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PREFACE 
 
Mathematics in Industry Study Group is a collaborative problem-solving platform, uniting applied 
mathematicians to address real-world challenges across industries. Originating at Oxford University in 
the 1960s, this format has been instrumental in fostering practical solutions globally. At Universiti 
Teknologi Malaysia (UTM), we take pride in being pioneers, having introduced this study group to 
Malaysia since 2011. Our commitment continues and is evident in the recent organization of the 4th 
Malaysia Mathematics in Industry Study Group (MMISG2023) held at Menara Razak, Universiti 
Teknologi Malaysia, Kuala Lumpur, from November 20th to 22nd, organized by UTM Centre for 
Industrial and Applied Mathematics (UTM-CIAM). It was also made possible through the joint efforts 
of UTM Department of Mathematical Sciences, Faculty of Science; the Institute of Mathematics for 
Industry at Kyushu University, Japan; and MYHIMS Solutions LLP. 

In general, the primary objective of Malaysia Mathematics in Industry Study Group-MMISG is to 
bridge the gap between academia and industry in Malaysia. It is a platform for STEM researchers to 
apply their expertise to solve industrial relevant problems, fostering a collaborative spirit between the 
two domains. 

At MMISG2023, five industries, namely Ranhill SAJ Sdn Bhd, Total Logistic Services (M) Sdn. Bhd., 
MYHIMS Solution LLP, Langkawi Development Authority (LADA), and Ifactors Sdn. Bhd. presented 
their industrial problems. The problems spanned from model reconstruction at archaeological sites to 
cutting-edge developments in the logistic industry, and from forecasting volatility of agricultural 
commodity prices to optimizing operations processes. 

To tackle the array of industrial issues, five cohesive sub-groups were formed, each guided by selected 
domain advisors. Within each group, members (termed as contributors) comprising of mathematicians, 
engineers, computer scientists played crucial roles in identifying key scientific issues and mathematical 
challenges. More than 50 contributors from ten institutions, both local and international, including 
Universiti Teknologi Malaysia, Universiti Malaya, Universiti Teknologi MARA, Universiti Malaysia 
Sabah, Universiti Kebangsaan Malaysia, Universiti Malaysia Terengganu, Universiti Malaysia Pahang 
Al-Sultan Abdullah, Universiti Teknologi Petronas, Kyushu University, Japan and Universitas Negeri 
Malang, Indonesia participated. Online discussions were also conducted with UTM-CIAM international 
partner at Oxford Centre for Industrial and Applied Mathematics (OCIAM). This collaborative effort 
harnessed the expertise from various institutions, enriching the event with a wide spectrum of 
mathematical and statistical approaches, all unified in the common goal of effective problem-solving. 
This initiative seamlessly aligns with UTM's mission to actively engage in both local and global 
networks, fostering partnerships with diverse organizations and industries to drive innovation through 
innovative solutions. The MMISG2023 has once again proven to be a pivotal event in fostering 
collaboration between academia and industry and further solidifies the event's reputation as a catalyst 
for innovation and problem-solving. It is evidenced from the positive feedback received from the 
participants: industrial representatives and contributors. 
 
 In addition to the solutions and recommendations generated for the industry, MMISG2023 has also 
catalyzed other significant outcomes, highlighting its impact as a significant program of Mathematics 
in Industry. Preparations are underway for Memorandum of Understanding and Letters of Collaboration 
between UTM-CIAM and the participating industries. Furthermore, technical reports have been 
published, and the MI Lecture Note serves as another avenue for disseminating MMISG outputs. 
Moreover, MMISG2023 marked the beginning of a larger project focused on system development for 
Ifactors Sdn. Bhd. The continuation of studies initiated during MMISG2023 is anticipated, with the 
expectation of yielding even more impactful results for the participating industries. 

Chief Editors: Zaitul Marlizawati Zainuddin, Arifah Bahar 
February 2024 
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HISTORY OF MALAYSIA MATHEMATICS IN INDUSTRY (MMISG) 

 

Mathematics in Industry Study Group is a collaborative problem-solving platform, uniting 
applied mathematicians to address real-world challenges across industries. Originating at 
Oxford University in the 1960s, this format has been instrumental in fostering practical 
solutions globally.  

At Universiti Teknologi Malaysia (UTM), we take pride in being pioneers, having introduced 
this study group to Malaysia since 2011. The second MISG was held in 2014 and the third in 
2015. 

MMISG 2011 

The 1st MMISG was attended by 4 industries with 6 problems. 

i) Optimal Placement of Security Cameras in In-door Spaces from MIMOS Bhd.  
ii) Efficient Reasoning in Conceptual Graph Knowledge Representation Model from 

MIMOS Bhd.  
iii) River Pollution Problem in Iskandar Malaysia Region from J-Biotech   
iv)    Cardiological Problem from KPJ Johor  
v)  Fouling in Heat Exchangers of Refineries from Petronas Penapisan (Melaka) Sdn. Bhd.  
vi)    Oil Refinery Water Supply from Petronas Penapisan (Melaka) Sdn. Bhd. 

MMISG 2014 

The 2nd MMISG was attended by 6 industries with 6 problems. 

i) Mathematical Modelling and Optimization for Biological-based Treatment of Taman 
Timor Oxidation Pond, Johor from J-Biotech    

ii) River Pollution Attenuation in Aquifers Using Bank Infiltration Technique from 
National Water Research Institute of Malaysia (NAHRIM) 

iii) Development of early warning system for rice blast and brown planthopper (BPH), pest 
and disease of rice from Malaysian Agricultural Research and Development Institute 
(MARDI) 

iv) Coronary Bifurcation – Effect of Stent on Blood Flow from KPJ Johor   
v) Green Propulsion Regenerative Electromagnetic Suspension System (GPRESS) from 

PROTON 
vi) Cost Effective Minimum Water and Energy Networks for The Industries from 

PROSPECT 
 

MMISG 2015 

The 3rd MMISG was attended by 7 industries with 7 problems. 

i) Modelling Thiophene and Pyran -4-ONE to Early Signs of Ganoderma Infection in Oil 
Palms from Agri-D Sdn. Bhd.     

ii) Optimal Stock Level and Inventory Policy from EP Manufacturing Berhad (EPMB) 
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iii) Subsea Cable Laying Problem from Ifactors Sdn. Bhd.    
iv) Multi-Sensor Imaging System for Target Detection from IR Technic Sdn. Bhd.  
v) Modelling of Optimal Conservation of Giant Clam Species in Johor Islands from J-

Biotech 
vi) Modelling and Optimization of Clay-based Product for Green Cleansing from MIFF 

Marketing Sdn. Bhd. 
vii) Magneto-Rheological Semi-Active Suspension System (MaRS) from PROTON 
 

Our commitment continues and is evident in the recent organization of the 4th Malaysia 
Mathematics in Industry Study Group (MMISG2023) held at Menara Razak, Universiti 
Teknologi Malaysia, Kuala Lumpur, from November 20th to 22nd, 2023. 
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PROGRAMME SCHEDULE  
 

Time Activity Venue 

20 November 2023 (Monday) 

0830 – 0915 Registration & Morning Tea Menara Razak Seminar 
Hall/Banquet Hall 

0915 – 0945 Opening Ceremony/Photo Session 

Menara Razak Seminar 
Hall 

0950 – 1010 Ranhill SAJ Problem Presentation 

1015 – 1035 MYHIMS Solutions Problem 
Presentation 

1040 – 1100 Ifactors Sdn Bhd Problem 
Presentation 

1105 – 1125 TLS Problem Presentation 

1130 – 1150 LADA problem Presentation 

1200 – 1400 Lunch Break Banquet Hall 

1400 – 1730 
1530 – 1600 

Group Formation/Group Discussion 
Afternoon Tea 

Room 2, 3, 4, 5, 7 
Banquet Hall 

21 November 2023 (Tuesday) 

0830 – 1230 
1000 – 1030 

Group Discussion 
Morning Tea 

Room 2, 3, 4, 5, 7 
Banquet Hall 

1230 – 1400 Lunch Break Banquet Hall 

1400 – 1730 
1530 – 1600 

Group Discussion 
Afternoon Tea 

Room 2, 3, 4, 5, 7 
Banquet Hall 

22 November 2023 (Wednesday) 

0830 – 1100 
0930 – 1000 

Group Discussion 
Morning Tea 

Room 2, 3, 4, 5, 7 
Banquet Hall 

1105 – 1200 Output Presentation to The Industry Room 2, 3, 4, 5, 7 

1205 – 1215 Closing Ceremony Banquet Hall 

1215 Lunch Banquet Hall 
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Ibrahim wrohaizad@utm.my UTM: Universiti Teknologi 
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5



NO NAME EMAIL AFFILIATION AFFILIATION 
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UITM: Universiti Teknologi 
Mara 3 

40. Zaharah Mohd Yusoff zmy1208@uitm.edu.my UITM : Universiti Teknologi 
Mara 3 

41. Ismail Ma'arof ismailmaarof@uitm. 
edu.my 

UITM : Universiti Teknologi 
Mara 3 
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Mara 3 
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EVENT PHOTOS 

 

 

MMISG2023 group photo following the opening ceremony, at Dewan Seminar Menara Razak, UTM Kuala Lumpur. 

