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Foreword

The 10th World Congress on Engineering Asset Management, WCEAM 2015, was
held in Tampere Hall, Tampere, Finland, from 28 to 30 September 2015. It was
organised by the Technical University of Tampere (TUT) and VTT Technical
Research Centre of Finland. A total of just over 130 delegates participated in this
year’s congress comprising academics, practitioners and scientists from 22 coun-
tries, who contributed over 90 papers and workshop sessions. The event comprised
a pre-congress welcome reception followed by the full congress programme which
included six keynote addresses, breakout sessions and panel discussions, a gala
dinner and a closing session on the final day.

The objective of WCEAM is to bring together leading academics, industry
practitioners and research scientists from around the world to:

e Advance the body of knowledge in engineering asset management;

e Strengthen the link between industry, academia and research;

e Promote the development and application of research; and

e Reinforce the critical need for our assets to deliver more sustainable outcomes.

The WCEAM2015 congress slogan was Keep and Grow value. “Value” is one
of the key concepts in asset management. The recent international standard ISO
55000 states that asset management supports the realisation of value while bal-
ancing financial, environmental and social costs, risks, quality of service and per-
formance related to assets. Thus value can take different forms—in addition to
monetary value, the motivations for better management of assets may arise from
environmental or social factors, from skills and competence development, from
mitigation or adaptation to climate change or from sustainability targets. The var-
ious dimensions of value were addressed in panel discussions and in workshops,
and in several conference papers.

For asset intensive businesses, Infrastructure and Asset Management is a high
cost function whose optimisation is necessary to maximise the performance of
assets to deliver profitability and long-term sustainability. There is a realisation that
superior performance can be delivered through enhanced strategic and operating
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decisions made by the board, the executive, and engineering personnel given their
access to high quality information. Recent surveys indicate that 60 % of asset
managers are not confident that the information that is available to them fulfils this
criterion. So decisions made based on this information are also questionable. It is
clear that by improving information availability and quality decision makers
(operational and strategic) are far better equipped to arrive at informed decisions
and therefore better placed to manage profitability and long-term business
continuity.

The management of assets is a complex sequence of tasks now being pivoted on
information systems. We live in the age of the information revolution which con-
tinues through the “Internet of Things”, Industrial Internet, “Internet of Services”,
“Industry 4.0” and “Big Data”, where systems integration and connectivity and
products providing asset intelligence are being contemplated for adoption by owner
operators of asset intensive organisations.

Most organisations aspire to predict asset performance and gear their strategies
and operations in accordance with the plant’s (predictability) profile. Few organi-
sations have reached this stage of maturity, nevertheless it remains a nirvana for
leading visionaries and a key to long-term competitive success. The information
required to manage asset predictability is complex and deep. Industrial Internet
could provide a novel, promising platform in managing assets at this level and its
early establishment would be critical in the journey to a predictable asset perfor-
mance state. A number of this year’s congress presentations largely reflect this
theme. We acknowledge the generous contributions of the following keynotes and
closing speaker at this year’s event:

e Dr. Kari Komonen, Finnish Maintenance Society (Promaint), “Some funda-
mental issues within strategic physical asset management”

e Prof. Jayantha P. Liyanage, University of Stavanger, Norway, “Assets under
uncertain conditions: trends and scenarios”

e Dr. Jari Haméldinen, Cargotec, Finland, “Future of Engineering Asset
Management”

e Prof. Ming Jian Zuo, University of Electronic Science and Technology, China,
“Dynamic modelling of mechanical systems for fault diagnosis and health
management”

e Dr. Johannes Gutleber, CERN, Switzerland, “Particle accelerators—pushing the
frontiers of science and technology”

e Ype Wijnia, Asset Resolutions BV, Netherlands, “The asset management pro-
cess reference model for infrastructures”

e Darren Covington, Mainpac, Australia, “Delivering Operational Effectiveness in
Asset Intensive Industries through Asset Intelligence”
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This year’s congress hosted two panel sessions both of which were convened by
Profs. Kerry Brown, Curtin University and Robyn Keast, Southern Cross
University, Australia. They were:

e ISO 55000 Asset Management, “Provocation or Promise”
e Serious Gaming.

Panellists for the ISO 55000 Panel comprised Dr. Kari Komonen, Finnish
Maintenance Society; Dr. Christoph Heinz, University of Applied Sciences,
Switzerland; Dr. Erik Helmns Nielsen, CEO of Reliasset Denmark; Mr. Alistair
Crombie, GexCon Norway; Ing. Irene Roda Ph.D. student, Politecnico di Milano,
Department of Management, Economics and Industrial Engineering, Italy and
Prof. Joe Amadi-Echendu, Engineering and Technology Management University of
Pretoria.

Questions that were directed to the panel included:

e Do the ISO Asset Management Standards require a new way of working?
e Are the ISO Standards capable of being a blueprint for action?
e What does the future for asset management under ISO 55000 look like?”

Together with Assistant Prof. Rob Schoenmaker, Delft Technical University,
Profs. Brown and Keast convened the session on Serious Games: Simulation &
Learning for Asset Management “Learning to Fish the Common Pool”. Learning
through Games, the session allowed participants to explore big issues through
experiential activities such as:

Expanding skill sets beyond technical expertise;
Integrating operational and managerial systems elements;

e Identifying and operationalising changed emphasis from hard assets to service
delivery through assets;

e Highlighting human dimensions and behaviour, power dynamics, coalition
building, diversity of stakeholder perspectives and agile responses.

The congress also hosted the European Federation of National Maintenance
Societies (EFNMS) workshop on Physical asset management. EFMNS has devel-
oped a workshop programme which helps participants to understand the require-
ments of asset management system and the requirements of physical asset
management at a practical level. This workshop was led by Erik Helms Nielsen
from Reliasset in Denmark and Dr. Kari Komonen from the Finnish national
maintenance society.

The Gala Dinner was held at the Tampere Hall which facilitated added net-
working amongst conference delegates. The best paper award was presented to
Prof. Lin Ma, Dr. Michael Cholette and Dr. Fengfeng Li, of Queensland University
of Technology, Australia for their paper titled, “Reliability modelling for electricity
transmission networks using maintenance records”.
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Best Paper Award ceremony. From Left, Joe Mathew, Michael Cholette, Helena Kortelainen,
Lin Ma, Kari T. Koskinen. Photo Jyrki Latokartano, 2015

This year’s Lifetime Achievement Award for exceptional dedication and con-
tribution to advancing the field of Engineering Asset Management was presented to
Dr. Kari Komonen of Finnish Maintenance Society (Promaint). ISEAM’s Lifetime
Achievement Award recognizes and promotes individuals who have made a
significant contribution to research, application and practice of a discipline or in
engineering asset management over a continued period of time. This contribution
may be a new innovation, new knowledge or ways to improve professional practice
in excess of the norm and have a lasting impact in the field. The recipient must have
exhibited leadership and inspired others on a national or international level.
Dr. Komonen is the third ever recipient of the award which was presented at the
Gala Dinner of the 10th WCEAM.

Dr. Komonen receiving the award from Joe Mathew, ISEAM Chair. Photo Jyrki Latokartano,
2015
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Another highlight of the evening was the performance of “The Professors’
Band” made up of six professors of the TUT, who entertained the delegates at the
congress dinner. The illustrious band was led by the Congress Chair.

The Professors Band. Photo Jyrki Latokartano, 2015

Three post-conference workshops were also held at the VTT premises in
Tampere to discuss “Transformation towards service business in technology-centric
firms” and “Digitization and business models for asset service delivery”. The
post-conference workshops were attended by 100 participants.

All full papers submitted for review, have been refereed by specialist members
of a peer review panel for technical merit and will be published in the Congress
proceedings by Springer Verlag in early 2016.

The Chairs are indebted to the Congress Organising Committee (OC) for the
success of this congress. In particular, we would like to thank Jussi Aaltonen,
Teuvo Uusitalo, Kari Komonen, Jouko Laitinen and Annukka Tiensuu for their
splendid efforts in organising a very successful event.

WCEAM 2015 is the tenth in the annual series of peer-reviewed conferences
hosted under the auspices of the International Society of Engineering Asset
Management (ISEAM) as its forum for exchange of information on recent advances
in engineering asset management. After the inaugural WCEAM in July 2006 in the
Gold Coast, Australia, through the support of various international bodies, ISEAM
has hosted WCEAM 2007 in Harrogate, UK, Beijing, China in 2008, Athens,
Greece in 2009, Brisbane, Australia in 2010, Cincinnati, USA in 2011, Daejeon
City, Korea in 2012, Hong Kong in 2013 and Pretoria in 2014.



X Foreword

The next WCEAM which will be the 11th in the series, will be held in con-
junction with the 2016 QR2SME from 25 to 28 July 2016 in Jiuzhaigou, Sichuan
China, while WCEAM 2017 will be held in Australia. Details will become available
at www.wceam.com in due time.

Prof. Kari T. Koskinen
Congress Chair

Prof. Seppo Virtanen
Co-chair

Helena Kortelainen
Co-chair

Adj. Prof. Joseph Mathew
Co-chair
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Development of Industrial
Internet-Related Asset Management
Services with Customers

Toni Ahonen, Tiina Valjakka, Inka Lappalainen
and Maaria Nuutinen

Abstract An increasing number of product and service providers aim to gain a
competitive advantage through new services enabled by the Industrial Internet. In
order to develop and successfully provide Industrial Internet-related services, a
company needs to build up related capabilities and construct a strong value
proposition in line with real customer needs. This customer and service perspective
of the Industrial Internet has so far been rather little studied. Supporting conceptual
tools are required. The development of the services relies on how well customers’
business and production environments and management of assets are understood,
and therefore this paper proposes a framework that creates necessary new knowl-
edge for the development of new Industrial Internet-related services.

1 Introduction

There is a wide ongoing debate on the new opportunities related to the Industrial
Internet. While the Industrial Internet is claimed to change businesses radically,
many companies are still only trying to get first ideas of what the Industrial Internet
means for them. From an asset management perspective, there is also an
acknowledged need to create more thorough understanding about the full potential
of the Industrial Internet in different domains, and to further understand how cus-
tomers are willing to manage their assets, and what they are ready to pay for and to
start developing collaboratively related services. While effective use of data for
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customers’ decision-making is in the core of the development needs, there are many
sources of complexity and requirements stemming from the customers’ business
environment that need to be understood well. The success factors relating to col-
laboration and better understanding of the customer’s business processes have
actually increased in significance stressed in service research (e.g. Edvardsson et al.
2007; Vargo and Lusch 2008; Lappalainen et al. 2014).

While companies see many new possibilities to create value for the customer,
certain matters are also hindering the service development. One reason for
unsuccessful trials in the past has been that the services have not been sufficiently
integrated into customers’ decision-making processes and the results of the
development work have not been easy to adopt.

The Industrial Internet is expected to result in a significant productivity leap with
new business models created. Productivity gains equivalent to 2.5-5 % are con-
sidered possible from Internet of Things (IoT) applications in discrete and process
manufacturing industries and IoT applications are expected to spread to more than
80 % of manufacturing by 2025 (Manyika et al. 2013). However, Porter and
Heppelmann (2014) state that it is a dangerous oversimplification to suggest that the
Internet of Things “changes everything”. They note that the rules of competition
and competitive advantage still apply. Companies need to find their own per-
spective for the Industrial Internet and develop solutions that fit the concrete needs
of their customers. In order to do this, the service solution needs to be adapted to the
customer’s business drivers and situation. In order to be useful, the service needs to
properly integrate into customers’ production and business processes and their
management. The means to understand value in use for beneficiaries have been
studied rather lot in the service literature (e.g. Edvardsson et al. 2012; Toivonen and
Sundbo 2011). However, related practical conceptual tools are called for supporting
more collaborative Industrial Internet service development.

In this paper we aim to construct a framework to define customers’ business
drivers for the Industrial Internet and the related value-capturing points.

2 Industrial Internet and Related Services
as Value Creators

Porter and Heppelmann (2014) present ten questions that a company should answer
when altering its strategy in a smart connected world. With respect to the topic of
this paper, two of them are the most focal questions: “which set of smart, connected
product (and service) capabilities and features should the company pursue” and
“what data must the company capture, secure, and analyse to maximise the value of
its offering?”. In this brief literature review we discuss these topics in the light of
recent studies on the Industrial Internet and service research.
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2.1 Exploration of the Value Creation Potential

The initial business case to justify the adoption of the Industrial Internet is often
based on incremental results in increased revenues or savings. Early adopters have
started creating solutions for predictive maintenance and remote asset management,
and new means for improving worker productivity, safety and working conditions.
However, there seems to be a common understanding of a need to make visions of
how new revenue streams can be created through new products, services, differ-
entiated customer experiences and totally new business models.

Today’s Industrial Internet solutions are only the beginning of digitalisation that
will go through different industrial systems and enable a productivity leap with all
industrial resources (Owens 2014). However, companies need to adopt thorough
approaches to understanding alternative value creation logics and constructing
related business models based on data. A large installed base with a great amount of
data provides a potential for productivity improvements by, for instance, identifying
productivity gaps through benchmarking across industries (Kunttu et al. 2011).
However, the integration of data coming from different sources and tacit knowledge
often dispersed across the organisation is a challenge. For instance, data collected
by maintenance management systems is, in many cases, underexploited for
decision-making at different hierarchical levels of the asset systems. The potential
for different types of data may be studied at operational, tactical and strategic levels,
and thus within different time horizons (Kortelainen et al. 2015).

Furthermore, it is essential to note that when the value creation logic changes,
the mutual roles of business parties in terms of limited-strong dependency also
change. In our recent study we defined four alternative provider’s strategic value
propositions, which also describe different customer relationships as follows
(1) functionality and the provision of resources on demand with either short- or
long-term contracts, (2) availability-driven partnering with more integrated
decision-making with the customer, (3) performance partnering with the focus on
the overall efficiency of the customer’s business (e.g. Overall Equipment
Efficiency), and (4) strategic partnerships or value partnering where the focus is
moved to the customers’ business and innovative solutions in a holistic or value
network manner. The deepened service relationships increasingly focus on sus-
tainability aspects alongside overall efficiency, and adopt a broader and more
integrated perspective on value creation (Lappalainen et al. 2014; cf. Vargo and
Lusch 2008).

2.2 Customer Involvement and Capabilities Around Data

Customer involvement in new service development is increasingly important. In
service research, where the topic has been studied broadly (e.g. Edvardsson et al.
2012), roles such as ideator, designer, tester and innovator are typically identified.
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Considering the idea generation phase of new service development, as our main
focus, according to Alam and Perry (2002), for instance, customer involvement is
characterised as follows: state needs, problems and their solution, criticise existing
service; identify gaps in the market; provide a wish list (service requirements); state
new service adoption criteria. Since customers have trouble imagining and giving
feedback about something that they have not experienced (Matthing et al. 2004),
product and service developers need to assume a more active role in finding the
relevant information. Matthing et al. state that involving the customer in the
development process of a service helps in learning about the customer’s latent
needs. On the other hand, identifying the customer’s existing strategic needs can be
supported by systematic methods for learning about the customer’s business, for
instance through a value chain analysis or applications of uncertainty management
(Crain and Abraham 2008; Ahonen et al. 2011).

Furthermore, evidence-based decision-making and the development of new
services around data requires totally new capabilities in the organisation.
Companies need to have scientists who can process the data, find patterns, and
translate them into useful business information (McAfee and Brynjolfsson 2012).
Companies also need to have a clear strategy for how to use data and analytics to
compete, and how to deploy the right technology architecture and capabilities such
as analytics tools (Barton and Court 2012).

Based on our brief literature review, we state that there is a need to construct new
approaches to analyse more systematically and collaboratively customer needs,
specifically related to Industrial Internet-related asset management services and
related value-capturing points.

3 Research Design

A qualitative case study approach was selected in order to understand the dynamics
and requirements related to the collaborative development of asset management
services enabled by the Industrial Internet (Yin 2009). Furthermore, we adopted a
constructive research approach in order to structure a framework for gathering
relevant customer understanding.

Our case company is an SME, a family-owned company providing machines,
robotic solutions and equipment with lifecycle service to ensure sustainable pro-
duction for their customers. Highly automatised production equipment with digi-
talization has enabled new service development to optimise customer performance
in a more advanced manner.

Thematic interviews with representatives from the case company and one of
their key customers were applied as the main data collection method. Interviewees
from the case company represented all organisational levels and key roles, such as
owners, development/operation managers, sales and maintenance. In addition, the
owner and CEO of one their key customer was interviewed. The customer was
selected due to their long-term relationship and their strong interest in the
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collaborative and innovative development of services enabled by the Industrial
Internet. Altogether, six interviews were conducted between April and June 2014.
Interviews took approximately one and half hours and were conducted in mixed
pairs of authors to ensure multidisciplinary views. In addition to notes, they were

recorded and later transcribed.

The qualitative analysis was conducted according to five main themes (Table 1).
Then, based on empirical findings we structured a framework for supporting the
construction of mutual understanding between the provider and customer regarding
the needs and potential for Industrial Internet-enabled asset management.

Table 1 Case specific findings

Theme

Findings

Possibilities for common growth

Uncertainty in economy has been recognised to hinder
the investment opportunities among customers, and
thus the hardened competition also requires that a
company’s value proposal needs to stand out in a new
way. The growth opportunities are seen to be realised
in close collaboration with the most innovative
customers with whom it is valuable to study new
business opportunities

Customers’ value expectations

When considering customers’ culture related to asset
management, corrective maintenance is often
emphasised, decision-making is cost-driven and the
value of preventive and condition-based maintenance
is still not fully understood. However, forerunners are
already far ahead with respect to strategic asset
management

Lifecycle thinking is still to be developed and the total
cost of ownership is still not widely considered and
understood. Forerunners and larger companies with
more capital-intensive production take better into
account provider’s feedback and are more
systematically considering the management of the
assets

Customer readiness and expectations
towards the Industrial Internet

Customers vary greatly in their preferences and it
seems that the potential customers for Industrial
Internet-related services are those with great volume
and high availability performance requirements. These
customers are well aware of the methodology for
managing the assets and currently seek easiness in
analysing the production performance and are
expecting more automation for the analytics

(continued)
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Theme

Findings

Capabilities in own organisation for
collaborative development

The most focal issue is how to discuss, further explore,
and affect the factors behind the real problems
experienced by the customers. The ways to
collaboratively analyse the costs and profits in terms
of daily decisions and working methods are still
lacking

The steps towards the Industrial Internet will take
place incrementally, and the case organisation needs to
be ready to develop the offering in line with the
identified steps that the customer is ready to take.
Finding the relevant personnel at different levels of the
customer organisation is crucial. Commitment of the
management is the key issue since the value of the
solutions needs to be derived from the business
aspects as the starting point for the development. The
involvement of field personnel seems important; while
the technical expertise needs to be exploited, the role
in the identification of weak signals related to how
customers are willing to manage their production
assets is regarded as increasingly important

Collection of information about the
customer in daily operations

Currently field operations include a variety of
opportunities to more widely and proactively discuss
the problems and potentials of the customer
production performance. Experienced field workers
already receive much information by walking through
the production lines, with respect to, for example, how
the assets are being maintained and utilised. In
long-term relationships, the experienced field workers
are also very much trusted by the customers. Still, a
systematic approach for further analysing and
elaborating collaboratively the identified potential
needs to be developed

4 Framework for Developing Industrial Internet Enabled
Asset Management Services

4.1 Case Specific Findings and Implications

for the Framework

Table 1 presents the findings from our case study with regards to the five themes
related to the development of Industrial Internet-related services.

Based on empirical findings, it can be concluded that discussions on the value of
preventive and predictive maintenance services provide a relevant basis for building
mutual understanding for deepened collaboration possibilities enabled by the
Industrial Internet. Furthermore, we conclude that lifecycle management issues



Development of Industrial Internet-Related ... 7

need to be addressed carefully in the discussions. There seems to be a great
potential related to, together, increasing understanding of the criticality of cus-
tomers’ assets, identifying the bottlenecks and creating a mutual strategy of how
overall equipment efficiency can be improved.

4.2 Identification of the Required Information
and Knowledge

At the very early stage of the development a service provider should define which
sorts of strategic and operational issues are relevant with respect to the targeted
Industrial Internet service and related customer relationship. The following sections
propose a framework for a collaborative discussion with the customer, directing
further service development.

We have chosen two drivers for rough segmentation of customers’ business
drivers for industrial internet, namely: (1) productivity management and (2) quality
and innovativeness. Quality assurance and cost-efficiency represent low-hanging
fruits of interest for a large number of companies at the moment. More holistic
productivity management and innovativeness for sustainable value creation repre-
sent larger opportunities where a company may gather and utilise data from various
sources to make significant changes in its value proposal and better integrate into
the customers’ businesses. Table 2 shows an example of the segmentation with
respect to high-level drivers for managing the assets.

In order to identify the customer’s position, and specify the value-capturing
points and further investigate the specific needs, capabilities and prerequisites of the
customer, we suggest contemplation of the following issues with the customer.
Here, our empirical results are supplemented with previous studies on asset man-
agement (e.g. Kunttu et al. 2011).

¢ High-level asset management drivers: More thorough knowledge of the
business drivers will support in the identification of the elements emphasised in
the service solutions. The customers may vary with respect to drivers for e.g.
capacity, cost efficiency, quality, safety resource efficiency and non-failure
policies. Table 2 proposes a depiction of the high-level drivers. Customer
specific drivers related to safety, availability, quality, capacity and sustainable
value creation need to be well understood.

e Risks: Management of the safety and environmental risks related to the cus-
tomers’ operational environment need to be understood thoroughly in order to
provide solutions.

e The most focal phenomena related to production: The information-based
service needs to be integrated with customers’ operations and decision-making.
Increased understanding of the relevant decision-making points enables a focus
on the provision of information in purposeful forms, to be directly integrated
into operative practices.
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Table 2 An example of segmentation of customers’ Industrial Internet business drivers

Cost-efficiency

Productivity management

Quality optimisation and
innovations towards
sustainable value
creation

Capital intensive production
with high demand for quality,
combined with flexibility of the
production system to adapt to
market changes and new
innovative product and service
concepts that align with the
increasing demand for
sustainable solutions. The
techno-economic questions and
availability performance
requirements are focused on
delivery time requirements and
energy and resource efficient
management of the assets

Capital intensive production
with high utilisation rate and
high generic requirement for
system availability, combined
with tight competition with
respect to quality. Total cost of
ownership issues and predictive
operations and maintenance are
emphasised. The most focal
techno-economic questions to be
addressed are related to effective
technology-supported
dependability management
practices (with reliability,
maintainability and maintenance
support performance aspects)
throughout the system lifecycle.
The goals for sustainability, with
economic, environmental and
societal aspects in balance are of
major importance and driven by
the market

Quality ensurance

Cost-driven production with a
focus on specialised products
with ensured quality. Companies
are seeking ways to operate with
high energy and resource
efficiency

Capital intensive production for
basic products with high volume
demand, under heavy
competition. Good
understanding of the lifecycle
costs and profits, with demand
for effective optimisation of
those with the help of enabling
technologies and well-allocated
services. Demand for high
availability performance of the
production assets with a focus
on critical system parts
supported by enhanced
technologies

e Life cycles of the customer’s assets: Asset management emphasises an inte-
grated approach, with asset development (capacity and investments), operation
and upkeep of assets. The lifecycles of the customers’ assets need to be known
for profitable value creation opportunities.

¢ Criticality and production structure: The criticality of the equipment con-
sidered from the perspective of production efficiency is dependent e.g. on the
redundancy, integration level and reliability structure of the system and the
value of failure-based production losses. All three aspects of availability per-
formance should be considered here, namely reliability, maintainability and
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maintenance support performance. As the utilisation rate (operating rate) of the
production system grows, the pressure to retain high availability typically
increases. Avoidance of unexpected failures causing significant downtime may
be an important driver for predictive solutions and remote monitoring within
capital intensive industries with high value for a production hour (and down-
time) and high demand for utilisation rates and availability. However, there is
variation across industries and customers with respect to value creation poten-
tial. Therefore, a thorough risk and criticality analysis in collaboration with the
customer may serve as an effective way to form mutual understanding. Thereby,
assets can be monitored and analysed with a more careful focus on the potential
targets with the most significance for the customer.

e Failure behaviour of the assets and needs for different maintenance
strategies: The failure behaviour of production systems is affected by various
factors, such as the lifecycle phase of the production equipment, maintenance
and investment history, stress and process conditions (for instance, temperature
and humidity) and overloads. This information makes it possible to plan a
balanced maintenance programme. To develop an effective maintenance pro-
gramme, requirements based on the customer’s objectives, the characteristics of
the environment, stresses caused by production, and the technology used all
need to be known.

e Complexity of maintenance and opportunities to carry out maintenance
activities: The required maintenance activities required depend on the com-
plexity of the equipment, its structure, the technology, inherent causes for delay
and maintainability. The analysis of complexity may reveal new opportunities
for innovative solutions.

5 Conclusions

Manufacturing companies are increasingly investing in developing industrial ser-
vices and seeking new opportunities in a more customer value-oriented way. The
Industrial internet is seen as an enabler of new intelligent industrial services around
the large amount of data collected from the assets and integrated with other relevant
data and knowledge. However, based on literature review and empirical study, both
scientific and managerial debate about the value creation potential of the Industrial
Internet and related services are still rather coarse even though certain topics, such
as predictive maintenance, have received a lot of attention. Industrial Internet makes
it possible for companies to comprehensively manage and develop the performance
of complex production systems. To reveal the full potential, companies need to
adopt novel ways to collaborate with the customers.

This paper addresses the need for better understanding of customers’ business
when developing Industrial Internet services which seems rather little studied in the
IoT scientific debate. Two main scientific contributions were made by combining
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approaches on service research with recent studies on asset management and the
Industrial Internet. Firstly, based on theoretical and empirical exploration the
framework for segmentation of customers’ business drivers for industrial internet,
namely (1) productivity management and (2) quality and innovativeness, was
constructed to define alternative possibilities for deeper collaboration. Secondly, the
framework was supplemented by relevant strategic and operative issues necessary
to specify the value-capturing points and further investigate the specific needs,
capabilities and prerequisites of the customer.

As the managerial implication the segmentation framework supplemented with
key dimensions for optimising complex production system performance (from an
asset management perspective) provides practical tools for providers and customers.
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Maintenance in Real Estate

and Manufacturing Industries:
Differences, Problems, Needs

and Potentials - Four Case Studies

Basim Al-Najjar, Anders Ingwald and Mirka Kans

Abstract It is about 50 % of the activities in the housing sector in the EU region
are related to maintenance. According to several publications, building management
systems are still quite rare and efficient methodologies for service life prediction of
building parts still need to be developed. Also, recent studies show difficulties in
finding comprehensive answers concerning, e.g. identifying risks and preventive
maintenance actions. Incomplete information can easily lead to incorrect mainte-
nance actions. The problem addressed is: How to improve performance and
cost-effectiveness of the maintenance applied on real estate facilities especially
buildings to reduce maintenance and management costs and increase company
profit? The study’s objectives are to analyse maintenance; techniques, costs,
weaknesses and potentials, and compare it with manufacturing industry experience.
Also, to investigate whether there is a need for a DSS for planning and follow up
cost-effective CBM. The major results of four case studies are; (1) Preventive and
breakdown maintenance are mainly used and actions are funded from different
accounts. (2) The concept of cost-effectiveness is applied occasionally. (3) Lack of
CBM-DSS for planning, follow up and evaluate maintenance profitability, and
cost-effective improvements of company business and tenant living quality. (4) The
profit generated by continuous heating of building thanks efficient maintenance is
about 2.332 million SEK. The major conclusion; there is a reasonable opportunity
to reduce buildings’ management and maintenance costs.
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1 Introduction

It is reported that about 50 % of the activities in the housing sector in the EU region
are related to maintenance, and slightly lower for the “non” housing sector (Silva
et al. 2009). From everyday experience, some of the economic losses that occur in
real estate arise out of acute problems or unnecessary replacements of building
components, such as refrigerators, roofs, windows, doors. To reduce these losses,
maintenance actions may be planned for a building component based on its state
instead of calendar time or age. But, these actions cannot effectively be accom-
plished if the strategy of condition-based maintenance (CBM) is not implemented.
In general, by applying proper CBM, it is possible to utilise larger part of a
component life cost-effectively without increasing the risk of urgent problems.
Research results emphasis that the return on investment in CBM in manufacturing
industry is 5—10 times the invested capital (Al-Najjar 2007). Implementing CBM
provides; effective data management, proper measurements analysis, planning and
executing actions cost-effectively in convenient times (Al-Najjar 2012). Therefore,
a profitable maintenance is that which; ensures a right action is done at right
component/equipment, right time, in a right way and at a right cost which is less
than the losses trigged that action. That there is a strong link between maintenance
on one hand and company profitability and competitiveness on the other hand has
been shown by many authors (Pulselli et al. 2006; Al-Najjar 2007, 2009; Kans
2008; Ingwald 2009). About 30-40 % of all natural resources utilised in industri-
alised countries are used in the real estate/construction industry (Pulselli et al.
2006). It is thus highly relevant to introduce CBM strategy to the real estate
industry. Facilities Management is a source management that combines people,
property and management expertise to provide vital services in support of the
organisation (Nik-Mat et al. 2011; Chen et al. 2013). It is also emphasised that the
aim of Facilities Management should not be limited to simply reducing the oper-
ating expenses of a built facility, but it should focus on enhancing efficiency of the
facility as well. According to Garrido et al. (2012), building management systems
are still quite rare, and efficient methodologies for service life prediction of building
materials still need to be developed. Also, according to Bhavnani (2005), recent
studies show difficulties in finding comprehensive answers for how to identify risks
and preventive actions, because incomplete information can easily lead to incorrect
maintenance operations. Therefore, the problem addressed is: How to improve
performance and cost-effectiveness of the maintenance applied on real estate
facilities especially buildings to reduce maintenance and management costs and
increase company profit? The main objectives of the study are to:

1. Map, identify and analyse maintenance techniques, weaknesses and potentials.

2. Investigate maintenance costs in specific companies within the real estate
industry.

3. Compare maintenance experience from real estate industry and that from
manufacturing industry.
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4. Investigate if there is a need for a decision support system (DSS) for facilitating
the implementation of cost-effective CBM and follow up its performance from
technical and economic perspectives.

For reviewing the past research, a survey in ScienceDirect showed no hits when we
searched for how maintenance is planned and funded in real estate companies;
which maintenance strategies were used; and how to achieve cost-effective CBM in
building. Also, the search gave zero result when we searched for CMB system or
intelligent CBM system for real estate facilities.

2 Phases of the Study and Description of Case Companies

In this study, we use the system theory approach. It aims to specify possible courses
of actions together with their risks, costs and benefits. This is why we consider a
building as a system that can be divided into different subsystems and components,
such as cooling system, pumps and roof. The management system can also be
divided into subsystems, such as maintenance, administration, IT and economic.
The partition of a building in this manner facilitates the data gathering and analysis
to identifying and localising problems, and interactions between sub-systems, e.g.
pump performance, maintenance processes and funding. It also facilitates identifi-
cation of similarities/differences between companies, and estimation of the trans-
actions between sub-systems. The study was planned in the following phases;
mapping maintenance activities; identifying existing maintenance techniques, i.e.
strategies, polices, methodologies and philosophies; and analysing of maintenance;
weaknesses, potentials in four companies within real estate in the City of Véxjo,
Sweden. We also investigate the need for more advance technologies, e.g. CBM, to
provide more cost-effective maintenance. Maintenance in the case companies is
analysed to, among others, investigate and consequently judge whether there is a
need for an intelligent CBM-DSS to achieve: (1) Better use of resources. (2) Fewer
urgent maintenance actions, e.g. repair. (3) Lower maintenance costs. (4) Greater
involvement of buildings’ users in maintenance. (5) Greater satisfaction for the
tenants. In order to achieve the objectives of the study, we analysed companies’
activities in maintaining buildings’ quality to identify, describe and classify the
maintenance techniques applied. It is done with attention is given to maintenance
planning, execution and follow up. The study is conducted through: (1) Identifying
a person of relevant authority and experience, e.g. maintenance chef, from every
company to represent his/her company in the project. (2) Data gathering from
personnel (interviews according to 1 above) and maintenance systems. (3) Data
analysis with respect to maintenance performance, maintenance cost-effectiveness
and experience, opportunities for applying CBM and the need for advanced DSS.
(4) Reporting of analysis results and recommendations. (5) Seminars to discuss the
methodology and results, and to disseminate knowledge and experience. (6) A
workshop to describe and estimate the economic role of maintenance in company
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business. Exploratory principal objectives for this study are to identify, map and
analyse current maintenance techniques and their performance in four real estate
companies that owning about 65 % of the rental buildings in the City of Vixjo.
These companies are: (1) Hyresbostdder and Véxjohem own about 240,000 and
460,000 m’ resp., mainly residential buildings and partly buildings for geriatric
care. (2) Videum owns about 115,000 m> housing area and about 80,000 m? is
devoted for Linnaeus University (offices, classes, laboratories, libraries).
(3) VOFAB owns about 270,000 m” mainly is business area on Vixjé communal
buildings.

3 Data Gathering

In order to achieve the exploratory objectives, an interview template including the
following questions was developed to be answered by the case companies:

1. How maintenance is defined? What maintenance strategies have been used?
Maintenance needs, planning, budget, performance, follow up and
improvements?

2. What are the resources, e.g. skills, materials, time, required for doing mainte-
nance actions? If these resources are not available, how long is the waiting
time?

3. What are the problems that handled by maintenance and can be classified as;
general, regular and rare but costly problems?

4. What are the reasons behind these problems; management, construction, use,
others?

5. What are the maintenance actions that the company take for various reasons

and why?

What are the costs that usually considered in maintenance budget?

How much does maintenance cost annually for the past 3-5 years?

Are the maintenance economic data accessible for analysis?

Does/how a company plan to use/already use, the concept of cost-effective

maintenance? If not, why?

10. Does/how the existing systems fit for planning, follow up and improvement of

maintenance? Otherwise, what is missing? Does the company need a DSS to
facilitate applying cost-effectiveness CBM?

© % N o

Four interview sessions were conducted with a person from each of the case
companies. The interviewed persons were responsible of maintenance (and/or
management) of buildings in respective case company. They possess sound
knowledge, experience and understanding of maintenance. The interviews were
conducted by two persons and recorded to ensure the correctness and quality of the
information that were gathered during the interviews.
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4 Data Analysis

The information gathered from the case companies was analysed considering the
similarity and differences between companies (and also the differences between the
case companies and manufacturing industry) in planning, budgeting, execution,
follow up and improving maintenance performance. The analysis consider also
experience and knowledge that are important in the establishing and running
cost-effective maintenance.

4.1 Comparison Between Case Companies

The case companies have some of maintenance features in common, and the dif-
ferences are:

e Case companies fund maintenance activities differently from preventive main-
tenance (PM), operation/management, repair, damage to property or/and land
management accounts. PM and operation accounts were mostly used.

e Maintenance actions are executed using either company own personnel, external
resources or both.

e The data used for planning maintenance actions; in Videum, measurements from
technical equipment were used. The rest of the case companies use previous
experience.

e The major problems that maintenance handle were also different. Design
problems were usual at Hyresbostdder. But, the most usual problems at Videum
were technical equipment problems, e.g. pumps, compressors, sensors, tem-
perature, fans.

e The causes behind these problems were also dissimilar. At Hyresbostéder,
construction problems were obvious, but at Videum the equipment deterioration
was the major cause, aging was behind the problems at VOFAB.

e Total annual maintenance cost and maintenance cost per m”> were also different.
The cost of maintenance per m” varied between; 130-273 SEK/m? and the total
annual maintenance cost varied between 6.5 and 91 million SEK.

4.2 Maintenance Strategies in Manufacturing and Real
Estate Industries

IT applications have proven effective in the maintenance of constructed facilities
(Ko 2009; Shen et al. 2010). Duarte et al. (2013) claims that maintenance activities
represent an increasingly high cost in any manufacturing system or in different
types of structures. Also, in order to reduce production cost, minimise downtime
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and ensure reliability levels, DSSs should be able to optimise maintenance plans
and ensuring companies meeting their strategic goals. In the real estate industry, a
building is usually partitioned into a number of components/parts, and maintenance
work is scheduled for these components in different time ranges.

The case companies define maintenance: the activities needed to maintain
building quality. They use preferably:

(a) PM; the maintenance actions planned and budgeted annually to reduce the
likelihood of emergencies.

(b) The rest of the activities, i.e. activities that cannot be predicted and planned in
advance, e.g. repairs and replacements associated with emergencies/failures or
based on fault/inspection reporting.

The expenses of the rest of the activities is directly influenced by PM budget and
quality. Although PM reduces the risk of emergencies and accidents, but it typically
leads to two losses due to: acute problems (breakdowns) than happen before
maintenance actions are done, or loss of a part of the life of the component when it
is replaced before its useful life has been exhausted (Al-Najjar 2012).
Consequently, economic losses are generated because of costly failures and
unnecessary early replacements of building components. But, according to
Al-Najjar (1997), maintenance activities in industry are conducted with regard
taken to different strategies:

e At failure by restoring the machine to the same as before (Breakdown
maintenance).

e Using models for regular planning of maintenance actions regardless of real
needs and previous events.

e Based on the machine state, i.e. do nothing until it is really needed. Such
maintenance action is done to avoid disruption when symptoms reflecting
deterioration type and its severity are measurable.

In the first two strategies there is a clear similarity between maintenance expe-
rience from real estate and manufacturing industries. But, the third differs appre-
ciably. In this paper, we define cost-effective maintenance actions as the actions that
result in less acute problems, prolonged component life cycle and shortening repair
time, i.e. reducing owning and operating costs more than what maintenance actions
cost. It is always important to select the most cost-effective maintenance (Ingwald
and Al-Najjar 2012). The selection depends on some parameters. In real estate
industry these parameters can be; building component type and its state, cost and
benefits of maintenance actions, energy consumption, personnel competence,
housing satisfaction and age. To make this selection properly, it demands relevant
and high quality technical and economic data (Ibid).
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4.3 Maintenance Budgeting, Execution and Follow
up in Manufacturing and Real Estate Industries

In manufacturing industry, using CBM, it becomes easier to identify damage in the
monitored equipment, assess its severity and identify-prioritise the components that
must be addressed for maintenance. Therefore, it is possible to plan actions
effectively so that the equipment/components that suffer from wear and tear can be
replaced or repaired in right time, e.g. at a planned downtime (Al-Najjar 2000).
From everyday experience, the determination of time until a maintenance action can
be done using analysis system, individual experience or just subjectively, i.e. based
on instinctive/emotional feelings. In this study, we consider the factors of high
importance in selecting the more profitable maintenance time to be: (1) The size of
the capital tied up in equipment. (2) Existing state of the equipment and the causes
behind deterioration. (3) Rate of deterioration of the equipment. (4) Probability of
failure of the machine given a particular damage under development. (5) Statistical
remaining lifetime when this damage is under progress. (6) Failure consequences.
To continuously enhance company profitability, the main objective of conducting
efficient maintenance should be to enhance maintenance cost-effectiveness.
Feedback from maintenance applications helps to prevent recurrence of the same or
similar problems, which in turn improves the cost-effectiveness of maintenance and
its results and reduces maintenance direct cost (Ingwald and Al-Najjar 2012).
Maintenance direct cost can, in general, be divided into: (1) Man-hours for the
repair/replacement of units. (2) Physical inspection. (3) Consuming material, tools,
equipment, etc. (4) Outsourcing of maintenance. (5) Overhead costs, such as
equipment, offices, management, etc. (6) Invested capital in training, new analysis
software program or system (Al-Najjar 2007).

In the case companies, maintenance budget is planned by prioritising mainte-
nance actions for the greatest benefit especially when it concerns reducing energy
consumption, because it can be measured and followed up. In most cases the
companies use their own personnel to repair building components, such as water
pipes, building facade or component colour. Maintenance personnel also serve as a
source of information when they report every fault they notice during their visits to
companies properties. At two of the four case companies, maintenance activities’
costs are shared between PM budget and operation/management. In one company,
maintenance activities’ costs are shared between PM budget, operation/management
and repair, and in the fourth company maintenance activities’ costs are shared
between five accounts: (1) PM-budget; funding the annually planned maintenance
activities. (2) Operating/management budget is to fund the activities that cannot be
predict, e.g. repair of urgent problems. (3) Repair account; in certain companies
repair account is separated from the other activities that are explained above.
(4) Damage account; it is for funding all injuries occurring on the buildings.
(5) Land-care account; it is for funding the expenses required for land management.
While in manufacturing industry all machines maintenance is funded from one
maintenance budget. External services that bought by companies are quality checked
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using special standard. The quality of smaller maintenance projects within the
company are controlled by the project manager. Staff experience and knowledge are
used for follow up maintenance project activities and improving maintenance per-
formance. But, the case companies lack of a system for systematic and documented
project execution, control and follow-up that is required for achieving profitable and
continuously improved maintenance performance, quality control and quality
assurance of maintenance work, detect anomalies and prevent repetitive problems.

4.4 Maintenance Cost-Effectiveness

In general, companies strive to reduce costs without compromising on quality and
safety. In this study, a maintenance investment is considered cost-effective if it
generates savings in production costs larger than the invested capital, i.e. increases
the value added. This can be achieved by reducing unplanned downtimes through
identifying and eliminating causes behind downtimes which converts maintenance
from a cost- to a profit-centre (Al-Najjar 2007). This is could not be visualised by
using available accountancy systems and software program because they cannot
describe and assess more than maintenance costs, such as maintenance saving,
results, losses. The major reason; maintenance in the available accountancy systems
is considered cost and only cost. In many cases, when several quotations for the
same maintenance project are applied, a quotation is selected based on;
(1) Personnel experience. (2) Amount of energy savings when it is possible to
estimate the savings. (3) Personnel instinctive/emotional feelings at lack of expe-
rience, or (4) Quotation cost, i.e. looking for the cheapest. But, a quotation demands
more investment does not need to be poor option, and not the one that costs less
investment is the best option. Cost-effectiveness of an investment should be esti-
mated (considering the factors that affect or are affected by the investment) on the
long term, i.e. over the entire amortisation period. Therefore, it is possible that the
alternative quotation costs higher investment can be the most profitable mainte-
nance investment. In the case companies, there was no document describing what
cost-effectiveness means when it comes to maintenance projects. But, the practice is
not lacking and maintenance personnel try to do as much as possible within the
budget framework. Also, cost-effectiveness is used as a guideline for selecting what
they call a good! quotation. But, lack of tools and systems required for easy, certain
and effective application and follow up made the cost-effectiveness concept is
occasionally used, e.g. in the projects when it is possible to increase the benefits
through pressing down project costs. Another example, if a company gets two
quotations for one maintenance/operation project but of different costs and lead to
different operation/management costs, the company chooses the quotation that
saves more costs. Also, the case companies select the equipment of larger tied up
capital if it yields less energy consumption justifying the increment in the pur-
chasing cost. Observe! no one knows if it was really economically worthwhile
selection or not, because it usually cannot be followed up to examine the claim of
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cost-effectiveness. But, is it really possible to know with high certainty whether
what is planned or performed is cost-effective without using a reliable model,
effective tool or system for this purpose? The answer is most likely NO (Al-Najjar
et al. 2004). The case companies did not follow up a project and assess whether it
was cost-effective or not due to the lack of such functions in the currently available
systems. However, some companies follow up energy savings. Also, in some of the
investigated companies, the concept cost-effectiveness is applied through:
(a) Identify how the problem has been initiated and how to prevent its recurrence.
(b) Make sure that the solution does not create changes in the structure, and (c) The
project cost is justified by the results quality. This approach represents a way to
reduce maintenance cost as claimed by the case company. Applying this approach,
it is assumed that the identification and elimination of the causes behind high cost
are successfully done, and the result justifies the costs incurred in conducting
maintenance tasks.

It would appear from both quantitative and qualitative data that the case study
company may not be adhering to a systematic approach to making decisions to
replace circuit breakers and isolators. The lack of corroboration between historical
data and respondent narratives suggest that replacement decisions were not con-
sistent between 1999 and 2013. It is puzzling as to why detailed assessments were
not carried to establish the condition of the substations. Instead, the historical data
and responses strongly suggest that the decisions to replace switchgear were made
on ad hoc basis. This brief paper illustrates the suboptimal nature of equipment
replacement decisions, and how this can be exacerbated by inconsistent data and
information.

Maintenance work in the case companies lacks of a systematic way to
pre-evaluate quotations for the same maintenance task/project, and compare them to
choose the most profitable maintenance investment. According to their experience,
what is missing is a system for planning, budgeting, execution and follow up
cost-effective maintenance, and estimating maintenance economic impact.
Currently, the follow-up and evaluation of maintenance investment
cost-effectiveness is based entirely on personal experience. It is done through
comparing a new project with previous one in a subjective way. But, when these
people are retired or moved to another companies, it will be almost impossible to
carry out even such subjective follow up and evaluation.

