create an understanding of eMaintenance, its extent and related problem and solution domains.

3.6 Reliability and Validity
7KHTXDOLW\RIUHVHDUFKLVDSURGXFWRIWKHUHVHDUFK·VYDOLGLW\DQGUHOLDELOLW\
By research validity is meant that the research studies the right things, while
research reliability means that studies are conducted in the right way (Patel &
Davison, 2003). The objective of reliability is to ensure the repeatability of research, which means that if the same procedures are conducted, the same
findings and conclusions will be achieved (Yin, 2003). Yin (2003) describes
four criteria for judging the quality of research designs, see Table 3.
Table 3. Case study tactics for four design test. Original source COSMOS corporation, as referred to by Yin (2003).
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Construct validity is tested by two steps (Yin, 2003): I) select the specific types
of units that are to be studied, and II) demonstrate that the selected measures
of the units indeed reflect the specific types of units that have been selected.
Internal validity is related to explanatory case studies, where relationships
between variables are studied. In exploratory and descriptive studies, where
the causal relationships are not considered, the internal validity is not applicable. (Yin, 2003)
In this research the construct validity has been strengthened through tests
against multiple sources (e.g. data collection through interviews, workshops,
observations and documents), review by key informants and the establishment of a chain of evidence. The external validity of the aviation case study
has been strengthened through the use of theories, but also through two minor case studies, i.e. within the healthcare sector and the process industry.
Furthermore, in order to increase the reliability of this work the procedures
and results related to conducted activities have been documented by the use
of available information sources (e.g. analogue and digital databases) and development of a project portal to enable repeatability of research activities.
However, some of the data used in this research are confidential and classified due to organizational and national security reasons, which limits the accessibility and repeatability for other researchers.

3.7 Research Process
This research has been conducted through a joint industrial research project
(eMaintenance 24-7) performed in close cooperation between the Division of
Operation & Maintenance Engineering at Luleå University of Technology and
the Aircraft Services Division at Saab Aerotech. The project has been financially supported by the National Aeronautics Research Programme (NFFP4)
and Saab Aerotech. The main objective of the project has been to demonstrate
the usefulness of ICT-applications for achieving information-services that
support the maintenance of geographically distributed aircraft systems.
The applied research process consists of four main phases: I) literature study
of theories related to eMaintenance and the application domain; II) case studies related to eMaintenance, the application domain and some other relevant
and similar application domains; III) development of eMaintenance concepts
and IV) compilation, assessment and dissemination of performed activities
and obtained results. See Figure 10. These phases are described in more detail
in the following sections.
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Figure 10. Research process.
3.7.1 Phase 1: Literature Study
The objectives of the literature study were to: I) create a deeper understanding of maintenance and the maintenance process related to complex technical
systems, with focus on aviation; II) create a deeper understanding of maintenance support related to complex technical systems, with focus on aviation;
III) create an understanding of the extension of eMaintenance related to complex technical systems and its characteristics; IV) perform a survey of the
state-of-the-art as related to eMaintenance; V) perform a survey of on-going
efforts and initiatives related to eMaintenance; VI) establish a network with
the research community and industry and VII) create an understanding of
existing ICT efforts (e.g. technologies, methodologies and tools) related to
maintenance support services.
To achieve the objectives of this phase, the following three activities were performed: I) literature study (see e.g. the papers appended to this thesis and
project documentation); II) networking (e.g. manufacturers, users and customers within Swedish military aviation, healthcare and process industry)
and III) participation in conferences, seminars, forums etc (e.g. Scandinavian
Organisation of Logistic Engineers - SOLE, Centre for Maintenance and Industrial Services - C-MIS, International Electrotechnical Commission ² IEC,
European Regional Fund ² Interreg, as well as national and international conferences).
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3.7.2 Phase 2: Case Studies
The objectives of the case study phase were to: I) identify and understand the
needs and requirements of the application domain of aviation; II) identify
and study existing solutions related to the application domain of aviation; III)
identify gaps in the existing academic and industrial efforts related to eMaintenance and understand the underlying reason for this; IV) select the solutions and efforts that can contribute to the concept development phase and V)
compare the extension of the existing efforts with the extension of the defined
eMaintenance.
To achieve the objectives of this phase, the following activities were conducted: I) interviews with representatives from several organizations, e.g.
Saab Aerosystems, Saab Aerotech, the Swedish Defence Materiel Administration (Försvarets MaterielVerk, FMV), The Headquarters of the Swedish
Armed Forces and the Swedish Air Force Norrbotten Wing (F21). Examples
of actors who have been interviewed are: maintenance managers, maintenance planners, maintenance technicians, maintenance field support technicians, ICT-developers, ICT-architects and chief information officers; II) interviews with representatives from similar application domains, i.e. process industries, such as steel manufacturer (SSAB), pulp and paper mill (Smurfit
Kappa Kraftliner), power generation and distribution (Vattenfall); III) interviews with representatives from similar application domains, i.e. the healthcare provider Norrbotten County Council. Examples of actors that have been
interviewed are: a chief information officer, system architects and a software
developer; IV) compilation and assessment of collected data and V) analysis
and categorization of what the existing efforts are targeting, from an ICTperspective and with focus on the aviation and process industries
3.7.3 Phase 3: Concept Development
The objective of the concept development phase was to develop and assess
solutions (e.g. technologies, methodologies and tools) that address some of
the identified gaps related to the development of eMaintenance solutions,
with focus on aviation.
To achieve the objectives of this phase, the following activities were conducted: I) develop a framework for the development of an eMaintenance solution; II) design and develop a methodology with supporting tools for identification and selection of relevant maintenance support information services;
and III) develop demonstrators for assessment of the proposed eMaintenance
Management Framework (eMMF).
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3.7.4 Phase 4: Compilation and Dissemination
The objectives of the compilation and dissemination phase were to: I) deliver
the results from conducted research activities; II) contribute with new knowledge that is valuable for both the academic and the industrial communities
and III) establish a foundation for further research.
To achieve the objectives of this phase, the following activities were conducted: I) publishing scientific journal and conference papers, that disseminate the results of conducted activities; II) publishing industrial documents
that more specifically treat the issues and results related to aviation and process industries and III) compiling and summarizing the results, e.g. in this doctoral thesis. However, the project will also continue after the publication of
this thesis, which means that there will be a final project that summarizes the
performed activities and achieved results.
Furthermore, in order to establish proper information logistics between the
SURMHFW·V PHPEHUV DQG UHODWHG VWDNHKROGHUV, a research web portal has been
developed. The portal provides functionality, e.g. content management, site
security, calendar and content syndicating through RSS and e-mail, which
has been used for dissemination of research-related information and results
in this research, available at http://88.131.16.83/sites/e-Maintenance.
3.7.5 Outcomes
The outcomes from the conducted activities of the phases mentioned above
were delivered through the following artefacts: I) project internal documents,
archived and available through formal diaries at Luleå University of Technology, Saab Aerotech and VINNOVA; II) Scientific conference and journal
papers; III) articles in industrial trade journals; IV) seminars and workshops
and V) this doctoral thesis.
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4 Maintenance Related to Swedish Military Aircraft
This chapter describes maintenance related to the Swedish military aircraft, with a
focus on the Gripen fighter.

4.1 Development of JAS 39 Gripen
As far back as the 1970s, studies on a future combat aircraft began in the
Swedish Air Force and the Swedish Defence Material Administration (Försvarets MaterielVerk, FMV). (Sandberg & Strömberg, 1999)
For a small non-aligned country at the height of the Cold War, a new combat
aircraft was a great challenge. It was essential to increase the operational
value of every airframe and to avoid building one aircraft for every role. For a
nation with only eight million citizens to contribute to the defence expenditure a low life cycle cost was crucial. (Silwer, 1999)
Hence, it was decided that the new aircraft system should meet two design
requirements (Bååthe, 1995):
x A multi-role aircraft that was capable of performing three main missions
(intercept, attack, and reconnaissance) that were defined by the Swedish
Air Force.
x A small aircraft with a single, modularised engine.
In addition to the design requirements the aircraft system should also meet
some other major requirements. One of these was that the aircraft had to be
easily maintained by personnel with only a limited period of training, at dispersed road bases (Sandberg & Strömberg, 1999). The Swedish concept of using dispersed road bases for flying operations puts a unique demand on
maintenance and reliability (North, 1999).
Based on the stated requirements, different analyses and simulations of tactical, technical, and availability performance were carried out. These analyses
and simulations formed the basis of a technical specification that was sent out
in a request for proposals to aircraft manufacturers, both within and outside
Sweden. (Sandberg & Strömberg, 1999)
After negotiations a Swedish consortium called Industry Group JAS (IG JAS)
was selected as the developer of the new combat aircraft (Sandberg & Strömberg, 1999). The decision for the procurement of a Swedish built combat aircraft was taken by the Swedish parliament, the Riksdag, in 1982 (Silwer,
1999).
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A contract between FMV and IG JAS was signed and the combat aircraft project JAS 39 Gripen was established (Sandberg & Strömberg, 1999). The Swedish aerospace industry and the Swedish Air Force have a rather unique vendor-customer relationship. This is due to the fact that the industry has been
developing and delivering military aircraft to the Air Force since the 1930s.
The close relationship secured an early focus on availability performance and
VXSSRUWFRVWRYHUWKHSURGXFW·VOLIHF\FOHGXULQJWKHGHYHORSPHQWRI*ULSHQ
It was clearly stated that the aircraft should not only be a high performance
aircraft, but it should also be cost effective.
The aircraft was required to reverse a steep climb in life cycle costs, at the
same time as availability performance and combat performance should be
improved. (Sandberg & Strömberg, 1999)
In 1999 the Swedish Air Force had ordered 204 aircraft, including about 30
fully operational two-seaters. The order is a package containing aircraft,
weapon systems, ground support systems, electronic warfare systems, training, overhaul, maintenance, development, modifications, and future growth
potential. (Silwer, 1999)
Instead of a pre-planned midlife update, Sweden has planned a continuous
process of installing new technology into the aircraft (Morrocco & Taverna,
2001). An upgrade programme of the aircraft is running and a new edition
will become operational almost annually (Silwer, 1999). This continuous
process is supported by the Swedish government through financial support
to a number of technological developments that will be added to the aircraft
once they mature (Morroco & Taverna, 2001). The evolutionary strategy is to
a large extent possible due to the fact that Gripen is, to a much larger degree
than its predecessors, a software aircraft (Silwer, 1999).
Today, Gripen is the only combat aircraft from the new generation of aircraft
currently under development, which has been developed and produced in a
country that has a population of less than 50 million (Campos, 2001). Gripen
customers can be found in Sweden, South Africa, Thailand, Hungary and the
Czech Republic.
There are three aircraft that are regarded as the latest generation of combat
aircraft, i.e. Dassault Rafale, Eurofighter Typhoon, and Gripen, and all use
similar levels of technology (Campos, 2001). However, other aircraft, e.g.
Joint Strike Fighter (JSF) which is under development in the USA may be considered as belonging to the next generation.
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4.2 Maintenance of JAS 39 Gripen
Within aviation, manufacturers are experiencing increased levels of customer
requirements related to dependability and Life Support Cost (LSC). This has
impact on the providers of maintenance and in-service support. Due to the
increased complexity of the system-of-interest, i.e. the aircraft, the enablingsystems, e.g. organisation and resources for maintenance and in-service support, face new challenges in order to retain the required level of customer satisfaction. One of these is the provision of a high level of support availability,
e.g. 24 hours a day, 7 days a week (24/7). Another is the provision of appropriate information at the right time with the right quality and to the right user
(i.e. actors within the operation and maintenance processes). See Candell
(2004), FMV (2008) and Saab (2008a).
Maintenance is part of the support system for Gripen. The more comprehensive objective of the support system is to provide the operator (e.g. the SwAF)
with the required resources, in the correct amount at the right time, to the
right place and in the right condition to enable the fulfilment of operative requirements.
The concept that the Gripen support system is based on, focuses on two fundamental and interdependent elements. The first element concerns the way in
which the Gripen design is influenced to maximize its inherent availability.
This ensures that Gripen exhibits required reliability and maintainability in
all operational and support environments. The second element concerns the
GHVLJQ RI WKH VXSSRUW V\VWHP LWVHOI *ULSHQ·V VXSSRUW V\VWHP LQFOXGHV RSWimized key components for maintenance, training, supply and clearly defined
support resources that is required, e.g. skill and number of personnel in the
FXVWRPHUV·$LU)RUFHV RZQRSHUDWLRQDO RUJDQL]DWLRQDQGIDFLOities.
Both the aircraft and the support system are designed in a very structured
and controlled way. The overall objective is to maximize total system capability at the lowest cost. Hence, the design of the support system takes into account factors, such as customers' existing capabilities, operational profiles,
strategic force development requirements and desired levels of independence. In this perspective the design of the maintenance concept and its components, are of great importance to enable the required operational performance of the aircraft, as well as keeping a low LSC.
Traditionally, maintenance concepts have been greatly influenced by the
physical location, i.e. fixed maintenance echelons, required or assigned to
perform maintenance actions. Nevertheless the Gripen weapon system, i.e.
the combination of the aircraft and its support systems, is designed to be used
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in deployed operations, which also affects maintenance requirements. Hence,
the maintenance concept related to Gripen and the allocation of responsibilities and resources to different echelons, have to provide an ability to be tailored to each specific customer and their requirements.
An example that illustrates the complexity related to maintenance information logistics is depicted in Figure 11. When an actor (e.g. maintenance technician or maintenance planner) performs maintenance activities at echelon 1,
i.e. the organization level, access to relevant filtered aggregated information
is necessary and required. Today, this required information is processed by
various systems with a rather low degree of integration. The lack of interconnectivity between required systems leads to an integration at the end-user
level, which means that the individual (e.g. the technician or the planner) is
responsible for the information management (e.g. information acquisition related to current context and information delivery to the right systems). The
information management at the end-user level is time-consuming and might
have an undesired effect on the maintenance, e.g. varying quality in the performed maintenance tasks depending on the consumed information and a
less effective maintenance improvement process depending on the varied information quality related to performed maintenance activities.

Figure 11. Example of information sources required for conducting maintenance at a
Swedish Air Force Wing.
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4.2.1 Maintenance Process Related to JAS 39 Gripen
The basic Gripen maintenance concept can be described as a set of capabilities
allocated at two or three echelons, see Figure 12 for the three echelons solution. This approach enables a flexible allocation of maintenance resources and
activities between a first echelon, i.e. organizational level, where maintenance
activities are performed by the Air Force personnel. At a second echelon, i.e.
intermediate level, somewhat more complex or less frequent maintenance
activities are performed. This kind of maintenance often requires better environment, facilities or qualified equipment, and is performed by either Air
Force personnel, civilian technicians or a mix thereof. At a third maintenance
echelon, i.e. depot level, mainly complex tasks or component maintenance is
performed by the Saab Gripen Support Organisation, Original Equipment
Manufacturer (OEM) or other third party. Two-echelon solutions are usually
achieved by adaption and distribution of second echelon resources into the
first and third echelons. (Saab, 2008a)

Figure 12. Maintenance echelons related to Gripen.
The maintenance process related to Gripen can be described by the six
phases: Maintenance Management, Maintenance Support Planning, Maintenance Preparation, Maintenance Execution, Maintenance Assessment and
Maintenance Improvement, see Figure 13. During these phases, several types
of actors are involved, e.g. maintenance mangers, maintenance planner and
maintenance technicians.

Figure 13. Generalized maintenance process of Gripen.
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The part of the maintenance activities and related information flow at a
Swedish Air Wing are illustrated in Figure 14.

Figure 14. Maintenance activities and information flow at a Swedish Air Wing.

4.3 Future Challenges for Gripen Next Generation
The continuous development and improvement of the Gripen maintenance
solution is primarily driven by new requirements and needs from a growing,
international customer base. These requirements can in turn mainly be seen
as being derived from two separate focuses. One focus is the increasing requirements on capabilities and performance during deployment. Another focus is the drive for even lower LSC. From a Saab perspective, i.e. supplier,
there is also a drive to exploit new technologies to improve products and internal, as well as external, processes, but also to cut costs.
Hence, the overarching purpose at Saab with the studies and development of
eMaintenance solutions, in the eaUO\·VZDVWRVXSSRUWWKHGHYHORSPHQW
of new maintenance and support solutions. These solutions were expected to
contribute to improved aircraft availability, especially in deployment, enable
global support 24/7, as well as help to cut operation and maintenance costs.
(Saab, 2005, 2008a, 2008b)
From eMaintenance-related studies and projects performed at Saab, it may be
concluded that there is a need for concepts on two different levels, i.e. macro
and micro levels. The macro-level concept needs to cover information logistics in a wider perspective, i.e. information management and exchange
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throughout the overarching maintenance process, on a weapon system level,
and throughout the entire life cycle. The micro-level concept needs to enable
flexible information provisioning and decision support to actors with different roles, e.g. for execution of maintenance actions on-aircraft and off-aircraft
in workshops. (Saab, 2007a, 2007b)
Furthermore, there is also an ambition to further develop, integrate and exploit existing applications of diagnostics and prognostics built into the aircraft, with components and systems within the ground-based parts of the
maintenance and support systems.
The inherent design of Gripen enables on-condition maintenance solutions.
Hence, evolving maintenance concepts should have a minimum number of
fixed maintenance activities, i.e. overhauls, during the life of the aircraft. Instead, an increased use of prognostic capabilities should result in an oncondition maintenance concept. However, damages and unpredicted wear
and tear occur during operation. Hence, adapted information systems (onaircraft or off-aircraft) that support prognostic-based maintenance for Gripen
need to include information and decision support for on-condition needs, e.g.
during checks and inspections. Up to a certain period of operation, such
checks might, with the help of intelligent information services, be integrated
in situation-adapted job-cards and executed together with e.g. pre-flight and
safety checks. At the same time, preventive inspections of more complex
parts of the aircraft may be managed separately at less frequent intervals. As
the more comprehensive inspection activities are intended to reduce and prevent repair costs, a true on-condition maintenance concept could allow the
operator to plan the inspections to fit the operational situation. The maintenance activities undertaken should also be possible to perform in the same
manner, regardless of whether the fighter is being utilized in peacetime or
wartime scenarios.
Another central quality for upgrades and evolved versions of Gripen, is to
continuously push the ability for information logistics and support 24/7 during global deployment with a minimum of resources. Today, deployed operations from remote domestic locations with minimum on-site facilities, including road bases, are an inherent part of regular Gripen operational profiles.
Hence, a developed extensive information logistic solution should improve
the support for necessary maintenance on deployment, preventive as well as
fault localization and corrective tasks. Furthermore, the same information logistic solution should be useful for both deployments as well as for day-today operations at the main operating base, without any additional equipment.
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5 Description of Papers and Prototype Development
This chapter summarizes the appended papers and describes the prototype development process.

5.1 Summary of Appended Papers
The relations between the stated research questions, the phases of the research process and some of the documented results are depicted in Figure 15.

Figure 15. Relations between stated research questions, phases of the research process and some documents with research results.
5.1.1 Paper I
Karim, R. and Söderholm, P. (2008). Application of Information and Communication
Technology for Maintenance Support Information Services: Transferring experiences
from an eHealth Solution in Sweden. Journal of Quality in Maintenance Engineering.
The purpose of this paper is to explore the transferability of ICT-solutions for
providing support information services from eHealth to eMaintenance, in order to facilitate the development of eMaintenance.
The paper provides an overview of common problem domains related to
eHealth and the solutions provided to improve these problem situations. It
also provides an estimation of the level of transferability of solution domains
from eHealth to eMaintenance. The study indicates some major problems that
have to be overcome when implementing support information services using
an ICT-solution (e.g. to manage heterogeneous organizations; manage het-
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erogeneous eService-environments; and enable context and situation awareness in eServices). Further, the study identifies and grades some solutions,
which address these problems and are transferable from eHealth to eMaintenance. Examples of these solutions are: management of life cycle stages of
eService; enablement of context and situation awareness in eServices; enablement of integration capability across multi-platforms and technologies in
eServices; establishment of an overarching architecture for development of
eServices; and establishment of a maintenance process for eServices.
5.1.2 Paper II
Karim, R., Kajko-Mattsson, M. and Söderholm, P. (2008a). Exploiting SOA within
eMaintenance. Proceedings of the 30th International Conference on Software Engineering (ICSE), the 2nd international workshop on Systems development in SOA environments, 11 May 2008, Liepzig, Germany.
The purpose of this paper is to explore how SOA can be exploited within industrial maintenance and to provide an effective tool for organizations to
conduct their maintenance and support.
This paper presents an eMaintenance Platform (eMP), as a part of an eMaintenance Management Framework (eMMF) that can be utilized as an effective
meta-level model for organizations to conduct their maintenance and support
of complex technical industrial systems.
5.1.3 Paper III
Karim, R., Kajko-Mattsson, M., Söderholm, P., Candell, O., Tyrberg, T., Öhlund, H.
and Johansson, J. (2008b). Positioning Embedded Software Maintenance within Industrial Maintenance. Proceedings of the 24th IEEE International Conference on
Software Maintenance (ICSM), 28 September 2008, Beijing, China.
The purpose of this paper is to position embedded software maintenance related to a maintenance process within military aviation and how maintenance
of hardware and software items is conducted. This supports an understanding of the maintenance processes related to hardware and its embedded
software items, which is essential to establish effective and aligned information logistics related to maintenance of complex technical industrial systems.
It can be concluded that the maintenance of hardware and software items in
complex technical industrial systems has many similarities. In the studied
context all maintenance activities are considered from the holistic perspective
RI WKH DLUFUDIW·V IXQFWLRQDOLW\7KH UHDVRQ LV WKDWWKH PDLQWHQDQFH Dctions are
intended to retain and restore the functions that are required to keep the aircraft in an airworthy condition. Hence, the studied industrial maintenance
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process does not distinguish between hardware and embedded software
items.
5.1.4 Paper IV
Karim, R. (2008). Smart Content Sharing in e-Maintenance: Aspects of Content
Format. (submitted to a journal)
The purpose of this paper is to describe aspects of content sharing within an
eMaintenance solution, in order to merge the two areas of maintenance and
ICT in a content management perspective. Hence, the paper describes information logistics related to maintenance from a content management perspective. It provides an overview of some of the existing efforts related to maintenance content management with focus on content format.
Most of the existing eMaintenance concepts seem to suffer from a gap between data processing and knowledge management. This situation can be
caused by too great a focus on data collection, without any clear identification
of the stakeholders for whom the data is collected. Hence, it should be emphasized that a mature eMaintenance concept should: I) focus on the content
and the process of sharing content rather than on data and data processing
and II) provide an output-based information strategy, which means that the
VWDNHKROGHUV·QHHGVIRULQIRUPDWLRQVKRXOGGHWHUPLQHWKHH[WHQWRIWKHPDnaged content.
5.1.5 Paper V
Karim, R., Candell, O. and Söderholm, P. (2008c). Development of ICT-based Maintenance Support Services. Journal Quality in Maintenance Engineering.
The purpose of this paper is to provide a description of a taxonomy for an
eMaintenance Management Framework (eMMF) that is based on a serviceoriented approach, in order to facilitate the development of ICT-based maintenance support services aimed at actors within the maintenance process related to complex technical industrial systems
This paper describes the maintenance process related to military aircraft in
Sweden. It also presents a framework for development of eMaintenance solutions based on a service-oriented approach. The paper also presents taxonomy for an eMaintenance Management Framework (eMMF), based on a service-oriented approach. The eMMF aids in the identification and establishment of collaborative and interconnected maintenance support services, tailored for specific maintenance actors and their activities. Based on the experiences from the prototype development process, it can be concluded that the
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proposed eMMF can be utilized for identification and development of maintenance support services realized as SOA-based services.
5.1.6 Paper VI
Söderholm, P., Karim, R. and Candell, O. (2008). Identifying information-based
maintenance support services through the design of simulations. (submitted to a
journal)
The purpose of this paper is to describe a methodology and a supporting
toolbox that identify information-based maintenance support services using
DQHYDOXDWLRQRIWKHVHUYLFHV·LPSDFWVRQWKHHIIHFWLYHQHVVRIFRPSOH[WHFKQical systems.
The study shows that ICT for maintenance support impacts on a number of
Measures of Effectiveness (MoE). For the example used in the paper these
MoE are e.g. Risk Of Shortage (ROS), Risk Of Shortage with Time tolerance
(ROST), Probability of No Backorders (PNB). Some parameters that are affected by the use of ICT and impact on these MoE are: the turnaround time
needed to carry out preventive maintenance tasks and the time required to
order and transport an item or a system from the supporting station.
The applied methodology and its supporting toolbox seem to support the
identification of maintenance support services enabled through ICTapplications. However, there are some challenges to apply traditional DoE
principles in simulation context, since the number of factors and responses
tends to be quite large. These challenges can partly be managed by the use of
fractional factorial designs and, as in the paper, fold-over designs. In addition, there are some aspects that selected software tools have to manage, e.g.
regarding heterogeneous development environments, scalability and data
management.

5.2 Development of an eMaintenance Platform Prototype
In order to evaluate parts of the proposed framework for eMaintenance, parts
of a prototype development process have been performed. The prototype development covers the Process part of the eMMM, i.e. MSD and eMSD, and
DOVRWKHH03·VLQKHUHQWSKDVHVVHH3apers II & V.
The prototype development focuses on the implementation of a maintenance
support information service for distribution of technical publication related to
JAS 39 Gripen. The technical publication related to Gripen is structured according to S1000D (see Figure 16), which is an international specification for
the procurement and production of technical publications (ASD, 2008).
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Figure 16. The scope of S1000D (ASD, 2008).
5.2.1 eMMF - Maintenance Service Development
In order to evaluate the MSD phase of the eMMF, a number of activities have
been conducted to elicit maintenance-related requirements in relation to the
prototype development, e.g. literature study, workshops, interviews and
document studies, see Chapter 3 ¶5HVHDUFK0HWKRGRORJ\·%DVHGRQWKHGDWD
collected within these activities, the maintenance process related to Gripen
has been mapped, see Papers II & III. In addition, some of the overarching
requirements that both present and potential customers of Gripen have stated
more or less formally have been identified and related to the mapped maintenance process.
Based on these requirements, service for provision of Technical Publications
(TP) was identified as a vital maintenance service. Hence, the provision of TP
was selected as a candidate service for further development in the prototype.
The three main reasons for this selection were that: information in the TP is
essential for all phases of the maintenance process; TP is used by different
maintenance actors in heterogeneous contexts; and the content of TP is important for both Saab and its customers.
Hence, the selected service ¶SURYLVLRQ RI 73· DEEUHYLDWHG DV 73-S) was further used to evaluate the proposed eMSD process. The AirCraft Related Publication (ACRP) represents a large collection of content and covers information related to, e.g. general publications, aircrew publications and maintenance publications, see Figure 17. The information managed in the prototype
is limited to the maintenance publications.
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Figure 17. Taxonomy of AirCraft Related Publication (ACRP) related to Gripen.
5.2.2 eMMF - eMaintenance Service Development
Based on existing requirements, e.g. delivery of maintenance plans in various
formats and better alignment of technical publications with the training material, identified during the MSD process, it was realised that the efficiency of
the TP-S could be increased through utilization of ICT. Hence, the output
from MSD was used as an input to the eMSD phase of the eMMF, for realization of TP-S based as a SOA-based service. However, during the eMaintenance Service Identification phase of the eMSD, two eMaintenance service
candidates were identified for further implementation. The first service was
Maintenance Plan Delivery Service (MPDS) and the second service was Maintenance Plan Feedback Service (MPFS).
The MPDS is aimed at delivery of the maintenance plan in a proper format,
e.g. Portable Document Format (PDF), eXtensible Markup Language (XML)
or Standard Generalized Markup Language (SGML). The selection of format
for content delivery was based on existing customer requirements. In addition, XML and SGML enhance the flexibility to process content automatically,
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which contributes to an increased usability of the content. See Figure 18 for
two different formats of the MPP delivered by the MPSD.

Figure 18. Examples of Maintenance Plan Publication (MPP) in two different formats, delivered by Maintenance Plan Delivery Service (MPSD).
The MPDS enables customization of content format and inherent data depending on e.g. current context. The content is structured according to
S1000D, for detailed description see (ASD, 2008), with some adaption to
6DDE·V UHTXLUHPHQWV DQG FRnventions. The original data are gathered from
several business applications, such as Pumax, which can be considered as a
content management system, and the ILS database, which contains IL-related
data (e.g. materiel structure and related maintenance needs). The data from
these applications are structured based on a taxonomy which has been developed by Saab, see Figure 17. The main applications used in the prototype development and their interrelationships with each other, as well as with some
other applications, are depicted in Figure 19.
Furthermore, the second service MPFS is aimed at the provision of a commenting and reporting capability related to content provided by TP-S on issues raised on data modules or publication modules during the verification
process and the in-service phase of Gripen. This service also utilizes recommended guidelines for structuring the report and comment data based on a
XML-Schema provided by S1000D.
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Figure 19. Outline and relations of related maintenance support applications used in
the prototype development.
5.2.3 eMMF ² Specification
The Process component of the eMMF component lists and describes the business processes and actors involved in them, see Paper II. In the prototype, the
description of business processes and their actors were limited to those scenarios that require a direct interaction with TP. An example of the described
usage scenario is the business process of maintenance planning based on the
scheduled time cycles, that involves actors e.g. maintenance planners, of the
maintenance process for Gripen. However, in the prototype Unified Modelling Language (UML) was selected as the notion for this description. In addition, two different software tools, Rational Unified Process (RUP) and Essential Unified Process (EssUP), were partially used as support to the prototype
development process, see Figure 20.
The Requirement component of the eMMF lists and describes various backgrounds and their interrelated conditions in which maintenance activities
take place, see Paper II. In the prototype development, the requirements related to content and interface have been identified and described within the
scope of selected services and contexts. The data for these descriptions have
been collected through literature study, interviews, workshops and document
studies. The selection of proper technologies, standards and recommenda-
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tions related to content format and interface for information access has been
performed through its relevance for the specific case study, e.g. PLCS and
S1000D.