 

 

 

Industry representatives presenting their industrial problems to the participants of MMISG2023. 
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Intense discussion among industrial representatives, domain advisors and contributors of respective industrial 
problems  
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The dedicated organizing team of MMISG2023 comprising of staff from UTM-CIAM, UTM 
Department of Mathema�cal Sciences, Faculty of Science and UTM- Malaysia-Japan Interna�onal 

Ins�tute of Technology 
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MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP 
(MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 
 
 

 

 

Transient Modeling of Subsea Cable Laying 

 
Industrial Representative:  

Kamarudin Ismail10, Putri Aidila Sofia Abu Bakar10 
 

Contributors:  

Zainal Abd Aziz8, Sharidan Shafie1, Ahmad Razin Zainal Abidin1, 
Shaymaa M. H. Darwish1, Mohd Hazmil Syahidy Abdol Azis1, Nik 
Zetti Amani Nik Faudzi1, Noorehan Yaacob1, Dzuliana Fatin Jamil1, 

Daisuke Tagami9, Auni Aslah Bin Mat Daud4, Norazaliza Mohd 
Jamil5  

 

 
The installation of subsea cables, involving the deployment of cables on the ocean floor, is 
significantly influenced by environmental factors such as ocean currents and seabed 
characteristics. Modeling this process is crucial during both planning and operational phases, 
as it enables accurate predictions and control over cable placement, thereby minimizing risks 
and ensuring the effectiveness, safety, and environmental sustainability of subsea installations. 
The challenge in such modeling lies in the dynamic nature of the ocean environment, which 
includes fluctuating currents, waves, and winds, coupled with the complexity of varying seabed 
terrains, requiring the consideration of transient effect. This report proposes the development 
of a dynamic model for cable laying that accounts for wave motion and the irregularities of the 
seafloor, merging theoretical research with practical applications and experience, creating 
relevant and applicable models for real-world operations. The model development is structured 
into three phases. The first phase involves a steady-state model focused on a rough seabed, 
omitting the impact of waves. This model is based on the Euler–Bernoulli equation that aims 
to predict the cable layout at a specific time, considering initial tension, cable properties, and 
fluid dynamics. The complexity is reduced by introducing a non-dimensional set of equations, 
which scales down all engineering parameters to two key factors: fluid hydrodynamic drag and 
cable bending stiffness. Applied across various sea depths and using MATLAB for numerical 
solutions, the finding suggests that cable elevation increases with depth. The second phase 
tackles a time-dependent issue, factoring in significant wave motion on a hypothetically flat 
seabed, thus leading to a highly nonlinear formulation that requires the inclusion of a transient 
model. In the final phase, the report integrates both models to represent water depth as a 
function of time and arc length for more comprehensive insights. Expected results from this 
integration are anticipated to enhance the accuracy and practicality of the developed model in 
the real cable installation operation. 
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MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP 
(MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 
 
 

 

 
3D Shape Reconstruction of Charcoal Chamber Monument 

 
Industrial Representative:  

Rasanubari Asmah Rahmah Abd Hamid14 

 
Contributors:  

Taufiq Khairi Ahmad Khairuddin1, Zulkepli Majid1, Mohd Ali 
Khameini Ahmad1, Abd Manan Samad3, Ismail Ma’arof3, Shota 

Shigetomi9 

 

 
Langkawi Island is a world-class tourism destination as it contains various historical assets and 
because of this, Langkawi Island has been recognized as one of the world-class Geopark sites 
by UNESCO. As a world-class Geopark area and site, Langkawi Island provides 38 Geosites 
for tourists to visit. One of the tourism assets found in the Geosite area is the charcoal chamber 
monument in Kubang Badak, Bukit Menora. According to historians, there were originally 12 
charcoal chamber monuments but, as time has passed, only three of these structures have 
endured, and they too have weathered the years, with only partial sections of their original 
construction remain. The agency Langkawi Development Authority (LADA) then has been 
entrusted to preserve and conserve these valuable relics for tourism activities and local 
economy development. The main purpose of this study is to redevelop the complete charcoal 
chamber monument by using the combination of three-dimensional (3D) modelling in 
geoinformation and also mathematical modelling. Specifically, the objective of this research is 
to develop a 3D model of the remaining historic charcoal chamber using Geospatial technology 
before simulating the partial data from the model with the appropriate mathematical 
formulation, in order to generate the complete 3D model of the monument. Besides, geometric 
modeling involving common surfaces such as elliptic paraboloids and hemispheres will be used 
in developing and predicting the actual dimensions of the charcoal chamber. Apart from that, 
Mathematica and Matlab software will be used to display the 3D model of the charcoal 
chamber. Based on the latest information during the discussion session held, three 3D models 
of the charcoal chamber have been proposed at the end of this MMISG 2023 workshop. 
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Pipe burst is one of the major contributors to water loss in water supply systems that 
significantly increase the Non-Revenue Water (NRW) level. The water authority has set a 
target to reduce NRW to 25.5% by 2024. Although the NRW level is currently close to the 
target at approximately 25.40% or 457 million liters per day (MLD) as of September 2023, 
there is a need for ongoing monitoring to prevent any potential increase in NRW if water losses 
are not effectively controlled. The key challenge identified is the timely detection and 
prediction of pipe bursts, as this is crucial for the organization to make informed decisions in 
monitoring water losses and minimizing the time taken to address and rectify pipe bursts. In 
response to this challenge, two approaches are suggested with the primary focus on the 
statistical approach, alongside with the Artificial Neural Network (ANN) model. For the 
statistical approach, the Exponentially Weighted Moving Average (EWMA) Control Charts is 
used to identify transient signals related to pipe bursts. Data preprocessing has been conducted, 
and the control charts have been applied to detect anomalies associated with pipe bursts. 
Feature-based data also been implemented to further enhance the detection capabilities. The 
study concludes that a combination of dynamic thresholding based on weekly patterns, targeted 
analysis of reliable Flow data, and adaptive parameter settings in control charts, particularly 
with a focus on shorter time series, enhance the effectiveness of pipe burst detection. The 
findings recommend a pragmatic approach to address the challenges posed by variations and 
trends in water monitoring data, providing valuable insights for proactive water system 
management and minimizing the impact of false alarms in anomaly detection. Additionally, 
utilizing pressure, flow, and CPP pressure data as inputs, an Artificial Neural Network (ANN) 
model is trained to predict pipe bursts. By learning from historical data where instances of 
bursts are correlated with specific patterns in these parameters, the ANN can quickly analyze 
current data upon receiving a complaint call and predict the likelihood of a forthcoming burst. 
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The escalating carbon emissions from transportation, particularly from medium-duty and 
heavy-duty trucks, pose significant challenges to the automotive supply chain logistics sector. 
Notably, the transport sector accounts for a substantial 28.8% of total fossil fuel combustion 
emissions, exceeding the global average. In response, Malaysia has committed to ambitious 
targets, aiming for net-zero emissions by 2050 and a 45% reduction in CO2 intensity relative 
to GDP by 2030. In accordance with this, industries, including Total Logistic Services (M) 
Sdn. Bhd. (TLS) are mandated to comply with regulations to mitigate carbon emissions. As 
part of the Toyota Tsusho Group, TLS is engaged in a three-year strategy focusing on route 
optimization, eco-driving training, vehicle maintenance, and transitioning to electric trucks to 
tackle this challenge. In addition, TLS is also exploring avenues to further reduce the carbon 
emissions from their medium-duty and heavy-duty trucks.  The discussion begins by 
examining the formula used to calculate carbon emissions, analyzing the parameters 
influencing carbon emissions, and proposing initiatives associated with these parameters. 
Additionally, the discussion also delves into tools used to measure carbon emissions. In 
conclusion, it is asserted that the formula for calculating carbon emissions is adequate for 
estimating the emissions from trucks without the need for specific tools. The controllable 
factor identified is fuel efficiency, which is closely linked to driving style. Consequently, 
initiatives aimed at improving drivers' driving style are recommended. 
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A substantial portion of household income in Malaysia is allocated to food expenditures, and 
chili is a staple ingredient in Malaysian cuisine. Fluctuations in chili prices directly affect the 
cost of living for individuals and families, impacting their purchasing power and overall well-
being. Forecasting chili prices helps in effective supply chain management. Producers, 
distributors, and retailers can plan and adjust their operations based on anticipated price trends. 
This, in turn, contributes to the country's efficiency and stability of the chili supply chain. This 
study emphasizes the importance of comparing various forecasting models to identify the most 
accurate predictors of chili prices. The goal is to develop a model that can contribute to more 
informed decision-making in crop production and market interventions, ultimately promoting 
stability in the chili industry and ensuring sustainable practices. Statistical models and time 
series forecasting models, which include multiple linear regression (MLR), AutoRegressive 
Integrated Moving Average with exogenous inputs (ARIMAX), and machine learning 
algorithms that consist of Support Vector Regression (SVR), Random Forest Regression 
(RFR), Artificial Neural Network (ANN) and Long Short Term Memory (LSTM) were tested 
and compared. SVR and RF under machine learning algorithms performed best as the 
forecasted model followed by ARIMAX. ARIMAX models, extension of the ARIMA model, 
effectively capture and predict patterns by incorporating significant exogenous variables. 
Overall, the results show that the price of fertilizers, Movement Control Order (PKP) season, 
and chili production significantly affect the prices of chilies. 
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1.1 Introduction 

