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Preface

Junzo WATADA 1, Shing Chiang TAN 2, Pei-Chun LIN 3, Hitoshi YANO 4,
Yoshiyuki YABUUCHI , Eswaran PADMANABHAN , and Lakhmi C. JAIN5 6 7

“It is hard to write the history of their own days.”

Today, geology encompasses cosmology as we bring materials from the asteroid Ryugu
near Mars with the satellite Hayabusa. The materials have shed light on the possibility of
life’s existence on Ryugu. This book aims to provide research directions for geology in
the 21st century. However, writing a history of the present or future research directions
is no easy task. Nevertheless, we endeavor to present the research directions of the early
decades of the 21st century.

Drawing on past experiences of various misunderstandings in research directions,
several papers in this book discuss fuzzy set theoretical approaches. Interestingly, this
groundbreaking paper was initially rejected in the 1960s. Later, Professor Lotfy A.
Zadeh’s paper on “fuzzy sets” was published in the International Journal of Science and
Control. This paper introduced several important concepts that indicated various research
directions.

The neural network was initially underestimated in the book published in 1969. This
book had a significant influence that caused many researchers to shift away from neu-
ral networks. For several decades, many researchers abandoned research on neural net-
works. However, a few persevering individuals continued their research until the discov-
ery of backpropagation, which not only revolutionized the field but also gave rise to deep
learning.

In this book, we revisit heuristic approaches and meta-heuristic approaches. While
H.A. Simon emphasized heuristic approaches for semi-structured problems, we are still
searching for theoretical, mathematical, or logical approaches to problem-solving. In the
1960s, we discovered various heuristic approaches that were sought after during that era.

As Eric Hobsbawm wrote, it is difficult to write the history of one’s own days. As
mentioned earlier, selecting influential methods is no easy task. We hope to include the
most influential papers that represent the smart geology of the first few decades of the
21st century, with one chapter dedicated to deep learning.

We acknowledge the importance of theoretical approaches from physics, math-
ematics, and statistics underlying meta-heuristic methods, artificial intelligence, deep
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learning, and other human approaches. We must build upon human knowledge and ap-
proaches, as Herbert Alexander Simon (Nobel laureate, 1978) stated, there are infinitely
many problems we cannot solve theoretically, or in other words, mathematically. How-
ever, we can make progress, as demonstrated by Andrew John Wiles (Professor, Oxford
University) when he proved Fermat’s Last Theorem, left unresolved by Pierre de Fermat
in 1623, in a 108-page proof published in the Annals of Mathematics in 1995. Similarly,
the ABC conjecture, first proposed by Joseph Oesterlé in 1988 and D.W. Masser in 1985,
was proved by Shinichi Mochizuki (Professor, Kyoto University) in approximately 600
pages in 2015 and at RIMS in March 2021. Mochizuki’s method allowed for the proof
of Fermat’s problem in just a few lines, based on his method.

We expect that this book will contribute to the exploration of various possible so-
lutions to challenging problems in both the Earth’s geometry and the cosmos, as H.A.
Simon envisioned. The first paper serves as an introduction to biology, which is now
expanding into the science of the cosmos.

vi



 

Contents 

Preface v 

Junzo Watada, Shing Chiang Tan, Pei-Chun Lin, Hitoshi Yano,  

Yoshiyuki Yabuuchi, Eswaran Padmanabhan, and Lakhmi C. Jain 

Digitalization in the Oil and Gas Industry 1 

Eswaran Padmanabhan, Thivyaadarshini Jayasangar and Ranjith P. Gamage  

Part One: Modelling  

How to Best Apply Deep Neural Networks in Geosciences: Towards Optimal  

“Averaging” in Dropout Training 11 

Afshin Gholamy, Justin Parra, Vladik Kreinovich, Olac Fuentes  

and Elizabeth Anthony  

Reconstruction of Flow Rate History Using Linear Regression 22 

Berihun Mamo Negash, Chee Him Poon and Pandian M. Vasant  

Fracture Conductivity Effect in DFN Modelling Using Carbonate Outcrop Data 36 

Faisal Awad Aljuboori, Jang Hyun Lee, Khaled A. Elraies, Karl D. Stephen  

and Faraj Alsulaiman  

The Impact of Contact Area and Fracture Surface Roughness on Fluid Flow in  

Fractured Reservoirs 50 

Faisal Awad Aljuboori, Jang Hyun Lee, Khaled A. Elraies and Karl D. Stephen  

Fracture Characterization and Modelling of Shale Formations in Miri, Sarawak 65 

Wan Nur Athirah W ABD Muhaimi and Wan Ismail Wan Yusoff  

New Representations for Potential Failure Modes and Corrective Actions in FMEA 79 