Figure 20. A simplified system use case diagram provided within the prototype development, based on the UML notation.
The Context component of the eMMF lists and describes all the functional
and non-functional requirements on the information needed for a specific
maintenance task and the interface through which this information should be
presented. However, within the prototype development, the selected contexts
were described based on the information need related to the content of TP.
Examples of these contexts are the provision of preventive maintenance tasks
according to the maintenance plan within the context of on-aircraft maintenance and the provision of maintenance tasks within the context of storage
maintenance, which refers to maintenance of LRUs and SRUs that are kept in
storage. Another context is when a LRU is removed from storage and taken
into operation, where it becomes necessary to have information available to
HVWLPDWH WKH /58·V UHPDLQLQJ WLPH HJ IOLJKW KRXUV RU F\FOHV  WR the next
preventive maintenance action by considering both the passed storage time
(calendar time) and the remaining operational time (e.g. flight hours or cycles). The descriptions of the selected contexts were provided mainly in textual form.
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5.2.4 eMMF ² Design
The SOA components included in the prototype have been structured in accordance with the proposed Design Level of the eMP. For exposition of services several technologies have been available, e.g. DCOM (Distributed
Component Object Model), Remote Method Invocation (RMI) and Web services. Since it was required to provide accessibility to the services via HyperText Transfer Protocol (HTTP) over internet and data exchange through
XML, Web services was selected as an appropriate technology. However, the
service interfaces are designed based on the Web services, which means that
WKH VHUYLFHV· SXEOLF LQWHUIDFHV DUH H[SRVHG WKURXJK +773 DQG WKDW WKH\ DUH
using Simple Object Access Protocol (SOAP) envelope for information exchange. The implemented services have the capability to expose a description
of the signature of inherent public web-methods, in accordance with the Web
Services Description Language (WSDL) standard. In addition, each referenced service is supported by a WSDL and a discovery document, which contains information about the Web services contract. These descriptions are
used when a service needs to be invoked by a Web service client, which uses
the information to communicate with the Web service through a class proxy.
However, by providing WSDL, the services can also be published and discovered through the Universal Description, Discovery, and Integration
(UDDI) protocol managed through a UDDI-server. However, in the prototype the services have been published either on the local machine or within
the current solution.
Furthermore, each service has been assigned with a namespace that denotes
the type of the service. The namespaces are defined according to the proposed design pattern in the Design Level, i.e. Setting, Process, Miscellaneous,
Content and Interfaces. A service might require information from another
service for instantiation. Examples of project included in the prototype solution are outlined in Figure 21.
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Figure 21. Examples of the Web services implemented in the prototype.
5.2.5 eMMF - Implementation
In the prototype development the identified and selected SOA-services were
designed and adapted to Web services. In order to develop and implement
the designed Web services effectively, an Integrated Development Environment (IDE) has been used. For this purpose several IDE:s have been available,
but based on the experiences and knowledge in the development team, Microsoft Visual Studio .NET 2008 was considered as appropriate. It should be
emphasized that even though the Web services are implemented in the selected IDE, they are accessible from any other environment that provides
Web services capability. The data processed by the Web services in the prototype are managed through Microsoft Sql Server 2005 with XML capability.
However, other DataBase Management Systems (DBMS) could have been
used as well. The main reason to use Microsoft Sql Server 2005 is that it provides a tight integration with the selected IDE and thereby reduces the complexity of the development process. The presentation of information provided
by the developed Web services can be exposed through different User Interfaces (UI), see Figure 22.
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Figure 22. Examples of different User Interfaces (UI) provided by the prototype.
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6 Results
This chapter describes some of the results of the research presented in this thesis in
relation to stated RQs. The major results achieved within the present research are: I)
an exploration and definition of eMaintenance; II) a description of eMaintenance as
support to maintenance of complex technical industrial systems; III) an eMaintenance Management Framework for establishment of an eMaintenance platform; IV) a
methodology with a supporting toolbox that supports the identification of maintenance support information services.

6.1 Results Related to RQ 1
The first research question was stated as: what are the characteristics of
eMaintenance related to complex technical systems from a service-oriented
perspective?
6.1.1 A Proposed Definition of eMaintenance
Today there is no formal definition of eMaintenance provided by any standardization organization. On the other hand, there are several academic and
industrial initiatives that use the term eMaintenance, see e.g. the description
provided in Chapter 2 ¶7KHRUHWLFDO)UDPHZRUN·
In this research eMaintenance is defined as the part of maintenance support
that ensures that the maintenance process is aligned with the operation and
modification processes to obtain business objectives, through proper information logistics by Information & Communication Technology (ICT) utilization
and provision of information services. eMaintenance might support different
interconnected levels in an organization. One level might be related to the
busLQHVV REMHFWLYHV LQ FRPSDULVRQ ZLWK VWDNHKROGHUV· UHTXLUHPHQWV ZKLFK
might initiate the maintenance process to achieve a balance between operation and modification processes. Other levels might be the support to the
maintenance process and its actors and activities. Hence, its composition is
highly dependent on, and is affected by, two major factors: I) the view on the
maintenance process and II) the approach to ICT utilization, see Paper I. The
view on maintenance emphasizes an understanding of the maintenance process to identify the maintenance needs and the appropriate use thereof for effective asset management. Utilization of ICT is considered as a support to facilitate the achievement of business objectives, see Papers I & V.
Hence, an eMaintenance solution can be described as an artefact that is a tangible by-product from the establishment of a maintenance information logistic process intended to support the maintenance process. eMaintenance is re-
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alized through: the application of ICT for remote maintenance; and the representation of the physical world in a digital model aimed to supply tailored
information as a decision-support tool regarding appropriate maintenance
activities for all stakeholders independent of time, geographical location, or
organizational belonging, see Papers IV & V. Hence, eMaintenance is not limited to the management, collection, compilation and analysis of operational
data (e.g. condition monitoring data), any explicit technological solution (e.g.
web-based portals, Web services, instances of Computerized Maintenance
Management Systems CMMS and Health & Usage Monitoring Systems
HUMS), or any specific support service solution (e.g. support to customer
and support to product).
Some of the characteristics of complex technical systems that are important to
consider from an eMaintenance perspective are: the system-of-LQWHUHVW·V
whole life cycle, which usually is long; the system-of-LQWHUHVW·VFRPSOH[FRnfiguration, due to a large number of heterogeneous indenture items; multiple
simultaneous life cycle processes, with a large number of involved actors; the
large number of functions included in the system-of-interest; the large number of editions and versions of the system-of-interest; the degree of autonomy
of items included in the system-of-interest, see Paper V. These system characteristics contribute to a high complexity in the management of information
throughout the system-of-LQWHUHVW·V ZKROH OLIH F\FOH HJ IRU HVWLPDWLRQ RI
item reliability and criticality, but also in the management of design and
modification.
The definition of eMaintenance is essential for the establishment of an eMaintenance platform, since it provides a fundamental input to the eMaintenance
Management Framework (eMMF), outlined in Papers II & V, and stipulates
the extension of the platform.
6.1.2 eMaintenance as Support to Maintenance of Complex Technical Systems
The efficiency of maintenance is highly dependent on the availability of necessary information services, in right time, with right quality and for indented
information consumers and producers. The No Fault Found (NFF) phenomenon is one illustrative example of the major negative impact that insufficient
maintenance support information has on critical requirements such as dependability, safety and Life Cycle Cost (LCC).
The provision of maintenance support information services to all maintenance stakeholders, in all phases of the maintenance process and throughout
D V\VWHP·V ZKROH OLIH F\FOH UHTXLUHV VWUDWHJLHV IRU LQIRUPDWLRQ PDQDJHPHQW
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discussed in Papers I, IV & V. The management of the information life cycle
has to be aligned and harmonized with the management of the system-ofLQWHUHVW·VOLIHF\FOHEXWDOVRZLWKWKHOLIHF\FOHVRILWVHQDEOLQJ-systems. In this
context, eMaintenance can be seen as a part of the information life cycle management that facilitates information logistics between information producers
and consumers that are stakeholders of the maintenance process. Hence, the
H0DLQWHQDQFH VROXWLRQ·V XVDELOLW\ for maintenance of complex technical systems is highly dependent on the constitution of the eMaintenance solution.
In this research, the constitution of an eMaintenance solution has been considered from three different perspectives. These perspectives are: I) process;
II) architectural; and III) data. From the process perspective, it has been noticed that eMaintenance should consider all phases of the maintenance process and provide services adapted to the requirements and needs of all involved actors, discussed in Papers I & IV. A quality management approach to
the process perspective highlights the relationships between the three roles of
supplier, processor and customer. In an ICT-perspective these process roles
are often referred to as producer, processor and consumer of information. A
natural extension of the process perspective is to apply a Service-Oriented
Architecture (SOA) approach for the architectural perspective. Furthermore, a
SOA-approach is claimed to support increased adaptability, interoperability
and flexibility of maintenance support information services. These characteristics of SOA are highly important when dealing with complex technical systems with a long life cycle. From the data perspective, it has been noted that
content format is a major prerequisite for all provision of information, see Papers II, III & V. Content format is not limited to what to package or how it
should be interpreted. Instead it is on a more general level that defines how
data should be packed. Hence, the data perspective must also be considered
when establishing an eMaintenance solution in order to provide or adapt an
overall taxonomy and ontology for the maintenance information, see Paper
IV.
There are extensive existing efforts that can be adapted to approach issues
related to the process description, platform architecture and data structure.
Some of these efforts are generic while others are maintenance specific. Examples of these efforts are: EssUp and RUP that deals with processes; SOA
and EDA that are applicable approaches to address architectural issues; XML
that deals with content format. Examples of organizations that address these
issues are: MIMOSA (Open System Architecture for Enterprise Application
Integration), OASIS (e.g. Product Life Cycle Support), ISO (e.g. Open Document Format), IEC (e.g. dependability management), W3C (e.g. XML and
XML Schema), AeroSpace and Defence and Air Transport Association (e.g.
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S1000d), SAP (e.g. SAP Business suite), IFS (e.g. IFS Applications) and MXI
Technologies (e.g. Maintenix).
The proposed eMMF is a generic framework intended to support the development of eMaintenance solutions, which is independent of any specific
technology, see Papers II & V. However, some of the tools mentioned earlier
might be utilized to conduct some of the phases within the proposed eMMF.
For example: EssUP and RUP can be used within the Specification and Design phases of eMP. During the Design and Implementation phases XML can
be used as a format for messaging between services, S1000D can be applied
for technical publications, PLCS for managing product support information
and Web service as a facade to expose business logic. Furthermore, architectures such as SOA and EDA may be used as an overall approach in MSD,
eMSD, Specification and Design phases. In addition, components provided in
Commercial Off-The-Shelf (COTS) solutions (e.g. SAP Business suite and
Maintenix) can during the Design and Implementation phases be considered
as pre-implemented services as part of a total eMaintenance solution, see Papers IV & V.

6.2 Results Related to RQ 2
The second research question was stated as: how can a service-oriented
eMaintenance solution as support to complex technical systems be developed?
6.2.1 A Proposed eMaintenance Management Framework
The proposed eMaintenance Management Framework (eMMF) consists of
two parts: the eMaintenance Management Model (eMMM) and the eMaintenance Platform (eMP), see Figure 23. The eMMM is a package of Processes,
Roles and Repositories that are required for managing the eMP, see Papers II
& V. The eMP, on the other hand, is a SOA-application aimed at providing its
stakeholders with tailored information pivotal for making decisions on the
FKRLFHRIDSSURSULDWHPDLQWHQDQFHDFWLYLWLHV7KHH03·VSXUSRVHLVWRH[WUDFW
all the information necessary for a certain maintenance activity, analyze, synthesize, and package it into a maintenance process relevant for the maintenance activity, see Papers II & V.
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Figure 23. Elements of eMMF.
The Maintenance Service Development (MSD) consists of five interconnected
phases: Maintenance Service Identification, Maintenance Service Design,
Maintenance Service Development, Maintenance Service Implementation and
Maintenance Service Deployment. The aim of the MSD is to provide a generic
process for development of maintenance support services, see Papers II & V.
The proposed process model for eMaintenance Service Development (eMSD)
consists of the six phases: eMaintenance Service Identification, SOA Component Identification, SOA Component Design, SOA Component Development,
SOA Component Implementation and SOA Component Deployment, see Papers II, III & V. The objective of eMSD is to realize the identified ICT components, which have broadly been identified in MSD, with a service-oriented
approach. It is initiated during the Maintenance Service Development and
contributes to Maintenance Service Deployment.
During the eMaintenance Service Identification the context and correlation of
information services that support maintenance actors to perform their activities are identified and described. Further, during the SOA Component Identification phase, the components that are needed from an ICT-perspective are
determined. In the SOA Component Design and Development phases, it is
described how the candidate components can be composed and materialized,
but also what technologies to use. In the SOA Component Implementation
phase the service components are implemented in the intended maintenance
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support service. Finally, in the SOA Component Deployment the implemented services are delivered for in-service use.
The eMP is divided into the three levels: Specification, Design and Implementation (see right hand side of the bottom part of Figure 23). The Specification
Level contains all the information necessary for performing maintenance activities. It is realized in various ways using notations, such as text and models. The Design Level identifies design components, which are realized as
SOA-components. Finally, the Implementation Level materializes the SOA
components into Web services and business processes orchestrated for the
needs at hand, see Papers II & V.

6.3 Results Related to RQ 3
The third research question was stated as: how can maintenance support information services related to complex technical systems be identified?
6.3.1 A Proposed Methodology for Identification of Maintenance Support
Information Services
The process of establishing maintenance support services requires methodologies and tools that facilitate the identification and selection of services. In
the work presented in this thesis a methodology has been developed that can
be used to identify services that have significant impact on critical measures
of effectiveness (e.g. mission success) of a system-of-interest, discussed in Papers I, V & VI. The methodology and application thereof are described in
more detail in Paper VI. However, in this section a summary of the methodology and its supporting toolbox are provided.
The proposed methodology is based on a model and simulation approach
that is combined with Design of Experiment (DoE) principles. Hence, the
methodology draws on the benefits of multivariate data analysis, where multiple factors can be altered simultaneously. The methodology consists of the
five phases, as illustrated in Figure 24.
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Figure 24. Illustration of the phases of the proposed methodology and its supporting
toolbox.
I.

3KDVH , ¶Simulation model design· ² in this phase the structure of the
system-of-interest and its support system are defined. These include
parameters relevant for maintenance, e.g. system and item structure;
the support organisation; mission description; description of maintenance tasks; description of failures; transportation; maintenance resources and redundancies. An example is the model applied in this
study is illustrated in Figure 25.

Figure 25. An example of a model including a support organisation and its maintenance echelons (left side) and a technical system and its indenture levels (right side).
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II.

3KDVH,,¶([SHULPHQWDOGHVLJQ·- during this phase a detailed design of
experiment is provided. This is based on the descriptions provided by
Montgomery (2005) and Coleman & Montgomery (1993):
i. Selection of control variables ² this provides a list of variables that
have been selected for each run. This represents also the variables
that are assumed to have impact on the response variables that are
of interest. It also describes values and ranges for each variable. In
the performed study 52 control variables were judged to be interesting to study further (see Paper VI).
ii. Selection of response variables ² provides a list of variables that
will be assessed and their relation to the objective of the simulation. It also provides a distribution or range of normal operation.
In the performed study 56 response variables were included (see
Paper VI).
iii. Selection of nuisance factors ² provides a list of the factors that are
not controllable. In the performed study no nuisance factors were
included, since it was based on simulations (see Paper VI).
iv. Selection of constant factors ² provides a list of factors that should
be held constant. Most of the constant factors in the performed
VWXG\ ZHUH UHODWHG WR WKH WHFKQLFDO V\VWHP·V UHOLDELOLW\ SHUIRUmance, since it was judged that eMaintenance does not affect this
system characteristic to any large degree. However, this is a simplification since on-board technologies for eMaintenance will contribute to increased system complexity and thereby affect reliability performance (see Paper VI).
v. Selection of experimental design ² defines a set of experiments
that need to be run based on the identified variables and factors.
Here the use of the two step approach is suggested, as described
in Section 3.5 (Data Analysis). Hence, the first step should be a
screening design that can be based on a combined design that uses
full fold over. This advice will also put some restrictions on the
first step (i) of the Experimental part (II) of the proposed methodology. Then, the second step can hopefully be based on a two-level
full factorial design.

III.

3KDVH,,,¶([SHULPHQWDOVLPXODWLRQ·² executes the designed set of runs.

IV.

3KDVH,9¶6LPXODWLRQVXPPDUL]DWLRQ·- collects and compiles data from
the conducted experiment.
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V.

3KDVH 9 ¶([SHULPHQWDO DQDO\VLV· ² analyzes the results from the experiments, e.g. with the aid of normal probability plots as described in
section 3.5 (Data Analysis). See Figure 26 for an example.

Figure 26. Normal probability plot for WKHUHVSRQVHYDULDEOH¶1umber of systems in
active preventive maintenance·. ¶6RPHRIWKHDFWLYHHIIHFWVDUHnamed and marked
with red circles.
The methodology is supported by a toolbox containing a number of software
tools that have been adapted and integrated for the purpose of the present
research, see Paper VI. The tools are related to the steps of the methodology
according to the following: step I is supported by a module developed in the
software tools SIMLOX and Microsoft Access; step II is supported by components developed with Microsoft Visual Studio .NET 2008, Microsoft Access
2008 and MATLAB; step III is supported by components developed with Microsoft Visual Studio .NET 2008 and SIMLOX; step IV is supported by Microsoft Visual Studio 2008, SIMLOX and MATLAB.
This methodology can be utilized within the proposed eMMF, within Maintenance Service Identification, eMaintenance Service Identification, but also in
the Specification phase of the eMP. It should be emphasized that the eMMF is
based on an iterative approach with recurring small iterations between
phases to ensure quality of the outcome by early detection of needs and continuous improvement of the development process, see Paper II & V.
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It should be mentioned that the aforementioned proposed methodology for
identification of services, which is based on quantitative approach, is not the
only methodology that has been utilized in this research. Other methodologies based on a qualitative approach, e.g. service identification through process and actor analyses, have also been used to identify services, see Papers II
& III. The prototype development is one example of an applied qualitative
approach within the proposed eMMF, see Chapter 5 ¶'escription of Papers
DQG 3URWRW\SH 'HYHORSPHQW· %oth the qualitative and quantitative approaches are useful and complementary when dealing with service identification.
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7 Discussion
In this chapter some aspects related to the achieved results and the reliability and validity thereof are discussed.

7.1 Discussion of Results Related to RQ 1
Maintenance and support concepts for modern complex technical systems,
such as civil airliners and military combat aircraft, focus on optimization of
two interdependent elements: design of the system-of-interest (e.g. the aircraft) and its related Integrated Logistic Support (ILS). The first element concerns the maximization of the inherent availability within available Life Cycle
Cost (LCC) requirements. This aims at achieving systems with high reliability
and maintainability performances in relevant operational profiles and support environments. The second element concerns the design of the ILS solutions, which among other things aims at achieving a good maintenance support performance.
The scope of this research has concentrated on eMaintenance related to complex technical systems. To conduct research activities, e.g. data collection,
analysis, verification and validation, a main application domain has been selected. The selected application domain for this research has been aircraft
maintenance related to military aircraft in Sweden. An aircraft represents a
technical system that is complex due to a number of advanced interdependent items with stringent requirements on safety, dependability and costs. It
also represents a system with a rather long life cycle, normally 25-35 years of
useful life, with complex interdependent life cycle processes that need to be
managed throughout the whole life cycle period. Hence, the maintenance of
such a system is highly rigid and regulated, mainly due to the safety requirements and the span of the life cycle. The large number of requirements
brings complexity into the constitution of the maintenance process and increases the need of appropriate ILS solutions, including information logistics,
to conduct maintenance activities properly.
When considering the complexity of a system-of²interest, there are also other
imSRUWDQWDVSHFWVWKDWQHHGWREHPHQWLRQHGHJWKHV\VWHP·VXVDELOLW\DQG
utility. Usability is the extent to which a product can be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in
a specified context of use (ISO, 1998). On the other hand, utility might be deILQHG DV D V\VWHP·V HIIHFWLYHQHVV LH D PHDVXUH RI WKH V\VWHP·V IXOILlment of
the required functions.
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When considering multi-item systems, the level of complexity often increases
hand in hand with the increase in usability and utility. For example, context
and situation awareness can be considered as characteristics that contribute
to improved system usability. However, to achieve these characteristics, further items have to be added to the system, which increase the number of
items and thereby lead to increased system complexity.
To study the selected application domain a research project has been defined.
7KHSURMHFW·VREMHFWLYHLQKHUHQWDFWLYLWLHVDQGH[SHFWHGUHVXOWVKDVEHHQYHUified and accepted by the experts within Swedish aerospace industry, i.e. Saab
Aerotech, and also the expert committee for the fourth Swedish National
Aeronautics Research Programme at Vinnova. To achieve the main objective
of this research project, a number of activities have been defined. These activities have been coordinated, correlated and managed through Work Packages (WP), which are considered as a set of activities with well defined deliverables. The WPs and related deliverables have been verified by academics
(e.g. supervisors, independent reviewers, colleagues) and representatives
from organizations, such as Saab, SwAF and FMV, related to this research.
In order to identify common features related to the information logistics of
complex technical systems, e.g. aircraft, from a maintenance perspective, literature studies of relevant generic theories domains and case studies related
to the selected application domain, i.e. military aviation, have been conducted
(for details see Chapters 2 ¶7KHRUHWLFDO)UDPHZRUN·DQG3 ¶5HVHDUFK0HWKRdRORJ\· 
Modern military aircraft are considered as a critical case that is representative
for other complex technical systems and their maintenance. Hence, it is believed that the findings from this research are applicable within other similar
application domains, but some adaption and alignment of the results to any
specific application domain will likely be needed. However, if it is possible to
solve problems within military aviation, these solutions should be able to
solve problems within other application domains as well.
When dealing with the establishment of an eMaintenance solution it is important to create an understanding of what eMaintenance represents and its extent. In order to achieve an understanding of eMaintenance, many of the ongoing academic and industrial efforts have been reviewed by means of a literature study.
It has been noted that eMaintenance has been described from several different perspectives. To provide a holistic overview, a definition is provided. This
is based on the essence of its ultimate objective, i.e. the provision of right in-
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formation in right time to the actors of the maintenance process through establishment of information logistics. However, the establishment of information logistics related to maintenance requires appropriate technologies (e.g.
hardware and software) and methodologies for development.
The proposed definition of eMaintenance has been validated through examination against some of the existing information sources and parties involved
in the project. Further, the concept of similar application-related phenomena,
such as eHealth and eBusiness, has also been studied to create an understanding and comparison model for what is relevant and should be included in
eMaintenance. In addition, general aspects related to generic ICT-based solutions, e.g. architecture and content structure, have been considered in order to
bring more clarity into the description and its extent.

7.2 Discussion of Results Related to RQ 2
The provision of an eMaintenance solution is highly dependent on technological and methodological support. In order to develop such a solution, a
main prerequisite is an understanding of the nature of eMaintenance from a
conceptual perspective. Furthermore, to achieve effectiveness and efficiency
in the development process, it is essential to utilize proper technological and
methodological support.
In this research some of the existing technological and practical efforts that
are applicable for the provision of eMaintenance have been studied. The focus within this context has been on methodological and architectural aspects
related to the establishment of information logistics for maintenance purposes. The prime reason for this is that it is believed that softwarearchitecture, including its related infrastructure, and aspects related to content management (e.g. format, structure and ontology) are two fundamental
issues that need to be addressed when dealing with information logistics. The
author is aware of the importance of communication-related aspects in this
context, and has therefore considered this issue from a service integration
perspective related to software. However, issues related to, for example, service instantiation, formatting and packaging of messages and data, sending
and receiving messages (synchronously and asynchronously) are not covered
in this research even though some of these issues have been mentioned.
It is widely accepted that the establishment of an ICT platform can be more
effective by using a framework, since it can provide a structured set of concepts, models, guidelines and technologies. Hence, in this research a framework that addresses the development of eMaintenance solutions has been
proposed (see Chapter 6 ¶5HVXOWV· 
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It is noted that there is a need for a framework, developed from a maintenance perspective, which facilitates the establishment of an eMaintenance
platform by the provision of a structured set of concepts, models, guidelines
and technologies. This will also help to view and understand the concept of
eMaintenance.
It has been noted that there exist technologies that are applicable to, and support, the development of eMaintenance solutions. However, these need to be
tailored and adapted to the context of maintenance.
The constitution of the proposed framework has been validated through activities conducted within the project. The validation has been conducted
mainly through discussions with involved parties and the prototype development process. In order to validate the service identification process that is
proposed within the eMMF, a number of discussions, interviews and workshops, have been conducted. The results from these activities have been compiled and documented in project internal documents. Thereafter, based on the
compiled results, proposals to the representative support-service-candidates
have been formulated. The proposals have been discussed with the involved
parties and one has been selected. The criteria for the selection have been several, such as current customer needs, time aspect, technical prerequisites and
JHQHUDOLW\ RI WKH VHUYLFH·V FKDUDFWHULVWLFV The selected service has then been
used to validate the structure of the eMP.
,QRUGHUWRYDOLGDWHWKHH03·VVWUXFWXUHDSURWRW\SHKDVEHHQGHYHORSHG7KH
proWRW\SH·VLQKHUHQWVHUYLFHVWUXFWXUHLVLPSOHPHQWHGWRUHIOHFWWKHSURSRVHG
structure in the eMP. It also exposes a variety of usage scenarios through different interfaces that invoke the same collection of information services but
tailor them to the specific scenario. This implementation is used to explore
and demonstrate the strengths of SOA. The public interfaces of the information services in the prototype have been developed based on a single technology, i.e. Web services. This means that the services communicate via Hypertext Transfer Protocol (HTTP) and the messages between services are packaged according to Simple Object Access Protocol (SOAP).Since the maintenance plan related to a complex technical system contains information that
has relevance in all phases of the maintenance process and is also used by
several types of actors in various contexts, it has been selected for the development of information services in the prototype.

7.3 Discussion of Results Related to RQ 3
When developing an eMaintenance solution, the selection of information services that have high impact is important. To achieve this, there is a need to
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pinpoint the areas that are significant with respect to critical Measures of Effectiveness (MoE). One way of providing this is through simulation of different support solutions related to the system-of-interest.
In this research, a methodology based on Design of Experiment (DoE) principles is provided. The proposed methodology is multi-factorial and considers
variation in multiple parameters (input variables) within each simulation.
Through analysis of results from a set of runs, areas with significant impact
on important MoE can be identified. Thereafter, the process of development
of related information services can be initiated.
The design of a multi-factorial set of runs can be time-consuming depending
on the number of factors. However, to solve this problem there are effective
DoE principles available, e.g. fractional and fold-over designs. Furthermore,
other parameters such as the description of the structure of the system-ofinterest (e.g. number of inherent items), the operation profile and constitution
of logistic support (e.g. maintenance organization, spare-parts management
and stock) also have affect on the run-time for each experiment. Hence, the
proposed methodology combines DoE principles with simulations supported
by software tools.
The proposed methodology is tested by a limited, but realistic model of an
aircraft system and its support environment. However, it is believed that the
proposed methodology, which is based on DoE, and its related toolbox also
can be applied to estimate costs of a system from a life cycle perspective. This
quantitative approach is also a complement to the qualitative approach,
founded on the service and process orientation, that has been used in the research.
It is believed that the methodologies are applicable to any complex technical
system, but the choice of tools for implementation of the phases needs to be
adapted to the specific context.

7.4 Research Contribution
The establishment of information logistics related to maintenance of complex
technical systems is highly dependent on an increased utilization of ICT,
which can be realised as an eMaintenance solution. This establishment can be
facilitated by the use of structured means, such as frameworks, methodologies, patterns and best practices.
This research provides the following contributions as support to the development of effective eMaintenance solutions related to complex technical systems, which correspond to the stated research questions:
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RQ 1.

A description and definition of eMaintenance, which enables an understanding that is necessary when the development of an eMaintenance solution is planned within an organization.

RQ 2.

An eMaintenance Management Framework (eMMF) that supports a
service-oriented development of eMaintenance solutions. Such a
framework is one main prerequisite to increase the effectiveness of
the establishment of eMaintenance solutions.

RQ 3.

A methodology with a supporting toolbox that facilitates the identification of maintenance support information services enabled
through ICT-applications. This identification and estimation of the
impacts of ICT-applications on the system-of-LQWHUHVW·VFULWLFDOPHDsures of effectiveness is essential when eMaintenance solutions are
developed. The proposed methodology is based on a quantitative
approach, which is considered as complementary approach that can
be combined with a more qualitative approach based on the proposed process and service perspective.
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8 Conclusions
In order to achieve the stated objective three research questions have been posed. Findings related to these are concluded in this chapter.