 
Subsea cable laying, essential in the development of global communication and power 
networks, involves deploying cables on the ocean floor, a process influenced by a range of 
environmental factors, including ocean currents and seabed characteristics. Cable laying 
modeling is vital in planning and operation as it enables precise prediction and control of cable 
placement, minimizing risks and ensuring efficient, safe, and environmentally responsible 
subsea installations.  
 

Ifactors is a subsea cable installer that provides services to Telco operators and oil and 
gas companies that need to install subsea cable for their IT or DATA network infrastructure. 
The types of cable installed are mainly fibre optics and composite. Ifactors is the only local 
installer that has experience in laying deep water (>2000m) and also the only Malaysian 
company that carries the ISO 9001:2008 certification. Among the projects handled by Ifactors 
were, Deep Water repair (>2500m) in Indonesia, Deep Water lay from Bali to Jawa Island, 
Indonesia and also Petronas platform interconnection with shore in Turkmenistan and 
Peninsular. With over a decade of experience, including cable laying in challenging locations 
like the deep waters, Ifactors has emerged as a leading service provider in the cable laying 
sector in the Asia Pacific Region. This study focuses on the cable laying challenges encountered 
by Ifactors. 
 

Installing subsea cables is a routine responsibility for engineers, involving the 
placement of cables and pipelines beneath the ocean floor. The laying process is a critical and 
perilous phase for the cable, demanding meticulous control to prevent any damage while 
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optimizing the speed of installation. During cable installation, a common challenge is the 
occurrence of false slack. Submarine cables are usually deployed by lowering them from a  
 
laying vessel into seawater until they reach the seafloor. Throughout this process, the cables are 
subjected to various forces, requiring careful consideration in cable design. While the 
conventional approach involves analyzing cables during installation with the assumption of a 
horizontally flat seafloor, the real seafloor is marked by roughness. Bathymetric maps of the 
seafloor reveal faults, folds, and on-bottom channel systems. These irregularities may lead to 
the development of false slack in certain areas or cause cable hanging in others, ultimately 
resulting in cable failure. Despite engineering methods that can partially mitigate seafloor 
roughness, it is essential to consider the actual seafloor conditions during the cable-laying 
process. 
 

The laying of undersea communication cables spans nearly all of the Earth's oceans. 
The establishment of this global communication infrastructure is becoming more commercially 
competitive, where technical considerations like the speed and precision of cable laying can 
yield substantial commercial advantages. In this environment, the viability of high-speed cable 
laying is crucial, as is a comprehension of the temporary dynamics involved in the cable laying 
process when the cable ship adjusts its speed. Forecasting the transient behavior of the cable 
during installation necessitates a nonlinear time-domain analysis. Once this analysis is 
conducted, its verification presents a challenging problem. 
 

Effective cable laying operations demand the prevention of elevated dynamic tensions, 
as they can lead to adverse consequences. While numerous researchers have addressed the static 
and dynamic facets of the cable laying process, only a limited number have delved into 
comprehensive cable dynamics due to challenges associated with the interaction between the 
cable and the ship in waves. 
 

Hence, to initiate the subsea cable installation, Ifactors company must ascertain the 
optimal quantity of cable necessary for the successful completion of the laying process in 
challenging seabed conditions. This determination is contingent on establishing the suitable 
hydraulic brake speed and manually regulating the residual tension of the cable. The objective 
of this study is to develop a mathematical model and conduct a numerical simulation capable 
of offering a reliable prediction for the transient behaviour of cables laid in non-flat seabed 
environments. This includes considering the impact of wave excitation, cable/ship interaction, 
and cable elasticity. 
 

In the initial phases, the study employs a steady-state model across different water 
depths to replicate the seabed shape and wave heights. Following this, the research advances to 
develop a dynamic model designed to enable real-time control of the cable laying operation in 
challenging sea conditions. The dynamic model aims to address the impact of wave excitation, 
cable/ship interaction, irregular shape of seafloor and cable elasticity. 
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1.2 Problem Statement 

The process of subsea cable installation faces challenges, such as the occurrence of false slack, 
where irregularities in the rough seafloor can lead to cable failure. Submarine cables, typically 
deployed from laying vessels, are subject to various forces that necessitate meticulous cable 
design. The conventional approach assumes a flat seafloor; however, the actual seabed is often 
marked by roughness. This fact underscores the importance of considering the real conditions 
of the seafloor during cable laying. Another primary problem in optimizing cable laying 
operations is the prevention of heightened dynamic tensions, which can lead to serious adverse 
consequences. This issue becomes more pronounced in adverse weather conditions. 
 

High-speed cable laying requires a comprehensive understanding of the dynamic 
changes that occur when adjusting the speed of the cable-laying ship. Accurately predicting the 
cable's transient behavior under these conditions involves complex nonlinear time-domain 
analysis, posing significant challenges in verification. To tackle these issues, incorporating 
transient modeling phase-by-phase is crucial, particularly focusing on dynamic loading 
conditions and the movements of the laying vessel. Despite the extensive exploration of static 
and dynamic aspects of cable laying in many research studies, there exists a noticeable research 
gap in the in-depth study of the intricate interactions between the cable and ship, particularly in 
wave-influenced environments. This gap is a major challenge to developing precise and reliable 
models for subsea cable installation, crucial for real-world operations. 
 
 
1.3 Methodology 

Our methodology comprises three primary phases: The initial phase involves modelling cable 
laying on a rough seafloor without considering the wave effect, and this model operates in a 
steady state. The second phase focuses on developing a transient cable laying model that 
incorporates the wave effect but assumes a flat seabed. The third phase involves the integration 
of both models. 

 

1.3.1 First phase: Modelling cable laying in irregular seafloor 

 
The increasing use of cables in deep-ocean engineering highlights the significance of 
determining cable configurations as crucial parameters in the design process. This study 
focuses on creating a model for the cable laying process from a vessel, employing a steady-
state model depicted in Figure 1. This model, extensively discussed by Howison (2005), 
utilizes the Euler–Bernoulli model for the displacement of a slender nearly straight beam. 
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The primary goal is to ascertain the cable's shape from the point it passes through a 
'tensioner' at the vessel to the moment it reaches the seabed. The cable experiences an initial 
tension To applied by the vessel and buoyancy forces as it descends to the seabed. The arc-
length (s)  is defined as 0 at the vessel and –L at the seabed, where L represents the cable's 
actual length between the two points. The sea depth is denoted as h(s), and θ(s) represents 
the angle between the curve and the x-axis.  
 

Take into account a small segment of length δs on the beam, as depicted in Figure 2. The 
forces exerted on the element's boundaries consist solely of the internal elastic forces at its 
ends, along with a body force characterized by components fx and fy per unit length. In a 
state of equilibrium, the forces' disparity must be nullified. Consequently, the equilibrium 
equations can be expressed as: 

𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑓𝑓𝑓𝑓𝑥𝑥𝑥𝑥,
𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑓𝑓𝑓𝑓𝑦𝑦𝑦𝑦 , 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

− 𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 + 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 = 0 

 

(2) 

The body force fx and fy can be expressed through terms of a drag force, fd and a buoyancy 
force, fb, represented by the following equations: 
 

𝑓𝑓𝑓𝑓𝑑𝑑𝑑𝑑 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤𝑈𝑈𝑈𝑈2 

𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏 = ∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴 
(3) 

where 
ρw is sea water density. 
U represents the velocity of the object in relation to the fluid, 
A denotes the cross-sectional area of the cable, 
Cd is the drag coefficient, and 
g stands for gravitational acceleration. 
 
