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Abstracts

Abstract

Deployment and use of complex technical systems are common in society and
in industry. Many of the complex technical systems have stringent require-
ments on safety, dependability and cost, which necessitate frequent updates
and modification in response to new developments in technology and chang-
ing functional requirements. Hence, correct, role-adapted, situation-adapted,
context-adapted and timely information and information support, are crucial
to be able to access, manage, maintain and improve the services these systems
are required to provide. Given the technological development and the chang-
ing business environment, system and support providers need to improve the
design and provision of information support solutions. This can be facilitated
by the utilisation of new and innovative Information & Communication
Technology (ICT), manifested in emerging approaches such as eMaintenance.
However, there is still a need for methodologies and tools that enable the de-
velopment and provision of support information services by integrating
business and maintenance processes at both customers and providers to
achieve novel business solutions such as Performance-Based Logistics (PBL)
in the context described above.

Hence, the purpose of this research is to describe how providers of support
solutions can develop and provide effective information support solutions
related to complex technical systems by enhanced utilisation of ICT. To fulfil
this purpose, a single case study within military aviation was performed.
Empirical data were collected through interviews, observations, archival re-
cords, workshops and action research. The analysis was based on existing,
adapted and developed theories, model-based simulations and available in-
ternational standards.

The results of the research are: I) a definition of system-oriented, service-
oriented, process-oriented and lifecycle oriented eMaintenance solutions; II)
an identification of critical information and information support require-
ments of customers and providers while implementing e-maintenance; III) an
identification of ICT-related methodologies and technologies suitable to fulfil
the information support requirements of customers and providers; and IV) an
approach for development and provision of ICT-based information support
solutions that satisfy the requirements of customers and providers.

Even though these results are achieved within the context of a modern mili-
tary aircraft, the results throughout the research process indicate that they to
a large extent are generic in nature and can be applicable to other complex
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Abstract

technical systems within the process, power generation and transportation
industries as well.

Keywords:

Maintenance process, Product support, Complex Technical System, Aviation
Maintenance, Maintenance Support Services, eMaintenance, eMaintenance
Framework, Service-Orientation, Process-Orientation, Information Logistics,
Military Aircraft, System Life Cycle, Performance-Based Logistics (PBL), In-
formation Support
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Summary in English

Summary in Swedish (Sammanfattning)

Spridningen och anvdndningen av komplexa tekniska system dr vanlig i
samhdllet och inom industrin. Manga av de komplexa tekniska systemen har
stranga krav pa sikerhet, tillforlitlighet och kostnader, vilket kréaver frekventa
uppdateringar och dndringar till foljd av ny teknisk utveckling och foréndra-
de funktionskrav. Darfor dr korrekt, kontextanpassad och aktuell information
och informationsstod avgorande for atkomst, forvaltning, underhall och for-
battring av de kravstallda tjanster som skall tillhandahéllas av dessa system.
Med tanke pa den tekniska utvecklingen och det fordanderliga foretagsklimat,
behover system- och supportleverantorer forbattra utformning och tillhanda-
hallande av l6sningar for informationssupport. Detta kan underlédttas genom
anvandning av ny och innovativ informations- och kommunikationsteknolo-
gi, (IKT) vilka manifesteras i nya angreppssitt saisom eMaintenance. Det finns
dock fortfarande ett behov av arbetssitt och verktyg for utveckling och till-
handahallande av informationsstod genom en integration av affdrs- och un-
derhéllsprocesser hos bade kunder och leverantorer, for att dstadkomma nya
affarslosningar sasom Prestandabaserad Logistik (PBL) i de sammanhang
som beskrivs ovan.

Syftet med denna forskning &r darfor for att beskriva hur leverantorer av
supportlosningar kan utveckla och erbjuda effektiv informationsstod kopplat
till komplicerade tekniska system genom ©kad anvdndning av IKT. For att
uppnd detta syfte, har en fallstudie inom militédr luftfarten utforts. Empiriska
data har samlats in genom intervjuer, observationer, arkivstudier, workshops
och deltagande forskning. Analysen baseras pd befintliga, anpassade och ut-
vecklade teorier, modellbaserade simulering och tillgdngliga internationella
standarder.

Resultaten av forskningen &r: I) en definition av service-, process- och livscy-
kelorientede eMaintenance 16sningar, II) en identifiering av kunders och leve-
rantorers kritiska krav pd information och informationsstod III) en identifie-
ring av IKT-relaterade metoder och teknologier lampade att uppfylla kunder
och leverantorers krav pa informationsstod, IV) ett tillvigagangssitt for ut-
veckling och tillhandahallande av IKT-baserade losningar for informations-
stod som uppfyller kraven frdn kunder och leverantrer. Aven om dessa re-
sultat erhdllits inom kontexten for ett modernt militarflygplan, indikerar re-
sultat erhdllna i forskningsprocessen att de i stor utstrackning &r allménna till
sin karaktdr och kan vara tillimpliga pd andra komplexa tekniska system
inom processindustrin, elproduktion och transportindustri.
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List of Definitions

List of Definitions

Term

Description

Availability

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

A collective term that describes the availability perform-
ance and its influencing factors: reliability performance,
maintainability performance and maintenance support
performance. (IEV, 2008)

Effectiveness

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

Efficiency

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 di-
rectly to its function during operation. An enabling-
system has a life cycle of its own. (ISO/IEC, 2008)

FLO

Flight Line Operations (FLO), at the technical centre of
flight operations. Often outdoors in the vicinity of the
runway, where aircrafts are made ready and finally
checked for the sortie, and are received by an aircraft me-
chanic or aircraft technician after landing.

Framework

A meta-level model (a higher-level abstraction) through
which a range of concepts, models, techniques, method-
ologies can either be clarified and/or integrated.
(Jayaratna, 1994).

Maintainability

The probability that a given active maintenance action, for
an item under given conditions of use can be carried out
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List of Definitions

within a stated time interval, when the maintenance is
performed under stated conditions and using stated pro-
cedures and resources (IEV, 2008).

Maintenance

The combination of all technical and administrative ac-
tions, 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
plan

A 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 pol-
icy. Resources include human resources, support equip-
ment, materials and spare parts, maintenance facilities,
documentation, information and maintenance information
systems. (IEC, 2004)

Methodology

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

Performance
Based Logistics
(PBL)

Defines key system readiness and effectiveness criteria,
and contract for threshold values of these criteria. The
emphasis is on contracting for results and readiness lev-
els, and not for resources (Kim et al., 2007)

Process

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)

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 sup-
port, or simply as service. (Markeset, 2003). In literature
customer support, after-sales support and product sup-
port are often used as synonyms.

Service

A set of functions offered to a user by an organization
(IEV, 2008).
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Service to sup-
port the product

Services to support the products can be defined as ser-
vices needed to ensure a product’s functional perform-
ance. These services are governed by the product’s func-
tional weaknesses. It includes support services such as
maintenance, repairs, spare parts, expert advice, diagnos-
tics, etc. (Markeset, 2003)

Services to sup-
port the cus-

Services to support the customers can be defined as ser-
vices intended to support the client’s actions in relation to

tomer the product. They include services such as advanced
training, performance analysis, operations and mainte-
nance strategy development, etc. This kind of service is
governed by customer’s and manufacturer’s knowledge,
expertise, as well as their wants, needs, and preferences.
(Markeset, 2003)

Swing-role- Aircraft fully capable of combining different operational

aircraft tasks in a single mission, e.g. both attack and reconnais-
sance.

System life cycle | The evolution with time of a system-of-interest from con-
ception through to retirement of the system (ISO/IEC,
2008)

System-of- The system which is under consideration in a context

interest (ISO/IEC, 2008)

Usability The extent to which a product can be used by specified

users to achieve specified goals with effectiveness, effi-
ciency 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.

X







List of Abbreviations

List of Abbreviations

Abbreviation |Full Form

24/7 Twenty four hours a day, seven days a week.

4G Fourth generation

A/C Aircraft

ADL Advanced Distributed Learning initiative

ASD Aerospace and Defence Industries Association of Europe

BIT Built-in Test

CBM Condition-Based Maintenance

CLS Contracted Logistic Support

DD US Department of Defence

DoE Design of Experiment

EDA Event Driven Architecture

eMMF eMaintenance Management Framework

eMMM eMaintenance Management Model

eMP eMaintenance Platform

eMSD eMaintenance Service Development

EssUP Essential Unified Process

FLO Flight Line Operations

FMV Forsvarets Materielverk

GSE Ground Support Equipment

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

ICT Information & Communications Technology
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List of Abbreviations

IEC International Electrotechnical Commission

IEV International Electrotechnical Vocabulary

ILS Integrated Logistic Support

ISD Information Service Development (Process)

JAS Jakt Attack Spaning (Swedish), English; Fighter (air-to-air)
Attack (air-to-ground) Reconnaissance.

KPI Key Performance Indicator

LCC Life Cycle Cost

LCM Life Cycle Management

LSC Life Support Cost

LRU Line Replaceable Unit

LSA Logistic Support Analysis

LSC Life Support Cost

MIMOSA Machinery Information Management Open System Alli-
ance

MoD UK Ministry of Defence

MSD Maintenance Service Development

MTBF Mean Time Between Failures

MTTF Mean Time To Failure

NFF No Fault Found

NFFP National Aeronautic Research Programme

OM Operational Monitoring

PBL Performance Based Logistics

PDF Portable Document Format

PHS&T Packaging, Handling, Storage and Transportation
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PLCS Product Life Cycle Support

PNB Probability of No Backorders

QFD Quality Function Deployment

ROS Risk Of Shortage

ROST Risk Of Shortage with Time tolerance
RUP Rational Unified Process

SAAB Svenska Aeroaktiebolaget (Swedish)
SCORM Sharable Content Object Reference Model
SOA Service-Oriented Architecture

SRU Shop Replaceable Unit

SW SoftWare (a computer programme)
SwAF Swedish Air Force

W3C World Wide Web Consortium
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’

“The good news is that technology can make us smart. In fact, it already has.’

“The bad news is that technology can make us stupid. The technology for
creating things has far outstripped our understanding of them.”

Donald A. Norman.

Things that make us smart: defending human attributes in the age of the machine. 2003.
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Introduction and Background

1 Introduction and Background

This chapter provides background, introduction, purpose and objectives for this re-
search. It also describes the research limitations and the stated research questions.

Society is facing an ever increasing use and need of utilities such as energy,
transportation, telecommunications and health-care. Utilities that have
brought a growing attention from society and academy over the last decades
(Winner, 1977; Bijker et al., 1987; Ingelstam, 1996).

The complexity of the systems which provide these utilities has reached un-
precedented levels, with challenges following for the organisations that create
and utilize them. At the same time, these complex systems! are used in envi-
ronments that imply very high requirements on safety and credibility
(Wachs, 2002; Graber, 2004; Bischoff, 2008).

These functional requirements and challenges exist throughout the lifecycle
of a complex system. They arise from sources such as the inherent and struc-
tural differences between hardware (HW), software (SW) and human system
elements, dependence on computer-based technologies and lack of harmoni-
sation and integration of involved disciplines, including science, engineering,
management and finance. (ISO/IEC, 2008).

As described above, society is dependent on the performance of complex sys-
tems-of-systems, consisting of a combination of complex technical systems
(systems-of-interest), enabling systems, and organisations operating and
maintaining them (Berleur et al., 1993). Simultaneously due to dependence
and vulnerability, there are stringent requirements on dependability (Soder-
holm, 2005).

To ensure a high level of dependability of systems throughout their entire
lifecycle, maintenance and the provision of maintenance support is highly
important (Liyanange and Kumar, 2003; Séderholm et al., 2007; ISO/IEC,
2008). The reason is that the dependability of a system is a consequence of
availability performance and its three inherent factors: reliability perform-
ance, maintainability performance and maintenance support performance

(IEC, 2004).

" A complex system is a system-of-systems, which can be divided into a system-of-interest and enabling-
systems. A system-of-interest is a system whose lifecycle is under consideration within a given context. An
enabling-system is a system that complements a system-of-interest during its life cycle stages, e.g. supplying
the necessary support during the operation and utilization of the system-of-interest, but not necessarily contri-
butes directly to its function during operating (ISO/IEC, 2008).
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Introduction and Background

Hence, the provision of maintenance and maintenance support is a key ele-
ment to ensure agreed level of dependability of systems throughout their life
cycle (Coetzee, 1998; Campell and Jardine, 2001; Soderholm et al., 2007;
ISO/IEC, 2008), since it includes the resources required to maintain an item
under a given maintenance concept and guided by a maintenance policy. The
planning and provisioning of maintenance support depends on who takes
responsibility for its implementation and which phase of the life cycle that is
considered (Blanchard, 2004; IEC, 2004).

The provision of maintenance support to sustain the performance of complex
systems-of-systems, needs to consider the initial design of the system-of-
interest, which determines its reliability and maintainability, but also the con-
sequences of the intended use of the system and its integration in the cus-
tomer’s business and operational context (Biedenbender, 1993; Blanchard,
2004; IEC, 2004). Hence, the planning and provisioning of maintenance sup-
port related to a complex system benefits from being approached simultane-
ously from both technology and business perspectives.

Both the system-of-interest and its enabling-systems are often complex with a
high-technological design. Modern systems-of-interest within power genera-
tion, process industry and transportation, e.g. railway vehicles and aircraft,
have designs that are software-intensive and have integrated computer sys-
tems and intricate sub-system interdependencies. This kind of complex-
technical-systems, such as e.g. aircraft, are often produced in multiple vari-
ants and configurations, complicating configuration control and change man-
agement of modifications and resulting in numerous possible combinations
of both hardware and software (Lorell et al., 1995; Ahlgren et al., 1998; Sand-
berg and Stromberg, 1999).

Modern aircraft are vivid and representative examples of complex technical
system with intricate configuration and stringent requirements on perform-
ance and safety, as well as the challenges regarding dependability and high
requirements on maintenance and maintenance support. (Sandberg and
Stromberg, 1999; Ahmadi, 2007; McDonnel and Clegg, 2007).

New technology and innovation also drive development and create new
needs. A military example is the so-called fourth generation combat aircraft,
e.g. Dassault Rafale, Eurofighter Typhoon and Saab Gripen. These are system
aircraft with a digital infrastructure and fully integrated computer systems
that utilize a common database through standardized interfaces (Lorell et al.,
1995; Ahlgren et al., 1998; Sandberg and Stromberg, 1999). The building prin-
ciple of a system-of-systems supplies an immense potential for functional de-
velopment, but also an extremely complex aircraft system (Sandberg and
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Stromberg, 1999). The civilian equivalents, such as the Boeing 787 Dreamliner
and Airbus A340/320, have also put extensive use of ICT as a central compo-
nent to, amongst other purposes, achieve more efficient maintenance and
support solutions (Canaday, 2004; Careless, 2004).

A central part of this aircraft technology development, related to mainte-
nance, is advanced Built-in Test (BIT) systems. The aircraft BIT is continu-
ously being developed to improve safety, maintainability, testability and
supportability of the aircraft as well as to provide health information. This
extended access to qualified data from operation and maintenance provides
the technical foundation for condition monitoring, extensive data recording,
test, diagnostics, prognostics and decision support for condition-based utili-
zation and support (Sandberg and Stromberg, 1999). These technology
trends, together with the pervasiveness of ICT in the maintenance system and
support processes are also key enabling factors for implementation of remote
support services accessible world wide and 24/7. Nevertheless, the BIT is it-
self a development that adds further requirements and puts strain on sup-
porting ICT frameworks, information logistic processes, and maintenance
needs (Soderholm, 2005; Soderholm, 2007; Smith, 2008).

There are also necessary changes and updates of the system-of-interest,
which lead to an increased amount of changes in existing information and
generate new information. Hence, there is a growing amount of information
that needs to be managed during the life cycle of a system-of-interest. (Parida
et al., 2004; Parida and Kumar, 2004; Lee et al., 2006)

From a business perspective there is also new challenges related to the plan-
ning and provisioning of maintenance support (Seidenman and Spanovich,
2009). Besides a continuous drive for cost-reduction and improved availabil-
ity performance, a changing business environment requires new and innova-
tive solutions such as Performance Based Logistics (PBL), service solutions,
and contracted functions and logistics These solutions are complex business
models where maintenance, and sometimes even whole parts of the operation
and maintenance of a system, e.g. entire plants, fleets of rail-vehicles, busses
and aircraft; are outsourced to another actor than the original operator or
owner. There is a drastic change in the interaction between major stake-
holders, such as operators and support providers, by the introduction of con-
cepts such as PBL, where the support providers' commitment increases
through the offering of availability performance at a fixed price (Block, 2009).
One such example is the Swedish Defence Materiel Administrations (Fors-
varets materielverk, FMV) that in 2006 started a process for outsourcing the
operation of aircraft for pilot training in order to establish a more cost-
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effective way of operation (FMV, 2006). Another example is Rolls-Royce’s To-
tal Care service agreement, where a single source solution is offered to the
customer for the overall lifetime support of the engine, which allows the cus-
tomers to transfer the technical and financial risks associated with engine af-
tercare to Rolls-Royce (Rolls-Royce, 2009).

One important consequence of these new business solutions is the need for
improved Operational Monitoring (OM) and Life Cycle Management (LCM).
For both customers and service providers these new business models increase
the importance of evaluation of contracted parameters such as performance
and availability. This evaluation requires access to operational and mainte-
nance data and information for assessment, verification and validation. For
organisations designing complex technical systems and service providers, the
feedback from the maintenance and operation processes also constitutes an
essential asset for the continuous improvement of performance of both the
system-of-interest and associated enabling systems (Mokashi et al., 2002a).

An important aspect of the presented technological and business challenges,
as well as the growing quantity of information related to maintenance and
maintenance support, is their effect on the requirements on information sup-
port. As information support is a vital part of maintenance support (Kumar,
2003; Goffin, 2000), it is essential that new configurations and change man-
agement of HW and SW are matched by corresponding changes and updates
of information support products and services. This to assure information
quality, safety and applicability, which through their importance for the
maintenance support, affects the possibility to perform efficient operation,
maintenance, modification and ultimately the performance of the system-of-
interest. In addition, enhancement of OM and LCM also adds new require-
ments on information support for the integration with operation, modifica-
tion and maintenance processes. Another important foundation, and prereg-
uisite for the requirement on improvements related to information support, is
the ability to utilise existing digitalised legacy information. It is necessary to
coordinate the acquisition, design and production of new digital information
with legacy information, and thereby facilitate the provisioning of effective
information support. (McDonnel and Clegg, 2007)

However, the endeavour to improve information support needs to address
both business processes and development processes across the entire life cy-
cle, as well as harmonise and integrate the information management activities
between different actors within these processes, such as the organisations de-
veloping the system-of-interest, enabling systems, as well as sub-suppliers
and operators (Blanchard, 2004; Markeset and Kumar, 2003). Efforts to im-
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prove reliability performance need to focus on the system function as op-
posed to component condition (Mokashi et al., 2002b), which need to be re-
flected in the information support provided. Existing information islands
need to be harmonised and integrated, and aspects of information content
format standardised and aligned. Improvements of OM and LCM also re-
quire a better integration between system-of-interest, associated enabling sys-
tems and business processes at all involved stakeholders, e.g. both support
providers and support consumers.

From the presented problem complex Information & Communication Tech-
nology (ICT), including ICT-related methodologies, become key while ad-
dressing strategic issues and challenges. Properly applied ICT has the poten-
tial to facilitate information support to the business of product support, the
maintenance process and align the maintenance process with other processes
(Williams et al., 2002). Examples of such processes are the operation and
modification processes, OM and LCM, as well as provide information sup-
port that contributes to strategic business objectives and satisfy external
stakeholder requirements.

There are emerging ICT-approaches to deal with the complexities of informa-
tion support solutions, such as eMaintenance (Muller et al., 2008; Lee et al,
2006; Karim, 2008). However, there is a lack of a unified and homogeneous
approach to define the basic concept of eMaintenance and its definitions (see,
e.g. Iung and Crespo, 2006) and there are several different views.

One perspective is seeing eMaintenance as a maintenance strategy, e.g. elec-
tronic task management through the use of real-time data collected through
digital technologies, such as remote sensing, mobile devices, condition moni-
toring, knowledge engineering, telecommunications and internet technolo-
gies (Tsang, 2002). eMaintenance can also be described as incorporating
monitoring, collection, recording and distribution of real-time system health
data, maintenance generated data as well as other decision and information
support to different stakeholders (Muller et al., 2008; Levrat et al., 2008). A
view that also may be expanded to dispose of limitations such as organiza-
tion or geographical location and time, and expand the ambition to global, 24
hours a day, 7 days a week (24/7) information exchange. Hence, eMainte-
nance is regarded has having the potential to improve the management and
performance of activities related to the different parts of maintenance proc-
esses (Muller et al., 2008), and thereby improve the dependability, safety and
Life Cycle Cost (LCC) of complex technical systems. This can be realised
through a coordinated application of ICT throughout the maintenance and
support processes, thus integrating Built-in Test (BIT) systems, external tests
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at different maintenance echelons, technical information, diagnostics, prog-
nostics and other sources of support information.

However, these approaches often focus on either technology or business
processes, or on just a few system life cycle stages, e.g. design and develop-
ment or operation and maintenance. Hence, there is a lack of methodologies
and tools that enable full utilisation of ICT in an eMaintenance context for the
design, development and provision of information support solutions from a
service-oriented perspective that extensively utilises the potential advantages
of data and information in maintenance and business processes throughout
the entire life cycle of complex systems.

In summary, existing theories related to the development and provision of
enhanced information support solutions related to complex technical sys-
tems, often focus on either technology or business. Furthermore, the ap-
proaches often focus on just a few system life cycle phases, e.g. design and
development or operation and maintenance. At the same time there is an un-
derexploited potential in the form of existing support-related data and infor-
mation, and a lack of harmonisation and integration of existing ICT. Informa-
tion support requirements from the operational phase and aspects of infor-
mation content format standardization and alignment are often less empha-
sised during the development of the system-of-interest. Together these factors
limit the development and provisioning of effective information support so-
lutions, which in turn may lead to inefficient operation and maintenance, or
even major unwanted effects with far reaching negative consequences on sys-
tem performance, dependability and cost.

1.1 Purpose and Objectives

The purpose of this research is to describe how providers of support solu-
tions can develop and provide effective information support solutions related
to complex technical systems by enhanced utilisation of ICT.

Within an eMaintenance context, the main objectives of the research are to:

o Identify critical information support requirements of customers and sup-
port providers for effective development of information support solutions
by enhanced utilisation of ICT

e Identify Information & Communication Technology (ICT) related tools
and methodologies suitable to fulfil the information support requirements
of customers and support providers
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e Propose an approach for development and provision of ICT-based infor-
mation support solutions that satisfy the information support require-
ments of customers and support providers

1.2 Research Questions (RQ)

RQ1: What are the critical information support requirements of custom-
ers and providers?

RQ2: What characterise suitable Information & Communication Tech-
nology (ICT) methodologies and technologies for the fulfilment of
information support requirements of customers and providers?

RQ3: How can Information & Communication Technology-based in-
formation support solutions that satisfy the information support
requirements of customers and providers be developed?

1.3 Scope and Limitations

The scope of the research reported in this thesis is focused on a military avia-
tion context for support of operation and maintenance of aircraft. The reason
for this focus is that the results wanted by the stakeholders in the research
project, are relevant and applicable solutions that can contribute to increased
competiveness of the Swedish aeronautical community.

Furthermore, the research is also focused on ICT-application as support to
operation and maintenance of aircraft. The reason for this is that ICT is seen
as a key-enabling factor by the involved stakeholders.

Considering system dependability, this research concentrate on maintenance
support performance, while reliability performance and maintainability per-
formance have not been in focus. The reason is that maintenance support per-
formance is mainly affected by the maintenance organization and its support
resources, e.g. maintenance-related information and information systems,
where as the two other dependability factors describe the characteristics of
the technical system itself, i.e. the system-of-interest.

The research does not include issues of information support primarily related
to asset management, or Supply Chain Management (SCM) of physical assets,
e.g. transport logistics, packaging, handling, storage or transportation
(PHS&T). The reason is that these processes to great extent are strongly inte-
grated with customer unique business processes, which is considered as con-
text in this research.
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1.4 Thesis Structure

Chapter 1. ‘Introduction and Background’ presents the background, prob-
lems related to the research area and basic properties of the application do-
main that has been in focus. It also describes and motivates the research pur-
pose, research objective, research questions and limitations of this research.
This chapter motivates the extent of the theoretical framework that is de-
scribed in Chapter 2.

Chapter 2. ‘Theoretical Framework and Basic Concepts’ - provides the theo-
retical foundation of the research. It describes theories related to support so-
lutions for complex technical systems, dependability and Integrated Logistic
Support (ILS), maintenance and maintenance support, information, require-
ments and eMaintenance. The theoretical framework has been used to
achieve an understanding of the studied domain.

Chapter 3. ‘Research Methodology’ - describes aspects of research, e.g. ap-
proaches, purposes, strategies, data collection and analysis. It also motivates
the performed research choices related to these aspects.

Chapter 4. 'Research Process’ - presents an overview of the realization of the
research process, compilation and dissemination of results and outcomes.

Chapter 5 ‘Description of Appended Papers’.

Chapter 6 ‘Description of Concept Development’- presents maintenance,
maintenance support and information support related to JAS39 Gripen. It
also presents a summary of related information support concept develop-
ment.

Chapter 7 ‘Results’ - presents the findings related to the research questions
stated in Chapter 1.

Chapter 8 ‘Discussion’ - is a discussion of the results described in Chapters 6
and 7.

Chapter 9 ‘Conclusions’ - analyses the results presented in Chapters 7 and the
discussion in Chapter 8, as well as provides a summary of the research con-
tributions.

Chapter 10 ‘Further Research” - the chapter provides some suggestions for
further research.

‘References’ - a list of references.

‘Appended Papers’ - the six papers that are appended.
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2 Theoretical Framework and Basic Concepts

This chapter provides the theoretical framework and basic concepts used within this
research.

2.1 Support Solutions for Complex technical systems

Deming (1994) defines a man-made system as “a network of interdependent
components that work together to try to accomplish the aim of the system”.
According to Deming there must be an aim for the system, which is clear to
everyone within it and the aim must include plans for the future. Manage-
ment of a system is necessary and requires knowledge of the interrelation-
ships between all the components in the system, as well as of the people
working in it. (Deming, 1994).

ISO/IEC (2008) defines a system as “a combination of interacting elements
organized to achieve one or more stated purposes”. In the case of this re-
search these elements form a complex technical system, i.e. a complex system
of man and machine, which exists in a physical environment as well as in a
context of organization, application and praxis.

Blanchard (2001), supplies a more extensive definition of a system: “A 'sys-
tem' is a construct or collection of different elements that together produce
results not obtainable by the elements alone. The elements, or parts, can in-
clude people, hardware, software, facilities, policies, and documents; that is,
all things required to produce system-level results. The results include sys-
tem-level qualities, properties, characteristics, functions, behaviour, and per-
formance. The value added by the system as a whole, beyond that contrib-
uted independently by the parts, is primarily created by the relationship
among the parts; that is, how they are interconnected.”

Blanchard’s (2001) definition points towards the original incentive for a sys-
tem in terms of requirements and needs which can explain the importance of
designing a system, what effect it will have on the customer as well as finan-
cial consequences.