8.1 Conclusions Related to RQ 1
The first research question of this research was stated as: what are the characteristics of eMaintenance related to complex technical systems from a serviceoriented perspective?
The objective of RQ 1 is to define a context for eMaintenance in which related
problems can be identified and solutions can be developed.
It can be concluded that several different descriptions of eMaintenance exist
(see Chapter 2 ¶7KHRUHWLFDO)UDPHZRUN¶ ,QWKLVUHVHDUFKit is defined as: the
part of maintenance support that ensures that the maintenance process is
aligned with the operation and modification processes to obtain business objectives, through proper information logistics by Information & Communication Technology (ICT) utilization and provision of information services.
Hence, eMaintenance represents the part of information logistics that deals
with maintenance-related information. However, its characteristics in relation
to complex technical systems, i.e. the system-of-interest, reflect the characteristics of the system-of-interest, therefore the constitution of an eMaintenance
solution should be designed and developed to support the requirements on
the system-of-interest. During this research some common characteristics of
complex technical systems have been identified. One characteristic is that
such systems have a long life cycle, e.g. more than 25 years. During such a
ORQJ WLPH VSDQ IXQGDPHQWDO SDUDPHWHUV HJ VWDNHKROGHUV· UHTXLUements on
the system and related technologies, will change. Another characteristic is
that these systems have a highly complex configuration, since they are often a
composition of a large number of heterogeneous items with varied life cycles.
Furthermore, these systems normally have a large number of involved actors
WKDWLQWHUDFWZLWKWKHV\VWHP7KHDFWRUV·LQWHUDFWLRQVZLWKWKHV\VWHPDUHRften highly heterogeneous and can be quite unpredictable due to the large variety of functions that such systems can provide. In addition, these systems
are often managed by several simultaneous life cycle processes, e.g. enterprise processes, project processes and technical processes (for detail see
ISO/IEC, 2008). However, these characteristics of the system-of-interest bring
some constraints on the enabling-systems, e.g. requirements related to information management and the support information system.
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From an information management perspective these characteristics bring additional complexity when dealing with the provision of information logistics
related to maintenance. One of these complexities is related to the management of heterogeneous content and context, due to the large number of editions and versions of items within the system-of-interest. Another is the provision of information services with a high level of autonomy, since the degree
of autonomy of items in the system-of-interest might be high. An additional
complexity is to provide information related to changes in the system-ofinterest (and also enabling-systems) properly so that its accuracy in any specific time space can be assured. However, in order to support the system-ofinterest effectively an eMaintenance solution related to complex technical systems needs to provide a set of flexible, interconnected support information
services.

8.2 Conclusions Related to RQ 2
The second research question was formulated as: how can a service-oriented
eMaintenance solution as support to complex technical systems be developed?
The objective of RQ2 is to explore how a solution for information logistics related to complex technical systems can be developed.
An eMaintenance solution related to complex technical systems needs to provide the actors within the maintenance process such functionality so that they
will be able to perform required tasks in accordance with the business objectives. Since the state of the maintenance process is changing continuously,
due to the changes in the business process and WKHFXVWRPHUV·QHHGVWKHVXpporting information services also need to provide a necessary level of flexibility and adaptability. To achieve this, it is essential to adapt an appropriate
architecture for the development of an eMaintenance solution.
A Service-Orientation Architecture (SOA) facilitates the process of exposing
business logic implemented in computer software between the service provider and service consumer. SOA provides an architectural approach that enables the provision of total service solutions with a homogeneous and business-adapted front-end to the actors within a process. SOA emphasizes the
delivery of composite applications, consisting of loosely coupled orchestrated
components. SOA-related technologies, e.g. Web services, enable provision of
solutions in accordance with a service-oriented approach.
An eMaintenance solution needs to provide the actors involved in the maintenance process functionality that enables them to produce and consume
right and accurate maintenance-related information in right time adapted to
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the right actual maintenance context. The information related to a certain context might be produced and consumed within any of a number of stages of a
V\VWHP·V OLIHF\FOH ,QPDQ\HQWHUSULVHVWKHPDLQWHQDQFH-related information
is managed through domain-specific applications (e.g. design-related applications, operation-related application and maintenance-related applications).
However, in order to increase information availability and facilitate the decision-making process within maintenance, this information needs to be exposed to the actors within the maintenance process through a harmonized
context-based information-driven interface. To achieve this state there is a
need to interconnect the existing applications. There are several approaches
that can be utilized to achieve an interconnection of applications, e.g. at data
level and at object level (i.e. application logic and related data). SOA enables
eMaintenance solutions with application interconnectivity at object-level.
This is important to minimize redundancy of application logic and data
within an eMaintenance solution. Furthermore, SOA also emphasizes loose
coupling of components (i.e. services). This enables eMaintenance solutions
to increase reliability and flexibility, since it is less complex to replace a
loosely coupled service with another or to increase instances of a service in
order to achieve increased reliability and performance. In addition, SOAenabled technologies, such as Web services and XML, facilitate the re-use of
existing applications, since they can be applied as a layer upon the existing
objects. The ability to re-use existing applications and investment is essential
when introducing an eMaintenance solution in an enterprise. Therefore, it can
be concluded that SOA benefits enterprises by the enablement of agility, reusability and flexibility into the development of ICT-based applications.
Hence, SOA is a proper architecture for development of eMaintenance solutions. SOA provides a generic architecture regardless of the characteristics
related to a specific application domain, e.g. maintenance.

8.3 Conclusions Related to RQ 3
The third research question was formulated as: how can maintenance support
information services related to complex technical systems be identified? The
objective of RQ3 is to propose how appropriate means can be used to facilitate the development of maintenance support information services related to
complex technical systems.
Firstly, in order to develop maintenance support information services, it is
essential to identify information services that have significant effects. This
process of service identification can be approached through both qualitative
and quantitative approaches.
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One qualitative way of identifying needed maintenance support information
services are to apply a process mapping methodology supported by the process map tool. This can be achieved by the organization of workshops, interviews or observations. It is also beneficial to perform these activities together
with multiple actors and organisations to get a multifaceted understanding of
the complex context and pinpoint services that have synergetic effects and
large impacts. This qualitative approach has been applied in this research, see
Papers II, III & V.
To apply a quantitative approach to service identification there is a need for a
proper methodology that can be utilized to estimate the effect of a service on
the critical Measures of Effectiveness (MoE) of the system-of-interest. One
approach to achieve this is to apply multi-factorial simulations that are based
on Design of Experiment (DoE) principles and supported by computerised
tools. In this research a methodology and related toolbox have been developed to facilitate the procedure of selecting information services. DoE principles are also believed to support the optimisation of identified services, which
is not covered in the present research, see Paper VI.
Secondly, when a service is selected based on its estimated impact through a
quantitative, qualitative or a combined approach, there is a need for tools that
facilitate the development of a service. In this research an eMaintenance
Management Framework (eMMF), has been developed to address this issue
(see Chapter 6 ¶5HVXOWV·IRUPRUHGHWDLOV 

8.4 Further Research
During the progress of this research, several interesting research scopes have
emerged. However, it has not been possible to pursue all of these within the
research presented in this thesis. Hence, in this section some of these scopes
are presented as suggestions for further research.
One interesting area for further research is an enhancement of the proposed
eMMF. The proposed framework is partially evaluated through a prototype
development that focuses on the implementation of some services relevant in
the context of Swedish military aircraft maintenance. The evaluation focused
on the Processes component of the framework, while components such as
Repositories and Roles were excluded. However, these excluded components
are believed to be essential, and should therefore be included in an extended
evaluation of the framework. One extension could be to deploy the developed prototype services for use at Saab and the aircraft users. To further validate the framework, it should be evaluated in the context of some other complex technical systems, e.g. within the transportation or process industries.
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This can hopefully be achieved within the frame of the project that this research has been closely connected to. The reason is that the project will end in
the first quarter of 2009, with a possible extension with up to three years in
cooperation with Saab Aerotech within the frame of the fifth Swedish National Aeronautics Research Programme (NFFP). This research has also generated research proposals with focus on information logistics within the railway sector.
Another appealing area for further research is the development of a concept
for an adaptive maintenance plan. The management of maintenance activities
is highly dependent on information collected during the process of Logistic
Support Analysis (LSA). The result of LSA is reflected in a number of artefacts, e.g. maintenance plan, technical documents and software support.
Within the utilization phases of a system these artefacts constitute important
support to the maintenance process. Furthermore, the information provided
through these artefacts is based on several sources, e.g. design data, experiences and operational data. When dealing with complex technical systems
with long life cycles, e.g. military aircraft, there is a need for continuous improvement of the maintenance process. One essential challenge in this context
is to balance the maintenance, modification and operational efforts to achieve
optimal system effectiveness. Hence, this can be performed by modification
of the system design (e.g. design out maintenance and design for maintenance). It can also be achieved by a continuous re-evaluation of the maintenance needs and immediate adaptation to current operational needs and
available support resources. A central source of information for maintenance
DFWRUVLVWKHV\VWHP·s maintenance plan. Hence, the latter approach addresses
the potential for improvement of the information provided through the maintenance plan through application of eMaintenance, to enable a synchronization of data related to the technical system, its support system and its users.
However, one major challenge in this context, which provides scope for further research, is the adaptation of the maintenance plan to a dynamic context
that is based on system, support and user data. This research area may also
soon be a reality since Saab Aerotech has submitted an application to the
Swedish Defence Material Administration (Försvarets MaterielVerk, FMV)
concerning dynamic maintenance plans.
An additional suggestion for further research is the evolution of eMaintenance into iMaintenance. The utilization of Information & Communication
Technology (ICT) contributes to an enhancement of information logistics related to maintenance, i.e. eMaintenance. The main purpose of eMaintenance
is the provision of right information to right actor in right time and based on
the current context. This information is aimed to support and facilitate the
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decision-making process of the targeted actor. However, it should be noted
that a reduced number of decisions also facilitates the decision-making process. One way to reduce the number of decisions is to increase the intelligence
in the system so that it can produce decisions based on available data. This
will extend the concept of eMaintenance, which principally focuses on the
provision of information, to a dimension with focus on the provision of deciVLRQV 7KLV QHZ FRQFHSW FDQ SHUKDSV EH FDOOHG L0DLQWHQDQFH ZKHUH ¶L· LV DQ
abbreviaWLRQ IRU ¶LQWHOOLJHQW· Further research in this area can focus on the
prerequisites for design and development of intelligent ICT-services (iServices). Since one of the important factors that affects the decision-making
process is the context where a decision is produced, the concept of iMaintenance needs to explore how aspects of context-awareness and situationawareness can be described and implemented in iServices.
This research has also generated several other research proposals in the domains of eMaintenance and iMaintenance. One example is the proposal that
has been developed together with Kemi University with focus on innovative
eMaintenance services within the process industry. Another is the proposal
that focuses on the reduction of No Fault Found (NFF) events by integration
of different maintenance echelons through enhanced utilization of ICTenabled information services, which has been submitted by Saab Aerotech to
FMV. Furthermore, an additional application has been submitted to the
Swedish Foundation for Strategic Research (SSF). This also focuses on the
NFF phenomenon and aims at the development of ICT-based information
services that can reduce the number of NFF events, which in turn leads to increased safety, dependability and cost effectiveness.
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Application of Information and Communication Technology for
Maintenance Support Information Services:
Transferring experiences from an eHealth Solution in Sweden
Ramin Karim and Peter Söderholm
Division of Operation & Maintenance Engineering,
Centre for Maintenance & Industrial Services,
Luleå University of Technology, SE-971 87 Luleå, Sweden

Abstract
Purpose - The purpose of this paper is to explore the transferability of ICT-solutions for providing support
information services from eHealth to eMaintenance.
Design/methodology/approach - The applied research approach was a single-case study supported by a
literature study. Empirical data was collected through documents, observations and interviews. The
conclusions of the study were verified by key informants.
Findings - The study indicates some major problems that have to be overcome when implementing support
information services using an ICT-solution (e.g. to manage heterogeneous organizations; manage
heterogeneous eService-environments; and enable context and situation awareness in eServices). Further,
the study has identified and graded some solutions, which address these problems and are transferable from
eHealth to eMaintenance.
Research limitations/implications - In order to support an analytical validation of the findings of this
study, a similar case study has to be performed. +RZHYHU WKH DXWKRUV¶ H[SHULHQFH IURP WKH DHURVSDFH
industry indicates that many of the problems and solutions within eHealth are common to other application
domains (e.g. eMaintenance within aerospace).
Practical implications - The studied case is in the forefront of eHealth solutions and can therefore act as
guidance for those involved at different stages of eHealth implementation. At the same time, eHealth is an
application domain with stringent safety and security requirements, which makes the findings valuable for
persons involved in support information services related to complex and critical technical systems, e.g.
aircraft systems.
Originality/value of paper - This paper reports on experiences from an actual eHealth solution and not
just about the concept of eHealth. Hence, the paper has implications for both practitioners and researchers,
as discussed above.
Keywords eHealth, Information & Communication Technology (ICT), support information service,
eMaintenance, maintenance support, transferability
Paper type Research paper/Case study
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eMaintenance and support information services

Maintenance is the combination of all technical and administrative actions, including supervision, intended
to retain an item in, or restore it to, a state in which it can perform a required function (IEC, 1990).
Maintenance may be seen as a process that PRQLWRUV D WHFKQLFDO V\VWHP¶V FDSDELOLW\ WR GHOLYHU VHUYLFHV
records problems for analysis, takes corrective, adaptive, perfective, and preventive actions and confirms
restored capability (ISO/IEC, 2008). The purpose of the maintenance process is to sustain the capability of
a system to provide a service (ISO/IEC, 2008). A generic maintenance process consists of phases for
management, support planning, preparation, execution, assessment and improvement (IEC, 2004). Hence,
maintenance is multidisciplinary and involves a wide range of roles, such as managers, process owners,
maintenance technicians, maintenance planners and logistic managers. Consequently, to be efficient and
effective, the maintenance process should be horizontally aligned with the operation and modification
processes and vertically aligned with the requirements of external stakeholders (Liyanange & Kumar, 2003;
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Söderholm et al., 2007). Maintenance support refers to all resources (including documentation, information,
information systems, personnel, support equipment, materials, spare parts and facilities) required to
maintain an item under a given maintenance concept and guided by a maintenance policy (IEC, 2004).
In order to harvest the potential benefits of maintenance and avoid its associated risks, it is essential to
manage maintenance-related information properly. This is a great challenge since necessary information is
often hidden in vast data, stored for other purposes, at different places, in different formats, and generated
throughout the whole life cycle of a system (Tsang, 2002; Candell & Söderholm, 2006). Due to this
challenging information context, the development of Information & Communication Technology (ICT)
contributed in the early 2000s to the emergence of eMaintenance, which today is a common term in
maintenance-related literature (Muller et al., 2008). However, there are different views of what
eMaintenance actually is. Some consider eMaintenance as a maintenance strategy, where tasks are
managed electronically by the use of real-time item data obtained through digital technologies such as
mobile devices, remote sensing, condition monitoring, knowledge engineering, telecommunications and
internet technologies (Tsang, 2002). Others view eMaintenance as a support to execute a proactive
maintenance decision process (Muller et al., 2008). Another view is that eMaintenance should be
considered as a model that enhances efficiency of maintenance activities by applying ICT for the provision
of information (Tsang, 2002). eMaintenance is also viewed as a predictive maintenance system that
provides monitoring and predictive prognostic functions (Koc & Lee 2001; Parida & Kumar, 2004). In this
last view, eMaintenance is seen as a support to eOperation through remote diagnostics and asset
management, but also simulation for optimization and decision-making in a specific organizational
eBusiness scenario. In this paper, eMaintenance is seen as the application of ICT for remote maintenance
and the representation of the physical world in a digital model that aims at supplying tailored information
as decision-support regarding appropriate maintenance activities for all stakeholders independent of time,
geographical location, or organizational belonging. Hence, the eMaintenance approach is not limited to the
management of condition monitoring data, any explicit technological solution, or any specific support
service solution.
In a provider and consumer relationship, the term eMaintenance may be seen as the provision of
maintenance support services remotely with the aid of ICT. A service may be defined as: a set of functions
offered to a user by an organization (IEC, 1990). One example of a remote support service is remote
maintenance, i.e. maintenance of an item performed without physical access of the personnel (IEC, 1990).
The problem to achieve high availability of good quality and timely data captured by various computerized
systems in supplier, user and service-provider organizations is exacerbated in organizations that cover large
geographical areas, e.g. public utilities and transportation (Tsang, 2002).
One illustrative example of this difficulty is the aviation industry, which deals with highly complex and
critical systems with long life cycles and stringent stakeholder requirements. The reason is that the
information is linked to every stage of aQDLUFUDIW¶V life cycle. This life cycle can span several decades (e.g.
25-30 years for a modern aircraft), involve a large number of organizations, and cover a wide collection of
heterogeneous information sources. One major challenge for the support provider is to merge all the
stakeholdeUV¶ FXVWRPHU XVHU LQGXVWU\ SDUWQHUV DQG VXSSOLHUV  UHTXLUHPHQWV IRU LQIRUPDWLRQ DQG GHOLYHU
efficient and tailored support for decision-making. This difficulty contributes to data overload and
information islands, which may lead to reduced system effectiveness caused by, e.g. accidents, incidents
and No Fault Found (NFF) events. (Candell & Söderholm, 2006; Candell & Karim, 2008)
One example of a civil aircraft that will include on-board technologies that support an eMaintenance
solution is Boeing-787, ZKLFKZLOOEHFHUWLILHGGXULQJ7KHDLUFUDIW¶VRQ-board technologies will also
be integrated with off-board technologies within the support system. Another similar example is the
intelligent software Airman, which is provided by Airbus. This software can connect the different sources
of maintenance information in a seamless manner and also provide tailored information to different
stakeholders. Within military aviation, the Joint Strike Fighter (JSF) programme is one example where onboard and off-board technologies are integrated to achieve an autonomic logistics system. Another military
example is the Maintenance Work Station (MWS) efforts connected to the Swedish multi-role military
aircraft JAS 39 Gripen.
Considering the description of maintenance and eMaintenance given above, it can be concluded that the
efforts made by the aerospace industry aim at improved safety, dependability and Life Cycle Cost (LCC).
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This aim is to be achieved in the utilization and support stage of the DLUFUDIW¶V life cycle through a balance
of operation, maintenance and modification efforts. This balance is based on equal consideration of the
WHFKQLFDO V\VWHP¶V FRQGLWLRQ WKH DFWXDO OHYHO RI VXSSRUW UHVRXUFHV DQG FXUUHQW RSHUDWLRQDO UHTXLUHPHQWV
Hence, the intent is to have risk-based operation and support. This is enabled through new and innovative
technology, e.g. ICT. However, one major challenge to achieve this desirable state is to identify valuable
maintenance support services that are based on information needs and realized through ICT (Söderholm,
2004; Karim et al., 2008a; 2008b).
To facilitate the provision of maintenance-related information and the establishment of an eMaintenance
solution, it is believed that solution principles applied to similar problem domains can be embraced. Hence,
the purpose of this paper is to explore the transferability of ICT-solutions for providing support information
services from eHealth to eMaintenance.

2

Study approach

The study presented in this paper is related to the project eMaintenance 24-7, the purpose of which is to
study, evaluate, and adapt eMaintenance solutions in order to increase availability performance and reduce
operation and maintenance costs for geographically distributed aircraft systems (Candell, 2005).
The Norrbotten County Council in Northern Sweden (Norrbottens Läns Landsting, NLL) was chosen as
one of the cases to study within the frame of the project. The reason is that NLL has both a national and
international reputation for consciously investing in research, development, and implementation of remote
support services.
Empirical data was collected through interviews, documents and observations. The collection was guided
by questionnaires designed to address the following focus areas: overarching definitions and outlook of the
domain; ICT support to the related process; ICT platform including services, architecture and
infrastructure; data provisioning; and enterprise application integration. The pattern for each focus area
addresses: current status; current problem domains; deployed solutions; and strategies for improvements.
For further details about the questionnaire, see Karim & Söderholm (2006). The findings of the case study
were verified by key informants. The transferability of support information services from eHealth to
eMaintenance has been estimated in two different ways. The first estimation was related to the identified
eHealth services¶ applicability to the phases of a generic maintenance process (see Table 1). The other
estimation was related to the degree of transferability of the identified eHealth solutions to the
eMaintenance domain (see Table 2).
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eHealth

Like eMaintenance, the term eHealth is not distinctly defined. Eysenbach (2001) defines eHealth as an
emerging field in the intersection of business, medical informatics, and public health, referring to health
services and information delivered or enhanced through the internet and related technologies. He also
emphasizes that eHealth characterizes not only a technical development, but also a state-of-mind, a way of
thinking, an attitude, and a global approach to improving health by using ICT. Pagliari et al. (2005) review
eHealth and conclude that it demonstrates a broad variation of alternative conceptualizations. Nevertheless,
they conclude that most of these eHealth conceptualizations address medical informatics applications for
facilitating the management and delivery of healthcare. This includes services such as: distribution of
health-related information, exchange and storage of clinical data, communication between different
professions, computer-aided support, interaction between patient and health provider, education, health
service management, health communities and telemedicine (Pagliari et al., 2005).
By studying the usage of eHealth in different applications, some important characteristics of eHealth can be
identified. The eHealth Initiative (EHI) is an organization in the USA that was created to serve as a forum
for the discussion of policy issues relevant to the application of technology as a support to health. The
mission of EHI is to drive improvements in the quality, safety and efficiency of healthcare through ICT.
EHI has the vision that consumers, healthcare providers and those responsible for population health will
have ready access to timely, relevant, reliable and secure information and services through an
interconnected, electronic health information infrastructure to support better health and healthcare. (EHI,
2006)

3

According to the European Commission (EC), eHealth refers to the use of modern ICT to meet the needs of
citizens, patients, healthcare professionals, healthcare providers and policy makers (EC, 2003). EC has also
described eHealth as the application of ICT across the whole range of functions that affect the health sector,
from the doctor to the hospital manager, via nurses, data processing specialists, social security
administrators and the patients (EIS, 2005).
The Swedish Ministry of Health and Social Affairs (SMHSA) has the vision that eHealth will, through the
use of appropriate ICT-based tools, help to ensure that all patients receive adequate, safe, secure healthcare
and good-quality service. Furthermore, care professionals are expected to be able to devote time to patients
and adapt care provision to individual needs (SMHSA, 2006). This view of eHealth is applied by the
Norrbotten County Council, which is the case described in this paper.
By reviewing the statements above, some characteristics of the term eHealth become crystallized. One is
that eHealth is directly connected to the use of ICT within the health sector. The main purpose of using
ICT-tools is to facilitate the process of providing care and health services between service providers (e.g.
doctors and nurses) and service consumers (e.g. patients or other service providers, like clinics and
hospitals). These services might have dLIIHUHQWSXUSRVHVGHSHQGLQJRQWKHVHUYLFHFRQVXPHU¶VUHTXLUHPHQWs
and the context in which the service is invoked. For example, a service can be invoked to fulfil a functional
requirement of access to decision-support information relevant in a certain context. However, the service
might also be invoked to fulfil a non-functional requirement related to, e.g. safety, stress and vicinity.
Another characteristic that can be observed is that the current definition of eHealth, which has been used
since the late 1990s, is not limited to a specific technology. However, terms such as Telemedicine and
TeleHealth seem to be limited to a specific technology, i.e. telecommunication. This means that eHealth
covers the broader area of ICT-usage in general. The term ICT includes and focuses on not only
technological improvement, but also improvement of aspects such as organization, human interaction,
psychology, and man-and-machine interaction.
Hence, eHealth and eMaintenance seem to share many characteristics. For example, in a supplier and
customer relationship, both approaches can apply ICT for remote support information services. The driving
forces for this application are probably also shared. The difference is the specific application domain and its
stakeholders.
Stakeholder requirements are expressed in terms of the needs, wants, desires, expectations, and perceived
constraints of identified stakeholders. The requirements are expressed in terms of a model that may be
textual or formal, that concentrates on system purpose and behaviour, and that is described in the context of
the operational environment and conditions (ISO/IEC, 2008). As described earlier, the stakeholders of
eHealth services are not only the patients and care providers (e.g. clinics and hospitals), but also other
actors, such as insurance companies, pharmacies, municipal healthcare units, primary care, and social
VHUYLFHV ,W FDQ EH QRWLFHG WKDW WKH VWDNHKROGHUV¶ QHHGV DQG UHTXLUHPents for an eHealth platform can
probably vary widely, not only because of their interest and involvement in the care process, but also due to
regulations and legal aspects.
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An eHealth solution in Sweden

Norrbotten County Council is responsible for primary care in the County of Norrbotten. Norrbotten is a
sparsely populated county with about 10 persons per km2 (257,000 persons in 26,671 km2), even though the
majority is concentrated to two cities. The healthcare function is offered by 30 district clinics and five
hospitals are coordinated so that they complement each other in terms of resources, organization and
specialization. There is one main regional hospital for the whole county that functions as a centre of
excellence for healthcare in Norrbotten. (NLL, 2003)
Norrbotten County Council has pinpointed eHealth as a growth area, which is strategically important for
the region and has huge growth potential. There are several motives for investing in eHealth. One of these
is the current trend in the health sector; which aims at a decentralization of care services in order to perform
care services as close as possible to the patient, e.g. care-service-at-home. Another motive is the regional
growth perspective, which emphasizes that an increased development of products and services for an
international market will affect regional growth in Norrbotten. (NLL, 2006)
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It can be seen that the reasons given above indicate some underlying causes. There is a need to reform the
care-providing process, in order to increase its efficiency regarding cost, performance, quality, and
DYDLODELOLW\$GHFHQWUDOL]HGPRGHOZLWKQRGHVWKDWLQFOXGHKRVSLWDOVFOLQLFVDQGWKHSDWLHQWV¶KRPHLVWKH
current trend. It can also be noted that there is a state of dependence between the service provider and the
service consumers ZKLFKPHDQVWKDWWKHSURYLGHU¶VJURZWKLVGHSHQGHQWRQWKHFRQVXPHUV¶JURZWK. This
dependence VKRXOGEHFRQVLGHUHGLQWKHSURYLGHU¶VJURZWKVWUDWHJ\7KHUHJLRQDOJURZWKRI1RUUERWWHQLV
therefore considered in Norrbotten &RXQW\&RXQFLO¶VeHealth programme.
The Norrbotten &RXQW\&RXQFLO¶VeHealth programme refers to a collection of projects and activities that
are running with a common vision, which is to offer citizens (the population of Norrbotten County) high
quality care services regardless of geographical location and time considerations. Some goals of these
projects are; to facilitate communication between care provider and care consumer, to reduce the costs for
providing care services, to facilitate the organization of a flexible care service, and to help regional growth
by stimulating research and the market within the eHealth domain. One of the most important purposes of
the Regional Growth Programme eHealth is to create an innovative culture for eHealth that shows
FRQVLGHUDWLRQ IRU SDWLHQW QHHGV FDUH SHUVRQQHO DQG WKH KHDOWK VHFWRU¶V SUHVXPSWLRQV E\ GHYHORSLQJ
products and services based on documented requirements. (RTP, 2005)
4.1

Problem domains

During the case study, some major problems related to the application of ICT in the health sector were
identified based on the experiences from eMaintenance within aviation. These problem situations have
been categorized into some generic problem domains that are shared by the two application domains. The
identified problem domains are briefly described below. In WKLV FRQWH[W WKH WHUP µH6HUYLFH¶ UHIHUV WR D
generic support information service that is realized through ICT.
x

Plan eService resources; refers to the complexity of resource planning, including hardware, software
and personnel, to provide an eService.

x

Management of interaction and interactivity of eServices; addresses importance and complexity in the
DGDSWDELOLW\RIDQH6HUYLFH¶VFDSDELOLW\WR manage different interaction types, e.g. human-artefact and
artefact-artefact, and its ability to respond to an action or event.

x

Enablement of configuration awareness in eServices; addresses the challenges to enable eServices that
are aware of the current configuration of the system-of-interest and also have the ability to deliver and
evaluate information about valid configuration.

x

Management of heterogeneous organizations; addresses the complexity in the management of
organization heterogeneity regarding structure, geographical locations, etc.

x

Management of heterogeneous eService-environments; addresses coordination and management of
ICT-environments with respect to heterogeneity in technology, architecture, compatibility, openness,
etc.

x

Integration of enterprise applications; addresses complexity in the integration of enterprise
applications seamlessly and smoothly without the creation of integration-islands.

x

Management of documentation and archiving; refers to challenges in coordination, correlation,
management, maintenance of documents produced during different stages of an eService¶V life cycle.

x

Management of life cycle stages of eServices; refers to life cycle management of an eService
throughout the whole life cycle of the system-of-interest (e.g. patient or aircraft).

x

Alignment and structure of content format; addresses the need to provide and align ontology,
taxonomy and format for storing, archiving and exchange of content within and between eServices.

x

Enablement of context and situation awareness in eServices; refers to the importance of enabling
context and situation awareness in the eServices to increase their usability.
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x

Enablement of integration capability across multi-platform and technologies in eServices; refers to the
complexity of providing enterprise eService based on existing and new applications through an
increased integration-capability of the eService.

x

Establishment of an overarching architecture for development of eServices; emphasizes the need to
establish an overarching architecture for eService development, which is aligned with the overall
business objectives strategies.

x

Establishment of the eServices¶ maintenance process; refers the importance of considering the
maintenance of eService and to integrate this into the eService development-process.

4.2

Solution domains

In order to manage the problem domains within health, there are three prioritized focus areas identified in
WKHFRXQFLO¶VHQWHUSULVHSODQGRFXPHQW(RTP, 2005):
x

Distance consultation and treatment by means of ICT-based tools. This area deals with the
development of interactive video aids and treatment methodologies. Additional efforts are put into the
assessment, monitoring and help in the home to patients. Further efforts are also put into mobile
consulting via remote-medicine monitoring, and a platform for interactive distance consulting.

x

Improvement of collaboration and information flow in care chains. This area deals with not only
technical platforms for distance monitoring and systematic development of care in the home, but also
network-based information platforms for healthcare and social care.

x

More efficient and secure methodologies for need analysis in order to develop and provide required
products and services. This area deals with aspects such as needs analysis in nursing, healthcare and
medical care, with a focus on methodology development and case studies for services and products for
innovation systems within eHealth.

One of the main strategy principles that Norrbotten County Council has chosen to implement an eHealth
infrastructure is that all healthcare services in the futXUHZLOOEHEDVHGRQWKHSDWLHQWV¶QHHGVLQVWHDGRIWKH
traditional organization of healthcare institutions, see Figure 1. This is a completely new view, which
requires a generic information object that can encapsulate patient data, at the same time as all services
provided by the integrated software must be able to manage this object in an appropriate manner.