Finally, by taking into account the constitutive equation given as 
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 ,
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 ,
𝑑𝑑𝑑𝑑𝜃𝜃𝜃𝜃
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝜅𝜅𝜅𝜅,

(𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠𝑤𝑤𝑤𝑤ℎ 𝜅𝜅𝜅𝜅 𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒)   
(1) 
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𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑𝜃𝜃𝜃𝜃
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

  (4) 

 
 
with EI represents the cable bending stiffness, the governing equation for this particular 
problem can be written as 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑑𝑑𝑑𝑑2𝜃𝜃𝜃𝜃
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑2

− 𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 + 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 = 0 

𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤𝑈𝑈𝑈𝑈2 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

 
𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= ∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃  

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

 

(5a) 
 

(5b) 
 

(5c) 
 

(5d) 
 

(5e) 

Here, the unknown parameters are θ, Fx, Fy, X and Y, and also there is one second-order 
equation. Therefore, the required boundary conditions are 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑 = 0;  𝜃𝜃𝜃𝜃 = 𝜃𝜃𝜃𝜃𝑜𝑜𝑜𝑜,𝑑𝑑𝑑𝑑 = 1,𝑑𝑑𝑑𝑑 = 0 𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜   ,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑 = −1;  𝜃𝜃𝜃𝜃 = 0,
𝑑𝑑𝑑𝑑𝜃𝜃𝜃𝜃
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 0,𝑑𝑑𝑑𝑑 = 0   (6) 

 
Figure 1: Layout of the cable 
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Figure 2: Forces and moments on an element of a beam (Howison, 2005) 

 

 
Before directly addressing the governing equation, a crucial step involves transforming the 
system of equations into a scaled or non-dimensionalized format. This allows the grouping 
of all engineering parameters, facilitating the simplification of any necessary assumptions 
beforehand. For example, consider Equation (5c), having a scale of 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦~𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦�  and 𝑑𝑑𝑑𝑑~𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜�̂�𝑑𝑑𝑑 
(where 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦�  and �̂�𝑑𝑑𝑑 are the non-dimensional variables, while fo and so are the scaling factor) so 
that: 
 

𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= ∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴 
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜
𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜
𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦�
𝑑𝑑𝑑𝑑�̂�𝑑𝑑𝑑

= ∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴
1
𝑑𝑑𝑑𝑑𝑜𝑜𝑜𝑜
𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦�
𝑑𝑑𝑑𝑑�̂�𝑑𝑑𝑑

=
∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴
𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜

 (7) 

If fo is taken as ∆gA ℎ(𝑑𝑑𝑑𝑑) and so as L ℎ(𝑑𝑑𝑑𝑑), the equation becomes: 
 

1
𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 1 

 

(8) 

(for simplicity, the upper mark ( � ) for dimensionless variable is ignored). 
 
Therefore, this equation, in fact all Equations (5a–e), can be converted into dimensionless 
equations by scaling the force variables (Fx and Fy) by ∆gAh, the space variables (X and Y) 
by h and the arc length (s) by Lh. The final non-dimensional governing equation can be 
written as: 
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1
𝐿𝐿𝐿𝐿2
ℎ(𝑑𝑑𝑑𝑑)3𝛽𝛽𝛽𝛽𝜃𝜃𝜃𝜃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 +  𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 = 0 

 
1
𝐿𝐿𝐿𝐿
𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥 ,𝑠𝑠𝑠𝑠 = 𝛼𝛼𝛼𝛼 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

 
1
𝐿𝐿𝐿𝐿
𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦 ,𝑠𝑠𝑠𝑠 = 1 

1
𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 =𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃  

1
𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 = 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

(9) 

in which α and β are coefficients of: 

𝛼𝛼𝛼𝛼 =
𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤𝑈𝑈𝑈𝑈2

∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴
(ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑦𝑦𝑦𝑦𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜌𝜌𝜌𝜌) 

 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 

𝛽𝛽𝛽𝛽 =
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

∆𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝐴𝐴𝐴𝐴
(𝑏𝑏𝑏𝑏𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌𝜌𝜌 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) 

(10) 

 

(a subscript variable with a comma in front ( ,s) means a derivative with respect to the 
variable). 

Now, the dimensionless boundary conditions become: 
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 0;  𝜃𝜃𝜃𝜃 = 𝜃𝜃𝜃𝜃𝑜𝑜𝑜𝑜,𝑑𝑑𝑑𝑑 = 1,𝑑𝑑𝑑𝑑 = 0 𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜   ,  
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = −1;  𝜃𝜃𝜃𝜃 = 0, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠
= 0,𝑑𝑑𝑑𝑑 = 0    

(11) 

 
 
The governing Equation (9–11) is straightforward and can be solved via a numerical 
approach except that the second order term makes the solution rather complicated. If one 
considers an extra equation of: 

𝛾𝛾𝛾𝛾 =
1
𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝜃𝜃𝜃𝜃
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

  ⇒   𝜃𝜃𝜃𝜃,𝑠𝑠𝑠𝑠 = 𝐿𝐿𝐿𝐿𝛾𝛾𝛾𝛾,  

 
(12) 

so that the governing equation becomes: 
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𝛾𝛾𝛾𝛾,𝑠𝑠𝑠𝑠 =
𝐿𝐿𝐿𝐿2

𝛽𝛽𝛽𝛽ℎ(𝑑𝑑𝑑𝑑)3
�−𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃 +  𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 � 

 

𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥 ,𝑠𝑠𝑠𝑠 =  𝐿𝐿𝐿𝐿𝛼𝛼𝛼𝛼 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

 𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦 ,𝑠𝑠𝑠𝑠 = 𝐿𝐿𝐿𝐿 

𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 =  𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑 𝜃𝜃𝜃𝜃 

 𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠 = 𝐿𝐿𝐿𝐿𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝜃𝜃  

 (13) 

This set of equations was solved numerically using MATLAB software as shown in 
APPENDIX A. The results of the solution are discussed later in Section 1.4. 

 

1.3.2. Second phase: Transient model of cable laying under wave effect on flat 
seabed 

It is noted that the cable laying problem demands an analysis beyond the steady-state model 
as it involves many variables that often makes the real operation of cable laying 
unpredictable. For such concern, wave motion effect should be introduced, which leads to 
a variable sea depth depending on time, h(t).  

 

 

Figure 3:Time-dependent problem for cable laying (source: Prpić-Oršić and Nabergoj, 
2005) 

As the contact points (one at the sea bed and another is at the tensioner of the vessel) changes 
due to the wave motion, most of the variables are also depending on time, for example X(t), 
Y(t) and L(t). Moreover, additional variables of boat speed (U) and the cable motor speed 
(V) need to be considered. 

In this phase we will follow a model developed by Prpić-Oršić and Nabergoj (2005). Figure 
4 illustrated the three Cartesian reference systems: OXY (an inertial system fixed to the 
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Earth), oxy (equilibrium axes moving with the mean velocity of the cable-laying ship), and 
o′x′y′ (a local system attached to the cable). The transformation rule between these systems 
can be expressed as: 

                                                                                                                                  (14) 

 

and  

                                                                     (15) 

Here, t and n represent the tangent and normal unit vectors in the local system. The unit 
vectors i, j, and I, J correspond to the moving and inertial systems, respectively. The angle 
θ(p , t) between the cable element and the horizontal axis is a function of time t and the 
stretched arc length along the cable p. This length, measured from the shipboard connection 
point, comprises the unstretched distance s and the elastic elongation. The relationship 
between the stretched and unstretched arc lengths is given by dp=ds(1+ε), where ε is the 
uniaxial strain in the cable. Relations (14) and (15) permit expressing any point in any of 
the three coordinate systems. 

 

Figure 4: coordinate systems (source: Prpić-Oršić and Nabergoj, 2005) 

From Figure 4, the following geometric compatibility relations are obtained (Prpić-Oršić 
and Nabergoj 2005): 
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                                       (16) 

 

 

 

Now the summing of the forces parallel to the tangential axes results in 

                           (17) 

and in the direction of the normal axes, 

         (18) 

The details of derivations and definitions of parameters in dynamic equilibrium condition, 
Eqs. (17) and (18) can be found in (Prpić-Oršić and Nabergoj 2005). 

Note that, the work done by Prpić-Oršić is actually an extension to the earlier works by Vaz, 
M. A., & Patel, M. H. (1995) and Patel, M. H., & Vaz, M. A. (1995), considering a towed 
cable and a laid cable, respectively, with the assumptions of continuous, inextensible and 
flexible (negligible bending stiffness) conditions. These works will be the progressing steps 
of our modelling effort to complete the final nonlinear dynamics model by Prpić-Oršić and 
Nabergoj (2005) to include the complete behaviour of stretched cable being laid, accounting 
for the effects of transient, wave excitation, cable/ship interaction and cable elasticity. 
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1.3.3. Third phase: Transient model of cable laying under wave effect on rough 
seabed 

In this phase Equations (9) and (10) will be combined with equations (17), (16) and (18) 
where the depth h(s, t)  will be a function of time t and the stretched arc length s. Possibility 
to include the numerical model developed by Trapper, P. A. (2022) will also be considered. 
Trapper proposed a simple numerical technique, particularly adopting finite difference  

 

discretization, for calculating the internal force envelope diagram as shown in Figure 5. The 
capability of the proposed model to consider several scenarios of a pipe-lay across different 
types of seafloor irregularity can be utilised.  

