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Abstract Maintenance is a powerful support function for ensuring equipment
productivity, availability and safety. Nowadays, growing concern for timeliness,
accuracy and the ability to offer tracking information led to the augmentation of
e-technologies’ applications within maintenance management, i.e., e-maintenance.
However, like any other information and communication (ICT)-based operation,
massive data sets (i.e., big data) are generated from videos, audios, images, search
queries, historic records, sensors, etc. Inevitably, e-maintenance needs to consider
how to extract useful value from those raw and/or fused data as an important
aspect before it can be adopted in any industry. This book chapter presents an
overview of the e-maintenance data challenge. The main contribution of the article
is the application of graph-theoretic approach (GTA) to the problem of finding an
improved insight in the factors that determine the feasibility of maintainomics, i.e.,
data-centric maintenance. With such a concept, the maintenance-services can be
upgraded from the low level of operations to the higher levels of planning and
decision making.
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1 Introduction

From a country’s perspective, critical infrastructures may include such as banks,
railways, and power supplies. Each of these infrastructures is so ‘‘large’’ and
therefore can also be called as system of system since any one of them is a
collection of task-oriented or dedicated sub-systems. All these sub-systems are
organized in a manner that their resources and capabilities are pooled together to
form a new and more complicated main system. Taking the electricity generation
industry as an example, on one hand, the healthy condition of the national grid
play a key part in keeping a country functioning properly; on the other hand, every
involved power plant (more formally, sub-system) is composed of a large amount
of equipments in which each individual machine acts an important role in helping
the company to retain competitive in the market. As we can see, no matter how
‘‘big’’ or how ‘‘small’’ (relatively of course) a system is, maintaining its functional
status is a maintenance engineer’s major task. Looking at the power plant case
again, traditionally, there are a number of ways in which power plant assets (e.g.,
transformers, turbines, and pipelines) fail and eventually get replaced. ‘‘Fail and
fix’’ is often a practiced strategy to cope with this situation. However, as the
competition in the global market increases, the accumulated breakdowns occurred
in one single power plant may finally generate a fatal impact on the whole power
supply system’s performance. Under these circumstances, there is a need to
consider all aspects of a sub-system performance, such as improving equipment
reliability and availability, reducing unplanned outages, and predicting the
remaining life of key system components. In this regard, a critical issue turns into
selecting proper information processing and communicating tools to support the
inspection and maintenance management. That means, for any an organization,
maintenance interventions have to migrate from their traditional reactive approach,
namely, ‘‘fail and fix’’, to a more advanced proactive approach, i.e., ‘‘predict and
prevent’’ [1].

One possible direction which may spawn new ways to manage maintenance
activities is the adoption and the usage of pervasive digital communications, e.g.,
mobile devices, remote sensing, online condition monitoring, etc. Accordingly, a
new maintenance strategy (i.e., maintainomics) can be envisaged in which
maintenance tasks are managed electronically by analyzing various real-time data
[2]. For instance, Ref. [3] presented an integrated approach towards e-maintenance
of engineering assets that based on radio frequency identification (RFID) tech-
nology. In a similar vein, the authors of [4] focused on the research of intelligent
maintenance decision-making tools (i.e., Watchdog AgentTM) which is used for
multi-sensor assessment and prediction of a machine’s or process’s performance.
Although maintainomics is desirable from many perspectives, all those digital bits
that have been gathered are at the same time possible undesired and hazardous, just
because more data (i.e., big data) does not necessarily mean better insights, in
some cases, it even may result in confusion or disaster. Consequently, it is
important to think strategically about how to adapt maintainomics to meet new
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maintenance demands. To address this issue, a graph-theoretic approach (GTA) is
used to identify dominant factors that determining the feasibility of such trans-
formation in the era of big data.

The remainder of this chapter is organized as follows. Subsequent to the
introduction in Sect. 1, the background of maintenance, e-maintenance, big data,
and maintainomics are briefed in Sect. 2. Then, the problem statement is presented
in Sect. 3. The proposed methodologies are then detailed in Sect. 4. Next, Sects. 5
and 6 conduct an experimental study to demonstrate the feasibility of our proposed
approaches. The future research directions are highlighted in Sect. 7. Finally, the
conclusions drawn in Sect. 8 close this chapter.

2 Background

2.1 What is Maintenance?

Maintenance is normally seen as one of the few opportunities to reduce the cost of
production, because it is the second highest operation costs in some industries [5].
Briefly, the heart of maintenance processes is condition monitoring that includes data
acquisition, processing, analysis, interpretation, and extracting useful information
from it. Traditionally, the maintenance actions are performed only when there is
evidence of abnormal behaviors of a physical asset [6]. At the same time, researchers
and/or scientists have relied upon monitoring programs just using invasive sampling
at discrete periods, good experts, and/or handbooks. Limitations associated such
programs (e.g., good experts are rare, sample acquisition takes long time, and
uncertainty embedded for tedious sample analysis) result in high risk of equipment
failures and therefore the company’s top-line revenue plummets. In addition, the
previous condition monitoring focuses only on monitoring and diagnostics, ignore
prediction and prognosis [7]. As a result, to perform predictive-prognostic mainte-
nance, it is evident that a proactive as well as reactive e-maintenance support system
is required.

2.2 What is e-Maintenance?

Nowadays, the dependence on remotely sensed information can be found in many
crucial areas of human endeavor such as meteorology, security services, banking
systems, supply chains, and scientific researches. In asset management area, several
authors pointed out that information and communication technologies (ICT) can be
adopted as a tool to support in terms of quality data acquisition, real-time moni-
toring, and recording of divergences from standard acquisition [3]. In the literature
(e.g., [5, 8–13]), this concept is defined as e-maintenance or tele-maintenance.
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For instance, a new e-maintenance system has been studied in [14] which is based
on the use of Internet and tether-free (i.e., wireless, Web, etc.) communication
technologies. Later, Ref. [15] focused on the implementation of Web-based tech-
niques to support e-maintenance services. In a similar vein, the authors of [16]
proposed a framework by using RFID technology for real-time management of
mobile assets. Also, worldwide case studies (e.g., automobile industry [17], power
plant [18]) convinced that the implementation of ICT tools can improve products
quality and reduce annual costs for maintenance.

