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Foreword

The 16th World Congress on Engineering Asset Management (WCEAM) was held
in Seville, Spain, from October 5 to 7, 2022. From all indications, attendees were
delighted with the opportunity provided to meet in-person, especially to rekindle
the warmth of face-to-face interactions and interpersonal relationships aftermath
of the COVID-19 lockdowns and travel restrictions. The success of the events of
16th WCEAM provided proof of the remarkable collaboration between the
International Society of Engineering Asset Management (ISEAM), the Spanish
Association for the Development of Maintenance Engineering (INGEMAN), BCO
Congresos Seville, and the University of Seville.

The collaborating entities are grateful to the city of Seville and the hosting
partners for the access granted to visit cultural and heritage sites, privileges granted
to use the city’s facilities, and also for the general hospitality accorded to the 16th
WCEAM delegates. Throughout the duration of the congress, the welcoming and
safe environment of the city engendered enriching deliberations on ‘Value-Centered
and Intelligent Asset Management in the 4th Industrial Revolution Era.” The
deliberations included business meetings, social engagements, and academic dis-
course between the participants. Much of the intellectual discussions, especially
academic discourse, are summarily captured in the contents of this book of 16th
WCEAM Proceedings. In this regard, the collaborating entities acknowledge the
long-standing relationship between ISEAM and Springer with the primary objective
of advancing education, research, training, and practice of the multidisciplinary
body of knowledge in Engineering Asset Management.

November 2022 Joe Amadi-Echendu
Chair, ISEAM Board of Directors



Preface

The 16th World Congress on Engineering Asset Management (WCEAM www.
wceam.com) was held in Seville, Spain, from October 5 to 7, 2022, under the
auspices of the International Society of Engineering Asset Management (ISEAM
www.iseam.org). The events were organized by ISEAM in collaboration with the
Spanish Association for the Development of Maintenance Engineering
(INGEMAN), coordinated by BCO Congresos Seville, and hosted by the
University of Seville. The 16th instance of the WCEAM series took place as the
global community increasingly relaxed lockdown and travel restrictions post the
peak of the COVID-19 pandemic. The unprecedented and persistent effects of the
pandemic, coupled with adverse influences of ongoing climate change events and
geopolitical challenges, charge us to advance the principles, knowledge, and
practice of the Engineering Asset Management body of knowledge within the
context of 4IR technologies and the Society 5.0 ideal.

16th WCEAM 2022 provided opportunity for thought-leadership and research
exchange in the multidisciplinary knowledge area of Engineering Asset
Management. The Congress facilitated knowledge exchange between academics,
researchers, industry practitioners, and policy makers in a friendly, multicultural,
and transparent environment in Seville. The theme, ‘Value-Centered and Intelligent
Asset Management in the 4th Industrial Revolution Era,” is timely and relevant,
since value-centered sustainable development is crucial for the future of human
civilization. Interestingly, digitized and digitalized asset management provides new
ways of looking at our world, encouraging us to utilize increasingly intelligent tools
and methods to achieve more human-centric, resilient, and sustainable societies.
Thus, this edition of 16th WCEAM Proceedings is a collection of high-impact
discourses, serving as an important reference for Engineering Asset Management
education, research, and practice.

In addition to social activities, the events of 16th WCEAM included 7 plenary
sessions, 16 academic sessions, 5 industry workshop, and business sessions.
Although the activities and contributions provided a transversal view of the mul-
tidisciplinary body of knowledge of Engineering Asset Management, the contents
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viii Preface

of this book are grouped into three thematic sections of ‘intelligence,” ‘manage-
ment,” and ‘value’ as follows:

e Section 1 on ‘intelligence’ contains three parts arranged as nineteen chapters
that discuss matters regarding asset management and decision support systems
based on the applications of 4IR technologies such as AR and VR, machine
learning, digital twinning, etc for monitoring, diagnostics, prognostics. The
section particularly includes methodologies and cases applied to different
operational contexts.

e Section 2 on ‘management’ contains four parts arranged as twenty-three chap-
ters that discuss asset life-cycle management, especially, human dimensions on
the management of infrastructure and industry-sector assets.

e Section 3 on ‘value’ contains four parts structured into twenty-five chapters that
deal with the applications of international standards, local regulations and
industry guidelines to risk and resilience engineering, asset operations and
maintenance, condition, risk, resilience and vulnerability assessments.

The full editorial process for the WCEAM 2022 started in 2021 with the
approval of the Proceedings book proposal by the publishing house Springer.
Consequent upon the corresponding agreement between ISEAM and Springer, the
qualification process involved two phases:

Phase 1. Conference Review:

Initial call for papers in 2021, then a repeat call in 2022.
Abstracts submission and review using the BCO conference management sys-
tem. The abstracts were reviewed to ensure consistency with the 16th WCEAM
theme and topics.

e Authors of accepted abstracts were invited to submit at least a 6-page version
of their contributions formatted in accordance with the prescribed template.

e The full-paper submissions were double-blind reviewed to ensure academic
rigour.

Phase 2. Editorial Review:

e The authors of selected papers were notified to extend their manuscripts from 6
to 10/12 pages, formatted according to Springer template in order to qualify as
book chapters.

e The extended manuscripts were submitted and further reviewed using Springer’s
Online Conference System (EquinOCS).

e All reviews were conducted by the WCEAM technical review panel in accor-
dance with ISEAM’s well-established guidelines. The panel of reviewers mostly
comprised Members (M) and Fellows (F) of ISEAM (i.e., F/MISEAMs)



Preface ix

The editors remain grateful to the global ISEAM community and INGEMAN
associates for their participation during 16th WCEAM 2022. A special word of
thank you to all the reviewers for ensuring the quality of the contributions published
in this Proceedings.

November 2022 Adolfo Crespo Marquez
Juan F. Gomez Fernandez

Vicente Gonzalez-Prida Diaz

Joe Amadi-Echendu

16th WCEAM 2022 Editor



Contents

Asset Management and Decision Support System

A Decision-Making Framework for Selecting an Optimum Package of

Maintenance Improvement Projects in a Hospital .. ... ........ ....