 

 
Figure 5: Numerical model of pipeline by finite difference approach (source: Trapper, P. 

A., 2022) 
 
 
1.4 Results and discussions 

 
1.4.1 First phase results 

 
Numerical solution for Equation (12–13) gives θ, Fx, Fy, X, Y and also L. For calculation 
purposes, the two parameters α and β were given a presumed value (without comparing to 
any engineering parameters) so as to ease the analysis. The main objective is to get the 
general idea of the cable behaviour as the defining parameters change.  
 
Figure 6 plots the shape of laying cables in a 2D plane with different water depth, starting 
from the point (0,1) as the cable passes through the tensioner of a vessel, to the point (-X,0) 
as the cable touches the sea bed. In this case, both α and β are taken as 1, and the initial 
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angle between the cable and the horizontal surface (θo) is 1 radian. The value of the water 
depth h(s) is set to vary from 0 to 1 in order to observe the effect on the cable shape. The 
depth is calculated from seafloor where ℎ(𝑑𝑑𝑑𝑑)=0 to sea surface.  It can be seen that increasing 
the depth reduced the amount of cable being laid, indicating higher elevation in the seafloor 
in that particular area.  
 
 
 
 
 

 

                                  Figure 6: Shape of cables in different water depths 
 

 
 

1.4.2 Second phase results 

At present, the first model, as outlined in Vaz, M. A., & Patel, M. H. (1995), is under 
development, as detailed in APPENDIX B. This model treats a towed cable as continuous, 
inextensible, and flexible, without considering bending stiffness.  

Basically, the implemented algorithm in Vaz’s model involves dividing the total cable 
length into n straight elements, connected by pin-nodes, to approximate the solution to the 
governing equation. This process transforms the integral operations in the cable 
configuration equations into summations over n terms, leading to a set of nonlinear ordinary 
differential equations that require iterative solutions. This method simplifies the problem 
by converting the original partial differential equations into a connected series of ordinary 
differential equations. Using a large number of elements effectively transforms the model 
into a chain assembly. 

h(s) 
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While the final running codes provided in APPENDIX B still require improvements and 
updates, the current progress of the codes has successfully plotted the initial configuration 
of the cable (before acceleration), as shown in Figure 7. Next, the iterative part of the 
nonlinear analysis will be updated, and validation will be conducted using the results 
available in Vaz, M. A., & Patel, M. H. (1995). This will be followed by an update on the 
model from Patel, M. H., & Vaz, M. A. (1995), which considers a cable being laid. Finally, 
the model by Prpić-Oršić and Nabergoj (2005), which takes into account the stretching 
effect of the cable, will be incorporated. 

 

 

 

Figure 7: Initial cable configuration by Vaz’s model 
 
 

1.4.3 Third phase results 

As highlighted earlier, this phase will involve developing a transient model of cable laying 
under the coupling influence of wave effects and a rough seabed. As of now, this phase 
has not been conducted but is planned for future works. 

 

1.5 Conclusion and Recommendations 

 
A mathematical model for cable laying was created, incorporating the impact of a non-flat 
seafloor and wave motion. The derivation of the model unfolds in three phases. The first 
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phase involves a steady-state model of a rough seafloor, neglecting wave effects. The 
formulation is based on the Euler–Bernoulli equation derived by Sam Howison, predicting 
the cable layout at a specific time with known initial prescribed tension, cable properties, 
and fluid behaviour. To simplify the formulation, a non-dimensional set of equations is 
derived by scaling all engineering parameters, resulting in two defining parameters related 
to fluid hydrodynamic drag and cable bending stiffness. The model is applied with varying 
sea depths, and numerical solutions are obtained using MATLAB. Results reveal a higher 
cable location with increased depth. In the second phase, the model addresses a time-
dependent problem, incorporating significant wave motion while assuming a flat seafloor. 
This entails a highly nonlinear formulation requiring resolution. In the third phase, both  

 

models are integrated, introducing a time-dependent water depth h as a function of time t 
and arc length s. 
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APPENDIX A 

function [l,Xn] = cable2a() 
% Full cable solution  
% 8 April 2015 
 
fn = 'cableIFactor'; 
 
% PARAMETERS 
alf = 1;      % hydrodynamic drag 
bet = 0.01;     % bending stiffness 
T0 = 1;         % tension 
kap = -0;       % curvature at boat  
thetastar = 1;  % angle at boat (alternative bc) 
h = 1;          % water depth 
 
 
% INITIAL GUESS FOR SOLUTION 
x_guess = linspace(0,1,100); 
y_guess = [0; 0; 0; 0; 0; 0]; 
l_guess = 1; 
solinit = bvpinit(x_guess,y_guess,l_guess); 
solinit.y(1,:) = atan(solinit.x+1); % approximate solution 
solinit.y(2,:) = (1+(solinit.x+1).^2).^(-1); 
sol = solinit; 
 
 
% SOLVE 
options=bvpset('Vectorized','on','FJacobian',@fjac2,'NMax',10000); 
sol = bvp4c(@geq2,@gbc2,sol,options); 
 
l = sol.parameters; 
s = sol.parameters*sol.x; 
theta = sol.y(1,:); 
Fx = sol.y(3,:); 
Fy = sol.y(4,:); 
X = sol.y(5,:); 
Y = sol.y(6,:); 
 
 
% PLOT 
figure(1); clf; 
    plot(s,theta,s,Fx,s,Fy); 
    plot(s,theta); 
    xlabel('x'); ylabel('y');  
    l0 = (2*T0-1).^(1/2); 
    hold on; plot(s,atan((s-s(1))./(T0.^2-l0.^2).^(1/2)),'k--');  
% asymptotic solution for alpha = 0 
figure(2); clf; 
    plot(X,Y); 
 
save(fn); 
 
% PLOT 
figure(2); clf; 
set(gcf,'Paperpositionmode','auto','units','centimeters','position',[2 2 20 10]); 
    plot(sol.y(5,:),sol.y(6,:),'linewidth',2); 
    xlabel('x'); ylabel('y');  
    ylim([0 1]); 
    shg; 
 
% print(gcf,'-depsc2',fn,'-loose'); 
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%% SUBFUNCTIONS %% 
 
% BOUNDARY CONDITIONS 
function res = gbc2(ya,yb,l) 
    res(1,:) = ya(1,:); 
    res(2,:) = ya(2,:); 
%     res(3,:) = yb(2,:)-kap; 
    res(3,:) = yb(1,:)-thetastar; % ( alternative bc ) 
%     res(4,:) = yb(3,:).*cos(yb(1,:))+yb(4,:).*sin(yb(1,:))-T0; 
    res(4,:) = yb(3,:)-T0; % (alternative bc ) 
    res(5,:) = ya(6,:); 
    res(6,:) = yb(6,:)-h; 
    res(7,:) = yb(5,:); 
end 
 
 
 
% JACOBIAN OF ODE SYSTEM 
function [dfdy,dfdp] = fjac2(x,y,l) 
    theta = y(1,:); 
    psi = y(2,:); 
    Fx = y(3,:); 
    Fy = y(4,:); 
    X = y(5,:); 
    Y = y(6,:); 
 
    dfdy = [0 l 0 0 0 0; 
            l./bet.*( Fx.*cos(theta) + Fy.*sin(theta) ) 0 l./bet.* 
  ( sin(theta) ) l./bet.*( -cos(theta) ) 0 0; 
            l.*alf.*cos(theta) 0 0 0 0 0 ; 
            0 0 0 0 0 0 ; 
            -l.*sin(theta) 0 0 0 0 0 ; 
            l.*cos(theta) 0 0 0 0 0]; 
    dfdp = [psi; 
            1/bet.*( Fx.*sin(theta) - Fy.*cos(theta) ); 
            alf*sin(theta); 
            1; 
            cos(theta); 
            sin(theta)]; 
end 
 
 
% ODE SYSTEM 
function dydx = geq2(x,y,l) 
    theta = y(1,:); 
    psi = y(2,:); 
    Fx = y(3,:); 
    Fy = y(4,:); 
    X = y(5,:); 
    Y = y(6,:); 
 
    dydx(1,:) = l.*psi; 
    dydx(2,:) = l./bet.*( Fx.*sin(theta) - Fy.*cos(theta) ); 
    dydx(3,:) = l.*alf*sin(theta); 
    dydx(4,:) = l.*1; 
    dydx(5,:) = l.*cos(theta); 
    dydx(6,:) = l.*sin(theta); 
end  
 
end 
 

 