4.5 Example: Cost-Effectiveness of Energy Pumps
Maintenance

In the case companies, there was no specific information describing the economic
impact of the maintenance of energy pumps although the heating system is running
almost continuously without problems with highest load during autumn and winter.
In this section, we assess maintenance economic importance for energy pumping
responsible of distributing heat to buildings. Hyresbostdder is select due to the
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easiness of data gathering concerning maintenance of energy pumps. The company
has 51 energy pumps of type Wilo, Stratos D40. In this example, we did not give
attention to the relationships between the heat providing company (VEAB) and the
case company purchasing heat for their tenants. Also, we have excluded the impact of
discontinuity of building heating. This is because these issues were irrelevant for the
case company and outside the context of this paper. In order to estimate the economic
benefit of maintenance work on energy pumps, we need to know: average costs,
revenue and profits per property, and maintenance and heating expenses at least for
2012. We aware of it can be a rough estimation if we consider the average costs and
revenue per property, because properties surface areas varies between 1000 m” to
over 20,000 m?>. But as long as there is no more data available, it however, will give
an indication of the economic importance of maintaining energy pumps, and to
motivate companies to gather more relevant data in future. In Hyresbostider:

1. The rental housing were 41 buildings at the end of 2012.

e Heating cost of all buildings during year 2012 was in total 23.6 million SEK.
Average revenue per building was 6.402 million SEK, and from all 41
buildings was 262.482 million SEK, where the heating cost is approximately
9 % of the revenue.

e Average profit per building in 2012 was 0.455 million SEK as the year
results (excluding property sales). The total profit for 41 building was
18.655 million SEK.

e Operating, maintenance and management cost in 2012 was on average
4.593 million per building. This includes costs of building management,
repairs, heating, administration, maintenance, taxes and depreciation. But
due to the lack of information, it does not include the central administration
costs and interest rates that also can be significant costs. The total cost of 41
buildings was 188.313 million SEK.

2. The economic importance of maintaining the heating system is estimated in the
following manner:

(a) Divide the total heating cost (23.6 million SEK) to the operating/
management cost in 2012 (188.313 million SEK) yields 12.5 %.

(b) If we multiply 12.5 % with the revenue in 2012, we get the revenue gen-
erated by providing heat equal to 32.81 million SEK. It means 1 h unplanned
stoppage of the heating system costs about 3745 SEK losses in revenue.
A failure of the heating system may cost the company between 22,470 and
134,820 SEK based on which time in the year (winter or summer), because
in winter it takes longer time. The losses per 1 h stoppage of one pump can
then be 441-2643 SEK, depending on the failure and timing.

(c) Total salary cost of maintenance personnel responsible of the stations of
energy pumps is 0.475 million SEK per year 2012. Heating profit becomes
then: 32.81 (revenue) — 23.6 (heating cost) — 0.475 (maintenance) = 8.7
million SEK (1)



Maintenance in Real Estate and Manufacturing ... 23

Note that spare parts costs, central administration, interest rates and overhead
costs are not included.

(d) We can assess heating profit alternatively through; the average profit per
building in 2012 is 0.455 million SEK (for 41 building, it is then
18.655 million SEK). It means (roughly) that the profit due to heating is:
0.125 * 18.655 = 2.332 million SEK (2)

(e) The difference between the two assessed heating profits in Eqs. (1) and (2) is
probably due to the difference in the cost factors shown in (c) and (d),
respectively. In (c) some expenses are excluded where are they included in
(d). Unfortunately, it was not possible to exactly assess the missing expenses.

The number of energy pumps failures during 2012 was negligibly small, and
avoiding these failures keeps heating process running without disturbances and
economic losses. Therefore, the profit generated due to a continuous building
heating is in the first hand a merit of maintenance staff because they had maintained
the heating process running without failures.

4.6 CBM and DSS to Plan, Execute and Follow
up Maintenance Cost-Effectively

Chew and De Silva (2003), argue that early feedback on poor building maintenance
and construction could prevent recurrence of problems. According to Motawa and
Almarshad (2013), decisions for building maintenance require various types of
information and knowledge created by different members of construction teams,
e.g. maintenance records, work orders, causes and failure consequences. To assess
reliability of a part in a building, the distribution function for the expected time to
failure, mean time to repair and decision time should be properly studied according
to Myrefelt (2004). It demands the same requirements even if we assessing the
reliability of a component in a producing machine. But, the major problems facing
this assessment is the availability of high quality failure data which are not easy to
find, and also possibility of making realistic assumptions at modelling. In many
cases, these two difficulties reduce the certainty in the model appreciably (Al-Najjar
2012). To reduce economic losses, maintenance activities can be planned based on
the condition of each component in the building, i.e. using proper and well
accommodated CBM for building components. This means that the maintenance
will be done only when a real need exists, and not according to a fixed schedule
(British standard BS 3811:1993). Application results of CBM would lead to better
use of resources, smaller number of emergency actions, lower maintenance costs,
greater involvement of building utilizers in maintenance strategy and greater
comfort for the residents, and consequently more profit is generated (Al-Najjar
2007). It possible to find publications introduce systems for integrating different
activities related to maintenance of buildings, but the major focus of these systems
is on integrating databases, data gathering and performance measure assessment
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(Ko 2009). In Shen et al. (2010), the authors present an agent-based,
service-oriented approach for integrating data, information and knowledge during
the entire facility lifecycle. The same thing can be said about (Nik-Mat et al. 2011),
the authors focus on functional, technical and image aspects of maintenance. In the
case companies, the concept cost-effectiveness is occasionally applied because it is
not easy and manageable to apply if there is no system helps in planning, execution
and follow up cost-effectiveness of maintenance projects. Such system can also be
used for more efficient execution of cost-effective and continuous improvement of
maintenance performance. The improvement is now done based entirely on per-
sonal learning process. Therefore, case companies demand is an efficient system
that combines personal experience and intelligent CBM-DSS for applying concept
cost-effectiveness continuously. The experience of maintenance personnel is great
and extensive, but it is not documented. Development of such experience is costly
for the companies and has taken many years to build up. In order to keep this
experience in house, it demands a reliable knowledge-base for preserving the
available experience and make it accessible for all personnel. Maintenance costs
represent a large sum of budget in the case companies. The sum varies among
companies between about 7 and 91 million SEK annually. But at the same time, big
maintenance budget may also mean an additional source to increase the company
revenue. The latter can be achieved through applying a cost-effective maintenance
that reduces maintenance and operating/management costs, and an intelligent sys-
tem for planning, follow up and evaluating maintenance activities and its contri-
bution in a company profit (Holmberg et al. 2009). But, a successful application of
this idea is necessary to confirm this hypothesis in real estate industry.

5 Results, Conclusions and Discussions

Based on the data gathered from the case companies, the analysis results are
summarised as:

(a) Maintenance is well defined in all the case companies but not documented.

(b) PM is mainly implemented to reduce the number of acute problems and
repairs.

(c) Repairs of the acute problems are prioritised based on their consequences and
benefits.

(d) Maintenance activities are funded from two to five different accounts (PM
budget, operation/management, repair, damage/vandalism and land
management).

(e) The funding way of maintenance makes benchmarking of maintenance in the
case companies impossible.

(f) Maintenance work is carried out with the help of internal and external
resources.

(g) Maintenance personnel have good and extensive experience but it is not
documented.
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(h) Cost-effectiveness concept is not documented and it is only used occasionally
and in certain projects.

(i) There is lack of a system required to detect anomalies, prevent repetitive
problems, control and assure quality of maintenance projects, cost-effective
and continuous improvement of maintenance performance.

(G) The profit generated by non-stop heating of building thanks efficient mainte-
nance is in minimum about 2.332 million SEK.

(k) There is a reasonable opportunity to reduce buildings’ management and
maintenance costs.

The planning and execution of maintenance in the real estate industry is somewhat
different compared with the industrial view on maintenance, but the basic needs are
the same. The main notable differences are the way of funding maintenance actions
and the level of technology application. While industry today, apply advanced CM
technology and DSSs, which are not utilised by the case companies. This, among
others, results in experiences and knowledge not being documented, and decision
making with low support from information technology.

It is obvious that carrying on maintenance in the way described in the case
companies will make it very difficult to know whether maintenance performance
was cost-effective or not. Thus, studies to re-arrange maintenance funding accounts,
re-define and determine clearly maintenance activities are demanded. These studies
are important to ease the follow up of maintenance effectiveness and assess its
costs, savings and results. Experience from manufacturing industry is advantageous
to utilise for improving maintenance in real estate companies. Implementing a
cost-effective maintenance and intelligent systems for planning, follow up, evalu-
ation of maintenance performance and estimation of maintenance financial contri-
butions provides a real opportunity for real estate companies to reduce costs and
gain more revenue. Maintenance performance, tools for follow up and evaluation of
maintenance should continuously be enhanced with respect to job quality, cost
minimisation and delivery accuracy. This is a necessity in order to continuously
improve maintenance profitability and increase company profit. Also, it will
motivate maintenance staff to demonstrate the usefulness of their maintenance work
especially economically. The profit generated by continuous heating of building
thanks efficient maintenance is in minimum about 2.332 million SEK. Therefore,
there is a reasonable opportunity to reduce buildings’ management and maintenance
costs. CBM may not be suitable for all building components from the first moment
of application, because it is not possible to confirm availability of the technologies
required for such CM. Therefore, a special study to investigate available techniques,
develop new techniques and implement CM tools and systems to monitor the
condition of specific components will be the next step. Applying accommodated
CBM-DSS for buildings, it may be possible to overcome the constraints detected in
planning, and executing profitable maintenance.
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Reducing the Delivery Time in Food
Distribution SMEs Using a Multi-agent
System

Fahed Algassem, Qingping Yang and Yuen Au

Abstract The service industry worldwide has been facing unprecedented chal-
lenges in terms of delivering products at low cost and with fast delivery speeds.
These pressures have had an even greater impact upon SMEs. The use of
multi-agent systems (MAS) is increasingly being considered as a practical method
of handling the mounting complexity within the supply-chain system which are a
result of competing priorities, multiple options, and issues connected with
decision-making in real time. Such systems offer a real opportunity to improve lead
times, reduce operational costs and therefore enhance business competitiveness.
This study aims to investigate the implementation of MAS within the supply chain
using the empirical case study of a food distribution SME in Saudi Arabia. The case
study indicates that this combination approach can offer considerable performance
improvement in SMEs.

1 Introduction

The food industry is characterised by a large proportion of SMEs carrying out
food-related activities (Mangina and Vlachos 2005). Food distribution firms act as
conduits between food manufacturers and end consumers. These service-based
firms combine activities relating to ‘food’ and ‘service’ (Nabhani and Shokri 2007)
which include procurement, inventory, warehousing, order processing, and cus-
tomer service (Nabhani and Shokri 2009) in order to add value to the product for
the customer. In the competitive environment of the food distribution industry,
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efficient and effective supply chain management is vital. The supply chain consists
of the flow of activities and information from the time materials are sourced until
they are transformed into finished products which are then supplied to customers.
The optimal performance of a supply chain requires the effective coordination of its
functions. Essential to the performance of supply-chain management is the principle
of ‘right quantities to the right locations at the right time’ to reduce unnecessary
cost and achieve the required levels of customer satisfaction. The market pressure is
constantly driving shorter product life cycles which require real time supply-chain
coordination (Rady 2011; Dennis et al. 2008). An enabling platform that provides
real time connectivity and sharing of information and tasks can allow an SME to
achieve rapid agility and global competitiveness, whilst also enabling it to expand
its operational reach and range (Srinivasan et al. 2010). Therefore an MAS-enabling
platform of independent, cooperative agents is proposed that can assist the SME in
reducing its lead times, managing complexity, and delivering an enhanced service.

2 Literature Review

2.1 Multi-agent System in the Supply Chain

The increasing worldwide complexities of supply chains strain the capability of
current enterprise information systems to support the collaborative planning and
control needed in the supply chain (Li and Lau 2005). MAS is an emergent tech-
nology which uses an intelligent agent-based approach to provide a more natural
way to address the complexity of these factors and variables inside a food distri-
bution operation of an SME. According to Di Marzo Serugendo et al. (2011,
p- 111), an MAS consists of a group of independently acting agents in a common
environment. Each agent is delegated individual responsibilities based on their
respective roles in the business process (Ren and Anumba 2004; Park 2005).
Therefore an agent can be assigned with a unique function, for example procure-
ment, inventory, or warehousing. Each unique agent can then initiate and complete
the tasks and activities within the processes of that function, whilst at the same time
cooperating with another functional agent to complete sets of inter-related or
common tasks. This can be of significant assistance to SMEs which have to cope
with the same level of operational management complexity as a larger provider,
especially in relation to navigating the on-going comparison of price policies,
inventory policy management, and prioritising the multiple distribution of orders
and such related changing factors associated with fast moving production and
inventory (Srinivasan et al. 2010).
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2.2 Lead-Time

Time is the most important aspect of performance when addressing the flow of
goods and information (Lamming 1996). Additionally, as Tummala et al. (2006)
state, the concept of delivering “on time” as one of the three most important
measures that affect the quality of supply-chain management. Therefore, reducing
the elapsed time from beginning to end has a significant positive impact on the
operational management and quality of service, and improves customer satisfaction
(Nabhani and Shokri 2009). This positive combination enhances the company’s
competitiveness (Arnheiter and Maleyoff 2005), a quality which is vital for a food
distribution SME.

3 Case Study

The case study is of a SME food distribution company in Saudi Arabia. The
company’s activities includes manufacturing their own products, which have a short
life cycle, making warehousing management a time-critical operation (Mangina and
Vlachos 2005), and sourcing a range of products for final delivery to food outlets.
Initial data collected from warehouse manager reports and driver delivery reports
and investigating a sample of 36 customer complaints identified a series of issues;
these included the high cost of service, late delivery, product quality issues, and
partial and incorrect deliveries, with incorrect billing and inaccurate invoices. Using
Six Sigma, and DMAIC (Define, Measure, Analyse, Improve and Control) to obtain
a root cause analysis of the poor quality of service, several sources were identified.
These included incomplete allocation or incorrect delivery to customers as a result
of poor loading plans, accompanied by consistent late delivery, which resulted in
high costs for the SME. These were identified as the most significant issues to be
addressed. Applying a number of operational improvements to the entire operation
reduced defects by 95 % and average delivery time by 27.8 %, with a subsequent
40 % fall in the number of customer complaints.

Furthermore, the cost per defect was reduced by 48 %. However, the most
significant problem remained; late delivery of orders. The first step was to collect
and measure the beginning to end cycle time (CT) of the food supply chain
(FSC) process using a SIPOC diagram (see Fig. 1). A random sample of 100 orders
were collected daily during a four-week period. The cycle time measured for each
activity in the SIPOC diagram was recorded in minutes (shown in the truncated
Table 1).
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Fig. 1 FSC SIPOC diagram

From this table, the average cycle times for the critical observations of these 100
operational processes (SIPOC) are presented in Fig. 2.

The average length of the delivery time calculated for these 100 transactions was
initially 1380 min; approximately 23 h elapsed between receipt of the order from
the customer, through submission to the sales administration, and delivery to the
customer, so effectively a whole working day was lost just here alone. Once the
order had been received by the administration, the time taken to fulfil it was
213 min. The Sales office then processed the “billing of sales” which is then
collected by the warehouse supervisor; the stock is extracted, packed, loaded and
delivered to the customer. The most significant delay was the average of
1162.32 min from the receipt of the order by the sales person to its submission for
processing. Changing the official office working hours initially provided a tempo-
rary fix (during the DMAIC stage), producing a 29 % improvement in this time;
this, however, was not sustainable. A more permanent solution to overcome the
operational inefficiencies that resulted from the elapsed time is needed. It was
suggested that information technology could be a potential solution (Andersen
2001; Stratopoulos and Dehning 2000; Zhang and Lado 2001). Nevertheless, within
SME:g, IT raises concerns regarding cost and complexity. However, the emergence
of alternate technologies such as the Multi-Agents System introduces a potential
solution that may address these concerns, as it offers, at a lower cost, the ability to
facilitate collaboration and intelligent decision-making in complex dynamic envi-
ronments (Nissen 2001; Swaminathan 1998).
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4 Planning

The next step was to identify whether this software, MAS, with its intelligent
agents, could provide the visibility and flexibility to address this issue of Late
Delivery. Assessment showed that an agent-based option is in fact the most
appropriate solution tool and can support SMEs with its low cost, ease of appli-
cation, ease of use, low maintenance costs, and speed of delivery. The system can
be written in many programming languages which means it is more easily available
to SMEs and is more customisable for them than the various other costly packaged
specialised systems. In order to meet the specific needs of the SME, detailed
planning is required as an essential step in properly modelling and simulating the
system.

The relationships between customers, salespersons, sales office and warehouse
needed to be thoroughly mapped (see Fig. 3). From these findings and analysis, the
initial design and coordination protocols were developed. In this case study, the
decision was made to set up the application for the analysis in JADE using Java
programming.
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5 Analysis

The analysis phase aims to clarify the problem without any (or minimal) concern
for the solution. Nikraz et al. (2006) used the proposed methodology in their work
on the Telecom Italia Lab (TILAB); with it, the analysis phase took place using a
number of systems (‘use cases’), this being one of the best ways to describe the
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functional requirements of a new system. Use case diagrams were used to describe
the interaction of operational participants (‘agents’), and a step-by-step sequence of
their actions (Helming el al. 2010) for each separate business process, for example
ordering, warehousing etc. In this step, an initial list of the main responsibilities for
each identified agent is modelled to produce the responsibility table or diagram. The
diagram below shows a use case with only two groups to reduce the complexity.
The first group consists of the Salesperson Agent, Customer Agent and Sales Office
Agent (Fig. 4). The second group consists of the Warehouse Supervisor Agent,
Worker Agent and Driver Agent. Each identified agent type (termed ‘acquain-
tances’) demonstrates the communication links/interactions that exist (Fig. 4) and
how the agents are connected with one or more interaction. These links and
responsibilities produce the final ‘agent deployment diagram’. The analysis process
is shown in Fig. 4.

6 Design

The ‘Agent Deployment Diagram’ provides the map for the design phase, but
further detail is needed before the generation of the code. Decisions here have a
direct impact on implementation (Xu and Shatz 2003). To avoid the duplication of
tasks among agents that must use the same information or need access to the same
resources to complete their tasks, one essential step is to merge or split the tasks.
Splitting the activities of agents can reduce system complexity and improve system
efficiency as each agent is deployed on a single computer. This next step produced
the interaction table for each agent type with the relevant trigger conditions that
indicates the coding instructions from the “Message Tem-plate” required to express
the behaviours needed to receive incoming messages. The agents’ behaviour then
needs to be modelled from the responsibilities identified in the analysis phase along
with the key objectives; this determines how the agent will act and react based on
the sequence of orders in the process-algorithm (Nikraz et al. 20006). This behaviour
change for food distribution responsibilities is described in a “state transition dia-
gram” which is presented in (Fig.5).

7 Implementation

Thus, the food distribution chain of the SME has been software engineered to
eliminate the identified problems and improve the system. The system can now be
programmed. In practice, as the agents exist in different locations, they will be
programmed in different containers on different platforms to represent the actual
situation. However, in this case study the system was only simulated on one
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computer and all the agents located on the same platform. In addition, each
transaction was manually entered into the system by the researcher to replicate the
real life process in the MAS system, and a full inventory database was populated to
represent the exact state at the time. However, it is not possible to replicate con-
straints that relate to the finite capacity of human and machine resources available,
scheduling to compete for specific machines that have other software loaded within
the firm, and job routings, daily demands and due dates. Furthermore, the inherent
conflicts and delays that may occur between applications installed on desktops in
real life systems are not replicated. However, time buffers have been placed at each
stage of the process to compensate for these.

8 Results

Using only this multi agent system programme, over 100 simulations of orders were
performed; the results were obtained and compared with the original times. Results
in Table 2 demonstrate a significant reduction in the cycle time required to deliver
orders to customers during official working hours from a total of 1380 to
145.36 min. In principle, this demonstrates a 9-fold improvement in the total time.
There was a reduction in elapsed time from approximately 23 to 2 h for the entire
cycle, which is 10.31 % of the time that was initially taken. Such a considerable
improvement in delivery time would result in a direct measurable improvement in
customer satisfaction and cost.
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9 Conclusion

Food distribution SMEs face the same wide range of operational difficulties in
managing their supply chains as larger firms but without the scale of resources and
finances. The case study demonstration of a real life issue indicates that in principle
the use of MAS in food distribution SMEs could substantially improve the oper-
ational communication performance in relation to the multiple and complex
input/output of information, and the corresponding sequence of decisions and
actions to reduce the cycle time and delivery time, thereby increasing customer
satisfaction. The significant improvements demonstrate the effectiveness of the
multi-agent system in this SME food distribution chain. The scale of the
improvement achieved after the DMAIC is a strong demonstration of this. It is
important to note that this is only a demonstration, albeit using real life data, and
that an agent-based system is not necessarily a ‘one size fits all’ solution within an
SME in food distribution. However, in view of the scale of improvement seen and
success of this methodology in this specific case, it is recommended that serious
consideration should be given to its implementation in SMEs in other service
industries.
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Stagewise Process Towards Collaborative
and Value-Driven Decisions
in Maintenance Networks

Maaren Ali-Marttila, Salla Marttonen-Arola, Antti Yli-Kujala,
Juhani Ukko, Tero Rantala, Tiina Sinkkonen, Sanna Pekkola,
Minna Saunila, Olli Pekkarinen and Timo Kérri

Abstract Maintenance services are created increasingly in business networks, but
value management is still too often supported by separate tools used by single
companies. The aim of this study is to find out how the value of industrial main-
tenance services can be identified and modelled considering the views of each
business network member (e.g. the customer, maintenance service provider and
equipment provider) and how the multiple views can be used in collaborative
decision making. The paper presents a three-stage process that supports the
maintenance service network member companies’ way towards more collaborative
and value-driven decisions with the help of the tools created in a project called
MaiSeMa. By increasing the collaboration level of the different parties, the value
potential of the created tools and also the network increases.

1 Introduction

In this paper we discuss the management of value in industrial maintenance service
networks. The tightened competition, outsourcing of support services and serviti-
sation of industrial companies have resulted in maintenance service networks
consisting of customers, maintenance service providers and equipment providers
(Ahonen et al. 2010; Broedner et al. 2009; Marttonen et al. 2013; Tarakci et al.
2009). This new network setting has created value potential, but it is still somewhat
hidden, as the existing management tools and methods are mainly used by single
companies which do not take the collaborative context into account. Therefore,
novel value management tools are needed to support the collaborative decision
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making between the network partners (e.g. Ahonen et al. 2010; MacCarthy and
Jayarathe 2012; Panesar and Markeset 2008; Reinartz and Ulaga 2008).

Maintenance services are a complex research setting, where different fields of
know-how interconnect and the total value comprises different accountable and
non-accountable elements (e.g. availability, safety, reliability, and quality)
(Ali-Marttila et al. 2015; Liyanage and Kumar 2003; Ojanen et al. 2012; Toossi
et al. 2013). In addition, the value is very case-specific and depends on the
maintained process, and therefore it is important to identify, model and make
collaborative decisions to get a comprehensive angle of sight to the value created in
a maintenance network.

The research project MaiSeMa (Industrial Maintenance Services in a Renewing
Business Network: Identify, Model and Manage Value) has studied how the value
of a maintenance service can be identified and modelled to each of the business
network member. The project has created value management tools to support the
decision making at different levels in maintenance service collaboration and pro-
mote openness and trust. Based on the overall findings, we now construct a
stagewise process towards more collaborative and value-driven maintenance net-
works with the help of the tools created in project MaiSeMa.

Our research questions are:

e How should the developed tools be used in decision making to exploit the value
potential created in service networks?

e What benefits and challenges have been identified when moving towards more
collaborative and value-driven decisions?

By increasing the collaboration level of the network parties, the value potential
of the created tools and the network increases. The maintenance service operations
can be improved when the different parties of the maintenance service network
participate and create a bigger picture together instead of just sub-optimizing from
one party’s perspective. Mutual trust and openness created over long-term rela-
tionships are the key elements in moving towards more collaborative and value
creating networks (Kajiiter and Kulmala 2005; Panesar and Markeset 2008).

The paper is structured as follows. First the research design of the project is
presented. Then the created tools are introduced, followed by the stagewise process
and discussion on how to utilize them in the collaborative context. Finally, con-
clusions sum up the main findings, with future research objectives.

2 Research Design

The research is divided into four phases, which are presented in Fig. 1. First the
value of maintenance services is identified for the different parties of the network.
Based on the identified needs, in the second phase the value is modelled and value
management tools are created to support the decision making. In the third phase, a
process is created to support the usage of the created tools. The third phase provides
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Support the
Identify the Model the usage of the Manage the
value value created network
tools

Fig. 1 Different phases of the research

an answer to the research questions in this paper by integrating the different
decision making tools developed in project MaiSeMa into a stagewise process
where the different parties of the maintenance network can participate. In the fourth
phase, network management is in control of the companies.

The research has been conducted as a case study where two maintenance
business networks form the case. The first network operates in mining industries,
and the other in energy industry. Overall, seven case companies have participated in
the project. The case companies include maintenance customers, maintenance
service providers and equipment providers. The tools have been tested reciprocally
in both networks.

As the research setting is quite complex, we have utilized both quantitative and
qualitative research methods. The research data included written assignments of the
representatives of the participating companies, documented focus group meetings,
financial statement analysis, analytical modelling and simulation, as well as a
survey and interviews. As a result of the first phase, a value profile tool and a
maintenance offering framework were developed. In the second phase, additional
three tools were created, a life-cycle model (LCM), a flexible asset management
(FAM)-model and a performance measurement system (PMS) for network level
value.

3 Realizing the Value Potential of the Maintenance
Network

3.1 Identifying and Modelling the Value—Developed Tools

The value potential of service relationships and the network setting is often still
hidden, as the existing value-driven processes and methods do not take the col-
laborative context into account (Ahonen et al. 2010; MacCarthy and Jayarathe
2012; Panesar and Markeset 2008; Reinartz and Ulaga 2008). In project MaiSeMa
we have created novel value management tools that support collaborative decision
making between network partners and enable also network level value creation, as it
is the core of service relationships (Lindgreen and Wynstra 2005; Vargo and Lusch
2008; Walter et al. 2001). The main features of the created tools and frameworks
can be seen in Table 1 where the managerial implications, openness and collabo-
ration level required, as well as the view towards value are summarised.
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Data from the different maintenance actors suggests that a single service provider
is rarely the optimum case for maintenance. Often, maintenance companies have
certain key competencies but lack knowledge on other areas. With multiple actors,
key knowhow on different systems could be better utilized. Also, many customers
have their yearly shutdowns simultaneously, which causes momentary lack of
maintenance workforce. A smarter way for organizing maintenance operations
locally could enhance the timing challenges. Due to these characteristics, we pro-
pose a networked maintenance offering (NMO) framework. Within a NMO, a
locally established maintenance network, actors share their key competencies,
individual needs, scheduling information, etc., in order to outperform the traditional
way of individual maintenance operations. Some level of data sharing, e.g., costs,
across different actors is necessary within the NMO. An ideal case for a NMO
would be an open books type of business.

The Value Profile tool (see Ali-Marttila et al. 2015) has been developed to
support the identification of the value creating elements for each partner in main-
tenance service relationships. First the customer and service provider or equipment
provider rank the most important value creating elements (e.g. safety at work,
technical quality, reliability and knowledge) in the specific maintenance service
case. Based on the responses, a value profile is drawn into a radar diagram and the
partners can then discuss the elements and gain mutual understanding about the
value creating (both tangible and intangible) elements in the relationship. The value
potential of the relationship is realized after mutual understanding has been put into
action with commonly measured target values for the elements, regular monitoring
and long-term development.

LCM is an Excel-based, long-term planning and decision-making tool for
industrial maintenance management (see Sinkkonen et al. 2014). Although LCM is
designed particularly for managing an item (i.e. an asset or alternatively multiple
assets) in networked environments, it can be utilized by a single organization as
well. Depending on the data entered (e.g. maintenance costs, product-related data,
production-related data etc.), LCM calculates a variety of results and figures, of
which the cumulative net present value of maintenance (CNPV) and the benefit-cost
ratio (B/C-ratio) where it is shown when maintenance profits exceed its costs, are
the most important ones. Both CNPV and B/C-ratio are presented individually for
each network partner on an annual basis. If there are significant differences in the
values of CNPV, i.e. economic gains have been spread unevenly between the
partners, collaborative actions should be taken in the spirit of open-book accounting
to share the benefits more equitably in the network and to promote the competi-
tiveness of the whole network.

The FAM-model is an analytical tool for studying the connection between asset
management and profitability with simple mathematics (see Marttonen et al. 2013).
The model shows the impact of fixed assets and working capital on the return on
investment and can be used e.g. in maintenance contract negotiations or investment
portfolio planning. The focus is on a tangible monetary value that is addressed
through the return on investment. The value potential of the model can be realised
in network-level collaboration through various agreements on the use and
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ownership of assets. A practical example of this is using joint spare part stocks to
increase the productivity of invested capital in the network.

It can be stated that if companies aim to create value through collaboration, the
collaboration needs to be managed and measured to avoid organisation-level
sub-optimisation (Varamaiki et al. 2008; Verdecho et al. 2009). For that reason a
process model for the design of a PMS for the industrial service network has also
been studied in the project (see Ukko et al. 2015). The phases of the process model
are presented in Fig. 2. The comprehensive performance measurement system can
be used for example for controlling and steering the operations of the service
network, detecting problems and predicting future operations. In addition, the PMS
can be used to develop the content and quality of the services and make the pricing
of them more objective. Successfully designed and implemented PMS can also be
used for rewarding and creating competitive advantages. In the right context the use
of a PMS as a part of managing the service network supports the value identifi-
cation for all members. By identifying and measuring the process, the most
important value elements can be made visible and the operations of the network can
be managed in a way that they create value for all members. Thus, the value
potential of the service network can be captured by measuring right elements in the
right content.

The MaiSeMa tools form a toolbox that can be utilized to promote openness and
trust, either as individual tools or a process where different companies of the
network participate collaboratively. Next we present the stagewise process of how
the toolbox can be utilized in collaboration with different network parties.
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Fig. 2 A process model for the design of a performance measurement system for an industrial
service network (Ukko et al. 2015)
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3.2 Three Stages Towards Collaborative and Value-Driven
Decisions

When developing the tools and methods for value-driven decisions in the mainte-
nance network, we noticed that the existing collaboration level affects greatly the
value potential that can be realized with the management tools. By increasing
the openness and collaboration level of the different parties, the value potential of
the created tools and the network increases. However, increasing the collaboration
level and mutual trust does not happen overnight. It requires openness and
long-term network relationships, like Kajiiter and Kulmala (2005) and Panesar and
Markeset (2008) point out. For fruitful collaboration, also initial willingness of
network level partnership is required and that transition will occur step by step as
mutual trust grows within the network (Ahonen et al. 2010). Therefore we suggest a
stagewise process of how companies could utilize the created tools to support the
transition towards more collaborative and value-driven maintenance networks and
to realize the hidden value potential. Figure 3 presents an overview of the process. It
should be noted that value can be co-created through every stage, but the underlying
value potential grows as the collaboration level increases.

The first stage is the starting point for network-level value creation. In the first
stage the participants can explore what others want from the relationship and
whether they are ready to boost their collaboration. This gives the response to the
question of whether the companies are ready to create value together. To find this
out, the companies can use the network level maintenance offering and value
profile. With the value profile the possible value creating elements can be identified,

Value potential

Stage 1 Stage 2 Stage 3

Collaboration level

Fig. 3 Stagewise process for using value-driven tools to promote openness and trust between
network partners
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and based on that the foundation for collaboration scouted. It is up to the partici-
pating companies if they want to go further and fulfil the elements in collaboration
or not. The collaboration level for the first stage is low, as there is no need to open
data. If the participants want to get more out of the profile and realize the value
potential, the needed collaboration level gets higher as the target values are jointly
revised and the relationship developed over the long term. The first stage provides a
context for the collaboration.

After the co-operation between the parties has been established and trust devel-
oped over medium-term collaboration, and the parties are ready for sharing some
sensible data like costs and profits, they have moved to the second stage. However,
at this stage the sharing of information can be still quite regulated and controlled so
that the benefits and risks are clearly defined for each party. The created LCM is a
common tool for planning maintenance operations together to gain benefit for each
member by increasing the value of the whole network. To reach this win-win
situation and exploit the full value potential, the customer, the service provider and
equipment provider must work in close co-operation. This open book idea makes it
possible to reach the best possible benefit for each partner. The FAM model, on the
other hand, provides an opportunity to share benefits by sleeking the asset structure
over the whole network. As in the previous stage, also here the value potential
achieved is dependent on the level of openness between the network parties.

In the third stage of the stagewise process mutual trust is already developed over
the long term, collaborative practices are established and the different parties of the
network have initial willingness to build mutual goals and network level PMS. The
network should be transparent, and relevant data access allowed for all network
members (Ahonen et al. 2010). When exploiting the full value potential, the net-
work makes joint decisions based on the network level PMS, and openness and
trust-related issues are not just regulated with contracts but there is true interest in
doing business together and increase the competitive advantage of the whole net-
work. As Varaméki et al. (2008) states, network level PMS is needed to avoid
sub-optimisation of organisations.

4 Conclusions

The new network setting of maintenance services provides an opportunity for
collaborative decision-making and optimization of the whole network.
Collaborative decision-making can create value for all business network members:
the customer, maintenance service provider and equipment provider. However,
collaboration between network members is not self-evident. Openness and trust are
required. These are challenging issues for companies, as mutual trust grows step by
step within the network. Therefore openness and trust between network members
are formed over long-term relationships.

Previous research has concluded that network-level management tools are nee-
ded. This paper contributes to the discussion by addressing the prerequisites needed
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from the network partners to adopt these tools in the maintenance context. We have
presented a stagewise process with multiple tools that support the maintenance
service network companies’ transition towards collaborative and value-driven
decisions over the long term. If the collaboration level is very low between the
parties, the value profile tool and maintenance offering framework can be utilized to
identify the value creating elements for each party. This is the starting point for
better collaboration. In the second stage, mutual trust is already gained at some
level and openness of data can be considered. Here the modelling tools LCM and
FAM can be utilized to plan network level benefits and asset management. The
third stage is for collaboration developed over the long term, where the different
parties are committed to developing the network, and collaborative practices are
established. Network level PMS is here a tool that can be used to unhide the value
potential of the whole network. By increasing the collaboration level and openness
of the network stagewise, the overall competitive advantage of the network can be
increased, as the hidden value potential is taken into use. The network is no longer
only sub-optimized from one party’s perspective.

The created tools can be utilized also as individual tools and at different points of
collaboration as stated here, but to get the most comprehensive view, the stagewise
process should be followed, as in other points the openness of data or trust might
not be on a required level. Even with mature networks, the stagewise process and
different tools from each stage are recommended to be regularly checked and
revised to see if the collaboration and value creation are optimized for each party
and at the network level.

The research has some limitations. To support the decision making as effectively
as possible, information technology should support the management practices
(Bititci et al. 2012; Franco-Santos et al. 2007). However, the created tools are
currently separate pieces, as data management has not been in focus. Therefore,
further research is needed to build a joint platform for the stagewise process tools
with a common database. Another future research implication would be to imple-
ment the stagewise process into an existing network and follow the exploited value
potential over the long term.
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Development of the Mathematical Model
to Optimise Preventive Maintenance
Activities for Service Organisations

Barrak Alsubaie, Qingping Yang and Joe Au

Abstract This paper presents an approach for optimization of preventive mainte-
nance total cost to address both quality and reliability issues simultaneously in a
single-objective environment. The concepts of operation optimization, reliability
and quality loss are brought together to build the model. The proposed approach
can determine optimal maintenance interval and minimize the combined preventive
maintenance cost and quality loss, ensuring reliable, robust, and concurrently
cost-effective product design by satisfying all the desired quality characteristics.
The technique is advantageous because it allows setting and achieving the target
values for the quality characteristics, obtaining the expected values by minimizing
their variances, and at the same time ensuring that the design meets the reliability
target.

1 Introduction

Preventive maintenance involves repair, replacement, and maintenance of equip-
ment and products before their failures in order to avoid unexpected failures during
their use. The objective of preventive maintenance is to minimise the downtime of
equipment. However, excessive preventive maintenance results in unnecessary
costs. Therefore, an optimal preventive maintenance schedule exists that minimises
the total cost of repair and downtime of equipment.

Preventive maintenance as it affects on-line quality control system may involve
two areas of applications (Taguchi et al. 1989). The first is the quality control of the
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products or equipment characteristics. The second is the reduction of the expected
failures of the machine during the operation. A machine may fail if it is not able to
meet the quality requirements. A machine failure may also be a sudden breakdown
of the machine during operation. The failure of either type can be reduced by
employing preventive maintenance schedule. However, both will add costs in terms
of down time and repair/replacement. Traditionally, these two activities have been
optimised independently (Pandey et al. 2012). However, researchers have shown
that a relationship exists between maintenance and quality (Pandey et al. 2010), and
the joint consideration of these two shop-floor policies may be more cost-effective
in improving the system performance.

This paper focuses on the development of an integrated model that can be used
to minimise the expected total cost of preventive maintenance (PM) action by
considering both maintenance cost and quality loss. In general low maintenance
frequency, low reliability indicates that the variability of the product characteristic
will be high resulting in poor-quality and high quality loss. On the other hand,
increase the frequency of diagnosis means that the variability of the product
characteristic will be less, resulting in better quality and reducing quality loss, but
increasing the preventive maintenance cost. Hence the total cost that consists of
quality loss and PM cost is applied to find the most economical and efficient way of
determining the maintenance intervals.

2 PM Total Cost Mathematical Model Developments

The total cost model for variable characteristics considers the following costs and
losses as the yardsticks for the evaluation of quality losses cost and PM cost of the
preventive maintenance system:

Total Cost (TC) = Diagnosis cost + Preventive maintenance cost + Quality loss cost

()

2.1 Assumptions and Notation

The following assumptions are made in the model development:

1. In the period of PM, breakdown maintenance will be performed after equipment
breakdown. This activity cannot change the system failure rate.

2. The time of down time after equipment breakdown can be ignored.

3. The quality characteristic of the product is maintained very close to its target
value and hence the reworked components will not have any quality loss
(Table 1).
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Table 1 Notation

y The quality performance of the considered quality characteristic
TCy (tpm) PM cost as function of maintenance interval
Cc Total cost which is a function of maintenance interval ‘tpm’
Checking interval (to check the amount of deviation)
k Cost coefficient of quality-loss function
A Value of the loss at which PM should be performed
z Number of machine Co PM fixed cost
tpm maintenance interval CPRM,; PM average cost of machine j
m Target value cf; Repair cost of machine j
n Process mean o2 Mean squared deviation
a2 Measurement error r Gamma function
L Quality loss function Fo Failure probability control limit
Cheas Measurements cost PM Preventive Maintenance
B Shape parameter 0 Scale parameter

2.2 Diagnosis Cost

The average cost associated with diagnosis, i.e. carrying out measurements from
time to time:

Cmeas
o @)

n

2.3 Preventive Maintenance Cost

The model (cost-based approach) suggested by (Das et al. 2007) is considered for
this cost.

z zZ oy B
TCy(tpm) (C0+ 21 CPRMJ’) + 21 CJ?(ZITJ) : )

tpm tpm

2.4 Quality Loss Cost

Due to the variation of product performance, a quality evaluation is needed. One of
the quality evaluation systems is based on the concept of quality loss. Quality loss is
the loss to the customer incurred when the product performance deviates from the
customer-desired target (Taguchi 1986).
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The loss may be estimated by the quality loss function. The quality loss function
is a way to quantify the quality cost of a product on a monetary scale when a
product or its production process deviates from the customer-desired value for one
or more key characteristics. Even though researchers have attempted to construct
different types of quality loss functions, there is a general consensus that quadratic
loss function may be a better approximation for the measurement of customer
dissatisfaction of product quality (Taguchi and Rafanelli 1994). Assuming that m is
the customer-desired target, the quadratic loss function (L) is defined as Eq. 4:

L(y) = k(y — m)’ (4)

The expected quality cost is
ElL] =k (u—m)2+az} (5)
Equation 5 can be expressed as:
E[L] = kao* (6)

We propose to use the failure probability, F;j(), as a novel generic ‘quality

characteristic’. It gradually drift away from zero, the squared deviation ¢? is given
by the following integral:

1

2 2

=—| F;(t)°dt 7
o= | B0 (7
0

The probability of occurrence of machine failures is captured from past failure
data is used on the Weibull distribution, it can be written as:

Fi(t) =1 —exp[~(1/6)]", (1,6,,) >0 (8)

F;(1), is the cumulative failure probability of machine j at time #pm, for Weibull
distribution.

This section is intended to determine the sum of the quality losses that arise
under the following circumstances:

1. For the loss associated with the products before reaching the adjustment limit:

Based on Eq. 7, the average mean squared deviation & is given by the following
integral

tpm B;
1 ()
ad=5=—|[ [l—e \" | a (9)
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2. Deviations observed from the target when the quality characteristics are found to
be out of control limits; and
If the characteristic is found to be out of control during the diagnosis at interval
of n months of time, then the average time the parameter is outside the control
limit is n/2. So, the mean squared deviation in this case becomes:

2
2. E) Fy 10
% (2 tpm (10)

3. When the system under study is prone to measurement errors.
Measurement error is an independent source of variation, causing an increase of
quality loss by:

Ly = ka?, (11)

Adding all the costs of the quality losses together and using Eq. 6, we now
present the objective function of the losses per unit time:

2

tpm B

i )
/ t—e W | ar+ (3)F3+ a2 (12)
0

The value of the constant k, we can take the LD50 point as the value at which
50 % of the people would do the preventive maintenance. When the failure
probability goes above Fy, the preventive maintenance at an average loss of A, so
the value of the loss function at y = Fj is approximately A. We can therefore
substitute A for the left side of Eq. 6 and Fy for y on the right side, obtaining:

A =kF} (13)

3 Total Cost Model Optimisation

Adding all the costs together, including the costs of measurements and adjustments
plus the quality loss function, we now have the complete objective optimization
model. The proposed model captures the merits of both quality loss and the
maintenance/failure cost, and use the objective function based on this concept.
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We term the proposed model the total cost model. The generic form of the total cost
per unit time optimization model is given below:

Coene . (Cot 71 CPR) + 537 i)

TC = +
n tpm
Bj 2
A1 —(5—_) A 5
2 -\ | & (—)F 14
F2ipm ¢ + 2 0 (14)

3.1 IHlustrative Example

We consider a machine consisting of three components to demonstrate the proposed
model. The cost and reliability related input data are given in Table 2. The
parameter 0; is computed from the relationship:

MTBF,
1
r(l n F,-)

It is seen from Fig. 1 that as the interval is maximize, cost of quality loss, PM
cost, and total cost is decreasing up to a certain value of preventive maintenance
interval and increases further there on. The optimal tpm value is 6.8 months and the
total preventive maintenance cost equals $297.90, with a inspection interval
n = 0.9 months (Table 3).

0; = (15)

Table 2 Input data with three components

Component 1 Component 2 Component 3
MTBF (months) 18 20 24
CPRM ($) 280 350 200
of ($) 950 1100 1000
p 1.8 2 1.74
0 20.25 24.57 26.97
Co ($) 150
Cneas ($) 30
A (%) 500
Fo 0.30
Planed period, T 48
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Fig. 1 Costs versus interval fpm for multiple components
Table 3 VariOl:lS costs tpm (mOl’lthS) LC ($) PM ($) TC ($)
(Dollar) versus intervals
(months) for fixed n,y = 1 1 260.47 989.29 1249.76
2 147.18 506.41 653.6
3 110.84 349.62 460.46
4 95.57 274.14 369.7
5 91.12 231.09 32221
6 94.95 204.19 299.14
7 106.73 186.48 293.21
8 126.92 174.48 301.4
4 Sensitivity Analysis
Table 4 Results of Basic +10 % TC (%)
sensitivity analysis
Cmeas 30 33 +1.0089
Co 150 165 +0.1222
CPRM 280 308 +0.1222
cf 950 1045 +0.0167
beta 1.8 1.98 —69.4342
A 500 550 +0.1014
Fy 0.30 0.33 —136.355

e TC slightly changes (<1 %) for C,eqs, Co, CPRM, cf, A.
e TC decrease more than 69 % if beta increases by 10 % (Table 4).
e TC decrease by 136 % if the failure probability increases by 10 %, i.e. the

control limit Fp has the highest sensitivity value.
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5 Conclusions

It has been observed that there are two parallel developments for determining the
optimum preventive maintenance interval, one based on the maintenance cost
without considering the quality loss, and the other one based on the quality loss
without considering the maintenance cost. A novel approach combining the
maintenance cost and quality loss has been developed. Numerical examples have
illustrated the application of the model, and the sensitivity analysis has indicated the
effects of the changes in key input parameters on the optimal solution. This model is
very generic in nature that can be applied to many characteristic variables. Using
this model, an optimal interval which can increase the quality and reduce the cost
can be achieved in the early stage of maintenance plan.
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Management System for Value
Improvement of Services Toward Long
Term Vision

Michihiro Amagasa and Kenichi Uchiyama

Abstract In today’s competitive business situations, it is indispensable for
corporations to expedite the value improvement for services and provide fine
products satisfying the required function with reasonable costs. This paper provides
the management system with dynamic variables for the value improvement of
services based on the value engineering and the systems approach, which is
regarded an ill-defined problem with fuzziness. The characteristics of this paper are
to be able to perform the value improvement of services based on long term vision.
Finally, in order to show how the proposed system works, a practical example on
the value improvement of services is illustrated and its validity is examined.