Adding the dimension of time in the form of a life cycle perspective on sys-
tems and systems development helps to some extent to grasp the extensive
scope of large complex technical systems. There are different approaches to
the concept of life cycle perspectives, though they often focus on particular
properties of the system during its lifetime, like technical reliability
(O Connor, 1991), logistics (Blanchard, 2004) or lifecycle cost and economic
analysis (Fabrycky and Blanchard, 1991). A more comprehensive, and for this
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research more applicable, approach which connects to the perspective pre-
sented above, is supplied by the ISO/IEC (2008), which establishes a common
framework for describing the life cycle of man-made systems. Selected sets of
the processes supplied by the standard can be applied throughout the life cy-
cle for managing and performing the stages of a system's life cycle..
(ISO/IEC, 2008).

The ISO/IEC standard supplies a detailed breakdown of a system’s life cycle
into several stages (ISO/IEC, 2008) and there are four stages that are of par-
ticular interest for establishing a life cycle perspective on systems for this re-
search:

¢ Development stage
e Production stage

e Utilisation stage

e Support stage

The development stage is a detailed technical refinement of the system re-
quirements and a design solution that transforms these into one or more fea-
sible products that enable a service during the utilization stage. Operator in-
terfaces are specified, analyzed, designed, tested and evaluated and the re-
quirements on production, training and support facilities are defined. This
stage should also ensure that the aspects of production, utilization and sup-
port and their enabling system’s requirements are integrated into the design,
by involving all interested stakeholders. (ISO/IEC, 2008).

The production stage begins with the approval to produce the system-of-
interest and production may continue throughout the remainder of the sys-
tem’s life cycle. During this stage the product may change and the enabling
systems may need to be reconfigured in order to continue evolving a cost ef-
fective service from the stakeholder viewpoint. The production stage may
overlap with the development, utilization and support stages. (ISO/IEC,
2008)

The utilization stage starts when the system is installed and taken into use.
The stage comprises the operation of the product to deliver the required ser-
vices with continued operational and cost effectiveness and the stage ends
when the system-of-interest is taken out of service. (ISO/IEC, 2008)

The support stage begins with the provision of maintenance, logistics and
other support of the operation and use of the system-of-interest, although
planning for the stage begins in the preceding stages. The support stage ends
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with the retirement of the system-of-interest and termination of support ser-
vices. It also includes monitoring the performance of the support system and
services. (ISO/IEC, 2008)

This operational monitoring (OM) comprises identification, classification and
reporting of anomalies, deficiencies and failures of the support system and
services. Sandberg and Stromberg (1999) describe this monitoring and follow-
up of experience data as done on two levels. One ‘micro’ level, where exam-
ples of experience data are material failures, logistics support times, and
spares consumption. Though, to evaluate how e.g. the performance and sup-
port cost meet the original requirements on a total system level, operation is
summed up and evaluated on a system, or “macro’ level. Activities that may
result from the identification and analysis of problems include maintenance
as well as minor and major modification of the support system and services.

As discussed in the introduction of this thesis, users of a complex system
need support to access and maintain the utility and services which the sys-
tem-of-interest or product, is to provide. The description of the support stage
above illustrates the interaction between the system-of-interest and the ena-
bling support system during the stage where the system-of-interest is opera-
tional. Each enabling system has a life cycle of its own and as a system in its

own right, it may when appropriate be treated as a system-of-interest.
(ISO/IEC, 2008)

Depending on the requirements and expectations of the user of a complex
system, the real or potential need of support may or may not be considered a
nuisance. Never the less, when maintenance and support system exist, they
are meant to compensate for deficiencies or limitations in the design of the
system-of-interest. Mizuno (1988) states that the consumer buys the product’s
usefulness rather than the product itself, and Kotler (1997) argues that “The
importance of physical products lies not so much in owning them as in ob-
taining the services they render ... Thus physical products are really vehicles
that delivers services to us.”. This view is supported by Grénroos (2007) who
argues that 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 customer’s value-generating process.

The user of a complex system needs support to access and maintain the utility
and services which the system-of-interest or product, is to provide. This
maintenance support consists of resources such as documentation, personnel,
support equipment, materials, spare parts, facilities, information, and infor-
mation systems (ISO/IEC, 2008). According to Goffin (2000), the view of
product support has broadened over the past decade and Kumar (2003) pre-
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sents a scope of product support that, alongside more traditional service and
maintenance, also includes comprehensive documentation. Hence, the provi-
sion of the right information to the right information consumer and producer
with the right quality and in the right amount, time is also essential (Parida et
al., 2004; Parida and Kumar, 2004; Lee et al., 2006).

Support to both customer and product has become central for satisfying cus-
tomers of high-technology and engineering products (Markeset, 2003), and is
regularly identified as playing a key role in surveys published in trade jour-
nals from different areas such as the automotive, domestic appliances, aircraft
and computing (Goffin, 2000). According to Markeset (2003), customer sup-
port is also considered to be important for industries with complex equip-
ment. It is important for industries where complex equipment is failure prone
and when failure has serious consequences.

Goffin (2000) presents four major components of customer support strategies
as critical:

¢ Identifying the customer’s support requirements
¢ Design for supportability

e Choosing/managing distribution channels

e Promoting support for competitive advantage

The design of the support system also needs to take into account require-
ments and prerequisites contextual beyond the system-of-interest (e.g. the
aircraft), considering business process requirements and possible customer
requirements to consider re-use of existing resources and capabilities (e.g.
facilities, manpower, competencies, ICT and standards) as well as needs of
operational flexibility, planned modifications, desired levels of standardiza-
tion and self-support (Careless, 2004).

It is important to bring these considerations to the fore not only during initial
development (Blanchard and Fabrycky, 1998; Goffin, 2000; Blanchard, 2001),
but also during the operational phase of a system (Sandberg and Stromberg,
1999), as utilization patterns or profiles, of complex technical systems with
long life cycles tends to change over time. Furthermore, systems wear and
deteriorate during their lifecycle (Blanchard, 2004).

This concurrent design of a support solution, comprising both the system-of-
interest and its support systems, therefore need to be highly structured and
controlled, i.e. be performed with a process that enables the integration and
iterative optimization of the two interdependent elements and system quali-

Page 12



Theoretical Framework and Basic Concepts

ties discussed, to meet requirements on system effectiveness at the lowest
possible LCC and LSC.

2.2 Dependability and Integrated Logistic Support

To ensure dependability of systems throughout their entire life cycle, mainte-
nance and the provision of maintenance support is highly important (IEC,
2004). In turn, dependability of a system is a consequence of availability per-
formance and its inherent factors: reliability performance, maintainability
performance and maintenance support performance (IEV, 2008), see Figure 1.

Dependability
Availability
Performance
: 1
Reliability Maintainability ’V’aé"‘e"ance
upport

Performance Performance

Performance

Figure 1. Elements of dependability.

Maintenance and support concepts for modern complex technical systems,
such as civil airliners and military combat aircraft, can be described as focus-
sing on optimizing two fundamental and interdependent elements.

The first element is the influence on the design of the system-of-interest (e.g.
aircraft) to maximize its inherent availability, within available Life Cycle Cost
(LCC) requirements. This ensures that the aircraft will have high reliability
performance and maintainability performance in relevant operational profiles
and support environments. The second element concerns the design of the
maintenance and support system, which provides necessary support during
the operation and maintenance phases of the system-of-interest.

It can be noted that for a complex technical system, it is in practice almost
impossible to design out maintenance completely. Furthermore, insufficient
or erroneous maintenance efforts may result in decreased quality, incidents
and accidents. It is therefore of paramount importance that maintenance and
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support concepts are designed correctly during the initial phase of a system’s
lifecycle (Blanchard and Fabrycky, 1998; Goffin, 2000; Blanchard, 2001).

This is not only to secure the performance of a complex system, but also be-
cause maintenance has a major impact on a complex system’s Life Cycle Cost
(LCC) (Blanchard, 1998; Markeset and Kumar, 2003). As maintenance and
support system should compensate for deficiencies in design of the system-
of-interest, insufficient reliability and maintainability performance incur the
need of expensive logistic resources such as spares, manpower, ICT and facil-
ities, all of which increase Life Support Cost (LSC) and LCC.

As design decisions implicate technological and economic commitment, it
also becomes more difficult and more costly to introduce system changes in
the latter part of a system life cycle, rather than in the early phases of concep-
tual and preliminary design (Fabrycky and Blanchard, 1991). See Figure 2.
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Figure 2. Life cycle cost committed and cost incurred, during a system life cycle
(Fabrycky and Blanchard, 1991).

Applying the dimension of time in the form of a lifecycle perspective on sys-
tems and systems development helps to shed light on the extensive scope of
large complex technical systems. There are different approaches to the con-
cept of life cycle perspectives, though they often focus on particular proper-
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ties of the system during its lifetime, like technical reliability (O"Connor,
1991) or LCC and economic analysis (Fabrycky and Blanchard, 1991). A life
cycle perspective also needs to address the importance of the support system
and continuous improvements for a system-of-interest with a life expected to
span over decades (Sandberg and Stromberg, 1999).

The approach of the domain of Integrated Logistic Support (ILS) in the pre-
sented research is mainly from an engineering perspective, integrated with
business-related perspectives, considering all, or applicable, phases of a sys-
tem lifecycle.

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; 1IEC, 2001; Blanchard, 2004). The ILS principle of design influ-
ence, is stated by UK Ministry of Defence (MOD) (2008) as “The timely appli-
cation of informed influence to the design of the hardware, software and hu-
man aspects of a mission system in order to minimise support related risks
and any potentially adverse effects of the design of the mission system on the
support requirements, costs and operational readiness”.

The purpose of Integrated Logistic Support (ILS) as an approach, and the ap-
plication of a special system development process for ILS solutions, can be
described as the need to develop and establish a well coordinated or inte-
grated, maintenance system that meets stakeholder requirements and has a
verified and validated capability to support a given operational capacity of a
primary product or system. (Blanchard, 2004; US DD, 1997; Biedenbender,
1993)

Logistic Support Analysis (LSA), also sometimes referred to as Maintenance
Engineering Analysis, is performed during the early phases of the life cycle,
and is a part of ILS (Blanchard, 2004; Biedenbender, 1993). Given the (pro-
posed or actual) design of a primary system (e.g. aircraft), the LSA defines
support activities, maintenance tasks, support equipment, training needs, and
provision of 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). This database is a
central configuration-controlled and change-managed product data reposi-
tory, and needs to be continuously updated during the in-service phase to
support the improvement of the maintenance system and the system-of-
interest. (Blanchard, 2004; US DD, 1997; Biedenbender, 1993)

Even if opportunities to affect availability performance, maintenance system
and life cycle cost are decreasing over time, efforts to optimize performance
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versus cost should not be decreased in the later phases. Without operational
monitoring and active life cycle management one might very well end up
with a situation where expenditures are running out of control due to unex-
pected changes. Therefore the optimization efforts must not be seen as fi-
nished after the major development, but must continue during the operation-
al phase (Sandberg and Stromberg, 1999).

2.3 Maintenance and Maintenance Support

Providing maintenance and maintenance support, which as discussed earlier
are parts of an ILS solution, is also one of the main enabling factors to ensure
dependability of systems throughout their whole life cycle (IEC, 2004).

Maintenance can also be described as a multi-disciplinary activity which in-
volves: understanding of degradation mechanism and linking it to data col-
lection and analysis; provision of quantitative models for prediction of the
impacts of different maintenance actions; and strategic maintenance man-
agement (Murthy et al., 2002). Murthy et al. (2002) also define three main
steps related to maintenance management: understanding the system-of-
interest; planning optimal maintenance actions; and implementing these ac-
tions.

Maintenance can be divided into preventive and corrective, which are to be
considered as two different strategies. Preventive maintenance means proac-
tive activities to avoid problems that might occur in the future. Corrective
maintenance implies reactive actions to correct faults that have occurred.

All resources required to maintain an item under a given maintenance con-
cept and guided by a maintenance policy are referred to as maintenance sup-
port (IEC, 2004). Maintenance support could consist of e.g. spare parts, mate-
rials, personnel, support equipment, facilities, documentation, information
and information systems.

To implement and actually perform maintenance of complex technical sys-
tems it is necessary to define a maintenance philosophy, maintenance policy
and a maintenance process. The system of principles used for the organiza-
tion and execution of the maintenance, is defined as a maintenance philoso-
phy (IEV, 2008). The maintenance philosophy provides a framework for an
overarching perspective on maintenance in a given organization. It has an
impact on the time and place, as well as on how the maintenance is per-
formed.

The maintenance philosophy, in turn, shapes and drives the maintenance pol-
icy, which is a general approach to the provision of maintenance and mainte-
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nance support based on the objectives and policies of owners, users and cus-
tomers (IEC, 2004). The maintenance policy describes the relationship be-
tween the maintenance echelons, the indenture levels and the levels of main-
tenance to be applied for the maintenance of an item (IEV, 2008), and pro-
vides a guide for the organizational aspects of performing maintenance, see
Figure 3.
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Figure 3. Constitution of maintenance policy (IEC, 2004).

To get a more comprehensive understanding of the maintenance of a complex
technical system, it is beneficial to consider its implementation in a generic,
industrial maintenance process.

An generic industrial maintenance process covers a spectrum of activities re-
quired for managing, planning, preparing, executing, assessing and improv-
ing maintenance (Liyanange and Kumar, 2003; Soderholm et al.,, 2007;
ISO/IEC, 2008). They involve a wide range of roles, such as managers,
process owners, maintenance technicians, maintenance planners and logistic
managers, see Figure 4.
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Maintenance
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Figure 4. Phases of an overall maintenance process

2.4 Maintenance of complex technical systems

The solution for maintenance of a complex technical system such as an air-
craft, is an inherent part the design philosophy of a hierarchy of technical
components, illustrated in Figure 5 by the JAS39 Gripen and its engine sub-
system providing an example.
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Figure 5. As a vivid example of a complex technical system, a modern combat aircraft
has a hierarchical and very intricate configuration and item structure.

Looking at a complex technical systems and its components is from a mainte-
nance perspective, as illustrated in Figure 6, the maintenance solution is
based on the use of maintenance echelons (usually three, although other solu-
tions also exist). Figure 6 illustrates how the complete aircraft is placed on the
1st indenture level (i.e. Echelon 1). Its subsystems, e.g. the engine, are placed

Page 18



Theoretical Framework and Basic Concepts

on the 2nd level (Echelons 2). The engine’s constituents, e.g. the spraybar
slots and its spraybars, are placed on the 3rd level (Echelon 3).

Item 1
Echelon1 _supporteddy_ _ _ _ LRU
Maintenance Level 1 et [
/ [ | |
sl Item 2 Item 3 Item 4
Echelon 2 =" SRU LRU SRU
Maintenance Level 2 R |
o | | |
\ [ SUppo‘e/d‘ Y Item 5 Item 6 Item7

4 SRU SRU SRU

Echelon3
Maintenance Level 3

Figure 6. Structure of maintenance items, the echelons, and their relationship

Here, certain equipment and assemblies of items or components are defined
as Line Replaceable Units (LRUs) or Shop Replaceable Units (SRUs). From an
maintenance perspective, this classification indicates the way these items are
maintained. Both LRUs and SRUs may consist of hardware and software
components.

When required the LRUs are removed and replaced at the deployed site of
the system (i.e. aircraft), for instance, in the field (i.e. Echelon 1). By doing
this, one quickly restores the system (e.g. aircraft) to an operational condition
without the need of extensive maintenance resources in the field. The SRUs
may then be attended to at a shop level (e.g. at Echelons 2). To attend to a
faulty SRU, it must first be removed from its closest LRU parent, and take it
to a shop (usually at Echelon 2 or 3), where a technician gets inside it to re-
move the faulty SRU.

2.5 Information

Information is the core of maintenance related processes and decision proc-
esses. Information support is critical for successful execution of maintenance
tasks, and also for meeting maintenance objectives such as availability, reli-
ability and performance insurance. In general, the product development
process is of great importance for both production and usage cost, as well as
for a number of quality aspects about a product (Bergman and Klefsjo, 2003).
This is also applicable to information products for complex technical systems,
which are, in this respect products just like any other. An important part of
the development process is the ability to effectively manage requirements,

Page 19



Theoretical Framework and Basic Concepts

not least from an economic point of view (Karlsson, 1995). Information ser-
vices has an impact on a number of different users and stakeholders and sev-
eral of them have their own requirements, as there may be a wide variety of
actors that are stakeholders in information services for complex technical sys-
tems.

Development of information for users is primarily an issue about content and
meaning and should according to Jacobson (Jacobson, 2000), not primarily
take off in discussions about media or technology for the transfer of the mes-
sage. However, Sonesson (2000), Jernbacker (2003) and Canaday (2004) dis-
cuss the advantages of utilizing digital information support compared to tra-
ditional print, for user information for operative technical personal working
with complex technical systems such as aircrafts. Similar experiences are pre-
sented by Drury (2000), whose study showed that a computer-based system
of work cards for aircraft inspection was a significant improvement com-
pared to the a paper-based solution.

In the end, aspects of both content and technology need to be taken care of as
the process of supplying user information can be described as a chain of func-
tions, starting at the design of the actual technical system and ending at the
time and place where the users need support. Throughout this development
and provision process, large numbers of requirements of all kinds need to be
collected, managed and incorporated into the product, to be able to satisfy the
needs of the different users at the end.

Hence, when dealing with establishment of information support solution for
complex technical systems, it is widely accepted that the utilization of a
framework increases the effectiveness and efficiency of the inherent phases,
since a framework can provide a structured set of concepts, models, guide-
lines and technologies. (Karim, 2008)

2.6 Requirements and QFD

Is very important to assure a complete collection of requirements as require-
ments are to drive the system design and operation (Kar and Baily, 1996).
This is, on one hand, an act of balancing between an excess of requirement
driving unnecessary costs and hindering an optimum system solution. On the
other hand insufficient requirements can cause large amounts of rework as
the requirements are instead likely to be deduced during later stages of de-
velopment when the implementing cost is higher. (Carson, 1998)

Guidance and definition of those who have the right, or duty, to state re-
quirements, i.e. stakeholders, are available are amongst others in the ISO/IEC
standard (ISO/IEC, 2008), which defines the term stakeholder as “a party
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having a right, share or claim in a system or in its possession of characteristics
that meet that party’s needs and expectations”.

QFD enables transfer of requirements to the design process through matrix
diagrams. By doing so, the original needs and requirements of the customer
(“what”) are systematically transformed into product qualities (“how”)
through a controlled and traceable process (Akao, 1992). See Figure 7.

Yoji Akao (1992) defines Quality Function Deployment (QFD) as "a method
for developing a design quality aimed at satisfying the consumer and then
translating the consumer's demands into design targets and major quality as-
surance points to be used throughout the production phase".

Matrix diagrams are highly functional for identifying and assessing connec-
tions and interdependencies between different factors (Klefsjo et al., 1999).
The methodology of interest for this research, is applying matrix diagrams
integrated with QFD.

Structured list of requirements Correlation between
(customer/stakeholder needs) PN Quiality elements
- stated as well as non-stated

"How” <l Defining Quality
elements — "How”
to fullfill the needs

R "What" o »

I +d-. Correlation between
requirements and
Quality elements

Figure 7. Matrix diagram, development of requirements to product qualities, inspired
by Akao (Akao, 1992).

QFD has numerous applications and is used in different contexts, of which
software development is one example (Yoshizawa et al., 1992; Chan and Wu,
2002; Herzwurm and Schockert, 2003).
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Characteristics of QFD are:

e Stakeholder and customer focus

e Cross-functional work

e A structured methodology of working, with system level analysis
e C(lear and distinct documentation, enabling traceability

In essence it is about translating the “word-of-the-customer” to the “word-of-
the-company” and QFD enables the collection of the “word-of-the-customer”
with reference to a certain product (Schiitte, 2002). The first model or repre-
sentation consists of the requirements of external stakeholders. This represen-
tation is then transformed in a suitable number of steps, in which successive
clarifications and realizations are introduced. The final step results in a fin-
ished tested and approved system product, for instance a physical product,
software or a service.

QFD also enables systematic communication between stakeholders and the
design team (Karlsson, 1998) and is thereby useful both for the specification
and development of a product (artefacts as well as services).

Prioritization and selection processes must consider the importance of differ-
ent demands as well the different costs associated with their implementation
(Karlsson, 1995). QFD addresses these issues in general terms, though it
needs to be adapted to fully fit the purpose of information support develop-
ment.

QFD can, in the way it has been used in product development, be subdivided
into four steps: Product planning, Parts deployment, Process planning and
Production planning (Bergman and Klefsjo, 2003). Analogies to the first two
of these steps are of primary interest for this study:

Product planning. The purpose of adapting product planning is mainly to
preliminary design and test a methodology for the capture and translation of
user-stakeholder demands and requirements into product qualities.

Parts deployment. This step aims to choose the best design concept for fulfill-
ing requirements and goals for the design qualities or characteristics.

The number of steps and their designations do not govern the use of QFD
methodology. QFD has to be adapted to the problem under study. In an ex-
tensive literature review by Chan and Wu (2002), the adaptation and use of
QFD methodology has been identified within a vast number of problem ar-
eas. Within software development interesting adaptations have been made
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and a comprehensive model has been developed by Zultner (1993). This
process is built on two phases:

Requirement identification

Requirement analysis

These are followed by work along three tracks:

Functional development
Information development

Service development

QFD and the issue of information support from a design quality and cus-
tomer requirements perspective show several similarities with QFD in soft-

ware development. Requirements are often ‘soft” and are difficult to measure
(Akao, 1992)

2.7 eMaintenance

eMaintenance has been described widely from different perspectives (lung
and Crespo, 2006). Some of these descriptions are:

A maintenance strategy (Tsang, 2002)

A model that enhances the efficiency of maintenance activities by applying
ICT for the provision of information (Tsang, 2002).

A support to execute a proactive maintenance decision-process (Muller et
al., 2008),

A predictive maintenance system that provides monitoring and predictive
prognostic functions (Koc and Lee 2001; Parida and Kumar, 2004)

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)

Infrastructure for mobile monitoring technology in the DYNAMITE pro-
ject (IST, 2008)

Common database concept for maintenance-related information (Kans,
2008)

New innovations based on electromechanical and software technologies, suc-
cessfully infused into the parent systems of existing products and product
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platforms have the potential to deliver value. Such innovations can be based
on individual components, but are generally larger in terms of scope and
their impact on the underlying product architecture and functionality. How-
ever, such technologies cannot solve the challenges of designing competitive
solutions by themselves. Only if they are fully integrated into their host sys-
tems do they gain the potential to deliver value. (Henderson, 1990; Suh et al,
2009).

There are some basic views of eMaintenance that can be seen in the literature,
where common denominators often are the monitoring, recording, and trans-
fer of data and information. However, two different emphases are: (1) infor-
mation distribution between humans (and organizations) and (2) remote
maintenance and autonomous systems, where information is transferred be-
tween technical systems and humans. In both situations there are technical
systems and humans presents, but the data and information flow is aimed at
different stakeholders. (Muller et al., 2008)

A third possibility that can be found is the combination of both aspects of
eMaintenance, but the emphasis is still often on one of the two aspects and
not both of them.

The combination of modern information processing and communication
tools, commonly referred to as tele-service, offers the technical support re-
quired to implement this remote service maintenance. However, this techni-
cal support is insufficient to face new remote maintenance decision-makings
which require not only informational exchanges between customers and sup-
pliers but also co-operation and negotiation based on the sharing of different
knowledge. It requires an evolution from tele-service to eService and eMain-
tenance in particular where the maintenance decision-making results from
the collaboration of maintenance processes and experts to form a distributed
artificial intelligence environment. (Yua et al., 2003)

Via such e-services, remote operators could tap into specialized expertise rap-
idly without travel and scheduling delays. Training costs could be reduced
while effectiveness enhanced by using the best teachers available. According
to Hamel (2000), downtimes could conceivably be reduced through direct in-
teraction (trouble shooting) with source designers and specialists.

One example of an area with great improvement potential is technical publi-
cations. A large proportion of the information support used by maintenance
actors within aerospace is still paper documents, or ‘paper-on-screen” solu-
tions (e.g. paper documentation published in PDF-format). This practice pre-
vails despite the fact that new aircraft complexity, integrated digital systems
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and air-to-ground real-time communication technologies make document-
oriented, paper-based approaches increasingly expensive to produce and of
inadequate usability.

Hence, unnecessary costs are generated simply because maintenance actors
often lack information support products and services that are adapted to spe-
cific roles and situations, and therefore cannot work as efficiently as possible.
(Candell and Soderholm, 2006; Canaday, 2004; Candell, 2004). There is also,
from a business perspective, a need to apply a process-oriented approach to
servicing and maintenance rather than the current system approach (Jensen,
2008) and in addition also to enhance the utilization of ICT within aerospace
domain (Saab, 2005; Saab, 2007a; Saab, 2007b, Saab 2007c, Saab, 2009b).

With reference to the problem and solution domains presented above, the
concept of eMaintenance presented in this research can be defined as a struc-
tured and coherent application of ICT throughout the whole life cycle of the
support system, coordinated with technical solutions in the aircraft system.
The main goal is to create a more effective and efficient maintenance process
by optimizing an eMaintenance framework as a part of necessary mainte-
nance support implemented in the enabling systems, and thereby improve
overall system effectiveness.
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3 Research Methodology

This chapter presents some theories of research methodology and the choices made
within this research.

3.1 Purpose of the Research Work

Science can in a theoretical perspective be described as activities through
which researchers produce different kinds of knowledge (Patel and David-
son, 2003). This production of knowledge is to enable the creation of descrip-
tions as well as models and theories for different phenomena (Holmberg,
1987).

Most scientific studies can be classified according to which type of knowledge
they aim to produce, usually exploratory, descriptive or explanatory. An ex-
ploratory study has the purpose of creating understanding of a particular
problem area, and may be used when the existing knowledge of the area is
limited. Descriptive studies are performed with the purpose of describing a
certain phenomenon. Explanatory research consists of empirical tests of hy-
potheses about causal relationships between different phenomena. (Patel and
Davidson, 2003).

As the purpose of this research is to explore and describe how providers of
support solutions can develop and provide effective information support so-
lutions related to complex technical systems by enhanced utilisation of ICT,
the research is both exploratory and descriptive. The exploration of the do-
main will generate knowledge to be used to improve user information devel-
opment, thus being a part of the continuous improvement work at the par-
ticipating companies and other interested parties. The descriptive approach
has, among other properties, the ability to communicate information about a
more general phenomenon to different stakeholders, by placing the subject
matter in a broader context (Yin, 2003). The descriptive approach supports a
structured study of important aspects of a process for user information de-
velopment that consider satisfaction of stakeholder needs as a central product
quality.

3.2 Research Approach

Looking at research as knowledge generation, Holmberg (1987) describes the
way of proofing or deduction, and the way of exploration or induction, as
two alternative roads. Deduction has existing theory and concepts as its
points of departure, which are tested, and delivers acceptance (or not) of the
theory tested (Gummesson, 2000). Induction can be described as an approach
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based on empirical, or real-world data, where the results of the study accord-
ing to Gummesson (2000) primarily generate new theory.