Maria Carmen Carnero, Aurora Martinez-Corral,
and Javier Carcel-Carrasco

A Preliminary Implementation of Data-Driven TPM: A Real Case

Study . ........ .

Sara Antomarioni, Laura Lucantoni, Filippo Emanuele Ciarapica,
and Maurizio Bevilacqua

Assets’ Reliability Management Model for a Decision Making in

Different Operational Contexts. . . .. ........ ... ... ............

Jone Uribetxebarria, Ainhoa Zubizarreta, Angel Rodriguez,
and Urko Leturiondo

Realizing Sustainable Value from Engineering Innovation Ecosystems

in EURope’s Outermost Regions . . . ........ ... ... ............

Oliver Schwabe and Nuno Almeida

RelOps — A Whole-of-Organisation Approach for

Reliability Analytics . . ............. . ... .. ... ... ... ...

Melinda Hodkiewicz, Tyler Bikaun, and Michael Stewart

Methods for Comparing Asset Portfolio Reliability . ...............

Gabrielle Biard and Georges Abdul Nour

Industry 4.0 Tools and Its Impact in Asset Management

Digital Transformation in Maintenance . . ... ....................

Adolfo Crespo Marquez

xi



xii Contents

On the Definition of Requirements for a Digital Twin. A Case Study of

Rolling Stock Assets . .. ... ... . 76
Adolfo Crespo Marquez, Urko Leturiondo, José A. Marcos,

Antonio J. Guillén, and Eduardo Candon

Review of Asset Digitalization Models in the Context of Intelligent

Asset Management and Maintenance . . . . .. ..................... 87
Pilar Jiménez Alonso, Antonio J. Guillén, Juan Fco. Gomez,

and Eduardo Candon

An Immersive Virtual Reality Platform for Enablement and

Assessment of Human-Robot Interactions for Intelligent Asset

Management. . . . ... ... 98
Soéren Dominik Sonntag, Windo Hutabarat, Vinayak Prabhu, John Oyekan,
Ashutosh Tiwari, and Chris Turner

Exploring Augmented Reality Applications to Support Maintenance
Management in Hydroelectric Power Plants. . . . .................. 108
Renan Favardo da Silva and Gilberto Francisco Martha de Souza

Smart Water Dam Transformation in Industry 4.0 . ... ........ .... 118
Gowrishankar Sabapathipillai, Srijeyanthan Kuganesan,
and Thanansan Kuganesan

Can Industry 4.0 Keep Its Promises? A Literature-Based Comparison
of Expectations and Experience . . ... .......................... 130
Lasse Metso and Nils E. Thenent

Monitoring, Diagnostics and Prognostics for Smart Maintenance

Dynamic Maintenance Management Approach Based on Real Time
Monitoring and Artificial Intelligence Using Digital Twins. . . . . ... ... 145
José Antonio Marcos-Alberca Carriazo and Adolfo Crespo Marquez

Heat Pumps Smart Asset Management Implementation Through
Virtual Sensors. . .. ... .. .. ... 154
Pedro Barandier, Alexandre Miranda, and Antonio Jodo Marques Cardoso

Driving Port Efficiency Through 5G-Enabled Condition Monitoring of

Quay Cranes . ........... . . .. 162
Adolfo Crespo del Castillo, Manuel Herrera, Manu Sasidharan,

Jorge Merino, Ajith Kumar Parlikad, Loretta Liu, Richard Brooks,

and Karen Poulter

Remote Data Collection Motivational Drivers, Challenges, and

Potential Solutions in Industrial SME Companies . ................ 172
Teemu Mékiaho, Topias Kallio, Henri Vainio, Jouko Laitinen,

and Kari Koskinen



Contents

The Effect of Knowledge Based Feature Extraction on Failure

Detection of Control Surface Failures of Fighter Aircraft ...........

Tauno Toikka, Jouko Laitinen, and Kari T. Koskinen

Advanced Maintenance of Distribution Assets Through the
Application of Predictive Techniques Using GE’S APM System:

Real Case in a Spanish DSO .. . ... ... ... ... .. ... ... ........

Sergio Bustamante, Mario Manana, Alberto Arroyo, Antonio Gonzalez,
and Richard Maurice

Challenges on an Asset Health Index Calculation ............. .. ..

E. Candon, Adolfo Crespo Marquez, A. Guillén, and U. Leturiondo

Asset Life Cycle Management
An Integrated Framework for Efficient Asset Life Cycle Costing in

Case of Incomplete Historical Data . ... .......... ... ... ... ... ..

Mohammad Baharshahi, Mostafa Yousofi Tezerjan, and Saeced Ramezani

Life Cycle Cost Analysis in Modern Heavy Metallurgical Asset

Management. . . .. ... ..

Virginia Montiel
Use Proposal of the Asset Health Index in the Public Health Sector.

A Case Study in the Health Systems of the Republic of Costa Rica. . . .

B. Picado Arguello

Visual Quality Control via eXplainable AI and the Case of Human in

the AT Loop . ... ... . . .

Christos Emmanouilidis and Elena Rica

Start/stop Cost Evaluation of a Francis Turbine Runner Based on

Reliability . . . ...... .. ... . . . ..

Abdossaber Peiravi, Denis Thibault, Michel Blain, Mustapha Nourelfath,
and Masoumeh Kazemi Zanjani

Asset Management in the Industrial Sector

Machine Learning Supporting Maintenance Management: A Case

Study in Scaffolding Industry’s Servitization Process. . ... ... ... .. ..

Juan Izquierdo, Urko Lopez, and Eduardo Castellano

A Prescriptive Analysis Tool for Improving Manufacturing Processes . . .

Ana Gomez Gonzalez, Estela Nieto, and Urko Leturiondo

Managing Assets to Facilitate Circularity and Sustainability of Food

Systems . ......... .. ...