1 Introduction

In today’s competitive business situations characterized by globalization, short
product life cycles, open systems architecture and diverse customer preferences,
many managerial innovations such as the total quality management, the customer
relationship management, the business process reengineering, the supply chain
integration, etc. have been developed. The value improvement of services is also
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considered as a methodology of managerial innovation. It is indispensable for
corporations to expedite the value improvement for services and provide fine
products satisfying the required function with reasonable costs.

As a methodology to improve services in companies, the performance mea-
surement system dealing with the static variables has been proposed on the basis of
the value engineering (Amagasa 2014; Miles 1984). This paper provides the value
improvement system of services (VISS) with dynamic variables based on the value
engineering and the systems approach. The value improvement system with
dynamic variables is to determine whether or not its value improvement is per-
formed, taking account of future fluctuation of variables necessary to provide ser-
vices, while the system with static variables is to perform the value improvement at
that point of time. In particular, for the value improvement problems discussing in
this paper, they can be defined as complicated ill-defined problems since uncer-
tainty in the views and experiences of decision makers, so-called “fuzziness”, is
present. The characteristics of this paper are to be able to perform the value
improvement of services based on long term vision. Under the anticipating pre-
diction of the future fluctuation with respect to service variables, it may be nec-
essary to predict the fluctuation of functions and costs, including fluctuation of
exchange rate, technical development and change of personnel expenses etc.

Concerning the definitions of services in marketing, a voluminous reference
material has been published (Gronroos 2007; Kotler and Keller 2006; Lovelock and
Wirtz 2010; Zeithamal et al. 2008). In particular, according to American Marketing
Association (AMA 2015), the “customer satisfaction” will be recognized as one of
the key terms of services definition. The purpose of this paper is to perform the
improvement of customer satisfaction in the services based on long term vision. It is
important to determine under a long term vision to improve any one of four
resources including human, material, finance, information, which is needed to
provide services. In other words, the determination on whether the value
improvement for four resources is performed will certainly lead to directly influence
to the value improvement of services. The management system has the value
improvement of customer satisfaction for its object, and it is to examine whether
four resources are examined to be properly used. Then, it may have a good effect on
the expansion of market share and the company performance.

In VISS design process, the inherent uncertainty in decision making process can
be rationally handled on the basis of fuzzy set theory. In consequence, the system
we propose provides decision-makers with a mechanism to incorporate subjective
understanding or insight to evaluation process, and also provides a flexible support
such changes as business environment and/or organizational structure.
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In order to show how the proposed system works, a practical problem is illus-
trated and examined as an empirical study: “Value improvement of services in the
electronics company”.

2 Value Improvement System with Dynamic Variables

The value of services is performed by the following formula (Amagasa 2014):
Value of services (t) = U(Satisfaction of needs (t), Use of resources (t)) (1)

Here, U is a kind of a utility function of services depending on the time-t. The
value of services (t) indicates the satisfaction of needs achieved by using the
resources at time-t.

The satisfaction of needs and the use of resources are, respectively recognized as
the functions and the costs of services in the value engineering. Therefore we
redefine the value of services (t) as follows:

Value of services (t) = Function (t)/Cost (t)(=F (t)/C(t)) (2)

where F(t) and C(t) show respectively the functions and the costs for services
depending on the time (term) “t”, so called “dynamic variables”. The value
improvement process of services is carried out depending on time-t while taking
into account of factors such as the fluctuations of personnel expenses and exchange
rate, the change of functions by material development etc.

We propose the system to improve the value of services defined. The value
improvement system consists of five stages, that is, stages A, B, C, D, and E.

At stage A, select the measures by the nominal group techniques (Delbecq et al.
1975) and build a functional block diagram (FBD) under the “means to purpose”
relationship, which is based on the system recognition process (Amagasa 2014) to
clarify the essence of ill-defined problem (Fig. 1).

It’s very important to express an image having in a heart of each decision maker
relevant to the value improvement of services as a structural model (Nagata et al.
2009) of FBD, because the FBD derives the function evaluation value of services,
that plural decision-makers’ knowledge is put together and embodied to the
structural model. At stage B, we compute the importance degrees of functions and
assign the resources to provide them for services. The importance degrees of
functions are computed by making use of the ratio method (Amagasa 2014) based
on the FBD which has been already built in the stage A as shown in Fig. 2. The
ratio method is described as follows. The importance degrees of functions for
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Stage A: Building up Function Block Diagram

Discuss on functions and real cost or services by Nominal Group

Techniques (NGT)

[
|

Extract and regulate the functions of services

|

Express the relationships among the functions by
the subordination matrix

Build up Function Block Diagram (FBD) from the
aspect “Purpose and Means” by making use of the
fuzzy structural modeling (FSM) method

Consensus
by Plural decision
makers

Fig. 1 VISS (stage A)

Stage B: Computing the importance degrees of functions and assigning
percentage of resources needed to carry out the service functions

N

Pick up the functions of bottom level set in FBD at stage A

Define the functions and compute the importance
degrees of them by the ratio method

Assign the resources needed to provide the service
functions

Set up the improvement terms n and let t=1 ‘
I
>

]

Set up the mathematical functions on the real cost (or Cost target) and the

functions based on the present environment on product, e.g. the foreign

exchange rate, technical evolution, ecology, possibility of cost reduction,
abrasion, decline in functions etc. with respect to parts and/or product

]
%

Fig. 2 VISS (stage B)
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services are computed by using a matrix representing the ratio between the func-
tions. The matrix is determined by a paired comparison among the functions based
on a contextual relation “degrees of importance”. In it the transitive law should be
satisfied.

2.1 Resources Assignment

Since the service function to achieve the customer satisfaction is provided by the
resources, we must assign the resources needed to achieve the service functions.
From this, we can compute the importance degrees of functions from the aspect of
resources. The assignment percentage is subjectively and empirically given based
on the cost table and/or the previous learning and knowledge by the
decision-makers related to value improvement of services. Here, we will explain
referring to Table 1.

In Table 1, a;; shows the percentage of resources, that is, “how much resources

(costs or cost targets) R; are used to provide service functions Fj, j =1, 2, ..., n)”.
RFij:Fixa,-j (i:1,2,...,m;j:1,2,...,n), (3)
> ay=100(%) (i=1,2,...,m) (4)
=1
F;, G=1,2, ..., n) shows how much the resources are used to achieve individual

sub-function constituting the service function.

In addition, RF; = 27:1 RF;,(i=1,2,...,m). RF;, (i=1, 2, ..., m) shows the
total of resources used in order to achieve all of sub-functions. In other words, it
means the importance degrees of functions from the aspect of resources.

At stage C, compute the value indexes of resources used to achieve the services.
Then the total value index of services is computed by integrating the indexes
computed (Fig. 3).

Table 1 Resources

" Resources | Functions F, F, .| Fy Total
assignment R, Percentage |a, an . | amn RF,

Importance |RF,;; |RF, |. |RF,

R, Percentage | ay, ar . |aom RF,
Importance |RF,; |RFy |. |RF»,
Percentage
Importance

Ry Percentage | ay, Ao Amn RF,,
Importance | RFy,; | RFyp» RF
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Fig. 3 VISS (stage C) Stage C: Computing the value indexes of parts and
the total value index of product

N

Compute the importance degrees of parts
from the aspect of functions by the multiple attributes
decision-making
Compute the value indexes of services from the aspect of
both of functions and real cost (or cost target)

Compute the total value index of services by integrating
the value indexes of services from the aspect of resources

]
2

2.2 Computation of Value Index of Services

The value indexes of services from the aspects of resources shown in Eq. 1 are
redefined by Eq. 5 as follows:

Vl:RF,/C,, (z:1,2,m) (5)

where C; is the resources that is costs and/or cost targets determined by the cost
table and/or empirically based on the past data used to provide the functions of
service. It will be difficult to get the cost table from the company because of the
confidentiality and the disclosure of the cost table for services in companies. Here,
if we set limit to management resources, that is the human resource, the material
resource, the financial resource and the information resource, Eq. 5 can be repre-
sented by Eqs. 6-9.

(a) Value index of human resource (V},)

n 6
= ZRF 1j/the cost of human resource (©6)
j=1
(b) Value index of material resource (V)

n
= ZRFQJ' /the cost of material resource
=1
(©) Value index of financial resource (Vy)

n
= ZRng /the cost of financial resource
=1
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(d) Value index of information resource (V;)
- , , ©)
= ZRF4]~ /the cost of information resource
=

Here, the costs (or cost targets) for each resource of human, material, finance and
information is empirically and subjectively determined based on the past data rel-
evant to the costs, and/or by the cost table in advance. By introducing the
multi-attribute decision-making method described at stage C, the total value index
for services is obtained from all of the aspects of the human, the material, the
financial and the information based on Choquet integral (c) [ (Grabisch 1995).

Total value index
4 4
= Zwi . Vi,ZWi =1,0<w; <1, and/or (c)/v,wwi,
i=1 i=1

where w; (i =1, 2, 3, 4) is the fuzzy measure.

At stage D, figure out the value control graphic structure based on the value
indices as shown in Figs. 4 and 5 and now discuss on the value improvement of
resources and/or services based on the results of the value indexes and the value
control graphic structure at term-t. This time, VISS design process at term-t finishes.
As for the next, term t + 1 begins at stage B and repeats the same process as term-t if
term t + 1 doesn’t exceed term-n given in advance. Otherwise we proceed to stage E.

(10)

Stage D: Drawing out the value control graphic structure

=

Draw out the value control graphic structure of services

|

Discuss on the value improvement of services and/or service
based on the results of the value indexes and the value control
graphic structure
at term-t

term: t=t+1

Fig. 4 VISS (stage D)
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Fig. 5 An example of value control graphic structure for services

At stage E, we discuss and make an overall judgment on value improvement of
resources while taking into consideration the results at n-terms. At the same time,
we write the report on the value improvement of resources and/or services.

Through the design process constituting of the stages A, B, C, D and E described
above, we are able to perform the improvement of the value of services from the
aspects of the resources.

In x-y plane of Fig. 5, x-axis shows the degrees of functions and y-axis the costs.
The curved line with the origin q on the y-axis makes distinction between the
optimal zone and the non-optimal zone and is expressed as follows:

y:(x2+q2)1/2, where 0 <q<1. (11)

Here the q shows the admissible level of maximum cost, and is empirically given
by the decision makers. Namely, when it can be done with too low cost, the
necessity to improve the factor is not required. In Fig. 5, for example, we have to
improve the value of the material resource because the value of resource is in the
non-optimal zone.

We examined the effectiveness of VISS mentioned above by applying the sys-
tem for the value improvement of services, that is, “Value improvement of services
in the electronics company” as a typical/representative example. As a result, it has
been confirmed that the system is judged to be valid as a value improvement system
of services. Due to the limited space, the result of it is excluded here.
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3 Conclusion

In this paper, we proposed the management system with dynamic variables for the
value improvement of services, and discussed about the validity of the proposed
system by illustrating the practical problem: As a result, it has been confirmed that
the proposed system is effective to perform value improvement for services under
the dynamical changing business environments. As for the result that this paper
provided, it contributes to future prediction on services, expansion of market share
and improvement of customer satisfaction. Further it also contributes to the value
improvement in various fields such as value improvement of inner process in
companies, value improvement on planning and development etc. On the other
hand, it will be necessary to use the real cost table in order to practically perform the
value improvement of services. This is left as a subject to be solved in the future.
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A Data Fusion Approach of Multiple
Maintenance Data Sources for Real-World
Reliability Modelling

Kazi Arif-Uz-Zaman, Michael E. Cholette, Fengfeng Li, Lin Ma
and Azharul Karim

Abstract A central tenet in the theory of reliability modelling is the quantification
of the probability of asset failure. In general, reliability depends on asset age and the
maintenance policy applied. Usually, failure and maintenance times are the primary
inputs to reliability models. However, for many organisations, different aspects of
these data are often recorded in different databases (e.g. work order notifications,
event logs, condition monitoring data, and process control data). These recorded
data cannot be interpreted individually, since they typically do not have all the
information necessary to ascertain failure and preventive maintenance times. This
paper presents a methodology for the extraction of failure and preventive mainte-
nance times using commonly-available, real-world data sources. A text-mining
approach is employed to extract keywords indicative of the source of the mainte-
nance event. Using these keywords, a Naive Bayes classifier is then applied to
attribute each machine stoppage to one of two classes: failure or preventive. The
accuracy of the algorithm is assessed and the classified failure time data are then
presented. The applicability of the methodology is demonstrated on a maintenance
data set from an Australian electricity company.

1 Introduction

Companies typically keep data about maintenance of assets in event/maintenance
notifications. These data have significant potential to provide asset managers with a
rich set of information about the operation of their assets, including their reliability.
However, asset data are typically-collected in a “one-size-fits-all” approach
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focusing on maintenance record keeping rather than reliability modelling and
analysis (Louit et al. 2009). In many organizations, data are recorded describing
maintenance actions conducted on the asset. These data typically are: (1) Work
Orders/Notifications (WONSs), and (2) Downtime Data (DD).

A WON is a record of every action associated with maintenance (including
inspection, repair, replace etc.) without specifying if the maintenance is reactive or
preventive. A WON tells us if the work is a “defect” or “urgent” but it does not tell
us if this constitutes a “failure”, i.e. if it stops the operation of the asset. On the other
hand, DD contains asset stoppage information without stating whether the down-
time is planned or unplanned. Thus, each dataset is incomplete from a reliability
modelling point of view, where we need to know both when the asset is down and if
this downtime was unplanned. Moreover, because the notification entries are made
by humans and entered in lay language with little standardization, the variation in
the input is extremely large.

Thus, a significant research question arises as: how typically-available asset data
can be utilized for reliability models? Few efforts have been made regarding this
issue. For example, Bastos et al. (2014) and Jeon and Sohn (2015) develop sta-
tistical data extraction methods to extract failure-related information from their
chosen datasets. Alkali et al. (2009) used hourly readings of motor current to
determine whether the mills were running or not and assumed all downtime was
related to failure. Most of the methods usually used failure times which were
already available to databases. However, in many cases, required information is
buried in various data sets in both numerical and text formats. This complication
renders traditional data mining tools unusable.

In this paper we develop a novel method to the extract information required for
reliability model using the free text available in data sources. The method presented
can link between data available (WON and DD) and information required (failure
times) for reliability modelling. The method analyses WONSs to construct a keyword
dictionary using text descriptions which is in turn used to classify each DD event as
a failure or preventive (preventive) maintenance event.

2 Information Extraction Methodology

The overall approach is summarized here which can be seen in Fig. 1. The basic
idea is to use the WON free text to construct a classifier using words that the
organization typically uses to describe urgent and unexpected maintenance.
However, the WONs do not contain reliable downtime information. Thus the
keyword dictionary and classifier are applied to the free text of the DD to associate
each event with a failure or preventive maintenance action.
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Fig. 1 Methodology to extract failure and preventive maintenance information

2.1 Data Selection and WON Labelling

WONSs usually contain information regarding all types of work, planned or
unplanned. In order to train a text classifier, WONs need to be labelled as failure
and non-failure types. We define failure as unplanned maintenance work requires
immediate downtime.

According to this definition, unplanned maintenance events in WONs are can-
didate failure data (Filter 1, Fig. 1). However, not all unplanned downtimes are
failures. Some unplanned WONSs are issued to periodically monitor anomalies or
schedule and prioritize preventive maintenance actions during the next planned
stoppage. Thus, we select only WONSs that are urgent for further analysis (Filter 2 in
Fig. 1). In addition, any WONSs that are both raised and fixed while the asset has
been down are classified as preventive maintenance (Filter 3 in Fig. 1). The overall
filter process is shown in Fig. 1 (data labelling). Hence, WONs that have high
urgency/priority likely contain language that personnel use to describe failure.

2.2 Data Cleaning and Construction of Keyword Dictionary

The free text from WON (that labelled with two of the classes: failure and pre-
ventive maintenance) will then be used to construct a keyword dictionary. After
data selection and labelling the free text in the WONSs are used to construct a
keyword dictionary. Usually, maintenance data contain a large proportion of
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valuable and interesting information in text formats. For example, description of
maintenance work, failure modes, types of maintenance and many more. Since,
these free texts are the source of useful information; these can be used to classify
the data. But before that, text cleaning is necessary to remove unwanted space,
numbers, punctuation and, most importantly, non-discriminating words. At the
beginning of cleaning process, all the free text are transformed into lower case
followed by removing numbers, punctuation and extra spaces in between the words.

A common practice when analysing text data is to remove filler words such as
“to”, “and”, “where”, “or”, “when”, etc. These are known as stop words. Apart
from that, some keywords are considered to be common but not useful in dis-
criminating between the classes (failure and preventive maintenance here), which
need to be eliminated. Text cleaning transforms the raw text into a representation
known as bag-of-words. This ignores the orders that terms appear in rather than
simply provides a variable indicating whether the term appears at all. It is then
necessary to transform the terms and sentences into a form that machine learning
algorithms can understand. This can be done by splitting the cleaned text docu-
ments into individual words, which is called tokenization. A token is the single
element of text string (keyword). The classifier requires data in the form of table
where each row contains a document and each column presents a keyword (here
keywords are the all words within the dictionary) (Noh et al. 2015). After that, text
data need to be split into training and test data sets and the keyword dictionary is
formulated from training data.

2.3 Training and Testing of Machine Learning
(NB) Algorithm

A Bayesian method has been used here to construct the classifier. A Naive Bayes
(NB) classifier is used to find the joint probabilities of words and classes within a
set of free text. The probability of a class A for a given text field B can be calculated
by using Bayes’ law:

_ P(BJA)P(A) _ P(ANB)
2 R 7

Since P(B) is constant for all classes, only the other variables need to be
maximised. It is assumed that classes are independent of each other (Naive
assumption). The classification task is done by considering prior probability
information and likelihood of the incoming information to form a posterior prob-
ability model of classification. NB model is effectively applied for (Lantz 2013):

e Text classification such as, email filtering, topic categorization etc.
e Problems in which the information from numerous attributes should be con-
sidered simultaneously in order to estimate the probability of an outcome.
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The NB classifier is typically trained on data with categorical features. A sparse
matrix indicates the frequency of the appearance of each keyword in the
bag-of-words for each class in the training data. The training algorithm for the NB
classifier can be seen in Algorithm 1. We use a Laplace Estimator (the “1” in Line
8) to nullify the zero-frequency words.

Algorithm 1 Training NB algorithm

Train NB(Dy, Dp); Dy = Text field labelled as failure & D,,= Text field labelled as preventive
1 Extract keywords from Dy — V¢
2 Extract keywords from D, -V,
3 foreachc e {f,p}do
4 N, = |D.| No. of documents in class ¢
5 prior[c] « N./N
6 foreachteV,
7
8
9

do T,; Count occurrences of word t in D,
Teetl

X' Tep' +1
return prior,condprob

condprob|t][c] «

With the output of Algorithm 1, we can classify new free text fields as failure or
preventive maintenance in the following manner. Suppose a free text field contains
the words wy, wo, ..., wy,. We may then predict the class label, ¢* using (Lantz
2013)

M
c¢* = arg max priorlc cond problw;l|c
g max priorle] ][ cond problo i

i=1

We evaluate the performance of the classifier on the unseen test datasets as is
standard practice in machine learning. We employ the following measures to
quantify the classifier performance (Prytz 2015):

TP
Recall = ——
TP+ FN
.. TP
Precision = ——
TP+ FP
TP+ TN
Accuracy =
TP+ FN+FP+TN

Where, TP, TN, FP, FN represent True Positive, True Negative, False Positive
and False Negative classifications respectively. Finally the classifier constructed
with WON data is applied to DD to classify each downtime event as “failure” or
“preventive maintenance”.
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3 Case Study

Maintenance data coming from coal pulverized mills of an Australian power plant
over a 21 year period are used here to illustrate the application of proposed
information extraction methodology. The data for 12 mills includes WONs and DD.
Figure 2 shows the process of recording WON and DD during maintenance process
and we can see that, the data sets are consistent with our assumptions: DD indicates
that mill was actually stopped but does not specify why, and the WONs contain
more information, but do not indicate if the issue causes a stoppage.

The incompleteness in both of the data sources independently motivates the use
of the methodology developed in this paper. After applying the filters (Sect. 2.1) to

Conditions to create Work
Order Notification (WON):

1. Defect/ problem occurred
2. Routine check/inspection
3. Planned outage/overhaul

Checked
required
action/priority

Problem
fixed

Repair without
stopping mill?

Fig. 2 Creation of two data sources during the maintenance process (coal mill)
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WON (total 9401 documents), the frequencies of failure and preventive mainte-
nance are 1068 and 8333. In this analysis, R project is used here to analyse text data
as well to train and test the NB model according to the methodology in Sect. 2.
After applying text cleaning process, mentioned in Sect. 2.2, a total of 1582 key-
words were identified and were saved to dictionary. The NB classifier is trained on
keyword dictionary and the performance of the classifier is tested by comparing
predicted values of failure and scheduled maintenance work orders with actual ones
not utilized in the training set. Figure 3 shows the model performance on the test
data. Precision (also called positive predictive value) is the fraction of predicted
failures that are truly failures, while recall (also known as sensitivity) is the fraction
of predicted failures that are identified correctly.

The tested NB model is finally applied to DD and labelled them into failure and
planned preventive information. Table 1 shows the outcome of the prediction per
mill. It is important to mention that the predicted values cannot be validated for this
case because there is no evidence of mill failure information for DD. Predicted
values can be used to plot cumulative number of failures. For example, Fig. 4 shows
cumulative number of failures for mill XA in two different cases. Unplanned WON
means all the notifications which are urgent and unplanned while text mining means
cumulative number of failures after applying text mining and filters. This infor-
mation is ready for inclusion into a wide variety of reliability models (Wang and
Pham 20006).

Fig. 3 Performance metrics 1
for NB model
0.8
0.6
—&—Recall
04 Precision
0.2 —— Accuracy
0

50-50  60-40  70-30  80-20  90-10
Training-Testing Sample Size Ratio

Table 1 Predicted frequencies of failure and preventive maintenance information

Unit X Unit Y Row
Mill Mill total
A B |c |Ipb |[E |[F |A |B |Cc |D |E |F
Failure 34 | 42| 48 | 37| 39| 37| 46 | 32| 53| 37 | 54 | 33 | 490
Preventive 79 | 99 | 95 | 73 [110 | 69 | 67 | 77 | 101 | 107 [ 103 | 82 | 1064
maintenance
Column total | 113 | 141 [143 |110 | 149 | 106 | 113 [109 |154 | 144 | 157 | 115 |1554
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=+ UnPlanned WON
=~ Text Mining

No. of Failures

1/03/1998 25/11/2000  22/08/2003 18/05/2006 11/02/2009 81172011
Dates

Fig. 4 Cumulative number of failures for mil XA over a 16 year period

4 Conclusion

A new data extraction methodology has been proposed here to obtain information
for reliability modelling from commonly-recorded asset data. To overcome the
incompleteness in maintenance one dataset with reliable free text description was
used to construct keyword dictionary and extract failure and preventive mainte-
nance data from another data source with reliable stop time data. To the best of the
authors’, this is the first use of text mining approaches to extract reliability infor-
mation from multiple heterogeneous data sources. Such data fusion is a key chal-
lenge in exploring Big Data (Wu et al. 2014). The developed classification can be
utilized to build reliability models for the optimisation of maintenance and avail-
ability of real assets.
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Asset Planning Performance Measurement

Daniel Arthur, R. Schoenmaker, Melinda Hodkiewicz
and Sugandree Muruvan

Abstract Begin with the end in mind. The asset management standard ISO 55001
requires that organisations develop asset management objectives consistent with
and aligned to organisational objectives. These objectives should be measurable, as
should the outputs of activities executed to meet these objectives. Collectively the
intention is to create a ‘line of sight’ between activities at the asset level and the
organisation’s objectives. Many organisations already have some sort of perfor-
mance measurement system in place. But does this system really demonstrate a
‘line of sight’? This paper addresses the question how organisations can create a
visible link between the organisation’s objectives, the asset management objectives
and the asset management activities. The paper draws on performance measurement
system literature and practice to identify key factors to be considered in the design
of a system to meet the ‘line of sight’ requirements. These are (1) to develop a
balance of perspectives (financial, customer service, internal process, talent and
teamwork), (2) to have a balance between leading and lagging indicators, (3) to
demonstrate relationships between indicators and objectives, and (4) to ensure the
set of indicators is responsive to shifts in policy and strategy. The process of
developing a performance measurement framework is described using a case study
on water assets. The resulting framework comprises of three elements: the
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development of objectives, the validation of a balanced set of linked performance
indicators and integration into a performance dashboard. The framework enables
improved communication of the asset management priorities for informed asset
investment decisions, well managed risks and increased operational effectiveness.
The description includes reflections on organisational issues, like siloed informa-
tion, technical approach of maintenance staff and constraints of data granularity,
that need to be addressed in the development of new approaches to asset perfor-
mance measurement systems and suggestions to ease the transition.

1 Background

In the absence of Regulations or Standards, companies have had autonomy in
determining the level of maturity needed in their Asset Management
(AM) Management System. This is likely to change with the release of the ISO
55001, the first International Standard for the management of physical assets.
The ISO 55001 details the requirements for the establishment, implementation,
maintenance and improvement of an AM Management System (ISO 2014b).
Already some regulators in industries such as water, gas, electricity and offshore oil
and gas will have adopted this Standard as part of their regulatory regime and it is
expected that others will follow.

The focus of this project is on achieving one of the major requirements of the
ISO 55001, which is to develop a ‘line of sight’ between the corporate objectives,
the AM objectives and the performance indicators of an organisation. This ‘line of
sight’ enables the organisational objectives to be translated into technical and
financial decisions, plans and activities (ISO 2014a). The Institute of Asset
Management refers to the line of sight as the backbone to a good management
system for assets, showing the clear connectivity between the organisation plan and
the on the ground daily activities (The Institute Of Asset Management 2014).
Managers and employees should be able to see a link between the strategy of an
organisation, the activities it employs day to day, and the indicators of success it
uses. Looking down this ‘line of sight” shows how the organisational objectives are
met and looking up this ‘line of sight’ shows why activities are undertaken.

The paper is organised as follows. The literature review examines previous work
on performance measurement systems and the concept of line of sight. It also
introduces terminology and ideas relevant to the AM domain. This is followed by a
section on the approach used and another on the results. Finally there is a discussion
section reflecting on the approach and its outcomes.
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2 Literature Review

One of the core requirements in the ISO 55001 Standard is the establishment of AM
objectives at relevant functions and levels (ISO 2014b). These AM objectives have
to meet a number of conditions such as, but not limited to, being measurable (if
practicable), and being consistent and aligned with organizational objectives. The
first step in developing a line of sight is therefore to establish the AM objectives in
line with the organisational objectives.

The basic principles of AM and performance management (PM) are identical
(NCHRP 2011). Good AM must be performance-based. AM refers to applying the
PM principles to the management of (physical) assets. The line of sight is in fact a
hierarchy of objectives and performance indicators, as shown in Fig. 1.

With AM as a relative new field, very little literature is available on setting up a
performance management system in AM. Each organisation has a preferred
approach to strategy development (Miles et al. 1978; Porter 2006). An interesting
approach is shown by Hatcher et al. (2014). They show the development of the
service framework for the Highways Agency based on a detailed review of cor-
porate documents. Corporate objectives are linked to strategies (how to meet
organizational plans), to services (define the service assets have to deliver) and
finally to the service indicators that are relevant to the defined services.

A recent literature review on PM and performance measurement in maintenance
(Parida et al. 2015) showed 27 approaches for a PM for maintenance. However,
nearly all of these approaches are limited to measuring and managing maintenance.
What we need is an approach that links to corporate strategy, and to AM objectives
and AM activities. Earlier, Parida (2012) argued that Asset Performance
Assessment frameworks need to be developed in line with the Balanced Scorecard
(BSC) (Kaplan and Norton 1996) to ensure that all operational activities are aligned
with corporate objectives. Other authors like Tsang (Tsang et al. 1999) have sug-
gested the BSC as a basis for PM to integrate maintenance performance and cor-
porate objectives.

Organisational objectives Why
.

AM objectives

¥

T [

r AN v
Performance Indicators { ] [ ] | L ]
\ ) / LN b ; How

kS A

Fig. 1 Asset management as hierarchical performance management
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The BSC approach was initially an approach to performance measurement
(Kaplan and Norton 1992) but soon developed into an approach for strategy
development and for aligning strategy, processes and indicators (Kaplan and Norton
1996). The effectiveness of the BSC approach to performance management system
(PMS) development has been compared favourably with other PMS approaches
(Srimai et al. 2011). Research indicates that the BSC is adopted by between 30 to
60 per cent of firms, and has the most citations of any piece of literature in the field
(Neely 2005). The BSC is widely used in the business world (Perkins et al. 2014)
and hence was selected as the basis for this project. We suggest that a ‘line of sight’
for an AM function can be developed using a performance management system
(PMS) based on the BSC approach.

A core concept in the BSC is that financial performance or a company’s bottom
line is driven by operational indicators (Kaplan and Norton 1992). The BSC is
structured around the following four perspectives:

. Financial: Cash Flow, Profit etc.;

. Customer Satisfaction: Time, Quality, Performance and Service etc.;

. Internal Processes: Cycle time, Productivity, Cost etc.; and

. Innovation and Improvement Activities: Ability to Adapt to Change etc.

BN =

Within each perspective there are a number of strategy elements. Each strategy
element has an indicator associated with it. For example, within the financial per-
spective, the strategy might be to increase cash flow.

The four BSC perspectives can be applied to the AM context. The financial,
internal process, and learning and growth perspectives are identical to organisa-
tional perspectives. The “customer” in an AM context is the user of the asset. This
might be (a) groups in the same organisation e.g. equipment operators, (b) groups
external to the organisation e.g. households, and/or (c) the community which the
organisation serves. An example of an AM customer perspective strategy is to
“improve asset availability”. An internal process of “improve asset reliability”
supports this, which could in turn support the financial objective of “reducing asset
maintenance costs”. Another way of considering these perspectives is that the
internal process and talent and teamwork perspectives determine “how” the strategy
will be achieved and the customer and financial perspective determine “what” will
be achieved. In the context of this work we have renamed the “innovation and
improvement activities” perspective as the “talent and teamwork™ perspective.

In an AM context it is common to describe each strategy element as an AM
objective. There are usually multiple AM objectives within each perspective.
Each AM objective should have an associated set of performance indicators. In this
example the performance indicator for the objective “improve asset availability”
would be an indicator of asset availability. In this paper the group responsible for
Asset Management is called the AM Function. The AM Function is responsible for
developing and overseeing the execution of the AM Strategy (also called the
Strategic Asset Management Plan) to deliver AM objectives.

There are a number of attributes of well-designed PMS (Franco-Santos et al.
2007; Nudurupati et al. 2011). The set should provide a balance of indicators and
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objectives; develop causal linkages between objectives and indicators; and support
double loop learning (Soderburg et al. 2011). These are all attributes that lead to
developing a ‘line of sight’ (Franco-Santos et al. 2007).

Performance measurement is the process that delivers information about the
performance (of the assets and the processes used to manage them). The value of
the information lies in its application. The information can be used in different
ways. Research into the use of performance information provides a list of more than
40 different ways to use performance information (van Dooren 2006). Limiting this
list to AM related functions leads to five different functions of PM (based on de
Bruijn 2007):

1. Transparency: PM gives insight, increasing intelligence about the performance
of the assets;

2. Learning and improving: the information is used to improve e.g., processes,
decision making;

3. Benchmarking: the information is use to compare and to identify best practices;

4. Assessment: the information is used to appraise the performance, e.g., to set new
targets for next year; and

5. Sanctioning: the appraisal is followed by positive or negative sanctions.

These functions of PM are mentioned in an increasing order of impact on the one
who is being measured. PM has both positive functions and negative effects. The
negative effects are enhanced by the impact the PM has (Bouckaert and Auwers
1999; de Bruijn 2007; Pidd 2005; Smith 1995). The law of decreasing effectiveness
of PM (de Bruijn 2007) suggests that if a PM has high impact, the effectiveness of
the PM declines because it creates strong incentives for perverse behaviour. That
brings us to the most important characteristics of good indicators in a PMS. Three
main conditions apply (Bouckaert 1993; van Dooren 2006):

1. Validity and reliability: the indicator has to be measurable and has to measure
what it is intended to measure, time after time;

2. Legitimacy: the indicator has to be accepted, e.g., it has to be influenceable by
the one who is being measured; and

3. Functionality: the indicator has to be relevant, i.e., it has to contribute to the
higher-level objectives.

These main conditions lead to long lists of requirements for ‘ideal’ indicators,
like costs to measures, timeliness, measurability and objectiveness. For here it
suffices to state that indicators that fail the legitimacy condition and that are used for
assessment (or worse: sanctioning) will most certainly lead to strategic behaviour,
like gaming the numbers (Schoenmaker et al. 2014).
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3 Approach

The aim of this work is to identify key factors to be considered in the design of a
system to meet the ‘line of sight’ requirements. The first step of the project was to
select a suitable case study that involves an AM Function that is seeking to develop
and test an AM strategy and associated line of sight between performance indicators
and AM objectives.

After selection of the case the essential phases of this project were to:

1. Develop the AM strategy and identify AM objectives;
2. Select performance indicators;

3. Test for alignment or line of sight; and

4. Reflect on the process and outcome.

3.1 Case Study

The selected case study is based on the AM Planning Group the Water Corporation,
a State Government-owned and regulated water utility. They are the principal
supplier of water, waste water and drainage services to hundreds of thousands of
homes and businesses. They have over 3000 employees and manage a 2014 asset
base of over A$15 billion. Service delivery is managed by area with a metropolitan
customer service group and five regional customer service groups. The regional
groups cover a vast area of 2.6 million square kilometres.

3.2 Strategy Development and AM Objectives

Strategy development is an iterative and consultative process. A key feature of
success is having appropriate stakeholders in the room. In this case workshops
played a key role in ensuring engagement. Five facilitated workshops were used to
decide on AM objectives using a Strategy Mapping approach (Kaplan and Norton
2000, 2004). Between each workshop feedback was sought from stakeholders
internal to the AM function as well a cross section of departments across the
organisation. These included an internal AM community of practice, regional and
metropolitan asset and operations managers.

Strategy maps were used as a means of communicating to stakeholders. Strategy
maps are a visual way of providing employees a line of sight between the activities
they engage in and the objectives of the organisation. (Kaplan and Norton 2004).
Stakeholders had a number of options for providing feedback. These included direct
feedback to the AM Leadership team, or the Project leaders. It also included the
opportunity to use anonymous post-it-note on the Maps with comments validating
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and or questioning the outcomes. All feedback was collated and used to revise the
Strategy Map and associated AM objectives.

3.3 Select Performance Indicators

Performance indicators for the AM objectives were selected with the aid of a
facilitator in a separate series of workshops with a team from the AM Planning
Group. As a starting point, the team reviewed existing indicators, tried to link these
to the new AM objectives and discarded indicators that did not display linkages.
From this they could also identify gaps where AM objectives were not adequately
measured by existing approaches. A performance indicator record sheet (Neely
et al. 1997, 2005) was developed for each new indicator.

If an AM objective could not be measured then it was reviewed. The balance of
indicators was also reviewed to ensure the principles of the BSC approach were
followed. This involved ensuring that there was a balance in the number of indi-
cators in each perspective and there was not an excess of lead or lag indicators.
Traditionally indicators have focussed on historical performance such as profit, cost
and production. However there is increasing focus in organisations on leading
indicators as well. Leading indicators provide early warnings, identify potential
problems and highlight any need for further improvement (Hegazy and Hegazy
2012).

3.4 Test for Line of Sight

The first step in testing the line of sight is ensuring, using Performance Indicator
Record sheets, the measure has a defined purpose and it relates to a specific AM
objective. Performance Indicator Record sheets provide a first pass at examining the
line of sight. Each indicator requires documentation of its purpose, target, formula,
frequency, and source of data as well as who indicators it, who acts on it and how
(Neely et al. 1997).

The second step is examining the set of indicators to see that no significant
aspect of a specific AM objective has been overlooked.

The third step is the development of a Performance Dashboard. A dashboard
utilises visual styles such as trend beacons, colour themes and symbols to “em-
power the business user to identify, manage and measure the key drivers of business
success” (Bauer 2004). Displaying relevant data effectively support decision
making (Wind 2005). Before the data can be populated an appropriate visual style
for representing these must be chosen as “there is a limit to the ability of people to
absorb the meaning of complex charts” (Pauwels et al. 2009). Spider charts are
selected for this project as they facilitate the user to identify the relative strengths
and weaknesses of performance.
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Scores in the spider charts are normalised into a range between O and 5. The
target and ranges are set using historical information, regulatory compliance or
benchmarking information. A higher score is desirable. A colour is assigned to the
score. Green represents score in the target range of between 4 and 5. Ideally all the
scores should be in this region however due to budgetary and operational con-
straints placed upon an organisation it can be difficult to achieve this. A score of
between 2 and 4 represents a satisfactory score. This light blue colour range is an
acceptable level of performance for the short term however consideration should be
given to how to reach the target score of 4. The red region is indicative of a score
below 2 and is the limit for poor performance. If the score is within this range, the
responsible group must investigate the cause and identify what corrective action can
be taken.

The fourth step is to look at the trends of individual indicators and at how the
historical values in sets of indicators move over time. This is particularly important
in asset management, as there is frequently a time lag between activities such as
preventative maintenance and performance improvements. It is particularly
important that benefits of AM activity and costs of inactivity should be identifiable
in the trends. That this is not always the case should trigger an investigation and
discussion.

Performance indicators at the organisational level are often based on a composite
of the same performance indicator at lower levels of the organisations, for example
at regional level. The fifth step is to examine the impact of different regions and
events on the achievement of the composite performance indicator. Are some
indicators overly sensitive to the performance of certain regions or to events such as
cyclones? The response to this may be to accept the values and the transparency
they provide or to relook at the indicator, the way it is normalised and/or the
selection of target values for specified performance ranges.

The sixth step is to examine the potential for the indicators to drive unwanted
behaviour. Unwanted behaviour is mainly driven by two factors: impact and
legitimacy. Can the performance indicator be influenced? The result of this may be
that the function of the indicator is changed—it cannot be influenced but the
organisation is in the best place to measure it. Moreover this step requires active
investigation in the cause of the (dis) satisfying performance and identification what
corrective action can be taken.

The purpose of the dashboard within the context of developing a ‘line of sight’ is
to explore the causal relationships (functionality) between the dashboard items
(Pauwels et al. 2009). If there are no apparent relationships (no functionality)
between AM activities such as investment decisions, changes in maintenance
strategies and resource allocations and the absolute or relative movement of per-
formance indicators then the process needs to loop around and start again.
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4 Results

4.1 Strategy Map and AM Objectives

The outcome of the initial strategy workshops produced a strategy map. The
strategy perspectives aligned with the BSC with respect to finance, internal process
and talent and teamwork but the customer perspective was separated into two, WA
Community and Customer, creating five perspectives in total. This split was nec-
essary in order to separate strategy that delivers short-term impacts on customers
from that which has longer-term impacts on the community. The layout of the
Strategy map is shown in Fig. 2.

There are 30 statements of intent across the five perspectives (WA community,
customer, finance, internal processes and talent and teamwork). These determine
what the AM group will do to ensure alignment of the AM function with organi-
sations objectives. The AM objective details cannot be shared for commercial in
confidence reasons. The Strategy Map was subsequently signed off by senior
management and incorporated into the business planning cycle. This approval
showed good buy in from the senior asset managers. This is an important
requirement in asset management (ISO 2014b).

There is one AM objective for each strategy element. The number of AM
objectives is shown in Table 1. There is a relatively an even spread across the thirty
objectives with balance between the ‘What’ and ‘How’ perspectives.

The Water Corporation’s purpose is to ensure “sustainable management of water
services to make Western Australia a great place to live and invest”. An example of
a set of AM elements aligned to this objective is as follows. In the Talent &
Teamwork element is an AM objective to “have a flexible workforce supported by

WA Community
2 A y
=
=
Customer ‘ ‘ Finance
r-3 y
Internal Process
2 A A
o
o
Talent & Teamwork

Fig. 2 Strategy map overview
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Table 1 Number of AM objectives relating the AM Strategy Map

What How

WA Customer | Financial Internal Talent and

community process teamwork
Lead 5 6 2 9 8 30
Total |13 17

an AM Competency framework”. Part of the AM Competency framework is
focussed on ensuring AM personnel have appropriate risk and cost training which
enables the Internal Process element of making “investment decisions based on
clear risk criteria”. This enables the Customer element of delivering “safe, reliable
and consistent service that is sustainable” and the WA Community element of
“recognise the impact our AM decisions have on the community”.

4.2 Performance Indicators

A total of 60 indicators were selected for the 30 AM objectives. Many of these were
existing indicators or modifications to existing indicators for which data was
available. The spread of indicators across the perspectives and between lead and lag
dimensions is shown in Table 2.

4.3 Performance Dashboard

The dashboard contained drill down functionality to target multiple users. The aim
is that senior executives and asset managers throughout the organisation can use it.
It is multi-tiered enabling performance at a regional or asset level to be aggregated
into a composite indicator of the progress towards achieving the organisation’s AM
objectives.

At the highest level of the dashboard, performance is shown against each of the
BSC perspectives. This is shown in Fig. 3 (please note the data is for illustrative

Table 2 Balance of indicators across the BSC perspectives

What How Total

WA Customer Financial Internal Talent and

community process teamwork
Lead 4 6 2 12 10 34
Lag 6 6 2 5 7 26
Total 10 12 4 5 7 60




Asset Planning Performance Measurement 89

WA Community
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Fig. 3 Illustrative example of the highest level of the performance dashboard

purposes only and does not reflect the actual performance of the case study
organisation).

Scores are normalised from the raw data into a range of between 0 and 5.
A colour was assigned that reflected the performance, where a higher score being
desirable.

1. The green colour represents the target range for this indicator of between 4 and
5. Ideally all the scores should be in this region however due to budgetary and
operational constraints placed upon an organisation it can be difficult to achieve
this.

2. A score of between 2 and 4 represents a satisfactory score. This light blue colour
range is an acceptable level of performance for the short term however con-
sideration should be given to reach the target score of 4.

3. The red region is indicative of a score below 2 and is the limit for poor per-
formance. If the score is within this range, the user must act immediately to
investigate the cause of this and identify whether corrective action is
appropriate.

The perspective at each corner of the spider chart shown in Fig. 3 can also be
viewed in more detail. In this example the AM objective is to “recognise the impact
that our AM decisions have on the community and the environment”. There are six
performance indicators against this objective as shown in Fig. 4. Once again the
scores are illustrative and do not represent actual performance. This spider chart
shows that here should be focus on what can be done to achieve a score of four
across the performance indicators and also highlights three areas for particular
attention.
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Fig. 4 Illustrative example of performance dashboard showing performance indicators for the AM
objective-recognise the impact that our AM decisions have on the community and the environment

4.4 Testing Line of Sight and Balance

Testing of line of sight is an iterative process following the steps described in the
approach section. In the context of this case study, this was a mature organisation
and so relatively limited work was required to update the Performance Indicator
Record Sheets. This mainly involved ensuring that the indicator was appropriately
aligned to an existing or new AM objective. Indicators that did not contain linkage
to AM objectives were discarded because they did not facilitate achieving the vision
of the strategy employed at the organisation.

The driver for choosing a new indicator was to ensure the ‘line of sight’ to the
derived AM objectives. If the objective could not be measured it was reviewed and
if necessary discarded. This work was done in consultation with stakeholders who
had necessary expertise and experience in the area of measurement being consid-
ered. This includes involving people from outside the AM function, for example in
determining how to measure the “number of wastewater overflow events”.

The balance of indicators was then reviewed to ensure the principles of the BSC
approach were followed. This ensured that there was not an excess of lead or lag
indicators and that there was a manageable amount in each perspective.

Another step in assessing line of sight is by examining the Performance dash-
board using its drill down functionality. Users of the dashboard can select elements
of interest and view data historically and by region. The ability to do this may be
limited by the quality and availability of historical information. Examining his-
torical trends is necessary to establish relationships between performance indicators
and the response of performance indicators to activities. For example if a large
capital expenditure has been made to replace/upgrade a significant part of a region’s
network then one would expect to see a reduction in unplanned maintenance and
costs in subsequent years. If there is no effect visible in the performance indicator
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then more questions should be asked about the effectiveness of the performance
indicator and the effectiveness of the capital investment.

Understanding the full extent of relationships between AM strategy, the activ-
ities undertaken to execute it and the resulting performance indicators is an
on-going undertaking. The results of some activities, for example predictive
maintenance programs, may not be apparent for some years.