Figure 1. Healthcare and medical care in the future

One central building block in the eHealth solution is VAS (VårdAdministrativt System), which is an
information system that has been developed and is owned by Norrbotten County Council. The main goal of
VAS is to facilitate and improve administrative work at district health centres and hospitals. The system
was introduced in 1992 and has been improved continuously since its introduction. VAS has now more
than 8,000 users within the county. The system offers a number of functions through a number of services,
some of which are described in Table 1.
To integrate services included in VAS, different tools and technologies have been used. One of these is
Network Based Information Environment (Nätverksbaserad InformationsMiljö, NIM). The main objective
of NIM is to facilitate integration of services by providing a service-oriented distributed architecture. NIM
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utilizes Common Object Request Broker Architecture (Corba); eXtensible Markup Language (XML); and
TCP/IP and UDP/IP as communication protocols. In order to connect a system to NIM, the system has to
be NIM-enabled, which means that the whole system or parts thereof are adapted to the NIM-framework,
see Figure 2. There are also other solutions with a similar purpose, but with fairly different structures and
features.

Figure 2. Architecture of Network Based Information Environment (Nätverksbaserad InformationsMiljö, NIM),
adapted from (BIT, 2006)

It should be noticed that the flexibility provided by the platform is limited to those items that have been
adapted to the platform. This means that the choice of which items can be integrated to a system for a new
business context is limited to those that have already been adapted to the platform. Hence, the flexibility is
somewhat limited. The challenge is to design and implement an integration platform that facilitates
integration with non-adapted items in the same way as those that are adapted.
The concept of NIM was originally developed according to requirements of the Swedish Armed Forces and
its concept of a network-based defence. Hence, since NIM also fulfils the requirements of the health sector,
the belief that eMaintenance and eHealth share both problem and solution domains is strengthened.
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Transferring experiences from eHealth to eMaintenance

One way to estimate the transferability of solutions from eHealth to eMaintenance is to explore the
relevance of health support information services to the phases of a generic maintenance process. The result
of this estimation is depicted in Table 1. The outline of Table 1 is as follow: the first column describes
VAS-inherent support information services, the second column is divided into sub-columns representing
the phases of a generic maintenance process and highlighting which of these phases may benefit from these
services.
Solutions related to one application domain (e.g. eHealth), should be transferable to another application
domain (e.g. eMaintenance) if the problem domains within these are similar. The level of transferability for
a solution in one domain to the other is dependent on the degree of similarity of critical characteristics for
the different problem domains.
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Table 1. Correlation between eHealth support information services and the phases of a generic maintenance
process. MM = Maintenance Management, MSP = Maintenance Support Planning, MP = Maintenance
Preparation, ME = Maintenance Execution, MA = Maintenance Assessment, MI = Maintenance Improvement.

The first column of Table 2 summarizes some challenges related to the provision of support information
services that are relevant for both eMaintenance and eHealth, which also have been described earlier in this
paper. The second column, µ+HDOWKFDUH VXSSRUW LQIRUPDWLRQ VHUYLFHV¶ VKRZV WKH FKDOOHQJHV UHODWHG WR
eHealth. The third column, µMaintenance support information serviceV¶, shows the relevance of the
challenges to eMaintenance. The fourth column, µ&RPPRQ VROXWLRQ WUDQVIHUDELOLW\¶ LQGLFDWHV WR ZKDW
extent an existing solution within eHealth is also transferable to eMaintenance.
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The lowest level of transferability (marked with ), indicates that the existing eHealth solutions are only
transferable at a conceptual level, e.g. as a best practice or pattern. The middle level of transferability
(marked with ), indicates that the existing eHealth solutions are applicable at a conceptual level and that
),
the technology is applicable to eMaintenance. The highest level of transferability (marked with
indicates that the existing eHealth solutions (including concept, technology, hardware and software) are
possible to implement as a turn-key solution.
Table 2. Challenges related to support information services and estimated transferability of corresponding
solutions from eHealth to eMaintenance.
= Transferable at a conceptual level;
= Transferable at a
conceptual and technological level [requires adaption];
= Transferable as-is solution [COTS solution]

The degree of transferability of a solution from one domain WRDQRWKHULVVWURQJO\DIIHFWHGE\WKHVROXWLRQ¶V
degree of uniqueness. Hence, architectural and technological solutions, such as software architectures, data
warehousing strategies, interactivity models, integration models, communication protocols and context
formats, are more generic and therefore more reusable across different application domains.
As illustrated in Table 2, the transferability of the VROXWLRQIRUµ0DQDJLQJLQWHUDFWLRQDnd interactivity of
H6HUYLFHV¶ ZLWKLQ H+HDOWK to eMaintenance is graded at the lowest level. The reason for this is that the
needs of interaction in a scenario of care-provider (e.g. a doctor) and care-consumer (e.g. a patient) is quite
different compared with the scenario of a maintenance service-provider (e.g. field support technician at
echelon 3) and maintenance-service-consumer (e.g. an aircraft). However, WKHVROXWLRQIRUµ(VWDEOLVKLQJDQ
RYHUDUFKLQJ DUFKLWHFWXUH IRU GHYHORSPHQW RI H6HUYLFHV¶ applied within eHealth is probably directly
transferable to eMaintenance. Examples of such solutions are: standards such as those provided by
MIMOSA, ISO, IEC and W3C; architectural approaches such as Service-Oriented Architecture (SOA) and
Event Driven Architecture (EDA); integration approaches such as messaging, hub-stroke and bus; and
technologies such as Remote Method Invocation (RMI), Component Object Model (COM+) and Web
Service.

9

Hence, overarching architectural and technological solutions marked with transferability
(e.g. software
architecture, data warehousing strategies, interactivity model, integration models, communication protocols
and context format) are more generic and therefore more reusable across these domains. On the other hand
(e.g. health management systems and maintenance
process-related solutions marked with transferability
management systems) are specifically designed to fulfil actor-specific needs within a certain domain, and
are therefore less reusable between different application domains.
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Conclusions and discussion

The purpose of this paper is to explore the transferability of ICT-solutions for providing support
information services from eHealth to eMaintenance. The reason is to identify whether common
characteristics exist in the problem domains and if some of the solutions related to support information
services within eHealth can be transferred to eMaintenance. In order to explore the approaches eHealth and
eMaintenance, this paper presents a number of national and international projects and initiatives and their
definitions, objectives, and visions. It can be concluded that both approaches refer, and are directly
connected, to the utilization of ICT to facilitate the process of providing services within each application
domain respectively. This is achieved through the implementation of services for remote communication
between provider and consumer, reduced lead time for geographical movement of personnel, enhanced
resource planning and reduced access time to information. Using the term ICT indicates that the focus is
not only on technological aspects, but also on soft aspects, such as organization, human interaction,
psychology and man-and-machine interaction.
The paper also gives a case GHVFULSWLRQRI1RUUERWWHQ&RXQW\&RXQFLO¶VYLVion, objectives, activities, and a
brief overview of current projects within the area of eHealth. The description of current status, performed
activities and coming activities has been used to identify and generalize a number of problem domains
shared by both eHealth and eMaintenance. Further, the responding solutions provided by eHealth have
been related to the phases of a generic maintenance process to explorer their relevance to eMaintenance.
Finally, the degree of transferability of the eHealth solutions to eMaintenance is estimated. Since many of
the identified problem domains within eHealth have common characteristics with eMaintenance, it is
believed that many of the studied solution strategies previously applied in eHealth are also transferable to
eMaintenance.
One major difference in the two application domains seems to be that eMaintenance often focuses on the
provision of decision support, while eHealth focuses on the provision of eServices. One reason for this
difference might be that the system-of-interest is a technical system and a human system respectively. Our
belief is that a service-oriented approach would also enrich and enhance the eMaintenance domain. A
service-orientation would probably facilitate the establishment of an eMaintenance solution through
development and improvement of maintenance support services and thereby an enhancement of overall
maintenance efficiency and effectiveness.
In addition, tRGD\¶V dynamic and volatile business environment has both a high uncertainty in requirements
definition and a short durability of needs. Hence, by applying a service-oriented approach in system design,
it is possible tR EXLOG D V\VWHP IRU WRGD\¶V UHTXLUHPHQWV and simultaneously facilitate future changes in
response to WRPRUURZ¶VQHHGV
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ABSTRACT
SOA is being exploited in many various business domains. One of
them is industrial maintenance. In this paper, we outline an
eMaintenance Platform (eMP) for maintaining complex technical
systems. This platform is part of the eMaintenance Management
Framework (eMMF). Our primary goal is to explore how SOA can
be exploited within industrial maintenance. Our secondary goal is to
provide eMP as an effective tool for organizations to conduct their
maintenance and support.

Figure 1. Structure of eMMF
Defence Materiel Administration (FMV) [4] and F21 Air Force
Wing in Northern Sweden [2].

Categories and Subject Descriptors
H.1 [Models and principles]: General, H.1.1 Systems and
Information Theory, H1.1.2 User/Machine Systems, H.1.m
Miscellaneous.

The framework consists of two parts: eMaintenance Management
Model (eMMM) and eMaintenance Platform (eMP). The eMMM is
a package of Roles, Processes and Repositories required for
managing the eMP. The eMP, on the other hand, is a SOA
application aimed to provide its stakeholders with tailored
information pivotal for making decisions on the choice of
appropriate maintenance activities. Its purpose is to extract all the
information necessary for a certain maintenance task, analyze,
synthesize, and package it into a maintenance process relevant for
the maintenance task at hand.

General Terms: Management, Design, Theory.
Keywords:

Industrial Maintenance,
Framework, Aviation, Information Systems.

Support

Services,

1. INTRODUCTION
Service-Oriented Architecture (SOA) is gaining momentum
worldwide. By promising agility, mobility, interoperability, reuse
and better alignment with business objectives, it has captured
attention of most of the businesses today.

In this paper, we limit our presentation to only the eMP. Our
primary goal is to explore how SOA can be exploited for supporting
industrial maintenance. Our secondary goal is to provide eMP as an
effective tool for organizations to conduct their maintenance in a
global support environment.

One of the businesses that may greatly profit from the SOA strategy
is industrial maintenance of complex technical systems. By complex
systems, we mean tightly integrated software and hardware systems,
such as civil and military aircraft.

The remainder of this paper is as follows. Section 2 defines the
scope of this paper. Section 3 presents the current state of industrial
maintenance practice and challenges met. Section 4 lists and
describes the eMP components and provides a suggestion for how to
realize them with SOA. Section 5 motivates the eMP and illustrates
how it improves maintenance and support of complex systems.
Finally, Section 6 makes some conclusions and suggestions for
future research.

When maintaining and supporting technical systems, organizations
meet many challenges. They have to tackle the ever increasing
complexity of these systems and still provide quality maintenance to
the required budget, time limit, safety and dependability level. To be
able to conduct their tasks, the maintainers need to acquire relevant
maintenance information from various heterogeneous Information
Systems (IS), many times coming from more than one organization.

2. SCOPE

To facilitate industrial maintenance, we are in the process of
building eMaintenance Management Framework (eMMF). We
build this framework with contribution from Saab [11], the Swedish

This paper focuses on the domain of industrial maintenance, which
by definition differs from software maintenance [6]. Industrial
maintenance consists of all technical, administrative and supervisory
actions intended to retain an item in, or restore it to a state in which
it can perform a required function [7].
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An industrial maintenance process covers a spectrum of activities
required for managing, planning, preparing, executing, assessing
and improving maintenance [7]. It involves a wide range of roles,
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Figure 3. Structure of maintenance items, the echelons, and the
relationships among them

3. STATUS TODAY
Figure 2. Types of maintenance tasks, adapted from [5]

Maintenance of complex technical systems consists of many
different processes ranging from maintenance planning process to
maintenance improvement process. Each inherent process requires
and produces information. In this section, we illustrate a status in the
context of a maintenance technician working at Echelon 1 at a
Swedish Air Wing. This technician conducts any of the types of
maintenance activities as outlined in Figure 2.

such as managers, process owners, maintenance technicians,
maintenance planners and logistic managers. The eMP is aimed to
support the whole industrial maintenance domain. In this paper, we
exemplify it with scenarios taken from only the maintenance
execution process as conducted at Saab and F21.
As outlined in Figure 2, there are two main maintenance strategies:
preventive and corrective. Preventive maintenance implies proactive
changes made to a system to avoid possible future problems.
Corrective maintenance, on the other hand, implies reactive changes
performed to correct faults. Examples of these activities are
adjustment, calibration, cleaning, lubrication, refurbishment, repair
and replacement.

When conducting his work, the maintenance technician needs
different information from various systems (see left side of Figure
4). Below, we list some of the systems at Saab and FMV, the
systems providing the maintenance technician with the information
relevant for his maintenance tasks [3][10]. Due to space restrictions
of this paper, however, we only present their limited subset. As
illustrated in Figure 4, they are:

The products that undergo industrial maintenance are complex
technical systems such as vehicles (e.g. combat and civil aircraft,
trains and trucks), manufacturing equipments (e.g. robots, paper
machines and conveyers) and infrastructure (e.g. power systems,
railway networks and communication networks). They have very
intricate configurations. As illustrated in Figure 3, they consist of
many items being part of other items (parent items or assemblies) or
consisting of other items (child items or subassemblies). Depending
on whether they are classified as Line Replaceable Units (LRU) or
Shop Replaceable Units (SRU), they may be maintained either in the
field or workshop.

x Didas/Fenix: contains information required for controlling aircraft
configuration and maintenance. It covers (1) technical records about
individual aircraft and their items, (2) configuration data aiding the
technician in selecting the right items during replacement, (3)
notifications when certain tasks have to be performed, (4)
information about all the flights flown by all aircraft and problems
encountered during their lifetime, (5) all the modifications and
preventive measures performed on each individual aircraft.
x Dito: describes details about measures to be performed for a
certain technical order.
x Puff FRQWDLQV WKH RSHUDWRU¶V PDLQWHQDQFH SURJUDPPHV SODQV 
consisting of established configuration and maintenance rules.
x DUPJAS: describes the exact steps to be conducted for a certain
maintenance task, roles that have to perform the tasks, spare parts
needed, and the like.
When conducting his work, the maintenance technician must access
each individual system, retrieve relevant information from it, and
synthesize this information in order to adapt it to the maintenance
need. In the above-illustrated scenario, this may be difficult,
error-prone
and mundane
due
reasons
such
as:

The items classified as LRUs may be removed and replaced at the
deployed site of the system, for instance, in the field. By doing it,
one quickly restores it or its parent item (assembly) to an
operationally ready condition. The SRUs, on the other hand, can
only be attended to at a shop level. To attend to a faulty SRU, one
must first remove its closest LRU parent, take it to a shop where a
technician gets inside it to remove the faulty SRU.
Just like within software maintenance, industrial maintenance
support is divided into several support line levels. Within software
maintenance, they are called Support Line Levels whereas within
industrial maintenance, they are called Echelons [7][8].
Maintenance at Echelon 1 is conducted by an operator in the field. It
includes inspection, cleaning, tightening, replacement of LRUs
(assemblies, subassemblies), lubrication, and minor adjustment
activities. Maintenance at Echelons 2 and 3 is conducted in fully
equipped fixed maintenance shops. At Echelon 2, one attends to
SRUs by removing them from their parent LRU and replacing them
with new SRUs. One does it in the repair shop. Finally, Echelon 3 is
SHUIRUPHG E\ KLJKO\ VSHFLDOL]HG SHUVRQQHO LQ WKH PDQXIDFWXUHU¶V
shop. It involves complete rebuilding of entire items and renovation
of major assemblies (such as aircraft engines) for delivery to item
stock.

Figure 4. Illustrating the IS needs of a maintenance technician
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Table 1. Relationships among the eMP components and levels

(1) heterogeneity of operating environments due to the different
aircraft systems (e.g. combat, transport, surveillance, and
helicopter), (2) heterogeneity of ICT-environments regarding both
software and hardware, (3) different documentation and archiving
strategies for storage, distribution, safety, security, etc., (4) different
information integration strategies tackling problems such as what to
exchange, when to exchange, how to exchange, etc., and (5) many
other reasons.

Figure 5. Levels of eMP
maintenance. Each process is described in terms of its process
phases, activities, and relationships to other processes. For example,
it may describe an immediate corrective maintenance action on a
combat aircraft as executed by a maintenance technician (see Figure
2) and its relationship to the maintenance preparation process as
conducted by a maintenance planner.

4. EMAINTENANCE PLATFORM

Business Process is an essential component of eMP since it provides
a generic platform for defining the overall system architecture, for
identifying business process flows to be supported by SOA, and for
designating system boundary. As shown in Table 1, it is realized as
text and/or various models on the Specification Level. It does not
result in any SOA component on the Design Level. However, it
constitutes a starting point for identifying and defining SOA
components such as services.

The eMP is divided into the three levels: Specification, Design and
Implementation (see Figure 5). The Specification Level contains all
the information necessary for conducting industrial maintenance. It
is realized in various ways using notations such as text, models, and
the like. The Design Level identifies design components. It is
realized as SOA components. Finally, the Implementation Level
materializes the SOA components into Web Services and business
processes orchestrated for the needs at hand.

Regarding the Actor, it is a descriptive model of the players
involved in the business processes. It identifies and defines all the
actors involved in the maintenance process. By actors, we mean all
the participants that interact with the process. They may represent
people, organizations, systems, or devices involved in, or required
for, executing a specific maintenance task. Examples of people
actors are pilots, technicians, system engineers and maintenance
planners. Examples of organizational actors are client and supplier
organizations. Examples of system actors are information systems
containing information relevant for the maintenance task (e.g. builtin test systems that aid in fault diagnosis of an aircraft engine). An
example of a device actor is a mobile maintenance workstation
delivering maintenance support information to the maintenance
technician.

As illustrated in Figure 5, each level consists of one or several
groups of components. There exists a relationship between these
components. All components in the Specification Level provide a
platform for creating other components in either the Specification
Level or they are directly realizable on the Design and/or
Implementation Level. This relationship is shown in Table 1. Below,
we present the levels, their inherent groups of components and their
relationships to other components. We do it in Sections 4.1-4.3,
respectively. In addition, we list each eMP constituent in Table 1
and show how it is realized on each eMP level.

4.1 Specification Level
The Specification Level contains all the information necessary for
conducting industrial maintenance. It consists of three components:
Process, Requirement and Context.

4.1.1 Process
The Process component lists and describes the business processes
and actors involved in them. It consists of two parts: Business
Process and Actor.
Regarding the Business Process, it is a prescriptive model of the
organizational maintenance processes. It identifies and defines all
the generic maintenance processes inherent in industrial
Figure 6. Illustration of relationship among setting, business
process scenario and service
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Just as the Business Process component, Actor is an essential
component of the eMP providing a platform for defining the overall
system architecture, for identifying business process flows to be
supported by SOA, and for designating system boundary. For this
reason, as shown in Table 1, it is realized as text and/or various
models on the specification level. It does not result in any specific
SOA component on the Design Level.

information should be presented. It consists of two components:
Content Requirement and Interface Requirement.
The Content Requirement component is a detailed specification of
the information needs and requirements to perform actions in a
process. It identifies the information needed for a particular
maintenance task. For example, in order to perform engine
inspection, a maintenance technician may need to access
information about operational data for the engine, maintenance
manual, technical documentation and current work order.

4.1.2 Context
The Context component lists and describes various backgrounds and
their interrelated conditions in which maintenance activities take
place. It consists of three components: Setting, Process Usage
Scenario and Service.

Content Requirement provides a basis for designing a service in the
Design Level whose role is to determine the IS nodes providing
relevant content to the business processes. Within the Design Level,
it corresponds to a SOA component, which we call a Content
Service.

The Setting component is a description of specific situations,
circumstances or states in which maintenance tasks are performed. It
determines a design of a maintenance task. Examples of certain
settings are (1) war or peace time, (2) situation when the failure is
evident or hidden for the operating crew and (3) ³2Q:LQJ´ setting
indicating that the maintenance is conducted in the field, or ³2II
:LQJ´ setting indicating that maintenance is conducted in the shop.

The Interface Requirement component identifies the interfaces
required for a particular maintenance task. The interfaces correspond
to both interface devices through which communication between the
actors takes place and formats of how the information should be
presented to a specific actor via a specific device. An example of a
device is a handheld portable computer that communicates through
a wireless infrastructure. An example of a format for delivering
content to the device is XML. Within the Specification Level, the
Interface Requirement component is realized in various ways: text,
models and other notations. Within the Design Level, it is realized as
Interface Service. Within the Implementation Level, it is realized as
either a Web Service or other User Interface (UI) implementation.

Setting is a determinant in identifying and defining a set of Process
Usage Scenarios. We propose that a setting be described from a
service-oriented perspective and not from a functional one. By this,
we mean that the description should focus on the services needed to
fulfil a process rather than the functions required to perform a task.
As shown in Table 1, it is realized as text and/or various models on
the Specification Level. It results in a SOA component on the
Design Level. We call it Setting Service. Finally, it is implemented
as a Web Service in the Implementation Level.

4.2 Design Level
The Design Level transforms most of the specification components
into SOA components. These components have already been
identified in the former section. For clarity reasons, we once again
list and briefly describe them. The SOA components identified are:

Process Usage Scenario identifies and describes different
maintenance scenarios. A scenario is a model of an expected or
existing sequence of activities required for conducting a certain
process. It corresponds to a description of one instance of a business
process, as specified in the Business Process constituent, to be
performed in a given setting, as specified in the Setting constituent,.
An example of a Process Usage Scenario is a description of how to
conduct an inspection of an aircraft in peace time. This example is
illustrated in Figure 6 showing the relationship among Setting,
Business Process Scenario and Service.

x The Setting Service component whose role is to design
choreography for a certain set of services. It covers
information/properties/parameters relevant for a certain setting.
x The Process Service component whose role is to design a
composition of miscellaneous services orchestrated for serving a
particular process.
x The Content Service component whose role is to design services
that implement logic for interaction with different data sources, such
as existing systems or legacy systems.
x The Interface Service component whose role is to design services
that handle/manage/wrap/adapt interface to other devises such as a
portable handheld computer.
x The Miscellaneous Service component whose role is to design
services that encapsulate the majority of the business logic that has
not been covered by the above-listed services.

As shown in Table 1, Business Process is realized as text and/or
various models on the Specification Level. Within the Design Level,
it is realized as a Process Service. Finally, in the Implementation
Level it is realized as a Web Service.
Service identifies and describes the existing services to be used
within a specific maintenance scenario. An example of a
maintenance service is a description of how to replace an aircraft
engine.
The Service component focuses on the services as a collection of
work units and its interface to the process. We propose that this
description be done based on a service-oriented approach. Within
the Specification Level, it is realized in various ways: text, models
and other notations (see Table 1). Within the Design Level, it is
realized as a Miscellaneous Service and in the Implementation Level
it is realized as a Web Service.

4.3 Implementation Level
The Implementation Level materializes the SOA components into
the Web Service and Business Processes orchestrated for the needs
at hand.
The Web Service component implements the SOA components in
the Design Level as Web Services. We use Web Services, since they
provide a generic interface for encapsulating logics and can be
utilized as an intermediate layer to access legacy systems. The Web
Services specified herein focus on the content a service delivers and
not on its visualization to its actors. An example of Web Service is
³JHW FXUUHQW ZRUN RUGHU´ ZKLFK FDQ EH LQYRNHG ZLWKLQ D FHUWDLQ
instance of a business process.

4.1.3 Requirement
The Requirement component lists and describes all the functional
and non-functional requirements on the information needed for a
specific maintenance task and the interface through which this
4

The Business Process component corresponds to business processes
as orchestrated for the needs at hand and delivered to the service
consumer. In the context of eMaintenance, there is a need for both
Predetermined Business Processes and Instant Business Processes.

echelons. The challenge here lies in finding part of the report
relevant for the work and the echelon.
x Performing maintenance tasks does not only depend on the
instructions for how to do things, but also on how to understand the
maintained items and their structure. For this reason, the technicians
have to access various IS to understand the items. The challenge
here lies in the fact that the technicians have to tackle various
writing styles, writing rules and formats, and various types of
interfaces.
With the premises specified above, our reader must understand that
the work of a maintenance technician is very difficult, timeconsuming, and extremely error-prone. Successful maintenance in
this context depends on the performance and effectiveness of each
individual technician. We believe that this individual impact may be
substantially decreased with the eMP based on a SOA approach.
Below, we briefly motivate it.

The Predetermined Process corresponds to an orchestration of
services that have been identified in advance by the process
planners. It supports a set of repeatedly occurring maintenance
needs. An example of such a business process is the process of
managing a support order from the time it got reported by a pilot till
it got attended to by a maintenance technician. The Business
Process provides guidelines for what to do. In this case, it suggests
that the support order (technical report in Saab¶s parlance) leads to a
work order delivered to a maintenance technician, who then initiates
a maintenance action. After the action gets completed, the Business
Process suggests that the technician sends a report to the pilot and
terminates the process.
The Instant Business Process, on the other hand, corresponds to an
orchestration of services at runtime. It supports the maintenance
needs that have been identified on the fly as a certain need arises.
For instance, while inspecting an aircraft, a maintenance technician
encounters an unusual problem, which he does not know how to
approach. To find out what to do, he provides relevant input to the
eMP. The eMP analyzes the problem and provides a suggestion to
the maintenance technician in form of a Business Process
orchestrated to the problem at hand. Depending on the problem
severity and urgency, the Business Process either provides
instructions for how to attend to minor and less severe problems, or
it suggests that the item be sent to Echelon 3 for repair.

To facilitate his work, the maintenance technician must be provided
with pertinent support delivering right information in right time, no
matter of underlying content sources. An optimal solution to this is
that the technician uses an application that extracts all the required
information from various IS, analyzes it and tailors it to the
WHFKQLFLDQ¶V QHHGV DW KDQG 7KH eMP, does this in form of clearly
defined and documented work flows listing the maintenance tasks,
their order and the relevant information about the items to be
maintained. This is fulfilled by (1) flexible and context interface to
the underlying content sources, e.g. through a role-based adaptive
³GHVNWRS´  a common interface though which the existing
content sources can be accessed, (3) a service approach to existing
functional platform, and (4) ability to orchestrate business logic
based on the maintenance processes.

5. EXPECTED BENEFITS OF EMP
In this section, we describe the benefits expected from implementing
the eMP. Due to the fact that industrial maintenance is huge, we do
it only from the perspective of a maintenance technician. We first
illustrate the challenges met today. We then motivate how these
challenges can be met with the aid of the eMP.

In the context of eMP (see the right side of Figure 4), all the
maintenance technician needs to do is to provide relevant input to
the application. The application then delivers a relevant business
process tailored to his needs. With this, we expect the following
benefits: (1) improved working environment of the maintenance
technician, (2) substantial interface reduction, (3) more efficient
information utilization, (4) accelerated maintenance, (5) decreased
workload for maintainers, (6), decreased number of mistakes made
by the maintenance technicians, and thereby, improved maintenance
quality, (7) increased aircraft availability and dependability, (8)
reduction of needed people capacity, and thereby more efficient
asset management, (9) decreased maintenance cost and finally, (10)
reduced stock levels. However, to achieve these benefits demands
extensive effort. Our organizations fear many known and unknown
challenges in a continuously changing business environment. These
challenges are both technological and organizational.

Maintenance technicians are key personnel when coming to
operation and maintenance of aircraft. Their work is critical to the
effectiveness of the overall industrial maintenance. It is also
extremely challenging and difficult. Today, the technicians may
have to maintain several different aircraft in different environments
using many strongly varying IS belonging to multiple organizations
that follow different maintenance strategies and policies. When
conducting maintenance, the technicians have to choose and
conduct a set of maintenance work flows appropriate for the
maintenance task at hand, work flows appropriate for the
environment in which this task is performed, and the aircraft being
maintained. All this requires that they have to access relevant
information in various IS, that they understand it correctly, and
tailor it to their own needs. Today, they have to do it manually.
Unfortunately, given a certain maintenance problem, the
maintenance technicians do not always have a clear picture of what
to do, how to do it, what information to use, and how to utilize it as
effective as possible. This means that:

The biggest technological challenge concerns safety and security. As
illustrated on the left side of Figure 4, WRGD\¶V industrial
maintenance procedures are determined on a manual basis by a
support technician. This is a potentially error-prone activity, which
in turn may affect the safety of the primary safety critical systems,
which are military aircraft. By automating many of the procedures of
the maintenance technician, the eMP will substantially reduce the
risk of manual mistakes and misunderstandings. However, the eMP
may itself become a secondary safety critical system, whose
information can lead to erroneous maintenance tasks. Hence, the
technological issues such as reliability and security need to be
carefully addressed when connecting logically and physically
distributed IS. Especially important security aspect is
confidentiality. Our organizations apprehend that during a merge of
the maintenance information, unexpected and unauthorized

x They have to access one IS for finding out how to approach the
maintenance task, another one for finding out how to adapt his work
to this task, and so on. Even accessing and understanding one IS can
be challenging. For instance, maintenance technicians have to access
the Dito system (see Section 3) to find an appropriate technical
report providing guidelines for how to remove a particular item
Today, such a report provides different guidelines for different
5

manage the eMP. Part of the eMMM has already been developed
together with the SEI [8]. This part concerns roles needed for
developing, evolving and maintaining SOA-based systems. So far,
we conclude that SOA is an excellent approach for facilitating
industrial maintenance. Since it puts emphasis on design from a
business process perspective, it is one of the main prerequisites to
achieve a flexible, extensible, and cost-effective approach to
establish the eMP. Finally, we dare claim that the eMP is applicable
in any organisation providing industrial maintenance, since it has
been based on a generic industrial maintenance process [5]. Hence,
we believe that it is worth proceeding with our work.

knowledge may be created and thereby lead to safety and security
problems.
Another technological challenge concerns the tools. The transfer to
the SOA mode cannot be successful if one does not have
appropriate tools and methodologies for identifying SOA-services.
7RGD\¶Vapplied tools do not suffice in supporting the organizations
in this very critical task [1]. Therefore, our organizations have
expressed a great need in acquiring such tools.
Regarding the organizational challenges, our organizations are
specially concerned about the process of transitioning to the SOA
mode. They regard it to be a big step. To succeed, they must prepare
for it by creating an effective plan. Such a plan should cover two
minor plans: (1) a plan for making the organization ready for the
change and (2) a plan for gradual SOA adoption. The first plan
requires two major steps: (1) informing and convincing people
about the need to transfer, and (2) revising the distribution of their
information systems. Convincing people is a difficult task that may
take great effort to accomplish. However, it is still not as challenging
as the second step, the step of managing the information systems.
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As illustrated in Figure 4, substantial amount of maintenance
information is spread across several systems, many of them having
overlapping functionality. To facilitate the transfer to the SOA
mode, our organizations should first make an inventory of their
information systems, identify duplicate functionality and take
appropriate measures. As pointed out in [9], it is a very challenging
task that can take many years to accomplish. The second plan
requires a change process model supporting the transition to SOAmode. Such a change cannot be done in just one leap. It must be
done in a step-wise manner, where each step is carefully planned.
For each step, one must identify the scope of transfer, identify risks,
determine impact, define appropriate SOA roles and processes, one
must control and monitor the transition, and assess and assign
sufficient resources. Right now, there are no such SOA transition
models whatsoever on which our organizations may base their
transition to the SOA mode.
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Little is known about of how software embedded in
complex industrial technical systems is maintained. In
this paper, we identify industrial maintenance process
steps and position software maintenance activities
within them. We do this in the context of JAS 39
Gripen, a multi-role combat aircraft developed by
Saab.