Anthea P Amadi-Echendu, Nonceba Ntoyanto-Tyatyantsi,
and Joe Amadi-Echendu

Xiii

182

195

205

219

229

240

252

261

273

283



Xiv Contents

A Reference Model for Engineering Asset Management Excellence . . . . 301
Oliver Schmiedbauer and Hubert Biedermann

The Exploration of Digitalization and Digitalization Indicators Within
the Scope of Asset Management . . ... .......................... 312
Lucas Peter Hgj Brasen and Torben Tambo

Audit Model for Asset Management, Maintenance and Reliability

Processes: A Case Study Applied to Pulp Mill Sector .............. 323
Andrés Aranguiz, Félix Pizarro, Carlos Parra, Pablo Duque,

and Emanuel Vega

Human Dimensions and Asset Management Performance

Using Wearable Sensors to Form a Relationship Between Driver
Stress and Aggressive Driving Habits. . .. ....................... 333
Tahrim Zaman Tila and Turuna S. Seecharan

Reshaping Industry Job Profiles to Better Meet Future Asset
Management Needs . ........... ... ... . ... .. 343
Aitor Goti, Tugce Akyazi, Aitor Oyarbide, and Elisabete Alberdi

Methods for the Criticality Assessment of Intangible Assets in a

Knowledge Management Process . . ... ......................... 354
Vicente Gonzalez-Prida, Matias Velasquez, Antonio Guillén, Carlos Parra,

Pablo Viveros, and Fredy Kristjanpoller

What is Smart Maintenance in Manufacturing Industry? ........... 366
Antti Salonen

Audit Models for Asset Management, Maintenance and Reliability
Processes: A Case Study Applied to the Desalination Plant . . . . ... ... 375
Pablo Duque, Carlos Parra, Felix Pizarro, Andrés Aranguiz,

and Emanuel Vega

Impact of Information Digitalization on Asset Availability - an
Empirical Stady . . .. ... ... .. ... 385
Katja Gutsche and Santina Schlogel

Infrastructure Asset Management

Linking Organisation Objectives with Asset Information

Requirements for Highway Infrastructure Projects . ............... 397
Georgios Hadjidemetriou, Nicola Moretti, James Heaton,

Manu Sasidharan, Ajith Parlikad, and Jennifer Schooling

A Methodology for Ensuring Strategic Alignment of Railway

Infrastructure Asset Management Processes . .................... 405
Irene Roda, Donatella Fochesato, Adalberto Polenghi, Margherita Luciano,

Isabella Tordi, Lorenzo Di Pasquale, and Ivan Cavaiuolo



Contents XV

Hierarchy Definition for Digital Assets. Railway Application......... 416
Mauricio Rodriguez Herndndez, Adolfo Crespo Marquez,
Antonio Guillen Lopez, and Eduardo Candon Fernandez

Big Data Adoption in Strategic Decision-Making for Railway
Infrastructure Asset Management ............................. 428
Irene Roda, Adalberto Polenghi, and Vesa Minnistd

The Potential Value of Digital Twin in Rail and Road Infrastructure

Asset Management . . .. ........ ... ... 439
Jodo Vieira, Hugo Patricio, Jodo Pogas Martins, Jodo Gomes Morgado,

and Nuno Almeida

Addressing Stakeholders Needs in Infrastructure
Asset Management . . . ............ . ... ... 448
Ype Wijnia, John de Croon, and Rhys Davies

Asset Condition, Risk, Resilience, and Vulnerability Assessments

Assessment and Prioritization of Critical Assets for Updating
Maintenance Plans in a Biomass Power Plant . ... ................ 463
Daniel Gaspar, Odete Lopes, Jodo Costa, and Elson Grilo

Application of Risk Management System for Intangible Assets in a
Steel Company . . .......... . ... . .. 474
Manuel Gonzélez

Case Studies on Condition Assessments of Infrastructure Assets . ... .. 487
Joe E. Amadi-Echendu, Jedial O. Mvele, and Refiloe R. Lapshe

Identification of Emerging Safety and Security Risks in Drone
Operations at Work Sites. . .. ....... ... ... ... ... ... ... ... 499
Risto Tiusanen, Eetu Heikkild, Tero Vilisalo, and Emrehan Oz

Asset and Risk Management Approach in the Context of Complexity
in Industry 4.0/5.0 Systems. . . ............. ... ... ... 508
Issa Diop, Georges Abdul-Nour, and Dragan Komljenovic

Risk Assessment Using FMEA to Identify Potential Risks of Positive
Displacement Pump Failure in Aluminum Industry: A Case Study . ... 521
Hamid Ahmadi, Meysam Esmaeilzadeh Mofrad, and Abolfazl Sedghi

Asset Operations and Maintenance Strategies

Influence of the Income From the Use of an Asset on the Calculation of

its Preventive Interval for a Planned Horizon. Use of Semi-Markov
Processes and Degraded State . .. ............................. 533
Antonio Sanchez-Herguedas, Adolfo Crespo Marquez,

and Francisco Rodrigo-Muiioz



XVi Contents

Factors Affecting the Quality of Network Services in Emerging
Telecoms Operating Environment and Markets . . .. ............... 544
Charles Okeyia and Nuno Marques de Almeida

Explaining Underlying Causes for the Degradation of Handover
Information for Commercial Building Owners. . .................. 561
Janet Chang, Jorge Merino Garcia, Xiang Xie, Nicola Moretti,

and Ajith Parlikad

Perspectives on Smart Maintenance Technologies — A Case Study in

Small and Medium-Sized Enterprises (SMEs) Within Manufacturing
Industry . . ... 571
San Giliyana, Marcus Bengtsson, and Antti Salonen

Improving Maintenance Data Quality: Application of Natural

Language Processing to Asset Management . . . .. ................. 582
Mathieu Payette, Georges Abdul-Nour, Toualith Jean-Marc Meango,

and Alain Coté

RQCM: Risk Qualitative Criticality Matrix. Case Study: Ophthalmic

Lens Production Systems in Costa Rica . . . ...................... 590
Carlos Parra, Juan Rodriguez, Adolfo Crespo Marquez,

Vicente Gonzalez-Prida, Pablo Viveros, Fredy Kristjanpoller,

and Jorge Parra

Economic and Environmental Indicators for Assessing Energy

Efficiency Improvements in the Smart Manufacturing Processes . . . . .. 602
Minna Raikkonen, Teuvo Uusitalo, Saara Hanninen, Andrea Barni,