5 Discussion

5.1 AM Objectives Within the BSC Perspectives

Table 1 shows that there are 30 AM objectives resulting from the BSC Strategy
Map exercise. The customer perspective AM objectives include reliability of ser-
vice supply, ensuring an acceptable risk profile, meeting regulatory requirements,
considering environmental sustainability in decision making, enabling good cus-
tomer service, and future proofing assets. The financial perspective is balancing life
cycle cost, risk and performance and maximising the value of investments. The
internal business process and talent and teamwork AM objectives support
achievement of the AM objectives described above.

5.2 Affirmation and Insight

The organisation that is the subject of this case study is widely seen as a leader in
the sector and it has an experienced AM leadership team. This exercise, conducted
over a period of just less than a year, provided many interesting insights.
Previously AM strategy development initiated by the leadership team has always
had broad engagement but the problem lay in its execution. There are various
process managers across a fragmented asset management framework. The process
of a wide engagement strategy, conducting 5 workshops and allowing anonymous
feedback resulted in a number of challenges to existing ideas as well as affirming
others. There is a strong sense that the new AM objectives have a much stronger
link to core values of the organisation within a more coherent framework.

There continues to be extensive discussion about the selection of specific per-
formance indicators, how they are normalised and how targets are set. This is being
assisted by the transparency provided by the dashboard and by greater focus on data
availability and fitness for purpose.

A number of “sacred cow” relationships are being challenged, as they are not
supported by the data being provided. This could be an issue with the data but it
could be that relationships between activities and outcomes are not true. For
example it has been difficult to see positive outcomes associated with higher levels
of condition monitoring inspections.
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Finally, there is a move away in the water industry from the traditional pre-
scriptive regulatory regime to one in which acceptable targets are the result of a
discussion between regulator and operator in which costs and risks have greater
prominence. The insights created by this project will assist the case study organi-
sation in these discussions.

5.3 Line of Sight

The project confirmed that many existing indicators were valid and aligned with
AM objectives. However a number of gaps were identified where an AM objective
did not contain a line of sight to an indicator. These gaps are now being addressed.
Groups that are external to the AM Function were involved in the development of
new indicators that impacted on them or that they impacted. Examples of those
indicators are the ‘Number of Wastewater Overflow Events’ and the Water Loss
Management team on the ‘Number of Leaks and Bursts’.

In one important case there was an AM objective for which no suitable indi-
cators were proposed. This related to “We proactively engage with regulators to
inform the process of setting standards and alignment”. It was suggested that this
AM objective remain at least until an annual review of the Strategy and more work
be done to develop suitable indicators that support this objective.

5.4 Data Quality

This work has put the spotlight on data and has shown that while much of what is
collected in useful and valid there are areas for improvement and these are now
being targeted with specific actions. Of particular attention is the link, or lack of,
between financial and asset data management systems. Different approaches to asset
hierarchies and cost accounting methods have created issues with aligning asset
management activities and benefits with their costs. This is now being addressed
and developments in this area will assist with achieving improved line of sight in
the future.

5.5 Effectiveness of the Approach

The project has resulted in a new AM strategy and a new set of performance
indicators for the Water Corporation. The work was conducted internally and
benefitted from a high level of engagement by the leadership team in the AM
Function. Appropriate engagement with regional and metropolitan asset managers
and with other functions such as the Environmental Group was also important. The
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process also helped to develop a common mental model for what makes a “good”
AM objective and a “good” performance indicator in the context of this organi-
sation. The project was concluded in about 9 months at a cash cost of less than A
$20k plus the in-kind contribution of Water Corporation staff. It has resulted in a set
of initial performance indicators that senior management ascertain are appropriate
for now and will evolve over time as more data is collected and as the effect of
activities on an indicator is observed. Ultimately the effectiveness of the work will
need to be evaluated over a longer period of time through retrospective analysis of
the achievements of the AM function in delivering on their customer and financial
AM objectives.

6 Conclusion

The intended result of implementing the approach is the identification of a line of
sight for organisational objectives to performance indicators linked to AM activi-
ties. Testing this approach at the Water Corporation led to the creation of an asset
planning performance measurement framework. The framework is dynamic to
change and targeted at both executive and operational levels. This ensures
improved communication of the AM priorities to enable informed asset investment
decisions, well managed risks and increased operational effectiveness. We believe
that this approach will help other asset managers, not only in the water sector, in
identifying their own line of sight. The approach is relatively simple to implement
and besides for the main goal—the line of sight—the approach also helps in
overcoming the (financial, technical, procurement) silos in the organisation.

Implementing this approach is good start, but further work is needed on a
number of aspects:

1. The approach needs to be validated in other utilities and sectors: are there
organisation or sector specific factors that need to be taken into account?

2. How targets are set for each the performance indicators: the function and
legitimacy of PM have to be taken into account here. An indicator used for
transparency may not need a targets, and targets for indicators used for sanc-
tioning need to be set carefully to avoid strategic behaviour. Is the user really
able to influence the performance? Does the user know how to influence the
performance?

3. Examine how the indicators and targets affect behaviour: the indicators may lead
to positive (as intended) or negative (as not intended) learning.

4. How are the values of the indicators used for decision making; does the PMS
really drive decision-making? Are the decisions for preventive and corrective
maintenance driven by the higher-level objectives?

5. The line of sight is created top down (from ‘why’ to ‘how’). The question
remains as how to determine the effectiveness of the PMS to support bottom up
decision making.
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Evaluation of Internet-of-Things
Platforms for Asset Management

Jere Backman and Heli Helaakoski

Abstract The exploitation of Internet-of-Things technologies is continuously raising
and the number of platforms increasing all the time. Companies are developing new
Industrial Internet based business or service models by using IoT platforms as a
backbone infrastructure. At the moment companies are already adding connectivity
features to new machines, vehicles and other product models. Next step is the
exploitation of collected and analysed real-time data to support profitable business
and efficient operations. The first challenge companies are facing, when considering
the exploitation of industrial internet solution, is choosing the suitable IoT platform to
serve their business purposes. This paper presents the business and technical per-
spective based approaches for evaluating IoT platforms for asset management pur-
poses. Furthermore, the paper presents an example case study of evaluating IoT
platforms to support asset management research. The aim of the case study was to
identify essential issues that must be noticed and to specify the requirements which
the selected platform must meet to enable efficient asset management. This paper
presents the results relating to the requirements and selecting the most suitable
platform for asset management applications in service businesses.

1 Introduction

Enterprise asset management (EAM) is often referred as the whole life optimal
management of the physical and non-physical assets of an organization to maximize
value. According to the ISO 55000 standard asset management enables an organ-
isation to realize value from assets and supports the realization of value while
balancing financial, environmental and social costs, risks, quality of service and
performance related to assets (ISO 55000 2014).
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The Institute of Asset Management (IAM) has developed a conceptual model for
asset management in order to describe the overall scope of Asset Management and
the high level groups of activity that are included within this discipline. Module
Knowledge Asset Enablers forms the technical part of IAM conceptual model. This
includes asset information strategy, asset knowledge standards, asset information
systems and asset data and knowledge. This paper discusses the role of Industrial
Internet technologies to form the backbone of Knowledge Asset Enablers by pro-
viding asset information system (IAM 2012).

Term Industrial Internet (II) is initially defined by General Electric (Evans and
Annunziate 2012). The II refers to the integration of a variety of complex pieces of
machinery, such as planes, locomotives, and vehicle fleets, with networked sensors
and software. Eventually II will change the industrial world much more than we can
imagine. It is making the complex supply and distribution networks more flexible,
and more resilient. There is variety of technologies behind the term II such as
Internet-of-Things (IoT), telecommunication systems, smart devices, machine
learning, Big Data, and M2M communication, to collect data from machines,
analyse it in real time, and use it to adjust operations. The backbone on II is IoT
platforms that enable connecting individual systems and devices, collect, process,
analyse and visualize data, and control the process parameters. The exploitation of
IoT technologies is continuously raising and the number of platforms is increasing
all the time. The first challenge companies are facing, when considering the
exploitation of II solution, is choosing the suitable IoT platform to serve their
business purposes. The selected IoT platform should serve the organization, its
value network, business and application specific domain needs also in the future.

The significance of this paper is to propose IoT platform to support asset
management in industrial environment. The evaluation criteria of IoT platforms
presented in this paper help companies with the dilemma of selecting the most
suitable IoT platform for their purposes. Furthermore, the paper presents a case
study of evaluating IoT platform to support asset management research. The aim of
the case study was to identify essential issues that must be noticed and to specify
the requirements which the selected platform must meet to enable efficient asset
management in different domain areas.

The research applied typical software development requirement specification
process. In addition to this the research was emphasizing the suitability of IoT
platform for different business models. In this way it was possible to ensure that a
platform meets also other requirements than only technical ones and to assess also
non-technical issues affecting to estimated success of candidates. This paper pre-
sents the results relating to the most important issues, specifying the requirements
and selecting the most suitable platform for asset management applications in
industry and service businesses.

This paper is organized as follows. Section 2 presents the issues to be considered
when selecting the IoT platform for asset management purposes. In Sect. 3 the
requirements for the IoT based asset management are presented. Section 4 presents
the actual evaluation process. Finally, in the last section the wrap-up of conclusions
is summarized.
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2 From Asset Management to Enabling Platforms

The aim of asset management is to enable an organisation to realize value from
assets and support the realization of value while balancing financial, environmental
and social costs, risks, quality of service and performance related to assets (ISO
55000 2014). There are also other standards available in addition to ISO 55000. For
example BSI PASS55: 2008 is a specification that itemises 28 requirements for
organisations seeking to demonstrate good Asset Management practices. The body
of Asset Management knowledge describes 39 subjects a whole, whereas PAS55
(28 reqs) is a requirements checklist for an organisation’s management system—to
direct, control and continually refine Asset Management. Figure 1 presents typical
priorities and concerns of asset management by PAS55 (2008).

In addition to typical priorities and concerns also the actual activities of the asset
management must be noticed. Asset management activities involve the following,
among others (Komonen et al. 2005).

Decision-making related to the ownership of production equipment
Management of the adaptability of production equipment

Dynamic and continuous planning of the lifetime of equipment

Investment planning during the equipment’s lifetime

Equipment’s condition monitoring and the development of its update systems
Defining the technical and economic lifetime

Defining the maintenance strategies

Planning and development of the period of duty and maintenance

All plans, expertise, systems, and measures that aim to maintain and develop the
value, performance and efficiency of fixed assets and lower the costs of
maintenance

Typical priorities & concerns
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Fig. 1 Typical priorities and concerns of asset management by PAS55 (2008)
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Technically the IoT platform must support or enable solution development to
achieve all asset management activities in a way or another. On the other hand, the
change from product provider to service provider is not only a matter of new
technologies and tools but it also requires new capabilities and skills, transforma-
tion of structure and processes (Brax and Jonsson 2009). New technologies are
important enablers of new services but customer point of view must be emphasised
in all phases of service development, also in the development of new technologies
related to IoT. It is not enough that technological tools (e.g. sensors, software, data
transfer) are technically excellent but those need to respond to customer needs and
support fulfilling customer’s expectations and support in the provision of a good
service experience. This leads to the importance of the business cases. Technology
and enabled services may work well, but the operations will not likely be profitable
if there are no working business cases behind. First business cases, then planned
services to enable the cases and at last technology to implement the services.

When considering information technology and platforms, discussion tends to
focus on technical excellence of the certain technology or solution. It is clear that
technology must be good enough and enable the required support, functionalities
and services. On the other hand, the technology itself is not enough. In case of the
IoT platforms, the whole vital ecosystem is needed. Which platform will gather the
most commonly adopted ecosystem around it, is more than challenging to foretell.
It is likely that many platforms will be commonly used in the enterprises. In this
case the interoperability and co-operation between different platforms have major
role. If committing to some one single platform, it is important to ensure that the
platform is vital for years to come. In addition to technological aspects it must be
also considered the platform’s users now and in the future and the platform pro-
vider’s position in the field, credibility and ability to stay in the market. The worst
case scenario is that the selected platform will disappear from the market for the
reason or another and all developed investments, business and services will dye
with it.

3 Asset Management Platform Requirements

Derived from common IoT platform requirements and needs set by asset man-
agement activities the requirements were specified from high level to the detailed
low level requirements were specified in this research. In this section main high
level asset management platform requirements are presented. Figure 2 presents the
typical scenario for asset management needs.

IoT platforms have some basic requirements as follows:

e Platform should support data collection, transfer, analysis and reporting so that
relevant information is available when needed to accelerate service
e Platform should support end-to-end information security
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Fig. 2 Typical scenario for asset management needs

e Platform should be as flexible as possible for performance, different data types,
information systems and changes in future

The collected data must have significance for the operations and services. For
example dependability data should include data relating to inventory, usage,
environment, and events (IEC 60300-3-2 2004). Also quality of the information
must be noticed. Quality of the information has several dimensions: accessibility,
appropriate amount, believability, completeness, concise representation, consistent
representation, ease of manipulation, free-of-error, interpretability, objectivity,
relevancy, reputation, security, timeliness, understandability and value-added
(Kahn et al. 2002). Data collection and transportation sets requirements that col-
lected data should:

Trigger service need for customer and service provider
Support the selection of relevant actions

Support the execution of selected actions

Support the development of current and new products
Support the development of current and new services

The actual service company is developing or already providing sets requirements
relating to maintenance, decision support, product and service development.
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Maintenance services include planned and corrective maintenance and therefore set
following requirements:

Platform should support prediction of the maintenance need of components
Platform should support troubleshooting after symptoms has occurred
Platform should support the execution of maintenance tasks

Platform should support service/product development

Decision support services include support for management and for strategic
level. The services are knowledge intensive and require collection of appropriate
data contents, data analysis and reporting. The platform can also support collection
and analysis of relevant data for decision support related to service/product
development. In general, high level requirements are same than for decision support
services:

e The platform should be able to collect and save different data types from dif-
ferent data sources
The platform should be able to transfer data to different kind of analysis modules
The platform should be able to provide different pre-defined reports

The requirements presented above form the main high level requirements for
asset management platform. Implementation of the requirements will support typ-
ical scenarios for asset management.

4 Platform Evaluation

The first phase of the evaluation work was to list available candidates (44 pcs) as an
IoT platform. This evaluation was made in spring 2014, but at the moment there are
somewhere near one hundred platforms available and more are coming. With quick
familiarization with all platforms considered as candidates were listed and assessed
in high level against high level requirements. The most suitable platforms were
selected from the candidates for assessments in detail.

The assessment template was specified on the basis of the common requirements
set for IoT platforms and high-level to low-level requirements of asset management.
After this, every selected candidate platform was evaluated against assessment
templates requirements/rows. The findings were written down to the specific section
of the template.

The assessments were analysed in the table were all rows of the assessments
findings were compared. To visualize the pros and cons, the findings were coloured.
In this phase the priorities of the suitable platforms against the requirements was
shaping. Figure 3 presents small example section about platform assessments
analysis.

In this case three of the platforms (Azure, Axeda and Thingworx) distinguished
from the others by fulfilling most of the requirements. Those were taken into closer
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Fig. 3 Example section about platform assessment analysis

consideration. The selection was finally made considering the aspects presented in
Sect. 2.

5 Conclusions

When applying an IoT platform for asset management services, the platform must
support or enable solution development to achieve all asset management activities
in a way or another. The selection of the most suitable platform is challenging task.
There are so many issues affecting to the success of the platform that systematic
method is required for selection in addition human predictions and considerations
relating to business, future, likelihood, etc. in the field.

In this paper the issues to consider, requirements to fill and evaluation to perform
for selecting most suitable platform for asset management activities were presented.
On the basis of these results the dilemma of selecting the most suitable IoT platform
is much easier to approach.

The process has been performed in practice and the actual platform selection
made. At the moment the selected platform is in several projects use as a base for
IoT and asset management related solution development. In the future we will focus
research on the actual solution development on top of the platform and utilization in
data analysis, case specific service solutions etc. Time will tell how our selection
will succeed in the long run, but already now we can tell that some of competing
candidates have already lost the battle by losing market shares, being ran down,
corporate acquisitions etc. It is clear that situation in the platform market must be
followed carefully.
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Requirements and Needs—A Foundation
for Reducing Maintenance-Related Waste

Marcus Bengtsson and Antti Salonen

Abstract The objective of this paper is to discuss and elaborate on requirements of
maintenance and the resulting maintenance needs in order to maintain said
requirements without introducing waste while doing so, taking into account both
external and internal wastes. The paper will present, and elaborate on, conceptual
models that can be utilized in maintenance operations in order to increase awareness
of the importance of well-founded customer/stakeholder requirements in order to
articulate appropriate maintenance needs in order to balance effectiveness and
efficiency as well as to reduce or eliminate maintenance-related waste.

1 Introduction

In automotive manufacturing industry there is a large focus on waste elimination
within production systems, especially through efforts to implement Toyota-inspired
lean production systems. However, these efforts tend to focus on the more obvious
wastes that directly influence the actual production and therefore requiring full
support of support functions. This often leads to, for instance, maintenance per-
formance goals striving toward maximization of equipment availability without
consideration to the need, maintenance cost, or the associated waste it can create.

Industrial maintenance is a substantial financial post that cannot be neglected. The
total value of maintenance budgets in Europe has been estimated to be about 1500
billion € per year (Altmannshoffer' 2006 in Parida 2006). The total cost for
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maintenance in Swedish industry, including direct and indirect cost of maintenance
as well as non-realized revenue due to poor availability, was, in 2002, estimated to
6.2 % of the industry’s turnover; in effect, close to 20 billion € per year (Ahlmann
2002). Though, as early as in the 1990’s it was estimated that one-third of mainte-
nance cost were unnecessary (Wireman 1990). The unnecessary cost was made up
by: bad planning, overtime costs, poor usage of work order system, and limited or
misuse of preventive maintenance (Wireman 1990). Additional unnecessary cost
may be found in: excessive/unscheduled maintenance, unplanned or unscheduled
work, excessive and/or unnecessary activities, poor spare parts management,
obsolete technology, poor quality work, poor quality spare parts, and equipment
unavailability (Mohanty and Deshmukh 1999). These unnecessary costs are just
some of the waste that constitutes maintenance-related waste. There are others.
A study by Kinnander and Almstrom (2008) highlights that within Swedish auto-
motive industries, 39 % of the companies measured and documented causes of
downtime, 14 % of the companies followed-up and took actions on short stops, and
14 % of the companies did not perform any preventive maintenance. The above
indicates that there exists an untapped potential for automotive manufacturing
companies in starting to work systematically in reducing maintenance-related waste.

Maintenance-related waste stems both externally and internally from a mainte-
nance organization. Externally, maintenance-related waste can be found in, for
example, insufficient/inappropriate, or even a total lack of, requirement setting. For
instance, a common requirement that customers/stakeholders demand is to maxi-
mize equipment availability without reflecting what availability levels is good
enough. Demanding an unnecessary high requirement can render waste since more
resources than are needed most likely will be used in order to realize the goal.
Internally, maintenance-related waste can be found in, for example, excessive or
poorly executed maintenance activities. For instance, in a lean production context it
is common for a maintenance organization to implement preventive maintenance,
autonomous maintenance, and condition based maintenance. If alignment of the
various activities is not performed, companies can end up with different actors
performing the same maintenance activities in excessively tight intervals without
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coordination with over-maintaining as a result. That is, tying-up possible
value-adding hours in machine assets for unnecessary maintenance activities, that
is, both external and internal waste has been created, see Fig. 1.

2 Problem Background

Truly good maintenance cannot be achieved until both effectiveness and efficiency
is taken into consideration. Neely et al. (1995) state that: “Effectiveness refers to the
extent to which customer requirements are met, while efficiency is a measure of
how economically the firm’s resources are utilized when providing a given level of
customer satisfaction” (p. 80). As so, maintenance effectiveness can be explained as
how well a maintenance organization meet its requirements or goals, while main-
tenance efficiency can be explained as acting or producing with a minimum of
waste, expense, or unnecessary effort. Effectiveness is related to indirect mainte-
nance cost while efficiency is related to direct maintenance cost (Marquez et al.
2009). Previous research (Salonen and Bengtsson 2011) indicates that companies
struggle in analyzing the indirect maintenance costs and therefore focuses on the
direct maintenance costs. Thus, it is common that maintenance organizations are
assessed on their effectiveness, for instance equipment availability, while only
taking into consideration the direct maintenance cost. Apples and oranges are thus
being compared. What should be assessed is instead maintenance effectiveness in
consideration to indirect maintenance cost, and maintenance efficiency in consid-
eration to direct maintenance cost. This confusion has, in some cases, led to cost
cutting in maintenance organizations with intent to reduce internal waste but
instead, in the long run, end-ups in strongly affecting external waste with increased
indirect maintenance costs as a result.

Effective maintenance is thus about delivering the objective of maintenance,
which is often derived as to ensure system function of the production system and to
provide the parameters of cost, reliability, maintainability, and productivity
(Simeu-Abazi and Sassine 2001). Coetzee (2004) shares this view on the mainte-
nance objective, stating that: “It is the task of the maintenance function to support
the production process with adequate levels of availability, reliability and oper-
ability at an acceptable cost” (p. 24). The word adequate is of great importance in
the quote since it indirectly specifies that support of the production process being
either too high or too low is wasteful. Surprisingly, efficiency is stressed as not
being as important as effectiveness, as in Marquez et al. (2009) stating: “In this part
of the process [strategy implementation], we deal with the efficiency of our man-
agement, which should be less important [than effectiveness].” (p. 168), or do not
stress the importance of efficiency at all, as in Pun et al. (2002) stating:
“Effectiveness-centred maintenance (ECM) stresses “doing the right things” instead
of “doing the things right”” (p. 346). Jackson and Petersson (1999) argue that
effectiveness and efficiency are closely related to the terms productivity and
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Fig. 2 As a first step, an organization can double total effectiveness by either increasing
effectiveness or efficiency. However, when working to increase total effectiveness from there,
working with both effectiveness and efficiency is required (adopted from Ahlmann 2002)

competitiveness. Therefore, total effective maintenance, productivity in mainte-
nance, or even competitive maintenance, cannot be achieved until both perspectives
of effectiveness and efficiency are taken into consideration, see Fig. 2.

3 Conceptual Model

In order to work towards total effectiveness in a maintenance process it is thus
important to balance effectiveness (effect) with efficiency. The starting point of this
task, or the foundation if you will, is to investigate the true requirements of the
value stream (customer/stakeholder) and from there learn the true maintenance
needs. If one does not start from the true requirements of the value stream, or work
with this issue haphazardly, there is a risk in that the customer/stakeholder focuses
their requirements on the wrong foundation, resulting in “nice to have” instead of
“need to have” requirements or as Coetzee (2004) states adequate levels. That is to
say, if not being perceptive and realistic, the customer/stakeholder might focus on
what is nice to have without taking into account cost, direct and indirect mainte-
nance cost included. It is nice to have, for example: 100 % machine availability,
zero breakdowns, 85 % OEE, etc.—‘“therefore it is wished for”. Similarly it is
necessary for a maintenance organization to truly focus the maintenance goals and
resources to the “need to have” requirements in order not to focus on maintenance
possibilities. That is to say that maintenance organizations, being problem solving
by nature as well as, often, having a fondness to technology and technological
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possibilities, might focus on what is possible to do without reflection on what is
needed to do and without taking into account cost, direct and indirect maintenance
cost included. We can, for example: use vibration monitoring equipment and
analysis on all rotating parts, perform predetermined maintenance six times per
year, purchase additional spare parts, etc.—therefore we do it’. This issue might
be bigger when having an internal maintenance organization as opposed to an
outsourced. This is due to the fact that when maintenance is being purchased
externally the incentive to only require “need fo have” maintenance is bigger as the
costs are more visible.

Nevertheless, in either case of having an internal or an outsourced maintenance
organization, what is needed is hard work to find and articulate true requirements on
maintenance from a value stream perspective. These, most certainly, need to be
differentiated and dynamic within an industrial site and over time. One flat rate
requirement for a complete industrial site will not suffice. Or as, for instance,
Levery (1998) states: “Why is it that organisations over-simplify maintenance
requirements to fit in with organisational goals rather than base it on the needs of
the assets?” (p. 35). Further, Levery (1998) means that requirements continuously
change due to wear and tear and various changes in technology developments,
product quality, and other related topics. From these, the true requirements of the
value stream, maintenance can set up adequate maintenance goals and from there
design a maintenance process with “need to do”-activities and from these design an
organization and specify the true need of resources in order to be cost-effective, see
Fig. 3.

Maintenance goals — S
) Effect )
—
Indirect maintenance cost

Maintenance process
(maintenance activities)

Requirements Results

S

[ Direct maintenance cost
- g
t {_ Efficiency )

Maintenance resources

Fig. 3 Conceptual model of a maintenance process. The requirements shall be based on the true
needs of the customers/stakeholders in order to be on a “need to have”-level. The maintenance
goals shall be based on the requirements. The maintenance process and which activities to fill
the process with shall be based on the maintenance goals while the maintenance resources shall be
based on the “need to do’-activities. Efficiency is the relation between the requirements and
the results compared with used resources and its resulting economical measure is direct
maintenance cost. Effectiveness is determined by comparing the maintenance goals and the results
and its resulting economical measure is indirect maintenance cost. The model is adapted from
O’Donnell and Dufty (2002) and Eriksson (2009)
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3.1 Trade-offs in Maintenance

One aspect of efficiency and in having a cost-effective organization is to be aware of
various trade-offs that exist in maintenance activities. For instance, good maintenance
has been defined as when: “...seeing very few corrective maintenance events; while
performing as little preventive maintenance as possible.” (Cooke and Paulsen 1997,
p- 136). With this view one can clearly see that there exist trade-offs in maintenance
operations. There is always an optimum level to strive for. As in the example quote
above, too much preventive maintenance would possibly imply too high direct
maintenance cost as well as losses in machines due to too much planned maintenance.
Too much corrective maintenance on the other hand would possibly imply too high
indirect maintenance cost as unplanned maintenance increases production losses (not
even mentioning safety and environmental losses). There is though, clearly, large
variations from industrial context to context regarding this view on corrective and
preventive maintenance, particularly concerning safety and environment. There is, of
course, a big difference in comparing, for example, the nuclear industry with auto-
motive manufacturing industry. And this is the gist of it, requirements and trade-offs
need to be industrial contextualized as well as differentiated and dynamic within that
specific context. General statements such as 80/20 % preventive maintenance/
corrective maintenance can be totally misleading in both examples above. In a nuclear
industry context 20 % corrective maintenance can be detrimental to safety and
environment while 80 % preventive maintenance, in some automotive manufacturing
contexts, can be totally out of proportion and cost (direct maintenance cost, efficiency)
much more than it generates (indirect maintenance cost, effect).

Below, some additional examples of trade-offs in maintenance that need to be
taken into consideration with the perspective of effect and efficiency are given:

e predetermined maintenance versus condition based maintenance,

e operations based preventive maintenance versus calendar based (scheduled)
preventive maintenance,

e cost of spare part storage versus cost of waiting time for shipping of spare parts
versus cost for increased buffer sizes versus cost of redundancy of machines,

e focus on decreasing repair time (quick fixes of breakdowns) versus focus on
root-cause analysis (could imply increasing repair times while increasing time
between failure),
autonomous maintenance versus professional maintenance,
internal competence versus purchasing external service specialists,

e internal training and competence development versus external training and
competence development, etc.

This list is by all means neither final nor written in stone and some bullets might
not even be in question in some industrial contexts. However, it can serve as
examples of various trade-offs that need to be taken into consideration in order to
find the most beneficial solutions and activities in an organization without unnec-
essarily doubling, or even tripling, up on efforts.
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4 Discussion

In recent years, reliability and maintenance have been recognized as being of
critical importance to the success and long-term future of an organization (Fraser
et al. 2015). However, maintenance, in most industries, is highly costly. Certainly,
much of the cost is spent to achieve competitive production; however, still, much of
the maintenance activities and its related cost are pure waste. One viewpoint that
can be used in working to reduce or eliminate maintenance-related waste consists of
viewing maintenance with the perspectives of effectiveness and efficiency. This
paper advocates the necessity to work with both perspectives in order to realize total
effectiveness in maintenance and that the start of such work is in setting up
well-founded customer/stakeholder requirements that are differentiated, dynamic,
and based on the true need of the assets, in both a short- and long-term perspective,
and from there work on realizing these as resource-efficient as possible.

Acknowledgements This research work has been funded by VINNOVA through the “FFI —
Hallbar produktionsteknik” research programme, and Milardalen University. The research work is
also a part of the initiative for Excellence in Production Research (XPRES) which is a cooperation
between Milardalen University, the Royal Institute of Technology, and Swerea.

References

Ahlmann, H. R. (2002). From traditional practice to the new understanding: The significance of
life cycle profit concept in the management of industrial enterprises. In Maintenance
Management and Modelling Conference Under the Auspices of International Foundation for
Research in Maintenance, Viéxjo Sweden.

Coetzee, J. L. (2004). Maintenance. Victoria: Trafford Publishing.

Cooke, R., & Paulsen, J. (1997). Concepts for measuring maintenance performance and methods
for analysing competing failure modes. Reliability Engineering and Systems Safety, 5(2), 135—
141.

Eriksson, J. (2009). Collaborative product development: A collaborative decision-making
approach (Licentiate Thesis), Mélardalen University, Sweden.

Fraser, K., Hvolby, H.-H., & Tseng, T.-L. (2015). Maintenance management models: A study of
the published literature to identify empirical evidence—A greater practical focus is needed.
International Journal of Quality and Reliability Management, 32(6), 635-664.

Jackson, M. & Petersson, P. (1999). Productivity—An overall measure of competitiveness. In
Proceedings of the Second International Workshop on Intelligent Manufacturing Systems,
Leuven Belgium.

Kinnander, A. & Almstrom, P. (2008). Analys av produktivitetspotentialen hos underleverantorer
till den svenska fordonsindustrin. NUTEK, R 2008:52 (in Swedish).

Levery, M. (1998). Outsourcing maintenance—A question of strategy. Engineering Management
Journal, 8(1), 34—40. 2014.

Marquez, A. C., de Leon, P. M., Fernandez, J. F. G., Marquez, C. P., & Campos, M. J. (2009). The
maintenance management framework—A practical view to maintenance management. Journal
of Quality in Maintenance Engineering, 15(2), 167-178.

Mohanty, R. P., & Deshmukh, S. G. (1999). Managing green productivity: A case study. Work
Study, 48(5), 165-169.



112 M. Bengtsson and A. Salonen

Neely, A., Gregory, M., & Platts, K. (1995). Performance measurement system design—A
literature review and research agenda. International Journal of Operations and production
Management, 15(4), 80-116.

O’Donnell, F. J., & Duffy, A. H. B. (2002). Modelling design development performance.
International Journal of Operations and Production Management, 22(11), 1198-1221.

Parida, A. (2006). Development of a multi-criteria hierarchical framework for maintenance
performance measurement concepts, issues and challenges (Doctoral Dissertation). Luleé
University of Technology, Luled, Sweden.

Pun, K. F., Chin, K. S., Chow, M. F., & Lau, H. C. W. (2002). An effectiveness-centred approach
to maintenance management. Journal of Quality in Maintenance Engineering, 8(4), 346-368.

Salonen, A., & Bengtsson, M. (2011). The potential in strategic maintenance development.
Journal of Quality in Maintenance Engineering, 17(4), 337-350.

Simeu-Abazi, Z., & Sassine, C. (2001). Maintenance integration in manufacturing systems: From
the modeling tool to evaluation. The International Journal of Flexible Manufacturing Systems,
13(2), 267-285.

Wireman, T. (1990). World class maintenance management. New York: Industrial Press Inc.



The Use of Mobile Technologies and Their
Economic Benefits in Maintenance

Jaime Campos, Erkki Jantunen, David Baglee, Eduardo Gilabert,
Luca Fumagalli and Christos Emmanouilidis

Abstract The use of mobile devices enables maintenance staff to gain access to
information and services relevant to the task in hand in near real time and wherever
some form of network access is provided. Essentially, mobile device users become
mobile actors who dynamically interact with the physical environment, i.e. work-
place, and supporting information systems, leading to faster response to events and
an increased performance. This paper provides insight into the acceptance prospects
and best practices of the mobile technologies in the area of maintenance.
Furthermore, the potential financial impact is discussed as a key driver for the
adoption of mobile technologies in the maintenance practice.
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1 Introduction

Mobile technologies usage in maintenance can have many benefits, with increased
organisational performance being a key expectation. However, mobile devices have
not been exploited to their full potential in industrial daily practice by maintenance
departments. It is, therefore, important to be aware of the factors that might
impede the integration of the mobile technologies into the field. Thus, technology
acceptance theories are becoming important contributing to better understanding.
Hence, it is, crucial to understand those factors, since mobile technology has the
potential to help maintenance managers automate data collection and analyses,
support processes and reduce maintenance costs (Lee et al. 2004; Baglee and
Knowles 2013). Reviews in the field highlighted both the significant potential and
rapid advances in the field of Information and Communication Technologies (ICTs)
in Condition Monitoring and Maintenance (Campos and Prakash 2006; Campos
2009). Furthermore, the importance of a cost-effectiveness analysis is key because it
is the way to indicate if any profit or competitive advantage can be achieved by
using more automatic maintenance tasks by means of ICTs, especially in predictive
maintenance (Conde et al. 2009; Alrabghi and Tiwari 2013). The current paper goes
through the technology acceptance theories and best practices in Sect. 2. Section 3
deals with the economic benefits of using the mobile technologies in maintenance.
Further on, in Sect. 4, the main statistics and lessons learned from a survey carried
out on the use of mobile devices are considered. In Sect. 5 the discussion and
conclusions are presented.

2 Technology Acceptance and Best Practices

The acceptance of Information Systems (IS) by users has been researched for
several years and has involved cross-disciplinary domains with a specific focus on
explaining the intentional variance of Information and Communication
Technologies (ICTs) acceptance by users and understanding technology accep-
tance. These theoretical developments regarding the possible motives and barriers
on the way of accepting and adopting the technologies are manifold and have
resulted in several acceptance models. For instance, the Unified Theory of
Acceptance and Use of Technology (UTAUT) assume four concepts affecting the
behavioural intent and usage behaviour of ICTs, namely: the performance expec-
tancy, the effort expectancy; the social influence and the facilitating conditions.
However, the concern about the UTAUT model is that it does not include attitude
and self-efficacy as direct determinants of behavioural intention in the UTAUT
model, which have proved to be important factors with the help of the technology
acceptance research (Venkatesh et al. 2003). ICTs enablers can support enterprises
in meeting expected benefits such as an increased organisational performance and
productivity, insofar as they are accepted and used by employees in an organization
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(Venkatesh et al. 2003). Consequently, the IT adoption technologies with their
different factors are important to understand in order to be able to facilitate the
acceptance of any kind of ICTs as well as the mobile technologies in the mainte-
nance department. Apart from studies linked to technology acceptance theories,
other efforts have focused more on the specific domain of maintenance and asset
management. In Europe, the European Federation of National Maintenance
Societies (EFNMS), through its European Asset Management Committee (EAMC)
performed a survey of EU industry regarding the state of play in Asset Management
best practices (EFNMS/EAMC 2012). How organisations manage data related to
their assets is of particular interest. It is worth noting that although maintenance—
related events were typically recorded in systems such as Computerised
Maintenance Management Systems (CMMS), the loop between acquiring infor-
mation and reaching decisions is not actually closed, leaving much room for
improvement regarding the usage of ICTs enablers. According to the EFNMS
report, part of the problem is specifically related to the fact that quality or actionable
data may not, in most cases, be available at the right time and in the right place and
to the persons authorised to have access to it. This highlights the need for greater
penetration and adoption of ICTs, especially mobile ICT solutions. A key area of
improvement that mobile ICTs can contribute to is enabling true mobile collabo-
ration (Emmanouilidis et al. 2009). Specifically, removing time and space con-
straints, mobile maintenance staff can take advantage of portability, accessibility,
reachability, identification and localisation features when interacting with a main-
tenance—oriented information system and relevant physical environment in the
workplace. Taking into account that among the main factors impeding successful
CMMS implementation in industry are selection errors, insufficient commitment,
poor training, limited addressing of key organisational issues, underestimation of
difficulties and consequent limited allocation of resources and lack of a demon-
strable use of system output, an expert opinion study has produced some interesting
results regarding expectations and adoption prospects for mobile ICTs in mainte-
nance and asset management. Upon consulting experts in the field, the study
considered technological, organisational and human capital issues, relevant to
mobile ICTs adoption and prospects in this domain (Syafar and Gao 2013).
Specifically, the study suggested that in order to improve the adoption effort, it
should be accompanied by relevant business process alignment in the three broad
organisational layers (strategic, tactical and operational) in company’s activities and
should prioritise implementation, targeting the most critical processes or assets to
demonstrate impact. Leaving the broader picture to focus on individual projects and
specific implementation and technology adoption aspects, the results may follow
not only the general pattern but can also provide additional and more focused
insight that can be obtained regarding specific technological solutions. For example,
the adoption of e-training solutions in maintenance and asset management depends
on aspects of introduced technological elements, functional features as well as
content type and quality (Papathanassiou et al. 2013). Relevant technological
innovation brings greater flexibility, efficiency, mobility and ease of use due to
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specific functional design features, i.e. navigation patterns, short path to relevant
knowledge, interface design patters, as well as content-related features that facilitate
adoption by users. Additionally, regarding e-maintenance solutions adoption, one
should appreciate efforts made in industry to reduce information and services
fragmentation via appropriate integration mediation mechanisms, which remain
technically transparent and not-noticeable by users, while, nonetheless, increasing
the seamless experience of services usage and information delivery to maintenance
personnel (Pistofidis et al. 2012).

3 The Economic Benefits of Using the Mobile
Technologies in Maintenance

When addressing mobile technologies for maintenance, both business process
analysis and the assessment of impacts must be conducted. Financial benefits that
e-Maintenance technologies can offer must be addressed carefully, relying on the
principles of the Cost Benefit Analysis (CBA). CBA is a well established
methodology, see (Prest and Turvey 1965), and it is based on the evaluation of the
possible costs and benefits of a project. Indeed, the CBA has been carried out by
paying a specific attention to the fact that costs and benefits result from the intro-
duction of new technologies. A methodology, previously developed for the
assessment of new technologies in logistics, is one of the main and possible areas to
exploit. Examples are provided by Miragliotta et al. (2009). The methodology
consists of 3 steps. The first step is the Analysis of the AS-IS process, according to
ABC (Activity Based Costing) method, in order to identify the cost drivers of each
activity. The second step is the Development of a technical solution for the process
under concern. Finally, the Assessment of the impacts of the solution and the
evaluation of costs and benefits is carried out through a comparison between AS-IS
and TO-BE scenarios. In addition, Gilabert et al. (2015) presented how simulation
tools can help identify a new predicting maintenance approach by means of ICTs in
the cost-benefit of the product life cycle or plant productivity. The reliability
information on which the maintenance strategies simulator relies is the probability
density distribution of failure for the system or component. Such function deter-
mines the possibility of a failure occurring at a given time. The Weibull distribution
is frequently employed because it is applicable to different phases in the life of a
component or system. Given this function it is possible to apply the Monte Carlo
method for performing a random sampling and as a consequence for obtaining
possible times at which failure occurs. With this methodology it is possible to
obtain a time of occurrence of a failure and, therefore, to anticipate the type and
number of maintenance actions performed following a particular maintenance
strategy and their result in terms of cost.

This process is repeated according to the Monte Carlo method of analysis to
offer a faithful description, and time and costs are accumulated. The cost per unit
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time is used in order to compare the results obtained with different maintenance
strategies. Further on, while making the assessment of impacts, a classification of
typical costs and benefits can be kept in mind. In particular, costs and benefits can
be divided in Tangible and Intangible benefits (Fumagalli et al. 2010; Jantunen
et al. 2010). A formal and clear understanding of the relation between the activities
and the mobile technologies is a key aspect to be considered during the assessment.
Fumagalli et al. (2010) demonstrated, with the help of a case study analysis, that
significant benefits can be obtained with a small scale investment, whose payback
time was (in 2010) reasonably well under three years in all the cases. Interestingly,
2010 can be considered still the time when mobile devices were not so diffused. Just
to give an example, Apple iPad was presented in January 2010 and can be somehow
considered the precursor of the tablets. Moreover, starting from 2010, the mass
diffusion of this kind of portable devices increased. Of course, this type of mobile
devices is not comparable with industrial mobile devices, but the diffusion of tablet
as mass product has contributed to the cost reduction, allowing one to foresee that
payback time could be within around only one year and maximum two years.
Evidently, it depends on the type of company business and the way the company is
organized. Fumagalli et al. (2010) showed that large companies offering a wide
range of maintenance services to many different types of customers, performing
their activities in a formal and procedure-driven way, can benefit from the newly
introduced mobile technologies by gaining process efficiency. On the other hand,
Original Equipment Manufacturers (OEM) with less developed maintenance divi-
sion can benefit from efficiency, but this hardly compensates the costs of the
introduction of mobile solution into the field service. To this end, it is always
beneficial to consider developing the proper business model of maintenance service
first, trying to avoid pushing it in terms of technology advantages.

4 Industrial Use of the Mobile Technologies

In order to provide empirical evidence regarding the diffusion of using mobile
solutions for maintenance, this section reports the research results obtained by the
Observatory on Technologies and Services for Maintenance (TESEM, http://www.
tesem.net/english-site), a permanent unit was created in December 2010 as part of
the Observatories of the School of Management of Politecnico di Milano. TeSeM is
a collaborative platform where a network of several Italian universities operates to
monitor the state of the art on maintenance choices in the field of industrial plants.
TeSeM observes small, medium and large companies in Italy. Indeed, TeSeM has
collected information about the use of Personal Digital Assistant (PDA) and thus
mobile solution for many multi-national European and worldwide companies,
which are located in Italy. Information comes from 277 companies interviewed
from 2011 to 2015. Statistics show that 10 % of the companies adopt such solu-
tions. Moreover, considering the classification of small-medium enterprises (SMEs)
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and big enterprises, the following statistics have been calculated according to the
results of an interview conducted in the aforementioned companies. Specifically, in
SMEs 6 % of companies adopt mobile solutions and in big enterprises 13 % of the
companies adopt mobile solutions. In more recent years, i.e. from 2013 to 2015, a
more detailed analysis was performed for specific sectors. Results analysis reveals,
for instance, that in the Food and Beverages sector, 21 % of companies adopt
mobile solutions and the metalworking sector 5 % of companies adopts mobile
solutions. Finally, the end expectations regarding the use of mobile devices have
been investigated. The results of the analysis are based on the number of companies
that use mobile solutions, namely 10 % of all the companies and show that in some
cases companies use mobile solutions for more than one purpose. For instance,
18 % of the companies that adopt mobile solutions use them for managing work
orders, 2 % exploit them for managing safety procedures of maintenance activities,
20 % apply such technologies for supporting inspections, 18 % for condition
monitoring, 29 % for supporting spare parts warechouse management and 13 % to
consult technical documents and drawings.

5 Discussion and Conclusions

It is important to understand the best practices of Information Systems (IS) adoption
as well as their different contributing factors in order to be able to facilitate the
acceptance of ICTs and in particular mobile technologies in the maintenance
departments. The importance is highlighted by the fact that e-Maintenance has
created a radical change in maintenance practices. Consequently, having the correct
information when is needed at hand can provide operational and financial benefits
to most organisations. The advances in wireless technologies and low cost and easy
to use mobile devices allow this to become a reality through portable, available and
affordable systems. In addition, from an economical point of view, ICT-enabled
innovation provides enormous opportunities. The most important functional benefit
is the availability of relevant and reliable information and services where needed.
On the other hand, efficient maintenance strategies such as CBM rely on infor-
mation since they enable maintenance actions planning based on evidence of need
and not merely on pre-determine schedules. Moreover, it is easy to understand how
much support a maintenance engineer needs from an information system to carry
out practical maintenance tasks. In all available economic studies the introduction
of e-Maintenance has proved to be justified. Naturally, the more complicated the
industrial environment is, the higher the economic benefits and the shorter the
payback time for investments are expected to be.
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Successful Creation of Radical
Manufacturing Technology Innovations

Pooja Chaoji and Miia Martinsuo

Abstract Manufacturing technologies are often developed incrementally, and less
attention has been directed at radical innovations. Radical manufacturing technol-
ogy innovations pursue significant performance improvements in the production
process and are expected to enhance the competitiveness of the firm. This paper
explores the successful creation of radical manufacturing technology innovations by
analyzing previous empirical research and characterizing the emergence and
management of the innovations. Companies engage in radical manufacturing
technology innovations by bringing in advanced manufacturing technologies, car-
rying out technology-related R&D in processes, and innovation in their supply
chain processes. Innovation by adopting new technologies developed elsewhere
appears as more dominant than innovation by creation. Forthcoming research is
proposed on different management practices for different types and contexts of
manufacturing technology innovations, and on how digitalization-related innova-
tions can be made into a source of competitive advantage.

Keywords Manufacturing technology - Radical innovation - Success

1 Introduction

Radical innovations in products and technologies have a high impact in terms of
offering completely new benefits, significant improvement in known benefits, or
significant reduction in costs (O’Connor et al. 2006; Maine et al. 2014). As such,
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radical innovations have a significant potential to increase the competitiveness of a
firm in its industry. During the past three decades competitive pressures on man-
ufacturing firms in advanced industrial economies have increased because of var-
ious reasons such as globalization, economic crises and the rise of manufacturing
strongholds in emerging economies (MacBryde et al. 2013). The importance of
creating successful radical innovations in manufacturing firms has therefore
increased.