The remainder of this paper is as follows. Section 2
describes our research methodology. Section 3 briefly
presents the studied product and the involved
organizations. Section 4 describes the structure of
complex technical systems and positions software
within them. Section 5 describes a generic industrial
maintenance process, whereas Section 6 describes the
maintenance process of JAS 39 Gripen. Finally,
Section 7 presents some conclusions.

1. Introduction

2. Methodology

Complex industrial technical systems consist of
both hardware and software components. Examples of
such systems can be found within the aerospace, power
generation, railway and process industries. One of their
main characteristics is that their software components
are embedded in their respective hardware
components.
Substantial research has been carried out to discover
ways to support and maintain either software or
hardware products. However, less effort has been spent
on finding out how these two disciplines co-exist, i.e.
to identify their common points of contact.
This paper is one result of a joint research project
between the aerospace industry and academia in
Sweden. It presents a study performed in co-operation
with Saab Aerotech [1], the Swedish Air Force Wing
F21 [2] and the Swedish Defence Materiel
Administration (FMV) [3]. It identifies industrial
maintenance process steps and positions software
maintenance within them. By industrial maintenance,
we mean a combination of all technical and
administrative actions, including supervision, intended
to retain an item in, or restore it to a state in which it
can perform a required function [4, 5].

As a first step, we studied documentation provided
by Saab, F21 and FMV. We also made a series of
interviews with system technicians, maintenance
technicians,
maintenance
managers,
software
developers and project managers. Our goal was to learn
about the overall maintenance of the aircraft.
This step resulted in the identification of
maintenance
echelons
and
major
industrial
maintenance process phases. To gain a deeper
understanding of the process, we then organized a
workshop together with representatives from Saab, F21
and FMV. These representatives are the co-authors of
this paper. Altogether, eight people were engaged in
the workshop: three academics, two suppliers and two
customer representatives and one moderator.
During the workshop, we discussed the overall
industrial maintenance process. Our goal was twofold:
to find out (1) how aircraft items are maintained, and
(2) how their embedded software components are
handled in each respective industrial maintenance
phase. The outcome of the workshop has been
documented and sent for verification. It is this outcome
that is presented in this paper.
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3. Product and Parties Involved
Gripen is a multi-role combat aircraft that can
perform three missions: interception, air-to-ground and
reconnaissance. It has been developed by the Swedish
company Saab. It is operated by nations such as the
Czech Republic, Hungary, South Africa, Thailand and
Sweden. In Sweden, its customer representative is
FMV and the operator is the Swedish Air Force.
6DDE¶V UROH LV WR SURYLGH Paintenance guidelines
and in-service-support to its customers and the aircraft
users, and to perform highly specialized maintenance
and modifications. In the Swedish case, )09¶VUROHLV
WRDGDSW6DDE¶VJXLGHOLQHVWR WKH XVHU¶V organizational
context. The Swedish Air FRUFH¶VUROHLVWRRSHUDWHDQG
maintain the aircraft according to Saab and FMV¶V
guidelines. These roles and responsibilities are similar
for all nations operating the aircraft.

Figure 2. Structure of maintenance items, the
echelons, and the relationship between them
From an industrial maintenance perspective, this
classification indicates the way these items are
maintained. Both LRUs and SRUs may consist of
hardware and software components.
A prevalent solution within aircraft maintenance is
to use three maintenance echelons, although other
solutions also exist. The LRUs are removed and
replaced at the deployed site of the system, for
instance, in the field (i.e. Echelon 1). By doing this,
one restores the parent item to an operational
condition. The SRUs, on the other hand, are only
attended to at a shop level (i.e. Echelons 1 and 2). To
attend to a faulty SRU, one must first remove its
closest LRU parent, and take it to a shop, where a
technician gets inside it to remove the faulty SRU.

4. Maintained Items
Products such as a combat aircraft are complex
technical systems. They have very intricate
configurations. As illustrated in Figure 1, they can be
structured in a hierarchy of items, called indenture
levels 7KHVH OHYHOV GHVFULEH WKH V\VWHP¶V LQKHUHQW
LWHPVDQGLGHQWLI\WKHLWHPV¶UHODWLYHFRPSOH[LWy as an
assembly or function. Within industrial maintenance,
the main usage of indenture levels it to prescribe
related maintenance tasks.

5. Industrial Maintenance Process
An industrial maintenance process covers a
spectrum of activities required for managing, planning,
preparing, executing, assessing and improving
maintenance. These activities are described in Section
6. They involve a wide range of roles, such as
managers, process owners, maintenance technicians,
maintenance planners and logistic managers.
Within industrial maintenance, there are two main
maintenance strategies: preventive and corrective.
Preventive Maintenance (PM) implies proactive
changes made to a system to avoid possible future
problems. Corrective Maintenance (CM), on the other
hand, implies reactive changes performed to correct
faults. The selection between PM and CM mainly
depends on the criticality of the maintained item.
Industrial maintenance execution is organized in
echelons [5], while its support is organized in support
lines similar to those described in [6]. A maintenance
echelon is an organizational level where a specified set
of maintenance actions are carried out on an item [4,
5]. An example of a specific maintenance action is the
replacement of an LRU. The left side of Figure 2
depicts the echelons. A support line, on the other hand,
is an organizational level where specific support is
provided to a customer. An example of a support task

Figure 1. Indenture levels of a system
As illustrated in Figure 1, the aircraft is on the 1st
indenture level. Its subsystems, e.g. the engine, are
placed on the 2nd OHYHO7KHHQJLQH¶VFRQVWLWXHQWs, e.g.
the spraybar slots, are placed on the 3rd level. Finally,
the spraybars are on the lowest level.
Another way of looking at items from a
maintenance perspective is illustrated in Figure 2.
Here, the items are classified as Line Replaceable
Units (LRUs) or Shop Replaceable Units (SRUs).
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Maintenance Execution, Maintenance Assessment and
Maintenance Improvement. These process phases and
the documents managed within them are illustrated in
Figure 3.
The first phase, Maintenance Management, is
conducted by Saab, FMV, as well as certification and
legal authorities. Using rules, directives, and
requirements defined by Saab in the Maintenance
Program, FMV provides an operator specific Aircraft
Maintenance Plan defining guidelines and directives
for how the Swedish Air Force should maintain their
Gripen fleet. The contents of the Aircraft Maintenance
Plan should apply to the whole aircraft lifecycle. It
may however be changed in cases when modifications
are done to either the aircraft or the maintenance
policies. The items to be maintained are defined as
functional units. In this phase, software components
are not distinguished from other components. They are
treated under the umbrella of various functional items.
The Maintenance Support Planning phase is
conducted by the Swedish Air FRUFH¶V )OHHW
Management Office (FMO). The FMO produces a
Fleet Maintenance Plan defining maintenance of their
whole aircraft population. It also creates plans for
maintaining individual aircraft. These plans are called
Individual Maintenance Plans. Both plans include the
identification and planning of spare parts, personnel
and their competence level, tools, LRUs/SRUs, and the
like. They are based on historical data and experiences
as recorded in the Historical Data & Experience
documents, and the like. In this phase, software
components are treated under the umbrella of various
functional items.
The Maintenance Preparation phase is conducted at
all echelons. It manages both planned and unplanned
tasks. The planned ones concern preventive tasks to be
conducted at predetermined time intervals (i.e. PM).
The unplanned ones, on the other hand, are corrective
tasks in response to failure recognition (i.e. CM). The
outcome of this phase is a Maintenance Work Order
(MWO) specifying the tasks and required resources. In
this phase, software components are treated under the
umbrella of various functional items. However, the
MWO may also explicitly define tasks regarding
software upgrades.
The Maintenance Execution phase is conducted on
Echelon 1 and 2 by the Swedish Air Force and on
Echelon 3 by the industry. The goal is to keep the
aircraft in an airworthy condition. The technicians
perform maintenance tasks as designated in the MWO.
Some results generated during and after this phase are,
e.g. Technical Report (TR), Action Report (AR) and
Change Request (CR). The TR gives an account of
problems encountered during the Maintenance
Execution phase.

is the provision of advice on how to execute a
maintenance task at an echelon.

6. Maintenance of JAS 39 Gripen
In this section, we present the overall industrial
maintenance process related to Gripen. We describe
how maintenance is managed across the echelons in
Section 6.1 and across the maintenance phases in
Section 6.2. We also position maintenance of
embedded software components within those two.

6.1. Echelons
Gripen is managed across three echelons. Maintenance
at Echelon 1 is conducted at an operator level in the
field. Here, maintenance is conducted at predetermined intervals (PM) or after having experienced
a failure (CM). Due to the fact that the tasks performed
at this level are less complicated, they are conducted
directly on the aircraft. These tasks include aircraft
inspections, adjustments, calibration, cleaning,
lubrication, repair and replacement of LRUs.
Regarding the embedded software, it is managed like
any hardware component at this level. This means that
its hosting non-functioning LRU gets replaced with a
functioning LRU. The removed LRU is then sent for
repair at another echelon. It is also praxis to upload
software upgrades into the aircraft at Echelon 1.
At Echelon 2, more qualified tasks are performed
mainly off-aircraft, in maintenance shops. Examples of
tasks are removal and replacement of faulty SRUs,
repair of breaks and pilot safety equipment. Here, one
may discover software problems in LRUs received
from Echelon 1. If such is the case, one reports on
these software problems to Saab.
Maintenance at Echelon 3 is performed by Saab, its
suppliers or a third party. Here, highly specialized
personnel overhaul items and major assemblies, such
as aircraft engines. Echelon 3 is also central for
coordination of maintenance support planning,
assessment and improvement.
As
indicated
above,
embedded
software
maintenance covers a broad spectrum of activities,
spanning from the resetting of processing units in an
operational environment (Echelon 1) to debugging,
tracing and testing of source code in a test environment
at the industry (Echelon 3).

6.2. Maintenance Process
The process of maintaining Gripen consists of the six
phases: Maintenance Management, Maintenance
Support
Planning,
Maintenance
Preparation,
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Figure 3. Example of aircraft maintenance process
The AR records the performed maintenance tasks
and the list of removed items sent to other echelons.
The CR suggests major changes to aircraft design,
maintenance program and/or plan. In this phase,
software is treated just like any other type of item. This
concerns both its removal and installation. For
instance, when replacing the faulty LRU, one is not
aware of whether its faulty component is software or
hardware. One simply sends the faulty LRU to Echelon
2 or 3. If one identifies a software problem on any
echelon, then one reports it to the industry (Saab or its
suppliers). The industry then corrects the software
fault. In this phase, one may also upgrade embedded
(on-board) software using the assistance of Ground
Support Equipment (GSE), a tool used for installing
software. Some minor adjustments of embedded
software parameters are also conducted in this phase,
e.g. contrast adjustment of head-up display and
securing weapon system during a turn-around.
The Maintenance Assessment phase is conducted on
Echelons 1, 2 and 3 by all the three organizations
involved within maintenance plus subcontractor
organizations. It takes place after the Maintenance
Execution phase to ensure that the required function
has been retained or restored. Its role is to assess the
data collected during operation and maintenance in
order to check if stated requirements are fulfilled and
to make suggestions for improvements. These
suggestions provide input to the Maintenance
Improvement phase. In this phase, software is treated
like any other type of item.
The next phase, Maintenance Improvement, is
conducted on Echelons 1, 2 and 3 by Saab, FMV and
the Swedish Air Force. During this phase, the
improvements related to the maintenance process and
working patterns are performed. Improvements related
to the aircraft design and surrounding environments are
reported in Change Requests and submitted to the
Maintenance Management phase. In this phase,
software is treated just like any other type of item.

7. Conclusions
This paper presents an industrial process model
used for maintaining a military aircraft, Saab JAS 39
Gripen, and positions embedded software maintenance
within it. It can be concluded that all maintenance
activities are considered from the holistic perspective
of the aircraft¶V functionality. The reason is that the
maintenance actions are intended to retain and restore
the functions that are required to keep the aircraft in an
airworthy condition. Hence, the industrial maintenance
process does not distinguish between hardware and
embedded software components.
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ABSTRACT
Paper category - Research paper
Purpose - The purpose of this paper is to describe aspects of content sharing within
eMaintenance, with a view to merging the two areas of maintenance and ICT in a content
management perspective.
Design/methodology/approach - The approach is an explorative literature study covering
aspects of ICT. The analysis was founded on theories related to maintenance and maintenance
support. The conclusions of the study are corroborated by experiences from earlier software
development and testing.
Findings - Most existing contributions to the eMaintenance debate seem to suffer from too wide
a gap between data processing and knowledge management. This tendency can be due to too
great a focus on data collection, without any clear identification of the stakeholders¶
requirements. Hence, a mature eMaintenance solution should focus on the enhancement of
service-oriented information logistics based on content sharing for an output-based information
strategy.
Research limitations/implications - This study focuses on the needs of content format and
transformation content, which includes data format, data structures and data type for objects that
are relevant for the maintenance process. Hence, further research could include aspects of
infrastructure and service architecture, which are on a higher level of an eMaintenance solution.
Practical implications - The paper contributes with knowledge that supports decisions about
content format in the development of an eMaintenance solution. This can in turn support a
reduction of maintenance-related hazards through improved use of ICT.
What is original/value of paper - This paper describes the importance of content management
within the eMaintenance approach. Hence, the paper has implications for both practitioners and
researchers as described above.
KEYWORDS: Maintenance, eMaintenance, Data transformation, Content Sharing, Content
Management, Information & Communication Technology (ICT), Information Logistics
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1 Introduction
,QWRGD\¶VVRFLHW\ ZH DUH greatly dependent on the correct functioning of technical systems, a
phenomenon which has PDGH XV YXOQHUDEOH WR GLVWXUEDQFHV :LWK WLPH WKH VWDNHKROGHUV¶
UHTXLUHPHQWVRQWKHVHV\VWHPV¶IXQFWLRQVZLOOFKDQJHGXHWRWKHWHFKQLFDOGHYHORSPHQWYDU\LQJ
operational environments, changing laws and regulations, and so on. Hence, in order to maintain
DKLJKOHYHORIVWDNHKROGHUVDWLVIDFWLRQWKURXJKRXWWKHV\VWHP¶VZKROHOLIHF\FOHRUJDQLVDWLRQV
responsible for the systems have to be responsive to changes in requirements through improved
maintenance and system modification. Many complex technical systems are also critical ones
ZLWK VWULQJHQW UHTXLUHPHQWV RQ VDIHW\ GHSHQGDELOLW\ DQG FRVWV WKURXJKRXW WKH V\VWHP¶V OLIH
cycle (Juran, 1992, Moubray, 1997, Sommerville & Sawyer, 1997, Herzwurm & Schockert,
2003, Liyanage & Kumar, 2003, Foley, 2001).
Maintenance is an approach that can be applied in order to ensure the safety and dependability
RI WHFKQLFDO V\VWHPV DQG DOVR WR GHFUHDVH WKH FRVW RI RSHUDWLRQ WKURXJKRXW WKH V\VWHP¶V OLIH
(Juran, 1992, Moubray, 1997, Sommerville & Sawyer, 1997, Herzwurm & Schockert, 2003,
Liyanage & Kumar, 2003, Foley, 2001). Hence, different maintenance methodologies have been
developed in order to manage the complexity and criticality of technical systems and their
functions. Two examples of established maintenance methodologies are Reliability-Centred
Maintenance (RCM) (Nowlan & Heap, 1978) and Total Productive Maintenance (TPM)
(Nakajima, 1988). Both these methodologies emphasize continuous improvement founded on
fact-based decisions, and the close cooperation between different stakeholders such as
production, maintenance, and system design. Physical asset management may be seen as the
highest level of maintenance management, and is achieved through a combination of RCM and
TPM that, together with continuous improvement, aims at maintenance excellence (Campbell &
Jardine, 2001). There is also an emerging view that maintenance not only reduces business risks,
but also should be seen as a value-DGGLQJSURFHVVLQWRGD\¶VG\QDPLFDQGFRPSHWLWLYHEXVLQHVV
environment (Liyanage & Kumar, 2003, Markeset & Kumar, 2003).
However, it should be noted that even though maintenance is intended to ensure system safety
and dependability, there are numerous examples of cases where the maintenance of complex and
critical systems has resulted in accidents with extensive losses. Some examples of maintenancerelated accidents are the leak from a chemical plant at Bhopal (India, 1984), the Piper Alpha oil
platform fire (North Sea, 1988), the disaster at Philips petrochemical plant in Texas (USA,
1989), the explosion and fires at the Texaco refinery at Milford Haven (UK, 1994), the chemical
release and fire at the Associated Octel Company Limited in Cheshire (UK, 1994), the
derailment and collision at Ladbroke Grove (UK, 1999), and the derailment near Hatfield (UK,
2000). In addition to safety aspects, improper maintenance may also cause the system to
deteriorate and thereby create quality deficiencies, such as delays and non conforming products
causing economical losses (Ollila & Malmipuro, 1999). Numerous research studies also show
that paradoxically between 50 and 70 percent of all equipment fails prematurely after
maintenance work has been performed (Nowlan & Heap, 1978, Moubray, 1997, Reason &
Hobbs, 2003). One major cause of maintenance-related incidents and accidents is insufficient
communication and information transfer within and between different phases and activities of
the maintenance process (Holmgren, 2006; Holmgren & Söderholm, 2008). Insufficient
information between different maintenance echelons is also one major cause of No Fault Found
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(NFF) events within industries like the automotive industry, trucking, and aerospace, where
costs, safety, and dependability are affected negatively (Söderholm, 2005, 2007). One reason for
the importance of proper information and communication within maintenance is the diversity of
necessary content (e.g. both static and dynamic data regarding technical system, resources, and
organization) in order to perform different activities within the maintenance process. Hence, the
approach taken to eMaintenance has the potential to improve the management of content
necessary to perform activities related to the maintenance process and thereby improve
dependability, safety, and life cycle costs of critical systems (Parida et al., 2004; Parida &
Kumar, 2004; Lee et al., 2006).
Even though there are multiple views of what eMaintenance actually is, one common and vital
part is the application of Information & Communication Technology (ICT) to achieve effective
information logistics within the maintenance area (see, e.g. Koc & Lee 2001; Tsang, 2002;
Parida & Kumar, 2004; Iung & Crespo, 2006; Muller et al., 2008). The aim of information
logistics is to provide just-in-time information to targeted users and to optimise the information
supply process, i.e. making the right information available at the right time and at the right point
of location (Heuwinkel et al., 2003; Haseloff, 2005). Four fundamental aspects that need to be
considered when establishing an information logistic solution are: content management, time
management, communication management and context management (Heuwinkel et al., 2003;
Haseloff, 2005). However, existing efforts related to the structuring of eMaintenance often
neglect content management and focus on the three other aspects, see e.g. Levrat et al. (2008)
and Muller et al. (2008). This is an unsatisfactory situation since the other three aspects of
information logistics can be considered as support to content management since they aim at
provision of just-in-time content to targeted users and optimization of the information supply
process.
Hence, the purpose of this paper is to describe aspects of content sharing within an
eMaintenance solution, in order to merge the two areas of maintenance and ICT in a content
management perspective. This, it is believed, will contribute to a reduction of maintenancerelated hazards caused by insufficient availability of information and communication in relation
to the maintenance process.

2 Management of Content for Maintenance Purposes
There are a number of contributions that intend to support operation and maintenance
management by the provision of artefacts, such as technologies, methodologies and tools. Some
of these contributions that are relevant for eMaintenance from a content management
perspective are summarised in Table 1. The selection of contributions has been based on the
following four criterion: I) the artefact as such contributes in establishing an eMaintenance
platform, II) the artefact is based on, or intended to be used within, an ICT application, III) the
artefact can be used to provide an eMaintenance solution, and IV) the artefact can be used for
sharing content relevant for the maintenance process.
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Table 1. Examples of contributions related to content management relevant for eMaintenance.

The first column of Table 1, µ&RQWHQW 0DQDJHPHQW 5HODWHG Contributions¶, lists some of the
contributions that are relevant for content management within eMaintenance, e.g. AeroSpace
and Defence Industries Association of Europe (ASD). The second column, µ0DLQWHQDQFH
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6SHFLILF¶, states if a contribution is especially intended for maintenance purposes, or if it is a
generic contribution that can be applied within maintenance, i.e. µ<HV¶ RU µ1R¶. The third
column, µ$SSOLFDWLRQ 'RPDLQ¶, highlights if a contribution addresses a specific application
domain, e.g. aerospace, or if it is generic. The fourth column, µ6HUYLFH'RPDLQ¶, indicates which
type of services within the application domain that the contribution addresses, e.g. technical
publications. The fifth column, µAspects RI,QIRUPDWLRQ/RJLVWLFV¶, indicates which of the four
aspects within information logistics that is addressed by the contribution, i.e. management of
content, time, communication and context. Finally, the sixth column, µ([DPSOHVRI$UWHIDFWV¶,
provides examples of technologies, methodologies and tools related to a contribution, e.g. the
standard S1000D. The remaining part of this section provides a more detailed description of the
contributions listed in Table 1.

2.1 Maintenance specific contributions
As shown in Table 1, there are several contributions that address one or several phases within
the maintenance process, i.e. management, support planning, preparation, execution, assessment
or improvement (IEC, 2004). Some of these contributions focus mainly on the content aspect.
One example is S1000D, which is provided by the AeroSpace and Defence Industries
Association of Europe (ASD). S1000D is an international specification for the procurement and
production of technical publications. The S1000D provides an ontology for the content of
technical publications and also a content model, based on XML Schema, through which a
validity test of a content can be performed. However, S1000D does not deal with technological
aspects related to, for example, how content should be produced or delivered to a certain
consumer (ASD, 2008).
Other examples are some artefacts provided by the Machinery Information Management Open
System Alliance (MIMOSA), which is dedicated to the development of open information
standards for operations and maintenance applications within manufacturing, fleet, and facility
environments (MIMOSA, 2006). One MIMOSA artefact is the specification Open System
Architecture for Enterprise Application Integration (OSA-EAI, 2005). Another artefact is
0,026$¶V &RPPRQ 5HODWLRQDO ,QIRUPDWLRQ 6FKHPD &5,6  which defines an information
model that enables different systems to exchange information and data. Adopting CRIS does not
necessarily PHDQWKDWWKHV\VWHPKDVWRIROORZ&5,6¶VGDWDPRGHOLQWHUQDOO\but it must provide
WKHDELOLW\WRSUHVHQWDQGKDQGOHREMHFWVDFFRUGLQJWRWKHVSHFLILFDWLRQ)URPWKHXVHU¶VSRLQWRI
view, utilization of the OSA-EAI standard facilitates the integrations of asset management
information and offers the user the flexibility to compose system components. (CRIS, 2008)
The Center for Intelligent Maintenance Systems (IMS) promotes cooperation between industry
and academia, and provides support intended to enable products and systems to achieve and
sustain near-zero breakdown performance. IMS-related contributions are aimed to support
predictive and preventive maintenance instead of corrective maintenance. IMS focuses on the
development of artefacts, such asµ:DWFKGRJ$JHQW3URJQRVWLFV¶IRUDVVHVVPHQWDQGSUHGLFWLRQ
of performance in D SURFHVV µ'HYLFH-to-%XVLQHVV '%  3ODWIRUP¶ IRU WUDQVIRUPDWLRQ RI GDWD
DQGLQIRUPDWLRQIRUWKHEXVLQHVVVHFWRUDQGµ'HFLVLRQ6XSSRUW7RROV¶ '76 for simulation of
rescheduling and reorganizing a process. (IMS, 2008)
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The PROTEUS project within Information Technology for European Advancement (ITEA)
provides an integrated platform that aims to support any broad eMaintenance strategy
(Bangemann et al., 2004, 2006). The PROTEUS project focused on the maintenance integration
of existing maintenance-related applications. The objective was to improve efficiency of
industrial maintenance processes, utilizing web and internet technologies to access expertise
remotely. PROTEUS presents an integration model for its platform, which is based on the Web
services technology. The PROTEUS platform consists of logical tiers. One is the data tier,
which represents the existing data sources of the existing application. Another one is the
business tier which represents a number of Business Logic Objects (BLO). BLOs reside in
either Application Core Adapter (ICA) or Functional Core Adapter (FCA). ICA and FCA are
software components with a given architecture and interface. ICA and FCA adapters
communicate with applications in the Central Service Application (CSA).
Another maintenance specific contribution in this area is ANSI/ISA-95, which is an
international standard for the integration of enterprise and control systems. The ISA-95 standard
is divided into three parts: models and terminology, object model attributes, and models of
manufacturing operations management. The standard defines a model, which covers objects
such as product, production, personnel, equipment, material, process segment, production
schedule, and production performance. One part of the standard focuses on fulfilling the
requirements of tracing and tracking (Fussell, 2005; ISA, 2008). It can be noted that ISA-95 is
partly supported by technology providers, e.g. Microsoft and SAP.
Some other examples of maintenance specific contributions that partly support the establishment
of necessary information logistics are: System for Mobile Maintenance (the SMMART-project)
with focus on smart tags and wireless communication, Tele-maintenance platform (TELMA)
with focus on prognosis and aided decision-making, Technologies And Techniques for nEw
Maintenance concepts (within the TATEM-project) with focus on monitoring technologies
related to aviation. These efforts focus mainly on the provision of ICT-based technologies that
can be used for context management purposes within maintenance.