31



MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP (MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 

 
 

 
APPENDIX B 

% THIS PROGRAM IS STILL UNDER DEVELOPMENT AND PROGRESSING. 
% VALIDATION OF THE RESULTS IS YET TO BE MADE IN COMPARISON 
% WITH THE RESPECTIVE JOURNAL ARTICLES (VAZ, PATEL, 1995) 
% DATE: 15/12/2023 
 
clear, clc 
 
% USER INPUT 
g = 9.81; 
V_0_x = 0.463; % initial ship speed 
V_0_y = 0; 
diameter = 0.0264; 
L_total = 360; 
n = 3; 
rho = 1; 
CdUser = 2.054; 
CfUser = 0.01;  
cable_weigth_per_length = 10.59; 
hydrodynamic_constant = 0.6173; % Hopland at LH 
 
% ALLOCATE VARIABLES 
N = zeros(n, 1); 
theta_0 = zeros(n,1); 
theta = zeros(n,1); 
theta_dt = zeros(n,1); 
theta_dtdt = zeros(n,1); 
T_ds = zeros(n, 1); 
T_0 = zeros(n, 1); 
H = zeros(n, 1); 
H_0 = zeros(n, 1); 
V_0 = zeros(n, 1); 
C_f = zeros(n, 1); 
C_d = zeros(n, 1); 
vt = zeros(n, 1); % normal midpoint velocities 
vn = zeros(n, 1); % tangential midpoint velocities 
w = zeros(n, 1); % cable’s weight in sea water per unit length 
rho_bar = zeros(n, 1); 
 
L = ones(n, 1)*L_total/n; 
d = ones(n, 1)*diameter; 
 
% Coordinates 
x = zeros(n, 1); 
y = zeros(n, 1); 
 
% Apply local properties 
C_f = C_f + CfUser; 
C_d = C_d + CdUser; 
w = w + cable_weigth_per_length; 
 
% Initial conditions 
V_0 = V_0 + V_0_x; 
x_dt_0 = -V_0_x;   % [Eq2a] 
 
% theta Eq(13a) 
for i = 1:n 
  theta_0(i) = acos( ... 
      sqrt( 1 + 1/4 * ( hydrodynamic_constant / V_0(i) )^4 ) - 1/2 * ( 
hydrodynamic_constant / V_0(i) )^2  
    ) 
end 
theta = theta_0; 
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% theta_dt Eq(13b) 
for i = 1:n 
  theta_dt_0(i) = 0; 
end 
 
% vt Eq(10a) 
for i = 1:n 
    sumTerm = 0; 
    for j = 1:n-1 
        sumTerm = sumTerm + theta_dt(j) * L(j) * sin( theta(i) - theta(j) ); 
    end 
    vt(i) = - x_dt_0 * cos( theta(i) ) + sumTerm; 
end 
 
% vn Eq(10b) 
for i = 1:n 
    sumTerm = 0; 
    for j = 1:n-1 
        sumTerm = sumTerm + theta_dt(j) * L(j) * cos( theta(i) - theta(j) ) ... 
        + theta_dt(i) * L(i) / 2; 
    end 
    vn(i) = x_dt_0 * sin( theta(i) ) + sumTerm 
end 
 
% x0_dtdt (assumed) 
x0_dtdt = 0; 
 
 
% TIME MARCHING START HERE 
 
% Eq(11a) 
for i = 1:n 
    H(i) = - 1/2 * rho * C_f(i) * pi * d(i) * vt(i)^2 - w(i) * sin( theta(i) ); 
    T_ds(i) = H(i); 
end 
 
% Guess value of N 
for i = 2:n 
  N(i-1) = T_0(i) * sin( theta(i) - theta(i-1) ) ... 
    - N(i) * cos( theta(i) - theta(i-1) )  
end 
disp('try!!') 
 
% Eq(12) 
for i = 1:n 
  sumTerm = 0; 
   
  for j = 1:i-1 
    sumTerm = sumTerm + L(j) * ( ... 
        theta_dt(j)^2 * sin( theta(i) - theta(j) )  ... 
        + theta_dtdt(j) * cos( theta(i) - theta(j) ) 
      ); 
  end 
   
  theta_dtdt(i) = ... 
    2 / L(i) * ( ... 
      - 1 / ( 2 * rho_bar (i) ) * rho * C_d(i) * d(i) * vn(i) * abs ( vn(i) ) ... 
      + w(i) / rho_bar(i) * cos( theta(i) ) ... 
      - x0_dtdt * sin( theta(i) ) ... 
      + 2 * N(i) / rho_bar(i) / L(i) ... 
      - sumTerm 
    ); 
end 
 
% Calculate x & y 
 
% assume initial location 
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x(1) = 0; 
y(1) = 0; 
 
for i = 2:n 
    x(i) = x(i-1) - L(i)*sin(theta(i-1)); 
    y(i) = y(i-1) - L(i)*cos(theta(i-1)); 
end 
x,y 
 
plot(x,y,'r.-') 
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3D Shape Reconstruction of Charcoal Chamber Monument 
 

 
Industry Representatives : Rasanubari Asmah Rahmah Abd Hamid14 
  (Langkawi Development Authority (LADA)) 

 

Study Group Contributors : Taufiq Khairi Ahmad Khairuddin1, Zulkepli Majid1, 

Mohd Ali Khameini Ahmad1, Abd Manan Samad3, 

Ismail Ma’arof3, Shota Shigetomi9 

 
 
 
1.1 Introduction 

 
 

Langkawi Island boasts a distinctive tourism asset known as the Charcoal Chamber 

Monument in Kubang Badak, Bukit Menora. This historical site has a rich legacy dating back 

more than 150 years and was utilized for the production of coal, primarily from mangrove wood. 

According to historians, there were originally 12 charcoal chamber monuments in existence [1]. 

However, as time has passed, only three of these structures have endured, and they, too, have 

weathered the years, with only partial sections of their original construction remaining. 

 
In light of this historical significance, it falls upon the Langkawi Development Authority 

(LADA) to undertake the responsibility of preserving these relics. They serve as tangible 

evidence of the presence of a Siamese village on Langkawi Island, dating back to approximately 

1841. By safeguarding and conserving these charcoal chambers, LADA not only ensures the 

preservation of this invaluable historical heritage but also contributes significantly to the 

tourism potential of Langkawi. These chambers stand as a testament to the island’s rich past 

and have the potential to be a compelling attraction for visitors seeking a deeper connection to 

Langkawi’s history and culture. 
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Figure 1. One of the remaining charcoal chamber monument (Left) in Kubang Badak, 

Bukit Menora versus the complete replica of the charcoal chamber monument (Right) 

found in Sungai Petani, Kedah. 

 
Preserving the historic Charcoal Chamber Monument necessitates a comprehensive 

approach that begins with accurately documenting its dimensions and shape. To achieve this, 

the use of advanced techniques, such as the creation of a three-dimensional model and the 

application of mathematical model, has been proposed. Creating a three-dimensional model 

involves using modern technology, such as laser scanning or photogrammetry, to capture 

precise measurements and detailed images of the monument from various angles. By generating 

a digital 3D representation, preservationists and historians can gain a better understanding of 

the monument’s structure, which serves as a vital reference for restoration and conservation 

efforts. The application of mathematical model is a scientific and analytical approach that can 

aid in reconstructing the monument’s original form and dimensions. This model can provide 

insights into the monument’s historical proportions and shape, helping experts determine how 

it might have appeared when first built. 

 
 
 
1.2 Charcoal Chamber Shape Determination 

 
In this study, the complete structure of a charcoal chamber monument will be 

determined based on two methods. The first method is to geometrically model the remaining 

charcoal chamber using laser scanning. After that, the complete structure of the charcoal 

chamber will be developed based on suitable mathematical models. 
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1.2.1 Geometric Model 

Laser Scanning technique in geoinformation was previously used to collect the data (size, 

dimension, points or locations, colours etc) of the remaining charcoal chamber monument, 

located in Kubang Badak, Bukit Menora, Langkawi. The data was analysed to reconstruct and 

geometrically model the incomplete chamber in the three-dimensional space. The complete 

procedures to achieve this were actually explained in [1]. The left-hand side of Figure 2 shows 

one of the surveying stations during the scanning. Specifically, 4 stations have been used to 

scan the chamber (see the right-hand side of Figure 2). Next, the left-hand side of Figure 3 

presents the set of images after that scanning, that has been processed into the complete model 

of the remaining charcoal chamber (see the right-hand side of Figure 3). In this study, further 

analysis on this geometric model will be carried out, in order to determine the complete structure 

of the charcoal chamber. 