Seng Kai Ngian and Kai Meng Tay  

Modelling of Fracturing Half-Length and Spacing in Shale Gas Reservoirs 88 

Mohammed A. Ayoub, Mohamed A. Ibrahim, Berihun Mamo Negash  

and Mysara Eissa Mohyeldinn  

Part Two: Simulation  

Growing Application of Artificial Intelligence in Optimising Productivity and  

Efficiency in Oil and Gas 105 

Deva Ghosh, Afiqah Zahraa Ahmad Zailani and Chow Weng Sum  

Simulation Study on Synergetic Effect of Low Saline Water and Polymer  

Flooding 122 

Berihun Mamo Negash and Cheang Hoi Him  

 

 

vii

gnoraiti
Highlight



 

Simulation of Gas Kick and Well Control Procedures 138 

Ren Yi Yap and Moacyr Bartholomeu Laruccia  

Pressure Transient Behavior of Horizontal Gas Injection Well in Low Permeable  

Reservoirs 151 

Teo Kai Wen and Azeb Demisi Habte  

Investigation of Thermal EOR via Cyclic Steam Injection in Fractured Shale  

Formation 170 

Ahmad Haziq Azmi, Juhairi Aris Muhamad Shuhli  

and Muhammad Luqman Hasan  

Estimating the Radius of Investigation and Drainage Area by Reservoir  

Simulation 182 

Fadzli Sajali, Jang Hyun Lee and Naqiuddin Mahyuddin  

Part Three: Optimization  

Multi-Objective Optimal Power Flow Considering Wind Power Cost and  

Emission by Stochastic Weight Trade-off Chaotic Mutation Based NSPSO 205 

Anongpun Man-Im, Weerakorn Ongsakul and J.G. Singh  

A Coevolutioanary Neural Network for Detecting Chemical Gas Sensor Drift 219 

Bee Yan Hiew, Shing Chiang Tan and Junzo Watada  

Stackelberg Games with Fuzzy Random Variables Based on Simple Recourses 229 

Hitoshi Yano  

Derivative of Disproportion Functions for Pattern Recognition 244 

Viktor V. Avramenko, Nataliya I. Kalashnykova, Viacheslav V. Kalashnikov  

and Junzo Watada  

Enumeration Approach in Condensate Banking Study of Gas Condensate  

Reservoir 256 

Iqmal Irsyad M. Fuad, Jang Hyun Lee, Berihun Mamo Negash and  

Nur Asyraf Md. Akhir  

Comparative Study of Resistivity Models and Waxman Smits Model in Cooper  

Basin South Australia-Murteree Shale: Case Study 269 

Waqas Ahmed and Maqsood Ahmad  

Characterization of the Dynamic IFT of Surfactant-in-Brine/n-Heptane/Shale  

Systems; An Enhanced Oil Recovery Perspective 282 

Mohammed A. Ayoub, Mysara Eissa Mohyeldinn, Nasreldin Abbas Babiker  

and Berihun Mamo Negash  

On the Consistency of Conjectural Variations as the Solution of a Two-Stage  

Game 297 

Viacheslav Kalashnikov, Nataliya Kalashnykova  

and José Guadalupe Flores Muñiz  

Subject Index 307 

Author Index 309 

viii



New Representations for Potential Failure 

Modes and Corrective Actions in FMEA 
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Abstract. Failure modes and effects analysis (FMEA) is a popular reliability tool in 

petroleum engineering.  In FMEA, potential failure modes or corrective actions are 

evaluated, each assigned a Risk Priority Number (RPN) score, and prioritized for 
decision making.  FMEA is also known as Failure Modes, Effects, and Criticality 

Analysis (FMECA), while focuses on failure modes prioritization.  Despite of the 

popularity of FMEA and FMECA, it is not clear, how potential failure modes and 
corrective actions could be represented systematically, for effective decision making.  