In addition, as the maintenance itself is an extremely complex process and
sometimes the inspections are difficult carried out by human operators even per-
formed by dexterous technicians, the using of remotely controlled intelligent
robots in an effort to accomplish the inspection or maintenance jobs faster and
more reliable has increased greatly in the last few decades. For example, the
authors of [19, 20] developed climbing robot for the structural inspection. An
intelligent legged climbing robot is designed by [21] to perform the required
inspection work in hazardous environments. Meanwhile, a large amount of pipe-
line inspection robots (i.e., in-pipe robots) have also been designed and fabricated.
Generally speaking, the in-pipe robots can be classified into caterpillar [22],
inchworm [23], walking [24], wheel [25], and pig types [26] depending on their
travelling mechanisms. Interested readers please refer to [27, 28] for more detailed
information regarding the intelligent robot assisted e-maintenance.

2.3 What is Big Data?

Recent advances in intelligence products, such as smart phones, and sensors and
tracking devices, create tremendous amount of data (i.e., big data), which enable a
researcher to extract the meaningful value much easier. According to a recent
report compiled by McKinsey, the term ‘‘big data’’ refers to ‘‘datasets whose size
is beyond the ability of typical database software tools to capture, store, manage,
and analyses [29] ’’. For example, in genomic research, there are approximately 3
billion base pairs with a personal genome representing approximately 100 giga-
bytes of data [30]. In e-business, the datasets include social networks, purchase
transaction records, blogs, mobile telephony, and digital entertainment. Also, from
the maintenance engineers’ point of view, the large historical records, the regular
collected digital images, and the transactional information for operational
reporting are also comprised of huge data. Other important aspect has been
emphasized in addition to the volume is that big data may be unstructured,
examples are text with social sentiments, audio and video, click streams, and
website log files [31]. At the same time, big data is characterized by velocity, i.e.,
the rate of generation of data. For instance, to determine real-time roadway traffic
conditions. As a result, the era of big data needs more interdisciplinary and multi-
perspective research approaches that researchers have to create which were hard to
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implement before, such as new tools and solution approaches for data analytics
[32], new paradigm for big data collection, storage, and processing [33], and
privacy and security issues with big data [34].

2.4 What is Maintainomics?

As the maintenance environment more and more rely on the mobile devices and
sensors, a serious question raises, namely, a huge amount of maintenance related
data (big data in nature and is normally obtained by different kinds of automated
sensors) are flooding in at rates never seen before. For instance, data from various
control sensors for maintaining the different functions. Under these data over-
loaded circumstances, different sources of data are collected, although a pretty
good news compared with the traditional data scarce maintenance scenario, it is
still necessary to sort out the required and useful data. In fact, the data in this type
of ‘‘wide-area’’ sensing applications are no longer just focus on the equipment
itself but can involve the analysis at scale of environment, legislation, and even
workers’ safety. In this study, the term ‘‘maintainomics’’ is utilized to denote the
use of very large maintenance data content and the application of advanced core
techniques (e.g., data mining, nature-inspired computational algorithms, Web and
mobile technologies, new sensors, wireless communications, and different decision
supporting systems) to improve the ways of organizations operating its mainte-
nance management. For example, Ref. [35] proposed a conceptual model of a
generic data acquisition system for improving maintenance management. Refer-
ence [36] broadly suggested that a common database can play an important role
in reaching cost-effective improvements of maintenance performance, while
Ref. [37] focused on the issue of maintenance-related data integration. Briefly, in
the era of big data, maintainomics is an integration of traditional condition based
maintenance, modern real-time online monitoring, and advanced intelligent
technologies (see Fig. 1 for illustration). Notations � * Þ represent different
sources of data collected during the process of e-maintenance which form a more
complex scenario, i.e., maintainomics.

3 Problem Statement

Confronting with the emerging e-maintenance and the forthcoming maintainomics
operating environment, it is necessary for every organization’s strategic planners
to make a decision about whether to perform such transformation for their own
institution. Nevertheless, reaching a proper decision is often a complex process in
practice, for instance, several authors (e.g., [38, 39]) believed in employing
e-maintenance concept is not only based on the possibilities that new ICTs could
offer but also need to integrate business performance such as operational, financial,
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human, and cultural factors. Consequently, a question raised by this study is how a
company’s ‘‘fitness’’ can be measured in terms of implementing maintainomics
strategy. In other words, we need to come up a solution about how to perform a
feasibility assessment for a particular firm regarding its suitability of aligning its
present asset management policy with the maintainomics goal.

4 Proposed Methodology

Nowadays, a number of approaches have been suggested in the literature for the
purpose of feasibility analysis. Amongst them, the graph theoretic approach (GTA)
is often widely used to cope with multi-criteria decision making problems in both
academic research and in industrial practice [40–43]. Inspired by the studies
conducted by these scholars, the author of this work makes an attempt to apply a
recently proposed GTA based methodology (known as feasibility index of
transition, or FIT for short) to a selected industry in exploring its feasibility index
during the course of transforming into maintainomics, i.e., data enriched
e-maintenance. The following subsections give readers a brief overview regarding
FIT and its main theoretical foundation, i.e., graph theory.

4.1 Background of Graph Theory

Graph theoretic approach (GTA) is a powerful decision making tool used to
represent the relationships among different variables or subsystems based on the
form of a digraph (directional graph) and matrix. Since 1736, GTA has been

Fig. 1 Maintainomics: maintenance in the era of big data
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applied in a variety of fields, such as conceptual modelling [44], diagnosis [45],
functional representation [46], and network analysis [47]. Basically, all graphs are
composed exclusively of vertices (e.g., nodes, points) and edges (e.g., arcs, con-
nections). To allow mathematical analysis, the interdependence on each other as
well as their individual contribution to the system is assigned numerical values and
an overall index is calculated. Interested readers are referred to [48–50] for more
information regarding GTA.