Claudio Capuzzimati, Alessandro Fontana, and Marco Pirotta

Reliability and Resilience Engineering

Resilience Exposure Assessment Using Multi-layer Mapping of

Portuguese 308 Cities and Communities. . . . .. ................... 615
Seyed M. H. S. Rezvani, Nuno Almeida, Maria Jodo Falcio Silva,

and Damjan Maleti¢

Use of Survival Analysis and Simulation to Improve Maintenance

Planning of High Voltage Instrument Transformers in the Dutch
Transmission System . . ............ ... ... .. ... ... ... .. ... 624
Swasti R. Khuntia, Fatma Zghal, Ranjan Bhuyan, Erik Schenkel,

Paul Duvivier, Olivier Blancke, and Witold Krasny

Resilience Assessment of Public Treasury Elementary School

Buildings in Lisbon Municipality . ... .......................... 636
Jodo Garcia, Seyedi Rezvani, Maria Jodao Falcio Silva, Nuno Almeida,

Claudia Pinto, Rui Gomes, Monica Amaral Ferreira, Filipe Ribeiro,

Filipa Salvado, and Carlos Sousa Oliveira



Contents xvii

Disaster Risk Mitigation Through Capital Investment in Enhanced
Building Resilience . . . . .. ... ... .. ... 645
Maria Jodo Falcdo Silva, Filipa Salvado, and Nuno Almeida

Optimized Petri Net Model for Condition-Based Maintenance of a
Turbine Blade . ... ... ... .. ... .. .. . ... .. .. 657
Ali Saleh, Manuel Chiachio, and Juan Chiachio

Multi-disciplinary and Dynamic Urban Resilience Assessment
Through Stochastic Analysis of a Virtual City . . . ................. 665
Seyed M. H. S. Rezvani, Nuno Almeida, and Maria Jodo Falcdo Silva

Applications of International and Local Guidelines and Standards

Selecting KPIs in Asset Maintenance of Onshore Wind Farms Using
Standard EN 15341:2019 . . ... ... ... .. . ... 677
Daniel Gaspar, Odete Lopes, Carlos Rodrigues, and Serafim Oliveira

Mapping Maintenance Related Information Using the MIMOSA
CRIS Standard: A Case Study Within Gravel Road Maintenance. . . . . 688
Mirka Kans and Jaime Campos

Perceived Relevance of Asset Management Topics in Industry and
Academia . . . ... ... ... 697
Nuno Almeida, Joe Amadi-Echendu, Daniel Gaspar, Edmea Adell,

Joana Torcato, Jodo Vieira, and Eduardo Leite

The Concession Contract as an Instrument to Safeguard the Long-
Term Condition of Logistics Infrastructure Assets. . ............... 708
Monica Lopez-Campos, Rauil Stegmaier, and Eduardo Candén

Agile Methods in Industrial Maintenance. . . ..................... 716
Lasse Metso and Nils E. Thenent

Standards-Based Interoperable Digital Twin in Industry 4.0 — A Pilot
Demonstration . .. ... .. . . 726
Karamyjit Kaur, Matt Selway, Markus Stumptner, Alan Johnston,

and Joseph Mathew

Author Index. . . ... ... ... ... 737



Asset Management and Decision
Support System



®

Check for
updates

A Decision-Making Framework for Selecting
an Optimum Package of Maintenance
Improvement Projects in a Hospital

Maria Carmen Carnero®™, Aurora Martinez-Corral, and Javier Cércel-Carrasco

University of Castilla-La Mancha, Escuela Técnica Superior de Ingenieria Industrial de Ciudad,
Real. Avda. Camilo José Cela s/n, 13071 Ciudad Real, Spain
carmen.carnero@uclm.es

Abstract. This Chapter presents a decision framework for the selection of the
most satisfactory combination of projects in the maintenance department of a
healthcare organisation, using a multi-criteria audit. A number of projects were
designed with the aim of improving the current state of the maintenance department
of a Spanish hospital. To select the optimum package of projects, a multi-criteria
additive model was constructed by means of MACBETH, using two types of
benefit (internal and external) and the cost of implementing each project. From the
cost/benefit ratio, the resulting efficient frontier with all the possible combinations
of projects to be implemented, and the particular conditions in the maintenance
department under study, the first package of projects was selected.

1 Introduction

Maintenance is particularly important in healthcare organisations, since there are facil-
ities and devices that must operate with 100% availability, safety and quality, or serious
consequences will ensue for the quality of the service (patient waiting time, repro-
gramming of appointments, incorrect diagnoses, etc.), putting patients’ safety, and even
lives, at risk. For this reason, maintenance managers need to monitor the efficiency of
their departments to prevent deficiencies, and then to introduce improvement projects to
tackle any deficiencies found. Ideally, they should do this through a process of continuous
improvement.

Project selection is a strategic decision (Liesio et al. 2007). Thus, the decision-
making process is complicated, with a large number of stages, decision-making groups,
and conflicting objectives, and a high risk and uncertainty (Ghasemzadeh and Archer
2000). There are many methodologies in the literature for selecting the optimal project
portfolio that best aligns with the strategic priorities of the organization. For example,
Bai et al. (2021) proposed a model based on the past record of the projects. Dou et al.
(2019) gave two methodologies, one based on a single objective, and another on multiple
objectives, to choose the set that maximises the values of these objectives. Kornfeld and
Kara (2013) used lean and six sigma for their project ranking methodology. However,
these approaches are not always suitable, as pointed out by Pérez et al. (2018): a) The
strategy should regulate the criteria for selecting the project porfolio, but a defective

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
A. Crespo Marquez et al. (Eds.): WCEAM 2022, LNME, pp. 3-13, 2023.
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choice of criteria may make it hard to introduce the portfolio in such a way as to make
the strategy work; b) there may be complex synergies between the candidate projects
that might not be accounted for. The best project to select individually may not form part
of the best set of projects when a decision is taken with respect to a group of projects.
Thus, Zhang and An (2016) show that, if a project has the highest degree of synergy,
it should be preferred to the others; to calculate the degree of synergy, they applied a
scoring method based on expert opinions.