Gummesson (2000) also argues that after the initial stages, all types of re-
search become an iteration between the deductive and inductive. This is re-
ferred to as abductive research, which is to be seen as a combination of de-
duction and induction, rather than regarded as a third approach (Gummes-
son, 2000). Alvesson and Skoldberg (1994) describe abduction as a process
originating in a deductive approach, where empirical material is collected
based on a theoretical framework, followed by an inductive phase were the-
ory is developed on the basis of the empirical data collected in the first phase.
An important aspect of abduction, according to Alvesson and Skoldberg
(1994), is that the process also encompasses a gradual development of the
area of empirical application, as well as an adjustment and refinement of the
theory.

The research process presented in this thesis is in the initial phase deductive,
due to the ambition to look into earlier research for a theoretical framework
of knowledge about, and methodology for, how support solutions can de-
velop and provide enhanced information support solutions related to com-
plex technical systems by improved utilization of ICT. The purpose of this
theoretical framework is to supply a base and guidance for the collection of
empirical data, and the adaptation of a process for the development and pro-
vision of enhanced information support solutions related to complex techni-
cal systems by improved utilization of ICT.

The analysis model is then evaluated, exploring the empirical domain and
data from the JAS39 Gripen complex technical system. This knowledge is
then used to evolve and refine the continued empirical work during a concept
development, in parallel to a final inductive phase, forming a more general-
ised process for the development and provision of information support solu-
tions.

Research approaches utilising numerical measurement during data collection,
as well as statistical processing and analysis, are often referred to as quantita-
tive. Qualitative approaches include collection of “soft” data, for example,
interviews, and verbal analysis of text material. (Patel and Davidson, 2003).

The data and information confronted in the empirical part of the study are
mostly of a qualitative nature. This, together with the fact that exploration of
the studied process is of main interest, calls for a qualitative study approach.
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3.3 Research Strategy

The purpose of the research has an intrinsic vagueness due to the lack of pre-
vious research and deeper theoretical knowledge about the problem domain.
A sound research strategy according to Yin (2003) for a first phase of study is
in such cases to increase knowledge by literature studies, and to build on ex-
isting theory from different domains to provide a theoretical basis for the fol-
lowing work.

According to Yin (2003) the choice of research strategy is a choice of a way of
collecting and analyzing empirical evidence, and different strategies have dif-
ferent pros and cons. Yin (2003) presents three conditions for the choice of
research strategy:

e Type of research question
e The investigator’s extent of control over behavioural events
e Degree of focus on contemporary versus historical events.

These conditions and their relation to five major research strategies are pre-
sented in Table 1.

Table 1. Relevant situations for different research strategy (Yin, 2003).

Strategy Form of Research | Requires Control Focuses on Con-
Question over Behavioral | temporary Events?
Events?
Experiment How, why Yes Yes

Who, what, where,
Survey how many, No Yes
how much

Who, what, where,

Archival Analysis how many, No Yes/No
how much
History How, why No No
Case Study How, why No Yes
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This is to be compared to the research questions in the research:

RQ1: What are the critical information support requirements of custom-
ers and providers?

RQ2: What characterise suitable Information & Communication Tech-
nology (ICT) methodologies and technologies for the fulfilment of
information support requirements of customers and providers?

RQ3: How can Information & Communication Technology-based in-
formation support solutions that satisfy the information support
requirements of customers and providers be developed?

Research questions 1 and 2 are “What”-questions. These are mainly of an ex-
plorative nature and are intended to develop relevant hypotheses and propo-
sitions for the continued study. They are, however, not ‘what’-questions in
the sense of “how many” or ‘how much’, which would favour survey or ar-
chival strategies (see Yin, 2003).

Regarding research question 3 focusing on “How”, the control over behav-
ioural events is estimated as limited and the study focuses on contemporary
events. This perspective supports a decision to choose case studies as a pre-
ferred strategy. An advantage of a case study strategy is also that it is able to
support the potential needs of this study to contain elements that are explora-
tory as well as descriptive and explanatory (Yin, 2003).

The development and evaluation of an information support concept may also
be regarded as a form of methodology or tool, and is interdependent with the
“What”-questions. “What”-questions of an exploratory nature may, accord-
ing to Yin (2003), be addressed using any of the strategies applicable. The
case study strategy is also supported by the literature study, which builds a
theoretical framework of knowledge from related domains.

A primary distinction in case study design is, according to Yin (2003), be-
tween single and multiple case designs. In many circumstances, the single-
case study is an appropriate design, analogous to a single experiment and
justifiable especially for the unusual or rare case and when the conduct of a
multiple-case study requires resources and time that are beyond a single re-
searcher. Single case study is in turn divided into holistic or embedded. The
embedded case-study design includes more than one unit of analysis, i.e.
when attention within a single-case is also given to a sub-unit or subunits.
Holistic designs, on the other hand, are said to be used if the case study ex-
amines only the global nature of a programme or organization. (Yin, 2003).
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The phenomenon that this study is to explore and describe is the develop-
ment of information support solutions for complex technical systems. This
implies a unit of analysis, i.e. the level of inquiry that the study will focus on,
that is a development process for a team or organization. This suggests, ac-
cording to Yin (2003), a holistic case study design. Also important for the un-
derstanding of the explored and described phenomena are the methodology
and tools that support the development of information support solutions for
complex technical systems, including the process and service oriented ap-
proach and the development of an information support concept as a part of
the development strategy.

The discussion above leads towards a single-case embedded design. The
comprehensive qualitative approach of the study focuses as much on the
process and context of information support development, as on specific de-
tails. The main unit of analysis is the development process for a team or or-
ganization to develop information support services and products. The sup-
porting methodologies and tools, including the process and service approach
and the development of a concept as a part of the development strategy, are
sub-units of analysis.

3.4 Data Collection

There exist several sources for data collection (or sources of evidence) that
can be used in a case study according to Yin (2003), who presents six main
sources of evidence; documentation; archival records; interviews; direct and
participant observations and physical artefacts. All these ways, together with
their strengths and weaknesses, are presented in Table 2. However, the start-
ing point for qualitative research is that individuals have common experi-
ences and circumstances in an organization or profession, and that it is possi-
ble to identify common patterns and describe them. Still the situation of each
individual is unique, and they can contribute with unique information and
knowledge to the research (Patel and Davidson, 1987).

Much of the data connected to the units and sub-units of analysis and needed
to address the purpose and research questions of this research have been col-
lected by the research team for the purpose of the presented study. This is
called primary data, to be compared with secondary data, which is data al-
ready collected by other people and then used by the researcher (Dahmstrom,
1996). According to Dahmstrom (1996), the advantage of primary data is that
relevance is likely to be higher than for secondary data, and that it is also eas-
ier for the researcher to evaluate primary data and asses its reliability
(Dahmstrom, 1996).
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The data collection methodology for this study encompasses direct and par-
ticipant observations, action research and document studies. These are conse-
quences of the purpose of the project, the goals and research questions as well
as the chosen research strategy and the circumstances for the data collection
described earlier.

Table 2. Six sources of evidence: strengths and weaknesses (Yin, 2003).

Source of Evi-
dence

Strengths

‘Weaknesses

Documentation

Stable — can be reviewed repeated-
ly

Unobtrusive — not created as a
result of the case study

Exact — contains exact names,
references, and details of an event
Broad coverage — long span of
time, many events, and many set-
tings

Retrievability — may be low
Biased selectivity, if collection
is incomplete

Reporting bias — reflects (un-
known) bias of author

Access — may be deliberately
blocked

Archival
Records

Same as above for documentation
Precise and quantitative

Same as above for documenta-
tion

Accessibility due to privacy
reasons

Interviews

Targeted — focus directly on case
study topic

Insightful — provide perceived
causal inference

Bias due to poorly constructed
questions

Response bias

Inaccuracies due to poor recall
Reflexivity — interviews give
what interviewer wants to hear

Direct Observa-
tions

Reality — cover events in real time
Contextual — cover context of
event

Time-consuming

Selectivity — unless broad cov-
erage

Reflexivity —events may pro-
ceed differently because they
are being observed

Cost — hours needed by human
observers

Participant-
Observations

Same as above for direct observa-
tions

Insightful into interpersonal beha-
vior and motives

Same as above for direct obser-
vations

Bias due to investigator’s mani-
pulation of events

Physical Arti-
facts

Insightful into cultural features
Insightful into technical operations

Selectivity
Availability

The border between participant observations and action research is not obvi-
ous. According to Patel and Tibelius(1987), action research is characterized by
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the strivings to reduce the distance between theoretical knowledge and prac-
tical application. Gummesson (2000) describes action research as involving
participation with active intervention in decision-making, implementation
and change processes.

The origin of the research presented in this thesis is a defined problem of
practical application, addressed partly through action research. The flipside
of direct and participant observations is that they are time-consuming and
selective, which might restrict the range of material studied (Yin, 2003). Such
observations might also be biased due to the presence and participation of the
researcher.

These disadvantages must be balanced against the need for access that
Gummesson (2000) describes as essential to establish, when dealing with de-
cision processes and processes of implementation. This access is also essential
for the decision of the character, scope and allocation of the support needed
for a system (Markeset and Kumar, 2003). Decisions about support also as-
sume knowledge about the environment for the operation, as well as organ-
izational and cultural issues, according to Markeset and Kumar (2003). There-
fore, access is important when one needs to study the joint system of man and
machine; studies which are to be done in real life, in its social and organiza-
tional context rather than outside it, which is stressed by Hoc et al. (1995) and
Hutchins (1995). However, the close involvement of the researcher is also a
potential source of bias of the observations. Actions to reduce this risk in this
research project have included the submission of notes for review to partici-
pants in workshops.

Another potential impact of the bias of the action researcher is, according to
Gummesson (2000), the formulation of the research question and the selection
of the domain for empirical study, as well as the origin and organization of
the study or its purpose in a context of application. However, on the positive
side, Gummesson (2000) argues that the same bias that might influence these
aspects negatively, also contributes positively to the relevance of the research
and its empirical grounding, i.e. a good connection to reality.

The author’s work on the research presented in this thesis was performed
both in his role as an industrial PhD student and as a Saab employee. As
such, access was granted to unique knowledge, experience and empirical ma-
terial. The close involvement and the author’s multiple roles, or “action re-
search” as described in the literature (Patel and Tibelius, 1987, Gummesson,
2000; Bryman, 2001), shed particular light on special aspects of the research
process.
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The roles and involvement of the author and the concept development
pointed towards direct and participant observations and action research as
the main ways of collecting data. According to Yin (2003) and Gummesson
(2000), these are methodologies for collecting information, which supply
unique access to context and interpersonal behaviour, as well as insight into
cultural features and technical operations.

The theory and hypotheses from the literature studies are to be analyzed in
connection with their methodological consequences for the stated research
question. This leads to a more detailed methodological approach. According
to Bryman (2001), this approach should drive the subsequent process of gath-
ering empirical data.

Regarding data analysis, Yin (2003) describes the analysis of case study data
as consisting of “examining, categorizing, tabulating, or otherwise recombin-
ing the evidence to address the initial propositions of the study”. There are,
however, few well-defined, established and widely accepted rules for the
analysis of qualitative data, unlike for the analysis of quantitative data (Yin,
2003; Bryman, 2001).

Miles and Huberman (1994) present an overarching view on the analysis of
qualitative data as the tasks of data reduction, data display and conclusion
drawing. The analysis in this research has adapted Miles and Huberman’s
(1994) view, and has mainly been performed as data reduction, interpretation
of data, data display and conclusion drawing.

It is necessary, according to Yin (2003), for every investigation to start with a
general analytic strategy as a guide for choices of what to analyze and why. A
preferred strategy is to rely on the theoretical propositions that led to the case
study (Yin, 2003). Although there are no such direct propositions in the pur-
pose or primary research question of this research, the detailed research ques-
tions can be regarded as indirect propositions.

The approach of performing analyses continuously during a qualitative study
is based on the fact that it is often practical, as it may supply knowledge and
ideas for the development and improvement of the subsequent work (Bry-
man, 2001; Patel and Davidson, 2003). The results and experiences from the
initial phases of the research are used as feedback for the continuing research
and a refined adaption of the suggested development process.

The evaluation of the suggested development process is closely analyzed dur-
ing and after its application in the concept development, to establish its effect
on the process and the result. The concept development process comprises
collection of additional stakeholder requirements and empirical material re-
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garding system and user contexts, as well as the actual development work
applying and further adapting and refining the suggested development proc-
ess of information support services.

3.5 Reliability and Validity

The conception of validity in qualitative research comprises the entire re-
search process, and is to lesser extent confined to the process and technique
of measuring as in quantitative studies. Qualitative research is driven by the
ambition to discover phenomena, to interpret and understand the meaning of
deeper values, as well as to describe perceptions or a culture. If, for instance,
the researcher gets different answers asking a person the same question on
different occasions, it is in a quantitative study regarded as a sign of low reli-
ability. This is not necessarily the case in a qualitative study, as it may indi-
cate that the person interviewed has changed his view of the matter, learnt
something or that the circumstances of the issue have changed. To the quali-
tative researcher, this change might very well supply additional information
and become an asset, rather than a liability. The reliability should be viewed
in the circumstances of each unique situation. From this perspective, the con-
cept of reliability is to be seen as converging with the concept of validity in
qualitative studies. (Patel and Davidson, 2003)

It is also easily verified with rudimentary logic; a test can be reliable without
being valid, but not the other way around, i.e. reliability is necessary but not
enough to assure the quality of research. To achieve that, the research also
needs to be valid.

Yin (2003) discusses two types of validity applicable for exploratory and de-
scriptive case studies. One is construct validity, which is to establish the cor-
rect operational measures for the concepts being studied. The use of multiple
sources, establishing chains of evidence, as well as letting key informants re-
view draft study reports during data collection and composition, are ways to
increase construct validity. The other is external validity, which is about es-
tablishing the domain to which the study’s findings can be generalized. As
case studies do not rely on statistical generalization (as for instance surveys
do), the possibility to generalize depends on replication logic and the ability
to analytically generalize from the results. (Yin, 2003).

The goal is to minimize bias and errors in the study. Keeping a case study
protocol during data collection and maintaining a structured filing system are
effective ways to increase reliability (Yin, 2003). Different actions are applied
in the research project presented in this thesis to increase reliability. One ex-
ample is to improve the quality of the notes from the workshops by present-
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ing them to the participants for review; another is the use of a laptop for di-
rect notations during the development working sessions and a structured fil-
ing system for all project documentation and data files.

The reliability and validity of the work performed within the research project
are also continuously reviewed. The review is both internal by the cross-
functional development team during concept development team and by the
LTU research group, and external through regular issuing of project progress
reports to project stakeholders.
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4 Research Process

This research has been conducted through a joint industrial research project
eMaintenance 24/7 (referred to as ‘the eMaintenance-project), performed in
close cooperation between the Division of Operation & Maintenance Engi-
neering at Luled University of Technology (LTU) and the Aircraft Services
Division at Saab Aerotech. The project has been financially supported by the
Swedish National Aeronautics Research Programme (NFFP) No. 4 and Saab
Aerotech. The NFFP4 project was conducted during the years 2006-2009.

Previous to the eMaintenance project, the author of this thesis performed his
initial research, as a Ph.D. student at the Division of Quality & Environmental
Management at LTU, within the project, “User Information and Usability in
Complex Technical Systems’ in the preceding NFFP 3-programme (referred
to as the NFFP3-project) which was conducted during the years 2001-2004,
with a one year extension to 2005. The author’s research done within the
NFFP3-project is presented in the Licentiate thesis ‘Development of User In-
formation Products for Complex Technical Systems” (Candell, 2004).

The purpose of the NFFP3-project was to explore and describe the develop-
ment of stakeholder-based information products for complex technical sys-
tems in general, and for JAS39 Gripen fighter aircraft in particular, in order to
contribute with knowledge to the area of user information development. To
fulfil the purpose a case study supported by a literature study was made. The
case study focused on a modern combat aircraft, which is considered as a
highly complex system with stringent requirements on user information sup-
port. A development methodology for user information products was
adapted and then applied and studied during the development of a demon-
strator.

Results from the NFFP3-project has directly and indirectly been utilised
within the eMaintenance-project, which partly can be seen as an further de-
velopment of the preceding NFFP3-research.

The main objective of the research within the eMaintenance-project presented
in this thesis, has been to demonstrate the usefulness of ICT-applications for
development and provisioning information support services for the operation
and maintenance 24/7 of geographically distributed aircraft systems.

The research process is built on four main phases: I) literature study of theo-
ries related to information support, eMaintenance and some other relevant
knowledge domains; II) a case study related to information support services,
eMaintenance and the application domain of aviation; III) development of a
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information support concept using eMaintenance; IV) compilation, assess-
ment and dissemination of performed activities and obtained results. See
Figure 8. These phases are described in more detail in the following sections.

Compilation
&

Literature Concept

Case Study

Study Development

Dissemination

Figure 8. Research process phases.

4.1 Phase 1: Literature Study

The literature study for the research was aimed at collecting data about how
system-oriented, process-oriented, lifecycle-oriented and service-oriented in-
formation products for a complex technical system could be designed. As the
study continued, focus moved towards methodologies and tools that could be
adapted or constructed to support the development information support so-
lutions for complex technical systems in general, and in an aviation context in
particular. These data were collected from different books, scientific journals
and trade journals as well as databases.

The activities to achieve the objectives of this first phase were: 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 mili-
tary aviation, healthcare, the power production industry and the process in-
dustry) and III) participation in conferences, seminars, forums, etc., such as
the Centre for Maintenance and Industrial Services (CMIS) and the Scandina-
vian Organisation of Logistic Engineers (SOLE).

4.2 Phase 2: Case Study

The focus for a case study is determined by the purpose of the research. The
origin of this research problem is the development and provision of informa-
tion support for complex technical systems used in environments where there
are very high requirements on safety, credibility, and which are connected to
an aviation context.

Different case study subjects were considered that might be suitable regard-
ing relevance and validity, and there are obviously many complex and critical
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systems that may be of interest, e.g. process or power industry systems and
public transportation. The choice fell finally on the JAS39 Gripen system and
its aviation context, which fulfilled the requirements mentioned above and
was regarded as a representative example. This choice was also influenced by
the requirements on practical access to different types of qualified data, as
well as limitations of the project regarding time and resources, which ex-
cluded other aircraft candidates manufactured or operated abroad.

The empirical data from the JAS39 Gripen system were collected for the pur-
pose of studying the application of the suggested development process, that
were adapted to support the development of information support services
and products for complex technical systems in general, and JAS39 Gripen in
particular. These data were mainly collected in the forms of requirements,
notes and other statements not only from workshops and interviews, but also
from documents.

The application case is the concept development of an information support
solution within the research project. Stakeholders that supply the require-
ments on the concept development were selected with respect to the purpose
of the study and the given practical limitations of the research project. Per-
sonnel at Saab Aerotech, with the participation of the author and the rest of
the research team, performed the concept development.

4.3 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 Information Support Solu-
tions and eMaintenance, focusing on aviation.

To achieve the objectives of this phase, the following activities were per-
formed: I) an identification of critical information and information support
requirements of customers and providers; II) an identification of characteris-
tics of ICT-related methodologies and technologies suitable for fulfilling the
information support requirements of customers and providers; III) adaption
and development of an approach for the development and provision of ICT-
based information support solutions that satisfy the requirements of custom-
ers and providers.

4.4 Phase 4: Compilation and Dissemination

The purpose of the compilation and dissemination phase were to: I) deliver
the results from conducted research activities; II) contribute with new knowl-
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edge 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 con-
ducted: I) publishing scientific journal and conference papers, that dissemi-
nate the results of conducted activities; II) publishing industrial documents
that more specifically treat the issues and results related to aviation and III)
compiling and summarizing the results, e.g. in this doctoral thesis.

Furthermore, in order to establish proper information logistics between the
project members and other related stakeholders, a research web portal has
been uilized. 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.

4.5 Outcomes

The outcomes from the conducted activities of the phases mentioned above
were delivered through the following products: I) project-internal docu-
ments, archived and available through formal diaries at Lulea University of
Technology, Saab Aerotech and VINNOVA; II) Internal Saab documents; III)
Scientific conference and journal papers; IV) articles in industrial trade jour-
nals; V) seminars and workshops; and VI) this doctoral thesis.
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5 Description of Appended Papers

Paper 1

Candell, O., Karim, R. and Soderholm, P. (2009). eMaintenance: Information logis-
tics for maintenance support. Journal of Robotics and Computer-Integrated Manufac-
turing. (Published)

The purpose of this paper is to present some results from a joint academic
and aerospace industry research project, describing requirements and expec-
tations that are important in a global support environment, and also to pro-
pose some central components in an eMaintenance framework (see Karim
(2008) for a more detailed discussion) that integrates maintenance and ICT
perspectives.

This paper focuses on a concept for ICT-based products and services for
maintenance of modern aircraft. However, it is believed to be extensively ap-
plicable to similar challenges regarding maintenance of other complex techni-
cal systems, e.g. within the transport, process and power industries, as well as
telecom and health care. The paper presents requirements and needs regard-
ing the mentioned products and services that are important for both suppliers
and customers (operators) of modern aircraft systems in a global support en-
vironment and proposes some central components of an information logistic
concept for maintenance purposes, called eMaintenance Management
Framework (eMMF), that integrates maintenance and ICT perspectives to ad-
dress the challenges presented above.

The positive impact of eMaintenance is to be expected on two levels. One is
the ‘maintenance micro-level’, where eMaintenance will serve as a perform-
ance support that facilitates hands-on execution of maintenance tasks by
technicians, mechanics and support engineers, by providing a reduced num-
ber of interfaces to information sources. The other level is the higher “mainte-
nance macro-level’, where eMaintenance will support managerial mainte-
nance planning, preparation and assessment, enabling information driven
maintenance and support processes, and aircraft fleet-efficiency. The impact
of an eMaintenance implementation on aviation maintenance is of consider-
able potential as it enables a more efficient use of existing digital product in-
formation and design data over the whole life cycle.
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Paper 11

Karim, R., Candell, O. and Séderholm, P. (2008c). Development of ICT-based Main-
tenance Support Services. Journal Quality in Maintenance Engineering. (Published)

The purpose of this paper is to provide a description of a taxonomy for an
eMaintenance Management Framework (eMMF) that is based on a service-
oriented approach, in order to facilitate the development of ICT-based main-
tenance support services aimed at actors within the maintenance process re-
lated 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 solu-
tions based on a service-oriented approach. The paper also presents taxon-
omy for an eMaintenance Management Framework (eMMF), based on a ser-
vice-oriented approach. The eMMF aids in the identification and establish-
ment of collaborative and interconnected maintenance support services, tai-
lored for specific maintenance actors and their activities. Based on the experi-
ences from the prototype development process, it can be concluded that the
proposed eMMF can be utilized for identification and development of main-
tenance support services realized as SOA-based services.

Paper III

Karim, R., Candell, O., and Séderholm, P. (2009). eMaintenance and Information
Logistics: Aspects of Content Format. Journal of Quality in Maintenance Engineer-
ing. (Published)

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 infor-
mation logistics related to maintenance from a content management perspec-
tive. It provides an overview of some of the existing efforts related to mainte-
nance content management with focus on content format.

Most of the existing eMaintenance concepts seem to suffer from a gap be-
tween 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 em-
phasized 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
stakeholders’ needs for information should determine the extent of the man-
aged content.
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Paper IV

Soderholm, P., Karim, R. and Candell, O. (2008). Design of Experiment and Simula-
tion for Identification of Significant eMaintenance Services. (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
an evaluation of the services” impacts on the effectiveness of complex techni-
cal 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
MOoE are e.g. Risk Of Shortage (ROS), Risk Of Shortage with Time tolerance
(ROST), Probability of No Backorders (PNB). Some parameters that are af-
fected 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 ICT-
applications. 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 addi-
tion, there are some aspects that selected software tools have to manage, e.g.
regarding heterogeneous development environments, scalability and data
management.

Paper V

Candell, O., Karim, R., Soderholm, P. and Kumar , U. (2009). Service-oriented in-
formation logistics as support to intelligent transport services. (Published).

Today’s society is dependent on an increasing volume of transportation ser-
vices, which contributes to escalating requirements on economy, dependabil-
ity, safety, and sustainability of applied transportation systems. When deal-
ing with complex transportation systems with long life cycles, maintenance is
fundamental to ensure these critical requirements. The increasing require-
ments and the technological development have also lead to the emerging ap-
proach of eMaintenance, which applies innovative Information & Communi-
cation Technology (ICT) to achieve effective information logistics for mainte-
nance purposes. The paper describes the role and development of service-
oriented eMaintenance solutions to enable intelligent transportation services
and some related research efforts within railway and aviation.
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At a national level, information exchange in the context of intelligent trans-
port services and systems the information logistics is essential, since informa-
tion logistics addresses the aspects of when to deliver; what to deliver; how to
deliver; and where and why to deliver. The establishment of information lo-
gistics based on SOA and SOI increases the adaptivity of the inherent infor-
mation services and enables the transportation system’s capability to provide
intelligent services that are context-aware and situation-aware by combining
information available from different sources in order to meet the require-
ments of the transport system stakeholders.

Paper VI

Candell, O. and Karim, R. (2008). eMaintenance - Information Driven Maintenance
and Support. (Published).

An essential central problem with maintenance and support of aircraft and
other complex technical systems is to manage the ever- increasing informa-
tion flow and system complexity. Both military and commercial operators
need to reduce downtime and one way to do this is to speed up the turn-
around time for scheduled and unscheduled maintenance, or even better, to
reduce the need thereof by implementing condition based maintenance.

eMaintenance has the potential to improve the management and perform-
ances of activities related to the maintenance process, and improve the de-
pendability, safety and life cycle cost through the application of Information
& Communication Technology (ICT) throughout the maintenance and sup-
port processes. This paper present some results from a joint academic and
aerospace industry research project, describing requirements and expecta-
tions that are important in a global support environment, and propose some
central components in an eMaintenance framework that integrates mainte-
nance and ICT perspectives.

The conclusion is that an eMaintenance platform (eMP) structured, designed,
and implemented from a service-oriented perspective with focus on the busi-
ness process, increases the ability to fulfil the requirements such as context-
awareness, situation-awareness, seamless information integration between
processes (e.g. operation and maintenance), improved knowledge-sharing,
flexibility, extensibility and cost-reduction. Further, we can conclude that
SOA as an approach and Web Service as a technology can be utilized to im-
plement service-oriented maintenance services.

Page 44



Description of Concept Development

6 Description of Concept Development

6.1 Maintenance and Support Related to JAS39 Gripen

Cues to understanding the design of the complex system that was to become
the Gripen fighter aircraft can be found in the innovative thinking behind the
project in the early 1980s. The fighter project was based on the need for a
multi-role (or swing-role) airborne platform. The seemingly contradictive
needs were to have an aircraft and support system with performance supe-
rior to its predecessors, but to make it cheaper to produce and easier to oper-
ate. (Sandberg and Stromberg, 1999).

During the 1980s and 1990s the technological development lead to an in-
creased focus for Swedish combat aircraft on availability performance and life
cycle cost. This has had impact on the accompanying requirements for in-
creased competence development regarding reliability and maintainability at
the organization developing the aircraft. It also required development of the
monitoring processes, of operational performance and support cost, to im-
prove the work with continuous improvements during the operational life
cycle phase of the aircraft. (Kontonoya and Sommerville, 1998; Sandberg and
Stromberg, 1999).