4.2 Background of Feasibility Index of Transition

The feasibility index of transition (abbreviated as FIT) was coined by [51] for
describing a chosen company’s feasibility of moving forward to flexible manu-
facturing system (FMS). In order to analyze the trade-offs between various
organizations for the adoption of FMS, certain enablers (or resources) should be
chosen. In addition, the heritability of available enablers and the quantity of
interactions among them may be directional independent or dependent. Built on
this concept, a graph representation, illustrating the involved enablers and their
potential interaction, was proposed in [51]. If interactions are found to be non-
directional dependent, an undirected graph is thus used; on the opposite case, a
digraph depiction is then employed.

For example, in their work [51], six groups of enablers (i.e., behavior enablers,
non-behavioral enablers, financial enablers, methodologies, operational enablers,
and human and cultural enablers) and their corresponding components were first
identified and later used to examine the likelihood of transforming a traditional
manufacturing environment into more advanced FMS. By simply calculating an
index (i.e., FIT) value, one can easily find out to what degree a chosen target ‘‘fits’’ a
company’s situation. Mathematically, this process can be expressed via Eq. (1) [51]:

FIT for ‘‘FMS’’ ¼ f Enablersð Þ ð1Þ

where ‘‘FMS’’ stands for the goal that a manufacturing company wants to achieve.
A more general form of such equation can thus be further written as Eq. (2):

FIT for ‘‘Targeted Scenario’’ ¼ f Enablersð Þ ð2Þ

where ‘‘Targeted Scenario’’ represents a generic situation that an organization
plans to orient itself to.

To check an organization’s ‘‘fitness’’ in transformation, the graph theoretical
based approach (utilized in [51]) is composed of four steps, namely, digraph
visualization, matrix expression, permanent function establishing, and FIT value
scale creating. The following subsections will provide a description of each step’s
detailed task.
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4.2.1 Visualizing Enablers’ Correlation via Digraph

In order to visualize the correlation between different enablers, a digraph (i.e.,
directed graph) is introduced at this stage as shown in Eq. (3) (adapted from [51]):

G ¼ E; eð Þ
E ¼ E1;E2; . . .;EPf g
e ¼ e1; e2; . . .; ePf g

ð3Þ

where G refers to a digraph which consists of two sets of items, namely, vertices
(denoted by E), and edges (represented by e). In general, each edge (i.e., eij) can be
identified via an ordered pair of vertices, (i.e., (Ei, Ej). The vertices (Ei and Ej)
associated with the corresponding edge (eij) are thus called the end vertices or the
nodes of eij. Please note, a self-loop occurs when a particular edge has the self-
same vertex acting as its both nodes.

In [51], a node (Ei) stands for the ith enabler and the interdependence between
enablers is pictured by different connecting directed edges. The number of nodes
[i.e., the subscript P in Eq. (3)] is equal to the total number of enabler categories.
In other words, P is a scenario-dependent parameter which was set to 6 (matching
the total enabler categories’ amount) in [51]. Accordingly, if a node Ei impresses a
certain degree of influence against another node Ej, a directed line (represented by
an arrow ?) is drawn (from node Ei to Ej) to form edge eij. An illustration of this
visualization process can be found below where an FMS enabler digraph (con-
sisting of six enabler categories) is depicted [51].

As shown in Fig. 2, directional edges are found existing between E1 and E2, E3,
E4, E5, and E6, respectively, which means that all other five enabler categories are
swayed by node E1 (i.e., behavioral enabler category) to some extent. For other
edges, the same rule applies as well.

As one can see, this quickly drawn digraph can assist the decision makers in
visualizing and analyzing the proposed transformation plan from a holistic per-
spective. Nevertheless, with the ever increasing number of nodes and their asso-
ciated interrelationship degree, the digraph becomes more and more complex
which will in turn decrease its readability. To cope with issue, a matrix form
expression is further discussed as below.

4.2.2 Interpreting Enablers’ Digraph Through Matrix

A matrix is a handy and powerful way of representing a digraph that is more
processable by a computer. Suppose there is a digraph with P enablers, a matrix
F ¼ eij

� �
is thus can be used to represent such digraph as expressed in Eq. (4) [51]:
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F ¼

Enabler
Categories

E1 E2 E3 � � � � � � EP
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E1 e12 e13 � � � � � � e1P

e21 E2 e23 � � � � � � e2P

e31 e32 E3 � � � � � � e3P

..

. ..
. ..

. . .
.

� � � ..
.

..

. ..
. ..

. ..
. . .

. ..
.

eP1 eP2 eP3 � � � � � � EP

0

BBBBBBB@

1

CCCCCCCA

ð4Þ

where eij indicates the interaction between the ith and jth enablers. Built on these
principles, an demonstrating matrix expression derived from [51] is shown in
Eq. (5):

F� ¼

Enabler
Categories

E1 E2 E3 E4 E5 E6

E1

E2

E3

E4

E5

E6

E1 e12 e13 e14 e15 e16

0 E2 0 e24 e25 0
e31 e32 E3 e34 e35 e36

0 0 e43 E4 e45 0
0 0 0 e54 E5 0

e61 0 0 e64 e65 E6

0

BBBBBB@

1

CCCCCCA

ð5Þ

where the contributions of six enabler categories in transforming the traditional
manufacturing system into FMS are represented via the diagonal elements of the
matrix F�, i.e., E1, E2, E3, E4, E5, and E6, respectively. The interdependence of
enablers Ei and Ej is denoted by the connecting edge eij. Please note that eij 6¼ eji

since the enablers are directed, and eii ¼ 0 because there is no self-loop existing
(in other words, the interaction between an enabler and itself does not exist).

Although the understandability of a matrix expression is better than digraph’s
from the machine perspective, both representations’ uniqueness is inherent low
which means they suffer high alterability by simply modifying the labels of their
nodes. Under these circumstances, a subsequent fix solution is to establish a
permanent function as discussed in subsection below.