In this paper, two new representations (i.e., a tree representation and a vector 

representation), for potential failure modes and corrective actions, are proposed.  
The tree representation for a potential failure mode allows its root cause(s), effect(s) 

and corrective action(s), together with their severity, occurrence and detection 

rating(s), to be represented as a three-layer tree model.  The tree representation for 
a corrective action with similar contents is outlined too.  The RPN model, together 

with its score, is represented as a node of the tree model.  These tree models can also 

be represented as their associated equivalence layered-vector representations.  In 
this paper, the usefulness of the proposed approaches is illustrated with benchmark 

FMEA worksheets pertaining to petroleum engineering. 

Keywords. Corrective actions, FMEA, FMECA, Layered-vector representation, 

Potential failure modes, Risk Priority Number, Tree models. 

1. Introduction 

Failure modes and effects analysis (FMEA) was first proposed as a formal and systematic 

design methodology for use in the aerospace industry in 1960s[1].  Since then, FMEA 

has been proven to be a useful methodology in evaluating potential failure modes and 

preventing potential failure modes from occurring [1–3].  In general, FMEA is a 

reliability engineering methodology used to identify and eliminate known and potential 

failure modes (e.g., problems, or errors) for a design, system, service or process [2].  

FMEA is also known as Failure Modes, Effects, and Criticality Analysis (FMECA), 

while focuses on potential failure modes prioritization [4].   
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 Today, FMEA has been widely used in a variety of domains, which include 

automotive [2], electronic [4], chemical [5], aerospace [6], healthcare [7], nuclear [8], 

manufacturing [9, 10], mechanical [11], agriculture [12] and petroleum engineering [13–

16].  Figure 1 illustrates a flow chart of the FMEA methodology (details are presented in 

Section 2.1).  A potential failure mode occurs if a subsystem, part, component, or process 

fails to meet its intended purpose of functions.  A root cause leads to the occurrence of a 

potential failure mode.  The corrective action(s) of a root cause need to be identified too. 

 For each potential failure mode, the effect(s) of the potential failure mode also needs to 

be determined.  The corrective actions or potential failure modes are then prioritized 

using a Risk Priority Number (RPN) model.  The RPN model takes into account three 

risk factors, i.e., Severity (S), Occurrence (O), and Detection (D).  S is an evaluation of 

the effects of a potential failure mode. O is the evaluation of likelihood that a specific 

root cause to occur. While D is an evaluation of the effectiveness of the current control 

mechanism to detect a potential root cause.   

Traditionally, an RPN score is obtained by direct multiplication of the S, O, and D 

ratings.  The potential failure modes or corrective actions associated with higher RPN 

scores are usually given higher priorities.  Although FMEA has been widely applied in 

several domains, it is susceptible to a number of limitations [6, 17].  Indeed, many efforts 

have been proposed to tackle those limitations [6, 17–24].  Despite of the popularity of 

research works relating to FMEA and FMECA, it is not clear, how potential failure 

modes and corrective actions could be represented systematically, for effective decision 

making.   

The aim of this paper is two-folded. Firstly, in this paper, two new representations, 

i.e., a tree representation and a vector representation, for potential failure modes and 

corrective actions, are proposed for FMECA and FMEA, respectively.  Our proposed 

tree representation for a potential failure mode allows its root cause(s), effect(s) and 

corrective action(s), together with their S, O and D rating(s), to be represented as a three-

layer tree model.  The tree representation for a corrective action, with similar contents, 

is devised too.  In our proposals, the RPN model, together with its score, is represented 

as a node of the tree models.  To ease the handling, these tree representations can also be 

denoted as their associated equivalence layered-vector representations.  Secondly, the 

usefulness of the proposals for handling potential failure modes with missing risk 

rating(s) is illustrated too.  In this paper, the usefulness of the proposed representations 

is illustrated with two benchmark FMEA worksheets pertaining to petroleum engineering 

[13] [14].   

2. Preliminaries 

2.1. FMEA Procedure 

The procedure of FMEA involves several activities, as depicted in Figure 1.   
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Figure 1. A FMEA Procedure. 

A description of the key activities is as follows. 