However, there is another side to the development of radical innovations,
namely the high risk and uncertainty associated with them. Previous research has
suggested that some radical innovations can only be developed through spin-offs or
entrepreneurial ventures, outside of the incumbent firms (e.g. Christensen 1997).
Also, research suggests that mature technology firms have great difficulties in
repeated innovations (Dougherty and Hardy 1996). In order to survive under
competitive pressures, companies are required to rejuvenate their manufacturing
systems, which will require both incremental and radical innovations in manufac-
turing technologies. Whilst continuous, incremental innovations are built into the
routines of manufacturing firms (Klingenberg et al. 2013), much less attention has
been directed at radical manufacturing technology innovations. Therefore, the
success of radical manufacturing technology innovations presents a relevant and
important research gap.

The purpose of this paper is to explore the successful creation of radical man-
ufacturing technology innovations. The goal is increased understanding on the
sources, characteristics and success factors in creating radical innovations in
manufacturing, and the identification of research gaps to guide further research. The
focus is on two research questions:

1. How do radical innovations in manufacturing technologies emerge?
2. How are successful radical innovations in manufacturing technologies
managed?

This paper will synthesize evidence from existing empirical studies on radical
innovations in manufacturing technologies. Previous empirical research on radical
manufacturing technology innovations were sought from the key journals of
operations and innovation management. This involved a preliminary keywords
based search in ISI (Web of Knowledge) database using radical innovation in
manufacturing technology which resulted in 71 articles. These were used as a
starting point for locating relevant articles, journals and authors, and guided further
efforts in locating empirical research-based journal publications discussing emer-
gence and/or management of radical innovations in manufacturing technology. The
articles were reviewed taking a content analytical approach, to identify common
themes and differences. The analysis results in a summary of what has been studied
and is known already and identification of gaps in knowledge to guide further
empirical work in the field.
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2 Success of Radical Innovations in Manufacturing
Technologies

An innovation is an entrepreneurial endeavour to introduce a change in the com-
mercial and industry environment (Drucker 1985; Schumpeter 1934). Schumpeter
defined an innovation from an economic perspective as the introduction of a new
good—or of a new quality of a good, the introduction of a new method of pro-
duction, the opening of a new market, the conquest of a new source of
raw/semi-processed material, or carrying out the new organization of any industry
(Schumpeter 1934, p. 66). In this research, we consider primarily the innovations
concerning the introduction of a new production process.

Based on the degree of novelty in the technology and configuration involved in
innovations, they may be categorized as radical or incremental. Radical innovations
involve distinct new knowledge or (re-)combination of existing knowledge,
whereas incremental innovations take minor steps and involve little novelty
(Raymond and St. Pierre 2010). Innovation radicalness is easier to sense than to
define or measure (Dewar and Dutton 1986) and can be represented on a continuum
between radical and incremental as the endpoints (Buschgens et al. 2013).
Discrepancies over what constitutes ‘radicalness’ also arise from whether the level
of newness can be defined at the level of the firm (e.g. Damanpour et al. 2006), at
the level of the industry (e.g. Sinha and Noble 2008) or at the level of technology
that is new-to-the-world (e.g. Chang et al. 2012). In this paper, we review studies on
radical manufacturing technology innovations without giving regard to the dis-
crepancies in how radicalness is defined. We refer to the core production tech-
nology involved within the overall new production process as radical
manufacturing technology innovation (RMTI).

Existing research on RMTI can be broadly divided into three primary themes:
(1) adoption and integration of AMT (advanced manufacturing technology) within
firms, (2) technology-driven process R&D (research and development), and
(3) supply chain process innovations.

1. The advent of computerization that started around 1970s in the traditional
mechanized and manual production equipment has been one of the major
changes in the history of manufacturing, and has contributed to large number of
RMTIs commonly referred to as Advanced Manufacturing Technologies
(Khazanchi et al. 2007). Pennings (1987) defined AMT as “an automated pro-
duction system of people, machines and tools for the planning and control of
production processes, including the procurement of raw materials, parts and
components and the shipment and service of finished products”. Typical
examples of AMT include computer numerical controlled machines, computer
aided design, robotics and flexible manufacturing systems, and these
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technologies share a typical characteristic that they are easy to integrate elec-
tronically (Gomez and Vargas 2012). Some research studies include manufac-
turing planning systems, such as Just-in-time, Manufacturing Resource Planning
and Enterprise Resource Planning under the umbrella term AMT (Swink and
Nair 2007).

2. Research on technology-driven process R&D focuses on the science-based and
technical development of new methods of production. These are often difficult
to distinguish from within overall R&D activities, where radical product and
process innovations are intertwined (Raymond and St. Pierre 2010).
New-to-the-world innovations involve multiple technical breakthroughs and
RMTI lie at the link between a successful invention and its commercialization.
An example of ongoing process R&D could be reducing the production cost of
fuel cells, which is currently a major issue withholding their commercialization
(Kawase 2015).

3. Research on supply chain process innovations is often focused at the firm level.
It encompasses both developments in the manufacturing methods by use of new
equipment and improvements in the organization and coordination of various
production and distribution activities. Supply chain process innovations may or
may not involve the use of new technology, and accordingly can be divided into
technological and organizational types (Reichstein and Salter 2006). Research
on radical technological process innovations in firms shows that adoption of
RMTI is a major source of radical supply chain process innovations in manu-
facturing firms (e.g. Reichstein and Salter 2006; Hervas-Oliver et al. 2014).

The success of a RMTI lies in the realization of the radical performance
improvement in the output produced by utilizing the new production process. For
example, Gomez and Vargas (2012) and Cardoso et al. (2012) perceive that the
success in adoption of new technology in production lies in the effective func-
tioning of the overall new production process and the resulting ‘utilization’ of the
new technology to improve the overall performance of the production output.
Various measures of success have been used in earlier research. Swink and Nair
(2007) measure success using five dimensions of manufacturing performance: cost
efficiency, quality, delivery, process flexibility, and new product flexibility.
Hervas-Oliver et al. (2014) measure success in manufacturing innovation based on
improvement in three production process indicators of cost reduction, flexibility and
capacity improvement. Khazanchi et al. (2007) measure success of manufacturing
innovation based on plant-level performance areas of product quality, scrap mini-
mization, on-time delivery, equipment utilization and manufacturing lead time by
using subjective scales of measurement. The reviewed literature also involved use
of objective firm-level measures of success in RMTI such as sales growth (Dewar
and Dutton 1986) and firm survival (Sinha and Noble 2008). Therefore, measure-
ment of success in RMTI relies on the overall performance improvement in the
output made by the new production process.
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3 Emergence of Radical Innovations in Manufacturing
Technologies

At a given point in time, a production technology in use must submit to commercial
appropriateness (Schumpeter 1934), or as Schumpeter put it, the half-artistic joy of
technically perfecting the productive apparatus is disregarded in business. Research
and development for the creation of radically new production methods is as
important as its successful adoption and utilization within the existing production
process or its implementation within a completely new production process.

Existing research on RMTI suggests that the development and utilization of
RMTT occur in different organizations. Damanpour and Wischnevsky (2006) dis-
tinguish between innovation generation and innovation adoption, and according to
their research, the processes of generating and adopting innovations are distinct
phenomena that are facilitated in different organizational conditions. Organizations
that innovate-by-generation and those that innovate-by-adoption differ with respect
to their innovation capabilities, processes and culture. They emphasize that the
emergence of RMTI within firms that innovate-by-generation and innovate-by-
adoption follows different paths. The phases of innovation generation include:
recognition of opportunity, research, design, commercial development and mar-
keting; whereas the innovation-by-adoption includes two main phases: initiation
and implementation (Damanpour and Wischnevsky 2006).

Table 1 summarizes existing studies on the emergence of RMTI in firms. Many
of the research results highlight the role of the organizational context. The observed
set of studies focus dominantly on RMTI-by-adoption, and few studies consider
RMTI-by-generation (Raymond and St. Pierre 2010; Reichstein and Salter 2006;
Un and Asakawa 2015).

Acquisition and utilization of new machinery and equipment is one of the major
modes of RMTI in firms (Reichstein and Salter 2006; Hervas-Oliver et al. 2014,
Khazanchi et al. 2007; Ettlie et al. 1984). Review of previous empirical research on
innovation-by-adoption (see Damanpour and Wischnevsky 2006) reveals that the
initiation phase consists of recognizing a need, becoming aware of a possible
innovation, and evaluating its appropriateness, leading to the decision to adopt the
innovation. The implementation phase consists of all events and actions that pertain
to modifying the innovation and the adopting organization, using the innovation
initially, and continuing to use the innovation until it becomes a routine feature of
the organization. Therefore, organizations form the context for the adoption and
utilization of RMTI.

According to existing research on the emergence of RMTI within firms, the
strategy and structure of organizations determine the propensity for a firm to engage
in the creation or adoption of RMTI (Ettlie et al. 1984). Ettlie et al. suggest that an
aggressive technology policy and unique structural arrangements, such as con-
centration of technical specialists, centralization and informal structures, result in
favourable pre-innovation conditions supporting radical process adoption. While
evidence in empirical research supporting unique structures such as centralization
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Table 1 Empirical studies on the emergence on radical manufacturing technology innovations

Source Context Methodology Key finding for this study
Ettlie et al. | Adoption/creation of new | Statistical analyses; Aggressive technology
(1984) packaging RMTI for data collection by policy and concentration
cooked and sterilized food | survey (n = 147) and of technical specialists
in meat, canning and fish | interviews (n = 56) promote RMTI
industries in USA
Dewar and | Adoption of RMT in Statistical analyses of | Size and depth of
Dutton footwear manufacturing survey data (n = 40) knowledge resources are
(1986) firms in USA significant predictors of
adoption of RMTI
Gomez Adoption of AMT Statistical analyses of | Complementary assets,
and Vargas | (numerically controlled secondary data from such as technological
(2012) machines, robotics, annual surveys in 1994, | resources (R&D), are
computer aided design, 1998, 2002, 2006 important determinants of
flexible manufacturing) in RMTI
Spanish manufacturing
firms
Raymond | Product R&D, process Statistical analyses of | Link between product
and St. R&D and their associated | secondary data from R&D intensity, process
Pierre innovation outcomes in survey R&D intensity and
(2010) 205 Canadian innovation outcomes in
manufacturing SMEs firms is governed by
contingencies
Reichstein | Process innovations in Statistical analyses of | Major determinants of
and Salter | 2881 manufacturing firms | secondary data from RMTI in firms include
(2006) in UK in 2001 survey presence of radical
product innovations, firm
strategies focusing on
cost-leadership or product
development and active
collaboration with
equipment suppliers
Un and Process R&D Statistical analyses of | Suppliers and universities
Asakawa collaboration partners of | secondary data from form potential process
(2015) 781 manufacturing firms | survey R&D collaborators,
in Spain between 1998— against customers or
2002 competitors

of authority as predictors of RMTI in firms remains weak (e.g. Dewar and Dutton
1986), generally consistent results have been observed regarding technological
resources at firms in determining the likelihood of RMTI (e.g. Dewar and Dutton
1986; Gomez and Vargas 2012; Raymond et al. 2010; Reichstein and Salter 2006).

Earlier studies have attempted to establish causal links between some firm level
characteristics and the likelihood of emergence of RMTI in firms. For example,
Gomez and Vargas (2012) observed that firm size, propensity to export and being
part of business group act as predictors of the likelihood of RMTI. Reichstein and
Salter (2006) observe that firm size and close relation with suppliers are predictors
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of process innovations in firms. Un and Asakawa (2015) suggest close collabora-
tions with suppliers and universities to be sources of RMTI for manufacturers. In
the case of the adoption of AMTs, previous experience in the use of AMTs at a firm
acts as significant predictor of RMTI involving AMTs in future. Since AMTs can
be integrated electronically, existence of AMTs within a plant encourages adoption
of other technologies that can be integrated with the existing AMTs to obtain
systemic benefits of AMT (Da Rosa Cardoso et al. 2012; Sinha and Noble 2008).

4 Managing Radical Innovations in Manufacturing
Technologies

Managing RMTI appears as somewhat different, depending on the approaches and
sources of the innovation. According to Damanpour and Wischnevsky (2006), in
the case of innovation-by-creation, the critical innovation issue is to manage the
innovation project in a timely and efficient fashion, whereas in the case of
innovation-by-adoption, it is to assimilate the technology extensively into the
organization in order to produce the desired organizational change. They perceive
that the key managerial challenge in the generation of innovation is matching of the
organization’s technical capabilities with market opportunities; whereas the key
managerial challenge in innovation-adopting organization is matching the organi-
zation’s strategic requirement with capabilities and potentials of the innovations
existing in the market. Despite the expected potential of RMTIs to result in radically
improved production performance measures, for example in the case of AMT, only
25-50 % of the implementations are observed to be successful in achieving the
projected improvements (Khazanchi et al. 2007).

Table 2 summarizes previous research on key issues in managing RMTIs suc-
cessfully. Five main topics emerge from previous research as key factors: (1) a
supportive organizational culture and control; (2) external integration; (3) internal
integration; (4) efficient use of complementary assets; and (5) timing of the RMTL

Organizational culture and control. Research on the successful management of
RMTT addresses the challenge of managing the team members involved in radical
innovation projects because such work is difficult to measure and control in terms of
both behaviour and output (Buschgens et al. 2013). Buschgens et al.’s research
suggests that the best way to control progress of radical innovation projects is
through organizational culture and alignment of individual’s objectives with the
firm. Management of innovation requires paradoxical enablers in an organization’s
culture. On one hand, it requires a culture of flexibility and empowerment, to enable
creativity, empowerment and change that drive exploration necessary for radical
innovations, and on the other hand control and efficiency in order to drive delivery
of results with discipline and focus on outcomes (Khazanchi et al. 2007). In the case
of implementation of AMT in manufacturing plants, Khazanchi et al.’s research
suggests that the combination of flexibility and control values in organizational
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Table 2 Empirical studies on the successful management of radical manufacturing technology

innovations
Source Context Methodology Key finding for this
study
Buschgens | Previous studies on Meta-analytic review Positive correlation
et al. relation between between successful
(2013) organizational culture innovations and presence
and innovation of a developmental
culture, based on values
of flexibility and external
orientation; negative
correlation with presence
of a hierarchical culture
Da Rosa Implementation of new | Mixed-method analysis | Organizational design,
Cardoso production technologies | of qualitative data mainly structure, needs
et al. in firms in Brazil (literature review, to be reviewed as part of
(2012) secondary data, decision to adopt
expert/practitioner particular AMT
interviews)
Swink and | AMT adoption in Statistical analysis of Design-manufacturing
Nair (2007) | manufacturing plants in | survey data integration acts as
North America complementary asset,
supporting in realizing
maximum benefits of
AMTs
Khazanchi | Adoption of similar Statistical analyses of Flexibility values in a
et al. AMT (computerized survey data firm’s culture are critical
(2007) die/mold machinery) in a for success in AMT
large sample of firms in implementation
North America
Stock and | Adoption of wide Statistical analyses of Highlight the importance
Tatikonda | category of technologies | survey data of inter-organizational
(2008) (operational and factors (between firm and
non-operations uses) in a technology supplier) in
large-sample (91 firms) success in new
of firms in USA technology
implementation
Sinha and | New manufacturing Statistical analyses of Proper timing of
Noble technology adoption in survey data adoption decisions in
(2008) UK’s metal working and firms related to new

engineering industry in
1981 and 1986

production technology
are critical in
determining firm survival

culture, congruence in perception of values between managers and operators have a
positive influence on the plant performance outcome when adopting RMTL.

External integration. Some studies focus on the interaction between the tech-
nology supplier and the innovation adopter firm as a key ingredient in managing the
RMTI successfully. In particular, Stock and Tatikonda’s (2008) research
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recommends increased user involvement in RMTI development for greater imple-
mentation success. They observed a positive relation between higher project criti-
cality, i.e. more attention and resources and successful management of innovations
involving external technology adoption. Advanced processes and supplier inte-
gration are needed for manufacturing firms to manage external technology adoption
in their production successfully (Stock and Tatikonda 2008).

Internal integration. The success of a new manufacturing technology adopted in a
firm’s production process comes from its successful integration into other organi-
zational elements (Hervas-Oliver et al. 2014; Khazanchi et al. 2007). Technology is
only an enabler, whereas the architecture in which it is placed has a far greater
impact in the firm’s success (Gomez and Vargas 2012). Previous research has
revealed various enablers for integrating new technologies into a firm’s own pro-
cesses. For example, a preceding analysis of the impact of manufacturing tech-
nology adoption and implementation on the organizational characteristics is
recommended as a part of the manufacturing technology selection process (Da Rosa
Cardoso et al. 2012; Stock and Tatikonda 2008). Also, the firm must plan reviewing
its existing organizational characteristics in order to prepare for the change process
and set realistic expectations (Stock and Tatikonda 2008; Da Rosa Cardoso et al.
2012). They should also establish a coordination group to manage the process of the
manufacturing technology selection, adoption and implementation (Da Rosa
Cardoso et al. 2012). Finally, communication of intended improvements through
technological change could mobilize resources and personnel better (Da Rosa
Cardoso et al. 2012).

Efficient use of complementary assets. Complementary assets are resources or
capabilities that allow organizations to capture the profits associated with a strategy,
technology or innovation (Teece 1986; see Swink and Nair 2007). These assets may
be tangible, such as existing equipment (Sinha and Noble 2008) or intangible, such
as R&D investments (Gomez and Vargas 2012). Swink and Nair (2007) suggest
design-manufacturing integration as an important complementary asset for RMTI
involving the adoption of manufacturing technology. An effective process of
combining product and process specialists can contribute to generating appropri-
ability from the RMTTI. This can also contribute toward better planning of the RMTI
adoption by considering links to the firm’s overall manufacturing strategy, since
there are possible trade-offs between various technology-performance relationships.
Some of the other examined contingencies for the success of RMTIs are infras-
tructural and demographic variables such as worker empowerment, quality pro-
grams and process type (Swink and Nair 2007).

Timing of RMTI. Given the time-sensitive nature of returns on investment in
certain manufacturing technologies, success of RMTI also depends on capability of
firms to make timely decisions about their adoption (Sinha and Noble 2008; Agkun
et al. 2014). This capability is related to presence of typical characteristics in
organizational culture, notably the willingness to cannibalize, values for future
orientation and tolerance are also important for enabling success with radical
innovations (Buschgens et al. 2013).
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Besides the management of successful RMTIs, enablers of success in RMTI
have been analysed from various perspectives. In their review, Damanpour and
Wischnevsky (2006) observe the following as enablers of success in
innovation-by-creation:  business-project fit, R&D-manufacturing-marketing-
interaction, the uniqueness of the innovation, the user-benefit or economic advan-
tage of the innovation, the role of an innovation champion, patent protection and
competition in market, among others. On the other hand, they review that the
factors that predict successful innovation-by-adoption include organizational
complexity, centralization of decision making, organizational members’ internal
and external communication, perceived risk of the innovation, the capacity of the
organization to absorb information, and the complexity of the innovation.

5 Discussion and Conclusions

We have investigated the emergence of radical innovations in manufacturing
technologies through reviewing earlier empirical research in technology-related
operations and innovations. Earlier research has had a strong emphasis in the
adoption of advanced manufacturing technologies (e.g. Khazanchi et al. 2007,
Gomez and Vargas 2012) and it has covered also technology-based process R&D
(Raymond and St. Pierre 2010) and supply chain process innovations (Reichstein
and Salter 2006). The dominant view emphasizes manufacturing firms as adopters
of RMTI developed elsewhere, instead of creators of RMTI. As technology sup-
pliers can provide RMTI to multiple firms, the real innovation is not in its adoption,
but in how well firms master their utilization as a source of competitive edge. Many
studies reviewed in this paper focused on how to manage the successful adoption of
technologies, and not so much on how to manage their creation and utilization.

A particular interest was to understand how successful radical manufacturing
technology innovations are managed. Success is covered in previous research in
terms of the performance improvement of the production process, and it has been
assessed through quite ordinary measures of costs, quality, flexibility, delivery
efficiency and capacity (e.g. Swink and Nair 2007; Hervas-Oliver et al. 2014). Our
review showed that the successful management of RMTI requires a supportive
organizational culture and control; integration of external suppliers; internal inte-
gration; efficient use of complementary assets; and the right timing of the RMTL

The results show tentative indications that different kinds of enablers and
management practices are needed for different types of manufacturing technology
innovations, and in the different phases of creating, adopting and utilizing them. As
radical manufacturing technology innovations have been studied merely from some
parts of these viewpoints and with certain types of technologies, more research is
needed on the contingent nature of managing RMTIs.

Currently digitalization (e.g. sensors and remote monitoring, internet of things,
3D printing) is changing the nature of production in existing industries. As there is
hardly any focused research on these RMTIs, comparable with AMT,
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digitalization-related manufacturing innovations are proposed as an important
avenue for future research. Even if digitalization can be considered a generic
innovation that can potentially affect any manufacturing firms, its radical potentials
for specific firms and networks and for the industry more generally call for further
research. Particularly the institutional implications of digitalization to the manu-
facturing industries deserve further research attention.
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Simulating the Impact of Deferred
Equipment Maintenance

Peter Chemweno, Liliane Pintelon and Peter Muchiri

Abstract Deferring the maintenance activity can often be detrimental to the asset’s
operation. This is usually the case where minimal repair actions are performed for
severe failures. Here, deferring the maintenance activity ends up accelerating
equipment deterioration, thereby resulting in more severe failures. In this paper, a
discrete event simulation model for quantifying the effect of deferred maintenance
on system performance such as production loss and observed failure rates is pro-
posed. The simulation study incorporates four maintenance activities proposed in
the ISO 14224 that include inspection, modify, extensive repair and corrective
replacement. Each maintenance activity is evaluated based on its impact on the
remaining useful life of the component. A real life case of a thermal power plant is
discussed.

1 Introduction

Maintenance activities are performed with the objective restoring the equipment
after failure, enhancing the equipment reliability or improving availability. In lit-
erature, well-known maintenance strategies include failure based maintenance
(FBM), time/use based maintenance (UBM) and predictive maintenance
(PdM) (Pintelon and Van Puyvelde 2013). Depending on the strategy deployed,
maintenance actions often vary and may include corrective, preventive, or
pro-active actions. Moreover, depending on aspects such as technician proficiency,
adequacy of repair capacity, production demand or sufficiency of the diagnostic
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capacity, maintenance practitioners may opt to postpone or defer the maintenance
activities. However, deferring the maintenance activity may accelerate component
degradation, more so for severe failures. On the other hand, implementing a more
robust maintenance regime for failures of marginal severity often results in
unnecessary stoppages and high demand for spare parts. Examples include activities
such as corrective replacement where the component is restored to the
as-good-as-new (AGAN) condition. For these reasons, a balance is often necessary
between implementing minimal and extensive maintenance actions. More impor-
tantly, the optimal balance needs to take into account aspects such as failure
severity of the component at time of repair and impact of the maintenance actions
on the equipment’s remaining useful life (RUL).

In this paper, a simulation modelling study is proposed that evaluates the impact
of deferring maintenance activities on equipment performance. The deferred
maintenance strategy is compared with more robust maintenance actions/activities,
here, extensive equipment repair and corrective replacement. The proposed main-
tenance activities are derived from the ISO 14224 standard. Moreover, the model
proposes several failure severity classes derived from the MIL-STD-882 standard.
Depending on the selected maintenance activity, component degradation or renewal
is influenced and quantified based on the remaining useful life after the maintenance
action. The simulation study is validated using the case study of turbocharger
component failure in a thermal power plant.

2 Related Literature

In literature, several authors propose a mix of analytical and simulation models for
optimising maintenance decisions, e.g. see Van Horenbeek et al. (2010). Many of
these models largely propose optimal intervals for performing preventive mainte-
nance (Pintelon and Van Puyvelde 2013). However, the models seldom take into
account individual maintenance actions or their influence on the component’s RUL.
Moreover, the models often assume perfect component renewal after maintenance
action, i.e. restoration to the AGAN state. In practise, this is not usually the case.
Often depending on the nature of repair activities and the failure severity, the
equipment may be restored to the as-bad-as-old (ABAO) or a worse state. Existing
maintenance modelling approaches fail to sufficiently take these aspects into
account. In related research, several authors consider the maintenance strategy
selection as a multi-criteria decision making problem (MCDM) and as such propose
selection frameworks based on techniques, e.g. analytic hierarchy process (AHP),
e.g. see (Fouladgar et al. 2012; Zaim et al. 2012). However, viewing the selection
process as MCDM problem, but, ignoring the impact of the maintenance actions on
the RUL is rather simplistic. The simulation model proposed in this paper addresses
these flaws.
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3 Simulation Model for Optimal Maintenance Actions

3.1 Conceptual Model

Figure 1 outlines the 5 steps of the proposed simulation model. In step 1 the
operation of the unreliable turbocharger is mimicked where failure is triggered from
its characteristic lifetime distribution. The failure distribution is derived through
fitting distribution functions on datasets for the turbocharger’s time to failure
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(Chemweno et al. 2015). When failure is observed, the diagnostic process is ini-
tiated in step 2 where the failure severity, S; is evaluated. The diagnostic time, z; is
conditioned on the failure severity and sampled from a triangular distribution. As
mentioned, four severity levels are defined and based on the MIL-STD-882 stan-
dard where level 4 equates to catastrophic component failure. In step 3, the process
of selecting the appropriate maintenance/repair actions R; is modelled. The alter-
native actions include; (i) inspection, (ii) modification and/or minor adjustments,
(iii) repair, and (iv) corrective replacement. The selected action influences the RUL
of the turbocharger after repair. In this context, inspection equates to minimal
repair, and depending on the failure severity, accelerates component degradation.
On the other hand, corrective replacement equates to perfect renewal or AGAN and
depending on the failure severity, may enhance the RUL. In step 4, the maintenance
efficiency is generated with the assigned value influenced by the nature of failure
severity and the selected maintenance action. For instance, a severe component
failure, e.g. S4 combined with inspection equates to minimal repair action and as
such, low maintenance efficiency is assigned. As a result of the low efficiency, the
RUL after repair is degraded with shortened time to next failure expected. Step 5 is
linked to step 4 where the expected time to next failure is conditioned on the failure
severity, type of repair action, and the assigned maintenance efficiency value. The
impact of aspects specified in steps 1 to 5 are evaluated through several perfor-
mance measures, i.e. failure rate A(¢), power production loss Py, and the expected
number of component replacements Sp,, the latter quantified by the expected
demand for spare parts over the simulation period.

3.2 Application Case Description

The simulation study is validated in the use case of turbocharger operation in a
thermal power plant engine. Maintenance records from the plant were recorded over
a 3 year period from which useful input parameters were derived and depicted in
Table 1. Several model assumptions are also considered and include:

Table 1 Overview of

Parameter Input distribution
simulation model input Turboch - o WEIB 10.8. 2073
parameters urbocharger uptime (h) [0.8, 1

Diagnostic time (h) TRIA [1, 2, 5]

Repair time (h) TRIA [1, 3, 5]

Spare part replenishment lead-time (days) | EXP [2]

Simulation replication length (days) Constant [1083]

Number of replications 100
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1. Repair capacity constraints are ignored and assumed always available;

2. A severe failure combined with minimal maintenance action accelerates com-
ponent deterioration.

3. A minor or marginal failure combined with extensive repair or corrective
replacement renews the component to the AGAN state;

4 Results and Discussion

4.1 Effects of Implementing Minimal Maintenance Actions

This scenario explores the influence of minimal maintenance actions and assumes a
situation where maintenance practitioners opt for inspection or modification/minor
adjustments irrespective of the failure severity. In practice, the choice of these
actions equates to deferring maintenance activities, more so, for severe failures.
Figure 2 depicts results derived by varying the inspection parameter, R;,s, from 10
to 100 %. At 10 % variation, we assume that irrespective of the failure severity,
inspection is performed in 10 % of the cases, while the remaining proportion, i.e.
90 % is distributed to the remaining three actions, i.e. modify, repair and corrective
replacement. The same reasoning applies to inspection threshold of e.g. 90 %. The
results are compared to the reference case where balanced selection of maintenance
actions is implemented, i.e. equal chance (25 %) of selecting each of the four
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maintenance action. From Fig. 2, implementing a maintenance regime relying
predominantly on inspection is observed as detrimental to generated power and the
observed failure rate. Here, power generation losses of as much as 27 % and failure
rate increases of as much as 45 % are observed. On the other hand, the demand for
component replacement diminishes as a result of the predominant inspection
regime. This observation is attributed to the fact that component replacement is
assumed to occur only during catastrophic failure where corrective replacement is
implemented.

4.2 Effects of Implementing Repair and Corrective
Replacement

Figure 3 depicts the results of implementing a more robust maintenance regime.
Thus rather that deferring maintenance for severe failure, e.g. through inspection or
minor modification, extensive repair is undertaken. The results show a reduction in
power generation losses and expected failure rates by as much as 29 and 19 %
respectively as compared to the reference case. This is largely attributed to
enhancement in the RUL of the turbocharger. Moreover, the extensive repair
actions are associated with reduced demand for spare parts where reductions of as
much as 59 % is observed. Figure 4 depicts the results of implementing higher
proportion of corrective replacements for observed failure. From the results, one
can observe a reduction in failure rate by as much as 25 % as compared to the
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reference case. However, the reduction is achieved at the expense of higher spare
part demand. Here, the demand reaches a proportion of as much as 230 % compared
to the reference case. This emphasises the negative impact of implementing cor-
rective replacement for failures of marginal severity. In practice this may correlate
to instances where the organisation lacks sufficient capacity or skills for undertaking
extensive repair actions.

Moreover, higher proportions of corrective replacement negatively influence
power generation. For instance, a production loss of 8 % is observed at corrective
replacement of 70 %. This can be attributed to productivity losses due to
un-necessary downtimes during the corrective replacement actions or long spare
parts replenishment lead-times. In the model, the procurement lead-time from the
original equipment manufacturer (OEM) is assumed exponentially distributed with
EXP [2] days. During this period, the equipment is assumed off-production.

5 Conclusion

In this paper, the influence of implementing high proportions of minimal mainte-
nance actions is evaluated using a simulation model. These minimal actions cor-
relate to deferring maintenance where tasks such as inspection or minor
modification are performed for severe failures. As expected, deferring maintenance
accelerates the component degradation thereby reducing the expected remaining
useful life. On the other hand, implementing extensive repair actions enhances the
component’s remaining useful life and further reduces the need for new parts.
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Although corrective replacement enhances the components remaining useful life, at
higher proportions, corrective replacement negatively influences power production,
more so, for failures of minimal severity. Future work will explore the influence of
combined maintenance actions, e.g. inspection and repair, or repair and replace-
ment. The influence of the combined actions will also be evaluated in the context of
spare parts usage.
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Improving Online Risk Assessment
with Equipment Prognostics and Health
Monitoring

Jamie Coble, Xiaotong Liu, Chris Briere
and Pradeep Ramubhalli

Abstract The current approach to evaluating the risk of nuclear power plant
(NPP) operation relies on static probabilities of component failure, which are based
on industry experience with the existing fleet of nominally similar light water
reactors (LWRs). As the nuclear industry looks to advanced reactor designs that
feature non-light water coolants (e.g., liquid metal, high temperature gas, molten
salt), this operating history is not available. Many advanced reactor designs use
advanced components, such as electromagnetic pumps, that have not been used in
the US commercial nuclear fleet. Given the lack of rich operating experience, we
cannot accurately estimate the evolving probability of failure for basic components
to populate the fault trees and event trees that typically comprise probabilistic risk
assessment (PRA) models. Online equipment prognostics and health management
(PHM) technologies can bridge this gap to estimate the failure probabilities for
components under operation. The enhanced risk monitor (ERM) incorporates
equipment condition assessment into the existing PRA and risk monitor framework
to provide accurate and timely estimates of operational risk.
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1 Introduction

Advanced reactors can provide the United States with a safe, sustainable, and
carbon-neutral energy source. However, these reactors face significant technical
hurdles to commercialization due to the unique features and characteristics inherent to
their revolutionary designs, such as non-light water coolants, integral primary sys-
tems, and advanced component designs. The controllable day-to-day costs of
advanced reactors are expected to be dominated by operation and maintenance
(O&M) costs. Equipment condition assessment coupled with online risk monitors can
potentially enhance affordability of advanced reactors while maintaining high levels
of safety through optimized operations planning and maintenance scheduling. The
enhanced risk monitor (ERM) combines online risk assessment with condition
assessment of key active components to support safe and economic operation of
advanced reactors (Coble et al. 2013). The ERM is expected to improve the safety,
economics, and availability of advanced reactors by providing a tool for optimizing
O&M activities.

In order to demonstrate the efficacy of the ERM for advanced reactors, a
Simulink-based model of a prototypical advanced reactor (PAR) is under devel-
opment at the University of Tennessee. The PAR design features two liquid metal
primary systems each connected to a dedicated steam generator, which are then
connected to a common balance of plant. This paper presents the development of
this simulation model, including the system models used and the integration of
degradation of key plant components. Section 2 briefly presents the ERM frame-
work. Section 3 describes the PAR simulation model. Simulation results for normal
and degraded operation are given in Sect. 4. Finally, the research is summarized and
areas of ongoing work are given in Sect. 5.

2 Enhanced Risk Monitor

Risk monitors provide a point-in-time estimate of the system risk given the current
plant configuration (equipment availability, operational regime, environmental
conditions, etc.). However, current risk monitors do not account for unit-specific
normal, abnormal, and deteriorating states of plant equipment. Current risk moni-
tors are built on probabilistic risk assessment (PRA). PRA systematically combines
the event probability and probability of failure (POF) for key components to
determine the hazard probability for subsystems and the overall system (Wu and
Apostolakis 1992). Standard NPP PRA uses a static estimate of event probability
and failure probability. A more accurate risk assessment can be made using esti-
mates of the actual component POF based on equipment condition assessment.
The ERM has the potential to enable real-time decisions about stress relief for
susceptible equipment while supporting effective operations, outage, and mainte-
nance planning. A general framework for the ERM has been proposed (Coble et al.
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2013; Ramubhalli et al. 2014), which supports traditional safety-related PRA as well
as assessment of other types of risk, such as availability, productivity, or other
economic risks. Accurate assessment of these risks can be used to inform operations
and maintenance planning and plant supervisory control algorithms.

The ERM differs from current online risk monitors in several key ways. ERM
uses the results of online, real-time equipment condition assessment to determine
the POF of key active components over a given time horizon. The underlying fault
and event trees in the ERM must account for changing success criteria based on the
operational loads and ambient conditions. For instance, a plant operating at full
capacity may require 100 % coolant flow, while the same plant operating at reduced
capacity may be able to operate safely and reliably with reduced coolant flow.

The proposed ERM methodology has been evaluated using the PAR design and
time-varying POF for key components (Ramubhalli et al. 2014). For this simple
demonstration, where component failure probability depends solely on time, the
estimated risk varies over three orders of magnitude throughout the nominal reactor
life. Periodic equipment condition assessment is simulated for a single component,
which leads to component-specific POF. The incorporation of the updated POF
value into the ERM changes the risk profile, both in risk value and the uncertainty
in the risk. ECA is assumed to give a more certain estimate of the component POF,
resulting in less overall uncertainty in the future risk estimate. These results suggest
that the inclusion of ECA and component-specific POF will provide a more
accurate and more precise estimate of system risk.

3 Prototypical Advanced Reactor Design

In order to demonstrate the ERM methodology, the PAR design was devised
(Fig. 1). This reactor power block does not represent any specific commercial
advanced reactor design, but combines proposed operational features common to
many designs in order to evaluate the efficacy of the ERM across the breadth of
proposed advanced reactors. The power block features two reactor cores, each
connected to a dedicated intermediate heat exchanger (IHX) and steam generator.
The output of these two steam generators is then connected to a common balance of
plant (BOP). The BOP includes steam drums, turbine, condenser, feedwater pumps,
and feedwater heaters. The key systems identified in this power block that require
physical models include: reactor core and IHX, steam generator, and
BOP. Additionally, the effects of degradation of selected active components are
modelled numerically. The following sections describe the system and component
models implemented in MATLAB-Simulink.
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3.1 Primary System

The reactor core and IHX model is based on the Experimental Breeder Reactor
(EBR)-II. EBR-II was a pool-type sodium-cooled fast reactor (SFR), which output
62.5 MWt and 20 MWe. PAR features two EBR-II primary systems feeding a
common BOP, giving a total of 40 MWe output for the power block. The PAR
primary system model is based on existing perturbation models of the EBR-II core
and IHX (Berkan and Upadhyaya 1988).

A nodal formulation of the reactor core and IHX are used with point reactor
kinetics and heat transfer models. The core model includes the active core, inner
and outer blankets, lower and upper reflectors, and piping in a 25-node model
(Berkan and Upadhyaya 1988). Core bowing and control rod expansion reactivity
effects are neglected in the EBR-II models. The core bowing reactivity effect may
become significant at high temperatures as the structural material inside the vessel
expands radially. The thermal bowing cannot be handled without increasing the
order of the model by introducing radial lumps. The contribution of thermal bowing
to reactivity is small compared to other feedback effects. At steady state conditions,
the control rod expansion reactivity effects are assumed to be negligible. The IHX is
described by a 12-node model based on Mann’s heat transfer model (Berkan and
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Upadhyaya 1988). The core and IHX models are coupled with the primary sodium
pool into one module to simulate the two PAR primary systems.

3.2 Steam Generator

Each primary system is connected to a dedicated steam generator, also based on
EBR-II (Berkan and Upadhyaya 1988). The steam generator is a natural circulation,
recirculation steam drum/evaporator system, extracting heat from the sodium to
produce superheated steam at 820 F at full power. The entire system is divided into
thirteen lumps each representing average physical quantities. On the evaporator
side, the primary tube wall and the secondary lumps are divided with a moving
boundary determined by the subcooled region height. The primary phenomena
included in the model are the homogeneous flow in the boiling region; the mass and
energy dynamics; the distribution of mass between downcomer, subcooled, boiling,
and drum regions on the secondary side; and momentum equations for the flow
from downcomer to subcooled regions and flow leaving the boiling region.

3.3 Balance of Plant

Finally, the two steam generators are connected to a common BOP system, which
includes:

Turbine-generator system;

Condenser;

Condensate pump, secondary feedwater pumps, and main feedwater pump; and
Multiple feedwater heaters.

An existing BOP model, designed for a 180 MWe small modular reactor, was
leveraged and sized appropriately for the smaller output of the PAR design.
The BOP is based primarily on the models in Shankar (1977) and Naghedolfeizi
(1990).

3.4 Component Degradation

The described system modules will connect together to provide simulation data of
normal plant operations. Key active components that affect PAR performance and
output include pumps, valves, reactor vessel auxiliary cooling system (RVACS),
and steam generator auxiliary cooling system (ACS) (Ramuhalli et al. 2013).
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Degradation of these components is modelled through numeric simulation of the
effects on component and system performance. No physics of failure models are
employed. Instead, the effects of evolving degradation and failure of key compo-
nents on the overall system performance are numerically simulated. For instance, a
faulty valve may have slower response to control actions or may have a limited
range of operation; a degraded pump may give reduced flow; and a fouled IHX may
have reduced heat transfer coefficients. Work to date has focused on the degradation
of primary and intermediate sodium pumps.

Cavitation of centrifugal pumps can limit performance and compromise safe
operation of the plant. The cavitation of pumps in the primary and secondary loops
is modelled numerically through the effect of pump degradation on sodium flow
rate, based on degraded pump curves (Grist 1998). This model of pump failure
reduces volumetric performance due to inadequate coolant flow.

4 Simulation Results

The system and component degradation models are combined to provide normal
and degraded operational data for the PAR design. The results of model validation
for normal operation and the effect of pump cavitation on system performance are
given in the following subsections.

4.1 Model Validation

The perturbation response of select variables to a —5 cents reactivity insertion is
given in (Berkan and Upadhyaya 1988). The response of the nonlinear PAR
Simulink model to the same perturbation is compared to these results in order to
validate the implementation of the primary system model. Figure 2 shows the
fractional reactor power response to the perturbation for both the PAR Simulink
model and the EBR-II model. Figure 3 shows the response of the sodium tank
temperature to the same perturbation. In both signals, the response shape and
magnitude of change agree very well. Because the original model was validated
against EBR-II operational data, we expect the nonlinear PAR primary system
model to represent operational conditions for non-degraded operation in the pro-
posed system. Steam generator and BOP models are currently under development
and being validated for the proposed PAR power block model.
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Fig. 2 Fractional reactor power response to a —5 cents reactivity insertion for the a PAR Simulink
model and b EBR-II model (Berkan and Upadhyaya 1988)
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Fig. 3 Sodium tank temperature response to a —5 cents reactivity insertion for the a PAR
Simulink model and b EBR-II model (Berkan and Upadhyaya 1988)

4.2 Pump Cavitation

Degraded pump performance is simulated through a transformation of the pump
curve to accommodate the lost flow capacity. Flow in either the intermediate or
primary loop is reduced to simulate the cavitation of pumps. Currently, degradation
of only one component is investigated; degradation of multiple components
simultaneously is an area of ongoing work.

To evaluate the effect of pump cavitation on system performance, the system is
run at full power conditions (i.e., zero reactivity insertion) and the primary or
intermediate sodium flow rate is reduced. The simulation is allowed to reach
steady-state to determine the effect on fractional reactor power. Table 1 gives the
steady state fractional power for reduced flow conditions in the primary or inter-
mediate sodium loops. The results indicate that the core power decreases as pump
cavitation leads to reduced flow in either primary or intermediate loops. The
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Table 1 Steady state fractional core power due to degraded primary and intermediate sodium
pumps

Primary sodium flow rate (gpm) | Intermediate sodium flow rate (gpm) | Fractional core power
9000 5890 1.0

7000 5890 0.87

5000 5890 0.74

9000 3000 0.74

9000 2000 0.53

Full flow is 9000 gpm in the primary loop and 5890 gpm in the intermediate loop

component condition and performance has a direct impact on overall plant per-
formance. The extent of this effect at other power levels is an area of ongoing study.

5 Summary and Future Work

Enhanced risk assessment of critical active components can improve asset protec-
tion and management, allowing for safe, reliable generation during extending
operating cycles and longer reactor lifetimes. Incorporation of dynamic health
assessment of key active components in risk monitors supports the economics and
minimizes the long-term costs of advanced reactors by: (1) informing O&M
decisions to target maintenance activities during outages, (2) optimizing plant
performance, and (3) supporting extended operating cycles by ensuring reliable
component operation. This heightened risk awareness is particularly important for
advanced reactors due to the typical location of key components internal to the
vessel, harsher operating environments, and extended periods between maintenance
opportunities.

A simulation model of a prototypical advanced reactor is under development to
further develop and evaluate the ERM methodology. The PAR model includes
physical models for the primary system, steam generators, and balance of plant, as
well as numeric simulation of equipment degradation. As the model development
progresses, additional component degradation models will be incorporated. The
system performance with multiple degraded components will be simulated, and
these results will be used to evaluate the efficacy of the ERM framework to estimate
real-time operational risk.
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Agile Asset Management

Alastair C. Crombie

Abstract This paper describes a theory developed through efforts to improve the
effectiveness of Asset Management for Small and Medium Enterprise’s (SMEs) as
well as a desire to improve the Asset Management of the authors own organization.
The idea, however, comes from a need to expand the service portfolio offered by
said organization. Services within some aspects of Asset Management were a
natural extension of the existing service lines of the organization within Safety,
Process Safety and Risk Management. As part of the Asset Management business
plan, one of the focus areas was identified as SMEs, being a market with potential.

1 Introduction

This paper describes a theory developed through efforts to improve the effectiveness
of Asset Management for Small and Medium Enterprise’s (SMEs) as well as a
desire to improve the Asset Management of the authors own organization. The idea,
however, comes from a need to expand the service portfolio offered by said
organization. Services within some aspects of Asset Management were a natural
extension of the existing service lines of the organization within Safety, Process
Safety and Risk Management. As part of the Asset Management business plan, one
of the focus areas was identified as SMEs, being a market with potential.

The information that is referred to throughout this article has been collected in the
most part as a secondary result of various discussions with SMEs on Asset
Management. The picture described here has been pieced together from the amal-
gamation of the various discussions and as such cannot be described as a systematic
survey of the organizations involved. Such a survey may be a further step in this work
if the opportunity presents itself. It should be noted however that a considerable
number of organizations have been contacted about some or all of the issues dis-
cussed in this article and it therefore represents a not insignificant statistical sample.
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Initial discussions with SMEs about improving Asset Management are usually
met with scepticism. The answer to most questions was a variation of, ‘that would
be nice but we do not have the time and/or money’. The industry that the orga-
nization operated in seemed to have little influence on the answer. SMEs within Oil
& Gas, Petrochemical, Process and Utilities all had differing levels of awareness of
Asset Management but the majority had similar initial responses. The concepts are
sound and they would get around to it at some point, just not now.

The same level of enthusiasm held true within the authors own organization.
When first discussed, some of the ISO 55000 (ISO 2014) concepts were not greeted
warmly. In order to get past this scepticism it would first be necessary to define the
reasons for it.