The preceding generation of combat aircrafts (the third, represented among
others by Mig-29, F-16, F/ A 18 and JA37 Viggen) does utilize computers, but
then together with separate digital systems. The platforms are also large and
heavy and this increases the operating costs. The lack of integrated infrastruc-
ture also makes it difficult to introduce new functionality and utilize new
technology, which in turn accelerates the aging of the system. (Lorell et al.,
1995).

The Gripen project aimed at breaking the trend at the time of increasingly
larger and, especially with respect of the operating and maintenance costs,
more and more expensive aircrafts. This was to be done by exploitation of
new technology.

The result was an aircraft that was built with new materials, highly comput-
erized and had an information management capability that eases the pilot’s
workload. As such, Gripen was the first of the so called fourth generation air-
crafts, (Hewson, 1995; Ahlgren et al., 1998; Griffiths, 2000; North, 1999).

The fourth generation combat aircrafts (4G) are defined by Lorell et al. (1995)
and Ahlgren (1998) as system aircrafts with supersonic performance, digital
infrastructure and fully integrated computer systems that utilize a common
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database through standardized interfaces. In the Gripen case this comprises
more than 20 subsystems for flight control, weapons, hydraulics, display and
manoeuvring and others; sub-systems that all are capable of supplying,
transmitting and receiving information.

The communication is carried out through data busses and is administrated
by a central systems computer. Together, they build a system with theoreti-
cally an infinite number of possible combinations. The building principle of a
system-of-systems supplies an immense potential for development, but also
an extremely complex aircraft system.

When the perspective is broadened to comprise the entire weapon system it
will, besides the aircraft, include parts of the basing system, air traffic and
combat control systems and the support system with its functions for train-
ing, operation, maintenance and material support. All of these systems are in
turn to be regarded as complex, to great extent computerized and to different
degrees integrated, or interfacing with the Gripen aircraft system.

6.2 JAS39 Gripen and Information Support

Regarding information support for the Gripen aircraft the existing, mostly
paper based information (or the publication suite, as it is often called), is a
vital part of the support system. The development of the present Gripen pub-
lication suite is originally formed by a number of key factors. One was a deci-
sion to create a generic role of an aircraft technician, instead of several cadres
of technicians specialized in different disciplines like engine, avionics,
weapon and so on. A solution mainly enabled by the new technical means to
radically increase the aircraft’s built-in-test. This was driven by the need to
lower the operating cost and simplify the operation, together with tactical
demands of the wartime operation on dispersed bases (Sandberg and Strom-
berg, 1999). Another aspect was the goal to keep the Swedish model of using
conscripts as aircraft mechanics.

These prerequisites in turn created requirements on the design of the techni-
cal system, i.e. the aircraft, and the maintenance support. As mentioned, an
increased use of, among other things built-in-test, was to simplify and make
Flight Line Operation (FLO) and operational level maintenance more effec-
tive with less resources. The Swedish concept of dispersed bases for opera-
tions put a unique demand on maintenance and reliability (North, 1999), and
together with the new technology applied it new needs and requirements for
information support.
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6.3 Information Support Concept Development

Candell (2004) presents a development method for user information prod-
ucts, based on a case study of the JAS39 Gripen. It contains preliminary re-
quirements elicitation structured in affinity diagrams and a small-scale appli-
cation in an adapted QFD-matrix. QFD is central to the approach, as it pro-
vides support for the important move from high level customer needs to
more detailed technical requirements (Akao, 1992; Barnett and Raja, 1995).
The results showed that the QFD methodology, matrix and affinity diagrams,
combined with the system view, could support the development of stake-
holder based information products for complex technical systems.

One of the existing frameworks that approaches information support related
to maintenance from an ICT-based, service-oriented perspective is the eMain-
tenance Management Framework (eMMF), presented in Paper II and by
Karim (2008). eMMF consists of two parts: the eMaintenance Management
Model (eMMM) and the eMaintenance Platform (eMP), see Figure 9. The
eMMM is a package of Processes, Roles and Repositories that are required for
managing the eMP. The eMP, on the other hand, is a Service-Oriented Archi-
tecture (SOA)-application aimed at providing its stakeholders with tailored
information pivotal for making decisions on the choice of appropriate main-
tenance activities. The eMP’s purpose is to extract all the information neces-
sary for a certain maintenance activity, analyze, synthesize, and package it
into a maintenance process relevant for the maintenance activity.

eMaintenance Management Framework (eMMF)

eMaintenance Management Model (eMMM)
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Figure 9. Structure and Elements the of eMMF.
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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.

The process model for eMaintenance Service Development (eMSD) consists of
the six phases: eMaintenance Service Identification, SOA Component Identi-
fication, SOA Component Design, SOA Component Development, SOA
Component Implementation and SOA Component Deployment. The objec-
tive of eMSD is to realise the identified ICT components, which have broadly
been identified in MSD, with a service-oriented approach. It is initiated dur-
ing 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 activi-
ties are identified and described. Further, during the SOA Component Identi-
fication 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
support service. Finally, in the SOA Component Deployment the imple-
mented services are delivered for in-service use.

The eMP is divided into the three levels: Specification, Design and Implemen-
tation (see right hand side of the bottom part of Figure 9). The Specification
Level contains all the information necessary for performing maintenance ac-
tivities. It is realized in various ways using notations, such as text and mod-
els. The Design Level identifies design components, which are realized as
SOA-components. Finally, the Implementation Level materialises the SOA
components into Web services and business processes orchestrated for the
needs at hand.

To evaluate the proposed process for development of information support
solutions for complex technical systems, parts of a concept development
process have been performed. During the evaluation parts of the QFD re-
quirement identification and analysis from the NFFP3-project (see Candell,
2004), together with requirements and process parts (i.e. MSD) of the eMMM
(described in Papers II and IV) have been used. The concept development fo-
cuses on the process for development of an information support concept re-
lated to JAS 39 Gripen.
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Below follows a summary of an adapted ILS development process studied
within the case study. The ILS process include the different parts, which may
be performed iteratively within an particular process instance (i.e. a ILS de-
velopment process adapted to a particular project and developing organisa-
tion), see Figure 10.

-
Perform . Identify Define Define . .
Maintenance Fr:TOI::;J:ﬂ Require- Functional Physical De;f;;‘;b' ,lntegrate‘ Validate T:rlzrcoe;::r

Engineering ments Design Design f
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Figure 10. An example of an adapted ILS development process for an aicraft mainte-
nance system (Saab Aerotech, 2009a).

Looking into the ‘Develop sub-systems...” sub-process one will find several
sub-system (also referred to as an ‘ILS-element’) of the developed mainte-
nance system covering the design of maintenance resources. It is notable that
immaterial resources such as specifications, i.e. information about packaging,
handling and transportation (PHS&T) also are regarded as maintenance sup-
port resources, see Figure 11. In the presented Saab example, one will also
find a ‘Information Management’ ILS-element. This is an aviation industry
adaption aimed at coordination the design of solutions for the management
of the increasing amount of maintenance related data and information con-
nected to a modern aircraft.

Design Sub-Systems
Develop Develop Develop / .
\ /  Develop Develop / \ / \ Develop . Establish '\
Reciﬁ::reesn " ( Specifications Technical ) ;‘;WZ: ga ec‘::{?ei )\ Information xamlesance‘ ( Training Needs
\ fion : \ for PHS&T Publications Equigfn s Management z;:gez:" and Courses

Figure 11. The 'Develop Information Management’ sub-process within the ILS de-
velopment sub-process 'Design sub-systems’. ( Aerotech, 2009a).

The ‘Develop Information Management’ sub-process aims to apply an inte-
grated approach on development of information services, that enables the
management of maintenance related data and information. See Figure 12.

The primary context for the concept development was the above presented
‘Develop Information Management’ sub-process. The sub-process in turn,
existed within an ongoing ILS development in its early stages at Saab Aero-
tech for the next generation JAS 39 Gripen maintenance system, which pro-
vided the overarching case study context.
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Figure 12. The 'Develop Information Management’ sub-process (Saab Aerotech,
2009a).

In summary it can be noted that ILS standards and general ILS process de-
scriptions, even when adapted for a particular industrial application as in the
presented example, only discuss and provide general guidelines of what kind
of process activities that are suggested. Though, there is little or no detailed
guidelines on the application regarding how to things are to be done pro-
vided in the studied ILS process, e.g. suggestions regarding methodology or
tools for the process activities.

The concept development is limited to ICT-based information support to a
generic maintenance process, and not on development of eMaintenance
framework.

The utilised Maintenance Service Development Process (MSD) (see Karim,
2008), consists of five interconnected phases: Maintenance Service Identifica-
tion, Maintenance Service Design, Maintenance Service Development, Main-
tenance Service Implementation, and Maintenance Service Deployment. The
aim of the MSD is to provide a generic process for development of mainte-
nance support services.

As the purpose of this research is to describe how providers of support solu-
tions can develop and provide effective information support solutions, the
nomenclature of the original MSD is adapted for clarity and to better reflect
the purpose and delimitation of this research. As information support ser-
vices are a part of maintenance support, the phases are therefore referred to
as ‘Information Support Service’ (instead of Maintenance Support Service).
See Figure 13.

Information Service Development Process (ISD)

Information Information Information Information Information

Support Support Support Support Support

Service Service Service Service Service ’
Identification Design Development Implementation Deployment

Figure 13. Adapted Maintenance Service Development Process (MSD), (Karim,
2008). Phases 1-3 applied within information support concept development
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Implementation of information support service (i.e. how the service compo-
nents are implemented in the intended information support service) or in-
formation support service deployment (i.e. the execution of delivery and de-
ployment of ICT-service components to an intended context, e.g. at a specific
customer) is not included in this thesis, but is described in Candell (2004) and
Karim (2008).

In this research the development of two demonstrators was realised as a set
of ICT-services based on SOA-architecture, which are composed to an appli-
cation for use from a Portable Digital Assistant (PDA)-adapted interface.
(Candell, 2004; Karim, 2008).

6.3.1 Information Support Service Identification

During the phase ‘Information Support Service Identification’, services that
are needed by a customer or user organization, and can be provided by a
supplier organization through a maintenance solution, are identified from a
business perspective and not a technological perspective. One example in the
context of aviation is the question of on-site support services to the operator.

The service identification activities aim at analyzing and evaluating from a
both a provider and a customer perspective. From the customer perspective,
the analysis should focus on whether the services add value in their business
processes. From the supplier perspective, the objective is to analyze the pre-
requisites and capabilities that need to be establish in order to provide the
identified services.

In order to evaluate the ISD process a number of activities have been con-
ducted to elicit maintenance-related requirements in relation to the concept
development, including literature study, workshops, interviews, and docu-
ment studies. Based on the data collected within these activities, the mainte-
nance process related to the Gripen has been mapped (see Figure 14), which
is described in Papers I, II and Karim et al., (2008).

In addition, some of the overarching requirements that some of the potential
customers of Gripen have stated formally have been identified and related to
the mapped maintenance process. This mapping can be based on formal tex-
tual and graphical modelling notations.
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Figure 14. Information managed within the maintenance process related to JAS39
Gripen (Karim et al., 2008b)

Important considerations during the process mapping and identification of
critical information and information support requirements of customers and
providers are:

¢ Requirements need to be primarily collected, derived and associated from
service and process-oriented perspective, and secondary from a functional
point of view on the system.

e Perform process mapping and requirements collection considering the
system during all (applicable) phases of the system lifecycle

o Utilisation of a generic maintenance process (or adaption thereof) as point
of departure and reference model for process mapping, collection and
analysis of requirements. Maintenance process consisting of:

o Maintenance Management

o Maintenance Support Planning

o Maintenance Preparation

o Maintenance Execution

o Maintenance Assessment

o Maintenance Improvement
¢ Great consideration of requirements on maintenance support.
e Use scenario and use-case techniques

e When motivated use (standard) modelling languages for scenario and use-
case modelling and documentation. Preferably tools utilized in the design
organisation, accepted by both system-of-interest designers and ILS de-
sign organisation.
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Consider both the design of the system-of-interest and enabling system

Considering aspects of the intended use of the system, its integration in
the providers and customer’s business and operational context

Simultaneously consider from both technology and business perspectives.

If applicable, utilize approach of micro level and macro level information
support to stimulate consideration of multiple perspectives on information
support services.

Scenarios and use-cases, preferable performed with cross-functional teams
in work-shops, can be utilised for requirement identification and collec-
tion. See Figure 15.
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Figure 15. Example of use-case, Unscheduled I-level maintenance (Saab, 2009c)
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If the scope and complexity of the intended information support concept so
require, it can be motivated to apply a model-based simulation methodology
in the design of information-based maintenance support services.

Design of Experiment and Simulation for Identification eMaintenance Ser-
vices provides a highly useful representation (i.e. description) of the mainte-
nance concept, and enables an evaluation of the potential services” impacts on
the effectiveness of the system-of-interest. This approach may be utilized
within Information Support Service Identification when required.

Paper IV provides a description of a methodology and a supporting toolbox
that can be used to identify information-based maintenance support services,
consisting of five phases (see Figure 16).
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Figure 16. Illustration of the steps of model based simulation methodology and its

supporting toolbox.

The methodology and a supporting toolbox that can be summarized as fol-

lows:

1. The main purpose of Phase 1 is to establish the maintenance concept, i.e., a
description of the interrelationship between the indenture levels and the
maintenance echelons. Furthermore, detailed data on the system’s inher-
ent items need to be provided, e.g., reliability measures such as failure
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rate, Mean Time To Failure (MTTF), and Mean Time Between Failures
(MTBF).

The purpose of Phase I 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 fac-
tors.

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.

The purpose of Phase IV is to compile and correlate the output values of
the response variables recorded in the response matrix, with correspond-
ing runs in the design matrix.

The purpose of Phase V is to analyse the simulations based on the com-
bined matrix developed in the previous phase. This analysis is conducted
using components for matrix algebra. The methodology identifies vari-
ables that impact important effectiveness measures for a system-of-
interest, and also provides knowledge that could be used to optimize the
support system.

The result of the performed research in relation to model-based simulation in
combination with DoE is described in more detail in Paper IV.

6.3.2 Information Support Service Design

The purpose of the Information Support Service Design phase is to establish a
conceptual model for development and implementation.

In the Information Support Service Design phase additional use-cases and
expansion of use-cases from the previous phase, can be helpful to capture and
derive additional requirements that will drive the development of informa-
tion support services. Well defined use-cases within the design phase will
support:

Identification of additional requirements regarding collaborative work
between different stakeholders.

A more explicit definition of the value expected from the services.

Description of generic operational level activities that need information
support.

Correct level of requirement details to support development.
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e Prioritisation of subsets of requirements in order to identify a minimal so-

lution and drive iterative development.

e A systematic approach to ensure the correct design, implementation and

verification of requirements.

e Provide valuable and easy understandable documentation for communi-
cation within and between the development teams, as well as with other

stakeholders.

Each use case may preferably be described at a high summary level and iden-
tifies generic input and output information requirements, as well as interde-
pendencies that enables the user to reach the main success end condition and
its possible extensions. Defined use-cases may be grouped into packages for
structure and ease of understanding, e.g. maintenance, storage management

and operation. See Figure 17.
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Figure 17. Example of use-cases grouped into packages (Saab, 2009c).
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The output and result from the Design phase is a description and specifica-
tion of what the candidate services are, and how they can be developed.

This is preferable a specification with a general description of the concept and
guiding principles for the support concept, including information support, as
part of the maintenance system. Requirement databases, digital models and
simulation models are to be considered as integrated parts of the specifica-
tion.

6.3.3 Information Support Service Development

This phase describes how the candidate components can be composed and
materialized, and also what technologies should be used.

Results from the concept development were consolidated in a specification
(Saab, 2009Db).

6.3.4 Information Support Service Implementation

In this phase the service components are implemented in the intended infor-
mation support service. This phase was not within the scope of the performed
research.

6.3.5 Information Support Service Deployment

The Component Deployment phase results in the delivery and deployment of
the ICT-service components to the intended context, e.g. at a specific custom-
er. This phase was not within the scope of the performed research.
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7 Results

This chapter presents the main results of related to the Research Questions (RQ) this
research i.e.: 1) a definition of system-oriented, service-oriented, process-oriented and
lifecycle-oriented eMaintenance solutions; II) an identification of critical information
and information support requirements of customers and support providers; III) an
identification of ICT-related methodologies and technologies suitable to fulfil the in-
formation support requirements of customers and support providers; and IV) an ap-
proach for development and provision of ICT-based information support solutions
that satisfy the requirements of customers and support providers.

7.1 ResultI Related to RQ1

A definition of system-oriented, service-oriented, process-oriented and lifecycle-
oriented information support solutions.

In this research eMaintenance is defined within the maintenance support re-
quirements that ensure that the maintenance process is aligned with the op-
eration and modification processes to achieve business objectives, through
proper information logistics and provision of information services by utiliza-
tion of Information & Communication Technology (ICT) in the context of
complex technical systems and their support systems. Hence, from a support
perspective, eMaintenance solutions provides ICT-based information support
services, which can be utilised by support provider and support consumer,
during all different phases of a system’s lifecycle, e.g. detailed design, utilisa-
tion and retirement. See Papers I and II for further discussion of this defini-
tion.

Hence, an information support solution within an eMaintenance framework
can be described as an ICT-based solution that aims to enable and facilitate
the offering and provisioning of a set of required information support ser-
vices. The purpose of these services is to provide Information Support related
to: maintenance; monitoring; collection; recording and distribution of real-
time system health data, maintenance-generated data, design data as well as
other decision and performance-support information required for mainte-
nance purposes. The services are aimed at actors within the maintenance
process, independent of organization or geographical location, twenty four
hours a day, seven days a week (24/7).
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7.2 Result II Related to RQ1

An identification of critical information and information support requirements of
customers and providers.

The definition of eMaintenance provided above is closely related to critical
information and information support requirements of customers and provid-
ers in the context of complex technical systems. Hence, the context and re-
lated overarching requirements lead to a definition that is system-oriented,
process-oriented, lifecycle-oriented and service-oriented. These features of the
definition can be related to stakeholder requirements classified into different
categories. One useful classification is into different levels, e.g. a “micro-level’
and a “macro-level’. See Papers I, 11, III, Candell (2004) and Karim (2008b))

The system-orientation is based on requirements on a necessary integration of
the system-of-interest and the enabling systems.

Micro-level requirements are critical requirements on information support
that are related primarily to performance-support that facilitates execution of
activities hands-on the system-of-interest and its components by e.g. techni-
cians, mechanics and support engineers. These actors perform activities that
primarily include interaction with items on a sub-system, equipment or com-
ponent level. These actors require a reduced number of interfaces to informa-
tion sources, role adapted, situation adapted and context adapted informa-
tion, improved fault diagnosis, knowledge sharing and automated or facili-
tated procedures for technical administration; see Papers I and II

The micro-level requirements are mainly related to the process phases ‘Main-
tenance Execution” and ‘Maintenance Assessment’ of the maintenance proc-
ess. Information support for activities within these phases often have strin-
gent requirements on safety and usability, as they may have direct impact on
human safety and on critical functions of a system-of-interest (e.g. airworthi-
ness and system safety). The activities performed directly on the system-of-
interest are also executed by different types of human resources, and in a
great variety of environments and contexts. Micro-level information support
have often interdependencies with physical assets and material resources e.g.
facilities, personnel, spares, tools and consumables. Identified critical micro-
level requirements (see Table 3) are described in Papers I, II and Candell,
2004).

Macro-level requirements are critical requirements on information support
that primarily are related to information support on a total system level that
considers both the system-of-interest and the enabling systems, e.g. for the
phases maintenance management, planning, preparation and assessment of
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the maintenance process, as well as requirements related to development,
production and continuous improvement of information support, other sup-
port resources and the system-of-interest. See Papers I and II.

These macro-level requirements are related to the need to enable and facili-
tate information-driven maintenance and support processes, as well as main-
tenance planning and maintenance programme evaluation and modification.
Macro-level requirements are to a great extent related to the need for infor-
mation support to Operational Monitoring (OM) and Life Cycle Management
(LCM). Figure 18 illustrates the generic information flows identified for ge-
neric OM and LCM workflow, which generates macro-level requirements on
an eMaintenance solution.
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Figure 18. Illustration of information flow (yellow arrows) for Operational Monitor-
ing (OM) and Life Cycle Management (LCM), adapted from Sandberg and Strom-
berg (1999).

The macro-level requirements related to OM and LCM have been emphasised
by business solutions such as Performance-Based Logistics (PBL), where con-
tracted Key Performance Indicators (KPIs) related to both the system-of-
interest and the enabling systems have to be monitored in order to pinpoint
the drivers of ultimate system effectiveness. These requirements on what
kind of information to manage is exemplified in Figure 19:
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Figure 19. Important requirements related to system effectiveness and LCC.

Critical requirements identified in the Maintenance Preparation phase, are
related to the preparation of both tangible, material resources (e.g. personnel,
facilities, spares, tools and consumables), and intangible resources in the form
of information and knowledge.

Information support on the macro-level is therefore in many cases identified
as interdependent with information systems beyond the information support
products and services, for access and exchange of information and data from
e.g. Supply Chain Management (SCM) information systems and related busi-
ness processes. Identified critical macro-level requirements are summarised
in Table 3.

Beyond the presented micro and macro categories of requirements, there are
also a number of other critical requirements that can be described as mainly
related to general ICT-aspects of information support in the context of com-
plex systems with long life cycles (see Papers I, II and III). Among these are
requirements that reflect needs for standardization of information and data
formats, protocols, specifications and models. One important aspect of this is
that information support concepts and application of new ICT-solutions
within industry need to be both based, and capitalize, on international stan-
dards for structured product data sharing. Identified critical ICT-related re-
quirements are also summarised in Table 3.
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Table 3. Critical requirements on information and information support

Requirement on information and information support

Facilitate Performance-Based Logistics (PBL) through provision of con-
text-adaptable support to actors within the maintenance process (e.g. X X
for OM an LCM)

Coordination and integration of information production and informa-
tion consumption processes at different phases of the maintenance
process, and over the system-of-systems (i.e. both system-of-interest
and its enabling systems) lifecycle.

Coordination and integration of tests, diagnostics and prognostics for
condition-based utilisation, corrective and preventive maintenance, as X X
well as support at different maintenance echelons.

Coordination and integration of tests, diagnostics and prognostics at
different maintenance echelons, in order to achieve improved correc- X X
tive maintenance and to enhance preventive maintenance.

Modelling and simulation capability that enable prediction of system
performance.

Capability to model for design, produce and manage, specify and con-
trol product and support information, required for activities through- X X
out a complex system’s life cycle.

Standardization of information, data and specifications for computer-

based learning and training. X X
Accessibility; access control, information security X X
Standardization of processes and information related to logistic sup- %
port analysis (LSA) and integrated logistic Support (ILS).

Utilisation of existing digitalised legacy information for integration

with acquisition, design, production and provisioning of new digital X X
information.

Enablement of role, situation and context adapted services for informa-

tion and information support with high accessibility, e.g. portability X X
and high usability.

Facilitation of global information support, with 24/7 accessibility. X X

Facilitation of configuration control, change management and directive
information applicability for both the system-of-interest and products X X
and services included in the enabling system
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7.3 Result III Related to RQ2

Characteristics of ICT- suitable to fulfil the information support requirements of cus-
tomers and providers.

The identified characteristics for suitable Information & Communication
Technology (ICT) in accordance with RQ2 are summarised in Table 4.

Table 4. Characteristics of suitable ICT artefacts

Methodo- | Techno- | Miscella-

Characteristics of suitable ICT

logical logical neous
Process orientation X X
Services orientation X X

Enable establishment of ICT-platforms that
support intra and inter organisational proc- X X
esses

Enable, align, and facilitate data analysis and
information retrieval from heterogeneous in- X X
formation sources

Facilitate context and situation adaptation of

, X X
content to heterogeneous actors’ needs
Enable standardisation of information content X X X
Increase flexibility in the software architecture X X
of the information support
Facilitate co-existence and integration of het- X X
erogeneous ICT systems
HW and SW that enables standardized infor- X
mation sharing
Capability for analysis of system performance X X
in a lifecycle perspective
A framework that merge the process of infor-
mation services and business-services devel-
opment, and address the issue of to how to de- X X X
fine and describe a structure for service im-
plementation
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7.4 Result IV Related to RQ3

An approach for development and provision of ICT-based information support solu-
tions that satisfy the requirements of customers and providers.

The result connected to RQ3 is a system-oriented, service-oriented, lifecycle-
oriented and process-oriented approach to development and provision of
ICT-based information support solutions. This approach is intended to satisfy
the requirements of customers and providers, and suggests a development
process which includes methodologies and tools (see Figure 20). This process
is intended to provide a generic process for the development of information
support services.

Information Service Development Process (ISD)

Information Information Information Information Information
Support Support Support Support Support
Service Service Service Service Service
Identification Design Development Implementation Deployment

Figure 20. Suggested Information Service Development Process (ISD).

The result in terms of the suggested development process is summarised in
following sub-sections.

7.4.1 Information Support Service Identification

In this phase the collection of relevant requirements on information support
should consider both the system-of-interest and enabling systems (see Papers
I, 1I, V, Candell, 2004 and Karim 2008b). Both system should also be ap-
proached considering aspects of the intended use of the system, its integra-
tion in the providers and customer’s business and operational context, and
simultaneously from both technology and business perspectives. Quality
Function Deployment (QFD) is a methodology that enables transfer of re-
quirements to the design process through matrix diagrams (Candell, 2004).
By this application the original needs and requirements of the customer
(‘what’) is systematically transformed into product qualities ("how”) through
a controlled and traceable process. In order to manage requirements during
the whole Information Support Development process, it possible to use re-
quirement management tools such as DOORS and CORE.

In this phase, a business perspective is applied to identify services that are
needed by a customer or user organisation, which can be provided by a sup-
plier organisation through a information support solution. In addition to
QFD, process mapping can be used as a methodology to identify critical in-
formation and information support requirements (see Paper II). It is also pos-
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sible to apply model-based simulation methodologies in combination with
Design of Experiment (DoE) in the design phase, which enables an evaluation
of the potential services” impact on the effectiveness of the system-of-interest
(see Paper IV). Examples of supporting ILS-related modelling and simulation
tools useful in the identification phase are: SIMLOX, CATLOC, OPUS.

The definition of system-oriented, service-oriented, process-oriented and life-
cycle-oriented information support solutions utilized for the information
support service identification are presented in Section 7.1 ‘Result I Related to
RQ1’. Critical requirements identified within the performed research are pre-
sented in Section 7.2 ‘Result II Related to RQ1’, Papers I-VI, Candell (2004)
and Karim et al. (2008b).

7.4.2 Information Support Service Design

In this phase a conceptual model for development and implementation is es-
tablished. The output and result from the design phase of the information
support solution is an enhanced specification and conceptual model for de-
velopment and implementation. This phase is to be performed from a holistic
perspective and aligned within the ILS development process.

The result from the design phase provides a description and specification of
potential services and how they can be designed. Examples of useful meth-
odologies that support a system-oriented, process-oriented, service-oriented
and lifecycle oriented design approach are: Essential Unified Process (EssUP);
Rational Unified Process (RUP); Service Oriented Architecture (SOA); Event
Driven Architecture (EDA); efforts from Machinery Information Management
Open Systems Alliance (MIMOSA, 2008); ASD Specification S3000L-Logistics
Support Analysis, ASD Specification S4000M-Reliability Centered Mainten-
ance (ASD, 2009); and QFD. Examples of supporting ILS-related modelling
and simulation tools useful in the design phase are: SIMLOX, CATLOC and
OPrus.