2.2 Generic contributions
As shown in Table 1, there are several contributions that are not originally intended to support
maintenance, but that can be applied for information logistic purposes within maintenance
support.
An example of these contributions is the format language eXtensible Markup Language (XML),
which is provided by World Wide Web Consortium (W3C). XML is a simple, flexible text
format derived from the Standard Generalized Markup Language (SGML), which has been an
ISO standard since 1986 (ISO 8879). Originally designed to meet the challenges of large-scale
electronic publishing, XML is also playing an increasingly important role in the exchange of a
wide variety of data on the Web and elsewhere (W3C, 2008a). XML is a format for storing and
structuring content, but the XML family includes more than a format standard. W3C has
developed several XML applications that make the XML format more usable. One of the
applications is XML Schema (W3C, 2008b), which is a XML-based language that can be used
to describe and define the data type and data structure. Another XML application is XSL
(eXtensible Stylesheet Language), which consists of three parts: XSLT that is used for

6

transformation of XML content; XSLFO that is used for formatting of content; and XPath that is
used to refer to a part of the content (W3C, 2008c). XQuery is also a XML based application
that provides a mechanism to extract data from content. Query is capable of extracting
information from different sources, such as structured and semi-structured documents, relational
databases, and object repositories (W3C, 2008d).
There are also additional XML applications that are aimed at different usages. The
eMaintenance infrastructure includes not only facilities for transforming data between systems,
but also transforming data from different systems to a human understandable format. In the
world of XML, this is done by applying XSL to the content. However, one of the problems is
that not all the browsers that are used on different types of desktops are full-featured and
therefore cannot fully handle the combination of XML and XSL. In order to solve this problem,
a format is needed that relies on existing standards, such as XML, but still can be widely used.
Microformats is an upcoming format that is built on, and reuses existing standards.
Microformats contain not only the data, but also the semantics between data, which facilitate the
understanding of the content. Designed for humans first and machines second, micro-formats
are a set of simple, open data formats built upon existing and widely adopted standards.
However, microformats intend to solve simpler problems first by adapting to current behaviours
and usage patterns (e.g. XHTML, blogging), see Microformats (2006).
Since XML is generic and does not provide application specific properties such as an ontology
for a specific domain, other contributions have been provided in order to increase its usability.
One of these is the Business to Manufacturing Markup Language (B2MML). B2MML is
considered as an application of XML that uses XML Schema to describe context specific
namespaces including data structure and term definitions. The scope of B2MML schemas is
based on the data model and attributes that are defined in ISA 95 (WBF, 2005). B2MML also
describes a format for data exchange but not how the data is or can be used: neither the
transaction handling nor the encapsulating is defined. B2MML offers schemas, which are
specialized for describing different categories of information object, e.g. common, equipment,
maintenance, material, personnel, process segment, product definition, product capability,
product performance and product schedule.
There are several Technical Committees (TCs) within the International Organization for
Standardization (ISO) that contribute with artefacts that can be used within maintenance. One is
the TC for Industrial Automation Systems and Integration (ISO/TC 184). ISO/TC 184 develops
standards for the representation of scientific, technical and industrial data; methods for assessing
conformance to these standards; and also provides technical support to organizations seeking to
deploy such standards in industry. The scope of the commitWHH¶V FRQWULEXWLRQ LQFOXGHV DOO WKH
industrial data related to discrete products such as: geometric design and tolerance data, material
and functional specifications, product differentiation and configuration, process design data,
production data (including cost), product support and logistics, life cycle data, quality data, and
disposal planning data. Data such as the relationship between enterprises or the relationship
between components of a single enterprise for the purposes of supplier identification and
personnel data to the extent of identification of approvals are also included. However, business
planning data such as profit projections, cash flow, personnel data and organizational data are
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specifically excluded. Some of the standards provided by ISO/TC 184 are: ISO 10303, ISO
15531, ISO 15745, and ISO 18435.
The artefact ISO 10303, Industrial automation systems and integration - Product data
representation and exchange, provides a representation of product information along with the
necessary mechanisms and definitions to enable product data to be exchanged (ISO-10303,
1994).
Another artefact, ISO 15531, Industrial automation systems and integration - Manufacturing
management data exchange (MANDATE), provides a representation of data relating to the
management of the production process and the exchange and sharing of management data
within or between companies. The standard identifies and covers three main categories of data
relating to the management of manufacturing: external exchanges (e.g. with suppliers); the
management of the resources used during the manufacturing processes; and the management of
the manufacturing flows within the plant and among the process stages.
In addition, the artefact ISO 15745, Industrial automation systems and integration, is an open
systems application integration framework that describes a basic framework for application
interoperability. It provides a set of elements, integration models, and interaction profiles. The
standard can be applied in areas such as process automation, manufacturing, material handling,
and electronics assembly (ISO-15745, 2003). ISO 15745 can be utilized to capture a real world
DSSOLFDWLRQ¶V LQWHJUDWLRQ UHTXLUHPHQWV DQG GHVFULEH DQ LQWHJUDWLRQ PRGHO IRU GLIIHUHQW W\SH RI
resources, such as equipment, material, and human. For these reasons, this standard can be
useful for the maintenance process, e.g. in the preparation phase.
The artefact ISO 18435, Industrial automation systems and integration - Diagnostics, capability
assessment, and maintenance applications integration, is (at the time of writing of this article) an
under-development standard for industrial automation systems and integration. The purpose of
the standard is to provide models, interfaces, and schemas that can be utilized by applications in
order to improve interoperability. There are additional benefits to using these common models,
interfaces, and schemas such as improved visibility of manufacturing management by providing
information about current state of assets and also capability of the assets and minimizing the
disruption during the technology changes in systems. The models in ISO 18435 are defined and
describe different use-scenarios, use-cases and roles (actors that interact with the system), for
instance management, operator and maintenance personnel (Carnahan et al., 2005). This
standard can be useful for the maintenance process, since it provides models, interfaces, and
schemas that can be utilized by applications in order to improve interoperability.
Another TC within ISO is Information Technology (ISO/JTC 1). The scope of ongoing activities
within this TC can be grouped in several areas, such as: telecommunications and information
exchange between systems, software and systems engineering; cards and personal identification;
programming languages; digitally recorded media for information interchange and storage;
computer graphics; image processing and environmental data representation; interconnection of
information technology equipment; security techniques; automatic identification and data
capture techniques; data management and interchange; document description and processing
languages; user interfaces; and information technology for learning; education and training
(ISO/JTC1, 2007). Since eMaintenance can be seen as an application area of ICT, it is necessary
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that a platform for eMaintenance involves both the maintenance-related standards and
technologies, but also the ones that are ICT-related.
Furthermore, ISO/TC 10 that focuses on standardization and coordination of Technical Product
Documentation (TPD). TPD includes technical drawings, manually produced or computer based
for technical purposes throughout the product life cycle, in order to facilitate document
management and use, such as preparation, storage, retrieval, exchange, and reproduction
(ISO/TC10, 2007). Technical publications are an important resource ensuring effective and
efficient activities, pinpointing different indenture levels of the technical system and different
configurations throughout the lifHF\FOH 7KH WHFKQLFDO V\VWHP¶V VWUXFWXUH LV LPSRUWDQW IRU WKH
maintenance concept, which matches the indenture level of a technical system with a
corresponding maintenance echelon of the organization.
Contributions from ISO/TC 46, Information and Documentation, are related to libraries,
documentation and information centres, publishing, archives, records management, museum
documentation, indexing and abstracting services, and information science (ISO/TC46, 2007). It
is commonly accepted that there is a considerable amount of data and information that is
generated within the phases of the maintenance process related to complex technical systems. In
order to support the maintenance process, a high level of accessibility and availability is
required, not only to current situation data, but also to historical information. Hence, this
requirement should be considered and satisfied in an eMaintenance solution.
The ISO/TC 108, Mechanical Vibration, Shock and Condition Monitoring, addresses
standardization in the fields of mechanical vibration and shock and the effects of vibration and
shock on humans, machines, vehicles (air, sea, land and rail) and stationary structures, and of
the condition monitoring of machines and structures, using multidisciplinary approaches. Some
of the areas of interest are: terminology and nomenclature in the fields of mechanical vibration,
mechanical shock and condition monitoring; measurement, analysis and evaluation of vibration
and shock active and passive control methods for vibration and shock; evaluation of the effects
of vibration and shock on humans, machines, vehicles, stationary structures and sensitive
equipment; vibration and shock measuring instrumentation; measurement methods,
instrumentation, data acquisition, processing, presentation, analysis, diagnostics and
prognostics, using all measurement variables required for the condition monitoring of machines;
and training and certification of personnel in relevant areas (ISO/TC108, 2007). Contribution
from this TC can be useful for the maintenance process, since it provides guidelines for software
specifications related to data processing, communication, and presentation of machine condition
monitoring and diagnostic information, which can be used to initiate and plan maintenance
activities, especially when the strategy of Condition-Based Maintenance (CBM) is applied.
The ISO/TC 171, Document Management Applications, focuses on standardization of quality
control and integrity maintenance of documents, which can be presented in micrographic or
HOHFWURQLF IRUP 7KH VFRSH RI WKH 7&¶V FRQWULEXWLRQV LQFOXGHV SURFHVVHV LQYROYLQJ FDSWXUH
indexing, storage, retrieval, distribution and communication, presentation, migration, exchange,
preservation and disposal; input/output quality of micrographic or electronic documents;
implementation, inspection and quality control procedures for storage, use and preservation of
documents, including supportive metadata; applications involving workflow (process
management) in an enterprise and on the Internet; maintenance of quality and integrity during
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information exchange between systems; procedures and processes supporting legal admissibility
and/or integrity and security; and management of related audit trail information. (ISO/TC171,
2007)
The ISO/TC 67, Materials, equipment and offshore structures for petroleum, petrochemical and
natural gas industries, focuses on standardization of the materials, equipment and offshore
structures used in the drilling, production, transport by pipelines and processing of liquid and
gaseous hydrocarbons within application domains in the petroleum, petrochemical and natural
gas industries (ISO/TC67, 2007). One of the standards provided by this committee is ISO
14224, Petroleum, petrochemical and natural gas industries - Collection and exchange of
reliability and maintenance data for equipment. The aim of the standard is to provide a basis for
the collection of reliability and maintenance data in a standard format for equipment in all
facilities and operations within the petroleum, natural gas and petrochemical industries during
the operational life cycle of equipment. It describes data-collection principles and associated
terms and definitions that can be useful for communicating operational experience. The failure
modes defined in ISO 14224:2006 can be used as a reliability thesaurus for various quantitative
as well as qualitative applications. ISO 14224:2006 also describes data quality control and
assurance practices to provide guidance for the user (ISO-14224, 2006). Hence, this standard
may be useful for eMaintenance solutions within the petroleum, petrochemical and natural gas
industries, since it focuses on data requirements for the type of data and data format for
exchange of reliability and maintenance data.
Another example of an organization that provides artefacts useful within maintenance is the
Organization for the Advancement of Structured Information Standards (OASIS). Examples of
standards developed by OASIS are: Production Planning and Scheduling (PPS) and Product
Life Cycle Support (PLCS). PPS provides common object models and corresponding XML
schemas for production planning and scheduling software, which can communicate with each
other in order to establish collaborative planning and scheduling intra and/or inter enterprises in
manufacturing industries. The goal of the standard is to make a simple and extensible
specification for real time communications among various software applications that need
information relevant to production planning or production scheduling (OASIS, 2006b). This
may be valuable when dealing with systems and/or resources that are geographically distributed
and thus may be a necessary cornerstone of the maintenance process. PLCS provides Data
EXchange Specifications (DEXS) and a supporting infrastructure based on the International
Standard ISO 10303-239:2005(E) Industrial automation systems and integration - Product data
representation and exchange Part 239: Application protocol: Product life cycle support. The
purpose of PLCS is to establish structured data exchange and sharing to support complex
engineered assets throughout their total life cycle (OASIS, 2006a). This is vital when dealing
with complex and critical technical systems with a long useful life, e.g. modern combat aircraft
with a life length of 25-30 years.
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3 Discussion and Conclusions
One of the main objectives of eMaintenance is to enhance and support the maintenance process,
by establishing a content sharing process based on ICT that provides the right information at the
right time of the right quality, to the right actor. This content sharing process includes activities
such as data collection, data filtering, data aggregation, data analysis, data distribution, and data
visualization.
One of the main issues that brings complexity to the process of information sharing is that the
underlying data that need to be shared are produced within different processes, such as the
business, operation, modification and maintenance processes. Each of the involved processes
may utilize a number of different technologies implemented in a complex ICT-environment.
These heterogeneous ICT-environments put new requirements on the process of content sharing.
One of the major requirements is the content format issue, which means that a sharable content
must be packaged in a format that is not proprietary and can be managed by every involved part
of the process. Another requirement is the structure of the content, which means that a sharable
content must be structured in accordance with a known, accepted and committed content model
that describes the structure, semantics, and validity of the content. Hence, the question of the
content format and content model is one of the major issues that needs to be considered when
establishing an eMaintenance solution.
Fortunately, there are multiple academic and industrial artefacts available that can be used to
establish an eMaintenance solution. Hence, artefacts from MIMOSA, ISO, ISA-95, and OASIS
have relevance for, and should be considered, in order to develop an eMaintenance solution that
supports the overall business and maintenance processes. It should also be noticed that even if
the artefacts above have relevance for all the phases of the maintenance process, it does not
mean that they overlap each other in all aspects. Hence, the relevance and applicability of each
artefact should be assessed and determined for every specific business case.
Furthermore, XML seems to be a widely applied format for data packaging. One of the reasons
for this is probably the flexibility of XML, which provides the ability to separate content from
its content model and presentation. B2MML is one XML-application that defines a number of
XML Schemas, based on the object models from the ISA-95 standard. B2MML defines
attributes, elements, and data structure in a hierarchical XML-based manner. The schemas can
be used to package information about different information objects and also as an interface
between different processes and activities within a process. Another XML-based application that
offers term definitions and data structure is MIMOSA¶V OSA-EAI. There are also other
standards and initiatives that provide object models and data structures mostly based upon
XML, such as OASIS¶V PLCS and PPS, which address the different part of the operation and
maintenance processes.
It seems as if current information exchange standards are mostly developed and adapted for use
in system-to-system interaction. However, the decision-making process requires a high human
intervention, especially within maintenance, which sooner or later comes down to maintenance
execution performed by technicians. This requires standards for information transforming in a
system-to-human interaction, which is partly provided by the XML-based microformats.
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This paper covers mainly content, which is one of the essential aspects of information logistics.
This aspect not only deals with the format, structure and ontology related to the content, but it
also highly affects the other aspects of information logistics, which are time, communication
and context. These aspects provide scope for further research related to infrastructure and
service architecture within eMaintenance.
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Abstract
Purpose - The purpose of this paper is to describe a taxonomy for an eMaintenance Management
Framework (eMMF) based on a service-oriented approach, in order to facilitate the development of
ICT-based maintenance support services aimed at actors within the maintenance process related to
complex technical industrial systems.
Methodology - To fulfil this purpose, a case study of a modern multi-role combat aircraft was
selected as an appropriate research strategy and supported by a literature study. Empirical data was
collected through interviews, workshops, document studies, and observations. A framework was
developed and evaluated using a prototype within the studied case. The study was performed in close
FRRSHUDWLRQZLWKWKHDLUFUDIW¶VW\SHFHUWLILFDWHKROGHUDQGWKHFXVWRPHUUHSUHVHQWDWLYHDQGRSHUDWRULQ
one country.
Findings - The proposed eMMF aids in the identification and development of ICT-based
maintenance support services tailored for specific maintenance actors and their activities.
Research limitations/implications - To further test the usefulness of the proposed framework, a
larger scale application must be performed. This can involve additional stakeholders or a larger part
of the technical system in the selected case, or another case dealing with complex technical industrial
systems.
Practical implications - The proposed framework supports the identification of required information
services that support the maintenance process, which in turn supports the development of a ServiceOriented Architecture (SOA) aimed at proper maintenance information logistics. Hence, people
working with information logistics for maintenance purposes can use the framework as a support
tool.
Originality/value - The proposed framework combines a process and service oriented approach,
which facilitates the development of SOA-based information services by giving valuable input to
more traditional system-oriented approaches.
Keywords maintenance support, maintenance process, information logistics, Service-Oriented
Architecture (SOA), Information and Communication Technology (ICT)
Paper category - Research paper/Case study
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1

Introduction

0DLQWHQDQFH PD\ EH VHHQ DV D SURFHVV WKDW PRQLWRUV D WHFKQLFDO V\VWHP¶s capability to deliver
services, records problems for analysis, takes corrective/adaptive/perfective/preventive actions, and
confirms restored capability (Coetzee, 1998; Campbell & Jardine, 2001; Söderholm et al., 2007;
ISO/IEC, 2008). The purpose of the maintenance process is to sustain the capability of a system to
provide a service and thereby achieve customer satisfaction (Liyanange & Kumar, 2003; Söderholm
et al., 2007; ISO/IEC, 2008). A generic maintenance process consists of phases for management,
support planning, preparation, execution, assessment, and improvement (IEC, 2004). Hence,
maintenance is multidisciplinary and involves a wide range of actors, such as managers, process
owners, maintenance technicians, maintenance planners, and logistic managers. Therefore, to be
efficient and effective, the maintenance process should be horizontally aligned with both the
operation and modification processes and vertically aligned with the requirements of external
stakeholders (Liyanange & Kumar, 2003; Söderholm et al., 2007).
Simultaneously, actors within the maintenance process require support to perform their activities as
intended. This maintenance support consists of resources such as documentation, personnel, support
equipment, materials, spare parts, facilities, information, and information systems (ISO/IEC, 2008).
Hence, the provision of the right information to the right information consumer and producer with the
right quality and in the right amount of time is essential (Parida et al., 2004; Parida & Kumar, 2004;
Lee et al., 2006). This desirable situation can be achieved through appropriate information logistics,
which aims to provide just-in-time information to targeted users and to optimize the information
supply process, i.e., making the right information available at the right time and at the right point of
location (Heuwinkel et al., 2003; Haseloff, 2005). Hence, information logistic solutions deal with
four aspects (Heuwinkel et al., 2003; Haseloff, 2005). The first aspect is time management, which
DGGUHVVHV µZKHQ WR GHOLYHU¶, TKH VHFRQG DVSHFW LV FRQWHQW PDQDJHPHQW ZKLFK UHIHUV WR µZKDW WR
GHOLYHU¶. TKHWKLUGDVSHFWLVFRPPXQLFDWLRQPDQDJHPHQWZKLFKUHIHUVWRµKRZWRGHOLYHU¶. Finally,
the fourth aspect is context management, which addresses µZKHUHDQGZK\WRGHOLYHU¶
However, it is a great challenge to achieve effective information logistics when dealing with
maintenance of complex technical industrial systems. The reason for this is that maintenance-related
information often is hidden in vast amounts of data, stored for other purposes, at different places, in
different formats, and generated throughout the entire life cycle of the system (Tsang, 2002; Candell
& Söderholm, 2006). At the same time, there is an ever increasing amount of data and information
that may lead to data overload and information islands, which both contribute to unwanted
maintenance-related consequences, such as reduced product quality, unwanted incidents, and
accidents (Kletz, 1994; Ollila & Malmipuro, 1999; Holmgren, 2005, 2006; Holmgren & Söderholm,
 2QHUHDVRQLVWKDWGDWDRYHUORDGFDQFDXVHSUREOHPLQWKHDFWRUV¶VLWXDWLRQ-awareness due to
non-availability of the right information (Rasmussen et al. 1994; Candell, 2004; Parida et al., 2004).
Simultaneously, information islands prevent the integration of information in an organization, e.g.,
information generated or stored within the operation, maintenance, and business processes (Parida et
al., 2004; Söderholm, 2007; Söderholm et al., 2007). Due to this challenging information context and
increasing information needs, the development of Information and Communication Technology
(ICT) contributed in the early 2000s to the emergence of eMaintenance, which today is a common
term in maintenance-related literature (Muller et al., 2008; Levrat et al., 2008).
Even though there are multiple views of what eMaintenance actually is, one common and vital part is
the application of ICT to achieve effective information logistics within the maintenance area (see,
e.g., Koc & Lee 2001; Tsang, 2002; Parida & Kumar, 2004; Iung & Crespo, 2006; Muller et al.,
2008). Hence, the establishment of a dynamic and effective eMaintenance solution requires an
appropriate software architecture. The software architecture involves a description of software
V\VWHPV¶ LQKHUHQW HOHPHQWV WKH LQWHUDFWLRQV EHWZHHQ WKH HOHPHQWV WKHLU FRPSRVLWLRQ DV JXLGHG E\
patterns, and the constraints on these patterns (Sowa & Zachman, 1992; Shaw & Garlan, 1996). One
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approach to software architecture related to eMaintenance is the concept of a common database, or an
integration at the data level for provision of the needed flexibility for maintenance as support to
strategic, tactic, and operational decision-making (Kans, 2008). Another approach to an architecture
for eMaintenance is a client-server approach (Han & Yang, 2006). This client-server architecture is
based on two subsystems. The first subsystem is a maintenance centre, which is intended to tailor the
needs of the organisation through cooperation among the maintenance-related areas. The second
subsystem is local maintenance, which implements and evaluates the maintenance system provided
by the maintenance centre. Another approach relies on a star-like layered architecture (Bangemann et
al., 2004, 2006). One way to realize this star-like layered architecture is to use a platform that utilizes
Web services technology along with the existing maintenance applications to provide function and
data integration (Bangemann et al., 2004, 2006).
The aforementioned efforts related to software architecture within eMaintenance are complementary
and contribute to the achievement of service-oriented information logistics within the maintenance
area. Particularly, the use of Web services technology is an attractive approach to achieving a
dynamic and flexible eMaintenance solution based on a Service-Oriented Architecture (SOA). In the
context of software architecture, SOA represents an model where business logic is decomposed into
smaller elements that can be distributed (Erl, 2006). One of the benefits of such elements is that they
are autonomous and can be individually distributed (Newcommer, 2002; Erl, 2006; Pulier & Taylor,
  $QRWKHU EHQHILW LV WKDW WKHVH HOHPHQWV DUH XQLILHG E\ WKH WHUP ³VHUYLFH´ LQ RUGHU WR UHGXFH
their dependency on underlying technology and emphasize their target, the business processes (Erl,
2006; Pulier & Taylor, 2006). The Organization for Advanced Standards for Information Society
(OASIS) describes SOA as a collection of best practices, principles, and patterns related to serviceaware, enterprise-level, and distributed computing (OASIS, 2008). Hence, SOA enables a higher
degree of flexibility by disregarding any specific technology and instead focusing on the information
services that are requested as support by the actors within a process.
Therefore, the purpose of this paper is to describe a taxonomy for an eMaintenance Management
Framework (eMMF) that is based on a service-oriented approach, in order to facilitate the
development of maintenance support information services aimed at actors within the maintenance
process related to complex technical industrial systems.
The remaining outline of this paper is as follows. First, the SHFWLRQ µ6WXG\ $SSURDFK¶ FRQWDLQV D
description of the applied research methodology. Then, a description of the studied case is provided
in the SHFWLRQ µ&DVH 6WXG\ 'HVFULSWLRQ 7KHUHDIWHU WKH SHFWLRQ WLWOHG µH0DLQWHQDQFH 0DQDJHPHQW
)UDPHZRUN¶SURYLGHVDGHVFULSWLRQRIWKHSURSRVHGIUDPHZRUNDQGDVSHFWVRILWVHYDOXDWLRQWKrough a
SURWRW\SH GHYHORSPHQW )LQDOO\ WKH µ&RQFOXVLRQV DQG GLVFXVVLRQ¶ VHFWLRQ HQGV WKH SDSHU E\
providing a summary and discussion of findings encountered in the study as a whole.

2

Study Approach

Based on criteria given by Yin (2003), a single-case study was selected as an appropriate research
strategy (see Söderholm (2005) for a further discussion about the rationale for this selection). To
collect empirical data and simultaneously achieve a triangulation, multiple sources of evidence were
applied, such as workshops, interviews, observations, and document studies. To initially arrange the
findings of the case study and to reduce the number of them, some of the Seven Management Tools
as described by Mizuno (1988) were applied. For example, in order to identify maintenance actors
and their information requirements, process mapping has been applied, as advised by Juran (1992)
and Sharp et al. (1999). The process perspective was also chosen to support a service-oriented
approach, as advised by Zeithaml et al. (1990), Gummesson (2002), Bergman & Klefsö (2003) and
Grönroos (2007). This combined process and service-oriented approach is further believed to
facilitate the development of SOA-based information services by giving valuable input to more
traditional system-oriented development approaches (as described by Alexander, 1997; Sommerville
& Sawyer, 1997; Kotonya & Sommerville, 1998). This combined approach was also applied in the
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LWHUDWLYH SURWRW\SH GHYHORSPHQW DV GHVFULEHG LQ PRUH GHWDLO LQ WKH VHFWLRQ µH0DLQtenance
0DQDJHPHQW )UDPHZRUN¶ 7KH SXUSRVH RI WKH SURWRW\SH GHYHORSPHQW ZDV WR HYDOXDWH SDUWV RI WKH
proposed eMMF. In addition, key informants have been used to review the validity of ideas and to
create documents throughout the research process.

3

Case Study Description

This section describes the studied case. First, a description of the aircraft is provided; thereafter, the
organisations and selected actors involved in its maintenance are described in relation to applied
maintenance echelons. Thereafter, the aircraft maintenance is described within a process view.
Finally, certain aspects related to maintenance information and ICT-applications within the case
study context are given.

3.1

Technical System

The Saab JAS 39 Gripen is a modern fighter aircraft designed to perform three mission types:
interception, air-to-ground, and reconnaissance. As in other complex technical systems, the aircraft
has a very intricate configuration. As illustrated on the left-hand side of Figure 1, it can be structured
as a hierarchy of items, called indenture levels.

Figure 1. Indenture levels of a system

As illustrated on the right-hand side of Figure 1, the aircraft may be placed on the 1st indenture level.
Its subsystems, such as the engine, are then placed on the 2nd level. 7KHHQJLQHV¶FRQVWLWXHQWLWHPV
e.g., the spraybar slots, are then placed on the 3rd level. Finally, the spraybar is one example of an
item on the lowest level.
Another method of looking at items from the maintenance perspective is illustrated on the right side
of Figure 2. Here, the items are classified as Line Replaceable Units (LRUs) or Shop Replaceable
Units (SRUs). From a maintenance perspective, this classification indicates the way that these items
are maintained. Both LRUs and SRUs may consist of hardware and software parts.
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Figure 2. Structure of maintenance items

The LRUs may be removed and replaced at the deployed site of the system, for instance, in the field.
By doing this, one quickly restores the affected unit or its parent item to an operational condition.
The SRUs, on the other hand, can only be attended to at a shop level. To attend to a faulty SRU, one
must first remove its closest LRU parent from the aircraft, and then take it to a shop, where a
technician gets inside the LRU to remove the faulty SRU.

3.2

Maintenance Organisation

In the Swedish case, there are mainly three organisations that are involved in the maintenance of the
Gripen, each having different roles. Saab is the manufacturer and type certificate holder of the
aircraft. The Swedish Defence Material Administration (Försvarets MaterielVerk, FMV) represents
the customer (the Swedish Government) for the aircraft and the Swedish Air Force (SwAF) is its
user.
6DDE¶V UROH LV WR SURYLGH PDLQWHQDQFH JXLGHOLQHV WR LWV FXVWRPHUV DQG XVers, as well as to perform
KLJKO\ VSHFLDOL]HG PDLQWHQDQFH DQG PRGLILFDWLRQV RI WKH DLUFUDIW )09¶V )09   UROH LV WR
DGDSW6DDE¶VJXLGHOLQHVWRWKHFRQWH[WRIWKH6Z$)7KH6Z$)¶V 6Z$) UROHLVWRRSHUDWHDQG
maintain the aircraft according to the guidelines provided by Saab and FMV.
One way to illustrate the maintenance organisation is by functional area, such as management,
planning, mechanical, and electrical. Another way is to use maintenance echelons, which are
organizational levels that perform maintenance activities, as seen in Figure 3. Their configuration is
highly dependent on overall organizational policies, rules and regulations, technical system,
indenture levels, maintenance programme, and overall requirements. Hence, the situation may vary
entirely between different organizations.

Figure 3. Maintenance echelons
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The JAS 39 Gripen, operated by SwAF, is managed across three echelons. At Echelon 1,
maintenance is conducted preventively at regular pre-determined intervals (e.g., calendar time,
operation time or number of cycles) or correctively after having experienced a failure. Tasks
performed here mainly concern replacement tasks that may be conducted directly on the aircraft.
These include aircraft inspections, adjustments, calibration, cleaning and lubrication, and
replacement. Maintenance at Echelon 1 is often conducted on aircraft in the operational environment.
Maintenance in Echelon 2 is conducted in fully equipped intermediate maintenance workshops. Here,
one makes minor repair and attends to faulty SRUs by removing them from their parent LRU and
replacing them with new SRUs. At Echelon 2, maintenance tasks are performed that are not suitable
to be performed on aircraft or at Echelon 1, because of maintenance characteristics. At this echelon,
one attends to LRUs that have been removed from the aircraft and transferred from Echelon 1.
Finally, maintenance in Echelon 3 is performed by highly specialized personnel at central workshops.
This work involves not only complete rebuilding of entire items and renovation of major assemblies
(such as aircraft engines), but also LRUs and SRUs received from the other echelons for delivery to
item stock.

3.3

Maintenance Process

The maintenance process of the Gripen may be described based on the six phases: Maintenance
Management, Maintenance Support Planning, Maintenance Preparation, Maintenance Execution,
Maintenance Assessment, and Maintenance Improvement (see Figure 4). Each such phase needs to
be supported with timely information. This section describes each maintenance phase and some of its
information needs.

Figure 4. Example of aircraft maintenance process

The parts of the maintenance activities and related information flow that are related mainly to a
Swedish Air Wing are illustrated in Figure 5.
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Figure 5. Maintenance activities and information flow mainly related to a Swedish Air Wing.