Optimal project selection depends on many factors, and therefore the multi-criteria
technique could be very useful in the evaluation of different criteria simultaneously.
Although project selection by means of multi-criteria techniques has been analysed in
the literature (Ghasemzadeh and Archer 2000; Salo et al. 2004; Bana e Costa et al. 2005;
Mohanty et al. 2005; Phillips and Bana e Costa 2007; Singh et al. 2021), in the area of
maintenance, the use of analytical techniques has historically been rare, and is even rarer
in hospitals, despite the important potential repercussions for patient care. Consequently,
this research combines different techniques, including maintenance audits, Measuring
Attractiveness by a Categorical Based Evaluation Technique (MACBETH), and the
Taguchi loss function, with the aim of continuous improvement in a hospital maintenance
department. In order to apply it, it is thus necessary first to carry out a multi-criteria audit,
based on the judgements of experts, to weight each subject and fundamental point of
view to be considered. On the other hand, the evaluation of each project is objective,
providing a methodology that guarantees the objectivity of the solutions produced.

The structure of this Chapter is as follows. Section 2 examines the characteristics
of the internal audit carried out. Section 3 discusses the criteria used to select the most
suitable packages of maintenance projects. Section 4 describes the procedure for building
the efficient frontier for the selection of the first project package. The Chapter ends with
the reference section.

2 Maintenance Multi-criteria Audit

The maintenance audit is structured into the following subjects: maintenance strategy,
attitude of maintenance staff and other hospital personnel, resources and installations,
human resources, records, planning, scheduling, work orders, purchases, warehouse
stock, maintenance documentation, calibration, technical aspects, effectiveness and con-
trol. Each subject comprises a number of Fundamental Points of View (FPV). A FPV
is an aspect that is relevant to the evaluation of the alternatives. The FPVs group into a
hierarchical structure, and each is associated with a descriptor. The descriptor is a set of
impact levels that can measure, either quantitatively or qualitatively, the level of compli-
ance of an FPV (Bana e Costa and Carvalho 2002). The audit is based on Bana e Costa
et al. (2012). Table 1 shows, as an example, the FPVs “Quality control of spare parts,
tools and machinery that enter a warehouse, measures to prevent stock breakage and
obsolescence check” in the subject Warehouse in the audit carried out. The descriptors
in this audit are constructed and generally qualitative, although some are quantitative.
Descriptors usually have five scale levels (Lj-Ls), among which the reference level is
known as “Neutral” and the best level is known as “Good”.
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Table 1. FPV Quality control of spare parts, tools and machinery that enter a warehouse, measures
to prevent stock breakage and obsolescence check.

Scale level | Description

Li (Good) | Quality control is carried out on each spare part, tool or machine that enters the
warehouse. Action protocols are in place in the event of stock breakage to
guarantee optimum availability of hospital facilities as a function of their
criticity. Obsolescence checks are carried out periodically

L, Quality control is carried out on each spare part, tool or machine that enters
warehouse. Action protocols are in place in the event of stock breakage.
Obsolescence checks are carried out periodically

L3 (Neutral) | Quality control is carried out on each spare part, tool or machine that enters the
warehouse. Action protocols are in place in the event of stock breakage.
Obsolescence checks are not carried out periodically

Ly Quality control is carried out on machines that enter the warehouse. No action
protocols are in place in the event of stock breakage. Obsolescence checks are
not carried out

Ls No quality control is carried out on machines that enter the warehouse. No
action protocols are in place in the event of stock breakage. Obsolescence
checks are not carried out

For each FPV a matrix of MACBETH judgements must be built. The matrices built
are all consistent. Then a numerical scale is constructed based on the qualitative judge-
ments with value scores of 100 and 0 arbitrarily assigned to the Neutral and Good refer-
ence levels, respectively (Bana e Costa and Chagas 2004). Figure 1 shows the numerical
scale and the value function corresponding to the FPV “Classification of spare parts
according to criticity”. To obtain the weights for the FPVs in each subject, the following
procedure is adopted. First, the possibility of an alternative with all criteria or FPVs at
a Neutral level is considered. The system calculates how much a swing from Neutral to
Good in all FPVs would improve the preference of this alternative, using the semantic
categories of MACBETH. This ranks the FPVs in the matrix of judgements. Then, the
system compares how much more preferable would a swing from Neutral to Good be in
the first FPV in comparison to in the second FPV. The comparison repeats for the first
FPV and the third FPV, and so on. This process continues row-by-row until the matrix
of judgements is complete.

Each subject can be in one of the following states: excellent, satisfactory, acceptable,
poor and very poor. In addition, the states “All excellent” and “All very poor” define
the best and worst possible states of each subject. The limits between each pair of
states in a subject are defined as: Excellent/Satisfactory limit; Satisfactory/Acceptable
limit; Acceptable/Poor limit; and Poor/Very poor limit. The current state of the hospital
maintenance department is labelled “current state”’. The methodology for establishing the
limits between states by subject is a variation on the bottom-up and top-down procedures
described in Bana e Costa and Carvalho (2002). The limits between states obtained using
these procedures may differ, in which case the limits are reanalysed. Table 2 shows the
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final limits obtained by the subject, and the current state of the maintenance department
assessed (in a quantitative and qualitative manner).

100
(] =
— = o
L3 | L4 | LS
moderate shrong . strong 5
weak maderate strang
- weak moderate
N o L

Fig. 1. Judgement matrix, scale and value function for FPV “Classification of spare parts
according to criticity”.

3 Decision Framework for Selection of Optimum Package
of Maintenance Improvement Projects

The objective is to calculate an efficient frontier with packages of maintenance projects
offering the optimum cost-benefit relation. In order to identify the most efficient invest-
ment in the whole portfolio, all projects must be considered simultaneously. This pro-
duces an envelope graph that shows every possible combination of investments. The
upper line in the graph is known as the efficient frontier. This line represents the
investment portfolios that generate the most benefit at a particular cost.

An area is built by grouping the investment opportunities into projects. The areas
defined are: undergraduate projects, outsourcing, and internal development. Only one
project can come from each area to form any one package due to the time constraints of
the head of the hospital’s maintenance department, who has to manage or control each
project adopted in the maintenance department.

Table 2. Limits between states by subject and current state of Maintenance Department.