 

 
 

Figure 2. The terrestrial laser scanning is used to collect the data (size and dimension) 

and capture the 3D image of one of the remaining charcoal chamber monuments. 

 
 
 
1.2.2 Mathematical Modelling 

Based on the 3D geometric model of the partial charcoal chamber, mathematical modelling will 

be used to construct the complete 3D model of the charcoal chamber. Moreover, some methods 

in geometric modelling will be considered when constructing the 3D model based on the related 

mathematical formulation. These include some concepts in multivariable functions such as the 

common surfaces, level curves and intersection between surfaces. 
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Figure 3. The set of images on the left are processed to produce the 3D image of the 

partial charcoal chamber monuments. 

 
 
 
1.3 Results and Discussion 

 
 

During the study group, geoinformation software called as CloudCompare was used to 

further visualize 3D model of the incomplete structure of the charcoal chamber. Based on the 

visualization, it was assumed that the remaining chamber was an open cylinder with circular 

base. In Figure 4, it can be seen that the partial or incomplete structure of the charcoal chamber 

has been further modelled as a circular cylinder. 

 

Figure 4. Further process and analysis of the partial charcoal chamber monument 
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Next, using the assumption in Figure 4 and based on historical information (such as in 

[1]), the complete structure of the chamber will be developed according to suitable 

mathematical formulations. In this case, it is further assumed that the complete charcoal 

chamber is built by the combination of a circular cylindrical body and also a dome, as suggested 

in the real replica of the chamber in Figure 1. Thus, multivariable functions of two variables 

have been used to construct the solid. 

 
By following the technique presented in [3], a solid bounded by a cylinder has been 

firstly constructed. After that, another solid representing the dome is also constructed and 

attached to the top of the cylinder. However, 3 different solids have been suggested during the 

study, where the domes are all different, due to the lack of information about the dome. 

Nevertheless, each dome must be completely attached to the cylinder. Therefore, the 3 domes 

each is respectively constructed as a circular paraboloid, a hemisphere and a circular catenary 

(see Figure 5). 

 

Figure 5. The 3 suggested complete shape of the charcoal chamber monument that has 

circular shape as the base and the combination of the cylinder with the dome (paraboloid 

(left), hemisphere (center) and catenary (right)) as the body 
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1.4 Conclusion 

The 3D complete shape of a charcoal chamber monument has been constructed based on the 

geoinformation technique and mathematical modelling. Specifically, three different models of 

the complete charcoal chamber have been suggested, where each model is built by the 

combination of a cylinder with different domes. In the future, the proposed models need to be 

further investigated to decide the actual shape of the original complete charcoal chamber. 
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Predictive Modeling of Pipe Burst Towards Sustainable Non-Revenue Water 

 

Industry Representatives :      Aida Natasah Sulaiman11, Nur Nabilah Jamal11,  
   Norazlina Ismail11 
   (Ranhill SAJ Sdn. Bhd.) 

                    
Study Group Contributors      :    Norhaiza Ahmad1, Zainol Mustafa2, Arifah Bahar1,  

Zaiton  Mat Isa1, Istas Fahrurazi Nursyirwan1, Mohamad 
S.J. Darwish1, Tan Lit Ken1, Hafizah Farhah Saipan @ 
Saipol1, Aniza Akaram1, Ramhya Kathirayson2 

 

1.1 Introduction 

This report provides valuable insights into the evaluation of predictive modeling for pipe burst 
detection, aiming to address concerns, assess feasibility, and ensure a successful and reliable 
installation process. The objective is to implement a robust system that leverages on statistical 
approach and Artificial Neural Network Model (ANN). Concerns and constraints revolve 
around ensuring the accuracy of predictions, minimizing false positives, and optimizing the 
integration of these methodologies into existing infrastructure.  

In the statistical approach, the study starts by focusing on analyzing historical data, 
scrutinizing the quality and patterns of the available data.  The main concern lies around the 
data's reliability by investigating potential outliers and assessing whether the dataset, confined 
to a single year, is sufficient for meaningful predictive modelling. Investigation into utilizing 
different types of control charts specifically variations of Exponentially Weighted Moving 
Average Control Charts that can detect shifts in signals is considered. The study concludes that 
a combination of dynamic thresholding based on weekly patterns, targeted analysis of reliable 
flow data, and adaptive parameter settings in control charts, particularly with a focus on shorter 
time series, enhance the effectiveness of pipe burst detection. The adaptive parameter strategy 
significantly reduces the percentage of points beyond limits in the control charts (0% to 9.1%), 
emphasizing its effectiveness in identifying transient signals for pipe burst detection. 

In ANN models, historical data serves as the foundation for training the network to 
recognize patterns indicative of bursts. These patterns are discerned through correlations 
observed within the parameters encapsulated in the historical dataset. The Levenberg-
Marquardt algorithm, renowned for its efficacy in optimizing the neural network's parameters, 
is frequently employed for this purpose. Notably, this algorithm is conveniently accessible as a 
built-in function within platforms like Matlab, facilitating its seamless integration into the 
neural network training process. By leveraging the collective intelligence encoded in historical 
data and employing sophisticated optimization techniques like the Levenberg-Marquardt 
algorithm, ANN models can effectively discern and anticipate bursts based on underlying 
patterns present in the data. 
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1.2 Pipe Burst Detection With Control Chart Analysis For Water Monitoring 
1.2.1 Introduction 

Information on water distribution consists of measurements of water flow and water pressure 
recorded at regular time intervals are typically used for water monitoring. In statistical analysis, 
these data are presented in the form of continuous interval multivariate time series. In time 
series analysis, anomalies refer to observations or patterns in the data that deviate significantly 
from the expected or normal behavior. These anomalies can be indicative of unusual events, 
errors, or changes in the underlying processes being monitored. These deviations can manifest 
as sudden spikes, drops, or irregularities, signaling potential events, errors, or shifts in the 
underlying processes being observed. 

Pipe burst events can be referred to as "anomalies" or "transients" in the time series data. 
A transient, in this context, denotes a brief and temporary occurrence that takes place when 
fluid, such as water, is rapidly and unexpectedly released due to a burst pipe. The burst initiates 
an uncontrolled and swift flow of fluid, leading to a transient flow condition. This transient 
phase is marked by an abrupt surge in both pressure and flow rate, creating a sudden and intense 
movement of fluid within the pipe system. In this study, we aim to detect the transient signals 
based on the temporal consistency in the time series based on statistical approaches. 

 
1.2.2 Objectives 

2.2.1 to identify the transient signals of pipe burst using a statistical approach applied to water 
reading measurements obtained at 15 minutes interval on a daily basis. 

2.2.2 to determine an effective estimate for the control limits of statistical control charts for 
monitoring water distribution. 

1.2.3 About Data 

The company provides us with measurements from a logger device at a District Metered Area 
(DMA) meter in Skudai, Johor. In the context of water distribution systems, these devices are 
used to monitor and measure water flow within a specific district or zone. This technology is 
employed in water network management to enhance control, efficiency, and leak detection. The 
measurements used in the analysis are Pressure Rate (mH), Flow Rate (l/s). Other 
measurements are also available but they are not used since they are either aggregated or contain 
too many missing data.  

The pressure rate (mH), and flow Rate (l/s) data provided show some distinct characteristics. 

(1) The recorded data could be affected by (1) the manner that the tap source is closed due 
to the pipeburst, or (2) no data transfer on the recorded device due to technical issues. 
These phenomena could result in spurious negative or zero values. The data needs to be 
treated or pre-processed prior to applying any analysis to avoid biased interpretation. 
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(2) The data is recorded at every 15 minute interval. This implies that the sequence data is 

in the form of a continuous interval time series data. Thus, the method used for analysis 
needs to take into account this characteristic. 

 

1.2.4 Methodology 

1. 2.4.1 Data Pre-processing 
The recorded data could be affected by: (1) the closure of the tap source due to a pipe burst and 
(2) the absence of data transfer on the recording device due to technical issues. These 
phenomena have the potential to introduce spurious negative or zero values. The company's 
current protocol involves either retaining zero values or substituting (imputing) negative values 
with zero. However, the persistence of zero values may give rise to computational challenges 
and could potentially lead to misleading information, particularly when consecutive data points 
exhibit zero values. Thus, the suggested course of action for addressing potential cases is to 
replace the missing values with a minimal value to reflect no flow and or to replace the missing 
values with the previous day’s reading. 
 
1. 2.4.2 Exponentially Weighted Moving Average (EWMA) Based Control Charts  

Here we have applied two types of control charts suitable for autocorrelated process: a 
univariate Exponentially Weighted Moving Average (EWMA) control charts and its 
multivariate extension, the Multivariate EWMA to obtain the upper and lower bounds for the 
imputed Pressure and Flow dataset.  