Characteristics of ICT suitable to fulfil the information support requirements
of customers and providers identified within the performed research, are pre-
sented in Section 7.3 ‘Result III Related to RQ2’, Papers I, III, IV and Candell
(2004) and Karim et al. (2008b).

7.4.3 Information Support Service Development

In this phase it is described how the candidate components can be composed
and materialized, and also what technologies should be used.
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Examples of useful methodologies that support a system-oriented, process-
oriented, service-oriented and lifecycle oriented development approach are
Essential Unified Process (EssUP), Rational Unified Process (RUP), QFD and
Use-case modelling.

Examples of generic supporting tools are: System Modeling Language
(SysML), Unified Modeling Language (UML), Extensible Markup Language
(XML), Web services, RUP (Rational, 2008), EssUP, Service Oriented Architec-
ture (SOA), Event Driven Architecture (EDA). Examples of maintenance spe-
cific tools are: Product Life Cycle Support (PLCS) and ASD Specification
S5000F-Feedback information.

Useful methodologies and tools identified, and partly used in the concept de-
velopment, are presented in Papers I-IV, Candell (2004) and Karim et al.
(2008b).

7.4.4 Information Support Service Implementation

In this phase the service components are implemented in the intended infor-
mation support service.

In the Information Support Service Implementation phase, the context and
coordination of information services that support maintenance actors to per-
form their activities are identified and described. This includes the composi-
tion and orchestration of the components that are required from an ICT-
perspective. Furthermore, how the candidate components can be composed
and materialized is described, as well as the selection of technologies.

In the present research this was done through the development of two dem-
onstrators realised as portable digital assistant (PDA) applications. The first
was in the context of an aircraft technician.(Candell, 2004), and the second
was an extension including the context of a maintenance planner (Karim,
2008). Examples of methodologies and tools used in demonstrator develop-
ments are: QFD, XML, Web services, Windows Workflow Foundation
(WWF), Windows Communication Foundation (WCF), RUP, Visual Studio
Net, MS SQL Server, MS Access, MS Source Safe, EssUp and S1000D.

Examples of other supporting tools are: Web services, WWF, WCF, RUP, Es-
sUP, Product Life Cycle Support (PLCS), ASD Specifications S1000D Technic-
al Publications, S2000M-Material management, S3000L-Logistics Support
Analysis and S5000F-Feedback information.
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Useful methodologies and tools identified, and partly used in the concept de-
velopment, are presented in Papers I-IV, Candell (2004) and Karim et al.
(2008Db).

7.4.5 Information Support Service Deployment

The Information Support Service Deployment phase results in the delivery
and deployment of the ICT-service components to the intended context, e.g.
at a specific customer.

This phase has not been performed within the present research since it is re-
lated to specific business agreements. However, the applied methodologies
and tools are intended to facilitate the deployment through easy customisa-
tion and integration with existing ICT-solutions.
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8 Discussion

This chapter discusses some additional aspects of the findings in the research project.
It also presents some suggestions for further research.

Support solution provider can develop and provide enhanced information
support solutions related to complex technical systems by utilisation of In-
formation & Communication Technology (ICT).

In addition to the presented results relating to the research questions pre-
sented, there are other perspectives and findings in the research that may
contribute to the understanding and utility of the presented research.

System-oriented, service-oriented, process-oriented and lifecycle-oriented is re-
ferring, with reference to the general meaning of the word ‘orientation’ as
‘lasting direction of thought, inclination, or interest’ (Webster, 2009), to the
intention of this research to give special attention to the perspectives of ser-
vices, processes and lifecycle in its approach of the domain of information
support solutions.

Maintenance Information support is, in this research and in the context of the
definitions above, described as information support services that is a subset
of an information support solution, and as a part of the Maintenance Support
Resources provides information support to a maintenance process during the
life cycle of a system-of-interest and enabling system.

8.1 Discussion Related to RQ 1

For the purpose to the presented research, it is important to focus on services
from perspective of information, as well as from development perspectives
and business processes perspectives across the entire life cycle. It is also nec-
essary to harmonise and integrate the information management activities be-
tween different actors within these processes, such as the organisations de-
veloping the system-of-interest, enabling systems, as well as sub-suppliers
and customers.

It is notable that there are areas of coherent micro and macro requirements.
This indicates that there are needs for similar information support content on
both levels, though it needs to be adapted to the unique situation and context
of the users’ role. A result supporting the relevance of the service oriented
approach in, general and the Maintenance Service Development process in
particular, when establishing information support solutions.
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Utilised standards may be specific to industry, but there are also examples of
more general utilized standards. From these provider perspectives there are
also direct and derived, critical requirement related to the ability to utilise
existing digitalised legacy information and to integrate it with the acquisition,
design and production of new digital information, and thereby facilitate effi-
cient design, production and provisioning of information support.

The result of the research project may be viewed from two perspectives. One
is the knowledge gained from the collected and analysed requirement per se,
another is the result and experience of the parts of the suggested process that
where applied and evaluated during the collection and analysis of the re-
quirement and their use for concept development.

During the collection and analysis of the requirements in the concept devel-
opment, it was found that the novel and emerging requirements on enhanced
information support services are challenging. Improvement of information
support for e.g. fault localization, diagnostics, as well as for OM and LCM,
requires complex and coordinated design efforts for optimal utilization of the
potential available in modern avionics, software and distributed on-board
computer systems. Data and information, may already be available in the
avionics system or in on-board computers, it may need to be processed, for-
matted, declassified or encrypted e t c.,, and communicated to the outside
world in an a way that makes it useful for operative and maintenance pur-
poses within the context of enabling systems.

Though, there is also a lack of formal process support for collection of infor-
mation support needs and requirements that have impact on both system-of-
interest and enabling system, but is neither obviously nor directly addressed
to any of them. Within the domain of developers of the system-of-interest,
there is a wealth of experience from systems engineering and software devel-
opment, but there is often less knowledge and understanding of usability re-
quirements and other ‘soft” aspects of operation and maintenance processes.
On the other hand the developing teams working with enabling maintenance
systems, which might be experienced ILS, LSA or reliability engineers, often
lack experience from the intricate craft of formal systems engineering and
software development. Today production and consumption of information
support products and services involves a wide range of stakeholders. Due to
inherent differences between hardware, software and human system ele-
ments, dependence on computer-based technologies and lack of harmonisa-
tion and integration of involved disciplines, there is a lack of coordination
and integration of processes and digital data throughout the life cycle, as well
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as between processes related to information support within development of
system-of-interest and enabling system.

In this research it is found that a consequence of this is that there is also a lack
of coordination and integrated efforts for the important work to assure a
comprehensive and complete collection of requirements, for the development
and provisioning of new and enhanced information support products and
services. These requirements are a very important prerequisite for the design
and operation of complex system.

The positive impact of information support solutions reflecting considera-
tions of eMaintenance might be expected on two levels. This indicates which
domains and contexts, which are of central importance to explore for re-
quirements.

On what be described as a maintenance ‘micro-level’, information support
provides necessary information and serves as a performance support facilitat-
ing hands-on execution of maintenance tasks by technicians, mechanics and
support engineers. This as provisioning of information support as described
in the results presented has the potential to reduce the number of interfaces
information sources, improve fault diagnosis (e.g. through improved infor-
mation integration of system-of-interest and enabling systems), knowledge
sharing and automated or facilitated procedures for technical administration.

Another level is what in turn might be described as a “maintenance macro-
level, which is aimed to support maintenance management activities such as
planning, preparation, assessment and improvement. This by enabling of in-
formation driven maintenance and maintenance support processes, and air-
craft fleet-efficiency, e.g. system-oriented, service-oriented, process-oriented
and lifecycle-oriented operational monitoring and evaluation of maintenance.

8.2 Discussion Related to RQ 2

By aligning the identification and study of the characteristics of suitable ICT
methodologies and technologies, with an maintenance process model and a
service perspective over the system lifecycle, a foundation is laid down both
for a theoretical generalisation, as well as for the practical relevance and ap-
plicability, of the research results.

The MSD process of the eMMF provides a generic process for development of
maintenance support services, and facilitates a broad identification of ICT
components, that are to be realized in the following eMSD.
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Some higher level aspects of characteristics for suitable ICT methodologies
and technologies, also emanates from the requirements analysis:

e During the development of Information Support products and services
there is a need for guiding long-term strategies (approx 2-4 years) for in-
tended application and utilization of ILS Information Management, for
provisioning of information support to a particular complex technical sys-
tem-of-interest, e.g. in future operational scenarios and considering antici-
pated technological development. This due to the need for coordination
with strategic product planning (i.e. for both system-of-interest and ena-
bling system) and the practical aspect of lead time for planning and im-
plementation of enabling research and technology development.

e There is a need for improved strategies for the deployment process as
such, for information support solutions that easily handle the inherent dy-
namics which is a consequence of 24/7 operation of globally deployed,
mobile complex technical system used in an military context.

¢ In spite of emerging standardization initiative, there is still a need to im-
prove Information Support integration with applicable parts of existing
legacy applications, in the aforementioned context, without having to rely
on solutions based on expensive, redundant databases and ICT-systems.

Existing business and operative environments for complex technical systems
often consist of multiple and poorly integrated legacy information sources.
Hence, the chosen methodologies and technologies need to enable and facili-
tate data analysis and information retrieval from heterogeneous information
sources, as well as consider aspects and utilization of information content
standards. This is also closely connected to the need for methodologies and
technologies that facilitate context and situation adaptation of content to het-
erogeneous actors’ needs.

The coherent impact of identified critical ICT- characteristics on both meth-
odology and technology indicates that it is essential to provide both meth-
odological and technological tools, that support system-oriented, service-
oriented, process-oriented and lifecycle-oriented approach when establishing
information support solutions.

8.3 Discussion Related to RQ 3

The provision of maintenance and maintenance support is identified as a key
element to ensure the dependability of systems throughout their life cycle.
Hence, the identification of critical information and information support re-
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quirements of customers and providers, need to put great consideration on
the maintenance process and requirements on maintenance support.

It is also found that the Information Support Development (ISD) process fa-
cilitates the identification of requirements, context and correlation of informa-
tion services that support maintenance actors to perform their activities that
are identified and described.

The presented research identifies a need for formal methodologies and tools
that enables more efficient and comprehensive descriptions, modelling and
specification of both interfaces between system-of-interest and the planned
Information Support solution, as well as of processes for information ex-
change between operational level, relevant maintenance echelons, suppliers
and sub-suppliers.

There is a need for enhanced integration of the system-of-interest, the cus-
tomer’s enabling systems as well as provider ICT-system, regarding data and
information exchange, to exploit technological development of maintenance
and support related data and information produced internally in a system-of-
interest. Methodologies and tools that enable establishment of ICT platforms
that support intra-organisational and inter-organisational processes are also
essential.

New business models like PBL, and continuously increasing requirements on
improved dependability and operational flexibility for complex technical sys-
tems, push the trend within the maintenance industry towards more inte-
grated packages of maintenance services. Though, these will not necessarily
be provided from one facility or from one organization.

Hence, access to methodologies and tools that support service needs and re-
quirements, independent of organisational structures, is a perquisite to ad-
dress the challenge of going from a product-oriented to a service-oriented
business strategy such as PBL. A product-oriented strategy relies on transac-
tion/exchange marketing, while service-oriented emphasizes the relation be-
tween provider and customer.

A service-oriented business strategy also demands the harmonization of sup-
port processes, such as the maintenance process, to the business’s core proc-
ess. The business’s core process benefits from being adaptable to the changes
in the customers’ value-generating process, and the business’s supporting
processes need to be adaptable to the core process.

In this research the term-pair provider/consumer is used to emphasize that
ICT for information support to the maintenance process should adapt a proc-
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ess-centric approach, supporting efficient maintenance and support solutions.
In a supplier/customer approach, the definition of the organizational bound-
ary is important. Though this is not necessarily an issue of importance for de-
livery of maintenance information, which to greater extant is dependent on
support for intra and inter organisational processes.

The maintenance process has to interact with a number of correlated proc-
esses in an enterprise, e.g. business, operation, information, support, and lo-
gistics. Hence, a service-oriented information support solution should pro-
vide services that can be incorporated and configured to suite these proc-
esses. While the requirements on the maintenance process vary over time, the
architecture of eMaintenance should be considered and constructed to pro-
vide applicability and effectiveness of the information support solution.

Requirements from business environment as well as technological develop-
ment are continuously changing. This raises need for methodologies and
technologies that is flexible and adaptable enough to handle following
changes in the both provider and consumer value-generating processes, and
their business’s supporting processes.

There are existing ICT-related methodologies and technologies identified that
can be adapted and applied to satisfy the information support requirements
of customers and providers. Generic methodologies that have been identified,
utilised and experienced as value-adding in the case study are EssUP and
SysML. These are methodologies that are based on a service-oriented and
process-oriented approach, and therefore support the required process map-
ping, service definition as well as facilitate development. EssUP and SysML
as also promote the use of scenarios and use-case-modelling which supports
requirement collection and identification.

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 meas-
ures of effectiveness (e.g. mission success) of a system-of-interest.
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9 Conclusions

In order to achieve the stated objective three research questions have been posed. Find-
ings related to these are concluded in this chapter.

9.1 Conclusions Related to RQ 1

The first research question of this research was stated as: what are the critical
information support requirements of customers and providers?

The objective of RQ1 is to identify critical information support requirements
of customers and support providers for effective development of information
support solutions by enhanced utilisation of ICT.

Firstly, it has been noted that there are several existing definition of eMainte-
nance, both within academic and industrial communities. In this research
eMaintenance has been defined as the part of maintenance support that en-
ables that the maintenance process is aligned with the operation and modifi-
cation processes to obtain business objectives, through proper information
logistics by Information & Communication Technology (ICT) utilisation and
provision of information services. From a support perspective, eMaintenance
solutions provide ICT-based information support services which can be util-
ised, by support provider and support consumer, during different phases of a
system’s lifecycle, e.g. detailed design, utilisation and retirement.

A central conclusion is that information support services that are provided by
support provider, should be easy to utilise by support consumer, during all
different (applicable) phases of a system’s lifecycle, in applicable parts of the
maintenance process as well as coordinated between system-of-interest and
enabling system.

Secondly, in this research several critical information requirements related to
information support have been identified. These requirements have been
categorised in two levels, i.e. macro-level and micro-level.

It can be concluded that similar critical information support requirements of
customers and providers exist on various organisational levels and system
levels, in different phases of a maintenance process and in different stages of
the system lifecycle. Hence, there is a potential to improve information sup-
port processes through establishment of a system-oriented, service-oriented,
process-oriented, and lifecycle-oriented process for identification and analysis
of information support requirement. For organisations developing complex
technical systems, their sub-contractors and service providers, there are criti-
cal macro-level information support requirements related to the continuous
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improvement of the system-of-interest and associated enabling systems. One
important aspect of Operational Monitoring (OM), Lifecycle Management
(LCM) and continuous improvement, is their interdependencies with re-
quirements on information support for the execution of performance-based
contracts and functional sales, e.g. business models such as Performance
Based Logistic (PBL) and power-by-the-hour. On a micro-level some of the
critical requirements are: a reduced number of interfaces to information
sources, improved fault diagnosis, knowledge sharing and automated proce-
dures for technical administration.

The presented research imply that processes governing the development and
modification of a complex system-of-system would benefit substantial from
an integration of presented model-based approach for Integrated Logistic
Support in general, and information support concepts and solutions in par-
ticular. Efforts that should be prioritized are the coordination and standardi-
sation of project use of system modelling languages such as SysML and Es-
sUP, as well as shared product data and information, to facilitate integration
of ICT-components and subsystems between system-of-interest and enabling
system.

9.2 Conclusions Related to RQ 2

The second research question of this research was stated as: what characterise
suitable Information & Communication Technology (ICT) methodologies and
technologies for the fulfilment of information support requirements of cus-
tomers and providers?

The objective of RQ 2 is to identify Information & Communication Technol-
ogy (ICT) related tools and methodologies suitable to fulfil the information
support requirements of customers and support providers.

Since one of the main purposes of information support is to facilitate the
maintenance process, the constitution of an information support solution
need to be considered from a service-oriented perspective, in order to in-
crease its adaptability to the different parts of the maintenance and support
processes in different organisations. Hence, information support can be con-
sidered as a solution for smart content sharing between information provider
and information consumer.

It can be concluded that provision of solutions for information support are
highly dependent on data and information produced within various proc-
esses, e.g. operation and maintenance processes. In this interdependent and
complex information context, it is important to identify characteristics that
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are related to ICT-based methodologies and technologies in order to develop
appropriate ICT-based solutions for information support.

It this research a set of important characteristics related to ICT-tools has been
identified, see Section ‘7.3 Result III Related to RQ2 ’. These identified charac-
teristics can be used to select proper methodologies and technologies when
developing information support solutions.

9.3 Conclusions Related to RQ 3

The third research question of this research was stated as: how can Informa-
tion & Communication Technology (ICT)-based information support solu-
tions that satisfy the information support requirements of customers and
providers be developed?

The objective of RQ 3 is to provide artefacts that can be used in development
of ICT-based information support solutions..

In this research, a development process has been suggested. The process has
been partly verified, and can be utilised as a handrail during development of
ICT-based solutions for information support. The suggested process consists
of five iterative (5) phases: identification, design, development, implementa-
tion and deployment of ICT-based solutions for information support, see Sec-
tion ‘Results IV Related to RQ3’. The suggested process and its inherent
phases are developed based on system-oriented, services-oriented, process-
oriented and lifecycle-oriented approach to fulfil identified requirements on
methodologies and technologies.

Furthermore, in this research a number of tools which can be used during the
suggested process’ inherent phases have been identified, see Section 7.4 Re-
sult IV Related to RQ3. Some of the identified tools have been used during
the concept development, see Chapter 6 Description of Concept Develop-
ment.

It can be concluded that in order to develop information support solutions
effectively and efficiently there is a need of harmonised and aligned method-
ologies and technologies based on a system-oriented, service-oriented, proc-
ess-oriented and lifecycle-oriented approach. Hence, this research suggests a
model that can be used to develop of information support solution based on
this approach and with use of existing tools.
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9.4 Research Contribution

The development of information support solutions is highly dependant on
improved utilisation of ICT and eMaintenance for the provisioning of en-
hanced, process oriented information services for support to complex techni-
cal systems. This development of information support solutions can be facili-
tated through the use of a structured process containing methodology, for-
malised yet adaptable development processes and tools.

The presented research study contributes with the following:

e A definition of system-oriented, service-oriented, process-oriented and
lifecycle-oriented information support solutions is provided.

e A set of identified critical information and information support require-
ments of customers and providers is identified, summarised and pre-
sented.

o A set of identified and categorised characteristics of ICT suitable to fulfil
the information support requirements of customers and providers is iden-
tified, summarised and provided.

e A process for development of ICT-based information support solutions
that satisfy the requirements of providers is suggested.
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10 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.

A topic of both academic and industrial interest that emerged clearly at the
end of the eMaintenance 24 /7 research project, was the question of infrastruc-
ture for data and information exchange between operators and suppliers.
There is a real need to identify, adapt and integrate ICT-based methods and
solutions for what is referred to as a eMaintenance-infrastructure. This infra-
structure is needed to exchange data at a rate that enhance Operational Moni-
toring, Life Cycle Management and other qualified information support ser-
vices. Services that are necessary to streamline operation and maintenance,
and to support improved efficiency and further development of Performance
Based Logistics and dynamic maintenance schedules. This research is granted
financing within the fifth NFFP-programme (2009-2013), and will be per-
formed in the same joint academic and industry constellation as the eMainte-
nance project presented in this thesis.

Another topic for further research that has emerged is the need to develop
prognostic methodology that is coordinated with information support con-
cepts. Thereby enabling efficient maintenance planning, Operational Moni-
toring (OM) and thus contribute to decreased Life Support Cost for complex
components (e.g. expensive aircraft Line Replaceable Units, LRUs) by ena-
bling Condition Based Maintenance (CBM) and efficient Life Cycle Manage-
ment (LCM).

OM and LCM are becoming increasingly important as control instruments to
manage the technical and commercial risks inherent in changing maintenance
solutions (e.g. dynamic maintenance plans) and new business models. At the
same time, the quality of data, existing ICT, tools, manual intervention and
outdated information, security and privacy solutions are often a limitation for
the development of OM, LCM and other qualified support services. These
services are necessary to enable the streamlining of operation and mainte-
nance as well as to support Performance Based Logistics (PBL) and con-
tracted logistic support. This is a broad multi-disciplinary area of relevant
future research.

The phenomenon of No Fault-Found (NFF) can be described as an inability in
the maintenance process to reproduce a fault situation in different contexts,
e.g. a fault situation in the aircraft cannot be reproduced during the test.
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However, NFF is one the major cost drivers in the context of complex techni-
cal system, which need to be reduced. Hence, in order to approach issue one
scope for further research could to provide transparent service-oriented
eMaintenance services that can be utilised in different context, e.g. on-aircraft
and off-aircraft. Transparent services increase the ability of the system to re-
produce same type of data interpretation regardless of the current context
and situation, since they invoke same type of data processing mechanism.

Model-based simulation within Integrated Logistic Support (ILS) develop-
ment as part of a model based system engineering (SE) process is another re-
search area or great interest, not least from an industry perspective. Access to
efficient methodologies and tools that support an experimental and evolu-
tionary approach for feasibility studies, concept development, service design
and service optimization (e.g. thru the combination of simulation and Design
of Experiment, DoE), may have significant impact on both service develop-
ment processes and business development processes. The latter as simulation
models, besides being a powerful engineering development tool, have the
potential to function as a pedagogical tool used for both the initial provider-
customer dialog, and a formal representation used for contracting and
evaluation of services as well as more complex Performance Based Logistic
solutions.

It is also notable that the current development trend regarding the character-
istics of the technical system itself, i.e. the system-of-interest, is towards more
and more built-in maintenance related functions and capabilities. It becomes
more and more common to build in capabilities such as on-board prognostics
in vehicles, equipment and sub-systems that. These items can also be de-
signed to contain their own product and configuration data, as well as store
their own maintenance and support data and information. This raises the
need for research to achieve even better integration of development processes
for system-of-interest and enabling systems, as well as maintenance processes
and support solutions. If such integration is successful, it may eventually
make the distinction between system-of-interest and enabling system mean-
ingless or even irrelevant from a technological point of view.
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Today’s providers of maintenance and in-service support related to modern aircraft are facing major
challenges. A central problem with Maintenance, Repair and Overhaul (MRO) as well as support of
aircraft and other complex technical systems, is to manage the ever-increasing information flow and
system complexity. Both military and commercial operators need to reduce aircraft downtime and
maintenance man hours. Increased manual information management has the opposite effect, inducing
unnecessary cost and affect efficiency negatively. Organizations developing and providing maintenance
support products and in-service support does also need to improve the capability to efficiently exploit
the increasing amount of digital product information and design data provided together with hardware
(HW) and software (SW) products from aircraft manufacturers, sub-system suppliers and Original
Equipment Manufacturers (OEM). One way to increase aircraft availability and improve maintenance
and support efficiency, is to speed up the turnaround time for scheduled and unscheduled maintenance.
The ultimate goal is risk-based utilization and support, where true Condition-Based Maintenance (CBM)
is integrated with current operational requirements and available resources in real-time. This aims at
the elimination of all preventive scheduled maintenance based on fixed time intervals and execution of
only corrective maintenance that has been predicted and turned into scheduled maintenance facilitated
by proper support. To address the challenge of information logistics of digital product data
and information within maintenance in-service support, providers need to adapt new methodologies
and tools that enable full utilization of the advantages of digital product data and information
in processes and business models, e.g., Service-Oriented Architecture (SOA). To implement such
improved support solutions in a global-support environment, eMaintenance is seen as one important
building block. eMaintenance includes monitoring, collection, recording and distribution of real-time
system health data, maintenance-generated data as well as other decision and performance-support
information to different stakeholders independent of organization or geographical location, 24 h a day,
7 days a week (24/7). eMaintenance has the potential to improve the management and performance of
activities related to the whole maintenance process, and thereby improve the dependability, safety and
Life Cycle Cost (LCC) of critical systems. This can be realized through a coordinated application of
Information and Communication Technology (ICT) throughout the maintenance and support processes,
thus integrating Built-in Test (BIT) systems, external tests at different maintenance echelons, technical
information, diagnostics, prognostics and other sources of support information.

The purpose of this paper is to present some results from a joint academic and aerospace industry
research project, describing requirements and expectations that are important in a global-support
environment, and also to propose some central components in an eMaintenance framework that
integrates maintenance and ICT perspectives.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Aircraft manufacturers, as well as maintenance and in-service
support providers, are experiencing ever-increasing customer
requirements to increase dependability and decrease Life Support
Cost (LSC). To achieve this, a central problem for the industry is to
manage the rapidly increasing information flow that follows the
development of more complex and technologically advanced

0736-5845/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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aircraft systems [1]. Customers are also demanding improved
system availability, safety, sustainability, cost-effectiveness, op-
erational flexibility and tailored worldwide support 24h a day,
7 days a week (24/7). This changing business environment
requires new and innovative solutions as support products and
services to satisfy the needs of customers and end-users.

Maintenance and support concepts for modern complex
technical systems, such as civil airliners and military combat
aircraft, can be described as focussing on optimizing two funda-
mental and interdependent elements. The first element is the
aircraft (i.e., the system-of-interest), which should be designed to
maximize the inherent availability through proper reliability and
maintainability design within available Life Cycle Cost (LCC)
constraints. This design should be balanced with the support
system, which is the second element. The support system should be
designed to provide necessary support during the utilization and
support phases of the system-of-interest’s life cycle, which is
measured through the support system’s maintenance support
performance. The support system is an enabling system, ie., a
system that complements a system-of-interest during its life-cycle
stages [2], but does not necessarily contribute directly to its
function during operation [3]. An enabling system provides
functions and services to users and other stakeholders to ensure
a proper and efficient function of the system-of-interest [2].

On an operational level, end-users and managers utilizing the
support system of a modern aircraft are confronted with a
multitude of computerized functions and Information and Com-
munication Technology (ICT) solutions. However, today there is
little or no integration of functions and services related to the
support system, such as technical information (publications),
maintenance programmes, maintenance plans, job cards, fault
diagnosis support, amendment services, health and usage mon-
itoring and operational feedback [4,5].

At the same time, producers and suppliers of maintenance
products and customer support services are facing escalating
challenges trying to sustain high quality and increase service
levels for increasingly complex technical systems in an environ-
ment characterized by multiple products, suppliers and customers
with increasingly stringent requirements. This environment is
also to a great extent becoming purely digital, i.e., an increasing
amount of software (SW) and hardware (HW) products, design
data and other information exchange is provided and commu-
nicated solely in digital form. Hence, both customers and
suppliers are facing increased complexity levels regarding
information related to configuration control and change manage-
ment for both the aircraft and its support system. This high
complexity level of information logistics will hamper the opera-
tional effectiveness and drive LCC.