Fig. 2 FMS enabler
categories’ digraph
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4.2.3 Establishing the Matrix’s Permanent Function Expression

For the purpose of developing a unique representation that is independent of
labeling, a permanent function based on previously established variable matrix
was proposed by the author of [51] at this stage. As mentioned in [51], the
permanent function (i.e., f F�

permanent
) is a standard matrix function and plays a starring

role in combinatorial mathematics.
Based on this concept, the permanent function of matrix F� can be written as

follows (adapted from [51]):

f F�

permanent
¼ item1 þ item2 þ item3 þ item4 þ item5 þ item6 þ item7

where

item1 ¼
Q6

i¼1
Ei

item2 ¼
Q6

i¼1
eii

item3 ¼
P

i;j;k;l;m;n
eijeji

� �
EkElEmEn

item4 ¼
P

i;j;k;l;m;n
eijejkeki þ eikekjeji

� �
ElEmEn

item5 ¼
P

i;j;k;l;m;n
eijeji

� �
eklelkð ÞEmEnþ

P

i;j;k;l;m;n
eijejkekleli þ eilelkekjeji

� �
EmEn

item6 ¼
P

i;j;k;l;m;n
eijeji

� �
eklelmemk þ ekmemlelkð ÞEnþ

P

i;j;k;l;m;n
eijejkeklelmemi þ eimemlelkekjeji

� �
En

item7 ¼
P

i;j;k;l;m;n
eijeji

� �
eklelmemnenk þ eknenmemlelkð Þþ

P

i;j;k;l;m;n
eijejkeki

� �
elmemnenlð Þþ

P

i;j;k;l;m;n
eijeji

� �
eklelkð Þ emnenmð Þþ

P

i;j;k;l;m;n
eijejkeklelmemneni þ einenmemlelkekjeji

� �

8
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

: ð6Þ

The detailed explanation regarding the main characteristics of these seven terms
can be found below:

item1 ¼
Q6

i¼1
Ei

This item denotes the interactions of six main
enabler categories, namely, from E1 to E6

item2 ¼
Q6

i¼1
eii

According to the original constraint setting
(i.e., no self-loop found in the enablers
digraph), the resultant of this item is null

item3 ¼
P

i;j;k;l;m;n
eijeji

� �
EkElEmEn Each component involved in this item stands

for dual-element interdependency loop
(denoted by eijeji) and the measure of the

98 B. Xing



remaining four (in the context of FMS case)
unconnected elements

item4 ¼
P

i;j;k;l;m;n
eijejkeki

�

þeikekjejiÞElEmEn

In this term, a set of three-element interdepen-
dency loops (indicated by eijejkeki and eikekjeji)
and the measure of the remaining three (still in
the context of FMS case) are represented by
the components of the fourth item

item5 This item is composed of two sub-items, i.e.,P

i;j;k;l;m;n
eijeji

� �
eklelkð Þ EmEn and

P

i;j;k;l;m;n

eijejkekleli þ eilelkekjeji

� �
EmEn. Two dual-ele-

ment (represented by eijeji and eklelk)
interdependency loops and two FMS enabler
categories (denoted by EmEn) are involved in
the first sub-item; while the second sub-item
consists of two four-element interdependency
loops (i.e., eijejkekleli and eilelkekjeji) and two
FMS enablers (i.e., EmEn)

item6 There are also two sub-items contained in this
item. The first sub-item (i.e.,

P

i;j;k;l;m;n

eijeji

� �
eklelmemk þ ekmemlelkð ÞEn) is a product

of three terms, namely, one dual-element
interdependency loop (i.e., eijeji), two three-
element interdependency loop (i.e., eklelmemk

and ekmemlelk), and one FMS enabler category
(i.e., En). Following the alike fashion found in
item5, two terms (i.e., two five-element inter-
dependency loops and one FMS enabler cate-
gory) are multiplied to form

P

i;j;k;l;m;n

eijejkeklelmemi þ eimemlelkekjeji

� �
En

item7 Four sub-items are organized to configure the
seventh item. A product of one dual-element
interdependency loop (i.e., eijeji) and two four-
element interdependency loop (i.e.,
eklelmemnenk and eknenmemlelk) can be found in
the first sub-item, i.e.,

P

i;j;k;l;m;n
eijeji

� �

eklelmemnenk þ eknenmemlelkð Þ. Then two three-
element interdependency loops are multiplied
to form the second sub-item, i.e.,P

i;j;k;l;m;n
eijejkeki

� �
elmemnenlð Þ. Next, a multipli-

cation of three two-element interdependency
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loops is performed to obtain the third sub-item,
i.e.,

P

i;j;k;l;m;n
eijeji

� �
eklelkð Þ emnenmð Þ. Finally, two

six-element interdependency loops (i.e.,
eijejkeklelmemneni and einenmemlelkekjeji) are
included in the fourth sub-item of the seventh
item

Once all 7 types of items have been successfully defined, one can simply
substitute the element values of the earlier built FMS enablers’ matrix (i.e., F� in
Sect. 4.2.2) for the just established permanent function, i.e., f F�

permanent
. After per-

forming some basic algebraic and arithmetic operations, the final form of per-
manent function will turn into Eq. (7) as shown below (adapted from [51]):

f F�

permanent
¼ E1E2E3E4E5E6

þ e13e31ð ÞE2E4E5E6 þ e45e54ð ÞE1E2E3E6 þ e16e61ð ÞE2E3E4E5½
þ e34e43ð ÞE1E2E5E6�þ e13e36e61ð ÞE2E4E5 þ e35e54e43ð ÞE1E2E6½
þ e24e43e32ð ÞE1E5E6 þ e36e64e43ð ÞE1E2E5 þ e31e14e43ð ÞE2E5E6�
þ e13e31ð Þ e45e54ð ÞE2E6 þ e45e54ð Þ e16e61ð ÞE2E3 þ e25e54e43e32ð ÞE1E6½
þ e36e65e54e43ð ÞE1E2 þ e31e15e54e43ð ÞE2E6�
þ e31e16e65e54e43ð ÞE2 þ e61e16ð Þ e24e43e32ð ÞE5½ �þ e61e16ð Þ e25e54e43e32ð Þ½ �

ð7Þ

4.2.4 Creating FIT Value Scale

In general, FIT can be regarded as an indicator of the smoothness degree when an
organization transforming itself from one state (normally in near out-of-date
condition) to another state (preferably in an up-to-date situation). Mathematically,
FIT can be described through Eq. (8) (adapted from [51]):

FIT ¼ f F�

permanent
¼ Permanent function of enablers’ matrix ð8Þ

By computing the value of FIT, the feasibility of initiating the targeted trans-
formation for any given company can thus be quantified. Since no negative term is
included in Eq. (6) (see Sect. 4.2.3), we can conclude that the larger input
numerical values of Ei and eij will always lead to an overall higher output value of
FIT. In order to calculate the expected FIT value, the acquisition of the values of
Ei and eij via the following ways is a must.
Ei’s value Each enabler category’s value is decided through treating each Ei as a

subsystem and applying the GTA method to it accordingly. Ei’s value
is normally determined through analyzing the available system data
and relative personnel opinions in an case study organization. In the
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case of where obtaining a quantitative value is not practicable, a
ranked value judgment based on a scale of 1–10 is employed as a
trade-off. Nevertheless, no matter which case comes in, the finally
value of Ei is largely influenced by the acquirability of each
individual building block’s (i.e., eij) value

eij’s value Under each enabler category, there are various influencing constitutes
(i.e., eij). As suggested by the author of [51], a scale of 1–5 can be
assigned to each eij individually for overcoming the directly
immeasurable issue

To summarize, the FIT value can be gained as follows: First, identifying var-
ious influencing constitutes under each enabler category. Then, visualizing the
number of constitutes and their corresponding correlation via a digraph. Once the
digraph is drawn up, the next step is to interpret it with the help of matrix
expression. Finally, after all preparations are done, the permanent function is
obtainable and the FIT value can therefore be calculated.

4.2.5 Comparison

By identifying suitable enablers, we can see that FIT is a very helpful measure-
ment in assisting us with the feasibility assessment of different organizations in
terms of transforming themselves to a new business operating scenario. As shown
in Eq. (FIT ¼ f F�

permanent
¼ Permanent function of enablers’ matrix), the value of

permanent function (with respect to the enablers’ matrix) determines the final FIT
value. In other words, for any selected firms (say two for comparison purpose),
their similarity degree is high (from the ‘‘suitability to transformation’’ viewpoint)
if their digraphs are selfsame; similarly, their digraphs will be identical if the
corresponding enablers’ matrices are alike. Therefore, in order to perform the
applicable conversion feasibility analysis, the establishment of the corresponding
permanent function is a key. Built on these deductions, the identification set for an
firm can be express via Eq. (9) [51]:

=Z1=Z2=Z3=Z4=Z51 þ Z52=Z61 þ Z62= ð9Þ

As we have learned that each obtained permanent function is composed of a set
of items (seven of them for FMS case), and each individual item also consists of a
couple of sub-items, the identification set shown in Eq. (9) for FMS case is
understandable in which the value of the ith item is denoted by Zi, and Zij stands
for the value of the jth sub-item embraced in the ith item. By substituting the
values of Ei and eij for the corresponding item and sub-item found in the per-
manent function, the values of Zi and Zij can be acquired. In the case of sub-item
does not exist, then let Zij equal to Zi, i.e., Zij ¼ Zi.
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In practice, for any two organizations, it is fair to say that the main enabler
categories and the various involved empowering elements under each category for
transforming into the desired target is rare same. Accordingly, the comparison of two
companies can be conducted by assessing the relevant similarity or dissimilarity
coefficient. Such coefficient is normally based on the numerical values of the items/
sub-items found in an permanent function. The range of similarity/dissimilarity
coefficient falls within [0, 1], i.e., the value of similarity coefficient factor is set as 1
while 0 is assigned to dissimilarity coefficient factor if two firms share a high degree
of similarity (or low degree of dissimilarity) during the course of the targeted
transformation; in a similar vein, the similarity and dissimilarity coefficient factor is
set as 0 and 1, respectively, in the case of two firms show a high degree of dissim-
ilarity (or low degree of similarity) within the planned conversion phase. As such, the
dissimilarity coefficient for any two comparable firms was proposed in the form of
Eq. (10) [51]:

Coefficientdissimilarity ¼
1
U

� �X

i;j

kij

U ¼ maximum of
X

i;j

Zij

�� �� and
X

i;j

Z 0ij

���
���

" #

:

ð10Þ

where Zij and Z 0ij represents the values of the terms involved in the chosen two

comparable organizations, and the value of kij is defined as kij ¼ Zij � Z 0ij

���
���. As

shown in Eq. (10), only the absolute difference between the values of terms is
considered. Meanwhile, the similarity coefficient can also be computed via
Eq. (11) [51]:

Coefficientsimilarity ¼ 1� Coefficientdissimilarity ð11Þ

By introducing Eqs. (10) and (11), the main advantage of feasibility assessment
can thus be quantified. Through the comparison of the relevant values (e.g., Zij, Z 0ij,
Coefficientdissimilarity, and Coefficientsimilarity), the strengths and weaknesses of a
particular participated organized can thus be identified and the possibility of
corresponding improvement can also be evaluated.

4.2.6 Summary

Through Sects. 4.2.1 to 4.2.5, a GTA based approach for evaluating an organiza-
tion’s ‘‘fitness’’ degree towards a desired transformation are particularized. To
summarize, the major stages embraced in this methodology are outlined as follows:

• Pinpoint the suitable enabler categories.
• Visualize the enabler categories’ digraph.
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• Allocate the necessary empowering elements under each category.
• Build up an empowering elements’ digraph with respect to each enabler

category.
• Establish the variable permanent matrix.
• Compute the permanent function at each sub-system level.
• Develop the scenario dependent matrix for enabler categories’ digraph.
• Figure the permanent function of the previous stage obtained matrix.
• Sort the different companies in ascending/descending order. The company with

the highest FIT value enjoys the best opportunity of fulfilling the examined
transformation.