Phase: Maintenance Management
The first phase is called Maintenance Management, and is conducted at Echelon 3 by Saab, FMV,
and various authorities, including certification and legal authorities. Using a set of rules, directives,
and requirements from these bodies, as defined by the manufacturer in the Maintenance Programme,
one creates a General Maintenance Plan defining guidelines and directives for how to maintain a
certain variant of the Gripen.
The contents of the General Maintenance Plan should apply to the entire aircraft lifecycle. It may,
however, be changed in cases when changes are made either to the aircraft or maintenance policies.
During this step, there is a need for access to information from many heterogeneous content sources.
Some examples of these sources are domestic and international rules, regulations and standards
related to maintenance, internal operational requirements, supplier directives and requirements, subFRQWUDFWRUV¶DQGPDQXIDFWXUHU¶VPDLQWHQDQFHSURJUDPPHVDQGV\VWHPLQIRUPDWLRQ
These contents are provided from different organizations, in different content formats, at different
times, and may have different lifecycles. The desired effect of information services is to offer
improved information support in terms of access time, integration, monitoring and change
management, as well as functionality for information exchange with external sources and tools for
analysis and processing.
Phase: Maintenance Support Planning
In Sweden, the Maintenance Support Planning phase is conducted at Echelon 3 by FMV. Here, FMV
FUHDWHV)OHHW0DLQWHQDQFH3ODQVGHILQLQJPDLQWHQDQFHRIWKH6Z$)¶VDLUFUDIWIOHHWDQGDOVRFUHDWHV
plans for maintaining individual aircraft. Both plans include spare parts, personnel and their
competence levels, tools, LRUs/SRUs, etc. They are created on the basis of historical facts and
experiences as documented in the Historical Data & Experience document.
To plan maintenance support, information from several information sources must be provided, for
example, information managed in former phases and logistics information with respect to fleet,
aircraft individuals, LRUs, and SRUs. In addition, historical information concerning the operation
and maintenance, but also clear specifications of the maintenance actors and their competencies
should be accessible.
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Phase: Maintenance Preparation
The Maintenance Preparation phase is conducted in Echelons 1, 2, and 3 by the user of the aircraft or
industry. It is performed either at predetermined time intervals or after a failure has occurred. Here,
the tasks to be conducted in the upcoming Maintenance Execution phase are planned. In the process,
one considers each individual aiUFUDIW¶VRSHUDWLRQDOFRQGLWLRQVDQGSUREOHPVWKDWKDYHEHHQUHSRUWHG
by the pilot during operation and by the support technicians during the Maintenance Execution phase.
The outcome of this phase is a Maintenance Work Order. This order specifies tasks to be conducted.
Since most of the maintenance tasks are planned preventive tasks, this phase involves information
from several sources. Some of these are outcomes from the Maintenance Support Planning phase, or
the maintenance programme. In addition, one needs to access operational data (pilot and technician
observations, alarms, and sensor data), historical data (data related to performed maintenance tasks
on the individual aircraft), maintenance handbook, various logistic information regarding both the
components and access to maintenance stations, and personnel information with respect to
availability.
Both the Maintenance Preparation phase and the preceding Maintenance Support Planning phase
focus on the provision of information services that maximize the DFWRUV¶ HIILFLHQF\ DQG UROH
capability. This is achieved through a reduction of time-consuming access to non-digital data
sources, other actors, and manual interventions. Hence, information services are expected to enable
actor independency through enhanced decision support that facilitates the identification of
appropriate plans and actions in a particular context.
Phase: Maintenance Execution
The Maintenance Execution phase is conducted at Echelons 1 and 2 by the SwAF Wings. The goal is
to keep the aircraft in an airworthy and operational condition.
The technicians perform maintenance tasks as designated in the Maintenance Work Order. During
and after this phase, the following results are generated: (1) a new Technical Report giving an
account of problems to be attended to by the Maintenance Preparation phase, (2) an Action Report
recording the performed maintenance tasks, (3) Change Requests suggesting major changes to either
aircraft design or maintenance programme, and (4) the list of removed items sent to other echelons.
In addition to the outputs from the Maintenance Preparation phase, such as the Maintenance Work
Order, there is a need to access operational data, work orders, the maintenance handbook, logistic
information, and personnel information. The desired functionality of ICT applications is to supply a
single access point or computer device for actors, i.e., a digital service desktop that provides several
different support functions through one integrated usable interface. Through improved accessibility
and usability of frequently used information and support functionality, this would provide
performance support to first line operation and maintenance actors. It should comprise role-based and
situation-adapted orientation, guidance, and task-oriented user information and support, and thereby
RIIHUDVLJQLILFDQWO\LPSURYHGLQIRUPDWLRQHQYLURQPHQWIRUXVHUVDVFRPSDUHGWRWRGD\¶VGLYHUJHQW
multi-application environment of separated, single access points and devices.
Phase: Maintenance Assessment
The Maintenance Assessment phase is conducted in Echelons 1, 2, and 3 by all three organizations
involved within maintenance plus subcontractor organizations. This phase takes place after
maintenance execution, to ensure that required function has been retained or restored. Its role is to
assess the data collected during operation and maintenance, to check if stated requirements are
fulfilled, and to make suggestions for improvements. These suggestions provide input to the
Maintenance Improvement and Maintenance Preparation phases. Maintenance Assessment requires
most of the information, if not all, that is produced within the former phases. What actually is
required and when depends on the type of assessment.
Phase: Maintenance Improvement
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The final phase, Maintenance Improvement, is conducted in Echelon 1, 2, and 3 by Saab, FMV, and
SwAF. During this phase, the improvements related to the maintenance process and working patterns
are performed. Improvements related to the aircraft design and surrounding environments are
reported in Change Requests and submitted to the Maintenance Management phase.
Maintenance improvement requires the same information as the Maintenance Assessment phase, or
most of the information that is produced within the former phases. What actually is required and
when depends on the type of improvement. The support and services enabling operational and
maintenance data feedback from the Execution, Assessment, and Improvement phases are especially
important for operational and fleet monitoring, as well as Life Cycle Management (LCM). Hence, the
eMaintenance solution needs to comprise aspects of functions such as repositories, delivery, and
infrastructure for data and information feedback.

3.4

Selected Aspects Related to Maintenance Information and ICT

In the future, the Swedish Air Force is expected to be a more integrated part of the rest of the Armed
Forces, as well as the society that it is expected to protect. Furthermore, the Air Force must cooperate
with other national and international authorities, organizations, and companies to a larger extent in
order to solve their tasks. An additional challenge is that there exist many large and complex systems
within the Armed Forces, which in the future will be part of a much larger, complex, and dynamic
system-of-systems. This change generates additional requirements for operators, maintainers, and
developers. Simultaneously, individual systems are becoming highly digitalized, sensor rich, smaller
(micro and nano scale), and supplied with ICT. In addition, ICT development supports unmanned
and autonomous vehicles. (FMV, 2005; Candell & Söderholm, 2006)
The ICT development trends affecting maintenance solutions within the military aerospace area (and
that are likely to impact system structures) are primarily the complication of additional hardware and
software components due to the growth of on-board monitoring and Built-In Test (BIT) technologies
for diagnostic and prognostic purposes. This technology development can also enable the aircraft to
keep track of and digitally communicate information about its own system configuration (both
hardware and software) to external, ground-based maintenance equipment and information systems.
The echelon concept per se is not necessarily changed by a more pervasive ICT presence. However,
the utilization of ICT can enhance information exchange and enable solutions such as overarching
echelon integration of on-board monitoring and BIT with workshop level testing for LRU and SRU
maintenance. This is likely to positively impact the No Fault Found (NFF) problem, which can erode
any benefits that on-board monitoring and BIT technologies by themselves may provide (Hawkins,
2006; Söderholm, 2007).
The Gripen user information system is based on data and results from the Logistic Support Analysis
(LSA) performed during the design phase of the maintenance system. The LSA defines support
activities, maintenance tasks, Ground Support Equipment (GSE), training needs, and provision for
technical documentation. The LSA results, in the form of data and information, are integrated into a
dynamic supportability database known as the Logistic Support Analysis Records (LSAR) or
Integrated Logistic Support DataBase (ILS-DB). This database then becomes a central configurationcontrolled and change-managed product data repository, continuously updated during the in-service
phase to support the improvement of the maintenance system and the aircraft. This information is
turned into user information in a suitable format. This is achieved by a process of structuring and
adaptation of information and media to different actors and contexts.
The actors that use and raise requirements for information are a heterogeneous group representing
many different professional disciplines. This group ranges from conscript aircraft mechanics and
aircraft technicians performing on-aircraft maintenance, maintenance planners, as well as civil and
military maintenance planners and engineers at the development organisation, sub-suppliers, and
third party spares and maintenance suppliers.
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Today, typical actors in need of information for performance of activities within the maintenance
process have access to the information in a multi-application environment with little or no integration
of information providers, such as fault localization support equipment, amendment services, health
monitoring and feedback of operational data, and maintenance records. By striving towards better
composed and more integrated ICT-solutions and state-of-the-art tools (in a way that gives the actors
a smooth information flow between different tasks and applications), and time for troubleshooting
and maintenance activities, the need for paper-based documentation will be eliminated and costs will
be reduced.
By observing the information needs in WKH PDLQWHQDQFH SURFHVV¶ LQKHUHQW SKDVHV VRPH LPSRUWDQW
challenges begin to crystallize. One challenge is related to information harvested from a large
number of heterogeneous information sources. This includes aspects such as identification of the
right information sources, access to the content source, delivery of the required data, aggregation of
data to the required level, authentication and authorization of actors, and visualization of information
to the right consumer.
The publication suite related to the Gripen is a vital source of information that supports maintenance
execution. This information is tailored to fit the role and situation of a general aircraft technician.
This category of technician replaces the previous concept where several different types of technicians
were specialized in disciplines such as engines, avionics, and weapons. Another requirement of the
publication suite is to support the Swedish model of using semi-skilled conscripts (noncommissioned personnel) as aircraft mechanics. Together with other supports (e.g., BIT), the
tailoring of the maintenance publication is intended to simplify and make Flight Line Operation
(FLO) and organizational level maintenance more effective while using less resources.
The daily operation of the aircraft is supported by maintenance performed on the flight line or in
local workshops and on site at an Air Wing. Organizational level maintenance is performed by
aircraft technicians and conscript aircraft mechanics who perform on-aircraft service and
maintenance, while working with the entire aircraft. At intermediate and depot levels, maintenance
workshops often employ civilian technicians and engineers, and the maintenance is both made onaircraft and off-aircraft, i.e., on LRUs and SRUs removed from the airframe. This context defines a
group of actors that is a mix of military and civilian technicians at the organizational, intermediate, or
depot levels, but is also related to the whole aircraft or its inherent LRUs and SRUs.
To gain an understanding of the immense volume and complexity of the Gripen maintenance
publication suite, the structure of one of its many included documents is outlined in Figure 6.
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Figure 6. Illustration of the amount of information inherent in the Maintenance Programme

The technical publication related to the Gripen is structured according to S1000D (see Figure 7),
which is an international specification for the procurement and production of technical publications
(ASD, 2008).

Figure 7. The scope of S1000D (ASD, 2008)

Regarding content requirements, the supply-chain related to Gripen includes a vast number of
customers and suppliers, and for most of them, it is not possible to afford special infrastructure and
interfaces. Instead it is desirable to achieve standardized networks that may provide a secure
infrastructure for exchanging standard transactions. Hence, Saab participates in industrial efforts for
the deployment of international standards for ICT-facilitated product data exchange. For example, the
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ISO Standard 10303- ³3URGXFW GDWD UHSUHVHQWDWLRQ DQG H[FKDQJH´ DQG LWV 3DUW 
³$SSOLFDWLRQSURWRFRO3URGXFWOLIHF\FOHVXSSRUW´VSHFLILHVVR-called Data Exchange Specifications
(DEX), which enables structured data exchange and sharing to support complex engineered assets
through their entire life cycle (OASIS, 2006). The Swedish Defence Materiel Administration
(Försvarets MaterielVerk, FMV), which represents the Swedish Gripen customer, has also made a
strategic decision to use the PLCS standard to align their product data management. The main
purpose of this decision is to cut costs, simplify processes, increase quality, and to secure the ability
to manage and utilize product data for systems with very long life cycles (FMV, 2006).
Simultaneously, the Swedish Armed Forces has decided to implement SAP, in order to have one
standardised business system and thereby achieve better and more cost-effective methodologies
within the areas Human Resources (HR), economy, logistics, and control (IBM, 2008).

4

eMaintenance Management Framework

The proposed eMaintenance Management Framework (eMMF) consists of two parts: the
eMaintenance Management Model (eMMM) and the eMaintenance Platform (eMP). The eMMM is a
package of Roles, Processes, and Repositories required for managing the eMP. The eMP, on the
other hand, is a SOA-application aimed at providing its stakeholders with tailored information pivotal
for making decisions as to the choice of appropriate maintenance activities. Its purpose is to extract
all of the information necessary for a certain maintenance activity, and to analyze, synthesize, and
package it into a maintenance process relevant for the maintenance activity at hand.

Figure 8. Structure of eMMF

4.1

Maintenance Service Development - MSD

The proposed Maintenance Service Development Process (MSD) consists of five interconnected
phases: Maintenance Service Identification, Maintenance Service Design, Maintenance Service
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Development, Maintenance Service Implementation, and Maintenance Service Deployment. The aim
of the MSD is to provide a generic process for development of maintenance support services.
A maintenance service is a set of linked functions which realizes a business objective or policy goal.
During Maintenance Service Identification, services that are needed by a customer or user
organisation, and can be provided by a supplier organisation (industry) through a maintenance
solution, are identified. These solutions range from traditional spare parts provisioning to concepts
such as turnkey solutions, total care, and functional products, where the customers can be offered
availability performance to a fixed price. One example of a high degree of industrial commitment is
WKH UHTXLUHPHQW RI D µ0DLQWHQDQFH )UHH 2SHUDWLQJ 3HULRG¶ 0)23  ZKLFK PD\ EH LQFOXGHG LQ
service contracts within military aviation. In fact, a global trend is that the industry, to an increasing
degree, provides services that traditionally have been carried out by the users. Examples of
PDLQWHQDQFHVHUYLFHVDUHµ6XSSRUWWRFXVWRPHU¶µ6XSSRUWWRSURGXFWDQGµ0DLQWHQDQFH
VHOI VHUYLFH¶ 6HH DOVR 0DUNHVHW   0DUNHVHW  .XPDU   .XPDU  .XPDU   DQG
Kumar et al. (2004) for a discussion about different types of maintenance services and solutions.
In order to evaluate the MSD phase in the eMMF, a number of activities have been conducted to
elicit maintenance-related requirements in relation to the prototype development, including literature
study, workshops, interviews, and document studies (for further description of maintenance
requirements and services related to Gripen, see Candell & Karim (2008); Karim et al. (2008a);
Karim et al. (2008b)). Based on the data collected within these activities, the maintenance process
related to the Gripen has been mapped, which is describHGLQWKHVHFWLRQµ&DVH6WXG\'HVFULSWLRQ¶,Q
addition, some of the overarching requirements that both present and potential customers of Gripen
have stated more or less formally have been identified and related to the mapped maintenance
process. This mapping can be based on formal textual and graphical modelling notations such as
Business Process Modeling Notation (BPMN), Integration DEFinition (IDEF), and Object Role
Modeling (ORM).
Based on the process map and the identified customer requirements, some vital maintenance services
have been identified, such as the provision of Technical Publications (TP) and the management of
operational data. Out of these, the provision of TP was selected as a candidate service for further
development in the prototype. The three main reasons for this selection were that 1) information in
the TP is essential for all phases of the maintenance process, 2) TP is used by different maintenance
actors in heterogeneous contexts, and 3) the content of TP is important for both Saab and its
FXVWRPHUV+HQFHWKHVHOHFWHGVHUYLFHµSURYLVLRQRI73¶ZDVIXUWKHUXVHGWRHYDOXDWHWKHSURSRVHG
eMSD process.

4.2

eMaintenance Service Development - eMSD

The proposed eMaintenance Service Development Process (eMSD) consists of the six phases:
eMaintenance Service Identification, SOA Component Identification, SOA Component Design, SOA
Component Development, SOA Component Implementation, and SOA Component Deployment. The
objective of eMSD is to use a service-oriented approach and to realize the ICT components that
previously have been identified in the MSD. The eMSD is initiated as a part of the Maintenance
Service Implementation and gives input to the Maintenance Service Deployment. During the
eMaintenance Service Identification, the context and correlation of information services that support
maintenance actors in the performance of their activities are identified and described. During the
SOA Component Identification phase, the components needed from an ICT-perspective are
determined. The SOA Component Design and Development phases describe how the candidate
components can be composed and materialized, and also what technologies should be used. In the
SOA Component Implementation phase, the service components are implemented in the intended
maintenance support service. Hence, in this phase, the ICT-components are tailored with the other
artefacts included in a maintenance support service. The SOA Component Deployment phase results
in the delivery and deployment of the ICT-service components to the intended context.
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In order to evaluate the eMSD part of the eMMF, the selected service (provision of TP) from the
MSD was processed in accordance with the proposed eMSD. To guide this work, S1000D, which is
an international specification for TP, was followed (see Figure 7). The selection of S1000D was
mainly based on two criteria. The first criterion is that S1000D is a common and widely accepted
guideline within aviation, and the second criterion is that Saab has chosen to adapt to S1000D.
Based on existing requirements regarding content format, it was noted that the efficiency of the
VHUYLFHµSURYLVLRQRI73¶FRXOGEHLQFUHDVHGWKURXJKXWLOL]DWLRQRI,&7+HQFHWKHRXWSXWIURP06'
was used as input to the eMSD phase of the eMMF, for realisation of SOA-based services. Based on
the output from the MSD phase, two eMaintenance services were identified for implementation based
on an SOA-approach. The first service was Maintenance Plan Delivery Service (MPDS) and the
second service was Maintenance Plan Feedback Service (MPFS) (see Figure 7).
The MPDS is aimed at delivery of the maintenance plan in a proper format, such as Portable
Document Format (PDF), eXtensible Markup Language (XML), or Standard Generalized Markup
Language (SGML). The selection of format for content delivery was based on existing customer
requirements. In addition, XML and SGML enhance the flexibility of processing content
automatically, which contributes to increased usability of the content.
The MPDS enables customization of content format and inherent data depending on current context.
7KH FRQWHQW LV VWUXFWXUHG DFFRUGLQJ WR 6' ZLWK VRPH DGDSWLRQ WR 6DDE¶V UHTXLUHPHQWV DQG
conventions. The original data are gathered from several business applications, such as Pumax, which
can be considered as a content management system, and the ILS database, which contains IL-related
data (e.g., material structure and related maintenance needs).
The MPFS is aimed at the provision of a commenting and reporting capability related to TP on issues
raised for the data modules or publication modules during the verification process and the in-service
phase of the Gripen. This service also utilizes recommended guidelines for commenting in
accordance to S1000D.
)RUUHDOL]DWLRQRI03'6DQG03)6VRPHRIWKHH03¶VLQKHUHnt items have been utilized. These are
described in Section 4.3.

4.3

eMaintenance Platform - eMP

The eMP is divided into the three levels: Specification, Design, and Implementation (see right hand
side of the bottom part of Figure 8). The Specification Level contains all the information necessary
for performing maintenance activities, and realised in various ways using notations such as text,
models, and related items. The Design Level identifies design components, which are realized as
SOA-components. Finally, the Implementation Level materializes the SOA components into web
services and business processes orchestrated for the needs at hand.
As illustrated in Figure 8, each level consists of one or several groups of components, and there
exists a relationship between these components. All components in the Specification Level provide a
platform for creating other components in either the Specification Level or they are directly
realizable on the Design and/or Implementation Level. This relationship is shown in Table 1. Below
the levels, their inherent groups of components and their relationships to other components are
presented, as shown in Sections 4.1 - 4.3. In addition, each eMP constituent is listed in Table 1 as
well as a summary of how it is realized on each eMP level.

4.3.1 Specification Level
The Specification Level contains all information necessary for performing maintenance activities. It
consists of three components: Process, Requirement, and Context.
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Process
The Process component lists and describes the business processes and the actors involved in them. It
consists of two parts: Business Process and Actor.
The Business Process is a prescriptive model of the organizational maintenance processes. It
identifies and defines all of the generic maintenance processes inherent in maintenance. Each process
is described in terms of its phases, activities, and relationships to other processes. For example, it
may describe an immediate corrective maintenance action on a combat aircraft as executed by a
maintenance technician, and its relationship to the maintenance preparation process as conducted by
a maintenance planner.
Business Process is an essential component of eMP since it provides a generic platform for defining
the overall system architecture, for identifying business process flows to be supported by SOA, and
for designating system boundaries. As shown in Table 1, it is realised as text and/or various models
on the Specification Level. It does not result in any SOA component on the Design Level. However,
it constitutes a starting point for identifying and defining SOA components.
Table 1. Relationships among the eMP components.

Regarding the Actor, this is a descriptive model of the players involved in the business processes, and
thus identifies and defines all the actors involved in the maintenance process. Actors are defined as
things or people that are outside the system and interact with the system to achieve some goal
(Jacobson, 1992; Bittner & Spence 2003). The actors may represent people, organizations, systems,
or devices involved in, or required for, executing a specific maintenance activity. Examples of people
actors are pilots, technicians, system engineers, and maintenance planners. Examples of
organizational actors are client and supplier organizations. Examples of system actors are
information systems containing information relevant for the maintenance activities (e.g., BIT systems
that aid in fault diagnosis of an aircraft engine). An example of a device actor is a mobile
maintenance workstation delivering maintenance support information to the maintenance technician.
Further examples of people and organizational actors that interact with the BIT-system in the Gripen
can be found in Söderholm (2006).
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Just as in the Business Process component, the Actor is an essential component of the eMP providing
a platform for defining the overall system architecture, for identifying business process flows to be
supported by SOA, and for designating system boundaries. For this reason, as shown in Table 1, it is
realised as text and/or various formal modelling languages on the specification level, such as BPMN,
ORM, IDEF, and UML. It does not result in any specific SOA component on the Design Level.
Within the scope of the prototype, the description of business processes and its actors were limited to
those scenarios that require a direct interaction with TP. Example of the described usage scenario is
the business process of maintenance planning based on the scheduled time cycles (involving actors
such as maintenance planners) of the maintenance process for the Gripen. For a description of
processes and actors, different notations are available. In prototype development, a option based on
UML was selected. The reason for selecting UML as an appropriated modelling language for this
context is that it provides a widely accepted description alternative based on graphical and textual
visualization, which also is supported by numerous software development methodologies, e.g.,
Rational Unified Process (RUP) and Essential Unified Process (EssUP).
Context
The Context component lists and describes various backgrounds and their interrelated conditions in
which maintenance activities take place. It consists of three components: Setting, Process Usage
Scenario, and Service.
The Setting component is a description of specific situations, circumstances, or states in which
maintenance tasks are performed. It determines the design of a maintenance task. Examples of certain
settings are (1) war or peace time, (2) a situation when the failure is evident or hidden for the
operating crew, (3) an µon aircraft¶ setting indicating that the maintenance is conducted at the LRU
level, (4) an µoff aircraft¶ VHWWLQJLQGLFDWLQJWKDWPDLQWHQDQFHLVFRQGXFWHGDWWKH658OHYHO  ³RQ
URDGEDVH´indicating that the maintenance is conducted at a dispersed road base on an organizational
level, or (6) µin shop¶ indicating that the maintenance is conducted in a shop at an intermediate or
depot level.
Setting is a determinant in identifying and defining a set of Process Usage Scenarios. It is proposed
that a setting is described from a service-oriented perspective and not from a functional one. By this,
it is meant that the description should focus on the services needed to fulfil a process rather than the
functions required to perform a task. As shown in Table 1, a setting is realized as text and/or various
formal modelling languages, mentioned earlier, on the Specification Level. It results in a SOA
component on the Design Level, which is called a Setting Service. Finally, it is implemented as a
Web Service at the Implementation Level.
Process Usage Scenario identifies and describes different maintenance scenarios. A scenario is a
model of an expected or existing sequence of activities required for conducting a certain process. It
corresponds to a description of one instance of a business process (as specified in the Business
Process constituent) to be performed in a given setting (as specified in the Setting constituent). An
example of a Process Usage Scenario is a description of how to conduct an inspection of an aircraft
in peace time. Further examples of usage scenarios related to maintenance of the Gripen can be found
in Candell (2004). As shown in Table 1, Business Process is realized as text and/or various models
on the Specification Level. Within the Design Level, it is realized as a Process Service. Finally, in the
Implementation Level it is realized as a Web service.
The Service component identifies and describes the existing services to be used within a specific
maintenance scenario. An example of a maintenance service is a description of how to replace an
aircraft engine. It focuses on the services as a ordered collection of service components and its
interface to the process. It is proposed that this description is based on a service-oriented approach.
Within the Specification Level, it is realized in various ways, such as text and formal modelling
languages (see Table 1). At the Design Level, it is realized as a Miscellaneous Service and at the
Implementation Level it is realized as a Web service.
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Within the prototype development, the selected contexts were described based on the information
need related to the content of TP. Examples of these contexts are the provision of preventive
maintenance tasks according to the maintenance plan within the context of on-aircraft maintenance,
and the provision of maintenance tasks within the context of storage maintenance (maintenance of
LRUs and SRUs that are kept in storage). Another context is when a LRU is removed from storage
and taken into operation, where it becomes necessary to have information available to estimate the
/58¶V UHPDLQLQJ WLPH WR QH[W SUHYHQWLYH PDLQWHQDQFH DFWLRQ HJ IOLJKW KRXUV RU F\FOHV  E\
considering both the passed storage time (calendar time) and the remaining operational time (flight
hours or cycles). The descriptions of the selected contexts were provided mainly in textual form.
Requirement
The Requirement component lists and describes all the functional and non-functional requirements of
the information needed for a specific maintenance task and the interface through which this
information should be presented. It consists of two components: Content Requirement and Interface
Requirement.
The Content Requirement component is a detailed specification of the information needs and
requirements for performance of actions in a process. It identifies the information needed for a
particular maintenance task. For example, in order to perform engine inspection, a maintenance
technician may need to access information about operational data from the engine, maintenance
manual, technical documentation, and current work order.
Content Requirement provides a basis for designing a service on the Design Level whose role is to
determine the Information System (IS) nodes providing relevant content to the business processes.
Within the Design Level, it corresponds to a SOA component, which is called a Content Service.
The Interface Requirement component identifies the interfaces required for a particular maintenance
task. The interfaces correspond to both interface devices through which communication between the
actors takes place and the formats of how the information should be presented to a specific actor via a
specific device. An example of a device is a handheld portable computer that communicates through
a wireless infrastructure. An example of a format for delivering content to the device is XML. Within
the Specification Level, the Interface Requirement component is realized in various ways: text,
models, and other notations. Within the Design Level, it is realized as Interface Service. Within the
Implementation Level, it is realized as either a Web service or another User Interface (UI)
implementation.
In the prototype, the requirements related to content and interface have been identified and described
within the scope of selected services and contexts. The data for these descriptions have been
collected through literature study, interviews, workshops, and document studies. The selection of
proper technologies, standards, and recommendations related to content format and interface for
information access has been performed through review and evaluation of available and applicable
relevant efforts for the specific case study, such as PLCS and S1000D.

4.3.2 Design Level
The Design Level transforms most of the specification components into SOA components. These
components have already been identified in the former section. However, for clarity reasons, these
SOA components are once again listed and briefly described:
x

The Setting Service component, which has the role of designing choreography for a certain set of
services and covers information/properties/parameters relevant for a certain setting.

x

The Process Service component, with a role of designing a composition of miscellaneous
services orchestrated for serving a particular process.
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x

The Miscellaneous Service component, with a role of designing services that encapsulate the
majority of the business logic that has not been covered by the above-listed services.

x

The Content Service component, with a role of designing services that implement logic for
interaction with different data sources, such as existing or legacy systems.

x

The Interface Service component, with a role of designing services that
handle/manage/wrap/adapt interfaces to other devises, such as a portable handheld computer.

The SOA components included in the prototype have been structured in accordance with the
proposed Design Level of the eMP. For exposition of services, several technologies have been
available, such as DCOM (Distributed Component Object Model), Remote Method Invocation
(RMI), and Web services. Because there was a requirement to provide accessibility to the services
via HyperText Transfer Protocol (HTTP) (over internet and data exchange through XML), Web
services was selected as an appropriate technology. However, the service interfaces are designed
based on the WHE VHUYLFHV ZKLFK PHDQV WKDW WKH VHUYLFHV¶ SXEOLF LQWHUIDFHV DUH H[SRVHG WKURXJK
HTTP and that they use the Simple Object Access Protocol (SOAP) envelope for information
exchange. Each service has been assigned a namespace that denotes the type of service. The
namespaces are defined according to the proposed design pattern in the Design Level, i.e., Setting,
Process, Miscellaneous, Content, and Interfaces. A service might require information from another
service for instantiation.

4.3.3 Implementation Level
The Implementation Level materializes the SOA components into the Web Service and Business
Processes orchestrated for the needs at hand.
The Web Service component implements the SOA-components in the Design Level as Web services.
Web services are used because they provide a generic interface for encapsulating logics and can be
utilized as an intermediate layer to access legacy systems. The Web services specified herein focus
on the content which a service delivers and not on its visualization to its actors. An example of Web
services is µget current work order¶, which can be invoked within a certain instance of a business
process.
The Business Process component corresponds to business processes as orchestrated for the needs at
hand and delivered to the service consumer. In the context of eMaintenance, there is a need for both
Predetermined Business Processes and Immediate Business Processes.
The Predetermined Process corresponds to an orchestration of services that have been identified in
advance by the process planners. It supports a set of repeatedly occurring maintenance needs. An
example of such a business process is the process of managing a support order from the time it gets
reported by a pilot until it gets attended to by a maintenance technician. The Business Process
provides guidelines for what to do. In this case, it suggests that the support order (technical report, in
6DDE¶V SDUODQFH  OHDGV WR D ZRUN RUGHU GHOLYHUHG WR D PDLQWHQDQFH WHFKQLFLDQ ZKR WKHQ LQLWLDWHV D
maintenance action. After the action gets completed, the Business Process suggests that the
technician sends a report to the pilot and terminates the process.
The Immediate Business Process, on the other hand, corresponds to an orchestration of services at
runtime. It supports the maintenance needs that have been identified on the fly as a certain need
arises. For instance, while inspecting an aircraft, a maintenance technician encounters an unusual
problem, which he does not know how to approach. To find out what to do, the technician provides
relevant input to the eMP. The eMP analyzes the problem and provides a suggestion to the
maintenance technician in the form of a Business Process orchestrated to the problem at hand.
Depending on the problem severity and urgency, the Business Process either provides instructions for
how to attend to minor and less severe problems, or it suggests that the LRU should be sent to
Echelons 2 or 3 for repair.
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In prototype development, the identified and selected SOA-services were designed and adapted to
Web services. In order to develop and implement the designed Web services effectively, an
Integrated Development Environment (IDE) has been used. For this purpose, several IDEs have been
available, but based on the experiences and knowledge in the development team, Microsoft Visual
Studio.NET 2008 was considered as appropriate. It should be emphasized that even though the Web
services are implemented in the selected IDE, they are accessible from any other environment that
provides Web services capability. The data processed by the Web services in the prototype are
managed through Microsoft Sql Server 2005 with XML capability. However, other Data Base
Management Systems (DBMS) could have been used as well. The main reason for using Microsoft
Sql Server 2005 is that it provides a tight integration with the selected IDE and thereby reduces the
complexity of the development process.