Therefore, suppliers need to change methodologies, tools and
processes for information logistics to be both more customer-
focused and more efficient for internal development and sustain-
ability. New concepts for the application of ICT need to address
information quality, lead time, accessibility 24/7, usability and an
overall reduction of cost for information logistics related to
maintenance and support. Simultaneously, since much of the
managed data and information related to military aircraft are
sensitive and confidential the aspect of information security is of
outmost importance and need to be considered, e.g. through
content classification, authentication and authorization. In fact,
information security is so fundamental that it can override the
functionality of any solution.

Information logistics need to integrate and exploit the use of
maintenance data and consider fleet status, flight operations and
maintenance sources. This would provide, maintenance planners,
operations and others with tailored information for decision
support, derived from common data sources [6].

Examples of these trends are manufacturers’ airline in flight
information system. It can include multifunction e-applications
for flight operations, passenger, cabin crew and maintenance
features. Capabilities in flight operations include performance
calculations, electronic manuals, technical logbook, crew e-mail,
graphical weather, and charts and maps. For maintenance it
includes technical logbook, manuals, maintenance tools and
performance monitoring [7].

Capability also needs to be developed to enable more agile and
efficient use of new maintenance and support functions inte-
grated in the aircraft, exploitation of operational feedback, as well
as rapid supplier adaptation to continuously changing customer
specific requirements on HW and SW products as well as services.

An example of such solutions is again manufacturers’ innova-
tive support strategies, where customers pay for a significant
portion of purchased services with data collected during opera-
tions. Maintenance, Repair and Overhaul (MRO) providers are also
required to provide data such as man hours, downtime and
reliability data. In return the manufacturer commit to include
promotion of services from the MRO providers, information
exchange in terms of access to specific information (draft service
bulletins, information on market requirements, advance informa-
tion on major retrofit programs) and management reviews [7].

2. Scope

This paper focuses on a concept for ICT-based products and
services for maintenance of modern aircraft. However, it is
believed to be extensively applicable to similar challenges
regarding maintenance of other complex technical systems, e.g.
within the transport, process and power industries, as well as
telecom and health care. The paper presents requirements and
needs regarding the mentioned products and services that are
important for both suppliers and customers (operators) of modern
aircraft systems in a global-support environment and proposes
some central components of an information logistic concept for
maintenance purposes, called eMaintenance Management Frame-
work (eMMF), that integrates maintenance and ICT perspectives
to address the challenges presented above.

The discussion of central characteristics of system-of-interest
(e.g. aircraft) and enabling systems (e.g. a support system external
to the aircraft) uses nomenclature based on established and
agreed international standards. Availability is used as a general
term referring to availability performance and its influencing
factors: reliability performance (the way the aircraft is designed to
eliminate the need of maintenance, i.e., reducing or eliminating
the probability of loss of required functions); maintainability
performance (the way the aircraft is designed to facilitate
maintenance, i.e., to retain or restore the aircraft’s required
functions); as well as maintenance support performance (effec-
tiveness and efficiency of the maintenance organization). See
Ref. [8].

3. Maintenance within aviation

Experience from maintenance and support system develop-
ment and real-life operations [9], combined with expectations for
future scenarios, stress the importance of supporting the opera-
tional capability and competitiveness through high availability of
aircraft. Increasing civil requirements on mobility and availability,
and military operations from provisional bases combined with
rapidly shifting conditions, increase the importance of informa-
tion and decision support to personnel that maintain systems in
operation. This high impact of integrated logistic support on
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aircraft operations and the need to improve it regarding main-
tenance management, information system and logistic network is
also observed in other research [10-13]. The aircraft and its
support system’s design need to be very structured and con-
trolled, meeting requirements with the overall objective of
maximizing the total system effectiveness at the lowest possible
LCC, see Fig. 1.

The design of the support system also needs to take into
account other requirements, such as operators’ mixed aircraft fleet
and requests to consider re-use of existing resources and
capabilities (e.g. facilities, manpower, competencies, ICT and
standards) and future requirements, operational or product
development requirements, as well as desired levels of standardi-
zation and self-support [7].

New technology and innovation also drive development and
create new needs. A military example is the so-called fourth
generation combat aircraft, e.g. Dassault Rafale, Eurofighter
Typhoon and Saab Gripen. These are system aircraft with a digital
infrastructure and fully integrated computer systems that utilize a
common database through standardized interfaces [15,16].
The building principle of a system-of-systems supplies an
immense potential for functional development, but also an
extremely complex aircraft system [9]. The civilian equivalents,
such as the Boeing 787 Dreamliner and Airbus A350, have focused
on ICT as a central component for more efficient maintenance and
support solutions. A central part of this aircraft technology
development is advanced Built-in Test (BIT) systems. The aircraft
BIT is constantly being developed to improve safety, maintain-
ability, testability and supportability of the aircraft as well as to
provide health information. This extended access to qualified data
from operation and maintenance provides the technical founda-
tion for condition monitoring, extensive data recording, test,
diagnostics, prognostics and decision support for condition-based
utilization and support [9]. These technology trends, together
with the pervasiveness of ICT in the maintenance system and
support processes are also key-enabling factors for implementa-
tion of remote support services accessible worldwide and 24/7.
Nevertheless, the BIT is itself a development that adds further
requirements and puts strain on supporting ICT frameworks,
information logistic processes and maintenance needs [17-19].

Thus, information logistics and new ICT-solutions have become
a central aspect and common denominator for many of the new
challenges regarding system complexity, configuration control,
change management and applicability of product information,
both for the systems-of-interest and their related support
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Fig. 1. Important requirements related to system effectiveness [14].

systems. To meet the increasing demand on availability and to
cut costs, maintenance and support actors are becoming increas-
ingly dependent on ICT to provide timely and accurate informa-
tion. Efficient ICT-solutions have rapidly risen as a key driver for
good decision making and effective operations. One example of an
area with great improvement potential is technical publications.
A large proportion of the information support used by maintainers
within aerospace is still paper documents, or ‘paper-on-screen’
solutions (e.g. paper publication suits published as PDF).
This practice prevails despite the fact that new aircraft
complexity, integrated digital systems and air-to-ground
real-time communication technologies make document-oriented,
paper-based approaches increasingly expensive to produce
and offer inadequate usability. Hence, unnecessary costs are
generated simply because maintainers often lack products and
services for information support that are adapted to specific
roles and situations, and therefore cannot work as efficiently as
possible [4,20].

With reference to the problem and solution domains presented
above, the concept of eMaintenance presented in this paper can be
defined as a structured and coherent application of ICT through-
out the whole life cycle of the support system, coordinated
with technical solutions in the aircraft system. The main goal is
to create a more effective and efficient maintenance process
by optimization of an eMaintenance framework as a part of
necessary maintenance support implemented in the enabling
systems, and thereby improve overall system effectiveness.

To secure the performance of an aircraft at a reasonable cost, it
is vital that the design of maintenance and product support
concepts is done correctly right from the design phase [3,21].
The character, scope and allocation of the support needed, must
also be influenced by the customers’ competencies, as well as the
operational environment, but also organizational and cultural
issues [3,22]. The whole maintenance process needs to be taken
into consideration, including its phases for management, support
planning, preparation, execution, assessment and improvement
(see Fig. 2). Hence, the requirements analysis must consider a
multitude of aspects, facts, needs and properties of the technical
system, customer requirements and the context of utilization and
support for the given system, supplier requirements and other
stakeholders, as well as environment and legislation.

Another aspect is that traditionally both civil and defence
aerospace industries have built and sold systems to operators.
Today, this approach is changing and the industry also has to
provide services that traditionally have been carried out by the
operators or other third-party suppliers. The highest degree of
commitment is needed when delivering total care, or functional
products, where the customers are offered availability perfor-
mance at a fixed price. One example of this is the requirement of
‘Maintenance Free Operating Period’ (MFOP) on the military side

Maintenance
Management
Maintenance 5 =
Support I\gamtem::lce MEalntent?nce
Planning J reparation ) xecution J
Maintenance Maintenance
Improvement Assessment

J

Fig. 2. Phases of an overall maintenance process, adapted from Saab (Internal
document) [5].
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and ‘Power by the Hour’ contracts on the civil side. These are
market driven requirements on an eMaintenance solution, which
introduce additional stakeholder perspectives [20].

4. Maintenance requirements

With reference to the material presented above, the develop-
ment of products and services integrated with ICT in an
eMaintenance solution for support to operation and maintenance
of complex systems needs to address a number of central
requirements such as

e integration of the system-of-interest and its enabling system to
exploit technological development of modern aircraft and ICT
in efficient solutions for global maintenance and support 24/7,
facilitation of configuration control, change management and
directive information applicability for both the system-of-
interest and products and services included in the enabling
system,
integration of role- and situation-adapted products and
services for information and performance support with high
accessibility and usability,
coordination and integration of consumption and production
of information at different phases of the maintenance process,
coordination and integration of tests, diagnostics and prog-
nostics for condition-based utilization and support at different
maintenance echelons,
e support to performance-based contracts and functional sales
(e.g., power-by-the-hour),
e adherence to international (information) standards.

eMaintenance needs to facilitate support to operators and other
stakeholders’ work through information and performance
support to the overall maintenance process related to modern

aircraft, including ground-support equipment and training
devices. eMaintenance also needs to provide a framework
and processes for managing product data and information,
maintenance and support information, as well as feedback
of data and information from operational and maintenance
activities.

This spectrum of requirements that built on industrial and
operator experience, drives the approach that the improvement of
the operative performance and effectiveness of maintenance and
support through the introduction of eMaintenance, need to target
all phases of the maintenance process (see Fig. 2). In order for the
aerospace industry to manage the risks associated with these new,
diversified and enhanced solutions in a global-support environ-
ment, a wide collection of heterogeneous information sources
need to be funnelled and made available for the right user, in the
right format, in the right place, at the right time. In the past, the
information flow has been quite rigid and inflexible between a
rather small numbers of stakeholders. However, in the future the
exchange of information is required to reflect closer working
relationships and a more dynamic, global-support environment
and deliver efficient and tailored support for decision making to
stakeholders spanning from OEMs, sub-system suppliers, through
system integrators onto operators, maintainers and support
providers [20].

Another important requirement is that information logistic
concepts within the aerospace industry need to be based on
international standards for structured product data sharing.
Central among these standards are Product Life Cycle Support
(PLCS) [23], Sharable Content Object Reference Model (SCORM)
[24] and the AeroSpace and Defence Industries Association of
Europe (ASD) specifications suite of standards for Integrated
Logistic Support (ILS); S1000D (technical publications), S2000M
(material management), the emerging S3000L (Logistics Support
Analysis, LSA) and S4000M (Reliability-Centred Maintenance,
RCM).
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As discussed above, the overall maintenance process involves
phases for management, support planning, preparation, execution,
assessment and improvement, see Fig. 2. These phases consist of
different sets of activities, which are interrelated and adapted to
fulfil requirements from different stakeholders. Stakeholders
within the maintenance process consume and produce informa-
tion when performing different activities. For example, during
maintenance execution, a maintenance technician receives a work
order that requires a maintenance action, and after the performed
action the technician reports the outcome. The information from
the execution process can further be aggregated to a context in the
assessment process. As illustrated in Fig. 3, a maintenance actor,
e.g. the maintenance technician, needs to interact with various
types and formats of information through different information
sources when conducting a maintenance action. This interaction
can be reading, writing or both.

Hence, one of the main objectives of establishing an eMainte-
nance solution is to provide a supporting ICT-environment that
improves the performance of the maintenance process by
providing seamless and integrated services for sharing content.
It is commonly accepted that data collection and distribution is a
major issue in the maintenance process and a cornerstone in the
area of eMaintenance [5]. It is also accepted that there is a need to
be able to convert data to information, and based on this
information to generate knowledge valuable for decision making.
In order to make the right decisions, there is a need to be able to
access and manage the right knowledge. Since knowledge, a term
which basically refers to what is known, is not only a
summarization of known raw data through information inter-
pretation, but also implies other artefacts, such as documentation
and experiences, the focus should be on the content and the
content sharing as well as services in the maintenance process
rather than on data and data processing [25]. Fig. 4 illustrates
information flow between aircraft and some of the related
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Fig. 4. Content sharing, service provisioning and feedback between supplier/
provider and customer/operator domains.

systems. This information is shared by supplier/provider and
customer/operator.

ICT is one of the main prerequisites, not only to improve the
effectiveness and efficiency of the maintenance process for
complex systems with long life cycles, but also to reduce
associated risks, and contribute to a more efficient business
process. The utilization of ICT offers a more controlled content
sharing, information exchange and knowledge management
within the phases of the maintenance process, coordination of
the maintenance process with other processes (e.g. operation and
modification processes) and a connection to strategic business
objectives and external stakeholder requirements [26,27].

5. eMaintenance solutions

In the existing eBusiness environment, information and
information systems have become critical maintenance support
resources to achieve efficient information logistics.

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.

Examples of generic efforts are: Essential Unified Process
(EssUp), Rational Unified Process (RUP), Service-Oriented Archi-
tecture (SOA), Event-Driven Architecture (EDA), Web services,
eXtensible Markup Language (XML), 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 and 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 Mainte-
nance (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 technolo-
gies related to aviation, Maintenix (MXI Technologies), IFS
Applications and SAP Service and Asset Management module
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 Refs. [26-30]).

Furthermore, there are several existing contributions that deal
with the establishment of eMaintenance from a SW architecture
perspective. One contribution 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
[31]. Another contribution is based on a client-server approach
[32]. 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 main-
tenance-related areas; and (II) local maintenance, which imple-
ments and evaluates the maintenance system provided by the
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maintenance centre. Another architecture approach relies on a
star-like layered architecture [33,34]. One way to realize this star-
layered architecture is to use a platform that utilizes the Web
services (WS) technology upon the existing maintenance applica-
tions to provide function and data integration. However, the Web
services technology is only one way to realize a Service-Oriented
Architecture. An additional contribution is a proposed eMainte-
nance Management Framework, which is based on a service-
oriented approach for the development of eMaintenance solutions
[35].

However, when considering SW-related architecture it can be
concluded that SW architecture has evolved from focused on
server-computing to client-computing and during the last decades
the focus has been changed to distributed computing. Distributed
computing has been manifested through various approaches, e.g.
client-server, object-oriented, component-based and service-
oriented. The latest architectural approach is sometimes called
“virtual computing”, which provides an abstraction level of
distributed computer resources, e.g. disk spaces, SW applications
and processor capacity. Examples of providers that offer support
for virtual computing are: HP, Sun, IBM and Microsoft. See Fig. 5.

The latter contribution provided by Karim [35] is described in
more detail in the following section.

6. eMaintenance management framework

One way to achieve this is through utilization of an eMMF, see
Ref. [35]. As shown in Figs. 7 and 8, the eMMF is a meta-level
model through which a range of technologies, methodologies and
tools can be clarified and integrated. The main aim of an eMMF is
to facilitate maintenance and to ensure its connection to overall
business goals. The framework consists of two parts: the
eMaintenance Management Model (eMMM) and the eMainte-
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nance Platform (eMP). The eMMM is a package of roles, processes
and repositories required for managing the eMP. The eMP is a
Service-Oriented Architecture application, aimed to provide its
stakeholders with tailored information for making decisions on
the choice of appropriate maintenance activities.

An example of information services related to maintenance
actors is the provision of Technical Publication (TP). In the context
of Gripen, the TP is structured according to S1000D (see Fig. 6).
However, one way to materialize information services related to
TP is through two essential eMaintenance services. The first
service, i.e.,, Maintenance Plan Delivery Service (MPDS), aims at
delivery of the maintenance plan in a proper format, e.g., Portable
Document Format (PDF), eXtensible Markup Language or
Standard Generalized Markup Language (SGML). The second
service, Maintenance Plan Feedback Service (MPFS), might be
aimed at managing feedback from the utilization and support
phases. The MPFS aims at the provision of a commenting and
reporting capability related to content provided by MPDS on
issues raised on data modules or publication modules during the
verification process and the in-service phase of Gripen.

The eMP is divided into three levels: Specification, Design, and
Implementation (see Fig. 8). The Specification level contains all
the information necessary for conducting maintenance activities.
It describes the identified requirements, which are realized in
various ways using notations such as text and models. The Design
level identifies design components that are needed to fulfil the
requirements specified in the Specification level. This level is
realized as service components. Finally, the Implementation level
materialises the service components specified in the Design level
into Web services and business processes orchestrated for specific
needs. Each level consists of one or several groups of components.
All components in the Specification level provide a platform for
creating other components in the Specification level or they get
directly realized on the Design and/or Implementation levels [37].

The eMP provides artefacts for supporting the maintenance
process, e.g. situation-adapted information and services for
performance support [4,5]. Further, SOA can be exploited

eMaintenance Management Framework (eMMF) s

eMaintenance Management Model (eMMM)

| Processes | ‘ Roles | ‘ Repositories ‘
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| Specification | | Design | ‘ Implementation |

Fig. 7. lllustrating the components in the eMMF [37].
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in eMP. Hence, the eMP can be utilized to implement an eMP in
organizations that provide maintenance of complex technical
systems. The eMP is also most likely applicable in any organiza-
tion providing maintenance, since it is based on a generic overall
maintenance process.

The Specification level contains all the information necessary
for conducting maintenance activities. It consists of three
components: Process, Requirements and Context. The Process
component lists and describes the business processes and actors
involved in them. It consists of two parts: Business Process and
Actor. The Context component lists and describes various back-
grounds and their interrelated conditions in which maintenance
activities take place. It consists of three components: Setting,
Process Usage Scenario and Service. The Requirement component
lists and describes all the functional and non-functional require-
ments on the information needed for a specific maintenance
activity and the interface through which this information should
be presented. It consists of two components: Content Require-
ment and Interface Requirement.

The Design level transforms most of the specification compo-
nents into SOA components. The role of the Setting Service
component is to design choreography for a certain set of services.
The role of the Process Service component is to design
a composition of miscellaneous services orchestrated for serving
a particular process. The role of the Content Service component is
to design services that implement logic for interaction with
different data sources, such as existing systems or legacy systems.
The role of the Interface Service component is to design services
that handle/manage/wrap/adapt interface to other devices such as
a portable handheld computer. For the exposition of services
several technologies might be utilized, e.g. Distributed Compo-
nent Object Model (DCOM), Remote Method Invocation (RMI)
and Web services. If it is required to provide accessibility to the
services via Hyper-Text Transfer Protocol (HTTP) over internet and
data exchange through XML, Web services were selected as an
appropriate technology. However, the service interfaces can be
designed based on the Web services, which mean that using
Simple Object Access Protocol (SOAP) envelope for information
exchange. This implementation of services also provides the
capability to expose a description of the signature of inherent
public web methods, in accordance with the Web Services
Description Language (WSDL) standard.

The Implementation level materializes the SOA components
into the Web services 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
technology is used to materialise these components, since they
provide a generic interface for encapsulating logics and can be
utilized as an intermediate layer to access legacy systems.
The Business Process component corresponds to business pro-
cesses 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 reactive business
processes. To increase the effectiveness and efficiency in the
implementation of services it is ought to be supported by a proper
Interactive Development Environment (IDE) with capability
to provide functionality necessary for team development,
e.g. Microsoft .NET platform and IBM Web Sphere software.

7. Conclusions

The positive impact of eMaintenance is to be expected on two
levels. One is the ‘maintenance micro-level’, where eMaintenance
will serve as a performance support that facilitates hands-on
execution of maintenance tasks by technicians, mechanics and
support engineers, by providing a reduced number of interfaces to
information sources, improved fault diagnosis, knowledge sharing
and automated or facilitated procedures for technical administra-
tion. The other level is the higher ‘maintenance macro-level’,
where eMaintenance will support managerial maintenance plan-
ning, preparation and assessment, enabling information-driven
maintenance and support processes, and fleet-efficiency, e.g.
aircraft maintenance programme evaluation, elimination of
redundant information and operational monitoring. The impact
of an eMaintenence implementation on aviation maintenance is of
considerable potential as it enables a more efficient use of existing
digital product information and design data over the whole life
cycle.

There is also the challenge of going from a product-oriented to
a service-oriented business strategy. A product-oriented strategy
relies on a transaction/exchange marketing, while service-
oriented emphasizes the relation between provider and customer.
A service-oriented business strategy also demands the harmoni-
zation of support processes, such as the maintenance process, to
the business’s core process. The business’s core process ought
to be adaptable to the changes in the customers’ value-generating
process, and the business’s supporting processes need to be
adaptable to the core process. This change is facilitated by the
proposed eMaintenance Management Framework and its SOA
approach.

Since an eMaintenance platform’s major purpose is to support
the maintenance process, the components of the platform need to
be considered from a service-oriented perspective in order to
increase its adaptability to different parts of the maintenance and
support process in different organizations. Hence, eMaintenance
provides a platform for smart content sharing between informa-
tion provider and information consumer. In this paper, the term-
pair provider/consumer is used to emphasize that the ICT support
to the maintenance process should adapt a process-centric
approach, supporting efficient maintenance and support solu-
tions. In a supplier/customer approach, the definition of the
organizational boundary is important, which is not necessarily an
issue of importance for delivery of maintenance information.

The maintenance process has to interact with a number of
correlated processes in an enterprise, e.g. business, operation,
information, support and logistics. Hence, a service-oriented
eMaintenance platform should provide services that can be
incorporated and orchestrated to the flow of these processes.
While the requirements on the maintenance process vary over



944 0. Candell et al. / Robotics and Computer-Integrated Manufacturing 25 (2009) 937-944

time, the architecture of eMaintenance should be constructed to
provide applicability and effectiveness.

With applicability and effectiveness as the two major require-
ments, it is clear that a Service-Oriented Architecture approach is
a prerequisite for being able to design a solution which will
provide applicable and effective eMaintenance services. Further-
more, it should be noted that a Service-Oriented Infrastructure is a
prerequisite for implementing SOA. It is important to be aware of
that Web services, and their related technologies, e.g. WS-BPEL,
WS-Transaction and WS-Coordination, are not synonymous with
SOA. SOA is a way of thinking that approaches the architectural
issues and WS is a technology that is designed to facilitate the
implementation of SOA.

We believe, based on our study of the effects of eMaintenance,
that the eMaintenance platform, mainly through its improvement
of different parts of the maintenance process, impacts on the
dependability, safety and life-support costs of critical systems.
Hence, our conclusion is that an eMaintenance Platform struc-
tured, designed and implemented from a service-oriented per-
spective with focus on the business process, increases the ability
to fulfil requirements such as context-awareness, situation-
awareness, seamless information integration between processes
(e.g. operation and maintenance), improved knowledge-sharing,
flexibility, extensibility and cost-reduction. Further, we can
conclude that SOA as an approach and Web services as a
technology can be utilized to implement service-oriented infor-
mation services related to maintenance and its actors. Loosely
connected maintenance services can, relatively, easily be re-
composed and orchestrated to the new process, situation and
context to better fulfil different stakeholders’ requirements.
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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
information and communication technology (ICT)-based maintenance support services aimed at actors
within the maintenance process related to complex technical industrial systems.
Design/methodology/approach — To fulfil this purpose, a case study of a modern multi-role
combat aircraft is selected as an appropriate research strategy and supported by a literature study.
Empirical data are collected through interviews, workshops, document studies, and observations.
A framework is developed and evaluated using a prototype within the studied case. The study is
performed in close cooperation with the aircraft’s type certificate holder and the customer
representative and operator in 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 service-oriented 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.
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Introduction

Maintenance may be seen as a process that monitors a technical system’s capability to
deliver services, records problems for analysis, takes corrective/adaptive/perfective or
preventive actions, and confirms restored capability (Coetzee, 1998; Campbell and Jardine,
2001; Séderholm 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 (Liyanage and Kumar, 2003; Soderholm ef 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 (Liyanage and Kumar, 2003; Soderholm 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 (IS) (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 and 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 ef 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 addresses “when to deliver”. The
second aspect is content management, which refers to “what to deliver”. The third aspect is
communication management, which refers to “how to deliver”. Finally, the fourth aspect is
context management, which addresses “where and why to deliver”.

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 (T'sang, 2002; Candell and Soderholm, 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 and Malmipuro, 1999; Holmgren, 2005, 2006; Holmgren and Soderholm,
2008). One reason is that data overload can cause problem in the actors’
situation-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; Soderholm, 2007;
Soderholm et al., 2007). Owing 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 (Koc and Lee, 2001; Tsang, 2002; Parida and Kumar, 2004; Iung and
Crespo Marquez, 2006; Muller ef 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 systems’ inherent elements,
the interactions between the elements, their composition as guided by patterns, and the
constraints on these patterns (Sowa and Zachman, 1992; Shaw and Garlan, 1996). One
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 and 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 (Newcomer, 2002; Erl, 2006; Pulier and 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, the business
processes (Erl, 2006; Pulier and Taylor, 2006). The Organization for Advanced Standards
for Information Society (OASIS, 2008) describes SOA as a collection of best practices,
principles, and patterns related to service-aware, enterprise-level, and distributed
computing. 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 study approach section
contains a description of the applied research methodology. Then, a description of the
studied case is provided in the case study description section. Thereafter, the section titled
eMaintenance management framework provides a description of the proposed framework
and aspects of its evaluation through a prototype development. Finally, the conclusions
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and discussion section ends the paper by providing a summary and discussion of findings
encountered in the study as a whole.

Study approach

Based on criteria given by Yin (2003), a single-case study was selected as an appropriate
research strategy (see Séderholm, 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 ef al. (1990), Gummesson (2002), Bergman and Klefsjo
(2003) and Gronroos (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 and Sawyer, 1997; Kotonya and Sommerville, 1998).
This combined approach was also applied in the iterative prototype development, as
described in more detail in the section eMaintenance management framework.
The purpose of the prototype development was to evaluate parts of the proposed
eMMEF. In addition, key informants have been used to review the validity of ideas and
to create documents throughout the research process.

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.

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.

As illustrated on the right-hand side of Figure 1, the aircraft may be placed on the
first indenture level. Its subsystems, such as the engine, are then placed on the second
level. The engines’ constituent items, e.g. the spraybar slots, are then placed on the
third 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.

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
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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.

Maintenance ovganisation

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
(Forsvarets MaterielVerk, FMV) represents the customer (the Swedish Government)
for the aircraft and the Swedish Air Force (SWAF) is its user.

Saab’s role is to provide maintenance guidelines to its customers and users, as well
as to perform highly specialized maintenance and modifications of the aircraft. FMV’s
(2008) role is to adapt Saab’s guidelines to the context of the SwWAF. The SwAF’s (2008)
role is to operate and 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
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Figure 3.
Maintenance echelons

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.

The JAS 39 Gripen, operated by SwWAF, 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 performed 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.

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
(Figure 4). Each such phase needs to be supported with timely information. This
section describes each maintenance phase and some of its information needs.
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The parts of the maintenance activities and related information flow that are related
mainly to a Swedish Air Wing are shown in Figure 5.

Phase 1. 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,
sub-contractors’ and manufacturer’s maintenance programmes, and system
information.

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 2. Maintenance support planning

In Sweden, the maintenance support planning phase is conducted at Echelon 3 by
FMV. Here, FMV creates fleet maintenance plans defining maintenance of the SWAF’s
aircraft fleet and also creates 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.
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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.

Phase 3. 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 aircraft’s
operational conditions and problems that have been reported 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
actors’ efficiency and role 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 4. 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:

» anew technical report giving an account of problems to be attended to by the
maintenance preparation phase;

+ an action report recording the performed maintenance tasks;

» change requests suggesting major changes to either aircraft design or
maintenance programme; and

« 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 offer a significantly improved information
environment for users as compared to today’s divergent multi-application environment
of separated, single access points and devices.