• Acquire the identification set for each considered organization via Eq. (9).
• Compare the relevant similarity/dissimilarity coefficient between two organi-

zations based on Eqs. (10) and (11).
• Diarize the obtained results for future or further analysis.

5 Experimental Study Stage-1: Classifying Enabler
Category and Identifying Empowering Element

Once the theoretical foundation of the present study has been finely established, an
instant work would be verifying whether the proposed FIT measurement can be
successfully applied to our focal question. In order to achieve this goal, a set of
enabler categories and their involving empowering elements are first identified via
a thorough literature review and an intensive communications with our industrial
partner. Following a similar manner discovered in [51], a further grouping oper-
ation is performed on the classified enabler categories and the identified
empowering elements (see Table 1) so that their permanent function value is more
computable.

5.1 Behavioral Enabler Category (E1)

This enabler class relates to the top management who is responsible for the
implementation of maintainomics in an organization. In general term, this is often
referred to as the strategic planning process which embraces the establishment of a
company’s main goals and objectives, and the allocation of required resources to
achieve them [111]. In practice, top management often takes charge of such
process, although resources, products, consumers, and competitors are among
various factors that are inspected during the process of strategic planning.

According to [112], there is a growing imperative for companies to be able to
mine and process big data in order to improve competitiveness. As a result, these
enablers are the first step to identify and remove adoption barriers. For example,
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McKinsey Institute pointed out in a report [53] that if top managers can rethink the
role of information in business and invest in better systems (or personnel) to
dissect and interpret big data, they ought to gain customer insights, effect more
accurate budgeting and better performance management. In a similar vein, [52]
suggested that success in the data-driven economy (e.g., e-maintenance) need to
access and analyze endless insights on their business. Trouble is, there is huge gaps
exist between what organizations want to have and what they are able to do. As
advocated in [55] that one of important things is to make sure you have clear
vision on the definition being used by your organization, because big data is not
just a single set of data, it is able to connect different sets of data together and
therefore to create even more sets of information. In addition, several authors (e.g.,
[58, 59]) concluded that to educate themselves (e.g., plant executives, maintenance
managers, and work planners) on how to manipulate and analyze data can help the
organizations to make effective decisions. Also, to change attitudes toward the
practicality of working with large data stores [57] and to comprehend communi-
cation revolution [56] (e.g., a surge in machine-to-machine communications,
increased interaction via mobile devices, and massive using of tracking systems)
are important, because most companies’ internal IT functions aren’t up to the job.

5.2 Non-behavioral Enabler Category (E2)

This enabler group refers to those theoretical foundations that are necessary for
supporting e-maintenance deployment and data analysis. Main characteristic of
maintainomics is that maintenance information and access to related services can
become ubiquitous and transparently available across the maintenance operations
chain. For this purpose, researchers increasingly deal with a variety of research
fields ranging from operation & maintenance engineering, to software engineering,
information and communication systems, and business management [2]. For
example, several comprehensive architectural frameworks for e-maintenance have
been proposed, such as [14, 37, 65]. In addition, from a technological point of
view, maintainomics is made-up from one or several networks with servers (e.g.,
Intra-Net), wireless technologies (e.g., ZigBee), databases (e.g., open systems
architecture for condition based maintenance (OSA-CBM)), semantic data mod-
elling (e.g., MapReduce programming model), smart sensors [e.g., micro electro
mechanical systems (MEMS)], personnel mobility supporting (e.g., tablets), and
many more. Also, within maintainomics, asset self-identification [e.g., radio fre-
quency identification (RFID)] is a key factor [60]. Furthermore, suppliers are the
key non-behavioral enabler as well, because they can develop, evolve, and
maintain products and services [2].
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5.3 Financial Enabler Category (E3)

This enabler set deals with the economic aspects of maintainomics. Collecting
maintenance data, analyzing, using and integrating them within different organi-
zations, requires financial supporting. Indeed, the era of big data reshapes the
innovation processes from companies to private sectors, government and interna-
tional cooperation. For example, the PROTEUS project is a collaborative initiative
for implementation of web-based e-maintenance centers in Europe [71]. The
Dynamite project which is founded by EU as well focused on a set of methodol-
ogies and tools to support the e-maintenance processes, such as smart tags, common
database schemas, and financial cost-efficiency assessment [60]. In 2012, the White
house launched a $200 million initiative and pointed out that the big data research
can help government eases their tasks somehow and thus reducing the problems
faced [70]. In order to view the different information types on the same computer
terminal, the machinery information management open system alliance (MIMOSA)
worked closely with the international standards organization (ISO) for machine
condition assessment [60]. Also, several private sectors (e.g., healthcare, manu-
facturing, and consumer products) worked towards big data research [59, 69]. On
the other hand, data itself offers opportunities for the companies. According to [13],
an increasing number of companies recognize that e-maintenance can be seen as a
business opportunity rather than a cost center.

5.4 Methodological Enabler Category (E4)

This enabler classification concerns about the physical requirements for the effi-
cient collection of maintenance related data, and the use of various approaches for
the efficient data analysis. Different kinds of smart data acquisition devices are
commercial available in the market. By investing heavily, most of them are pur-
chasable. Nevertheless, to reach the full potential of maintainomics, a careful
selection of suitable equipments and the proper use of data analyzing techniques
are two things that we need to think twice before taking action. Looking at
computational intelligence (CI), a powerful tool for data mining, as a branch of
artificial intelligence, the development of CI enjoys a tremendous prosperity
during the past two decades [92]. By mimicking some nature sourced principles,
CI algorithms can offer us the capability of digging out the hidden patterns and/or
correlations from a biggish data set. The potential of big data cannot be interpreted
in a meaningful way without the help of novel computational data mining
algorithms.
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5.5 Operational Enabler Category (E5)