2 The Barriers

Discussions were conducted internally and externally with other SMEs in order to
try to understand the reasons behind the lukewarm reception and to try to under-
stand the main challenges organizations of this size faced with regards to Asset
Management. The Asset Management challenges faced by each organization were
quite individual but there were some similarities identified and this is discussed
further in Sect. 3.

It would seem the reasons behind a lack of enthusiasm were to do with an
inability to see a way past the barriers that were perceived as stopping organizations
from adopting holistic Asset Management practices. The efforts required to
implement structured Asset Management processes were seen as greater than the
perceived rewards. It was in short an intuitive cost benefit analysis. However, the
intuitive decision was usually not based upon factual analysis.

These barriers appear to be common across organizations and are easily
identified.

2.1 Language

The hardest barrier to identify is actually the easiest to remove and that is language.
In discussions with SMEs, it was not immediately obvious but became apparent
over time that the wording and terminology of the ISO 55000 series combined with
the jargon used by Asset Management professionals was in itself a barrier to
implementation.

The identification of language as a barrier proved difficult because few people are
willing to admit to being slightly confused by the meaning and purpose behind the
language being used. This meant that direct questioning about the understanding of
concepts proved less fruitful than direct questioning on other subjects and it was
necessary to revisit the topic from different angles in order to get a clear understanding.
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Once identified as a possible barrier a simple test as to the validity of this theory
was tried by varying the amount of jargon used in discussions with SMEs. There
was a direct correlation between the simplicity of the language and the enthusiasm
for implementing change.

2.2 Time

The three remaining main barriers were easily identified and often mentioned by the
SMEs within the first minutes of discussions. The first of these is time.

‘We just don’t have time’ was a common reply and one that proved difficult to
counter. Even for those organizations that had some ideas or plans in place for
improving Asset Management and who had accepted that change was necessary it
was still a challenge to commit to the necessary time.

It is clear that there is an association by some organizations between ISO 55001
and some of the other common ISO standards such as 9001 (ISO 2008) and that this
association is not entirely positive. Reference was sometimes made to the time that
was used for implementing ISO 9000 and that it was not currently possible to
undergo a similar process. Occasionally there was also reference to poor ISO 9000
implementation and that the same mistakes would not be made again.

2.3 Cost

The cost barrier is similar to that of time. Investments in internal improvement
processes are a difficult decision to make for SME’s. As a rule, Asset Management
improvement projects were not being adequately defined. This meant that often the
time, cost and output were only vaguely identified and it was difficult to assess the
benefits of individual projects.

It is difficult to immediately identify and prioritize potential asset management
improvements without first having access to an organizations information and data.
It can therefore be difficult to be specific about potential improvements during initial
discussions unless the organization has already identified its priorities, if this is not
the case initial discussions with potential clients can become vague and unfocused.
This can give the impression that improvements may not be cost effective.

2.4 Value

The perception of value was the final major barrier identified in this study. Value is
related to time and cost and has to be greater than the effort required. Therefore it is
necessary to have a very clear and concise picture of the value that Asset
Management improvements can bring.
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It is commonly accepted that Asset Management improvements are, in general
terms. a good idea. However, there was not a lot of analysis being done to quantify
this. As a result, there was no clear picture of the value potential improvements
would bring and therefore impossible to assess cost vs benefit. This in turn led to
decisions on implementation being vague and often postponed.

Obtaining asset data from the organization in question should always be
attempted. Data analysis will always identify areas of improvement and allow
quantification of what those improvements will bring. To this end, a colleague
developed a simple yet powerful software tool. The tool provides excellent Gap
analysis and decision support capabilities and allows the identification of priorities
from existing information. It also provides immediate added value to any organi-
zation in its own right.

3 The Theory

Now that the barriers were identified, it was possible to assess ways of removing
them. In simple terms, in order to achieve the execution of Asset Management
improvement projects within these SMEs, the projects would have to be well
defined, limited in scope, cost and be able to provide clear and documentable value
within a short timeframe.

3.1 Agile

As an organization with specialist software as one of its business areas, program
development methods are a regular topic of discussion. Some years ago, it was
decided to adopt Agile Scrum programming as the preferred development method
in-house. Agile is the name given to a series of software development methods that
were first explained in the ‘“Manifesto for Agile Software Development’ (Beck et al.
2001). This manifesto describes development based upon small self-managing cross
functional teams as opposed to large cumbersome development programs that had
been the norm. There are a number of iterations of Agile methods but they have in
common that they promote teamwork, frequent deliveries, stakeholder focus and
response to change. Agile provides the following benefits (Cohn 2010).

Higher productivity and lower costs

Improved employee engagement and job satisfaction
Faster time to market

Higher quality

Improved stakeholder satisfaction

There are immediate similarities to the principles of holistic asset management.
Agile aims to provide similar benefits and aims to do so through similar methods.
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Fig. 1 A graphical representation of Agile Scrum (Mountain Goat Software 2005)

A considerable volume of literature is available on Agile and its methods for those
wishing to learn more.

A particular Agile method known as Scrum (Schwaber and Sutherland 2013)
will be briefly explained further. Scrum consists of a number of short development
cycles known as Sprints. Each Sprint has as a goal to produce one or more
potentially commercial deliverable. The deliverables are chosen at the start of the
Sprint cycle from the Product Backlog, this is the complete list of items that
describes the functionality and features to be added to the product. The deliverables
to be developed for a particular sprint are known as the Sprint Backlog. Figure 1
shows a graphical representation of the process.

Three distinct roles are involved in the Scrum process

e The Product Owner—Responsible for defining and prioritizing the Product
Backlog.

e The Scrum Master—Responsible for the Scrum process. The Scrum Master is a
guide and coach.

e The Developers—These are the Scrum team members. A self-organizing group
who is responsible for executing the Sprint backlog.

3.2 Adapted Application

The Agile methodology is spreading to be used as a project management technique
for other types of projects. The theory expounded upon here is that this is an
excellent technique for asset management improvement projects for SME’s.
Firstly an organization identifies a Product Owner, an Asset Manager would be a
good choice if the role exists, if not, a person who has been advocating changes in
Asset Management from within the organization. What is important is that the role
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is given the sole responsibility and authority to make decisions on Asset
Management priorities throughout the organization. This can be on behalf of a
committee or senior management but all requests about Asset Management
improvement priorities must go through this role.

The other role that must be identified at the start is the Scrum Master, or in this
case, the Asset Champion. This is the role of facilitator, a person who is comfortable
with holistic Asset Management techniques, ISO 55001 if that is being considered
as the framework and this development method. This is someone who can help and
assist both the Sprint teams and the Asset Manager, who can help control external
influences so they are channeled in a positive manor and who can provide guidance
and illumination both inside the team and externally to the wider organization.

The first task is to create the Product Backlog, or in this case the Asset
Management Backlog; the prioritized list over Asset Management improvements.
This is done by the Asset Manager with assistance and guidance from the Asset
Champion. This can be developed through a GAP analysis. If an organization has
chosen to use ISO 55001 as the Asset Management framework then an analysis is a
straightforward exercise. If however ISO 55001 is not the framework to be adopted
then it will be necessary to define what level of Asset Management maturity is
being aimed for. Industry benchmarking, best practices, authoritative bodies and
various national and international standard are all useful here. The decision support
software tool is proving invaluable here.

The result of the Gap analysis will result in a list of systems, processes, items
and procedures that together make-up the requirements necessary to achieve the
defined level of Asset Management maturity. The next step is prioritization.
Priorities will vary from organization to organization and will depend on any
number of variables but things to consider include:

e Policy and Strategy—These will often need to be the first items developed as they
may not exist at all in many SME’s and will dictate a lot of the following work.

e FEasy wins—Projects that quickly highlight measurable improvements help to
convince all stakeholders that the process is worthwhile.

e Systems—If Gaps include the need for new or modified IT based systems it is
useful to decide if they will be developed first or last. It can be advocated to
implement a system first and then build processes and procedures around it or
vice versa. Either way a firm decision at the beginning will help avoid trouble in
the middle.

e Continuous improvement—A robust process for continuous improvement
developed early on will help all processes from that point.

The next step is selecting the priorities to be included in the first sprint and
beginning the planning. It is best to choose only a small number of tasks for each
Sprint in order to have a realistic chance of completion, completing one task is
always better than half completing two. The composition of the Sprint team will be
dependent on the deliverables for any particular Sprint and will change from Sprint
to Sprint. It will be made up of a small number of members whose knowledge and
skills are relevant to that particular Sprint backlog.
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3.3 Flexibility and Interconnectivity

One of the cornerstones of holistic Asset Management is the consideration of the
interconnectivity of each of the subjects and how the whole is greater than the sum
of its parts 1AM 2014). On first glance, the above methodology may appear to be
contrary to this philosophy. This is not the case. The method breaks up what can be
a daunting task for an SME into manageable pieces, each of which offer individual
benefits but each piece builds upon the previous one, gaining those benefits,
learning from them and adding to them.

The prioritized list, the Product Backlog, will change overtime. New stakeholder
requirements and the outcomes from previous Sprints will alter priorities or add
new ones. The Scrum methodology automatically assimilates these new priorities
without affecting progress. Previous deliverables may at any time be revisited in a
new Sprint if new or changing priorities require it. In this way, it ensures its own
continuous improvement process.

4 The Practice

4.1 Improvement Project Priorities

In general terms, priorities are as individual as the organizations that make them and
of course are entirely dependent upon the Asset Management goals of that par-
ticular organization. There would however seem to be some categories that most
priorities would fit into.

e Profitability—Those tasks related to improving financial performance either
through reducing costs or improving efficiencies.

e Scalability—Those tasks related to reducing growing pains or improving
standardization.

e Controllability—Those tasks that are designed to increase the knowledge of
how assets are operated and the information therefrom.

There are other categories, but these would seem to be some of the most
common. One interesting note is that for those SMEs that this paper is based on,
certification was not a priority.

4.2 GAP Analysis

A GAP analysis for the authors own organisation was performed using ISO 55001
as the benchmark. It is not the intention of the organisation to achieve certification
at this time but it was decided to use the international standard as a reference and
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then evaluate the findings to see if they were considered relevant. The list below
shows the top five priorities as concluded from the GAP analysis:

Management of Change

Asset Management Leadership
Organisational Culture

Asset Operations

Asset Information Systems

M

4.3 The First Improvement Project

With the Gap analysis prioritized, it is possible to plan the first Sprint. In this case, it
was actually decided to start with priority two rather than one, as it was felt that a
focus on leadership was necessary to lay the foundation for all other works and
would ensure a better chance of success.

Each of the priorities above contains any number of individual tasks not all of
which can be completed in a single Sprint. It was necessary to identify a man-
ageable Sprint Backlog taken from the single priority Asset Management
Leadership. There is a need for a balancing act between tasks that will have as great
an impact as possible but staying within a time and cost limited framework. After
consultations between the Asset Manager/Champion and senior management, the
following Sprint Backlog was agreed for the first Sprint of four weeks.

e Asset Management Newsletter—Develop and publish an internal newsletter
promoting Asset Management and the coming improvement projects

e Scenario Analysis—An analysis would be conducted to evaluate various
10-year scenarios. This would provide decision support, assist in future strategy
work and could be used in communication with stakeholders

e Management workshop—A workshop would be held with all managers to
communicate the importance of Asset Management, to re-enforce the impor-
tance of leading by example and to explain the coming improvement program.

Some of the major markets that the author’s organization operates in have
undergone significant downturns, resulting in challenges that have, of necessity, to
be addressed first. The start of the Sprint has therefore been delayed.

5 Conclusions

Although the method has not been tested as fully as is necessary to declare it a
success, there are still some things that can be concluded and others that can be
inferred.
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The method does allow SMEs to approach Asset Management in a fashion that
is within acceptable limits of time, cost and effort. It can be used by one or two
individuals all the way up to much larger teams. As with all Asset Management, it
is a continuous process so care should be taken not to see each Sprint as a disparate
project but rather as a part of the whole.

As the method can be conducted by a few individuals care should be taken to
ensure that the entire organisation is included. The Asset Champion has an
important role communicating the progress and improvements being made as well
as ensuring that the deliverables from the Sprints are absorbed by the organisation
and used constantly. This may well be one of the weaknesses of this theory so it is
critical that the whole organization is engaged.

In smaller organizations, it is often the case that a single person fills more than
one role. It is not prudent to do that here. The author tried to be both Asset Manager
and Asset Champion and this was not ideal. The two roles require different
viewpoints and relate to stakeholders in different ways. It is difficult for stake-
holders and the person in question to distinguish between the two and can lead to
more noise than is necessary. It is also a considerable amount of work and the
persons taking on these roles will have normal duties in addition.

While this method has not been completely tested as yet, it should be noted that
the work done so far has generated considerable enthusiasm for Asset Management
within the organization. The ability to see that improvements can be achieved
within an acceptable budget has had a direct influence on perception and small
improvements can be seen.

The ability to quickly identify areas requiring attention based on an organiza-
tions own information has proved to be an invaluable tool. The software tool
developed, and under continuous development, has provided significant value in its
own right and can provide the starting point for further analysis. Being able to
perform an effective Gap analysis without the need for interruptions provides one
less barrier for organizations to proceed.
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Big Data in Asset Management:
Knowledge Discovery in Asset Data
by the Means of Data Mining

Diego Galar, Mirka Kans and Bernard Schmidt

Abstract Assets are complex mixes of complex systems, built from components
which, over time, may fail. The ability to quickly and efficiently determine the
cause of failures and propose optimum maintenance decisions, while minimizing
the need for human intervention is necessary. Thus, for complex assets, much
information needs to be captured and mined to assess the overall condition of the
whole system. Therefore the integration of asset information is required to get an
accurate health assessment of the whole system, and determine the probability of a
shutdown or slowdown. Moreover, the data collected are not only huge but often
dispersed across independent systems that are difficult to access, fuse and mine due
to disparate nature and granularity. If the data from these independent systems are
combined into a common correlated data source, this new set of information could
add value to the individual data sources by the means of data mining. This paper
proposes a knowledge discovery process based on CRISP-DM for failure diagnosis
using big data sets. The process is exemplified by applying it on railway infras-
tructure assets. The proposed framework implies a progress beyond the state of the
art in the development of Big Data technologies in the fields of Knowledge
Discovery algorithms from heterogeneous data sources, scalable data structures,
real-time communications and visualizations techniques.
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1 Introduction

Assets are complex mixes of complex systems. Each system is built from components
which, over time, may fail. Previously the diagnosis of problems occurring in systems
has been performed by experienced personnel with in-depth training and experience
(Chiang et al. 2001). Computer-based systems are now being used to automatically
diagnose problems to overcome some of the disadvantages associated with relying on
experienced personnel (Price and Price 1999). Asset Management (AM) enables the
realization of value from assets throughout its full life cycle. It involves the coordi-
nated and optimized planning, asset selection, acquisition/development, utilization,
care (maintenance) and ultimate disposal or renewal of the appropriate assets and asset
systems (TWPL 2015). The layered structure of AM is presented in Fig. 1.

ISO 55000 is an international standard for Asset Management launched in 2014.
It is based on PAS 55 (Publicly Available Specification) published by British
Standard Institution in 2004 which gave guidance for good practices in physical
asset management. ISO 55000 extends the definition of assets as it covers any asset
that creates value for organization, not just physical production asset. The standard
provides a framework for developing an asset management system, and enables
organizations to achieve business objectives through the effective and efficient
management of its assets (ISO 2014).

Data relevant to asset management are gathered, produced and processed on
different levels by different IT systems (Galar et al. 2012; Kans 2013; Zhang and
Karim 2014) e.g. ERP (Enterprise Resource Planning) for business functions;
SCADA (Supervisory Control and Data Acquisition) for monitoring process and
controlling the asset; CMMS (Computerized Maintenance management System)
and CM (Condition Monitoring) for maintenance functions, and SIS (Safety
Instrumented Systems) for safety related functions. Nowadays the challenge is to
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Fig. 1 Layered structure of Asset Management, based on PAS55 (TWPL 2015)
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provide intelligent tools to monitor and manage assets (machines, plants, products,
etc.) proactively through ICT, focusing on health degradation monitoring and
prognosis instead of fault detection and diagnostics. Maintenance effectiveness
depends on the quality, timeliness, accuracy and completeness of information
related to machine degradation state. This translates into following key require-
ments: preventing data overload, ability to differentiate and prioritize data (during
collection as well as reporting) and to prevent as far as possible the occurrence of
information islands.

While the use of a good version of either technology can help to achieve the
maintenance goals, combining the different data sources into one seamless system
can exponentially increase the positive effects to operations and maintenance group’s
performance. Only a few years ago the idea of linking CMMS, SCADA and CM
technologies was mostly only a vision or at best too expensive. With the technology
available today it is relatively easy and inexpensive to combine the information
supplied by these systems as long as there are taxonomies and ontologies properly
defined in order to describe the actors and their relation. For this purpose, this paper
discusses the application of big data for knowledge discovery in asset management
and proposes the use of the reference model CRISP-DM for the knowledge discovery
process.

2 ICT Applications Within Maintenance

The general opinion among the asset managers is that the application of information
technology brings dramatic results in machine reliability and O&M (operations and
maintenance) process efficiency, however only few operations and maintenance
managers can show or calculate the benefits of such applications (Kans 2012; Kans
2014). Technology providers are trying to develop more and more advanced tools
while the maintenance departments seem to struggle with the daily problems of
implementing, integrating and operating such systems. The users combine their
experience and heuristics in defining maintenance policies and in the usage of
condition monitoring systems. The resulting maintenance systems seem to be a
heterogeneous combination of methods and systems in which the integrating factor
between the information and business processes is the personnel. The information of
the assets goes through these human minds forming an organizational information
system and creating a high reliance on the expertise of the asset management staff.

Indeed, the contribution of operation and maintenance data to the different asset
management stages has been triggered by the emergence of intelligent sensors for
measuring and monitoring the health state of a component, the gradual implemen-
tation of Information and Communication Technologies (ICT), and the conceptu-
alization and implementation of e-maintenance. Today there are two main systems
deployed in maintenance departments, Computerized Maintenance Management
Systems (CMMS) are the core of traditional maintenance record-keeping practices
and Condition Monitoring Systems (CM) which are capable of directly monitoring
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asset components parameters. However the attempts to link observed CMMS events
to CM sensor measurements have been fairly limited in their approach and scala-
bility. Moreover information from SCADA which is mainly used in operation for
supervisory purposes is seldom fused with the mentioned above.

During the last decade, the global competition and advancement of ICT have
forced Production and Process Industries through a continuous transformation and
improvement process. The business scenario is focusing more on e-business intel-
ligence to perform transactions with a focus on customers’ needs for enhanced value
and improvement in asset management. Such business requirements compel the
organizations to minimize the production and service downtime by reducing the
machine performance degradation. The above organizational requirements stated in
ISO 55000 necessitate the development of proactive maintenance strategies to
provide optimized and continuous process performance with minimized system
breakdowns and maintenance. With these changing systems of the business world in
the 21st century, a new era of data e-services coming from asset data has emerged.

A top-shelf CMMS can perform a wide variety of functions to improve main-
tenance performance. CMMS is primarily designed to facilitate a shift in emphasis
from reactive to preventive maintenance (PM) by allowing the maintenance pro-
fessionals to set up an automatic PM work order generation. CMMS can also
provide historical information which is then used to adjust the PM system setup
over time to minimize repairs that are unnecessary, while still avoiding
run-to-failure repairs. PM for a given piece of equipment can be set up on a
calendar schedule or a usage schedule that utilizes meter readings. A fully-featured
CMMS also includes inventory tracking, workforce management and purchasing in
a single package that stresses database integrity to safeguard vital information. The
final result is optimized equipment up-time, lower maintenance costs and better
overall plant efficiency. In summary CMMS contains the asset hierarchy and it is an
excellent starting point as taxonomy but no ontology.

On the other hand the CM and SCADA systems should accurately monitor the
real-time equipment performance and condition in order to alert the operators and
maintenance professional of any changes in performance or behavior trends. There
is a variety of measurements that a CM and SCADA package might be able to track
and the very best CMs are expert systems that can analyze measurements like
vibration and diagnose machine faults. Such expert system analysis will put
maintenance procedures on hold until absolutely necessary, thus extracting maxi-
mum equipment up-time. In addition, the best expert systems offer diagnostic fault
trending where individual machine fault severity can be observed over time.
SCADA systems provide information related to the performance of the asset and
provide screenshots of a number of performance indicators at a time (commonly
called nowcasting). This information together with a number of alarms and inci-
dences linked to sensor thresholds have been historically used for process moni-
toring but never fused with other information in order to get benefits out of the
immediate supervision.

SCADA, CMMS and CM systems have strong benefits that make them indis-
pensable to maintenance and operation improvements. CMMS is a great
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organizational tool but cannot directly monitor equipment conditions whereas a CM
system excels in monitoring those conditions but is not suited to organizing your
overall maintenance operations. Finally SCADA collects huge amount of data for
supervision of the process but is not integrated in a holistic view for asset man-
agement. The logical conclusion is to combine these technologies into a seamless
system which helps to avoid catastrophic breakdowns and eliminates needless
repairs to equipment that is running satisfactorily and same time optimizing the
operation.

So far integration has been addressed largely from the view point of representing
the collected information to the end-user (operator or manager) in an effective
manner, i.e. bridging the gap between information from plants and equipment and
the enterprise resource planning (ERP) platforms.

3 Big Data and Knowledge Discovery

During the last 10 years and especially during the last 5 years, a set of technologies
to capture, process and visualize large volume of data has been developed. In
business sectors not very fragmented, where most of the information is already
structured and comes from the same source, the use of big Data Analytics is
nowadays a standard (e.g. bank sector or pharmaceutical sector). For these sectors,
there are also a great number of software tools and IT services that cover most of
the end user needs. Some successful implementations of Big Data have been
summarized in Chen et al. (2014). During the flu pandemic in 2009, Google
obtained timely information from big data analysis that was more valuable than
those from disease prevention centers. Base on those models have been built to
forecast spreading of influenza and to predict places where influenza will spread
from. In 2008 Microsoft purchased a company that had system to predict trends of
airlines ticket prices. After incorporating it to big data search engine, the system
was able to save nearly 50 USD per ticket per passenger, with forecasting accuracy
around 75 %. However, these examples are only the exception, since most busi-
nesses, susceptible to incorporate the Big Data concept, have not done it yet, either
for the lack of specific tools (real time communication, scalable data structures,
complex predictive algorithms or visualizations tools) or the excessive cost to
involve all the required stakeholders.

In Chen et al. (2014) authors define big data as a the datasets that could not be
perceived, acquired, managed, and processed by traditional Information Technology
and software/hardware tools within a tolerable time. IBM researchers in (Zikopoulos
and Eaton 2011) modelled big data in terms of 3V properties: Volume—amount of
data, Variety—unstructured data coming from multiple sources and Velocity—high
rate of data generation. In Lomotey and Deters (2014) this model has been extended
into 5V, by adding: Value—understanding the cost and value of the data and
Veracity—need to check accuracy of the data and data cleaning. Data Mining is one
of the processes for Knowledge Discovery that aims in creation of new knowledge.
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In Lomotey and Deters (2014) an Analytics-as-a-Service tool has been presented
toward Knowledge Discovery in Big Data. It has been indicated that existing data
mining techniques have been designed for structured and schema oriented data
storages. Proposed approach aim to perform topic and terms mining from unstruc-
tured data silos. In McKinsey & Company report (Manyika et al. 2011) the value that
creative and effective utilization of big data could create has been summarized:
in U.S. medical industry it may surpass 300 billion USD; retailers may improve their
profit by more than 60 %; EU could save over 100 billion EUR by utilizing big data
to improve the efficiency of government operations.

Data produced in asset management can be described in terms of the 5Vs
described by Zikopoulos and Eaton (2011) and Lomotey and Deters (2014). Data
from sensors like accelerometers or acoustic sensors can be acquired with velocity
of tens of thousands of samples per second per each measuring point. Having
hundreds or thousands of those points, big volume of data is being produced. Some
maintenance related data are structured while some are not, such as free text
comments for performed maintenance actions or failure reports. Moreover, data
from different systems are in different formats. This is the source of variety of data
in asset management. Those data has potential value when properly employed in
asset management, but in order to achieve this, there is need to asses and manage
the veracity of the data, i.e. the data uncertainty. Finally, understanding the value
of data, i.e. how data can enable efficiency and effectiveness in maintenance
management, for instance for improved decision making, and to choose the most
cost-effective means to process the data is important.

Data mining in big asset data can discover knowledge in terms of new patterns
and relations not visible at a glance. The big data approach enables incorporation of
contextual information in Maintenance Decision Support Systems (Galar et al.
2015). One example of useful knowledge that could be discovered is root causes of
failure. This can provide an input for design improvement, as well as for more
accurate maintenance planning.

4 CRISP DM

The knowledge discovery process, like any other structured process, has to be
supported by harmonized and standardized methodologies. These methodologies
enable the definition of taxonomies and ontologies necessary for the efficient use of
big data, and for reaching the objectives of the organization. Several data mining
methodologies are available, such as the KDD process, SEMMA and CRISP-DM
(Nadali et al. 2011). CRISP-DM (CRoss Industry Standard Process for Data Mining)
was conceived in late 1996 by the automotive company Dailmler-Chrystler, the
statistical software provider SPSS, and the data warehouse provider NCR (Chapman
et al. 2000). CRISP-DM is the most popular cross-industry standard process for data
mining today, based on an iterative process model (Bosnjak et al. 2009; Nadali et al.
2011). Surprisingly, searches for articles regarding the application of CRISP-DM in
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maintenance or asset management result in no hits. This clearly shows that the
standard not yet has found its way into the data mining intensive area of asset health
monitoring.

The reference model covering the life cycle of data mining projects consists of
six phases: business understanding, data understanding, data preparation, mod-
elling, evaluation and deployment, see Fig. 2. The developers of the model point
out that the model in not rigidly sequential but iterative, and moving back and
forward in the phases is necessary (Chapman et al. 2000). The business under-
standing phase focuses on understanding the business related objectives and
requirements of the problem or project. These are thereafter translated into a data
mining problem definition. In the data understanding phase you become familiar
with the data and its quality, and form a first hypothesis regarding hidden infor-
mation. The data preparation phase aims at constructing a final data set to be fed
into the model and in the modelling phase modelling techniques are selected and
applied. Before final deployment of the data model or models selected, the model(s)
has to be evaluated. This is made in the evaluation phase. Especially the fit to
business objectives is important to evaluate. In the deployment phase the model is
implemented into the organization, and fit into the overall decision making context.

4.1 A CRISP-DM Approach for Failure Diagnosis
of Railway Infrastructure Assets

In this section, the applicability of the CRISP-DM model for asset management is
shown. This is made by exemplifying the process of data mining for railway
infrastructure assets in Swedish railway transportation.

e Goal setting
e Expert consultancy

eResult
utilization
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e Data integration
e Data quality assessment
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\<
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Deployment| preparation e Data cleaning
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Fig. 2 The CRISP-DM reference model
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Phase 1: Business understanding. The objectives of the Swedish railway
transportation are expressed in terms of delivery quality. The delivery quality is
measured using six key indicators: punctuality, capacity, robustness, safety,
usability, and environment and health, and for each of the key indicators annual and
long term goals are set. The overall transport policy objective is “to ensure an
economically effective and long-term sustainable supply of transportation for citi-
zens and industry across the country”, The Swedish Transport Administration (2014,
p. 14). The objectives of operations and maintenance are directly related to these
objectives: “Operation and maintenance are performed for the traffic to come for-
ward with the promised delivery of quality now and in the future.” In order to reach
this, choosing the right action is seen as one of four focus areas, i.e. to require control
of the condition on the infrastructure, to understand the deterioration and that the
condition is maintained through a cost-effective mix of preventive and corrective
maintenance actions. Today, the current systems does not allow for detailed
understanding of the true condition, neither on the true causes and modes of failure.
Mining the big data set for creating a better knowledge base for failure diagnostics
and prognostics is needed. In this example, the failure diagnosis will be in target.

Phase 2: Data understanding. Continuous controls and inspections of the
infrastructure are done by operations and maintenance (O&M) contractors, and
failure data are reported into the troubleshooting system “Ofelia”. Based on failure
symptoms, the contractors report data on faults, causes and what action is per-
formed into the failure report. In addition, failures leading to acute maintenance
actions are also reported. The data set is a mix of pre-set options (for faults, failure
cause and action) and free text descriptions. Failure causes are reported into one of
four main categories (external conditions, work, material or operator) and on
subcategory, while action and fault are categorized on one level only. The faults,
causes and actions can be further described in free text, but this is not mandatory.
Symptoms can either be a predetermined category or a free text description. Also,
data such as time, place, asset/component, contractor etc. is registered. In addition,
there is some condition monitoring data of e.g. track condition available. To sum
up; the data set is large, heterogeneous with respect to data types, mainly based on
inspections, and partly incomplete. Volume, variety and veracity are relatively high
while velocity and value is semi-high.

Phases 3 and 4: Data preparation and modelling. A large number of available
models for data mining exist, such as artificial neural networks (ANN), cluster
analysis, decision trees, genetic algorithms, Bayesian networks, or rule based
models (Bosnjak et al. 2009). Several of these are applicable for failure diagnosis as
well. Galar et al. (2015) summaries the available methods in four categories:
reliability-based maintenance, model based methods, signal based methods, and
statistical methods. Due to low level of real-time data available, the signal based
methods are not applicable. Instead, model based or statistical methods are the best
options. Large amount of longitudinal data are available that could be used for
learning, but the complexity of the system might result in models too complex for
efficient use of ANN. Statistical methods, such as Bayesian networks or Markov
models, could be applicable, as well as for multivariate analysis methods. Before
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deciding on the method, a thorough examination of the data set and its properties
has to be done, e.g. check for statistical errors and normal distributions. In practice,
a couple of methods should be selected and preliminary tested before the final
selection and application takes place.

Phases 5 and 6: Evaluation and deployment. Obtained models need to be
evaluated. In this case we especially need to ensure Veracity and Value—the two of
Big Data V’s that address the business side. Iterating the inner loop, at some point,
the results provide enough business value to move into deployment and opera-
tionalize a model (Pilcher 2013). When the model is properly evaluated, it has to be
fit into the overall context and implemented into the new or existing ICT envi-
ronment. The failure diagnosis method will be utilized by the analysts in first hand
for the purpose of gaining better understanding of the failure patterns for railway
infrastructure, and for understanding root causes of failures. Therefore, the model
has to be integrated into the other analysis tools available. Moreover, this knowl-
edge will be utilised for improved O&M planning and as input for more accurate
price models, which will affect the processes and systems used for these purposes.

5 Conclusions: A New Way to Handle the Assets

The old view of data as record keeping is transformed to the data centric view to
reveal an asset capable of driving business improvement. There is hidden value in
the data it just need an investment in the process of discovery (Pilcher 2013). One
of the triggers for big data approach for asset management is Internet of Things. It is
a paradigm where everyday objects are connected to the Internet. It allows devices
communication with each other with minimum human intervention (Perera et al.
2014). In this approach physical asset equipped with multiple sensors can produce
large volume of data. Those data could be used through the knowledge discovery to
build for example asset degradation prediction model that can be employed for
optimization in form of a Maintenance Decision Support System. A data driven
approach is not as accurate as physics based approaches, however do not require
excessive knowledge about underlying physical processes.

The proposed framework described in this article implies a progress beyond the
state of the art in the development of Big Data technologies in the fields of
Knowledge Discovery algorithms from heterogeneous data sources, scalable data
structures, real-time communications and visualizations techniques. Specifically,
the further directions of the Big Data fundamental research can be summarized as
follows:

e Real time KD algorithms from heterogeneous asset data sources that will cope
with privacy preserved processing, feature and instance selection, discretization,
data compression, ensemble classifiers and regression models, and spatial and
temporal alignment of data.
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e Scalable data structures based on cross-domain data sources acquisition by
means of a virtualization layer between data acquisition process and data ana-
lytics. This should also include new solutions that combine new databases
capabilities to integrate heterogeneous data sources on high-performance
accessing systems based on Clouds.

e Enabling Big Data Communications by means of open interface gateways with
monitoring systems providing timestamp and position synchronization, hetero-
geneous communication support, including mobility and aggregation, and
priority protocols for real time transmission of information.
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Use of Generational Models for Asset
Management Strategies in an Australian
Metro Rail Organisation

Ralph Godau and Mary McGeoch

Abstract The purpose of the following paper introduces and outlines Metro Trains
Melbourne’s approach to developing and utilising a ‘Generational Model’ to
describe the evolutionary states of the organisation’s asset class and group strategy
documentation. It further summaries the results of the various asset developmental
states as they are described in the model, as well as the criteria and scoring for
evaluating and ascertaining the generational level for asset class and group criti-
cality and developing subsequent strategies. This enables the targeting of specific
improvement actions as to what generation each asset class and group strategy
should be developed is used to ascertain the minimum generational level based on
the criticality of the asset class and group. The rate of progress through to higher
generational levels is also based on criticality (high criticality asset classes and
groups are given higher priority than medium/low criticality asset classes and
groups) and other factors that arise and any additional condition information needs
to be compared against the baseline forecast (determined at the previous genera-
tional level) to determine the confidence in the forecast and assumptions made in
that forecast. The scoring system is based on whether the asset classes and groups
comply, partial comply or do not comply with the criteria, the outcomes are that of
generational improvement. The paper presents the resulting MTM’s asset class and
group strategies that are currently either in the first, second or third generation,
strategies of which have been developed for all of the asset class strategies.
A variation of this Generational Model is also being utilised in the development of
the MTM group strategies. The key benefit of introducing the Generational Model
is the ability to manage stakeholder expectations. It is argued that this case study,
and accompanying research, is a contribution for the area of strategic asset man-
agement and within the International Journal of Strategic Engineering Asset
Management.
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1 Introduction

As part of Metro Train Melbourne’s (MTM) journey to obtain PAS55 Certification
(achieved in 2013), the development of its Asset Class Strategies (ACS) required an
innovative approach. Consideration needed also to be given to the expectations of
MTM’s key stakeholders, as well as establishing and maintaining a continuous
improvement framework.

2 The Generational Model

The purpose of the Generational Model concept is to provide a clarification process
in relation to the review procedure that MTM initially introduced as a series of ‘peer
reviews’. The Generational Model is a set of criteria that enables a more rigid and
structured means of gauging the evolution of the ACS. For MTM, this same
concept has now been utilised for the development of the Asset Management Group
Strategies (AMGS) as well as other key asset management documentation. This has
resulted in the establishment of a new and consistent language that facilitates a more
informed dialogue between stakeholders. Another important aspect associated with
the development of ACS’ by using the Generational Model is that it encourages the
visualisation of what the final document and outputs would ‘look like’. This was
particularly useful for ACS Specialists who had never transcribed these documents
before.

The concept of the Generational Model being used to consider the evolutionary
nature of process, people or documents is not new, in particular through the use of
capability maturity model techniques. For example, it has been used in the edu-
cation sector (Nelson et al. 2015) to consider teaching practices and how they
impact on student experiences. It has also been used in the management area (Bititic
et al. 2015) in improvement performance measurement. The key implication drawn
from both of these studies from a practical implication perspective is that the
continual use of such models should result in growth in the maturity level of ACS
that would lead to improved management and renewal/maintenance forecasting of
the railway infrastructure.

Simply, the Generational model is based on four principles or stages:

1. Awareness

2. Learning

3. Understanding
4. Proficiency
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3 Evolution of Generational Model for Asset Management
Plans

The concept of the Generational Model for asset management documentation was
first conceptualised in local government at Brimbank City Council approximately
10 years ago. It was introduced in order to resolve the issues of misunderstandings
about the differences between the various versions of Asset Management Plans
(AMPs; equivalent to the ACS at MTM) by the CEO and Councillors. At the time,
the CEO was concerned about the differences in such things as “renewal
gap/backlog”, levels of service, assumptions, condition assessments, lifecycle
modelling, and asset information, and so on, between the different versions.
The CEO wanted to understand why and how to communicate this to Councillors,
community and other key stakeholders.

As a result, the CEO sought information on the ways in which the Asset
Management team could provide context to the versions of AMPs presented.
Therefore, the initial concept for a Generation Model to assess the development of
AMPs was designed to provide a communication tool for the CEO but was found
also to support the continuous improvement of these plans. As such, it was used to
underpin improvements in Council’s Asset Management Maturity (as part of
Municipal Association of Victoria’s STEP Asset Management Program).

It was this basic model (set of requirements spanning the four generational
stages) that was used as the starting point at MTM (Version One). The difference at
MTM was that this concept was used at the onset of the development of the ACS’
and reporting of the status was embedded into the document (both within the
summary page, as well as within the body).

The evolution of the ACS Generational Model (ACSGM) is also attributed to the
team of eight Specialists at MTM who were also responsible for the development of
the ACS. No such documents existed prior, and over an 18-month period this team
developed and gained sign-off of 59 ACS’s, which were critical in aiding MTM to
attain PASSS Certification in November 2013. At the time, MTM was the only
railway organisation in the Southern Hemisphere to achieve such a result; and this
was further used to address the resultant non-conformances to maintain certification
by November 2016 (Staples and Godau 2014).

The adoption of a matrix style of the Generational Model was proposed by one
of the Senior Consultants, Brenton Marshall (GHD) working for MTM on the
development of an ACS at the time. Marshall identified key themes and suggested
that this could be used to refine the criteria. This then created a process of further
advancement, with the suggestion to develop a scoring system (attributed to Robin
Barlass, then Head of Network Strategy & Development for MTM), to provide a
quality measure for each ACS.

This elaboration provided more clarity to the Specialists writing the ACS, clearer
understanding of the gaps, improved identification of improvement actions, and a
greater common understanding on what stages of development the ACS had pro-
gressed to, and where management required them to be.
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3.1 The Concept of Four Generational Stages/Levels

Why four generational stages for the development of AMPs?

The chief driver for quality AMPs is the measure of correlation between pre-
dictive lifecycle modelling and the actual behaviour of assets in the operational
environment. This requires (firstly) the collection of asset information, intervention
levels and options, performance data and future objectives or levels of service, and
(secondly) that the lifecycle and forecast modelling is developed to reflect the real
world, so that it provides management with a high level of confidence in the assets
meeting the objectives or providing a level of service that is desired by the business
now and into the future.

The activities required to do this take considerable time, often years, before they
would influence the next version of an AMP. So to help explain to decision makers
what type of document they are dealing with a Generational Model is needed.

For example, the collection of asset condition data (especially for long-life assets)
is one key variable that underpins lifecycle modelling. Condition data is used to
develop degradation curves for long life assets. The confidence in the degradation
curves depends on the number of condition assessments undertaken (typically every
three years) over a reasonable time (e.g. 100-year lifecycle assets may equate to
10 years) and the associated validation process to determine whether the modelling
reflects what is actually happening. The condition assessments then became mile-
stones under the ACS Generational Model under the criteria of “Accuracy of
Condition Assessments & Fault/Defect History” (refer to Appendix 1).

4 Application of Asset Class Strategy Generational Model

As stated, the development of the ACSGM was designed to help Asset Class
Strategists develop an ACS and identify improvement actions to fill the gaps.
The ACS purpose is to:

(1) Ascertain what information is available and how it can be used to describe the

asset class in sufficient detail, including its function and interfaces

(i) Assign targets that support the overall objectives, meet the group or line
requirements, and derive levels of service for the asset class, subclass, type and
component based on asset and/or network criticality

(iii)) Develop asset profiles and historical analysis covering asset condition, health,
utilisation, failure history, performance history and maintenance/renewal
expenditure

(iv) Understand asset deterioration and associated consequences

(v) Understand risk and current mitigation strategies and how this impacts
meeting the objectives

(vi) Use all of the above to develop planning and costing scenarios, e.g. optimised or
constrained lifecycle scenarios based on budgets, levels of service and resources
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The ACS Guidelines was developed to support the above process, and stipulates
that each ACS must state the Generational Level, including information justifying
the level selection by addressing any area of inadequacy in the strategy which could
be improved on for the next iteration of the document. The purpose is to identify
improvement actions that inform a two to three year improvement program. As the
program is implemented, the completion of the improvement actions guides the
next iteration of the ACS allowing it to progress through the Generational Levels.

In Table 1, the first iteration of the 59 ACSs and assigned Generational Levels
are presented. Of the 59, zero were at Fourth Generation, seven were at Third
Generation (12 %), 11 were at Second Generation (19 %) and 41 were at First
Generational Level (69 %).

The first 22 listed ACSs (all high and selected medium/low criticality) were
assessed against version one of the Generational Level criteria, which had no
scoring system and was positioned to a level based on the judgement of the author,
and then verified by the Asset Management System & Compliance Manager. The
final 37 ACSs were assessed against version two of the Generational Level criteria
and were assigned a score against each criterion. Figure 1 provides a summary by
asset class and criticality. The original aim was to achieve a minimum of second
Generational Level for high criticality asset classes. This was achieved for
Electrical, Rolling Stock and Signals & OCS but not for Track and Structures. The
available information needed to support a second Generational Level ACS for
Track & Bridges is targeted for the second iteration of these strategies.

MTM is currently reviewing 14 high and medium criticality using version three
of the Generational Level criteria (see Appendix 1) as a priority to improve the
quality of these ACSs. The priority is driven by stakeholders requiring higher
confidence levels in the outputs of the ACS (e.g. the renewal program) and MTM’s
preparation for seeking a franchise extension with Public Transport Victoria (PTV).

Changes to the Generational Model were based on feedback from the Asset
Class Strategists and is an evolutionary activity wherein which the strategist are
working through the process of learning what is useful and what drives better
decision making and continuous improvement planning. Below italicised are the
changes between version two and version three of the Generational Model. Items
that were excluded where either already covered or were deemed not to add value to
the assessment. Items included in version three were focused on gaps in capability
or knowledge required to write quality ACS’.

Criteria used in version two of the ACSGM included:

Asset Management Objectives (AMO) Linkage, Roles & Responsibilities
Definition, Asset Hierarchy, Information Systems & Data Quality, Accuracy of
Condition Assessments & Fault/Defect History, Level of Service Definition, Depth
of Risk Assessment, Route Analysis, Decision Making, Planning Period,
Confidence, Improvement Planning, Targeted ACS Generational Level.
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Table 1 First iteration of the 59 ACSs and assigned generational levels

Criticality

Asset class group

Asset class strategy

Generational

level

High

Signals and OCS

Point mechanisms

Interlockings

Track circuits

Trainstops

Rolling stock

Comeng

Xtrapolis fleet

Nexas fleet

Electrical

Inspan wiring

Track and structures

Track system

Bridges

Medium

Signals and OCS

Control and indication

Power supply system

Telemetry communication

Protection

Signals

Train control communication systems

POTS

Passenger information system

Pneumatic power supply and
distribution

DL [ W [N [ = ||| =W |W W[

Enclosures

Electrical

1500V switches

22KV switches

Control and indication equipment
(scada)

[ (NI NN

AC circuit breakers

DC circuit breakers

Buildings and environment

Substation services

Pole replacement

AC protection relays

22KV AC transmission

Track and structures

Track drainage

Level crossings

Overhead/Signal structures

Lightpoles/Retaining walls/Other

Stations and
facilities

Lift and escalators

Fire equipment

Buildings

Platforms

Subway

Rolling stock

Depos

Murl

Murl

el el e e e e e e e e e e e e R B N e

(continued)
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Table 1 (continued)

Criticality | Asset class group Asset class strategy Generational
level

Low Signals and OCS Power supply distribution

SPOT

DISPLAN—MURL

FMP

TIAS

Field communication systems

TNT

Alarms—station security

CCTV

Electrical Rectification/Auxiliary power supply

Rectification

Structure bonding and earthing

Signal power supply

Earthing system

Track and structures | Rail sidings

Tunnels

Stations and Carparks and pathways
facilities Electrical

e e e e e e e e e N A N N e e R R N R

Generational Level by Criticality & As...
12
10
8
6
| Generational ... ~
= = = e flnm .
B = - T = T = z B -
ﬂ.l k) o a @
= = = = = =
Electrical Murl | Rolling Stock Signals & OCS Stations & = Track & Structures
Facilities

Asset Class ... = (Critic... =

Fig. 1 Generational level by criticality and asset class for the first iteration of the ACS’

Criteria used in version three of ACSGM (Appendix 1) included:

AMO Linkage, Roles & Responsibilities Definition, Asset Description, Function
and Interfaces, Asset Hierarchy, Information Systems & Data Quality, Accuracy of
Condition Assessments & Fault/Defect History, Level of Service Definition,
Knowledge of Criticality, Depth of Risk Assessment, Group Analysis, Life Cycle
Modelling, Planning Period.
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No....
ACS Improvement Actions

110, 7%
81, 5%

200, 13%

24, 2% Asset Class Group =

32,2% W Electrical
| Murl
® Rolling Stock
W Signals & OCS
W Stations & Facilities

1113,71% M Track & Structures

Fig. 2 Improvements actions identified by asset class group

One of the key outcomes using the Generational Model concept in writing ACS
is the identification of improvements (aligned with the Generational Level crite-
rion). Figure 2 represents the number and percentage of improvement actions by
asset class group. The variations in numbers of actions were heavily dependent on
the perspective the Asset Class Strategist as well as the scope in the tackling issues
at a higher asset management system level. This behaviour was a result of devel-
oping a number of strategies in parallel resulting is improvement actions being
duplicated, not raised in higher-level asset management strategies and the eagerness
of the Asset Class Strategists wanting to capture all of the issues.