Subject Excellent/satisfactory | Satisfactory/acceptable | Acceptable | Poor/very | Current state
limit limit poor limit | poor limit
Strategy 50.00 19.23 —11.54 —50.00 38.46
(Satisfactory)
Attitude 50.00 25.00 —12.50 —28.13 12.50
(Acceptable)

(continued)
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Table 2. (continued)
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Subject Excellent/satisfactory | Satisfactory/acceptable | Acceptable | Poor/very | Current state
limit limit poor limit | poor limit
Resources 61.11 19.45 —2.78 —50.00 —38.89
(Poor)
Human 53.66 31.70 -31.71 —53.66 —-36.59
Resources (Poor)
Records 71.79 28.20 —53.85 —97.44 —10.26
(Acceptable)
Planning 63.64 33.33 —6.06 —39.40 18.18
(Acceptable)
Scheduling 38.46 15.38 —34.62 —61.54 —23.08
(Acceptable)
Work orders 65.38 36.54 —-3.85 —46.16 71.43
(Excellent)
Purchases 50.00 22.23 —11.11 —50.00 61.11
(Excellent)
Warehouse 65.38 36.54 —3.85 —46.16 —-30.77
(Poor)
Maintenance 54.16 18.75 —20.84 —39.59 —33.33
documentation (Poor)
Calibration 58.14 25.58 —32.56 —62.79 —18.60
(Acceptable)
Technical 64.28 35.71 —28.57 —75.00 —21.43
aspects (Acceptable)
Effectiveness | 51.91 23.02 —20.24 —40.40 9.52
(Acceptable)
Control 50.00 23.96 —16.67 —43.75 10.42
(Acceptable)

The criteria are the elements for evaluating each project: cost and benefit. The benefit
criterion has the sub-criteria (for a detailed explanation see Phillips (2004)):

e Internal benefit. This benefit is related with the different FPVs analysed in the multi-
criteria audit. In each maintenance project, the potential benefit is estimated by con-
sidering the change in the scale level of one or various FPVs in one subject of the audit.
Figure 2 shows the internal benefits of the projects in each area, which are calculated
from the estimated value of a subject after implementing the project less the current
value of the subject.

e External benefit. This benefit is related to the quality of the service provided, in
other words, how a project can improve the satisfaction of the hospital’s patients
and healthcare staff. This increase in satisfaction is due to improvements attributable
to the project in maintenance aspects that have a direct or indirect effect on quality
of healthcare (e.g., decrease in breakdowns of a medical device, with a consequent
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decrease in customer waiting time for a diagnostic test). The external quality relates
to modifications in the opportunity costs, defined as the losses as a result of the failure
of machinery and medical devices to carry out their functions properly. The Taguchi
loss function (see Eq. 1) is used to evaluate the external quality of the maintenance
department. L(y) is the benefit for the quality of healthcare expected from the imple-
mentation of a project, k the effect on the quality of healthcare of the improvements
in the maintenance department, y the current value obtained from the maintenance
audit in the subject, and T the target value in the subject desired for a project.

L) =k(y —1)* (1)

This study uses an additive model, following Eq. (2), where v;; is the value associated
with alternative i in criterion j, and wj is the weight of criterion j.

Vl‘ = Z]_ ijij (2)

As a result of the double weighting, the additive model takes on the form of Eq. 3,
where wj; is the within-criterion weight, v;; the value of alternative i in criterion j in
area k, and wj is the weight of criterion j. The multiplication by 10 is so that the weighted
values obtained are above 1000, rather than 100 as in the starting data. The final value
Vix of a project is the sum of the scores of alternative i in all criteria (Phillips 2004).

Vie = 3 1000wieviie) /D winwie) 3)

The cost-benefit ratio rj; is then calculated by dividing the difference of values
between one level and the next by the difference in costs, as shown in Eq. 4.

ik = Vik = Vi—ow) /(Cie — Ci—1yi) €]

The doubly-weighted mean of the two benefit scales means that each project is char-
acterised by two numbers: the cost, and one single benefit. This enables the calculation
of the cost and total benefit of all the combinations or packages of projects. The efficient
frontier is the curve of the best set of investments or most beneficial package of projects
for each level of total cost. The shaded area in the graph represents all the possible
combinations of packages (each one consisting of three projects).

4 Selection of Projects for Maintenance Department

Looking at the results of the multi-criteria audit carried out reveals which subjects or
PFVs are in a worse situation. Fourteen projects were proposed to improve the subjects
of the internal audit carried out. The projects fall into the following areas: Undergraduate
projects, Outsourcing, and Internal development, as shown in Fig. 2.
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UNDERGRADUATE
PROJECTS AREA

Stock control
Cost: €7,200
Internal benefit: 46.14
External benefit:191600.96

OUTSOURCING
AREA

INTERNAL

DEVELOPMENT AREA

Total Productive
Maintenance (TPM)
Cost: 60,000€
Internal benefit: 19.52
External benefit:19051.52
il

Alert I:#Acceptable

Benefit control
Cost: 20,000 €
Internal benefit: 28.12
External benefit: 15814.69

Alert I:#Acceptable

Technical Training
Cost: €60,000
Internal benefit: 9.73
External benefit:5715.46

Alert I:#Acceptable

Technical procedures
Cost: €7,200
Internal benefit: 20.85
External benefit:39125.03

Alert Acceptable

Document mana-
gement system
Cost: €20,000
Internal benefit: 16.65

| External benefit:27722.25

Acceptable

Alert I:}Acceptable

Vibration analysis
Cost: €60,000
Internal benefit: 33.33
External benefit:111088.89

Warehouse review
Cost: €12,000
Internal benefit: 15.38
External benefit:4730.89

Maintenance manual
Cost: €7,200
Internal benefit: 16.65
External benefit:8316.68

Alert Alert

Alert |£"|:> Alert

Alert I:#Acceptable

Thermography
Cost: €50,000
Internal benefit: 33.33
External benefit:111088.89

Data analysis
Cost: €12,000
Internal benefit: 10.26
External benefit:4210.70

CMMS control
Cost: €2,700
Internal benefit: 12.5
External benefit:3906.25

Alert |£|“::> Alert

Acceptable écceptable

Acceptable @cceptable

Standardisation of
maintenance activities
Cost: €12,000
Internal benefit: 20.52
External benefit:21053.52

Calibration
Cost: €12,000
Internal benefit: 37.2
External benefit: 3459.60

Acceptable || Acceptable

Acceptabléﬁ\cceptable
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Fig. 2. Maintenance improvement projects by areas (adapted from Carnero 2015).