This enabler category is related to the question of how to deal with the challenges
of very large datasets in order to improve asset reliability and reduce maintenance
outages? Several authors (e.g., [9, 13, 60, 113]) pointed out that colleting, storing,
and retrieving all maintenance data (e.g., vibration analysis, non-destructive test-
ing results, and digital images) is critical to resolving an unplanned equipment
failure. As a result, more companies are rethinking their planning, operations and
IT functions to improve their maintenance processes through large data sets. This
requires more efficient scheduling optimization techniques, autonomous and/or
remote online monitoring systems (e.g., [87]), new open-source technologies (e.g.,
non-relational databases, distributed processing framework, and parallel pro-
gramming model), mature wireless sensor tools (e.g., RFID), and proper decision
making regarding the machine condition to work together. For example, different
optimization methods (e.g., ant colony optimization [82], artificial bee colony
[114], dynamic programming, [115] genetic algorithm [116], simulated annealing
[117], and hybrid approaches [118]) have been proposed in the literature to solve
maintenance scheduling problem of power systems. Ref. [102] pointed out that
smart wireless technology can help operators to identify failed steam traps and
leaks as early as possible. In addition, thanks to the new open-source technologies
(such as Hadoop), the operators’ ability to process large datasets has been sig-
nificantly improved.

5.6 Human and Cultural Enabler Category (E6)

The last category focuses on the ‘‘soft’’ factors that affect the adoption of main-
tainomics. Nowadays, scholars convinced that companies who gain deeper insights
into the data can gain superior value in a competitive marketplace. In addition,
they agreed that the technology issues are not the biggest barrier [59]. Instead, the
majority initiatives have failed to deliver expected results due to those initiatives
have ignored the human and cultural side of organizations. For example, recent
economist intelligence unit report pointed out that people and skills challenges,
process and organizational structure considerations, and cultural changes are the
key factors associated with successfully implementing big data initiatives [59]. In
a similar vein, report [108] emphasized that democratization of data-driven
decision-making, making cross-functional teams big data strategy architects, and
leveraging key data and departments are largely aspirational. Another sub-enabler
affecting the rapidly of adoption of maintainomics in organization is maintenance
culture, with the idea that creation of new maintenance practices. For example, ref.
[109] reviewed the maintenance culture in Nigeria and highlighted that poor
maintenance culture (e.g., unplanned maintenance services, poor user habits, and
lack of awareness) affects the productivity of Nigeria power generation stations.
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Finally, the different culture between developers, traditional business analysts, and
systems administrators is also a crucial factor that affect the adoption of
maintainomics.

5.7 Maintainomics Scenario Digraph Representation

According to the six main enabler categories and their associated interdependency,
a maintainomics digraph can be drawn as depicted in Fig. 3:

Based on the derived maintainomics enabler categories’ diagraph, the system
level maintainomics matrix [see Sect. 4.2.2 for more details about its original
form, i.e., Eq. (4)] can be re-written as Eq. (12):
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Fig. 3 Maintainomics
scenario digraph
representation
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6 Experimental Study Stage-2: FIT Value Calculation
for Quantification Purpose

Obtaining a holistic digraph serves as a starting point for calculating the required
FIT value that matches our maintainomics scenario. Apart from this, the following
tasks also need to be performed.

Based on the identified empowering element under each enabler category, a set
of digraphs are developed (as illustrated in Fig. 4a–f). Unlike the global digraph
delineated in Fig. 3, the nodes in this local digraph stand for the empowering
elements, while the edges are used to indicate their mutual relationship.

As shown in Fig. 4, according to the introduced measure scale, i.e., 1–10 for
inheritance and 1–5 for interdependence, each enabler category’s matrix and the
corresponding permanent function value can also be obtained. A detailed break-
down of such computing process is demonstrated through F�1 and f F�1

permanent
.

Accordingly, the system level maintainomics matrix can be further re-written
like Eq. (13) [see Sect. 5.7 for its intermediate form, i.e., Eq. (12)].

F� ¼

Enabler
Categories

E1 E2 E3 E4 E5 E6

E1

E2

E3

E4

E5

E6

E1 e12 e13 e14 e15 0
0 E2 e23 e24 e25 0

e31 e32 E3 e34 e35 e36

0 e42 e43 E4 e45 0
0 e52 0 e54 E5 0

e61 0 0 e64 e65 E6

0

BBBBBB@

1

CCCCCCA

+

F� ¼

Enabler
Categories

E1 E2 E3 E4 E5 E6

E1

E2

E3

E4

E5

E6

165038 2 2 4 3 0
0 3500 4 4 3 0
1 2 10167 4 3 3
0 4 4 3855 4 0
0 3 0 3 14690 0
3 0 0 2 3 26426

0

BBBBBB@

1

CCCCCCA

:

ð13Þ

where the values of diagonal entries are replaced by just acquired sub-systems’
permanent function values, namely, E1 ¼ f F�1

permanent
¼ 165038, E2 ¼ f F�2

permanent
¼ 3500,

E3 ¼ f F�3
permanent

¼ 10167, E4 ¼ f F�4
permanent

¼ 3855, E5 ¼ f F�6
permanent

¼ 14690, and E6 ¼
f F�6

permanent
¼ 26426, while the corresponding scale value (1–5) are used to substitute

the values of eij.
At this stage, the system level permanent function value, i.e., f F�

permanent
, is cal-

culable which is found to be equal to 9:32018� 1025. Accordingly, the proposed
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Fig. 4 Digraph representation for empowering elements
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FIT measurement mathematically characterizes the feasibility of the chosen case
in converting itself to the maintainomics scenario.

7 Experimental Study Stage-3: FIT Value Calculation
for Comparison Purpose

In order to illustrate the usefulness of the proposed FIT measurement, a comparison
study between two power plants is further introduced in this section in which the
comparison approach is based on the methodology detailed in Sect. 4.2.5, while
the selected power plant cases are briefed as follows:

• Power plant 1—fossil power plant: it is well known that fossil fuel-fired power
plants are the main sources of power generating. Traditionally, power com-
panies put ‘‘fail and fix’’ strategy into maintenance practices. However, as the
pressure of rapid development around the globe, there is a need to continuously
reduce unscheduled downtime and unexpected breakdowns.