 

1. Develop the scale tables for S, O, and D risk factors; 

2. Examine the process or product and determine the sub-processes or 

components, respectively; 

3. Ascertain the potential failure mode(s) of the sub-processes or components; 

4. Ascertain the effect(s) of each potential failure mode; 

5. Ascertain the root cause(s) of each potential failure mode; 

6. Identify the current corrective action(s) pertaining to each root cause; 

7. Assess the impact pertaining to the effect using the S scale table; 

8. Assess the occurrence frequency pertaining to the root cause using the O scale 

table; 

9. Assess the effectiveness of each current corrective action using the D scale 

table; 

10. Compute the RPN scores; 

11. Back to (2) if there is any corrective action; 

12. End. 

 

It is worth noting that a corrective action could be a prevention method, a control 

action, or a detection method. 

  

S.K. Ngian and K.M. Tay / New Representations for Potential Failure Modes 81



2.2. Background 

Two definitions from [23] and [24] are considered, as follows. 

 

Definition 1. [23] Three risk factors in an FMEA activity, i.e., S, O, and D, are 

considered.  These risk ratings are represented by �� �� and �, i.e., � � �� � � �� and � �	, respectively.  In addition, the lower and upper bounds of S, O, and D are represented 

by � and
�, � and
�, and � and �, respectively. 

 

Definition 2. [24] The RPN space contains all possible RPN scores, i.e., ��
 ����
����� .  The lower and upper bounds of the RPN space are denoted by ��
 

and
��
, respectively, and ��
 � ��
 � 
��
 is always true. 

 

Note that, a notation, � � ��� �� �� is used, in which �  is an element of
��� �� ��.  
Besides, � is a natural number, i.e., � � � and � � � � � is always true. 

3. New Tree and Vector Representations with Benchmark Information 

3.1. Notations 

An FMEA activity with N failure modes ���� or N corrective actions � �� to be 

prioritized, is considered, where ! " #� $� % � 
 .  The effect(s), root cause(s), and 

control(s) or prevention method(s), for ��  or  � , are denoted by &�� � ��  and �'� , 

respectively.  Each &�� � ��  and �'�  is associated with &��(� � ��)�  and �'��* , 

respectively.  The S, O, and D ratings of &��(, � ��), and �'��*, for �� or  �, are denoted 

by ���( , ���) , and ���* , respectively, such that + " #� $� % � , , - " #� $� % � . , and / "#� $� % � 0.  Note that 0 " # for  �.  The RPN score of �� or  � is denoted as ��
� .  To 

ease the explanation, two benchmark information (i.e., FMEA worksheets) are 

considered. 

3.2. Example [13] 

A FMEA worksheet (See Figure 2) for a seal pump from [13] is considered.  The focus 

is on the design of a seal pump, for the oil and gas industry.  A total of 7 failure modes 

need to be prioritized, i.e., N = 7.  The tree model of �1 is depicted in Figure 3.  The first 

layer of �1 consists of its root node, also representing the RPN model and together with 

its RPN score, i.e., ��
1 " #23.  There are three nodes in the second layer, also the 

children for the root node, i.e., &1� � 1� and
�'1.  &1� � 1� and �'1 are associated with �1 " 4� �1 " 3� and �1 " 5, respectively.  In the third layer, the children nodes of &1� � 1 , and �'1  are &1�6� &1�7� &1�8 , � 1�6� � 1�7� � 1�8 , and �'1�6� �'1�7� �'1�8 , 

respectively.  &1�6� &1�7 , and &1�8  are associated with �1�6 " 4� �1�7 " 9, and �1�8 " 2, 

respectively.  � 1�6� � 1�7, and � 1�8 are associated with �1�6 " 4� �1�7 " 3, and �1�8 ":, respectively.  �'1�6� �'1�7 , and �'1�8  are associated with �1�6 " #� �1�7 " 5, and �1�8 " $, respectively. 
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Figure 2.  Design FMEA for a seal pump from [13] (page 166) 

 

 

Figure 3.  Three-layer rooted tree of �1 

�� or  � can also be represented as a nested vector, in the form of Eq. (1).  ��
�  can 

be represented as Eq. (2), which can be further reduced to Eq. (3).  All ��� �� � and �� are 

obtained by aggregating ���( ,���)  and ���*  (i.e., a reduction of the tree), or by manual 

assignment from the FMEA users. 