Phase 5. 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 6. Maintenance improvement

The final phase, maintenance improvement, is conducted in Echelons 1-3 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. Hence, the
eMaintenance solution needs to comprise aspects of functions such as repositories,
delivery, and infrastructure for data and information feedback.

Selected aspects related to maintenance information and ICT

In the future, the SWAF 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 and Séderholm, 2006).
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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 IS.

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 problem, which can erode any benefits that on-board monitoring and
BIT technologies by themselves may provide (Hawkins, 2006; Soderholm, 2007).

The Gripen user IS 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, 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 or Integrated Logistic Support DataBase (ILS-DB).
This database then becomes a central configuration-controlled 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.

Recently, 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 the maintenance process’ inherent phases,
some important 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 (non-commissioned 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 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 on-aircraft 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
shown in Figure 6.

The technical publication related to the Gripen is structured according to S1000D
(Figure 7), which is an international specification for the procurement and production
of technical publications (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
ISO Standard 10303-239:2005 “Product data representation and exchange” and its
Part 239: “Application protocol: product life cycle support”, specifies so-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 (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, economy, logistics, and control
(IBM, 2008).

eMaintenance management framework

The proposed 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
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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.



Maintenance service development — MSD

The proposed maintenance service development process (MSD) consists of five
interconnected phases: maintenance service identification, maintenance service design,
MSD, maintenance service implementation, and MSD. 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 the requirement of a
“maintenance free operating period”, which may be included in 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 maintenance services are: “Support to customer 24/7”, “Support to product 24/7” and
“Maintenance self service”. See also Markeset (2003), Markeset and Kumar (2003), Kumar
and Kumar (2004), and Kumar et al (2004) for a discussion about different types of
maintenance services and solutions.

In order to evaluate the MSD phase in the eMMEF, a number of activities have been
conducted to elicit maintenancerelated 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 and Karim, 2008; Karim ef al., 2008a, b). Based on the data collected within these
activities, the maintenance process related to the Gripen has been mapped, which is
described in the section Case study description. 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. 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 customers.

Hence, the selected service “provision of TP” was further used to evaluate the proposed
eMSD process.

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,
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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.

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 (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 service “provision of TP” could be increased through utilization of
ICT. Hence, the output from MSD 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) (Figure 7).

The MPDS is aimed at delivery of the maintenance plan in a proper format, such as
Portable Document Format, 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. The content is structured according to S1000D with some adaption to
Saab’s requirements and 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.

For realization of MPDS and MPES, some of the eMP’s inherent items have been
utilized. These are described in the eMaintenance platform — eMP section.



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 shown 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 Maintenance service
development — MSD, eMaintenance service development — eMSD and eMaintenance
platform — eMP sections. In addition, each eMP constituent is listed in Table I as well as a
summary of how it is realized on each eMP level.

Specification level
The specification level contains all information necessary for performing maintenance
activities. It consists of three components: process, requirement, and context.

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,
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Table 1.
Relationships among the
eMP components

Components

Specification levels

Levels
Design level

Implementation level

Business process

Actor

Setting

Business usage scenario
Service

Content requirement

Interface requirement

Text, formal modeling
language, etc.
Text, formal modeling
language, etc.
Text, formal modeling
language, etc.
Text, formal modeling
language, etc.
Text, formal modeling
language, etc.
Text, formal modeling
language, etc.
Text, formal modeling
language, etc.

Setting service
Process service
Miscellaneous service
Content service

Interface service

Web services
(choreography)
Web services
(orchestrated)
Web services

Web services

Web services and
other Ul implement

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 I, 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.

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 and 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 IS 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 Séderholm (2006).

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 I, 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 and essential unified process.

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:

+ war or peace time;

* a situation when the failure is evident or hidden for the operating crew;

+ an“onaircraft” setting indicating that the maintenance is conducted at the LRU level,
+ an “off aircraft” setting indicating that maintenance is conducted at the SRU level;

+ “onroad base” indicating that the maintenance is conducted at a dispersed road
base on an organizational level; or

* “in 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 I, 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 I, 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
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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 (Table I). At the
design level, it is realized as a miscellaneous service and at the implementation level it
is realized as a web service.

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 LRU’s remaining
time to next preventive maintenance action (e.g. flight hours or cycles) by 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 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 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.



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:

+ 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.

* The process service component, with a role of designing a composition of
miscellaneous services orchestrated for serving a particular process.

+ 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.

+ 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.

+ 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 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 web services, which means that the services’
public interfaces are exposed through HTTP and that they use the Simple Object Access
Protocol 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, ie. setting, process, miscellaneous, content, and
interfaces. A service might require information from another service for instantiation.

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 “get 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
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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 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 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
tominor and less severe problems, or it suggests that the LRU should be sent to Echelons 2
or 3 for repair.

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 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.

Conclusions and discussion

In this paper, a taxonomy for an 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 eMMM. The other issue is how to define and describe a structure for service
implementation, which is addressed through an 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,
1e. 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 an MSD and an 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 SOA-application, 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 information domains, such as ASD’s suite of ILS standards, IEC’s dependability
standards, and OASIS’s open information standards.

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).

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 TP, 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

Purpose — The purpose of this paper is to describe aspects of content sharing within e-maintenance,
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 is 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 e-maintenance 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 e-maintenance 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 e-maintenance solution.

Practical implications — The paper contributes with knowledge that supports decisions about
content format in the development of an e-maintenance solution. This can in turn support a reduction
of maintenance-related hazards through the improved use of ICT.

Originality/value — This paper describes the importance of content management within the
e-maintenance approach. Hence, the paper has implications for both practitioners and researchers as
described above.

Keywords Maintenance, Data analysis, Content management, Communication technologies
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1. Introduction

In today’s society we are greatly dependent on the correct functioning of technical
systems, a phenomenon which has made us vulnerable to disturbances. Over time,
stakeholders’ requirements of these systems’ functions will change due to technical
development, varying operational environments, changing laws and regulations, and
so on. Hence, in order to maintain a high level of stakeholder satisfaction throughout
the whole lifecycle of systems, those organisations 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, with stringent
requirements of safety, dependability and costs throughout the system’s lifecycle
(Juran, 1992; Moubray, 1997; Sommerville and Sawyer, 1997; Herzwurm and Schockert,
2003; Liyanage and Kumar, 2003; Foley, 2001).

Maintenance is an approach that can be applied in order to ensure the safety and
dependability of technical systems, and also to decrease the cost of operation
throughout the system’s life (Juran, 1992; Moubray, 1997; Sommerville and Sawyer,
1997; Herzwurm and Schockert, 2003; Liyanage and 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 and Heap, 1978) and total productive maintenance (TPM) (Nakajima, 1988).
Both these methodologies emphasise continuous improvement founded on fact-based
decisions, and 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 and Jardine, 2001). There is also an emerging view that
maintenance not only reduces business risks, but also should be seen as a value-adding
process in today’s dynamic and competitive business environment (Liyanage and
Kumar, 2003; Markeset and 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 maintenance-related accidents are the leak from a chemical
plant at Bhopal (India, 1984), the Piper Alpha oil platform fire (North Sea, 1988), the
disaster at the Phillips 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 and Malmipuro, 1999). Numerous studies also show that,
paradoxically, between 50 and 70 per cent of all equipment fails prematurely after
maintenance work has been performed (Nowlan and Heap, 1978; Moubray, 1997; Reason
and 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, 2005, 2006; Holmgren and
Soderholm, 2008). Insufficient information between different maintenance echelons is
also one major cause of “no fault found” (NFF) events within industries such as the
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automotive, train, trucking, and aerospace industries, where costs, safety, and
dependability are affected negatively (Soderholm, 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 organisation) in order to perform different activities within the
maintenance process. Hence, the approach taken to e-maintenance 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 ef al., 2004; Parida and Kumar, 2004; Lee et al., 2006).

Even though there are multiple views of what e-maintenance actually is, one
common and vital part is the application of information and communication
technology (ICT) to achieve effective information logistics within the maintenance area
(see, for example, Koc and Lee, 2001; Tsang, 2002; Parida and Kumar, 2004; lung and
Crespo Marquez, 2006; Muller ef al, 2008). The aim of information logistics is to
provide just-in-time (JIT) information to targeted users and to optimise the information
supply process, 1.e. making the right information available at the right time and at the
right location (Heuwinkel et al, 2003; Haseloff, 2005). Four fundamental aspects that
need to be considered when establishing an information logistic solution are:

(1) content management;

(2) time management;

(3) communication management; and

(4) context management (Heuwinkel ef al., 2003; Haseloff, 2005).

However, existing efforts related to the structuring of e-maintenance often neglect
content management and focus on the three other aspects — see, for example, Levrat
et al. (2008) and Muller ef al. (2008). This is an unsatisfactory situation since the other
three aspects of information logistics can be considered as a support to content
management since they aim at the provision of JIT content to targeted users and
optimisation of the information supply process.

Hence, the purpose of this paper is to describe aspects of content sharing within an
e-maintenance 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
maintenance-related 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 e-maintenance from a content
management perspective are summarised in Table I. The selection of contributions has
been based on the following four criteria:

(1) the artefact as such contributes in establishing an e-maintenance platform;

(2) the artefact is based on, or intended to be used within, an ICT application;

(3) the artefact can be used to provide an e-maintenance solution; and

(4) the artefact can be used for sharing content relevant for the maintenance process.
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The first column of Table I, “Content management related contributions”, lists some of
the contributions that are relevant for content management within e-maintenance, for
example AeroSpace and Defence Industries Association of Europe (ASD). The second
column, “Maintenance specific”, states whether a contribution is especially intended for
maintenance purposes, or if it is a generic contribution that can be applied within
maintenance. The third column, “Application domain”, highlights whether a
contribution addresses a specific application domain (e.g. aerospace) or whether it is
generic. The fourth column, “Service domain”, indicates which type of services within
the application domain the contribution addresses (e.g. technical publications). The
fifth column, “Aspects of Information Logistics”, 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, “Examples of
artefacts”, 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 L.

2.1 Maintenance-specific contributions

As shown in Table I, 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 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 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, 2008a). One MIMOSA
artefact is the specification Open System Architecture for Enterprise Application
Integration (MIMOSA, 2005). Another artefact is MIMOSA’s Common Relational
Information Schema (CRIS), which defines an information model that enables different
systems to exchange information and data. Adopting CRIS does not necessarily mean
that the system has to follow CRIS’s data model internally, but it must provide the
ability to present and handle objects according to the specification. From the user’s
point of view, utilisation of the OSA-EAI standard facilitates the integrations of asset
management information and offers the user the flexibility to compose system
components (MIMOSA, 2008b).

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 as:
“Watchdog Agent Prognostics” for assessment and prediction of performance in a
process, “Device-to-Business (D2B) Platform” for transformation of data and



information for the business sector, and “Decision Support Tools” (DTS) for simulation
of rescheduling and reorganizing a process (IMS, 2008).

The PROTEUS project within Information Technology for European Advancement
(ITEA) provides an integrated platform that aims to support any broad e-maintenance
strategy (Bangemann ef al, 2004, 2006). The PROTEUS project focused on the
maintenance integration of existing maintenance-related applications. The objective
was to improve the efficiency of industrial maintenance processes, utilising 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 the
Application Core Adapter (ICA) or the 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:

(1) models and terminology;
(2) object model attributes; and
(3) 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, for example Microsoft and SAP.

Some other examples of maintenance-specific contributions that partly support the
establishment of necessary information logistics are:

» the System for Mobile Maintenance (the SMMART project), with a focus on
smart tags and wireless communication;

 the Tele-maintenance platform (TELMA), with a focus on prognosis and aided
decision-making; and

» Technologies And Techniques for nEw Maintenance concepts (within the
TATEM project), with a 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 I, 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 Generalised Markup Language
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(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 an 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:

(1) XSLT, which is used for the transformation of XML content;
(2) XSLFO, which is used for formatting of content; and
(3) XPath, which 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. XQuery 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
e-maintenance infrastructure includes not only facilities for transforming data between
systems, but also for 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
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 that are specialised for describing
different categories of information object, for example 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 committee’s contribution includes all the
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 specifically
excluded. Some of the standards provided by ISO/TC 184 are: ISO 10303, ISO 15531,
ISO 15745, and ISO 18435 (ISO, 2007a).

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, 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:

(1) external exchanges (e.g. with suppliers);
(2) the management of the resources used during the manufacturing processes; and

(3) 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, 2003). ISO 15745 can
be utilized to capture a real-world application’s integration requirements and describe
an integration model for different types of 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 this article) an standard under development for industrial
automation systems and integration. The purpose of the standard is to provide models,
interfaces, and schemas that can be utilised 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 minimising the disruption during the technology changes in systems. The models
in ISO 18435 are defined and describe different use-scenarios, use-cases and roles
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(actors that interact with the system), for instance management, operator and
maintenance personnel (Carnahan ef 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, 2007b).

Since e-maintenance can be seen as an application area of ICT, it is necessary that a
platform for e-maintenance involves both maintenance-related standards and
technologies, but also the ones that are ICT-related.

Furthermore, ISO/TC 10, focuses on the standardisation 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, 2007c). Technical publications are an
important resource ensuring effective and efficient activities, pinpointing different
indenture levels of the technical system and different configurations throughout the
lifecycle. The technical system’s structure is important for the maintenance concept,
which matches the indenture level of a technical system with a corresponding
maintenance echelon of the organisation.

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, 2007d). 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 e-maintenance solution.



The ISO/TC 108, Mechanical Vibration, Shock and Condition Monitoring, addresses
standardisation 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, 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.

ISO/TC 171, Document Management Applications, focuses on standardisation of
quality control and integrity maintenance of documents, which can be presented in
micrographic or electronic form. The scope of the TC’s contributions includes:

» processes involving capture, 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 information exchange between
systems;

» procedures and processes supporting legal admissibility and/or integrity and
security; and

» management of related audit trail information (ISO, 2007f).

ISO/TC 67, Materials, Equipment and Offshore Structures for Petroleum, Petrochemical
and Natural Gas Industries, focuses on standardisation 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, 2007g). One of the standards provided by
this committee is ISO 14224, Petrolewm, Petrochemical and Natural Gas Industries —
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Collection and Exchange of Reliability and Maintenance Data for Equipment (ISO, 2006).
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, 2006).
Hence, this standard may be useful for e-maintenance 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 organisation 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, for
example modern combat aircraft with a life length of 25-30 years.

Discussion and conclusions

One of the main objectives of e-maintenance 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 visualisation.

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 processes involved may utilise 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 e-maintenance solution.

Fortunately, there are multiple academic and industrial artefacts available that can
be used to establish an e-maintenance solution. Hence, artefacts from MIMOSA, ISO,
ISA-95, and OASIS have relevance for, and should be considered, in order to develop an
e-maintenance solution that supports the overall business and maintenance processes.
It should also be noted 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. B2ZMML 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’s OSA-EAL There are also other standards and initiatives that provide object
models and data structures mostly based on XML, such as OASIS’s 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 XML-based microformats.

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 e-maintenance.
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Abstract: The purpose of this paper is to present 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. A hypothetical
aircraft and its support system are simulated in SIMLOX. The variables included in the
model, as well as their expected effects on critical measures of system-effectiveness, were
identified through interviews and studies of documents and the literature. The simulations
have been planned and analysed according to established Design of Experiment (DoE)
principles supported by MATLAB. Microsoft Access and Microsoft Visual Studio .NET
has been used to integrate SIMLOX and MATLAB. The outcome of the study was
scrutinised by both practitioners and statisticians. The methodology and its toolbox are
useful for those involved in simulation work or the development of information services
that support maintenance activities. 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 and are
considered valuable in identifying information-based maintenance support services within
an eM aintenance solution.

Keywords: Maintenance support, information services, eMaintenance, complex technical
systems, simulation, Design of Experiment (DoE), Service-Oriented Architecture (SOA).

1 Introduction

Maintenance may be seen as a process that monitors a technical system’s ability to deliver
services, and records problems for analysis, takes corrective, adaptive, perfective, and
preventive actions, and confirms restored capability [1, 2, 3, 4]. 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 [3, 5]. 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 [4]. Hence, one critical characteristic of
success ful 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 [6, 7, 8]. This
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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, ie., make the correct information available at the right
time and at the correct location [9, 10]. 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 [11, 12].

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 [7, 11, 13, 14]. 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 [15, 16, 17, 18]. However, there have been only limited efforts related to
identifying the necessary information services that support maintenance activities
using a Service-Oriented Architecture (SAQO) approach.

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.

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 described. Thereafter, a presentation of the analysis and results
are provided. The paper ends with some conclusions and a discussion.

2 Developed methodology and tool box

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 took 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 [19] for more detailed
information about the developed toolbox and simulation model, as well as applied
data and obtained results.

The main purpose of Phase I is to establish the maintenance concept, ie., a
description of the interrelationship between the indenture levels and the maintenance
echelons [20]. Hence, two major artefacts need to be described during this phase: first,
a description of the technical system’s indenture levels, i.e., the subdivision of an item
from the point of view of a maintenance action [20]; and second, a description of the
maintenance echelons, ie., the positions in an organization where specified
maintenance actions are carried out [20]. Furthermore, detailed data on the system’s
inherent 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 [21, 22]. These
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factors and variables need to be documented in a proper format. In this work, MS
Excel was used for this purpose.
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Figure 1: Illustration of the steps of the proposed methodology and its supporting toolbox

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 fromthe SIMLOX database. The
component is also capable of applying the different levels (e.g., low and high levels
for a two-level 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 MATLA B through developed
components that restructure the list of control variables into a design matrix, D, that
consists ofa 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 1. 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 ofthe 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].
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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 1’s in the design matrix, ie., 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 responses becomes: i( = XA. The
Ordinary Least Squares (OLS) coefficients of A are obtained by solving A = (X'X)
'X"Y. Using a combination of the last two expressions, it is possible to estimate the

response values according to the following: Y = X(X'X)'X"Y. Then, 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 [23]
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 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. [24]

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 [21] for a further discussion about these
variables, factors, and their imp lications 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 [24] 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
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complexity of the technical systemand 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 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.
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Figure 2: [llustration of the modelled technical system (left side) and its support system (right side)
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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,
[25] 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 concemed with similar problems and solution domains as
those in this study (e.g., [26]). Another effort is the focus on appropriate
methodological support for computer-aided planning and design of manufacturing
simulation experiments [27]. 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 [21]. 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 [21]. 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 [22]. For example, it is possible to construct resolution III designs
for investigating up to k = N — [ variables in only N runs, where N is a multiple of 4.
This 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 [22, 28] for further discussions about fold over designs. A
summary of some useful fractional factorial designs with resolution III from the 2kr
system, related combined designs with resolution IV, and a corresponding number of
runs are given in Table 1.

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 2F factorial design had been applied, 2% %~ 9.22%10"® runs would have been
necessary. Hence, by selecting a full fold over, the combined design is based on an
ordinary 2° 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.
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Table 1: Useful fractional factorial designs from the 2P 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 G4 128 256
(single)
Eesolution I'V fraction
8 16 32 64 128 256 512
{combined)

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., [29, 30]).

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., [31]) turned out
to be unrealistic since it would require 2° ~ 4.5%10"° runs. However, since the study
was of an exp lorative 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., [22, 28]).

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., [22, 28, 31]). 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 high-order interactions are negligible and combine their mean
squares to estimate the error. This is an appeal to the sparsity of effects principle [22],
which states that most systems are dominated by some of the main effects and low-
order interactions, so most high-order 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 [22]. Another example of when
it is impossible to pool high-order 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



8 Peter Soderholm, Ramin Karim and Olov Candell

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 o°, 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 [22] 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 non-
critical 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 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 [24] 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.
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Normal probability plot ROS/ROST Normal probabality plot PNB

099 [
098 |-

095 -
0.90 -

2075

[=]
£ 025

0.10 -
0.05 -

0.02 -
0.01

0.99
0.98

0.95 froveeemeileces
0.90 foovveere B

obabili

0.10
0.05

0.02
0.01 r

0 . 04 06 0.8 0 02 04 06 08
Data Data

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 froma 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, ie., 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.

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
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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
stock-related 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., 2’ =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 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
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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 ICT-based 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.
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6 Discussion and conclusions

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, e.g. as
part of an eMaintenance 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., 21
= 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 enables an analysis of the control variables’
effect on the responses’ variations by using the log(sz) 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
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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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ABSTRACT

Today’s society is dependent on an increasing volume of transportation services, which
contributes to escalating requirements on economy, dependability, safety, and
sustainability of applied transportation systems. When dealing with complex
transportation systems with long life cycles, maintenance is fundamental to ensure these
critical requirements. The increasing requirements and the technological development
have also lead to the emerging approach of eMaintenance, which applies innovative
Information & Communication Technology (ICT) to achieve effective information
logistics for maintenance purposes. This paper describes the role and development of
service-oriented eMaintenance solutions to enable intelligent transportation services and
some related research efforts within railway and aviation.

1 INTRODUCTION

Today’s society is dependent on an increasing volume of transportation of both goods
and passengers. This leads to steadily increase in the need of transportation volumes, as
well as in requirements on economy, dependability, safety, and sustainability of the
transports. To fulfil these needs and requirements, different modes of transportation
have to be integrated and both their systems-of-interest (i.e. infrastructure and vehicles),
enabling-systems (e.g. traffic control systems, ticketing systems, tracking systems, and
computerised maintenance management systems), and enabling services (e.g.
information logistics, support, and maintenance) have to be streamlined and integrated
to provide timely and effective transportation services.

One example of a national effort intended to achieve this desirable transformation of the
transportation sector is the development in Sweden, where the integration of all modes
of transportation are intended to be facilitated through the development of the Swedish
Transport Agency. This agency is working to achieve good accessibility, high quality,
secure and environmentally aware rail, air, sea and road transport. The agency has the
overall responsibility for drawing up regulations and ensuring that authorities,
companies, organisations and citizens abide by them. [1]



Another important contribution is the technological development. The adaptation of
technological advances in the Swedish Armed Forces is one illustrative example of the
impact of new technology, as described by the Swedish Defence Material
Administration [2] in a prognosis of the coming 25 years. In the future, the Swedish
Armed Forces are expected to be a more integrated part of the society that they are
expected to protect, than they have been before.

Hence, in order to solve their tasks, the Armed Forces have to cooperate with other
national and international authorities, organisations, and companies to a larger extent
than before. Another aspect is that there exist many large and complex systems within
the Armed Forces. In the future, these systems will be part of a much larger, complex,
and dynamic system-of-systems. Simultaneously, individual systems are also becoming
smaller (micro and nano scale), highly digitalised, sensor rich, and equipped with
Information & Communication Technology (ICT). Another change is that unmanned
systems (e.g. Unmanned Aerial Vehicle, UAV) will have an increasing role to play.

One example of a national technological effort in Sweden that reflects the scenario
outlined above is the development of a network-based defence, which is coordinated
with agencies for civil security (see e.g. [3, 4]). The origin of this project was the task of
the Armed Forces to integrate all of its service branches (i.e. Army, Air Force and
Navy), while it later expanded to the integration with the agencies for civil security (e.g.
the National Rescue Services Board, the Swedish Coast Guard, and the National Police
Authorities). This information infrastructure is a valuable complement to the Swedish
Government’s ambition to create common principles of electronic data exchange
between all governmental agencies, which should cover the content taxonomy.

As outlined above, one important contribution to the desired transformation of the
transport sector is the research, development and use of intelligent transport services
and systems. In order to achieve intelligent transportation services, information logistics
is one fundamental enabling service that can be realised through enabling systems based
on new and innovative ICT. 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 [5, 6]. Information logistic services need to deal with: I) time management,
which addresses ‘when to deliver’; II) content management, which refers to ‘what to
deliver’; III) communication management, which refers to ‘how to deliver’; and IV)
context management, which addresses ‘where and why to deliver’ [5, 6].

When dealing with transportation systems that are complex and have long life cycles,
one critical application of information logistics and ICT is for maintenance purposes,
which often are referred to as eMaintenance. One 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 [7, 8]. This view can be considered
as a system-oriented approach to eMaintenance, where Web services technology is used
to facilitate integration of information sources that contain maintenance-relevant
content.



There are also service-oriented approaches to eMaintenance that deal with information
logistics and information services as support to maintenance through the adaptation of a
Service-Oriented Architecture (SOA), see e.g. [9].

To achieve proper information logistic solutions, a combined approach that deals with
both systems and services is required. However, most efforts seems emphasise the
system part and somewhat miss the service part. This is highly unfortunate since the
services are the reason that any system should exists. On the other hand, innovative
systems may results in new and unknown services; cf. the Kano model and its inclusion
of known and unknown requirements [10].

This paper describes the role and development of service-oriented eMaintenance
solutions to enable intelligent transportation services and some related research efforts
within railway and aviation.

2 INTELLIGENT TRANSPORT SERVICES AND SYSTEMS

From a lifecycle perspective a system might be viewed as a system-of-interest or as an
enabling-system. A system-of-interest is a system whose lifecycle is under
consideration within a given context, while an enabling-system is a system that
complements a system-of-interest during its lifecycle stages, but does not necessarily
contribute directly to its function during operation [11]. Analogously, a service might
from a lifecycle perspective also be categorised as a service-of-interest or as an
enabling-service, since a service is a set of functions offered to a user by an organisation
[12]. By this convention, transportation is a service-of-interest, while travelling booking
is one example of an enabling-service.

When regarding transportation as a service-of-interest, the mode of transportation is
secondary and depends upon the context of the service consumer, as illustrated in Figure
1. This context is affected by available resources (e.g. time and money), capabilities of
the transportation systems (e.g. speed and accessibility) and state of the surrounding
environment (e.g. accidents and weather conditions). One traditional use of travelling
booking as an enabling service is the advance reservation of a trip through a travelling
agent. In this case, the travelling agent provides some type of “intelligence” by
combining information available from different sources in order to provide a
transportation service that meets the requirements of the traveller. The booking service
is normally provided before the trip is initiated, but can also be adapted to changing
traveller requirement during the trip (as long as the changes occur during opening
hours).
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Figure 1 - Relation between systems of interest and enabling systems within the
context of intelligent transport systems
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Another category of enabling-services is maintenance-related, which can be used to
provide the service consumer information related to maintenance and adapted to the
consumer’s current situation and needs. Maintenance-related information can be used to
increase the effectiveness and efficiency of the transport services and system, but also to
provide the consumer of the transport services situation-adapted information. For
example, information about scheduled maintenance activities on an item within a
transport system, e.g. vehicle and rail, can be used within the maintenance process to
enable opportunistic maintenance in order to reduce the negative impact on current or
planned transports as much as possible. Simultaneously, the same information can be
correlated to spatial data in order to provide better decision-support for a route planning
service aimed at the consumer of the transport service. Hence, the provision of
information services can be considered as essential enabling-services that complement
the transport services and contribute to increased satisfaction of the service consumer.

The two examples of enabling-services described above illustrates the contribution of
human intelligence, which may be defined as a mental quality that consists of the
abilities to learn from experience, adapt to new situations, understand and handle
abstract concepts, and use knowledge to manipulate one’s environment. Artificial
Intelligence (AI), on the other hand, may be defined as the ability of a machine to
perform tasks thought to require human intelligence, which is frequently applied to the
development of systems endowed with the intellectual processes characteristic of
humans, such as the ability to reason, discover meaning, generalise, or learn from past
experience. See [13] for further descriptions of these definitions of intelligence.