• Power plant 2—wind power plant: several authors (e.g., [119–122]) convinced
that wind power plants brings huge benefits for electricity generation due to
they are clean, inexhaustible, and reduce the noise and visual disturbance to
people. However, the wind industry is facing challenges with high installation
and maintenance costs, and potentially longer time out of operation at failures
[123, 124].

The required values for power plant 1 (PP1) are already known through Sects. 5
and 6. Following the similar procedure, the values for power plant 2 (PP2) are also
obtainable. All values are listed below:

• PP1: EPP1
1 ¼ 165038, EPP1

2 ¼ 3500, EPP1
3 ¼ 10167, EPP1

4 ¼ 3855,

EPP1
5 ¼ 14690, EPP1

6 ¼ 26426, ePP1
12 ¼ 2, ePP1

13 ¼ 2, ePP1
14 ¼ 4, ePP1

15 ¼ 3,

ePP1
23 ¼ 4, ePP1

24 ¼ 4, ePP1
25 ¼ 3, ePP1

31 ¼ 1, ePP1
32 ¼ 2, ePP1

34 ¼ 4, ePP1
35 ¼ 3, ePP1

36 ¼ 3,

ePP1
42 ¼ 4, ePP1

43 ¼ 4, ePP1
45 ¼ 4, ePP1

52 ¼ 3, ePP1
54 ¼ 3, ePP1

61 ¼ 3, ePP1
64 ¼ 2, ePP1

65 ¼ 3,

F�PP1
¼

Enabler
Categories

E1 E2 E3 E4 E5 E6

E1

E2

E3

E4

E5

E6

165038 2 2 4 3 0
0 3500 4 4 3 0
1 2 10167 4 3 3
0 4 4 3855 4 0
0 3 0 3 14690 0
3 0 0 2 3 26426

0

BBBBBB@

1

CCCCCCA

,

and f F�PP1
permanent

¼ 9:32018 � 1025.

• PP2: EPP2
1 ¼ 6863, EPP2

2 ¼ 1899, EPP2
3 ¼ 89689, EPP2

4 ¼ 5897, EPP2
5 ¼ 198996,

EPP2
6 ¼ 9879, ePP2

12 ¼ 3, ePP2
13 ¼ 2, ePP2

14 ¼ 4, ePP2
15 ¼ 3, ePP2

16 ¼ 5, ePP2
24 ¼ 2,

112 B. Xing



ePP2
25 ¼ 4, ePP2

31 ¼ 2, ePP2
32 ¼ 2, ePP2

34 ¼ 4, ePP2
35 ¼ 2, ePP2

36 ¼ 2, ePP2
43 ¼ 3,

ePP2
45 ¼ 4, ePP2

54 ¼ 5, ePP2
61 ¼ 4, ePP2

64 ¼ 4, ePP2
65 ¼ 3,

F�PP2
¼

Enabler
Categories

E1 E2 E3 E4 E5 E6

E1

E2

E3

E4

E5

E6

6863 3 2 4 3 5
0 1899 0 2 4 0
1 2 89689 4 2 2
0 0 3 5897 4 0
0 0 0 5 198996 0
4 0 0 4 3 9879

0

BBBBBB@

1

CCCCCCA

, and

f F�PP2
permanent

¼ 1:628� 1025.

According to Eq. (10) (see Sect. 4.2.5), U ¼ maximum of
P

i;j
Zij

�� �� and

"

P

i;j
Z 0ij

���
���� ¼ f F�PP1

permanent
¼ 9:32018 � 1025, and

P

i;j
kij ¼

P

i;j
Zij � Z 0ij

���
��� ¼ 7:69218� 1025,

the dissimilarity coefficient Coefficientdissimilarity and the similarity coefficient
Coefficientsimilarity equals to 0.78 and 0.22, respectively.

The results of this work indicate that the dissimilarity degree between PP1 and
PP2 is high. In addition to this, although the overall permanent function value of
PP2 is lower than its competitor PP1, PP2 enjoys a high permanent function value
for its methodological and operational enabler categories. On the contrary, PP1

possesses a higher permanent function value for its behavioral enabler category
which in turn implies the suitability for transition to maintainomics is largely
influenced by the this enabler category and its associated empowering elements.

8 Future Work

In this chapter, a GTA-based FIT assessment methodology has been successfully
applied to our focal problem, i.e., maintainomics transformation. Although the
present work offers some novel contributions to both big data and maintenance
literature, there is still room for further improvement. One immediately future
research direction would be introducing fuzzy graph model. It is quite well
acknowledged that graphs are simple models that are easy to use for representing
interrelationships between objects in which objects are denoted by vertices, while
the correlations are indicated by edges. Nevertheless, in spite of its convenience,
when it comes to the situation of vagueness contained in the objects’ description,
or found in the relationships, or in both, traditional GTA often performs poorly
[125]. The numerical values assigned to Ei and eij, respectively, in this study are
crisp and deterministic in nature. With the ever increasing complexity of many
modern systems (e.g., maintainomics case), the uncertainty gradually plays a
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pivotal role in any attempts of trying to optimize and maximize the overall system
model’s usefulness. Under such circumstances, the introduction and application of
fuzzy relations to maintainomics FIT evaluation becomes necessary and important.
Once the feasibility of the maintainomics is confirmed, another future research
direction will be bringing more CI methods into e-maintenance operational level
for dealing with big data analytics.

9 Conclusion

Thanks to the use of sensors in maintenance (e.g., online monitoring, smart meters,
etc.), the rate of growth of generated sensory data far outstrips human capacity to
consume it. As a result, enterprises increasingly meet the challenges imposed by
how to convert myriads of available raw data to high-level actionable information.
This book chapter studies such emerging phenomena and builds a set of enablers to
address those issues. The end-product of this chapter is maintainomics, a new
concept that facilitates the entry of e-maintenance to any enterprises by evaluating
a permanent feasibility function obtained from an enablers’ digraph. The experi-
mental studies demonstrated the suitability of our proposed methodology.
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