As part of a lesson learnt process, MTM has developed an Asset Management
System Improvement Program (AMSIP) set of Guidelines that directs the Asset
Class Strategists to ensure that any proposed improvement actions are aligned with
the areas of focus outlined in the ACSGM. These proposed actions are then
reviewed and synergised into a set of improvement actions. During the develop-
ment of the first round of ACS, 1560 improvement actions were identified and
included in the AMSIP. Through the identification of duplications, common
themes, synergy activities, etc. these actions were able to be refined to 500 agreed
improvement actions.
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5 How the Generational Model Aligns to Asset
Management Maturity

As stated, the Generational Model is a set of criteria that enables a more rigid and
structured means of gauging the evolution of pertinent asset management docu-
mentation, while the concept of organisational maturity lacks a commonly agreed
definition. However, most attempts focus on building models of what a ‘mature’
organisation should look like as a construct built up from a collection of specific
(detailed) processes and practices and then assessment of maturity as reaching, or
exceeding, self-established or defined maturity ‘levels’ for the specific processes
and practices (Carpenter 2015).

As also suggested by Carpenter (2015), the concept of Asset Management
Maturity is slightly better defined than organisational maturity, in that there are
several industry specifications, such as the GFMAM Landscape, the IPWEA
framework that forms the basis of the International Infrastructure Management
Manual (IIMM) or the WSAA/IWA Aquamark model. He states that maturity,
however, is still most often viewed as a construct of grouped processes and prac-
tices, and most of the models built to assess maturity against these constructs also
have self-established or defined maturity ‘levels’, to the Generational ‘levels’.

Therefore, the link between the Generational Model and the asset management
maturity process is apparent in the use of an ‘open system’ that does not explicitly
identify every process and practice, but specifies outcomes, objectives, capabilities
or coordination/linkages that must exist—the ‘what’, not the ‘how’ and is not
subject to structural gaps in the assessment tool, it requires a higher level of base
awareness and knowledge of those both building and auditing the system as to what
constitutes a complete system (Carpenter 2015).

6 Development of Other Generational Models for MTM

The application of the Generational Model has also been used for the development
of MTM’s AMGS. These strategies form a higher-level asset management docu-
ment than ACS, as they present the metropolitan railway as a network and provide
an end-to-end destination perspective (refer to Fig. 3). These documents are cur-
rently being prepared for the first time, with the first iteration of these documents
due for completion by November 2015.

One aim of the AMGS is to inform the ACS to ensure optimised asset man-
agement. The output of the Group and ACS supports the asset management plan-
ning and investment prioritisation and ensures that MTM maximises value within
the asset management and strategic functions. A draft version of the Group Strategy
Generational Model (GSGM), was modelled on version 2 of the ACSGM. The
italicised (retained in version 3) and bolded (removed from version 3) highlight
items below are common in second version of the ACSGM.
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Fig. 3 Five group network map

Criteria used in draft version of the GSGM included:

Asset Management Objectives (AMO) Linkage, Roles & Responsibilities
Definition, Information Systems & Data Quality, Depth of Risk Analysis, Route
Section Analyses, Planning Period, Confidence, Improvement Planning,
Targeted GS Generational Level, Information Sources and Consultation, Targets
and Objectives, Route Criticality, Interfaces, constraints and projects, Accuracy of
Target Analysis and Group Strategy.

The revised version is currently under development in parallel to the develop-
ment of the GS. One interesting outcome is that the ACS will be required to provide
information and analysis of assets in the context of a group, route, line and critical
section perspective in order to support broader analysis in relation to the group’s
capability to deliver on the AMO. The GS’ look at both the asset and non-asset
solutions.

7 What’s Next? Moving Forward

In dealing with internal and external stakeholders, the concept of a Generational
Level for an ACS and GS and determining what level they are required to be, now
provides informed discussion on how to best proceed.
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From an ISO 55001 and Asset Management Maturity perspective, the
Generational Model plays an important role in providing a framework and path
forward for improvement of key asset management documents, as well as building
targeted capability and maturity within the organisation.

Generational Models have or are now being developed for other key documents
within MTM e.g. RAMS (Reliability, Availability, Maintainability and System), the
Asset Information Strategy (AIS) and work is currently being undertaken towards a
Generational Model for the Asset Management Capability Plan (AMCP).

The Generational Model is under continual refinement as each time the next
series of ACS’ are being developed. It is through the experience of those committed
to the development of ACS that they become more “mature”, and their under-
standing of the future state of these documents propagates.

Therefore, the production of Generational Models provides a staged framework
that aids in the development of pertinent asset management documentation and
assists in the development of asset management capability in people, information,
processes and procedures; all within the context of Asset Management Maturity.

Appendix 1—Version 3 of ACS Generational Model

Criteria and scoring for evaluating and ascertaining the generational level for Asset
Class Strategies including asset class criticality is in Table 2.

The target to what generation each Asset Class Strategy (ACS) should be
developed is addressed under criteria titled “Target ACS Generational Level”. This
is used to first to ascertain the minimum generational level based on criticality of
the asset class. The rate of progress through to higher generational levels shall be
based on criticality (high criticality asset classes are given higher priority that
medium/low criticality asset classes) and other factors that arise from time to time.

Note: For life long assets are reliant on regular condition assessments, the move
from one generational phase to the next could take as long as three years. For
example, to be able to update the forecasts, the new condition information needs to
be compared against the baseline forecast (determined at the previous generational
level) to determine the confidence in the forecast and assumptions made in that
forecast.

The scoring system is based on whether the asset class strategies comply, par-
tially comply or do not comply with the criteria.

An asset class strategy is deemed:

Ist generation when the score is between 25 and 44
2nd generation when the score is between 45 and 69
3rd generation when the score is between 70 and 94
4th generation when the score is between 95 and 100
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Scores are independently verified by Asset Management Systems and
Compliance (AM&S).

Some Criteria met for all or some of the assets in the | All criteria met for all assets in ACS
ACS (Partial Comply) (Comply)

No criteria met for all assets in ACS (Not Comply) | All criteria met for some assets in ACS
(Partial Comply)
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Inequality Indices Based on the Notion
of Shannon-Entropy for the Assessments
of Industrial Fleets

Vicente Gonzalez-Prida, Marcos E. Orchard, Carmen Martin,
Adolfo Crespo and Andrés F. Soto

Abstract The state-of-the-art related to reliability, availability and maintainability
(RAM), provides indices that allow to effectively measuring different attributes on
single complex assets. However, those methodologies usually present limitations
when the aim is to analyse grouping maintenance or the remaining useful life in
fleets of assets. The purpose of this contribution is to suggest the advantages of
measures based on the notion of Shannon entropy, applied to fleet RAM analysis.
Particularly, this research presents a derivation from well-known concepts such as
the Gini, Hoover, and Theil indices.

1 Introduction

The isolation of failure causes is usually based on the comparison of the reliability
conditions among different pieces of equipment. However, the impact of failures on
industrial assets does not necessarily follow an independent nature, and fault events
can exhibit sometimes symptoms closer to an epidemic behaviour on a fleet that
was already launched to the market and in operation, because an asset is not isolated
from the context in which it is being used. Therefore, the study of heterogeneities in

V. Gonzalez-Prida (P<)) - A. Crespo
Department of Industrial Management, University of Seville, Seville, Spain
e-mail: vicente.gonzalezprida@gdels.com

A. Crespo
e-mail: adolfo@etsi.us.es

M.E. Orchard - A.F. Soto
Department of Electrical Engineering, University of Chile, Santiago de Chile, Chile
e-mail: morchard @u.uchile.cl

A.F. Soto
e-mail: andres.soto@ing.uchile.cl

C. Martin
Laboratoire Génie de Production, ENIT-INPT Toulouse University, Toulouse, France
e-mail: Carmen.Martin @enit.fr

© Springer International Publishing Switzerland 2016 189
K.T. Koskinen et al. (eds.), Proceedings of the 10th World Congress

on Engineering Asset Management (WCEAM 2015), Lecture Notes

in Mechanical Engineering, DOI 10.1007/978-3-319-27064-7_18



190 V. Gonzalez-Prida et al.

terms of the reliability of an industrial asset fleet can present the following
considerations: Differences in reliability conditions among different groups of the
same asset, Disadvantaged groups (older equipment) have a shorter life cycle and
present lower availabilities than the more advantaged ones (new assets) and Groups
undergoing worse operating conditions present not only a higher unavailability, but
also experience a lower performance. From the notion of Shannon entropy, this
contribution presents an application of indices for inequality measures (Gini,
Hoover, and Theil index) for the analysis of the availability in fleets of industrial
assets. This is in order to make possible comparisons among fleets operating under
different boundary conditions and usage profiles, in terms of availability and per-
formance. However their availability has certain dependence among the compo-
nents since they belong to the same system. This aspect is clarified throughout the
document.

2 Brief Literature Review

Prognostics and Health Management (PHM) is gaining importance among
researchers and practitioners, since it enables predicting the remaining life span or
remaining useful life (RUL) of critical engineering assets. Although efforts in this
field are significant around the world, real prognostics systems are still scarce in
industry (Potes Ruiz et al. 2014). Other knowledge areas (e.g., physic or infor-
mation theory), have developed tools to provide efficient approaches in order to
handle the inherent uncertainty of prognostics that, a priori, is not easy to assure
accurately (Jabrouni et al. 2011). Among these approaches, we find the entropy
statistics as a suitable theory to analyse evolutionary processes over time, to indi-
cate variety in distributions at particular moments in time, and others applications
related to industrial organization and innovation studies. Apart from this, collabo-
rative maintenance management and maintainability can take advantage in the
industrial context using approaches based on indicators and specific attributes
(Moreu et al. 2012). This sort of indices (based on the notion of entropy) has,
among others, interesting properties: do not vary with scale changes (in our case,
the dimension of the fleet), incorporate the dimension of the physical asset per-
formance and are easy to interpret. Maintenance, in reference to fleet, can be
implemented on a gradual basis since a fleet can be considered as a distributed
system, with components that can be interacting among them (Vujanovié¢ et al.
2012). Fleet composed of similar or heterogeneous components can be exploited to
acquire knowledge or to find relevant information to be reused. Experts basically
can determine whether a situation is replicable by a general approach that provides
information on some similar characteristics of the analysed component. This
improves our insight into component health and status through the analysis of
events such as solicitation responses or program participation. A fleet considered as
a distribution of complex assets can be observed as an evolutionary system where
entropy statistics are applicable to analyse its processes over time (Vujanovic et al.
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2012; Shannon 1948). With this purpose, it is possible to obtain information on the
status of the fleet components that can help managers to update (for instance) the
conditions of real-time maintenance service, the current monitoring process, or even
considering decision variables in the process of end-of-life dismantling (Godichaud
et al. 2011). In a particular case, it is also possible to compare different fleets, with
different characteristics in terms of reliability, availability, and maintainability
(RAM), as well as performance, productivity, monetary value, cost, operation
profile etc. In consequence, it can be possible to obtain a flexible maintenance plan
(Ojanen et al. 2012). Consequently, fleet behaviour can show reliable indicators of a
component health status, considering the collaborative assessment of their health by
its neighbouring components (Potes Ruiz et al. 2013).

3 Theoretical Development

3.1 Shannon Entropy and Related Indices

(a) The Shannon Entropy

As defined by Shannon in 1948, entropy expresses the expected information con-
tent according to the uncertainty of a probability distribution. Let p; be the prob-
ability of an event E; to occur, and let there be n events with their corresponding
probabilities py, ..., p, adding up to 1 (from the n possible events, at least one takes
place). Shannon (1948) proposed a logarithmic function h(-) to express a measure
of the information associated with an event E;; incorporating the concept that an
event with smaller probability of occurrence yields more information as it is

“unexpected”:
1
hip) =) n

The function h(-) indicates that the lower the probability of an event to occur, the
higher the amount of information of a message when the event takes place. The
entropy is here defined as the weighted sum of the n information values h(p;) by
their respective probabilities:

H = zp In G) 2)

In addition to this concept, Theil in 1972 remarked that the entropy concept, in
this regard, is similar to the variance of a random variable. The main difference is
that entropy applies to qualitative rather than quantitative values and, as such,
depends exclusively on the probabilities of possible events. Considering S,
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as a subset of events, the probability that an event falling under S, (where
g =1, ..., G) is obtained by:

Py=>"pi (3)

i€S,

The entropy at that level of information is then:

-l

Consequently:

G
H=Hy+ » PH, (5)

g=1

where

Zﬁl(p/})) ¢=1,...G (6)

ic€S,

H is a measure of the information content being H = Hy, because both P, and H,
are non-negative. It means that after grouping there cannot be more entropy
(uncertainty) than before grouping the events in disjoint subsets. The mathematical
development and the properties application are described in depth in references
(Theil 1972). In information theory, this theorem is interpreted as follows: If the
first set of events takes place, then, its expected information content is Hy. The
subsequent events will occur with expected information content as H,. Therefore,
the total information content results Hy + > PgH,.

(b) The Shannon Diversity Index

In biology, a diversity index is a mathematical measure of species diversity in a
community (Agrawal and Gopal 2013). This concept is usually applied with terms
like richness or relative abundances. The Shannon diversity index applied by
biologists usually presents the following structure:

H= ES: —P;InP;) (7)

i=1

where the following variables are considered: Shannon diversity index (H), fraction
of the entire population made up of species I (P;) and amount of species encoun-
tered (S). This index means that the higher is the value of H, more diverse is the
community and abundance of the species (Das et al. 2012).
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(c) The inequality indices:

Other authors (Gini 1936; Shannon 1948; Theil 1972) also propose different for-
mulations for inequality (diversity) indices such as:

e Gini Index:

n—1

G=1-> (Xiri—Xe)(Yiyi— i) (8)

k=1

where the following variables are considered: Cumulative proportion of the pop-
ulation variable (X) and Cumulative proportion of the income variable (Y). The
Gini coefficient is based on the Lorenz curve. It is mathematically defined as the
cumulative proportion of total income obtained by the cumulative proportions of
the population.

e Hoover Index:
Hv= (1/2)> |pi —wi )
i=1

In this expression, p; and w; correspond to the relative variables p; = E/E and
w; = Ny/N, where are consider the following variables: Effect in class i (E;) and
Amount of items in class i (N;)

e Theil Index:

n

Tom = (1/2) Y [(pi = wi) In(pi/wy)] (10)

i=1

In this case, the difference between p; and w; is multiplied by a factor of relative
contribution referred to each class. This expression corresponds to the Symmetric
Theil index, which can be partitioned in two components:

Tyym = (1/2)(Tr +T1) (11)

where

T =3 piin(p /)] (12)

n

T = [wiln(wi/p))] (13)

i=1

Summarizing, Hoover and Theil indices are also inequality indices as Gini
coefficient. However, Hoover and Theil refer to different measures. But, only the
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Theil index is based on Shannon entropy, and can be partitioned into components.
This index can also be normalized to a range from O to 1 by the expression:

Tnorm =1 —exp(=T). (14)

3.2 Approach to the Life Cycle of Industrial Assets

Quantifying diversity (in biology) or inequality (in econometrics) can be an
important tool for engineering managers and your industrial assets. For that pur-
pose, it is intended now to adapt the above mentioned expressions into variables
related to availability and productivity over a population (or a fleet) of assets. These
expressions will be useful, for instance, in order to make comparisons of different
scenarios where fleets of the same kind of assets present different behaviours. Let
consider the following variables for a fleet of industrial assets: Population (N;),
Productivity (p;) and Unavailability (UA;). Where i = 1, ..., n refers to the different
assets classes which are possible to find or group within the same fleet. Now, we
will consider these variables in the formulas already commented. The novelty here
is the application of variables related to an industrial context, instead of those ones
related to econometrics (salary, poverty rate) or biology, fields where this formu-
lation has been already implemented. Therefore, we take the ratio N;/N and the ratio
UA\/p; (or its inverse p;/UA;) to calculate indices. The decision about which ratio to
use is not a trivial matter, especially since it is assumed they will be applied in the
expression of the Shannon entropy. Due to the fact that the aim here is to better
understand the relationship between availability (or unavailability) and productiv-
ity, it has been considered UA; and pi respectively in order to represent both
characteristics. Under these considerations, and using Egs. (8)—(13), the associated
indices result as follows:

e Shannon Entropy:

_~~(__ (UAi/p)N; (UA:/pi)Ni
"= ; ( >in ((UAi/Pi)Ni)ln pR ((UAi/Pi)Ni):|) (13)

e Gini Index:

(27:1 Gi)/(Z?ﬂ Ni)

G=1- >.i1 (UAi/pi)
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e Hoover Index:

Hv = (1/2) Z

=1

UA ON; n
i/Pi)N. —N; ZNi (17)
z 1 UA /pl l) i=1
e Theil Index:

_ Y (UAi/p)N: S ) ) UAi/pi : ~
Tom = (122, [(2 (UA/p ) N’/ (ZN>>1 ((2 o) / (N/ <ZN>)>}

(18)

As shown, the ratio from which all other indicators are calculated is [unavail-
ability]/[productivity]. The reason is to find a strong correlation between the indices
and the problem to solve. In other words, the indices should provide appropriate
engineering interpretation in the application context. Therefore, with the proposed
ratio is clear that lower values are more interesting if what desired are a high
productivity and/or low unavailability. Also, if the ratio is based on the assets
productivity (instead of economic parameters, for instance), it is easier to interpret
and relate the obtained values with maintenance policies.

4 Conclusion

Throughout this document, we have briefly depicted the Shannon entropy, as well
as inequality indices such as the Gini, Hoover, and Theil index. They are suc-
cessfully applied in other knowledge areas as thermodynamics, statistics, biology or
econometrics. This paper has intended just to approach such concepts to the
physical assets management, in order to find practical and useful applications. The
paper is at this stage limited to be purely conceptual and theoretical. However,
potential application of the suggested measures could be for example: (i) fleet of
mining trucks where productivity is evaluated by the number of tonnes transported
per year, thus, the ratio provides a view of the unavailability effect in the fleet at a
certain age, with respect to the amount transported; (ii) second-hand car markets
where comparing inequality indices enables to detect how the higher is the equality,
the easier the foreseeing of the RUL of the physical assets in operation and, as a
consequence, the worthwhileness of one fleet in front of the other one. As future
research lines, it is proposed to develop more elaborated indices that simplify the
choice of preferences from individual or fleet attributes. These new indices can be
translated from other fields or by the application of a conjoint analysis.
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Availability Simulation Based
on Pseudo-random Failure Rates: A Case
Study on Industrial Process

V. Gonzalez-Prida, L. Barbera, A. Crespo and A. Guillén

Abstract The main objective of this paper is to analyse the availability of different
possible configurations for an industrial facility which provides loading and
unloading services of LNG (Liquid Natural Gas) at the quay of a plant. Specific
service availability is calculated with the support of OREDA database and applying
random values for failure rates, which have been obtained from the mean failure
rate and standard deviation provided by the mentioned database. As an additional
objective, this paper shows a sensitivity analysis for service availability modifying
the reliability of involved elements, which helps for example to review the physical
stock structure or to readapt maintenance policies in the plant.

1 Introduction

Nowadays, there are many simulation methods that allow us to consider important
aspects of the system operation like redundancies, standby nodes, preventive
maintenance, repairing priorities etc. (Gonzalez-Prida et al. 2008). Simulation
methods are used to assess whether a system fulfils certain availability and relia-
bility requirements, offering realistic estimations that could be expected from the
system under study (Crespo and Iung 2007). The complexity of such methods
sometimes causes the decision maker reluctance to use them. Therefore, the chal-
lenge is not obtaining even more sophisticated software applications (Crespo et al.
2005), but to simplify as possible the calculations in standard data sheets using
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conventional or generic office tools. Following this intention, this paper aims to
calculate the service availability of an industrial process system, which will be
particularly characterized by the flow of LNG delivered from storage tanks at
a regasification facility, to a LNG carrier or tank ship. Furthermore, this research
includes as additional targets:

e A sensitivity analysis of the availability of services referred to changes in the
reliability of the components of the loading and unloading systems.

e Review the physical stock structure in an industrial plant, regarding the items for
loading and unloading (quay and involved equipment for LNG loading and
unloading).

The mentioned targets are briefly described in the following pages. With those
goals, the paper is structured as follows: Firstly, those elements needed for the
calculation of the availability are introduced from the point of view of the quan-
titative assessment of uncertainty which is involved in the analysis and calculation
of the availability. Secondly, the procedure for availability calculation is depicted. It
presents therefore theoretical considerations underlying the calculations performed
later. Next, it describes the scenario where the case study is developed. Once the
results are shown, this paper includes a sensitivity analysis where calculations and
considerations are particularized for their implementation under different conditions
failure rate values. Finally, the paper concludes highlighting the main results of this
research, including also some possible future applications.

2 Application of Pseudo-random Failure Rates

2.1 Uncertainty in the Calculation of Service Availability

The quantitative assessment of uncertainty in the calculation of availability (De
Rocquigny et al. 2008) involves the following elements (Fig. 1):

)
g s D

Uncertainty at the

Uncertainty at physical system model

Uncertainty at

input variables output
variables
Randomness in failure > Quay equipment, used Availability of

installations, etc.

rates and equipment Load/Unload Services

repair time; \ / at specific scenarios

Fig. 1 Items involved in the uncertainty evaluation
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According to this scheme, the model represents the physical system behaviour,
which in our case study will be the behaviour of those items related to LNG loading
and unloading. Particularly, the model for an industrial process system has a certain
degree of uncertainty in its design, which decreases as a detailed knowledge of the
physical system is acquired. In our case, the model is deterministic in order to
calculate availability (as output variable) for a complex system of probabilistic
nature. Regarding the uncertainty in the input variables of the model, sometimes it
is not possible to obtain sufficient contrasted information on failure rates and repair
of equipment considered in the analysis. In this case, this problem is solved using
the data base OREDA (Offshore Reliability Data) (SINTEF, 2002). Regarding the
uncertainty in the output variable, the availability evaluation for loading and
unloading service considers modelling the uncertainty in the output variable of
study, for certain modes or scenarios in which the plant operates (Apostolakis
1999). With the above considerations, the study of uncertainty is designed for
availability of loading and unloading services within defined risk limits values. The
values obtained for the availability of these services will support the subsequent
decision making process in the industrial company.

2.2 Application of Pseudo-random Failure Rates

The value of failure rate (A) is obtained in OREDA by an estimator, using data from
multiple different installations. Minimum and maximum values are also given with
an uncertainty range of 90 %. As for the Mean Down Time (MDT), it is noteworthy
that in this analysis we have used the data provided by OREDA on the “Active
Repair Time” to avoid considerations of logistics, inventory etc. This “Active
Repair Time” is defined in OREDA as the calendar time required to return the
equipment to a state in which it is ready to operate, excluding time to stop the
equipment, time spent on work orders, time waiting for materials and parts, start-up
time after repair. Considering all the above, it has been assumed in the calculations
different analysis in order to observe each system behaviour in reference to its
availability. In the case of applying a pseudo-random failure rates, the analysis takes
the data related to average failure rate and its standard deviation. With these two
parameters, it is possible to calculate the inverse of a normal accumulative distri-
bution. For this calculation particularly, in the case study has been applied a
probability associated to the normal distribution as a random number between 0.5
and 0.95. Applying just this formulation is not enough, as far as it could be possible
to obtain values under the minimal failure rates provided by OREDA. Therefore,
for our case study it has been considered the maximal value between the minimal
failure rate provided by OREDA, and the result obtained by the inverse of a normal
accumulative distribution. Besides the above commented calculations, it is possible
to perform a sensitivity analysis of the complete system. That means that altering
data on the components (i.e., penalizing or favouring the hypothetical failure rate),
one can observe how the different systems and subsystems behave.
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3 Case Study

3.1 Scenario

Regarding the system to be analysed, the following subsystems are considered as
indispensable for the unloading service: Drainage tank, Hooks and winches system,
Common systems, Active-passive safety. On the other hand, the not-indispensable
subsystems are the following ones: Instrumentation associated with the unloading
line, Safety valves, Ship approaching system, Auxiliary systems. The mentioned
categorization was decided in agreement with the industrial plant experts who
depicted the availability of providing such a service even under extreme conditions.
Figure 2 illustrates the diagram for LNG ship unloading. According to the items
involved in the uncertainty evaluation (Sect. 2), model inputs are here the failure
rates A; of each component from the mentioned subsystems, as well as their Mean
Down Time, MDTi or active repair time. These inputs may take different values for
each simulation. Fixed inputs also exist, which correspond to those hypotheses
considered constant for the performance of the simulations. Furthermore, for the
calculation of availability A, we apply the formulation shown in Table 1. Therefore,
our model is defined by the following function:

Ai=1-UA; =1 — MDT;/(MTBF; + MDT;); where: MTBFi = 1/4
Therefore, using as a direct source for uncertain input data, the values provided
by OREDA, we will make two calculations:

e With mean failure rate and MDT;
e VWith random values for failure rate obtained from the mean failure rate and
standard deviation provided by the database and mean MDT.
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Fig. 2 Diagram for LNG ship unloading at 12,000 m*h
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Table 1 Results for unloading at 12,000 m*h

A mean MTBF MDT UA A (%)
Unload system 97.54 0.01025 55.320 0.0053 99.46
Arm assembly 59.47 0.01681 31.226 0.0018 99.81
Nitrogen valve 10.90 0.09174 5.8000 6.3E-05 99.99
Blowdown arm joint 11.50 0.08695 14.200 0.0001 99.98
Valve to arm 18.00 0.55555 3.5000 6.2E-06 99.99
Hydraulic unit 13.87 0.07209 7.0000 9.7E-05 99.99
Drainage tank 17.66 0.05662 6.4000 0.0001 99.98
Hook and winches 0.479 2.08909 1.5588 7.4E-07 100.0
Winches 0.039 25.8553 7.9159 3.0E-07 100.0
Hook remote desk 0.440 227272 1.0000 4.4E-07 100.0
Active-passive safety 27.81 0.03595 12.254 0.0003 99.96
Common systems 244.50 0.00408 57.008 0.0137 98.62
Complete system 387.99 0.00257 130.329 0.0481 95.18

In both cases, the opinion of experts in the plant has been considered in order to
distribute functionally the elements, following a series-parallel configuration so it
has the most realistic and possible behaviour. The above calculations (analytical
calculation using mean failure rates and random failure rates), are applied to an
unload mode of 12,000 m3/h, as far as the quay of the industrial company under
study is designed to operate in this scenario. In that case, our variable of interest
(plant availability) will be quantified.

3.2 Calculations

In order to calculate the availability in this mode, it has been taken into account some
general considerations in the operation mode (for example, the case of systems
consisting of “n” identical subsystems in parallel where the system is considered to
fail if “m” or more subsystems fail). In addition to this, it has been also considered
the calculation of failure rate and active repair time for different configurations of the
arms in the quay. Applying the mean failure rates that provide the database OREDA,
the following results are obtained (Table 1). On the other hand, considering the same
mean failure rate and the standard deviation also provided by OREDA, it is possible
to obtain a pseudo-random value for A from the inverse function of the cumulative
normal distribution for the specified mean and standard deviation. In this function,
the probability associated to the normal distribution is a random number between 5
and 95 %, as commented on Sect. 2. With these values for A and performing 100
simulations, results are obtained and shown in the value histogram and the distri-
bution function for the availability of our case study scenario, with an operation
mode according to the unloading service at 12,000 m*/h (Fig. 3).
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Fig. 3 Histogram and distribution function for availability in unloading service at 12,000 m*/h

Table 2 Comparison chart of A MTBF MDT UA A (%)

availabilities in the unloading

service A mean | 387.99 |0.00257 |130,329 |0.04813 |95.187
A min 8.85 |0.11297 | 125,477 |0.00110 |99.889

Amax | 133490 |0.00074 |128,949 |0.1468 |85.314

3.3 Results

Table 2 shows a comparative chart with the values obtained for mean failure rates in
the unloading configuration of 12,000 m>/h.

It also adds the result obtained replacing the value of the mean failure rate, by the
minimum and maximum which are also provided by OREDA data base. In the
same way, by matching these results with experts’ opinion (industrial company), it
results that maintenance policies in the plant approach its behaviour in the case of a
lower failure rate (in terms of availability).

4 Sensitivity Analysis

4.1 Clarifications

The stage of sensitivity analysis classifies the system availability according to the
importance of a variation in the input variables (Saltelli et al. 2004). In other words,
this study analyses the importance of different uncertain input variables in reference
to a given quantity of interest in the output (in our case, the system availability).
In this model for our case under study, sensitivity analysis provides the ability
to assess the impact on the availability, varying input values in the applied
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deterministic mode, resulting this method suitable as a tool that makes easier the
decision making process.

These changes eventually fall to the decision maker, which may require, for
example, higher reliability on a given load or unloading system, whose specifica-
tions show that they can play a key role with respect to a final choice.

4.2 Application to the Case Study

In the present analysis, once obtained the expressions that relate the RAMS vari-
ables of components, we proceeded to provide a quantitative assessment with the
help of the database OREDA. With this quantitative assessment, it is possible to
observe the availability of subsystems as well as for the entire system, achieving
overall results shown later in this section. The results obtained in terms of sub-
systems, allow establishing a ranking from higher to lower availability under certain
assumptions and boundary conditions, which would allow (together with a relia-
bility analysis) the possibility of making a preliminary list of recommended spare
parts. Although this paper has been focused on the availability calculation of a
system with one specific operating mode (unloading service at 12,000 m>/h) from
this research is also possible to obtain other interesting results as those ones from
the case of a sensitivity analysis. In this sensitivity analysis, performing variations
in failure rates allow us to observe how the availability of the complete system
varies, so it is possible to rank subsystems according to this effect on the output
variable. Figure 4 shows an example of spreadsheet with our specific operating
mode, considering the calculation of mean failure rates. In that exercise, one of the
subsystems is altered each time improving 10 % in the respective failure rate
percentage, which can be indicated in green cells. With this procedure, each time
we obtain a certain (and different) value for the total availability. Proceeding in this
way, it is possible to obtain a ranking that illustrates where is appropriate to
improve maintenance policies if the goal is to increase the availability of the plant
for a given operating mode.

A MEAN MTBF MDT UA A
UNLOAD 12000y A MEAN 387,9948737 0.002577354 130,3298173 0.048133328 95,187%

UNLOAD SYSTEM 0%
DRAINAGE TANK 0%
HOOK AND WINCHES 0%
ACTIVE PASSIVE SAFETY 0%
COMMON SYSTEMS 0%
SYSTEM A MTBF MDT UA A

complete system 387,9948737 0.002577354 130,3298173 0.048133328 95,187%

Fig. 4 Spread sheet example for sensitivity analysis in unloading service
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In other words, if every time is reduced by 10 % the failure rate of a particular
subsystem, and leaving the rest equal, we obtain the following availability for the
operation of unloading service at 12,000 m’/h (it is ranked from highest to lowest
availability obtained):

Common systems: 0.954766
Unload system: 0.953029
Active passive safety: 0.952202
Drainage tank: 0.952079

Hook and winches: 0.951850

With these results, it is easy to observe how decreasing the failure rate of
common systems; it is possible to obtain a higher improvement in the entire system
availability.

5 Conclusions

Throughout this paper, we have described a case study where an availability
analysis has been applied, considering pseudo-random failure rates for its calcu-
lation, as well as a sensitivity analysis in order to detect elements or subsystems
where an improvement in its maintenance policies may cause an increment in the
availability of the whole system. It is important to notice that failure rates come
from a database (OREDA) that considers a steady state of operation and normal
elements. Therefore, results must be seen as an approach. That is reason why this
analysis is mainly a good starting point in the understanding of the systems
behaviour regarding its availability (Gonzalez-Prida and Crespo 2014). Thus, the
more experience and detailed knowledge on the systems, the more refined could be
considered the analysis and more adjusted to reality, using historical data of the
plant itself, which will allow providing more particularized and accurate
conclusions.
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Standards as Reference to Build
a PHM-Based Solution

Antonio J. Guillén, Vicente Gonzalez-Prida, Juan Fco Gomez
and Adolfo Crespo

Abstract PHM (Prognostics and Health Management) is key factor for reaching
more proactive maintenance models. Its applicability depends, among others, on the
development of general methodological approaches to guide the design process of
new maintenance strategies where the potential of PHM can be exploited. Despite
there are few specific standards that treat PHM is possible to use current standards of
maintenance and diagnostic as the bases of the development of this general
methodologies. This paper offers a revision of some of the available standards that
can serve as guidelines to develop such solutions including a proposal of method-
ology to design and implement PHM solutions that combines current standards.

1 Introduction

Under the term of PHM (Prognostics and Health Management) a body of knowl-
edge is included that nowadays is considered as an engineering discipline (Cheng
et al. 2010). This covers all methods and technologies to assess the reliability of a
product in its actual life-cycle conditions to determine the advent of failure, and
mitigate system risks (Haddad et al. 2012). PHM is fundamental in today evolution
of maintenance function. PHM, along with other trends like e-maintenance—term
that serves as conceptual support to general use and applications of ICTs in
maintenance—appear as the key factors in achieving higher maintenance efficiency
levels and the life cycle cost reduction (Lee et al. 2006). Example of current and
future importance of PHM (Cheng et al. 2010) the U.S. Department of Defense
(DoD) 5000.2 policy document on defense acquisition, which states “program
managers shall optimize operational readiness through affordable, integrated,
embedded diagnostics and prognostics, embedded training and testing, serialized
item management, automatic identification technology, and iterative technology
refreshment”. This points out to a new generation of CBM application based on
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PHM skills. It is sometime referred as CBM/PHM maintenance solutions
(Vachtsevanos et al. 2006).

PHM technology is still very much in its infancy (Sheppard et al. 2008). So in
many sense PHM systems have yet to be discovered or developed. Among others
development, general methodological approaches have to be proposed to guide the
design process of new maintenance strategies where the potential of PHM can be
exploited. Despite there are few specific standards that treat PHM, owing to the
close ties between PHM and traditional diagnostic and maintenance issues is
possible that current standards of maintenance and diagnostic can be applied to
PHM as the bases of the development of this general methodologies. In this sense
standardization of PHM elements is one of the main interesting development lines
in this research field. This paper offers a revision of some of the available standards
that can serve as guideline and information sources to develop such general
methodologies. The aim is to present a practical way to combine information from
different standards as base of this development.

2 On the Role of PHM in Maintenance Evolution. The
Necessity of Methodological Proposals

Nowadays maintenance concept is suffering a revolution. Firstly, maintenance
becomes more and more part of the integrated business concept (Crespo 2006). So
the competitiveness requirements that are been imposed over companies are been
translated to harder demands over maintenance results: lest maintenance costs, more
reliability levels and life-cycle extension. Other hand, the technological develop-
ment has introduced new challenges and opportunities for maintenance perfor-
mance. Challenges mainly come from the necessity to deal with new complex and
engineering system (Jardine et al. 2006). Other aspect to consider is the large
number of new technologies that are being introduced. These opportunities are
related with new capabilities that are possible to incorporate to maintenance
function as consequence of new technologies apply to maintenance. So, in this
scenario is possible to change the maintenance models through ICT (Information
and Communication Technologies) and PHM skills, providing more proactive
maintenance models.

Design and implementation of PHM-based solutions are very complex tasks.
Mainly owing to great level of interaction between the various technical disciplines
that make up PHM solutions. So, despite the benefits that can be achieved, this
complexity imposes significant entry barriers, both from technological and eco-
nomical views (Guillen et al. 2014). General methodological approaches have to be
proposed to guide the design process of new maintenance strategies where the
potential of PHM can be exploited. This is one of the current gaps that must be
addressed to extend the PHM application. Despite the lack of an accepted general
methodology there is a lot of background and information that can be used as
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starting references. The problem is how to combine and use all these references in
an orderly manner. Summarizing, it is possible to classify this references in three

types:

1. Frameworks for maintenance design. There are different frameworks and
methodologies to organize maintenance management in an industry, facility or
system. The most important reference is the RCM and its posterior evolutions as
the RCM II (Moubray 1997). Others interesting approaches have been exposed
by Waeyenbergh and Pintelon (2002) or Crespo (2006).

2. Standards. The standards analysis is the main point of this paper. It will be
treated in sections below.

3. PHM technical frameworks. Finally, a lot of references in the specialized lit-
erature of PHM introduce frameworks to help PHM system developers and
integrators for faster system development and deployment. These frameworks
address the problem of implementing a PHM solution from a technical point of
view, but not the maintenance management issues.

3 Standards Related with PHM Applications.
Classification and Practical Use Proposal

Standards are needed for harmonized terminology, consistency of the PHM
methods and tools, and compatibility and interoperability of PHM technology.
Standards also help provide guidance in the practical use and development of PHM
techniques (Mathew 2012). Within the standards that can be related to the treatment
of PHM solutions, there are references from different international organization.
The main organizations are:

International Organization for Standardization (ISO)

Machinery Information Management Open Standards Alliance (MIMOSA)
International Electrotechnical Commission (IEC)

Institute of Electrical and Electronics Engineers (IEEE)

Others: SAE, United State Army (US army) and the Air Transportation
Association (ATA).

The proposed analysis in the sections below is focussed, mainly, on ISO and IEC
standards, which are the most internationally accepted and, in many cases, the more
known standards, especially in industrial sector. The aim of this paper is not to list
the standards exhaustively but to introduce how is possible to combine different
standards in appropriate way to support the complicated process of develop a
PHM-based solution and its integration within maintenance function. For more
comprehensive review of current available standards the following references are
recommended by the authors: Sheppard et al. (2008), Vogl et al (2014) and Mathew
(2012). Classification of the analysed standards according with technical fields of
PHM solutions.
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ISO 13374, OSA-CBM , 1SO 17359, 1SO 13381,
ISO 18435, |EEE Std 1SO 13379, 1S018434,
1232 1SO 22906, ISO 29821,
Data Measurement ISO 13373, ASD-79D-
Treatment Techniques HDBK,
and System and

Architecture Monitoring

Maintenance and
Assets Management

1SO 14224, OREDA, IEC 60812,
1SO 55000, ISO 13379, I1SO
17359, , 1SO 13381, ASD-79D-
HDBK, OSA-EAI,

Fig. 1 Technical fields involved in PHM-based solution design/implementation and some of
standards related

There are three technical fields that must to be combined in any PHM application
(Fig. 1).

Data treatment and system architecture. The aim of this field within PHM-based
solution is to provide the logical support (software, application, data bases) and
physical support (hardware, communications) to be able implement and use this
solution (Vatchevanos 2006). It is necessary to deal with the problem of compat-
ibility between different technologies, integrating a wide variety of software and
hardware components (MIMOSA 2012). This type of solutions implicitly includes
a complete process, from the capture of the raw data up to the utilization of the
information obtained within decision-making (maintenance, logistics, equipment
design, etc). This process has been well depicted by ISO 13374, standard that has
been adopted by other as OSA-CBM and ADS-79D-HSBK.

Measurement techniques and monitoring. PHM solutions require monitoring a
large number of product parameters to evaluate the health of a product (Cheng et al.
2010). These parameters include operational and environmental loads as well as the
performance conditions of the product, for example, temperature, vibration, shock,
pressure, acoustic levels, strain, stress, voltage, current, humidity levels, contami-
nant concentration, usage frequency, usage severity, usage time, power, and heat
dissipation. There are specific standards for every specific measurement technique.
These standards help to use and harmonize the results of the concerned technique
and facilitate the integration of its results within maintenance.
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Maintenance and assets management. This area includes specific standards
related to maintenance issues and the standards that address the functional con-
ception of the system and the relation with the rest of the business. Also is possible
to connect the aims of PHM solution with of asset management strategies and with
rest of business areas and the business general aims (ISO 55000). This approach
aids to make the cost-benefit analysis of this PHM solutions, whose profitability has
to be evaluated considering the impact along the entire life-cycle of concerned
assets, value management consideration and cost-risk-benefit analysis.

3.1 Proposal for a Practical Combined Use of Standards
Jor a PHM-Based Solution

This section shows how is possible to propose a general methodology for design
PHM solutions for maintenance with the supporting of the interpretation of different
available standards. In Fig. 2, the flowchart proposed is depicted jointly with the
corresponding phases of the schema of the ISO 17359. This standard is one of the
main industrial references for the design of condition monitoring program, so this
element has been included in the schema in order to aid to understand the relation of
these PHM techniques with the classical view of condition monitoring in the
industry. The figure also includes the standards that can be used as reference in each
specific phase.

ST1. The first step is the definition of the indenture levels, from plant or installation
levels to the maintainable items and the description of operational contexts.

ST2. Criticality analysis is made to choose the most important systems within the
installation, plant or business that are being studied. The criteria use in this phase
allows to interpret the business aims in order to connect with this aims the rest of
the decision.

ST3. The two main outputs of the RCM analysis are the failure mode definition and
the election of maintenance activities over every failure mode. In order to do this
RCM have to different stages: (i) FMECA, to describe the functional analysis of the
system and to establish the failure mode. It also included the evaluation of the
relative relevance of the failure mode that have been described; For PHM solution
design is convenient to know the functional description of the system, which is
provide by FMECA. Other result is the prioritisation of failure modes according its
consequences, information that allows choosing the failure modes that are candi-
dates to a PHM application. (ii)) RCM logic, to determine the maintenance policies
over every failure mode. With the final results of ST4 and STS5 it is possible to
define the maintenance actions required by the failure modes that have been decided
to control by using PHM solutions.
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_ Phases for PHM solution S )< Standard related
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Fig. 2 Practical combined use of a set of standards to build a PHM-based solution

ST4. In this phase the symptoms of the failure are described and the way to obtain
measures of this symptoms. A process named Failure Mode Symptom Analysis
(FMSA) is performed.

ST5. In this phase, PHM policies, including their algorithms and uses, are
designing using the information provides by ST4 analysis. The result of this phase
is reintroduced in ST3 to be used in RCM logic to redefine the maintenance plan
considerations.

4 Description of Main Analysed Standards

ISO 14424. “Petroleum, petrochemical and natural gas industries—Collection and
exchange of reliability and maintenance data for equipment”. This standard
includes comprehensive basis for the collection of reliability and maintenance data
in a standard format for equipment in all facilities and operations within the pet-
roleum, natural gas and petrochemical industries during the operational life cycle of
equipment: (i) Data requirements for the type of data to be collected for use in
various analysis methodologies. (ii) Standardized data format to facilitate the
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exchange of reliability and maintenance data between plants, owners, manufac-
turers and contractors. This standard provides a well-organized reference to inter-
pret the installation/system physical structure (physical tree) correctly. This step is
essential to define adequately the indenture levels (IEC 60051-901) and has a
critical influence on failure mode definition and description.

IEC 60812. This standard is focused on the reliability technique Failure Mode and
Effects Analysis (FMECA). FMECA is a powerful tool deeply used by the industry
in various phases of life-cycle management, as a design-phase tool, a support for
maintenance planning and also a very useful tool for selecting the best technique for
selecting the best monitoring variable or technology. The IEC 60812 is a guide to
perform the FMECA analysis, so it has the main guidelines for an FMECA facil-
itator. The standard is divided into three parts: planning, execution and documen-
tation of the analysis.

ISO 17539 and rest of ISO-TC 108 technical reference of specific measurement
techniques. ISO 17359 mainly provides a general process or guide to build a
condition monitoring (CM) program. This standard can be understood as general
framework for guide the use of a series of ISO standards dedicated to condition
monitoring and diagnostics. These main standards are also listed in the ISO 17359
(Table 1)

ISO 13379, ISO 13381. These are the more directly related standards to PHM
within ISO family. ISO 13379 is focused in diagnosis and ISO 13381 in prognosis.
Both use the reference of ISO 17359 to connect their result to CM and CBM. ISO
13379 develops the FMSA process that allows describing the failure modes through
its symptoms and them the symptoms through its descriptors. This is the gateway
between failure modes, the measurement techniques and the definition of the
parameters required by the diagnostic and prognostic algorithms. ISO 13381 pre-
sents the main guidelines and aspects to consider in order to perform failure
prognostics.

Table 1 Specific ISO
standard referred to
measurement techniques

Measurement technique ISO reference
Vibration ISO 13373-1:2002
ISO 13373-2:2005
ISO 16587

ISO 184362
Thermography ISO 18434-1:2008
ISO 184367
Acoustic emission and ultrasound ISO 22906:2007
ISO 29821-1:2011
ISO 184366
Tribology and lubricant ISO 14830-1

ISO 184365
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Adaptive Transient Event Detection
for Industrial Applications

Florian Hammer, Abdellatif Bey-Temsamani
and Agusmian P. Ompusunggu

Abstract Foreign elements may destroy sensitive parts of mobile industrial
machines such as harvesters. When such undesired transient events shall be detected,
varying machine noise scenarios demand adaptive algorithms that allow for a robust
detection performance. Moreover, a detection system that is too responsive reduces
the machine’s speed of operation. We have evaluated three algorithms that are
capable of detecting transient events, and that allow for timely precautionary mea-
sures. Two of the methods apply a fixed and adaptive threshold to the short-time
energies of the high-pass filtered sensor signal, respectively, while a new method
employs linear prediction-based filtering and an adaptive frame-energy threshold,
and incorporates the variance of the high-frequency frame content enabling the
distinction between events resulting from foreign elements and events originated by
the machine. The algorithms were applied to four types of transient events that were
combined with a set of machine noise recordings at different signal-to-noise-ratio
(SNR) levels. Our results show that the new method provides 95 % correct detec-
tions down to a SNR of —1 dB, and that all methods provide a very low rate of
misdetected events.