Hence, intelligent transport services and systems should, among other things, be able to
adapt to new situations. However, this ability requires information input that is received
from enabling services and systems, which in turn also should be intelligent. The
required intelligence will probably always be a combination of human and artificial
intelligence, even though the latter part often is in focus since it is expected to increase
in importance in the future.

One important feature of the required intelligence is the ability to make a stratification
of service consumers according to their need to access information, their role, hardware
and software costs, and security concerns. This stratification of consumers can be based
on their network interaction and be distinguished in different dimensions, e.g. based on:
the degree of required access (including both the number of participants in the
operational function and the variety of data required); the security requirements; and the
timeliness (or time criticality of the required information support). These criteria may be
used to establish four basic types of network interaction, e.g. specialised interaction;
ubiquitous interaction; secure interaction; and real-time interaction (see Figure 2 and

[14]).
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Figure 2 — Service interaction dimensions and types, adapted from [14]

Specialised interaction involves requirements that are not as extreme as for the other
three types. The requirements for access to information vary with the role and its
information context. As the level of access, timeliness, and security approaches zero, the
need for any form of network disappears.

Ubiquitous interaction often affects a large numbers of organisations, e.g. as support to
resource management activities and supply functions, along with certain transportations
that requires an orchestration of several modes of transportation, e.g. long distance



travel. In general, the multiple participants in the supported travel require similar access
to data and information on all aspects of the travel available on the federated network.

Secure interaction is related to roles that require that both activities and information are
secure, which puts unique demands on the network for interactions among roles and the
information exchanged to be secured both physically and electronically. Most services
related civil security agencies involved in transportation require this kind of interaction,
e.g. police and ambulance.

Real-time interaction is related to roles that require information support that is usually
extremely time-sensitive, e.g. drivers of vehicles and traffic control personnel. Another
example is the transportation of highly hazardous materials that require that very few
participants have access to critical real-time data and are able to share that data among
all involved roles, even when network connections and nodes have failed.

3 ENABLING SERVICES AND SYSTEMS
In order to provide intelligent transport services there is a need of underlying enabling-
services, ¢.g. maintenance, logistics and support.

The provision of maintenance services to various stakeholders, e.g. internal users and
external customers, is highly dependent on enabling-services that ensure the fulfilment
of defined requirements and thereby achieve customer satisfaction. These enabling-
services aim at support to maintenance.

Maintenance support addresses all resources required to maintain a system, under a
given maintenance concept and guided by a maintenance policy. The required resources
include human resources, support equipment, materials and spare parts, maintenance
facilities, documentation, information and maintenance information systems [15]. In this
context, information management is essential in order to enable the provision of
relevant, appropriate, complete, valid, and timely support in the form of information
throughout the system’s whole lifecycle [11]. Managing information relies on
corresponding information logistics.

Information logistics aims 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 [5, 6]. Also in the context of
maintenance of complex technical systems, e.g. intelligent transport systems, with long
lifecycles the importance of appropriate information logistics is emphasised (see [16,
17, 18]). Here, it should be noted that the life of most services are much shorter than
that of the system, which makes it beneficial to have a service-orientation and a high
level of intelligence to adapt the services to new and emerging requirements.

Today, the establishment of efficient and effective information logistics is highly
dependent on the utilisation of Information and Communication Technology (ICT). The
development of ICT-based solutions should consider three essential aspects:
architecture, infrastructure and content ontology [9]. The architecture of a solution
involves the description of the solution’s inherent elements, the interactions between the
elements, their composition guided by patterns and constraints on those patterns [19,



20]. The infrastructure can be considered as the platform that aims to provide features
for the production environment for a solution. The content refers to the any type of data
and information, which are managed by the solution through the underlying
infrastructure. The content is used to enable communication in terms of the transfer of
messages through a dynamic provisioning of channels and medias for transmission [21,
22], see Figure 3.

Information Transmitter J_) Channel J—) Receiver }—) Destination J
source
Noise
source

Figure 3 — A model of communication, adapted from [22]

As within eMaintenance, one approach to define a software architecture is based on a
service-orientation. Service-Oriented Architecture (SOA) presents a vision of a world
where resources are cleanly portioned and consistently represented [23]. SOA is gaining
momentum worldwide by promising agility, mobility, interoperability, reuse and better
alignment with business objectives [23, 24]. In the context of software architecture,
SOA represents a model where business logic is de-composed into smaller elements that
can be distributed [23]. One of the benefits of such elements is that they are autonomous
and can be individually distributed [23, 24]. 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 [23, 24]. Furthermore,
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 [25]. 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. The establishment of SOA-based solutions requires underlying infrastructure
that supports a service-oriented approach.

Service-Oriented Infrastructure (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 a solution [23, 25, 26]. It can be
concluded that SOA, with support of SOI, aims to facilitate integration of ICT-based
service solutions. The integration of services in a solution enables information sharing,
which in return results in efficiency and flexibility in the process of service delivery to
the service consumer [27].

4 SOME RELATED RESEARCH EFFORTS

There are several ongoing research efforts that provide contributions that are relevant
and can be utilised within the domain of intelligent transport services and systems.
Some major contributions are provided by the participants in the collaboration centre
named ProcessIT Innovations at Luled University of Technology [28]. One of the



centre’s latest research proposals aims to investigate new methodologies and
technologies that support an efficient development of embedded lightweight mobile
autonomous and real-time services for integration of service-oriented and process-
oriented solutions [29]. This planned research combines scientific and disciplinary
aspects and focuses on methodologies and technologies that address: formal tools for
efficient real-time software design; extreme low-power lightweight embedded system;
mobile and wireless communications to enable efficient enterprise networks; context-
aware service middleware; value chain information security design; stakeholder driven
services - Living labs; Multi-dimensional (area, amplitude, time and phase) data
generation; sensor and data fusion; information logistics; context driven adaptation;
model-based signal processing and control; and brain-inspired decision models, see
Figure 4.
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Figure 4 — Relationship between scientific and disciplinary perspective in C-
MARS, adapted from (C-MARS, 2009)

In the context of intelligent transport services and systems, the contributions from this
kind of research can be utilised to provide intelligent ICT-based information services in
order to increase the overall systems performance and thereby achieve satisfaction of
the service consumer.

5 DISCUSSION AND CONCLUSIONS

In Sweden there is a new Swedish Transport Agency, which is working to achieve good
accessibility, high quality, secure and environmentally aware rail, air, sea and road
transport. The agency has the overall responsibility for drawing up regulations and
ensuring that authorities, companies, organisations and citizens abide by them.
Therefore, there will be laws, regulations, development of transportation systems and
services, as well as related research that will stimulate the integration of different modes
of transportation.



Simultaneously, the Swedish Government has the ambition to create common principles
for electronic information exchange between all government agencies. Hence, there will
be an alignment of applied content format and ontology, which will provide an
increased possibility to integrate different information sources useful for transportation
purposes. In addition, there is a development of a national networked-based defence,
which will be integrated with agencies for civil security. Hence, information
infrastructures and information architectures on a national level will also be available.
Together, these national ventures enforce a national network-based transportation
system, which by use of new and innovative service-oriented ICT can provide
intelligent transportation services at a national level.

At a national level, information exchange in the context of intelligent transport services
and systems the information logistics is essential, since information logistics addresses
the aspects of when to deliver; what to deliver; how to deliver; and where and why to
deliver. The establishment of information logistics based on SOA and SOI increases the
adaptivity of the inherent information services and enables the transportation system’s
capability to provide intelligent services that are context-aware and situation-aware by
combining information available from different sources in order to meet the
requirements of the transport system stakeholders.
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ABSTRACT

Today’s providers of maintenance and in-service support related to modern aircraft are facing major challenges.
A central problem with maintenance and support of aircraft and other complex technical systems is to manage
the ever-increasing information flow and system complexity. Both military and commercial operators need to
reduce downtime and one way to do this is to speed up the turnaround time for scheduled and unscheduled
maintenance, or even better, to reduce the need thereof by implementing condition based maintenance. In order
to implement these improved support solutions in a global support environment, eMaintenance is seen as one
important building block. eMaintenance includes monitoring, collection, recording and distribution of real-time
system health data, maintenance generated data as well as other decision and performance support to all
stakeholders independent of organization or geographical location, 24 hours a day, 7 days a week (24/7).
eMaintenance has the potential to improve the management and performance of activities related to the
maintenance process, and thereby improve the dependability, safety and life cycle cost of critical systems. This is
realized through the application of Information & Communication Technology (ICT) throughout the maintenance
and support processes, thus integrating built-in tests, external tests at different maintenance echelons, technical
information, diagnostics, prognostics and other sources of support information. The purpose of this paper is to
present some results from a joint academic and aerospace industry research project, describing requirements
and expectations that are important in a global support environment, and also to propose some central
components in an eMaintenance framework that integrates maintenance and ICT perspectives.

1. INTRODUCTION

Aircraft manufacturers, as well as maintenance and in-service support providers, are experiencing ever-
increasing customer requirements to increase dependability and decrease life support cost. A central problem for the
industry is to manage the rapidly increasing information flow that follows the development of more complex and
technologically advanced aircraft systems. Customers are also demanding improved system availability, cost
effectiveness, operational flexibility and tailored worldwide support 24 hours a day, 7 days a week (24/7). This
changing business environment requires new and innovative improvements of support products and services to
satisfy the needs of customer and end user.

Maintenance and support concepts for modern complex technical systems, such as civil airliners and military
combat aircraft, can be described as focussing on optimizing two fundamental and interdependent elements. The
first element is the way in which the design of the aircraft (i.e. the system-of-interest) is influenced to maximize its
inherent availability within available Life Cycle Cost (LCC) requirements. This ensures that the aircraft will have
high reliability and maintainability in relevant operational profiles and support environments. The second element
concerns the design of the maintenance and support system, which provides necessary support during the operation
and maintenance phases of the system-of-interest. The maintenance and support system is an enabling system, i.e. a
system that complements a system-of-interest during its life cycle stages, but does not necessarily contribute directly
to its function during operation [11]. An enabling system provides functions and services to users and other
stakeholders to ensure the proper and efficient function of the system-of-interest. [6]

On an operational level, end-users and managers utilizing the support and maintenance system of a modern
aircraft are confronted with a multitude of computerized functions and information technology solutions. However,
today there is little or no integration of functions and services related to the maintenance and support system, such
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as technical information (publications), maintenance programmes, maintenance plans, job cards, fault localization
support, amendment services, health monitoring, and operational feedback. [4][7]

At the same time, producers and suppliers of maintenance products and customer support services are facing
escalating challenges trying to sustain high quality and increase service levels for increasingly complex technical
systems in an environment characterized by multiple products, suppliers and customers with increasingly stringent
requirements. Hence, both customers and suppliers are facing increased complexity levels regarding information
related to configuration control and change management for both the aircraft and its enabling system. This high
complexity level of information management will hamper the operational effectiveness and drive LCC.

Therefore, suppliers need to change methodologies and processes for information management to be both more
customer-focused and more efficient for internal development and sustainability. New concepts for the application
of Information & Communication Technology (ICT) need to address information quality, lead time, accessibility
24/7, usability and an overall reduction of cost for information management related to maintenance and support.
Capability also needs to be developed to enable more agile and efficient use of new maintenance and support
functions integrated in the aircraft, exploitation of operational feedback, as well as rapid supplier adaptation to
continuously changing customer specific requirements on both hardware and software products as well as services.

2. SCOPE

This paper focuses on a concept for ICT-based products and services for maintenance and support to modern
aircraft operation. However, it is believed to be extensively applicable to similar challenges regarding maintenance
and support of other complex technical systems, e.g. within the transport, process and power industries, as well as
telecom and health care. The paper presents requirements and needs regarding the mentioned products and services
that are important for both suppliers and customers (operators) of modern aircraft systems in a global support
environment and proposes some central components of an information management concept, called eMaintenance
Management Framework (eMMF), that integrates maintenance and ICT perspectives to address the challenges
presented above.

The discussion of the central characteristics of system-of-interest (e.g. aircraft) and enabling systems (e.g. a
maintenance and support system external to the aircraft) uses nomenclature based on established and agreed
international standards [5] [6]. ‘Availability’ is used as a general term referring to availability performance and its
influencing factors: reliability performance (the way the aircraft is designed to eliminate the need of maintenance,
i.e. reducing or eliminating the probability of loss of required functions); maintainability performance (the way the
aircraft is designed to facilitate maintenance, i.e. to retain or restore the aircraft’s required functions); as well as
maintenance support performance (effectiveness and efficiency of the maintenance and support organization).

3. MAINTENANCE WITHIN AVIATION

Experience from maintenance and support system development and real life operations [14], combined with
expectations for future scenarios, stress the importance of supporting the operational capability and competitiveness
through high availability of aircraft (but also other complex technical systems, such as, maritime and ground
systems). Increasing civil requirements on mobility and availability, and military operations from provisional bases
combined with rapidly shifting conditions, increase the importance of information and decision support to personnel
that service and maintain systems in operation.

The aircraft design, as well as the maintenance and support system, needs to be very structured and controlled,
meeting requirements with the overall objective of maximizing the total system capability at the lowest LCC, see
Figure 1. The design of the maintenance and support system itself also needs to take into account other
requirements, such as operators’ requests to consider re-use of existing resources and capabilities (e.g. facilities,
manpower, competencies, ICT infrastructure and standards) and future requirements, operational or product
development requirements, as well as desired levels of self-support.
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Figure 1: Important requirements related to aircraft effectiveness

New technology and innovation also drive development and create new needs. A military example is the so-
called fourth generation combat aircraft, e.g. Dassault Rafale, Eurofighter Typhoon and Saab Gripen. These are
system aircraft with a digital infrastructure and fully integrated computer systems that utilize a common database
through standardized interfaces [1] [10]. The building principle of a system-of-systems supplies an immense
potential for functional development, but also an extremely complex aircraft system [14]. The civilian equivalents,
such as the Boeing 787 Dreamliner and Airbus A350, have focused on ICT as a central component for more
efficient maintenance and support solutions. A central part of this aircraft technology development is advanced
Built-in Test (BIT) systems. The aircraft BIT is constantly being developed to improve safety, maintainability,
testability and supportability of the aircraft as well as to provide health information. This extended access to
qualified data from operation and maintenance provides the technical foundation for condition monitoring,
extensive data recording, test, diagnostics, prognostics and decision support for condition-based operation and
maintenance [14]. These technology trends, together with the pervasiveness of ICT in the maintenance system and
support processes, are also key enabling factors for implementation of remote support services accessible world
wide and 24/7. Nevertheless, the BIT is itself a development that adds further requirements and puts strain on
supporting ICT frameworks and information management processes.

Thus information management and new ICT solutions has become a central aspect and common denominator for
many of the new challenges regarding system complexity, configuration control, change management and
applicability of product information, both for the systems-of-interests and their related support system products. To
meet the increasing demand on availability and to cut costs, maintenance and support actors are becoming more and
more dependant on ICT to provide timely and accurate information. Efficient ICT solutions have rapidly risen as a
key driver for good decision-making and effective operations. One example of an area with great improvement
potential is technical publications. A large proportion of the information support used by maintainers in the
aerospace industry is still paper documents, or ‘paper-on-screen’ solutions (e.g. paper publication suits published as
PDF). All this, despite the fact that new aircraft complexity, integrated digital systems and air-to-ground real-time
communication tools make paper-based approaches increasingly inadequate. This generates unnecessary cost for the
simple reason that maintainers often lack products and services for information support that are adapted to specific
roles and situations, and therefore cannot work as efficiently as possible. [3] [4].

With reference to the problem and solution domains presented above, the concept of eMaintenance presented in
this paper can be defined as a structured and coherent application of ICT in the design of the maintenance and
support system,, coordinated with technical solutions in the aircraft system. The main goal is to create a more
efficient maintenance and support process by optimization of an eMaintenance framework as a part of the enabling
systems, and thereby improve overall system effectiveness,

To secure the performance of an aircraft at a reasonable cost, it is vital that the design of maintenance and
product support concepts is done correctly right from the design phase [2] [11]. The character, scope and allocation
of the support needed, must also be influenced by the customers’ competencies, as well as the environment for the
operation, but also organizational and cultural issues [11] [13]. The overall maintenance process needs to be taken
into consideration, including its sub-processes for management, support planning, preparation, execution,
assessment and improvement (see Figure 2). Hence, the requirements analysis must consider a multitude of aspects,
facts, needs and properties of the technical system, customer requirements and the context for operation and
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maintenance for the given system, supplier requirements and other stakeholders, as well as environment and
legislation.

Yet another aspect is the fact that traditionally the civil and defence aerospace industries have built and sold
systems to operators. Today, this approach is changing and the industry also has to provide services that
traditionally have been carried out by the operators or other third party suppliers. The highest degree of commitment
is needed when delivering total care, or functional products, where the customers are offered availability
performance at a fixed price. One example of this is the requirement of ‘Maintenance Free Operating Period’
(MFOP). These are market driven requirements on an eMaintenance solution, which introduce additional
stakeholder perspectives. [3]

4. EMAINTENANCE REQUIREMENTS

With reference to the material presented above, the development of products and services integrated with ICT in
an eMaintenance solution for support to operation and maintenance of complex systems, needs to address a number
of central requirements such as:

. integration of the system-of-interest and its enabling system, to exploit technological development of
modern aircraft and ICT in efficient solutions for global maintenance and support 24/7,

. Facilitation of configuration control, change management and directive information applicability for both
the system-of-interest and products and services included in the enabling system,

. Integration of role and situation adapted products and services for information and performance support
with high accessibility and usability,

. coordination and integration of consumption and production of information at different phases of the
maintenance process

. coordination and integration of tests, diagnostics and prognostics for condition-based operation and
support at different maintenance echelons

. support to performance-based contracts and functional sales (e.g. power-by-the-hour)
. adherence to international (information) standards.

eMaintenance needs to facilitate support to operators’ and other stakeholders’ work through information and
performance support to the overall maintenance process related to modern aircraft, including ground support
equipment and training devices. eMaintenance also needs to provide a framework and processes for managing
product data and information, maintenance and support information as well as feedback of data and information
from operational and maintenance activities. This spectrum of requirements built on industrial and operator
experience, drives the approach that the improvement of the operative performance and effectiveness of
maintenance and support through the introduction of eMaintenance, need to target all phases of the maintenance
process (see Figure 2).

Maintenance

Management
Maintenance ° 2
Maintenance Maintenance
Support —_ —_—
Planning Preparation Execution
Maintenance ’ Maints e
Improvement Assessment

Figure 2: Sub-processes of an overall maintenance process, adapted from [5]

In order for the aerospace industry to manage the risks associated with these new, diversified and enhanced
solutions in a global support environment, a wide collection of heterogeneous information sources need to be
funnelled and made available for the right user, in the right format, in the right place, at the right time. In the past,
the information flow has been quite rigid and inflexible between a rather small number of stakeholders. However, in
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the future the exchange of information is required to reflect closer working relationships and a more dynamic,
global support environment and deliver efficient and tailored support for decision-making to stakeholders spanning
from Original Equipment Manufacturers (OEMs), sub-system suppliers, through system integrators on to operators,
maintainers and support providers.

Another important requirement that follows on from the character of the challenges presented above is that
information management concepts and application of new ICT solutions within the aerospace industry, to a growing
extent need to be both based on, and capitalize on international standards for structured product data sharing.
Central among these standards are Product Life Cycle Support (PLCS) [12], Sharable Content Object Reference
Model (SCORM) [15] and the ASD (AeroSpace and Defense Industries Association of Europe) specifications suite
of standards for Integrated Logistic Support (ILS); S1000D, S2000M and the emerging S3000L and S4000M.

As discussed above, the overall maintenance process involves sub-processes for management, support planning,
preparation, execution, assessment, and improvement, see Figure 2. These sub-processes consist of different sets of
activities, which are interrelated and adapted to fulfil requirements from different stakeholders. Stakeholders within
the maintenance process consume and produce information when performing different activities. For example,
during maintenance execution, a maintenance technician receives a work order that requires a maintenance action,
and after the performed action the technician reports the outcome. The information from the execution process can
further be aggregated to a context in the assessment process. As illustrated in Figure 3, the maintenance technician
needs to access various types and formats of information through different information sources when conducting a
maintenance action.
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Figure 3: Illustrating the information system needs of a maintenance technician

Hence, one of the main objectives of establishing a platform for eMaintenance is to provide a supporting ICT
environment that improves the performance of the maintenance process by providing seamless and integrated
services for sharing content. It is commonly accepted that data collection and distribution is a major issue in the
maintenance process and a cornerstone in the area of eMaintenance [7]. It is also accepted that there is a need to be
able to convert data to information, and based on this information to generate knowledge valuable for decision-
making. In order to make the right decisions, there is a need to be able to access and manage the right knowledge.
Since knowledge, a term which basically refers to what is known, is not only a summarization of known raw data
through information interpretation, but also implies other artefacts, such as documentation and experiences, the
authors believe that the focus should be on the content and the content sharing in the maintenance process rather
than on data and data processing. [8]

ICT is one of the main prerequisites, not only to improve the maintenance process for complex systems with
long lifecycles, but also to reduce risks, and contribute to a more efficient business process. The utilization of ICT
facilitates content sharing and knowledge management within the processes of the maintenance process, coordinates
the maintenance process with other processes (e.g. operation and modification processes) and links it to strategic
business objectives and external stakeholder requirements In order to offer an effective and efficient eMaintenance
solution, some essential requirements need to be fulfilled by means of an eMaintenance Management Framework

As shown in Figures 5 and 6 the eMaintenance Management Framework (eMMF) is the institution of a
framework, a meta-level model through which a range of concepts, models, techniques and methodologies can be
clarified and/or integrated. The main aim of an eMMF is to facilitate maintenance. The framework 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 is a Service-Oriented
Architecture (SOA) application, created to provide its stakeholders with tailored information for making decisions
on the choice of appropriate maintenance activities.
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The eMP is divided into three levels: Specification, Design, and Implementation (see Figure 6). The
Specification level contains all the information necessary for conducting industrial maintenance. It describes the
identified requirements, which are realized in various ways using notations such as text and models. The Design
level identifies design components that are needed to fulfil the requirements specified in the Specification level.
This level is realized as service components. Finally, the Implementation level materializes the service components
specified in the Design level into the web services and business processes orchestrated for the needs. Each level
consists of one or several groups of components. All components in the specification level provide a platform for
creating other components in the Specification level or they get directly realized on the Design and/or
Implementation levels. [9]

eMaintenance Management Framework (eMMF)

eMaintenance Management Model (eMAMM)

Respositories

‘ Roles ‘ ‘ Processes

eMaintenance Platferm (eMP)

) ‘ Design [ ‘Implemenlminn
Y

= =
Specification || )

Figure 5: Illustrating the substances in eMMF [9]

eMP provides artefacts for supporting the maintenance process, e.g. situation adapted information and services
for performance support [4][7]. Further, we have explored how SOA can be exploited in eMP. Hence, our
conclusion is that the eMP can be utilized to implement an eMaintenance platform in organizations that provide
maintenance of complex technical systems. We believe that eMP also is applicable in any organization providing
maintenance, since it has been based on a generic overall maintenance process.
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Figure 6: Illustrating the substances in eMP [9]

The Specification level contains all the information necessary for conducting industrial maintenance. It consists
of three components: Process, Requirements and Context. The Process component lists and describes the business
processes and actors involved in them. It consists of two parts: Business Process and Actor. 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 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 information should be presented. It consists of two
components: Content Requirement and Interface Requirement.
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The Design level transforms most of the specification components into SOA components. The role of the Setting
Service component is to design choreography for a certain set of services. The role of the Process Service
component is to design a composition of miscellaneous services orchestrated for serving a particular process. The
role of the Content Service component is to design services that implement logic for interaction with different data
sources, such as existing systems or legacy systems. The role of the Interface Service component is to design
services that handle/manage/wrap/adapt interface to other devices such as a portable handheld computer. The
Implementation level materializes the SOA components into the web services 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 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 reactive business processes.

5. CONCLUSIONS

The positive impact of eMaintenance is to be expected on two levels. On one, the ‘maintenance micro-level’, it
will serve as a performance support facilitating hands-on execution of maintenance tasks by technicians, mechanics
and support engineers, by providing a reduced number of interfaces to information sources, improved fault
diagnosis, knowledge sharing and automated or facilitated procedures for technical administration. On the higher
‘maintenance macro-level’, eMaintenance will support managerial maintenance planning, preparation and
assessment, enabling information driven maintenance and support processes, and fleet-efficiency, e.g. aircraft
maintenance programme evaluation, elimination of redundant information and operational monitoring.

There is also the challenge of going from a product-oriented to a service-oriented business strategy. Product-
oriented strategy relies on a transaction/exchange marketing, while service-oriented emphasizes the relation between
provider and customer. A service-oriented business strategy also demands the harmonization of support processes,
such as the maintenance process, to the business’s core process. The business’s core process ought to be adaptable
to the changes in the customers’ value-generating process, and the business’s supporting processes need to be
adaptable to the core process.

Since an eMaintenance platform’s major purpose is to support the maintenance process, the components of the
platform need to be considered from a service-oriented perspective in order to increase its adaptability to the
different parts of the maintenance and support process in different organizations. Hence, eMaintenance can be
considered as a platform for smart content sharing between information provider and information consumer. We use
the term-pair provider/consumer to emphasize that the ICT support to the maintenance process should adopt a
process-centric approach, supporting efficient maintenance and support solutions. In a supplier/customer approach,
the definition of the organizational boundary is important, which is not necessarily an issue of importance for
delivery maintenance ICT services.

The maintenance process has to interact with a number of correlated processes in an enterprise, e.g. business,
operation, information, support, and logistics. Hence, a service-oriented eMaintenance platform should provide
services that can be incorporated and orchestrated to flow of these processes. While the requirements on the
maintenance process vary over time, the architecture of eMaintenance should be constructed to provide applicability
and effectiveness.

With applicability and effectiveness as the two major requirements, it is clear that a Service-Oriented
Architecture (SOA) approach is a prerequisite for being able to design an ICT architecture which will provide
applicable and effective eMaintenance services. Furthermore it should be noted that a Service-Oriented
Infrastructure (SOI) is a prerequisite for implementing SOA. , It is important to be aware that Web Services (WS),
and their related technologies, e.g. WS-BPEL, WS-Transaction and WS-Coordination, are not synonymous with
SOA: SOA is a way of thinking that approaches the architectural issues and WS is technology that is designed to
facilitate the implementation of SOA.

We believe, based on our study of the effects of eMaintenance, that the eMaintenance platform, mainly through
its improvement of the different parts of the maintenance process, impacts on the dependability, safety, and life
support costs of critical systems. Hence, our conclusion is that an eMaintenance platform (eMP) structured,
designed, and implemented from a service-oriented perspective with focus on the business process, increases the
ability to fulfil the requirements such as context-awareness, situation-awareness, seamless information integration
between processes (e.g. operation and maintenance), improved knowledge-sharing, flexibility, extensibility and
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cost-reduction. Further, we can conclude that SOA as an approach and Web Service as a technology can be utilized
to implement service-oriented maintenance services. Loosely connected maintenance services can easily be re-
composed and orchestrated to the new process, situation and context to better fulfil different stakeholders’
requirements.
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