Projects offering the most benefits generally also have the highest costs. But because
of the particular characteristics of the maintenance area, in this study a number of the
projects proposed here are exceptions to this rule, having very low costs despite poten-
tially offering considerable benefits. Each combination of projects aiming to improve
maintenance is called a package and consists of three projects, one from each area.
Each project aims to improve only one single subject, and in some cases only a single
FPV in that subject. The number of potentially buildable packages is 4 x 4 x 6 = 96.
Figure 2 shows the projects in each area, the costs and internal and external benefits of
each project, and the qualitative current state of the subject in which the project would
be implemented before (left cell) and after (right cell) its implementation. To obtain the
total benefits of each project a multi-criteria additive model considering internal and
external benefits has been produced. Relative scales are used ranging from O to 100;
thus, for internal benefits, the undergraduate projects area becomes 100, 70.15 for out-
sourcing and 53.09 for internal development, and for external benefits 100, 55.91 and
12.87 respectively.

The internal benefits obtained with each project are estimated in the audit. For exam-
ple, implementing the project Stock control leads to an improvement in the descriptor
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for the FPV “Inventory policy for each spare part and periodic review” from Neutral
to Good, and in the descriptor for the FPV “Classification of spare parts according to
criticity” from Ls to Good. With this, Warehouse would improve from the current state
of -30.77 (Poor) to 15.37 (Acceptable) (see Table 2). Thus the potential internal benefit
of this project is 46.14. To obtain the external benefits, the current state of the subject
is obtained in the audit. A target value for each project is determined. The value of the
loss coefficient is estimated using the Smart method. Using this method, the influence
of the projects on healthcare is obtained via swing weights. A swing weight of 100 is
assigned to the project that is most important to swing from its least preferred level
to its most preferred level with respect to healthcare quality. The levels of influence
of each project on healthcare quality are: none, low, medium and high. Lower weights
are assigned to the projects on the basis of the relative importance of swinging them
in comparison to the most important project. Figure 2 shows the costs and internal and
external benefits attributable to each project. The figure also shows the current state
of the subject in which the project would be implemented (left cell) and the estimated
final state after implementing the project (right cell). To obtain the total benefits of each
project, a multi-criteria additive model that considers the internal and external benefits
has been produced. Relative scales are used, so the values of the projects in each area
and in each type of benefit are converted into scales ranging from 0 to 100. That is, the
value 100 is assigned to the project with the most internal (or external) benefit in each
area, and 0 to the project with the least benefit. The rest of the projects in each area are
assigned values corresponding to a linear conversion between 0 and 100. To calculate
the within-criterion weights, the difference between the projects with the best and worst
internal benefit in each area is evaluated. For the Undergraduate projects area, this cal-
culation is 46.14 — 12.50 = 33.64; for the Outsourcing area, 33.33 —9.73 = 22.54; and
for the Internal development area, 28.12 — 10.26 = 17.86. Subsequently, the area with
the biggest difference between projects is assigned 100, with the other two areas being
assigned values in proportion. Thus for the internal benefits the value 33.64 becomes
100, while the value becomes 70.15 for Outsourcing and 53.09 for Internal development.
For external benefits a similar procedure results in 100 for the Undergraduate projects
area, 55.91 for Outsourcing and 12.87 for Internal development.

The cross-criteria weights demonstrate the relative importance of one criterion with
respect to another. By means of cross-criteria weights it is possible to obtain the equiv-
alence of a scale in one criterion in comparison to another scale belonging to a different
criterion. When assessing the cross-criteria weights the swing in preference from 0 to
100 is considered (this swing is considering the difference in value from the least to the
most preferred level when the criteria are compared). In this study, the external benefit is
assigned double the swing from 0 to 100 than the internal benefit because external bene-
fits are closer to the ultimate aim of achieving improvement that patients and healthcare
staff can appreciate. The external or internal benefit of each project resulting from the
additive model is then calculated. The project Technical procedures returns an exter-
nal benefit of 39125.03 and an internal benefit of 28.85. After applying the concept of
relative scales these values become 19.10 and 48.60 for external and internal benefit,
respectively. The weighted external benefit is:

10 % 19.10 * 100 % 100/(100 % 100 4- 100 * 50 + 55.91 % 100 + 70.15 % 50 + 12.87 % 100 + 53.09 * 50) = 68.12
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and the weighted internal benefit is:
10 % 48.60 * 100 % 50/(100 % 100 + 100 % 50 4 55.91 % 100 + 70.15 % 50 4 12.87 % 100 + 53.09 * 50) = 86.66.
The total benefit for this project is therefore:
68.12 + 86.66 = 154.78 ~ 155

Figure 3 shows the efficient frontier that links the packages with the greatest benefits
for a given cost. These packages define the efficient frontier and will always be on the
upper surface of the envelope. The shaded area of the graph represents the position of all
the possible packages of projects. Equity software is used to calculate the efficient fron-
tier. The head of the maintenance department proposed the package called P (see Fig. 3),
comprising the projects Stock control, Technical training, and Document management
system. These projects would improve the subjects in the Poor state: Warehouse, Human
resources and Maintenance documentation, respectively, and would move them all into
the Acceptable state. The cost of this package is €87,200, and the benefit 614.86. Never-
theless, a better package than the one proposed is B, which consists of the projects Stock
control, Thermography and Benefit control. These projects would improve the subjects
Warehouse, Resources and Control. The first two subjects are in a Poor state and would
become Acceptable and Poor, respectively, while Control would improve to Satisfactory.
The cost of this package is €77,200 and the benefit 977.43. Package F consists of the
projects Stock control, Standardisation of maintenance activities and Benefit control.
The cost is €39,200 and the benefit is 739. A cheaper package than the one proposed
(C) consists of the projects Stock control, Standardisation of maintenance activities and
Calibration. The cost would be €31,200 and the benefit 665.30. Both F and C would
improve one subject from Poor to Acceptable. The projects with the highest cost-benefit
ratio make up package B. Finally, package B is selected for implementation, since its
benefits are 58.97% higher than those of the proposed project, while its cost is 11.47%
less.