1 Introduction

In the feeding process, harvesting machines can seriously be damaged by foreign
elements that are collected together with the crop. To avoid such an undesired
failure, a detection system is needed to allow for an early detection of these foreign
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elements, thus enabling an automatic machine stop on time. The objective of this
work was to develop an adaptive algorithm that allows for the detection of transient
events due to foreign elements based on knock sensor signals. This adaptive
algorithm should tolerate potential transients resulting from the cropping process,
and thus avoid false alarms.

This paper is structured as follows. Section 2 briefly reviews related work in the
field of transient detection. In Sect. 3, we present three algorithms for transient
detection which we will experimentally evaluate and compare. The evaluation setup
is described in Sect. 4, and the results are presented in Sect. 5. Finally, we conclude
our findings in Sect. 6.

2 Related Work

The problem of detecting transients has been explored in various fields. Wang and
Willett (Wang and Willett 2000) tested the performance of different approaches to
detect transients in noise in the realm of process-monitoring by acoustic emission.
The authors have tested the performance of the detection of unknown transient
signals in white Gaussian noise. Their results suggest that unsophisticated methods
such as “Nuttall’s Power-Law Detector” (Nuttall 1994) give reliable results. As an
example for transient detection in the biomedical area, Nenadic and Burdick (2005)
tested a spike detection algorithm based on the Continuous Wavelet Transform.
Their method allows for nearly real-time performance. In musical signal processing,
Masri and Bateman (1996) presented a technique to cope with transient phases in
analysis-resynthesis models. Time-scale modification of audio requires the detec-
tion and particular processing of transient events, especially if large modification
factors are used. Bonada (2000) proposes to detect fast changes and keep them as
they are. His system for change detection involves bank filter energies, Mel cep-
strum coefficients and their deltas. Verma and Meng (2000) extended spectral
modeling synthesis (Serra and Smith 1990) by a model for the transient parts of
sounds. Their transient modeling system first analyzes the sinusoidal parts of the
sound signal, resynthesizes those components and detects transients based on the
energies of the resynthesized signal and the first-order residual signal, i.e. the
original signal minus the resynthesized signal. Nsabimana and Zdlzer (2007) use a
transients plus sinusoids and noise approach. They detect transients by applying a
linear prediction error signal and an adaptive threshold based on the envelope.
Gnann and Spiertz (2009) use the absolute discrete group delay as a measure to
detect transients in sounds. In combination with a maximum order filter, their
method works well both on percussive and tonal-percussive sounds. Glover et al.
(2001) compare seven algorithms for musical onset detection. These algorithms are
based on signal frame energy differences, spectral difference of consecutive frames,
a detection function using combined magnitude and phase information, three
detection functions that are based on linear prediction, and a method that is based
on the differences of peak amplitudes using a sinusoidal model.
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3 Transient Detection Algorithms

The aim of this work is to develop a transient detection algorithm that provides
reliable detection results in a computationally efficient manner. In this section, we
present two variants of a simple transient detection algorithm (SITRA). In the first
implementation, a fixed threshold is used, while the second implementation features
an adaptive threshold. Then, we introduce a more sophisticated algorithm that
incorporates linear prediction-based filtering, an adaptive threshold and the incor-
poration of the variance of the high-frequency content of candidate frames.

In each of these algorithms, the sensor signal is sampled at 20 kHz and divided
into frames of 256 samples that overlap by 50 %.

3.1 SITRA with Fixed Threshold

As a simplest means of transient detection, an algorithm called SITRA (Simple tran-
sient detection) has been developed. This algorithm is schematically shown in Fig. 1.

As the machine noise mostly consists of low-frequency energy, the framed
sensor signal is high-pass filtered at 200 Hz first (3rd-order Butterworth). Then, the
frame energy is calculated. If the energy level exceeds a certain fixed threshold, a
foreign element is detected.

An example for this variant of SITRA is given in Fig. 2. The upper plot shows
the energy of the filtered sensor signal frames, while the bottom plot illustrates the
detected events and ground truth data. The last three events cannot be detected due
to their low energy.

3.2 SITRA with Adaptive Threshold

Varying operating conditions require an appropriate degree of flexibility with regard
to the threshold level. Hence, we have extended the previous method by introducing

x(n) %,4(k) ; %K)
Sensor ; 1 HP Filter Energy
Signal ¥ Framing (200 Hz) o T

Transient
Detected

Fig. 1 SITRA block diagram (fixed threshold)
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an adaptive threshold which is derived by calculating the median of the previous 20
frame energy levels and adding a fixed threshold offset (10 dB). Again, a transient is
detected as soon as the energy level of the actual frame exceeds the threshold. This
procedure is depicted in Fig. 3.

SITRA - Fixed Thresholdrun117, log213, T4tr1
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Fig. 2 Example for SITRA transient detection with a fixed threshold
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Fig. 3 SITRA block diagram (adaptive threshold)
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Fig. 4 Example for SITRA transient detection with an adaptive threshold

Figure 4 presents an example of the adaptive version of SITRA using the same
signal as before. Again, the upper plot illustrates the signal frame energy, while the
bottom plot shows the detected and ground truth events. While this algorithm
detects almost all transients, a misdetection occurs after the third event.

3.3 Linear Prediction-Based Method

Except for a certain amount of cropping noise, the spectral characteristics of the
harvester machine noise usually remain stable within a certain operation mode.
Therefore, we utilize linear prediction (LP), (Makhoul 1975), to remove this kind of
noise as illustrated in Fig. 5.

First, the input sensor signal is windowed, the LPC-coefficients A(z) are calcu-
lated using the model order of 128, and the frame is FIR-inverse-filtered by directly
applying A(z). This results in a residual signal in which the machine noise has been
removed to a great extent. In the next step, the signal frame energy is calculated and
a threshold Ery (k) is derived based on previous energy values as described in the
following.
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N
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Fig. 5 Block diagram of the LPC-based transient detection algorithm. The calculation of the
threshold energy is described in the text

As a basis, the median of the frame energy levels of the previous 20 frames
(including the current), Ezo(k), is calculated:

Ex (k) = median{Ey(k — 19. . k)} (1)
Then, Ex (k) is subtracted from the current filtered frame energy level E;(k)
OE(k) = Ey(k) — Ex(k), )

and the standard deviation osg (k) of the previous five level differences (excluding
the current) is derived as follows:

ose(k) = std(O0E(k — 5.. .k — 1)). (3)
Finally, the energy threshold Ery(k) is calculated:
Ery(k) = Ex(k) +2 - ase(k) (4)

Threshold Ery(k) is compared with the actual frame energy level in order to
identify transient candidates. If the actual frame is a candidate, a novel Transient
Detection Function (TDF) is derived by multiplying the candidate frame energy
level with the variance opr(k) of its high-frequency energy content (5-10 kHz).

TDF (k) = Erp (k) - opr(k) (5)
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If TDF (k) > 1, candidate frame k is defined as a transient event.

This detection process is illustrated in Fig. 6. The top plot shows the energy level
E(k) of the unfiltered sensor signal frames. The second plot presents the filtered
frame energy E¢(k) and the adaptive energy threshold Ery (k). For each frame of
which the filtered frame energy exceeds the threshold, the high-frequency variance
is calculated (third graph). The fourth plot shows the TDF and its threshold. In the
bottom plot, the detected events and the ground truth events are presented.

In Fig. 7, we present the result of the LPC-based filtering in terms of the
spectrograms of an original signal (top) and its filtered version (bottom). These
plots illustrate the elimination of the machine noise while preserving the
low-frequency transient information. In the SITRA methods, this information is
highly reduced by the use of the high-pass filter.
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Fig. 6 Example for linear prediction-based transient detection
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Fig. 7 LPC-based transient detection: spectrograms of original (fop) and filtered (bottom) signal.
Low-frequency transient information is preserved

4 Evaluation

In order to be able to carry out a structured evaluation of the detection algorithms,
we have combined two types of signals, namely (i) transient signals and (ii) feeding
noise signals. The transient signals were acquired in the laboratory using the test
setup schematically illustrated in Fig. 8, while the feeding noise signals were logged
at a harvesting machine.

As transient events may exhibit different spectral characteristics, we have used
the following objects to generate the test signals:

e Rubber hammer (low frequency bumps)
e Book back (low/mid frequency bumps)
e Stone (broadband noise)

e Metal object (broadband noise)

The knock sensor was mounted on the shaker and connected to a data acquisition
card by which the sensor data has been recorded. The four objects were hit upon the
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Fig. 8 Experimental Setup
for the acquisition of the
transient signals

Sl Data
Acquisition
& Sensor %oard Laptop

shaker using different levels of force. From the resulting signals, we have extracted
five transient events per object for further processing.

For our study, we have combined 16 fragments of the harvester noise signal
(three seconds duration) with the four types of transient signals by adding 12
repetitions of a particular transient every 200 ms starting at 400 ms with the
amplitude energy decreasing by 2 dB per repetition. In addition, 20 implementa-
tions of these repetitions were generated by consecutively adding a time shift of
20 ms to the transient events per implementation. Hence, the total number of
samples is 16 noise samples x 4 transient types x 5 transients per type X 20
implementations = 6400 samples containing a total of 76,800 transients.

As the transients exhibit varying decay behavior, we have calculated the SNR
levels of the individual transient signals based on the first N = 100 signal samples
E((n), and the respective samples of the noise signal E,(n) as follows:

—10-Io Sonci Ei(n)
SNR = 10 - log, <25_11En(n)> (6)

Considering a minimum occurrence of 500 realizations at SNR steps of 2 dB,
97 % of the transients ranged between an SNR of —31 and 33 dB.

The samples were fed to the three transient detection algorithms and the
detection performance was evaluated by means of a confusion matrix. Transients
that were detected one frame before or after the ground truth transient position were
tolerated. The performance with regard to the correctly detected transients (true
positives) was analysed in detail and the respective cumulative distribution function
has been calculated as a function of the SNR level.

5 Results

Figure 9 presents the results of the evaluation of the three transient detection
algorithm in terms of the cumulative distribution functions (cdfs) with regard to the
true positives, i.e. the correctly detected transients, versus the SNR level.
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Fig. 9 Cumulative distribution function (CDF) plots with regard to the correctly detected
transients (true positives)

The SITRA method with a fixed threshold provides 95 % correctly detected tran-
sient events down to an SNR of 7 dB, while the corresponding SNR level equals
3 dB for the adaptive SITRA version. The novel method performs best, providing at
least 95 % true positives down to an SNR of —1 dB. From an SNR perspective, at
an SNR level of 0 dB, fixed SITRA, adaptive SITRA and the LPC-method provide
78, 92.7, and 96 % correctly detected events, respectively.

Finally, Table 1 presents the confusion matrix of the overall performance of the
algorithms based on the entire dataset. The rate of correctly detected events (true
positives) increases from 48 % for the fixed threshold SITRA to 61 % for the
adaptive SITRA method, and to 72 % for the new linear prediction-based approach.
In turn, the rates of actual transients not being detected (false negative) are
decreasing from 51 % (SITRA-FT) via 38 % (SITRA-AT) to 27.6 % (LPC). As the
false positive rates suggest, misdetections rarely occur in general. Hence, in this
respect, all of our methods provide a high degree of robustness.

Table 1 Confusion matrix of Rate (%) SITRA-FT SITRA-AT LPC
the overall performance —
True positive 48.15 61.82 72.36
False negative 51.85 38.18 27.64
True negative 99.76 99.22 99.74

False positive 0.24 0.78 0.26
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6 Conclusions

We have presented three frame-based algorithms for the detection of transient
events and evaluated their performance based on four different transient types. Our
results show that the novel LPC-based algorithm provides 95 % correct detections
down to an SNR level of —1 dB. Taking the simplicity of SITRA into account, it
provides good results, especially when an adaptive threshold is employed.

In future work, the detection algorithm may be designed in a more tolerant way
regarding consecutive transient events as to prohibit unnecessary misdetections.
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Abstract Decisions on strategic asset management are crucial from the perspective
of improving the sustainability of companies. The new ISO 55000 series of AM
standards is a means of improving the AM strategies and practices of companies,
and thus their sustainability performance. For this study, three Finnish companies
were interviewed about their asset management, especially related to their asset
information management practices and sustainability. The results are compared
with the asset information management guidelines given in the AM standard. The
goal of the research is to find best practices and areas of improvement in asset
information management, and thus to improve asset management related
decision-making and the sustainability of companies. All the interviewed compa-
nies gather and analyse data from their machinery and infrastructure and the
analysis and utilization of asset related information is considered important. The
economic perspective of AM is seen crucial in decision-making, but also sustain-
ability reporting, maintenance and operating information, value of assets and fault
data are utilized. The asset information is scattered in different systems and behind
different organisational barriers. Companies, however, strive towards unified asset
information management systems.
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1 Introduction

Strategic perspectives of asset management (AM) have earlier received less atten-
tion, but their importance at corporate level is increasing (Wilson 2002; Hastings
2009). Laue et al. (2014) argue that current AM related maturity models focus
primarily on operational and technical level neglecting the strategy, policy, social
and governance perspectives. Some dimensions of AM decisions have been based
more on intuition and visions in comparison to structured and well-tooled analysis
(Komonen et al. 2012). Brown et al. (2014) list the new issues that AM and AM
models have to face i.e. sustainability, interaction between built assets and natural
environment, resilience, life cycle management, community demands, information
management and new types of governance arrangements. Production assets may
have long life cycles and major changes occur in endogenous and exogenous
factors during their life cycles. Thereby, decisions on strategic AM are crucial from
the perspective of improving the sustainability of companies.

The new ISO 55000 (2014) series of AM standards is a means of improving the
AM strategies and practices of companies, and thus their sustainability perfor-
mance. The standard aims to represent the best practices of asset management
worldwide. ISO 55000 (2014) defines AM as “coordinated activities of an orga-
nization to realise value from assets”. Realised values are dependent on the goals,
characteristics and objectives of the companies and its stakeholders. The standard
emphasises the role, determines the central terms and concepts of AM and its
interfaces to other activities of a company. It gives guidelines to creating and
developing a sustainable AM system. Processes and strategies of information
management are a central part of AM. The standard gives guidelines for manage-
ment of asset information.

To improve the level of asset information management and sustainability in
companies, there is a need for more information on their current level. Thus, the
main research question of this study is as follows: “What kind of asset management
practices can be found in Finnish companies and how they compare with the
guidelines of ISO 55000 series of AM standards?”. The focus of research is
especially on asset information management, strategic AM and sustainability. The
goal of the research is to find best practices and areas of improvement in asset
information management, and thus to improve asset management related
decision-making and the sustainability of companies. For this study, three Finnish
companies were interviewed about their AM, especially related to their asset
information management practices. The results are compared with the asset infor-
mation management guidelines given in the AM standard.
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2 Methodology

The research is qualitative in nature and based on the results of interviews.
Qualitative research methods were selected due to the newness of the research field.
The research is based on six semi-structured interviews in three industrial com-
panies. Altogether 14 persons were interviewed. The persons interviewed work in
service, production or finance departments. Two companies were interviewed once
and the third company four times in different business units. The interviews were
recorded and transcripted. All of the companies are large Finnish companies with
revenues of over 200 million euros. The interviews were aimed at finding the level
of AM in the interviewed companies, focusing especially on their asset information
management practices and strategies. The data was analysed by comparing it to the
guidelines given in ISO 55000 series AM standard. Because of the limited number
of the interviews, the data is mainly analysed as a whole, representing some of the
best practices found in Finland.

3 Results

In this chapter, the results of the interviews are presented. The observations rep-
resent the opinions of the interviewees regarding AM and sustainability.

3.1 AM Strategies and Sustainability

The state of the interviewed companies’ AM strategies and processes varies from
several processes and strategies to no specific strategies in place or at least no
strategies that the interviewees are aware of. In addition, there are departmental
variations in the AM strategies inside the companies. There is an exchange of
information with stakeholders, however the communication with customers is
emphasised. Long-term relationships with customers are accentuated. Stakeholders
are also communicated through sustainability reporting which increases the trans-
parency of the companies. The need of consistency is stressed in management and
reporting. Sustainability shows in the strategies in forms of energy efficiency
demands, emissions monitoring and in selection and procurement of machinery and
materials. Supplier selection may also include sustainability criteria. Production and
environmental goals set standards for AM. Sustainability can also be seen in
increased number of repairs and reduced number of replacements, and in new ways
of inspections and acceptances. Moreover, often components are changed instead of
replacing larger items such as equipment, modules, devices, etc.
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3.2 Collecting AM Related Information

Data is collected from machinery and/or infrastructures in all the interviewed
companies. Data collection has developed considerably with decreasing costs of
instrumentation, development of data collection technologies and reduced number
of people working at the facilities. The interviewed companies collect wide varieties
of information depending on the type of the facility and the used components. For
instance, process information, remote control and performance monitoring data, key
performance indicators (KPI’s), criticality ratings, storage information, asset values,
lifetimes and estimates of replacement needs, production volumes, maintenance
related information, authority reporting based data needs, waste and emissions,
discharges, etc.

The collected information is also dependent on the fact if the company has
service contracts with their clients. Clients might demand that the supplying
companies bring new ideas to their AM processes. Reaching a holistic perspective
on the impact mechanisms of particular systems is seen as a specific information
need among some of the interviewees. There is no systematic quality control or
standard for the information needs, apart from the quality standards set by the
authorities for the authority reports. The goal of improving the quality of infor-
mation is to prevent the disturbances in activities. Chaining of the utilisation of
information and the lost connection to the original data are considered problems in
quality control. Common information and information retrieval systems are con-
sidered a solution to this problem by the interviewees. Interviewed companies have
methods and systems to support the various parts of information management
process, for instance to support production, maintenance and process management.
The most problematic areas related to the information management process are
information standardisation and the end-of-life activities.

3.3 Analysis and Utilisation of Asset Information

The information collected from machinery and infrastructure is analysed in the
interviewed companies. The needs and wishes to the specification of the analysis
are partly received from customer feedback questionnaires. Different energy effi-
ciency and availability criteria and the fulfilment of quality criteria are followed
especially. Other mentioned targets of analysis include machinery and component
specific costs, asset value and cost per assets. Improvement in measuring tech-
nology helps information collection, analysis and utilisation. The management and
ownership of the information infrastructure, for instance related to cloud services, is
contemplated by the companies. Currently, the information is scattered in different
systems. Data management is considered a problem, especially from the perspective
of who can and has time to manage the data. Automated systems can already partly
provide solution to this problem. The interviewees think that condition based
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maintenance is going to become more common as the measurement technology
develops.

Utilisation of information is considered important. If the machinery or infras-
tructure is maintained at a right time, the lifetime costs are usually reduced. On the
other hand, some maintenance activities can be performed less often when they are
deemed less critical and move into real condition based maintenance. AM decisions
need supportive reasoning, and purely statistics based decision support might not be
good enough in industrial setting (in comparison with insurance companies). The
interviewed companies mentioned examples of utilising the information, for
instance reports made on the basis of the measurements and analyses and methods
offered to the customer to utilise the produced information. AM information is used
mainly on operational level, but it is also utilised to create the higher level per-
formance indicators. In some cases, customer invoices ensure that the quality of the
AM information is high enough for it to be sent it to the customers. Condition
monitoring and process related measurement information are separated from the
invoicing information and other information sources. All in all, the information
used for invoices is better summarised but does not provide a holistic perspective on
the level of AM, for instance the state of the critical components. In AM related
decision-making the determining of the profitability of investments from the
monetary perspective is crucial. However, also other types of information are used,
for instance sustainability reporting, maintenance and operation information, value
of assets and their depreciation, long-term maintenance programs, and failure and
cost information.

3.4 AM Risks, Roles and Responsibilities, Processes,
Information Exchange, and the Quality and Availability
of Information

The interviewed companies have identified the risks related to ownership and there
are processes for risk management in place. The most important risks, their con-
sequences and probabilities are listed. The demands from insurance companies are a
major driver in charting the risks. Clients are also informed by the existence of risks
and criticality assessments are made for them. A company assesses unavailability
costs in different scenarios related to, for instance, capacity requirements, planned
running times and usability. There has been a shift from reactive actions based on
the results of the analyses to predicting risks and doing predictive actions. As an
example of the changing mindset, the managers have the courage to make pre-
dictions about the machine failures on operational level. However, on the higher
level there are deficiencies in assessing the significance of risks and in predicting
the machinery and infrastructure failures. Local risk assessments are made on
facility level to determine the critical components. Efficiency monitoring strives
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towards consideration of reasons and further measures, and understanding the
figures instead of just reporting them.

AM roles and responsibilities are highly standardised, but some companies are
aware of the need for clearer definitions to increase flexibility and improve work
rotation. AM related maintenance responsibilities are defined in external cus-
tomerships. AM processes and activities are described separately for each type of
facilities, because of the different machinery and components. There is a consid-
erable variance in information exchange with the most prominent stakeholders.
Remote service systems enable the access to clients’ information systems and, thus,
make the information exchange easier. In this case, however, the confidentiality
between the company and the client is crucial. Companies have plans for the
communication with clients. Because of the customer driven approach to the
business, the companies have less exchange of information with other stakeholders,
but when it is necessary, it is described on project level. Companies gather infor-
mation on its stakeholders through feedback, customer surveys and events. There
are also some joint programs for, i.e., reducing the environmental impact of com-
panies. In some of the companies the quality and availability of information and its
meaning to support the company’s decision-making is considered. They are con-
scious of the uncertainty and incompleteness of information. Their own assets are a
source of reliable and accessible information. The operational environment is
thought to be the challenging part of asset information management, even though it
is considered at the corporate level. Risk charts are used to manage the risks of
incomplete information.

4 Discussion

The guidelines given in the ISO 55000 (2014) series of standards are presented in
italics. Conclusions based on the interview results follow the guidelines.

4.1 AM Strategies and Sustainability

Environmental, economic and social pillars of sustainability and the fulfilment of
sustainability based organisational objectives are emphasised. The role of stake-
holders and their requirements and expectations are also highlighted. Based on the
characteristics and operational environment of the organisation, an organisation
should create a strategic AM plan, which is consistent with organisational objec-
tives. This plan sets criteria for AM decision-making. Different stakeholders may
have conflicting objectives for AM from the sustainability perspective. Thus, the AM
system should be transparent and consistent (ISO 55000 2014).

There are many developments that are increasing sustainability. However, AM
strategies are not necessarily based on sustainable thinking, even though they might
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increase the sustainability of the company. The reasons behind this indirect
improved sustainability include process development, energy and resource effi-
ciency and the resulting cost savings or increased capacity. The role of stakeholders
is emphasised. Customer is the most important stakeholder. Also government,
society, suppliers and partners are mentioned. There is a big variation in the level of
AM strategies and processes between and inside the companies. Sustainability
reporting is practised in the companies. These indicators increase the transparency
of AM system and the consistency of its development.

4.2 Collecting AM Related Information

Requirements and the necessary information items are set for the information needs
and the documentation of information. These include, for instance, user require-
ments, descriptions of assets and their purpose, various asset attributes, perfor-
mance targets, key performance indicators, details of historical asset failures, etc.
Information needs of the organisation should be determined through a formalised
approach to meet its organisational objectives. Value and quality of information
should be taken into account relative to its costs and complexity of collecting,
processing and managing. Availability of appropriate AM related information to
assist in decision-making should be determined. Processes for collecting and
managing asset information should be defined to ensure the accuracy, efficiency,
traceability, auditability and timeliness of business processes and reporting. In
addition, the methods for measurement and collection of source information, the
frequency and verification of measurement, its storage and approval for further
analysis should be defined (ISO 55000 2014).

Formalised approach for determining information needs was not found in the
interviews. However, because of a limited number of interviews, there might be
formalised approaches for determining information needs in place. Value and
quality are taken into account and some problems in managing the information are
recognised. Information collection is sometimes demanded by the clients. All the
companies collect information from their assets. A wide variety of information is
collected and it is used to support AM related decision-making. Methods and
processes exist for collecting and managing asset information. For instance, cus-
tomer feedback questionnaires, energy efficiency, and availability and quality cri-
teria are followed. More holistic methods for AM might, however, be needed.

4.3 Analysis and Utilisation of Asset Information

Organisation should define, implement and maintain the methods for analysis and
evaluation of information, and processes for managing its information. There are
differing information needs in different levels of organisation and a differing ability
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to have horizontal and vertical alignment of the information. Organisation should
consider the complexity of its processes for managing its asset information. Asset
related data can reside in many systems and, thus be very expensive to gather and
maintain. Unnecessary duplication of data should be avoided and the data should
reside in the most appropriate system. Processes for where and how the data is
reworked into usable information and how it will be communicated should be
defined (ISO 55000 2014).

The information collected from machinery and infrastructure is analysed in the
interviewed companies. Purely statistical analysis is thought to be inadequate in
industrial setting and is often complemented with condition based information.
Based on the interviews, it would seem that there is a need for methods for the
evaluation of information. The different levels of information have been recognised
and some examples of alignment are found. A lot of information is produced but the
state of critical components may not always be provided, because of the emphasis
on the invoicing information. The companies have recognised the need for unified
systems and the expensiveness of duplicating the data. Actions have been taken
towards better asset data management.

4.4 AM Risks, Roles and Responsibilities, Processes,
Information Exchange, and the Quality and Availability
of Information

The organisation should include consideration of the significance of the identified
risks, the roles and responsibilities for AM, the AM processes, procedures and
activities, exchange of information with its stakeholders, including service provi-
ders, and the impact of quality, availability and management of information on
organizational decision making. Organisation should consider the need to align its
information requirements to suit the level of risk that an asset poses. The infor-
mation should be easily exchangeable with service providers. The use of common
terminology increases understanding between stakeholders and inside the organ-
isation. To ensure the completeness, accuracy and integrity of AM information,
collaboration amongst relevant stakeholders is needed. There is a need for a
quality of information that is relative to its use (ISO 55000 2014).

Processes for risk management are in place and the significance of identified
risks is considered. The interviewees give some examples of predictive risk man-
agement. Risks related to ownership are identified and there are processes for risk
management in place. There has been a shift from reactive actions based on the
results of the analyses to predicting risks and doing predictive actions and managers
have the courage to make predictions about the machine failures on operational
level. On the higher level there are deficiencies in assessing the significance of risks
and in predicting the machinery and infra failures. Local risk assessments are made
on facility level to determine the critical components. It was not found out in
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interviews if the criticality of components affects the information requirements, but
it should. All in all, the risk management is at a good level, even though there are
development needs in corporate level asset risk assessment.

AM roles and responsibilities are highly standardised, but some improvement
areas are recognised such as need for clearer definitions to increase flexibility and
improve work rotation. AM related maintenance responsibilities are defined in
external customerships. AM processes and activities are described separately for
each type of facilities, because of the different machinery and components.
Exchange of information is practised mainly with customers. There is a consider-
able variance in information exchange with the most prominent stakeholders
(reasons: remote service systems, confidentiality). Companies gather information
on its stakeholders through feedback, customer surveys and events. There are also
some joint programs for, i.e., reducing the environmental impact of companies.
Customer’s role was emphasised in the interviews, however, also other stakeholders
were taken into account. In some companies the impact of quality, availability and
management of information on organisational decision-making is considered in the
companies. The operational environment is thought to be the challenging part of
asset information management, even though it is considered at the corporate level.
Uncertainty of information is also considered and risk charts are used.

5 Conclusions

All the interviewed companies gather and analyse data from their machinery and
infrastructure. However, data management is seen as a challenge. The analysis and
utilization of asset related information is considered important. The economic
perspective of AM is seen crucial in decision-making. Also sustainability reporting,
maintenance and operating information, value of assets and fault data are utilized.
Companies also help their value network to utilize the asset information better. The
state of the interviewed companies’ AM strategies and processes varies; some have
several processes and strategies and some have no specific strategies in place or at
least no strategies that the interviewees are aware of. At the moment, AM strategies
are not necessarily based on sustainability, even though they might increase the
sustainability of the companies. Process development, energy and resource effi-
ciency, capacity increase and cost savings are the most important drivers behind the
AM activities. The interviewed companies have all considerable asset base and
benefit from sustainable strategic asset management practices.

Decision-making is still based on intuition, expert opinion and experience and
the asset based information is used mainly on operational level. There are still
several points of improvement in asset information management and information
systems. AM related information is still scattered in many systems and controlled
by various agents in the network. The companies are, however, aware of this and
strive towards integrated information systems as presented in the ISO 55000 (2014)
AM standard series. Integrated approach to the management systems enables the
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use of existing systems (quality, environmental, safety, etc. systems) and, thus,
reduces the need of developing new systems. This development enables more
sustainable AM systems to be developed.

Adopting sustainable development as a guideline can be considered as a strategic
decision, especially if sustainability has not been a part of company’s values before.
To demonstrate the sustainability transparently, sustainability perspectives (envi-
ronmental, social and economic) should be taken into account in the reporting and
management of the company. The companies have recognised this and are striving
towards a more sustainable future. AM strategies are in a key role when improving
company’s performance from the sustainability perspective. Sustainability of
companies could be improved by using more AM based sustainability indicators,
and using the asset information to support the decision-making more extensively.
Emphasising sustainable development enables the companies to create new services
and internally develop their processes and activities. Three proposals to improve the
sustainability of the AM include (1) better linking the AM information to man-
agement systems, (2) predicting and visualising the development of the sustain-
ability and AM indicators and (3) increasing transparency and the use of real time
information. Further research is needed to determine the benefits of these
suggestions.
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Renewal of Manufacturing Firms Through
Innovation

Jussi Heikkild, Pooja Chaoji and Miia Martinsuo

Abstract Renewal of manufacturing firms in the advanced economies is necessary
to keep them competitive in the international field. Renewal of manufacturing is
caused by internal factors and involve incremental changes, or by external forces,
such as economic crisis or market changes involving radical changes. The purpose
of this study is to analyse the role of innovations, types of innovations and scope of
innovations in the renewal of manufacturing. The goal is increased understanding
of innovations as means for manufacturing renewal, and activation of novel
empirical research. We reviewed literature for innovations that are linked with
manufacturing technologies and renewal, featuring keyword search, article cate-
gorization, and full text analysis for selected articles. The results indicate that
research on this topic is spread across four research domains: organization science,
operations management, economic geography and innovation literature. Innovation
has been studied on the level of firms and regional or national manufacturing
clusters. It has been seen both as a catalyst and an inhibitor of renewal on the firm
level. Four modes of innovation were identified: innovation related to diversifica-
tion of customer base, increased efficiency, added value to end products, and
interactions in the value chain. The re-bundling perspective is suggested as an
interesting opportunity for future research, indicating a shift in the location of
innovation from within the firm to the network of firms.

Keywords Innovation - Manufacturing - Renewal

J. Heikkild (<)) - P. Chaoji - M. Martinsuo
Tampere University of Technology, Industrial Management, Tampere, Finland
e-mail: jussi.heikkila@tut.fi

P. Chaoji
e-mail: pooja.chaoji@tut.fi

M. Martinsuo
e-mail: miia.martinsuo @tut.fi

© Springer International Publishing Switzerland 2016 237
K.T. Koskinen et al. (eds.), Proceedings of the 10th World Congress

on Engineering Asset Management (WCEAM 2015), Lecture Notes

in Mechanical Engineering, DOI 10.1007/978-3-319-27064-7_23



238 J. Heikkila et al.

1 Introduction

The growing competitiveness of manufacturing firms in the emerging economies
and globalization of markets have increased the challenges for manufacturing firms
in advanced industrial economies (Theodorakopoulos et al. 2014). The recent major
economic crisis of 2008-09 further accentuated the challenges. To solve the
challenges, new policy initiatives have been introduced for the renewal of manu-
facturing using advanced technologies and innovations (MacBryde et al. 2013).
However, only a few empirical studies observe the transformation activities at the
level of manufacturing firms in this context (Bathelt et al. 2013; MacBryde et al.
2013; Theodorakopoulos et al. 2014). In this study we analyse previous research on
the types and scope of innovations in manufacturing companies in order to guide
upcoming empirical research on this transformation.

The structure of the paper is as follows: Sect. 2 describes the method and the
choices of articles for this conceptual study. Section 3 discusses the theoretical
constructs that emerge from the selected studies and Sect. 4 describes the empirical
context and findings from these studies. Section 5 provides discussion of our
observations and concluding remarks to suggest possible future empirical research.

2 Research Methodology

The relevant literature for this paper was selected as follows. Initially, a systematic
keyword search in the ISI Web-of-Knowledge database was conducted. Multiple
combinations of the keywords renewal, strategic renewal, resiliency, recovery, re-
birth, decline, manufacturing firms, radical innovation, value-added manufacturing
and process innovation were used to identify relevant literature. This preliminary
review revealed that research on the chosen topic is spread primarily to four
research domains: organization science, operations management, economic geog-
raphy and innovation literature. Studies from these four research domains differ in
their keywords and emphases, while sharing the decline of manufacturing firms and
efforts for renewal as the common context. The diversity in the observed literature
presented an opportunity to generate a set of constructs for understanding the
involvement of innovations in manufacturing renewal.

Table 1 describes the articles selected for this study and the information about
their source journals and keywords. The primary research interest for this literature
review was in the study of innovation modes, types and scope. Therefore,
state-of-the-art literature from mainstream innovation research was also selected for
the study. Overall, the search process revealed that literature studying the area of
innovations involved in the renewal of manufacturing has been empirically
investigated only to a small extent.
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Table 1 The identified research domains in the study of renewal of manufacturing firms
Research Authors Journals Keywords
domain
Organization Barker and Duhaime Organization Science, Strategic
science (1997), McKinley et al. Strategic Management renewal,
(2014), Agrawal and Journal, Academy of organization
Helfat (2009), Huff et al. Management Review decline,
(1992) turnaround
Operations MacBryde et al. (2013), International Journal of High-value
management Theodorakopoulos et al. Operations and adding
(2014) Production Management, manufacturing
Journal of Manufacturing
Technology Management
Economic Bathelt et al. (2013), Regional Studies, Resiliency,
geography Rutherford and Holmes Cambridge Journal of manufacturing
(2014) Regions, Economies and sector
Society
Innovation Kalafsky and Macpherson Research Policy, Innovation,
research (2006), Yinnon (1996) Technovation manufacturing,
rebirth, shift

Empirical research studying the innovations in manufacturing firms (mostly
observed within innovation research domain) and on strategic renewal of manu-
facturing firms (mostly observed within organization science domain) present very
few investigations at the firm-level in the context of decline of manufacturing.
Research in economic geography presents empirical studies on this context, but the
analyses and emerging theories on renewal of manufacturing are focused on the
region-level. We decided to follow an eclectic approach to arrive at a combination
of studies that would provide a sufficiently rich conceptual and empirical basis on
the innovations involved in the renewal of manufacturing firms in advanced
economies.

Our interest was in analysing empirical studies that observe the innovations in
manufacturing at the firm-level, in the context of decline of manufacturing in
advanced industrial economies. Six studies including MacBryde et al. (2013),
Theodorakopoulos et al. (2014), Bathelt et al. (2013), Rutherford and Holmes
(2014), Yinnon (1996) and Kalafsky and Macpherson (2006) were selected for
review. Literature informing of existing theories on the role of innovations in
strategic renewal (e.g. McKinley et al. 2014; Barker and Duhaime 1997), regional
renewal (e.g. Bathelt et al. 2013; Rutherford and Holmes 2014) and significance of
innovation modes (Clausen et al. 2013) were selected to support the analyses.
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3 Role of Innovation in the Renewal of Manufacturing

3.1 Strategic Renewal of Declining Firms

Agrawal and Helfat (2009) define strategic renewal as the process, content and
outcome of refreshment or replacement of attributes of an organization that have the
potential to substantially affect its long term prospects. Strategic renewal signifies
the type of strategic change in firms that grows out of the current situation (Huff
et al. 1992), and alters the path dependence of the firm (Volberda et al. 2001).
Organization decline is an important context trigger for strategic renewal activities
within firms. McKinley et al. (2014) define organizational decline as successive,
year-after-year decrease in an organization’s resource base that lasts for at least two
years.

Empirical studies on firm decline and turnaround support two opposing views
regarding innovation in firms. According to the first view, decline is a catalyst for
adaptation and innovation in firms, whereas the second standpoint suggests that
decline is an inhibitor of innovation activity in firms (McKinley et al. 2014, p. 88).
According to the ‘catalyst view’, innovation in products and processes is an
excellent revitalization solution for firms experiencing decline. The key role of
innovation in successful firm turnarounds is to realign the organization with its
external environment (Barker and Duhaime 1997). According to the ‘inhibitor
view’, engaging in resource and capital absorbing innovation activities in a
declining firm could further exhaust the firm by adding to the amount of challenges
that the firm is already tackling, diluting its renewal efforts. In essence this implies
that firms respond to decline by not taking up any novel ideas, described as
‘rigidity’ by McKinley et al. (2014), and focus on reducing costs, improving effi-
ciency and increasing accountability of existing operations (Barker and Duhaime
1997). The dichotomy between innovation as means for successful turnaround, and
rigidity as an inhibitor for change is well-established in organization decline and
turnaround literature.

Barker and Duhaime (1997) suggest that the inconsistency in empirical findings
regarding the major role of innovation in successful turnarounds can be predicted
based on the level of need for strategic change in turnaround case studies. When the
causes for decline are at the industry level, many of the other firms in the industry
suffer decline, and turnaround is possible by surviving the phase of the
industry-level crisis based on efficiency and retrenchment measures. On the other
hand, when firm level problems are the root cause of decline, strategic change is a
prerequisite for recovery from decline. Such analysis of the causes of decline on the
firm and industry levels, and its implications on the role of radical innovations in
firms is important in the discussion of decline of manufacturing firms. In addition, a
third level of analysis, that is the location-level, is relevant. The location-level
perspective is, however, missing in the discussions in organization studies, and can
be observed from studies in the economic geography domain.
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3.2 Revitalization of Declining Regional Manufacturing
Clusters

The contemporary discussions and policy debates over renewal of manufacturing at
the level of regional clusters and national economies focus on the context of the
decline of manufacturing and how advanced technology based innovations may
provide a route for survival (e.g., Theodorakopoulos et al. 2014). Regional resi-
liency is an area of research on how regional economies can withstand the impact of
economic crises and restructuring. One of its objectives concerns whether
employment and investment in older manufacturing regions can recover, and how
public policies might facilitate reindustrialization (Rutherford and Holmes 2014).

Manufacturing performance has a link with the location-level factors. Rutherford
and Holmes (2014) discuss that production costs, innovation capacity and access to
highly skilled labour are among the important location-dependent inputs to com-
petitiveness of manufacturing firms. Also, problems arising from regulation, poli-
cies, currency and energy price fluctuations are common to manufacturing firms at
the region-level. Some research presents policies for stimulating innovations in
manufacturing sectors in decline (e.g., Yinnon 1996).

Regional ruptures and re-bundling form a part of discussions in economic
geography research regarding regional economic development paths. Re-bundling
is the process through which existing resources are used in novel ways to serve a
new purpose. The concept of re-bundling rests on conceptualization of a firm’s
resources being capable of rendering a variety of services based on the context of
use (Bathelt et al. 2013). Then, regional ruptures or crises provide the basis for
de-contextualizing and then re-contextualizing different forms of resources and their
specific uses in four possible re-bundling scenarios (Fig. 1).

3.3 Innovation Modes and Types

An important area of empirical investigation is how different firms innovate. One
type of the research outcomes are emerging taxonomies of innovation modes in
firms. Research on innovation modes suggests that a firm’s abilities to innovate are,
at least partly, a function of their resources and their ability to renew their resources.
Clausen et al. (2013) suggest that the innovation mode of a firm can be defined
based on the level of preference between exploration versus exploitation and open
versus closed innovation within firms.

Empirical studies on innovation reveal problems related to heterogeneity in
innovation activities. Damanpour et al. (2006) suggest studying innovations based
on a typology of firms. McKinley et al. (2014) present a typology to analyse the
innovation activities in the context of organizational decline and turnaround. They
propose that innovations can be characterized as flexible and inflexible. The degree
of flexibility is observed as the extent of modifying the innovation once
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Fig. 1 Renewal trajectories at regional level: ruptures versus rebundling (Bathelt et al. 2013)

implemented and the speed at which it can be modified. Flexible innovations have a
wide range of possible post-introduction configurations and the speed of transition
between those configurations is rapid. An inflexible innovation has fewer
post-introduction configurations and the speed of transition between them is slower.
These innovation characteristics are mentioned with respect to production equip-
ment and processes. McKinley et al. (2014) hypothesize that flexible innovations
are to be adopted whereas inflexible innovations are to be avoided to maximize
chances for successful turnaround of declining firms. Therefore, defining innova-
tion modes and identifying innovation types are regarded as helpful approaches in
exploratory studies on innovation activities in firms.

4 Innovation as Means for Manufacturing Renewal

Selected empirical studies are reviewed in this section to study the transformation of
manufacturing industries and whether any commonalities emerge in the nature of
innovation activities within firms in the context of advanced economies. This
analysis is based upon six empirical studies described in Table 2, consistent with
the paucity of empirical studies investigating the transformation of manufacturing
(MacBryde et al. 2013; Theodorakopoulos et al. 2014).

The existing empirical investigations of manufacturing transformation are cov-
ered under such topics as high-value added manufacturing (MacBryde et al. 2013;
Theodorakopoulos et al. 2014), knowledge-intensive production (Yinnon 1996) and
renewal of manufacturing competitiveness in high-cost economies (Rutherford and
Holmes 2014). In order to shift to knowledge-intensive production, firms have to
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Table 2 Industries and locations of sample firms in renewal of manufacturing studies

Case firm(s) Industry Country Authors
Longitudinal Textile UK Theodorakopoulos
study of small et al. (2014)
apparel
manufacturer
Small and 1. Electro/mechanical Scotland MacBryde et al.
medium sized engineering and (2013)
enterprises construction (e.g.
aerospace,
electronics),
2. Chemical and
pharmaceuticals (e.g.
Petrol, cosmetics,
plastics etc.),
3. Textiles (apparels and
textiles),
4. Food-based products
and miscellaneous
(e.g. printing,
stationary etc.)
Traditional 1. Plastics and rubber Canada Bathelt et al.
manufacturing 2. Fabricated metal (Technology Triangle (2013)
firms of all products region of Kitchener
sizes 3. Machinery and Guelph
4. Electrical equipment metropolitan areas)
5. Transportation
equipment
Firms of all Automotive USA-Canada (Great Rutherford and
sizes Lakes region Holmes (2014)
automotive industry
firms)
Firms of all Machine tools USA Kalafsky and
sizes Macpherson (2006)
Firms of all Plastics New York, England Yinnon (1996)
sizes (and Israel)

shift their activities beyond what is traditionally viewed as production. This typi-
cally means involving design and service related activities (MacBryde et al. 2013).
In addition, high-value added production involves a shift in manufacturing strategy
from production of commodities for mass markets to the production of enhanced
products for high-value niche markets. They are typically enabled by the use of new
technology, new materials and innovation (Theodorakopoulos et al. 2014).

There are some fundamental differences in the empirical cases of firm decline in
these six studies. First, the research methodology and unit of analysis varies. For
example, Theodorakopoulos et al. (2014) have studied only one case firm going
through the transformation into a technical textile manufacturer from traditional
apparel manufacturer. Kalafsky and Macpherson (2006), on the other hand, have
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gathered empirical data on all firms making machine tools within the US.
Furthermore, the studies do not focus on a single incidence of decline of manu-
facturing firms or on a single time-period. Several studies in this sample focus on
contemporary competitive challenges created by manufacturers from low-cost
economies (Theodorakopoulos et al. 2014; MacBryde et al. 2013). On the other
hand, Kalafsky and Macpherson (2006) study the challenges created for US based
manufacturers by competition from manufacturers based in Germany and Japan.

The empirical findings from these studies about firm responses to decline include
discussion about the innovation activities within firms in the context of strategic
renewal. Based on the review of these innovation activities, four modes of inno-
vation emerge as active in the case of manufacturing firms’ strategic renewal in the
traditional industrial sectors in advanced economies.

4.1 Innovation for Diversification of Customer Base

In the diversification-oriented mode of innovation, firms make purposeful innovation
decisions to steer away from the challenging situation in their existing markets.
Innovations are intended for renewing their strategic focus and capitalizing upon their
accumulated experience and expertise. It was observed that in response to the decline
of the automobile supplier firms in US and Canada, many suppliers of big US auto-
mobile manufacturers started innovating new products and solutions to shift their
focus from earlier main customers to new customers in growth industries or broad-
ening their global customer base (Rutherford and Holmes 2014; Bathelt et al. 2013).

Another example of such a diversification strategy is the case study of a UK
based apparel manufacturer; the firm actively tried to develop its technical clothing
division in order to renew its declining apparel business. This decision implied
mastering radically new production and testing technologies in the company’s
production. It implied a change in manufacturing