��; � " <<&��6� &��7� % � &��=>� <� ��6� � ��7� % � � ��?>� <�'��6� �'��7� % � �'��@>> (1) 

��
� " <<���6� ���7� % � ���=>� <���6� ���7� % � ���?>� <���6� ���7� % � ���@>> (2) 

��
� " A��� �� � ��B (3) 
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�1 is also represented in Eq. (4).  Besides, ��
1 is represented in Eq. (5), which can 

be reduced to Eq. (6). 

�1 " C<&1�6� &1�7� &1�8>� <� 1�6� � 1�7� � 1�8>� <�'1�6� �'1�7� �'1�8>D (4) 

��
1 " E<�1�6 " 4� �1�7 " 9� �1�8 " 2>� <�1�6 " 4� �1�7 " 3� �1�8 " :>�
<�1�6 " #� �1�7 " 5� �1�8 " $> F (5) 

��
1 " A�1 " 4� �1 " 3� �1 " 5B (6) 

 

3.3. Example [14] 

FMEA for a welding process from [14], is considered (see Figure 4).  There is a total 

of 10 corrective actions to be prioritized, i.e., 
 " #G.  Tree models for  H�  I and  J are 

depicted in Figure 5.  Note that there is only a prevention method and a D rating for each 

of  H�  I, and  J.   H is used for explanation.  The first layer of  H consists only the root 
node and it is associated to ��
H " #$G.  Again, the root node also denotes the RPN 

model, together with its RPN score.  There are three nodes in the second layer, also the 

children for the root node, i.e., &H� � H� and �'H.  &H� � H� and �'H are associated with �H " :� �H " 5�  and �H " 3 , respectively.  In the third layer, the children nodes of &H� � H� and �'H , are &H�6� � H�6, and �'H�6, respectively.  &H�6� � H�6, and �'H�6  are 

associated with �H�6 " :� �H�6 " 5, and �H�6 " 3, respectively.  The same applies to  I 

and  J. 

Again,  H is also represented as Eq. (7).  ��
H  is written as Eq. (8).  The same 

applies to  I and  J, which are represented as Eqs. (9) and (10), respectively.  ��
I and ��
J are represented as Eqs. (11) and (12), respectively too. 

 H " C<&H�6>� <� H�6>� <�'H�6>D (7) 

��
H " A�H " :� �H " 5� �H " 3B (8) 

 I " C<&I�6>� <� I�6>� <�'I�6>D (9) 

 J " C<&J�6>� <� J�6>� <�'J�6>D (10) 

��
I " A�I " 2� �I " 5� �I " 9B (11) 

��
J " A�J " 2� �J " 4� �J " 9B (12) 
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Figure 4.  FMEA for a Welding Process from [14] (page 260) 

 

Figure 5.  The three-layer rooted trees of  H,  I, and  J. 

4. Handling of Missing risk ratings 

The proposed approaches in this paper can be extended to the case of FMEA with 

missing risk ratings.  Example 1 is considered.  If �1�7 and �1�8 are missing, then �1�7 "K and �1�8 " K.  The three-layer rooted tree of �1 with the two missing risk ratings, is 

depicted in Figure 6.  ��
1 is also denoted in Eq. (13), and it can be reduced to Eq. (14), 

by considering the worst cases of �1�7 and �1�8, i.e., �1�7 " �1�8 " #G. 
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Figure 6.  The three-layer rooted tree of �1 with missing risk ratings. 

��
1 " E<�1�6 " 4� �1�7 " K� �1�8 " K>� <�1�6 " 4� �1�7 " 3� �1�8 " :>�
<�1�6 " #� �1�7 " 5� �1�8 " $> F (13) 

��
1 " A�1 " #G� �1 " 3� �1 " 5B (14) 

5. Conclusions 

In this paper, two new representations, i.e., a new tree representation and a new vector 

representation, for potential failure modes and corrective actions were outlined.  The 

usefulness of the proposals was demonstrated with two benchmark information sets.  

Besides, usefulness of the representations for FMEA with missing risk ratings was 

demonstrated too.  As future works, monotone fuzzy inference based RPN models [18–

22] [24] will be included as a part of the representations. 
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