The head of the maintenance department considered the increase in benefit result-
ing from this project more important than the potential cost reductions attributable to
packages F and C.

Benefits

1.000 4
900 1
800
700 4
600 1
500
400
300 4
200
100 =00

—

A T T Cost4
0 50.000 100.000

Fig. 3. Efficient frontier with packages P, B, C and F (adapted from Carnero 2015).
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5 Conclusions

This Chapter describes a methodology for project portfolio selection in a hospital main-
tenance department. This area of application is historically lacking in contributions, and
so it could be useful in service companies, and in particular, to healthcare organisations,
although it could also be applied in manufacturing companies. The use of a maintenance
audit via MACBETH allows objective evaluation of all the benefits potentially to be
obtained from each proposed improvement project.

The limitations of the methodology set out here relate to the need to carry out a prior
audit of the state (qualitative and quantitative) of maintenance in different subjects, and
the need to relate each improvement project to improvements in a single subject, and in
some cases only a single FPV in that subject. Furthermore, it must be borne in mind that
only one project can be selected in each area, in order to make up a package. This is,
however, due to constraints specific to the case study described here. Future work could
consider evolving criteria, and how one project might improve a number of FPVs from
different subjects in the maintenance audit.
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Abstract. Total Productive Maintenance (TPM) is one of the methodologies
widely used to increase the availability of existing facilities reducing downtimes,
stops, and defects, by improving manufacturing methods, usage, and maintenance
equipment. Considering the large amount of data currently available thanks to
the Industry 4.0 (I4.0) digitization processes, extending the analysis performed in
TPM with the support of new techniques and tools is interesting. More in detail, in
this work, Association Rule Mining (ARM) is used to identify the hidden relation-
ships between different failure events, allowing their monitoring and prediction
and improving the continuity and resilience of the production flow. The final aim
pursued by the proposed approach is the development of a maintenance strategy
in order to improve the Overall Equipment Effectiveness (OEE) of the selected
process. An example case based on real data from an automotive company is used
to present the approach and extract proper knowledge from its implementation.

1 Introduction and Background

Maintenance is nowadays considered one of the main strategic business activities for
company performance improvement within Lean Production (LP) (Lucantoni et al.
2019): it is particularly useful to ensure the continuity of the production flow from
a resilient perspective. Among LP practices, TPM is one of the most widely applied
methodologies to increase the availability of existing facilities. Specifically, TPM has
a relevant role in reducing stoppages, wastes, and defects and promoting employee
participation in operation and maintenance (Au-Yong et al. 2022). TPM is usually com-
bined with OEE assessment to find the cause of low values and provide suggestions
for improvements (Sukma et al. 2022), paving the way towards perfect production. The
current maintenance management systems, however, need a certain degree of personal-
ization since their main features do not meet the requirements of each company when
dealing with a wide amount of data (Lopes et al. 2016). Within TPM, Planned Main-
tenance is widely regarded in the literature as the main pillar (Morales Méndez and
Rodriguez 2017): its main weakness can be recognized in the fact that it relies on the
historical failure rate of the equipment but does not include any probability measure
(Adesta et al. 2018). However, Predictive Maintenance is nowadays extensively used
for failure prediction, equipment cost reduction, and performance improvement (Sahal
et al. 2020). Novel data-driven techniques are required due to the large amount of data
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available for knowledge extraction (Antomarioni et al. 2021). In parallel, some authors
highlighted how Lean Automation can be applied for the concomitant implementation
of 14.0 technologies into LP practices, even though the complexity of IT infrastructure
necessary to fully integrate 14.0 into TPM could make such adoption less desirable (Tor-
torella et al. 2021). In line with this perception, despite 14.0 being one of the primary
paradigms of the current industrial context (Marcucci et al. 2021), the current literature
appears poor on how 14.0 techniques can really support LP principles and practices
(Ferreira et al. 2022) showing that more research is needed in this area. One of the few
examples in the existing literature presents that data mining techniques, such as ARM,
can be integrated with traditional Pareto Chart and Ishikawa diagrams or network anal-
ysis in order to assess the magnitude of the production losses and identify the related
causes within TPM (Djatna and Alitu 2015; Antomarioni et al. 2022).

Considering the existing research gap and the opportunities related to the importance
of this research field, the focus of the proposed application is based on relating a metric
derived from the well-known Failure Modes Effects Analysis —namely, the Risk Priority
Number (RPN) - and ARM: from a practical point of view, they will be used to prioritize
failure events; from a theoretical point of view, the aim of the proposed research approach
is bridging the existing lack of research in this area through a novel data-driven approach.
More in detail, RPN is used to identify the risk associated with each failure mode,
considering the current best practices implemented in the company object of the study.
Through ARM, instead, the hidden relationship existing between the occurrence of
different failure events will be investigated. The last goal is to propose improvement
actions that benefit the TPM strategy, improving the OEE and the continuous process
flow. A case study from the automotive industry has been used as a pilot project to
explain the proposed research approach.

In the rest of the paper, a general explanation of the proposed approach is provided
in Sect. 2, while Sect. 3 contains its application to the case study. Conclusions and future
research directions are drawn in Sect. 4.

2 Data-Driven TPM Approach

In order to introduce an effective data-driven TPM strategy in manufacturing, the pro-
posed methodology can be summarized as in Fig. 1. Three main steps can be identified
in carrying out such an application, as explained in the following sub-sections.

2.1 Data Collection and Pre-processing

Data collection and pre-processing: data represent the basis for an effective maintenance
strategy; thus, this module is the foundation of the developed approach. It is fundamental
to be able to access data from different sources and integrate them into a unique and
reliable dataset. Indeed, the quality of the whole process relies on the quality of data,
and the correctness of the decision that will be made is strictly related to them.