5

Conclusions and Discussion

In this paper, a taxonomy for an eMaintenance Management Framework (eMMF) is presented based
on a service-oriented approach. The framework supplies guidelines and processes for development of
information services that are intended to support maintenance of complex technical industrial
systems.
The presented framework consists of two complementary parts that each addresses one of two critical
issues of the problem. The first issue is how to merge the process of information services and
business-services development, which is addressed through an eMaintenance Management Model
(eMMM). The other issue is how to define and describe a structure for service implementation,
which is addressed through an eMaintenance Platform (eMP).
The eMMM is a package of Processes, Roles, and Repositories derived from a generic maintenance
process, and required for managing the eMP. Since there is a lack of available methodologies to
support the information service development, i.e., identification of ICT-based information services
from a business perspective, the focus has been on the Processes part of the eMMM. This process
part has been further decomposed into a Maintenance Service Development Process (MSD) and an
eMaintenance Service Development Process (eMSD), an approach that enables the eMMM to
support the identification and development of ICT-based maintenance support services tailored for
specific maintenance activities.
The eMP in turn addresses the development of identified maintenance support services as
information services (e.g., a set of Web services). Hence, the eMP is to be viewed as a SOAapplication, providing its stakeholders with tailored information for e.g. important decision-making
or analysis.
During this study, some challenges that an SOA-based eMaintenance solution must deal with are
identified, such as the need for lifecycle management of both content and related software, need for
configuration awareness, alignment of maintenance and product development, overall integration
architecture, security, management of content format and its structure, overall service architecture,
and the need for context and situation awareness. However, there are also some available guidelines
and support in the form of well-established standards within both the dependability and the
LQIRUPDWLRQ GRPDLQV VXFK DV $6'¶V VXLWH RI ,/6 VWDQGDUGV ,(&¶V GHSHQGDELOLW\ VWDQGDUGV DQG
2$6,6¶VRSHQLQIRUPDWLRQVWDQGDUGV
The purpose of the prototype development was to evaluate parts of the proposed eMMF. The
evaluation has shown that the eMMF can be used within military aviation. However, it is believed
that many of the findings also are valid for other complex technical industrial systems, such as those
within the civil aviation, railway, and power industries. To further validate the proposed framework,
a larger scale application has to be performed, regarding both the framework (considering Roles and
Repositories of the eMMM) and its application (a larger part of the studied system or some other
complex technical industrial system).
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The information requirements of the maintenance actors identified in the performed process mapping
indicates that there is a need for information supports that are more coherent and adaptable for
different actors and contexts. The maintenance and information support must also be adaptable to
support operations with different organizational resources and role structures, in order to meet
customer specific ambitions, capabilities, and requirements. Another important area for improvement
is the capability to manage feedback on provided information, via the technical publication, for
example.
The combined process and service-oriented approach is believed to facilitate the development of
SOA-based information services by giving valuable input to more traditional system-oriented
approaches.
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Abstract
Type of paper
Research paper
Purpose of paper
The purpose of this paper is to describe a methodology and a supporting toolbox that identify
information-based maintenance support services using an evaluation of the services¶ impacts
on the effectiveness of complex technical systems.
Study approach
A hypothetical aircraft and its support system were simulated in SIMLOX. The variables
included in the model, as well as their expected effects on critical measures of systemeffectiveness, were identified through interviews and studies of documents and the literature.
The simulations were planned and analysed according to established Design of Experiment
(DoE) principles supported by MATLAB. Microsoft Access and Microsoft Visual Studio
.NET were used to integrate SIMLOX and MATLAB. The outcome of the study was
scrutinised by both practitioners and statisticians.
Findings
The proposed methodology and its supporting toolbox were considered valuable in identifying
information-based maintenance support services. In particular, the application of DoE
principles in a simulation context is attractive since the number of factors and variables tends
to be quite large. However, there are some aspects that the selected software tools have to
manage, e.g., those involving heterogeneous development environments, scalability, and data
management.
Research implications
The study aimed to identify variables that impact important effectiveness measures for
complex technical systems. The next step would be to use this knowledge and to optimize the
support system, which can be supported by established DoE principles.
Practical implications
The methodology and its toolbox are useful for those involved in simulation work or the
development of information services that support maintenance activities.
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Value of paper
The proposed systematic methodology, along with its supporting toolbox, identifies
information-based services that are currently lacking when applying a Service-Oriented
Architecture (SOA) approach during design.
Keywords
Maintenance support, information services, complex technical systems, simulation, Design of
Experiment (DoE), Service-Oriented Architecture (SOA)
1. Introduction
Maintenance may EH VHHQ DV D SURFHVV WKDW PRQLWRUV D WHFKQLFDO V\VWHP¶V DELOLW\ WR GHOLYHU
services, and records problems for analysis, takes corrective, adaptive, perfective, and
preventive actions, and confirms restored capability (Coetzee, 1998; Campell and Jardine,
2001; Söderholm et al., 2007; ISO/IEC, 2008). To be efficient and effective, the maintenance
process should be horizontally aligned with the operation and modification processes, and it
should be vertically aligned with the requirements of external stakeholders (Liyanange and
Kumar, 2003; Söderholm et al., 2007). Simultaneously, actors within the maintenance process
require support to perform their activities as intended. This maintenance support consists of
resources such as documentation, personnel, support equipment, materials, spare parts,
facilities, information, and information systems (ISO/IEC, 2008). Hence, one critical
characteristic of successful maintenance support is the ability to provide the right information
to the right information consumer and producer with the right quality at the right time (Parida
et al., 2004; Parida and Kumar, 2004; Lee et al., 2006). This desirable situation can be
achieved through appropriate information logistics. These logistics aim to provide just-in-time
information to targeted users and to optimize the information supply process, i.e., make the
correct information available at the right time and at the correct location (Heuwinkel et al.,
2003; Haseloff, 2005). Due to this challenge and increasing information needs, the
development of Information & Communication Technology (ICT) in the early 2000s
contributed to the emergence of eMaintenance, which today is a common term in the
maintenance-related literature (Muller et al., 2008; Levrat et al., 2008).
Although there are multiple views on what eMaintenance actually is, one common and vital
part is the application of ICT to achieve effective information logistics within the maintenance
area (e.g., Tsang, 2002; Parida and Kumar, 2004; Iung and Crespo, 2006; Muller et al., 2008).
Hence, establishing a dynamic and effective eMaintenance solution requires appropriate
software architecture. Many efforts related to software architecture within eMaintenance are
complementary and contribute to achieving service-oriented information logistics within the
maintenance area (Bangemann et al., 2004, 2006; Han and Yang, 2006; Kans, 2008).
However, there have been only limited efforts related to identifying the necessary information
services that support maintenance activities using a Service-Oriented Architecture (SAO)
approach.
The purpose of this paper is to describe a methodology and a supporting toolbox that identify
information-EDVHGPDLQWHQDQFHVXSSRUWVHUYLFHVXVLQJDQHYDOXDWLRQRIWKHVHUYLFHV¶LPSDFWV
on the effectiveness of complex technical systems.
The structure of the remaining part of this paper is as follows. First, the proposed
methodology and its supporting toolbox are described. After that, the developed simulation
model is outlined. The DoE principles that have been applied within the methodology are then
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described. Thereafter, a presentation of the analysis and results are provided. The paper ends
with some conclusions and a discussion.
2. Developed methodology and toolbox
The developed toolbox provides support to each of the five phases included in the proposed
methodology (Figure 1). The toolbox includes a number of software tools that have two
different purposes, i.e., simulation and analysis or integration. The two software tools
SIMLOX and MATLAB are used for simulation and analysis purposes, respectively, while
Microsoft Visual Studio .NET (MsVS) and Microsoft Access (MsAC) are mainly used to
integrate the two other tools. See Karim (2008) for more detailed information about the
developed toolbox and simulation model, as well as applied data and obtained results.

Figure 1. Illustration of the steps of the proposed methodology and its supporting toolbox.
The main purpose of Phase I is to establish the maintenance concept, i.e., a description of the
interrelationship between the indenture levels and the maintenance echelons (IEC, 2004).
Hence, two major artefacts need to be described during this phase: first, a description of the
WHFKQLFDOV\VWHP¶Vindenture levels, i.e., the subdivision of an item from the point of view of a
maintenance action (IEC, 2004); and second, a description of the maintenance echelons, i.e.,
the positions in an organization where specified maintenance actions are carried out (IEC,
2004). Furthermore, detailed data on the V\VWHP¶V LQKHUHQW items need to be provided, e.g.,
reliability measures such as failure rate, Mean Time To Failure (MTTF), and Mean Time
Between Failures (MTBF). These descriptions and related data constitute the input to
SIMLOX, which is the software tool used to simulate logistics and operations. In this phase,
the input of data to SIMLOX is conducted manually.
The purpose of Phase II is to provide a design matrix that is based on DoE principles. One of
the first steps in the experimental design is to select the control variables, response variables,
nuisance factors, and constant factors (Coleman and Montgomery, 1993; Montgomery, 2005).
These factors and variables need to be documented in a proper format. In this work, MS Excel
- 3 (15) -
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was used for this purpose. The next step is to generate a list that contains the control variables
with their values from SIMLOX. This step is performed with a developed component that
uses the variable-list as input and retrieves its value from the SIMLOX database. The
component is also capable of applying the different levels (e.g., low and high levels for a twolevel factorial design) of each control variable. The generated list is stored in an MsAC
database. However, this list needs to be restructured and reformatted before it can be used in
MATLAB, the software tool used for both design and analysis of the experiments. This
restructuring is performed by an integrating component that has been developed in MsVS.
The next step is conducted in MATLAB through developed components that restructure the
list of control variables into a design matrix, D, that consists of a set of runs.
The purpose of Phase III is to execute simulations according to the design matrix, which is
exported from Phase II, restructured into a proper format, and imported into the SIMLOX
database. Before each run, the value of all control variables is set to the value of the initial
model defined in Phase I. Thereafter, the value of each control variable is set to the desired
level for the current run, according to the design matrix, D. Finally, after each run,
corresponding values of the response variables are stored in the SIMLOX database as a
response matrix, Y.
The purpose of Phase IV is to compile and correlate the output values of the response
variables recorded in the response matrix, Y, with corresponding runs in the design matrix, D.
This is performed through an integrating component developed in MsVS that retrieves the
results from the SIMLOX response matrix and joins them with the design matrix into a
combined matrix, [D Y].
The purpose of Phase V is to analyse the simulations based on the combined matrix developed
in the previous phase. This analysis is conducted using components for matrix algebra
developed in MATLAB. The model matrix, X, is achieved by including an initial column of
¶VLQ the design matrix, i.e., X = [1 D]. Hence, the regression model becomes Y = XA + e,
for n runs and k-1 control variables, where A is a matrix with the estimated regression
coefficients and e is a matrix with the sample residuals. Hence, the matrix for the predicted
Ö = XA. The Ordinary Least Squares (OLS) coefficients of A are
responses becomes: Y
obtained by solving A = (X´X)-1X´Y. Using a combination of the last two expressions, it is
Ö = X(X´X)-1X´Y. Then,
possible to estimate the response values according to the following: Y
the estimated regression coefficients and response variables act as inputs to the continued
analysis, e.g., by the use of normal probability plots, as described later in this paper. See
Hamilton (1992) for a further discussion about regressions in matrix form.
3. Developed simulation model
The development of a simulation model is included in the first phase of the proposed
methodology. However, it should be noted that much of this planning is highly influenced by
the second phase of the methodology, which means that Phase I and Phase II must be
performed iteratively.
In SIMLOX, the effectiveness results are collected from the actual event sequences generated
in the simulation. A basic assumption in the model is that system maintenance is largely
performed by replacement of faulty parts, both repairable and those discarded at failure. The
model represents in detail the support organisation that supplies working spare parts to the
systems and handles the transport and repair of faulty repairable units. The support
organisation can be viewed as a set of different stocks and repair facilities (maintenance
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echelon) that are linked to each other by transport facilities. At each such support node, the
resources needed for repairs and for other kinds of maintenance are deployed. (SYSTECON,
2005)
In the present study, four different types of variables and factors were considered, i.e., control
variables, held-constant factors, nuisance factors, and response variables. Control variables
are measurable, controllable, and thought to be (very) influential. Held-constant factors are
controlled. Nuisance factors are uncontrolled factors (which either cannot be controlled or are
allowed to vary). In this study, possible control variables, held constant factors, and nuisance
factors were chosen from the input parameters available in SIMLOX. See, Coleman and
Montgomery (1993) for a further discussion about these variables, factors, and their
implications for the design of experiments.
The response variables in this study are based on the output parameters available in SIMLOX.
These output parameters are mainly different kinds of Measures of Effectiveness (MoE)
related to the operation of the technical system, and they are divided into a number of groups.
In all, 56 response variables were included in the simulations; see SYSTECON (2005) for a
complete list of the response variables available in SIMLOX.
In this study, two different levels are considered for the control variables: one level with a low
degree of ICT implementation and the other with a high degree of ICT implementation. The
control variables can be classified into two groups: maintainability performance and
maintenance support performance. On a more detailed level, SIMLOX input parameters that
are considered to be affected by the degree of ICT application are used as control variables in
the study. The number of control variables depends on the complexity of the simulation
model, e.g., the complexity of the technical system and its support environment. However,
considering the available input parameters in SIMLOX, 54 were classified as potential control
variables.
It should be noted that both the control and response variables available in SIMLOX can be
connected to multiple indenture levels of the technical system, multiple maintenance echelons
of the support system, or both. Hence, the actual number of control and response variables
included in the experimental design highly depends on the particular problem and the required
complexity of the simulation model.
Since an eMaintenance solution is not considered to affect the reliability performance of a
technical system to any large degree, parameters related to the reliability performance are
treated as held-constant factors. However, it should be noted that ICT that is added to the
technical system will affect its reliability performance. Examples of such ICT are additional
Built-in-Test Equipment (BITE) and equipment that transfers data and information both
within the technical system and to receivers in the support system. There are also variables in
SIMLOX that cannot be independently varied since they co-vary. These variables were not
included as control variables and were classified as held constant factors.
Since the study is performed in a controlled simulation environment, no nuisance factors were
considered. Hence, there was no need to apply any DoE approaches intended to address the
impact from nuisance factors (e.g., randomization and blocking). Furthermore, the simulation
context also means that there are no major practical restrictions to consider. However, the
software tools chosen for simulation (SIMLOX), experimental design and analysis
(MATLAB), and integration (MsAC and MsVS) put some restrictions on both the types and
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number of factors and variables that can be included in the experiment. There are also some
other practical considerations related to time and available computer resources, and these are
discussed at the end of this paper.
Based on the purpose of the study and the discussion presented above, a model of an aircraft
and its support system, with 52 control variables (including multiple indenture levels of the
aircraft), was constructed in the first phase of the proposed methodology; see Figure 2 for an
illustration of this model.

Figure 2. Illustration of the modelled technical system (left side) and its support system (right
side).
4. Applied Design of Experiment (DoE) principles
This section corresponds to Phases II and V of the proposed methodology (see Figure 1). In
order to efficiently and systematically explore the large number of variables included in the
model of a complex technical system and its support environment, DoE principles are judged
to be an attractive approach. For example, Genin et al. (2008) used DoE principles for robust
multi-facilities tactical planning, which is similar to the support environment. However, they
did not consider any technical system, focussed on the cost-robustness on demand variability,
and considered a fairly small number of variables. There have also been some efforts related
to DoE in simulation-based acquisition, which is concerned with similar problems and
solution domains as those in this study (e.g., Mavris and Bandte, 1995). Another effort is the
focus on appropriate methodological support for computer-aided planning and design of
manufacturing simulation experiments (Özdemirel et al., 1996). This covers another
application area, but it has a similar methodological approach as the one proposed in this
paper. However, no publication focuses on the application of DoE principles to identify
information valuable for maintenance support.
The planning of the experiment followed the seven step methodology described by
Montgomery (2005). The first three steps of their methodology dealt with the planning that
precedes the design of the experiment, made in accordance with the guidelines given by
Coleman and Montgomery (1993). This work is included in the second phase of the
methodology proposed here.
Since the number of control variables in a simulation tends to be quite large, the sequential
use of fractional factorial design was considered to be a very useful approach. The reason is
that this approach often leads to great economy and efficiency in experimentation
(Montgomery, 2005). For example, it is possible to construct resolution III designs for
investigating up to k = N ± 1 variables in only N runs, where N is a multiple of 4. This
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fractional factorial design is said to be saturated. Hence, with a saturated fractional factorial
design, it is possible to study seven variables in only eight runs. If there is a second fraction in
which the signs for all the variables are reversed, a full fold over (or reflection) is achieved.
This full fold over breaks the alias links between the main effects and the two-factor
interactions. Hence, this combined design can be used to estimate the main effects apart from
any two-factor interaction (i.e., resolution IV) in only 16 runs. See Carlson and Carlson
(2005) and Montgomery (2005) for further discussions about fold over designs. A summary
of some useful fractional factorial designs with resolution III from the 2k-p system, related
combined designs with resolution IV, and a corresponding number of runs are given in Table
1.
Table 1. Useful fractional factorial designs from the 2k-p system. The numbers in the cells are
the number of runs in the experiment.
Number of control variables in the experiment
Design type
3
7
15
31
63
127
255
Resolution III fraction
4
8
16
32
64
128
256
(single)
Resolution IV fraction
8
16
32
64
128
256
512
(combined)
If a combined design that uses full fold over is applied in the simulation, it is possible to
estimate 63 variables in only 128 runs (see Table 1). In contrast, if an ordinary 2k factorial
design had been applied, 263 | 9.22*1018 runs would have been necessary. Hence, by selecting
a full fold over, the combined design is based on an ordinary 26 design (64 runs), which is
expended with a reflection of itself (where the signs of all included control variables are
reversed) and results in a total of 128 runs. This selection seemed to be an appropriate balance
for the present study, since the two closest alternatives with a combined design, as described
above, would enable an estimation of 31 or 127 control variables, respectively (see Table 1).
The alternative with 31 variables was judged to be too limited to fulfil the purpose of the
study. On the other hand, the alternative with 127 variables, which would require 256 runs,
was one possible alternative. However, the work efforts required to manage this large number
of control variables was not considered since this study was intended as a screening design. It
should be noted that there are several approaches, in addition to the one discussed above, to
select alternative fold over plans for two-level fractional factorial designs (e.g., Li and Lin,
2003; Fang et al., 2003).
Considering the restrictions discussed above and the control variables that were judged to be
worthy of investigating, a model of the technical system and its support system, which
included 52 control variables, was constructed in Phase I of the proposed methodology.
Hence, a full two-level factorial design (e.g., Box et al., 1978) turned out to be unrealistic
since it would require 252 | 4.5*1015 runs. However, since the study was of an explorative
nature, it was considered appropriate to use a two step approach. The first step was a
combined design based on a full fold over with 63 control variables, as discussed above. This
combined design gives information about which first order effects are significant and ensures
that there is no aliasing between first order effects and second order interactions. The purpose
of this first step was to screen and identify significant control variables. As a second step, an
ordinary two-level full factorial design based on the significant control variables identified in
the first step was applied. This means that the second stage can estimate first order effects,
first order interactions, and second order effects (e.g., Carlson and Carlson, 2005;
Montgomery, 2005).
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For analysis purposes (Phase V of the proposed methodology), there are multiple alternatives
available to identify the control variables that have a significant effect on the different
response variables (e.g., Box et al., 1978; Carlson and Carlson, 2005; Montgomery, 2005).
However, the developed simulation model does not include any distributions for the different
included variables. Hence, using replications would not give any error that could be used to
estimate significant effects. However, it should be noted that the simulation tool SIMLOX
enables the inclusion of distributions for some variables, which is a valuable topic for further
research. One approach to analyse an unreplicated factorial is to assume that certain highorder interactions are negligible and combine their mean squares to estimate the error. This is
an appeal to the sparsity of effects principle (Montgomery, 2005), which states that most
systems are dominated by some of the main effects and low-order interactions, so most highorder interactions are negligible. However, in some cases, high-order interactions do occur,
and the use of a mean square obtained by pooling high-order interactions becomes
inappropriate (Montgomery, 2005). Another example of when it is impossible to pool highorder interactions is when a combined design is used, as in this study. The reason is that every
effect is represented by a control variable. On the other hand, since the developed model
includes only 52 control variables, there are 63 - 52 = 11 effects that can be used to estimate
the error. However, this is considered to be too few effects. Hence, it may instead be possible
to examine a normal probability plot of the estimated effects. The effects that are negligible
are normally distributed, with a mean of zero and a variance V2, meaning that they will tend
to fall along a straight line on the normal probability plot. However, significant effects will
have nonzero means and will not lie along a straight line. The preliminary model will thus
contain the effects that are apparently nonzero (by examination of the normal probability
plot), whereas the apparently negligible effects are combined as an estimate of the error. See
Montgomery (2005) for further discussion on the use of normal probability plots in the
analysis of designed experiments.
5. Analysis and Results
Phases IV and V of the proposed methodology are related to the compilation and analysis of
results, respectively. The analysis of the results from the first screening experimental design
showed that five response variables could be predicted with a satisfactory degree of error, i.e.,
a Residual Sum of Squares (RSS) that was less than 15. These five response variables were
risk of shortage (ROS), risk of shortage with time tolerance (ROST), probability of no
backorders (PNB), number of systems in active repair (NSYRP), and number of systems in
active preventive maintenance (NSYPM).
These response variables can be divided into two groups, one related to stock performance
(ROS, ROST and PNB) and the other related to the maintenance of specific aircraft systems
(NSYPM and NSYRP). Hence, ROS, ROST, and PNB are related to each other, as are
NSYRP and NSYMP (SYSTECON, 2005). For example, both NSYRP and NSYMP are
important parts of the number of unavailable systems (NSYUA). The other part of NSYUA is
systems that are waiting for maintenance. The major difference between NSYRP and NSYPM
is whether the active maintenance action is corrective or preventive. Hence, both responses
include the systems that are in active corrective or preventive maintenance, respectively.
Maintenance actions that are passively waiting for replacement items or resources are not
included in NSYUA. Maintenance actions carried out at remote locations further back in the
support organization are included, but systems in transport are not. Maintenance of noncritical failures is included once they have become active. NSYUA includes all systems at the
unit that are in maintenance (active or waiting) and are therefore not available for new
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missions. Systems having only non-critical failures or damages are still available for new
missions as long as active maintenance has not started. Therefore, these systems are not
included in NSYUA. See SYSTECON (2005) for a more detailed description of these
response variables.
If one assumes that the five response variables described above can be predicted using
multiple regression analysis, the effects that deviate from a straight line in their respective
normal probability plots may be considered as significant. The normal probability plots for
ROS/ROST, PNB, NSYRP, and NSYPM are given in Figure 3.

Figure 3. Normal probability plots for the coefficients of five responses.
An examination of the normal probability plot for the response number of systems in active
repair (NSYRP) reveals that 12 effects deviate from a straight line and can be judged as
significant; see the lower left plot in Figure 3. Furthermore, based on the sparsity principle, it
may be reasonable to preliminarily assume that these effects are caused by the control
variables and not by any of their interactions. For example, the two highest effects (51 and 43)
are related to No Fault Found (NFF) events in two aircraft systems, i.e., a hydraulic pump and
the Auxiliary Power Unit (APU), respectively. These effects are positive, which means that a
change from a low to a high level of NFF events will increase NSYRP. This change
corresponds to an inverse change in the degree of ICT-application. Hence, this preliminary
analysis indicates that the provision of information services that support the corrective
maintenance actions at the two maintenance echelons will lead to the greatest improvements
of NSYRP.
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An examination of the normal probability plot for the number of systems in active preventive
maintenance (NSYPM) response indicates that 12 effects may be significant; see lower right
plot of Figure 3. Furthermore, it may initially be reasonable to assume that the two highest
effects (41 and 40) are caused by corresponding control variables and not aliasing
interactions. However, a closer examination shows that the largest effect (41) probably is not
caused by the control variable turnaround time needed for corrective maintenance (in this
case, item replacement) at the ARN maintenance echelon. The reason for this is that NSYMP
is related to preventive and not corrective maintenance. Hence, in this case it is more probable
that effect 41 represents some third or higher order interaction. However, the next largest
effect (40) is probably caused by the turnaround time needed to carry out preventive
inspections of the engine at the CPN maintenance echelon. Both these effects are positive,
which means that a change from a low to a high level will increase the number of systems in
active preventive maintenance (NSYPM). This change corresponds to the inverse change in
the degree of ICT-application. Hence, it is reasonable to assume that the provision of
information services that support these two maintenance actions at the corresponding
maintenance echelons will contribute most to an improved NSYMP.
In the normal probability plots, it is also seen that effect number 2 is significant for all
responses (Figure 3). For the system-related responses NSYRP and NSYMP, the effect is
negative. In a similar manner as that described above, it is reasonable to tentatively assume
that this effect is caused by the corresponding main factor, i.e., the lead time needed to reorder
the flap actuator. This is a discardable item that is never repaired or sent for preventive
maintenance. The stocks of discardable items are instead replenished by a reorder task. The
lead time is the time from the order of a new item until the corresponding delivery arrives.
Hence, a negative effect means that an increased lead time will decrease the number of items
in active corrective and preventive maintenance. Considering the stock-related responses, the
effect is positive for ROS/ROST, while it is negative for PNB. This means that an increased
lead time will increase the risk of shortage (ROS/ROST) and reduce the probability of no
backorders (PNB). Hence, if PNB is a critical measure of effectiveness, an information
service that can reduce the lead time and thereby increase PNB would be beneficial to
implement. The reason is that the lead time has the greatest effect on PNB. The effect of
decreased lead time would also benefit other response variables, though not as much as PNB.
However, one result of this preliminary analysis is that there are too many significant control
variables (28) to do a full two-level factorial design to simultaneously investigate the five
response variables. The numbers of control variables can probably be reduced by a more
careful examination of the normal probability plots for each response variable. Another
possibility would be to reduce the number of response variables that are to be investigated
further. The criteria for excluding a response variable could be that it is not of any major
interest, or that it is quite obvious. The goal would be to have less than 20 control variables,
since this would allow for a full two-level factorial design. A third alternative would be to
split the second stage into multiple experimental designs, e.g., one design focusing on stockrelated responses and another design focusing on system-related responses.
Hence, as a second step, two different designs were created. The first design included the
three stock-related response variables (ROS, ROST, and PNB) and nine control variables, i.e.,
29 = 512 runs. However, it should be noted that ROS and ROST could be used
interchangeably, since these two are affected by the same control variables to the same degree
(Figure 3). The reason for this is that no time distributions were included in the simulation
model, which means that ROS and ROST become the same. The other design included the
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two system-related response variables (NSYRP and NSYPM) and 15 control variables, i.e.,
215 = 32,768 runs.
Due to technical obstacles, the experimental design for NSYRP and NSYMP was not possible
to execute. Hence, for these two responses it was necessary to rely on the information that
could be extracted from the first screening design in order to pinpoint information services
that could support maintenance activities, which has been briefly described in relation to
Figure 3. Further work could look into possibly reducing the number of included control
variables. However, it would be more interesting and useful to identify why the developed
toolbox encountered problems with a full two-level factorial design with only 15 control
variables and solve this limitation.
The normal probability plots for ROS/ROST and PNB, based on the results from the second
design, are given in the upper half of Figure 4. By examining these plots in the same way as
discussed in relation to Figure 3, it is possible to identify significant effects and related ICTbased information services that provide valuable support to maintenance activities. The plots
of the predicted responses versus the true responses result in relatively straight lines (see
lower half of Figure 4). This indicates that the response variables ROS/ROST and PNB can be
predicted satisfactorily by using multiple regression models based on the identified significant
factors. It should be noted that the numbering of effects differs from the one applied in the
first screening design since the design matrices used in the two steps are different.

Figure 4. Normal probability plots (upper half) and response plots (lower half) for three
stock-related response variables.
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6. Conclusions and discussion
To support the proposed methodology for the identification of information-based maintenance
support services, four software tools (MATLAB, SIMLOX, MsAC, and MsVS) were adapted
and integrated into a toolbox that facilitates a combination of simulation and Design of
Experiment (DoE) principles. Hence, the methodology and its toolbox provide valuable
support to those that want to combine these principles to identify information services that
have significant impact on a support solution.
In order to achieve the desired methodological support for the design and execution of
experiments, a heterogeneous development environment was necessary. The reason was that
the applied software tools, MATLAB and SIMLOX, do not provide an open generic interface
that can be accessed from other environments, such as MsVS. Furthermore, MATLAB
provides its own high level programming language that can be used within its environment,
while SIMLOX lacks this feature. Hence, to provide a seamless workflow between these
software tools, several different programming languages and development environments had
to be utilized. However, one drawback with this approach is that it results in some overlaps
that reduce the reusability of the developed components.
A large factorial design results in a large number of runs. In a simulation context, this requires
resources such as process time, processor capacity, and memory. Furthermore, if the structure
of the system, with respect to the number of included items, and its maintenance support are
complex, the number of possible control variables and the time for each run increases. In
order to perform the runs within a reasonable period of time, the inherent software
components must be scalable, e.g., provide multi-threading for simultaneous execution and
the ability to spread the execution onto several parallel processors and servers. These types of
features are essential to providing the scalability that is required for the management of large
experimental designs and especially replications. However, some of the selected software
tools in the developed toolbox lack the capability to provide such a scalability feature, which
resulted in a sequential model for the execution of runs. This might be one reason that the
two-level full factorial design with 15 variables, i.e., 215 = 32,768 runs, was not possible to
complete.
During the design, execution, and analysis of experimental designs in a simulation context, a
large amount of data is created. These data need to be correlated to each other during the
different phases of the proposed methodology. Hence, a proper mechanism to manage the data
is needed, which can be achieved by a Relational DataBase Management System (RDBMS).
In the compiled toolbox, MsAC was selected as the RDBMS. However, the performed study
shows that MsAC lacks the capability to manage the large amount of data in the required
amount of time. MsAC also lacks the capability to provide and manage the important
scalability features mentioned earlier.
Further research could focus on the inclusion of distributions for the experimental factors and
variables when appropriate. This is possible to do with the selected simulation tool. Including
distributions for the control variables makes it meaningful to perform replications of runs,
which HQDEOHVDQDQDO\VLVRIWKHFRQWUROYDULDEOHV¶HIIHFWRQWKHUHVSRQVHV¶YDUiations by using
the log(s2) as a response. This possibility may be of interest where it is more important to
reduce the variability than to reach specific response levels, or when it is of interest to
perform a sensitivity analysis. The applied simulation tool is able to quickly perform many
replications of each run through Monte Carlo simulation. However, if the replications are
based on the whole experimental plan, aspects of scalability and data management become
critical since several software tools have to be integrated with each other. Another interesting
possibility for further research is to use DoE principles to optimize the support system.
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