Similar to many control charts, EWMA type of charts operates on a threshold-based 
methodology, simplifying the process of monitoring for deviations and facilitating ease of use 
in quality control. The EWMA chart assigns exponentially decreasing weights to past 
observations, giving more emphasis to recent data (Sukparungsee et al., 2020).These charts are 
particularly useful for detecting small shifts in the process parameter mean.  

An EWMA control chart for monitoring the mean of a process is based on the following 
statistic. 

𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 = 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 + (1 − 𝜆𝜆𝜆𝜆)𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖, 𝑖𝑖𝑖𝑖 = 1,2,⋯.    (Eq.1) 

where 𝜆𝜆𝜆𝜆 is the weighing parameter of the data with , 0 ≤ 𝜆𝜆𝜆𝜆<1, and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 is the mean of the process 
at time 𝑖𝑖𝑖𝑖. At the initial value, 𝑍𝑍𝑍𝑍0 = 𝜇𝜇𝜇𝜇0, where 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖(𝑖𝑖𝑖𝑖 = 1,2,⋯ ) are independent and normally 
distributed observations, the statistics 𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 for sampline means 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 is used. Then, the mean of 𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 
are 𝐸𝐸𝐸𝐸(𝜆𝜆𝜆𝜆)𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇0, and the variance of 𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 is given as follows: 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖) = 𝜎𝜎𝜎𝜎𝑋𝑋𝑋𝑋2 �
𝜆𝜆𝜆𝜆

2𝑖𝜆𝜆𝜆𝜆
�1 − (1 − 𝜆𝜆𝜆𝜆)2𝑖𝑖𝑖𝑖�� , 𝑖𝑖𝑖𝑖 = 1,2,⋯ (Eq.2) 
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From this equation, as 𝑖𝑖𝑖𝑖 𝑖   ∞, then the asymptotic variance is 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖) = 𝜎𝜎𝜎𝜎𝑋𝑋𝑋𝑋2 �
𝜆𝜆𝜆𝜆

2−𝜆𝜆𝜆𝜆
�, leading to 

the control limits: 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝜇𝜇𝜇𝜇0 ± 𝐻𝐻𝐻𝐻2��𝜎𝜎𝜎𝜎𝑋𝑋𝑋𝑋2 �
𝜆𝜆𝜆𝜆

2−𝜆𝜆𝜆𝜆
��  (Eq.3) 

where 𝐻𝐻𝐻𝐻2is the coefficient of the control limit of EWMA control chart and 𝜇𝜇𝜇𝜇0 is the mean of 
the process and variance is 𝜎𝜎𝜎𝜎𝑋𝑋𝑋𝑋2. 

Multivariate Exponentially Weighted Moving Average (MEWMA) chart is a statistical 
control chart used in quality control to monitor the mean vector of a multivariate process. It is 
an extension of the univariate EWMA chart to handle multiple variables simultaneously. The 
MEWMA control chart is known to be sensitive to a small or gradual drift in the process for 
two or more numeric variables. Examining the variables in a multivariate sense can be 
important especially when the variables are highly correlated. This is because joint out-of-
control conditions can occur without any individual variable violating its control limits when 
plotted separately, Niaki et al (2011).  

In this chart, let 𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖  be a 𝑝𝑝𝑝𝑝 × 1 vector of the 𝑖𝑖𝑖𝑖th process sample containing the 𝑝𝑝𝑝𝑝 variate 
normal distribution with in-control mean, 𝜇𝜇𝜇𝜇0 = 0, and covariance matrix 𝛴𝛴𝛴𝛴𝑋𝑋𝑋𝑋. The MEWMA 
control chart for monitoring the mean of a process is based on the following statistic:  

𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 = 𝜆𝜆𝜆𝜆𝑋𝑋𝑋𝑋𝑖𝑖𝑖𝑖 + (1 − 𝜆𝜆𝜆𝜆)𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖−𝑖,  𝑖𝑖𝑖𝑖 = 1,2, 

where 𝜆𝜆𝜆𝜆 is the weighing parameter of the data, with 0 ≤ 𝜆𝜆𝜆𝜆<1. At the initial value we set, 𝑍𝑍𝑍𝑍0 =
0, Note that if 𝛴𝛴𝛴𝛴𝑍𝑍𝑍𝑍−𝑖is the inverse of the 𝑍𝑍𝑍𝑍 covariance matrix, then the plotted value in MEWMA 
chart is 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖′𝛴𝛴𝛴𝛴𝑍𝑍𝑍𝑍−𝑖𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 and the MEWMA chart signals if the following is satisfied: 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖′𝛴𝛴𝛴𝛴𝑍𝑍𝑍𝑍−𝑖𝑍𝑍𝑍𝑍𝑖𝑖𝑖𝑖 > 𝑈𝑈𝑈𝑈  (Eq.4) 

where 𝑈𝑈𝑈𝑈 and 𝜆𝜆𝜆𝜆 are the chart parameters to achieve a specific in-control average run length 
(ARL). 

1.2.5  Results 

1.2.5.1 Time Series Plots of Observed vs Imputed Water Monitoring Data  

The time series plots presented in Figure 1 below illustrate the Pressure readings derived from 
imputed data.  
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Figure 1: Annual time series plot taken at every 15 minutes interval of raw pressure of the 
imputed pressure data. The red horizontal lines indicate the standard measurement level and 

the red markers show the time of complaints received by the company. 

 

It can be seen that following imputation, Figure 1 shows a minimum value of at least zero to 
reflect the actual pressure readings. The red dot markers indicate the time of the reported 
complaints signifying the transient phase. It is observed that all the dots align with sudden surge 
in flow rate, indicating an abrupt and intense fluid movement within the pipe system. The flow 
time series readings based on the imputed data, plotted in Figure 2.  

 

Figure 2: Annual time series plot taken at every 15 minutes interval of the imputed flow data 
(bottom). The red horizontal lines indicate the standard measurement level and the red 

markers show the time of complaint 

Following imputation, the flow data reveals a minimum value of at least zero, aligning 
accurately with the true flow readings. Overall, the red markers consistently aligned with the 
reported complaints, signifying the transient phase. However, it's noteworthy that not all red 
markers coincide precisely with the sudden surge in flow rate, suggesting potential variations 
or complexities in the observed patterns. 

It is essential that we opt to utilize the imputed dataset for analysis to maintain continuity 
in our examination and derive more meaningful observations.  

 
1.2.5.2 Trends and Variations in Water Monitoring Data 

We conducted additional examinations to explore potential seasonality and trends within the 
data. Generally, variations in statistical characteristics, such as mean and standard deviation, 

73



MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP (MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 
 

6 
 

can be anticipated in pipe flow and pressure. These fluctuations are attributed to the regular 
patterns in water usage resulting from human behavior. 

 

 

Figure 3: Violin plot for 15 mins interval weekly data within the year 2022 (a) Flow (b) 
Pressure 

Figure 3 (a) shows the violin plot for the weekly flow across the year of data monitoring in 
2022. Figure 3(b) shows the violin plot for the weekly pressure across the year of data 
monitoring in 2022. It could be observed that certain weeks show higher variation than the 
others especially for Pressure data. In contrast, flow data more or less show more stable reading 
except for some burst of water flow in several weeks. 

 

Figure 4: Average Weekly data each week within the year 2022 (a) Flow (b) Pressure 

Figure 4 (a) shows the average flow for every week in 2022. Figure 4(b) shows the average 
pressure for every week in 2022. It could be observed that the average flow and pressure is  
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different from week to week especially for pressure data. Flow data also show variations but 
not as erratic as that of pressure data. 

In summary, it can be observed that the plots presented (Figures 3 and 4) indicate 
variations in statistical characteristics, specifically in the mean and standard deviation of the 
observations. As control charts rely on these parameters to establish control limits (Eq.3, and 
Eq.4), the accuracy of the control chart methods may be significantly compromised if applied 
directly to the raw monitoring data. Thus, the weekly patterns in water consumption should be 
considered so that dynamic thresholds can be set according to real-time behaviour.  

In addition, the noticeable shift in observations is more pronounced in the pressure data 
compared to the Flow data. Consequently, utilizing flow data in leakage detection analysis is 
deemed more reliable, as it is less prone to generating false alarms than the pressure data. In the 
next section, we will focus the analysis on flow data for detection of pipeburst. 

 
1.2.5.3 Detection of Pipe burst using Control Charts for Water Monitoring  

In this section, the results of the identification on the transient signals of the pipe burst using 
EWMA based Control charts are presented based on two approaches. 

a) MEWMA and EWMA Control charts on Annual Data 
b) EWMA Control charts based on data segmentation and adaptive parameter 

settings 
 

a) MEWMA and EWMA Control charts on Annual Data  

In this section, the results of detection of pipe burst using the annual water pipe records on two 
types of control charts: Exponentially Weighted Moving Average for multivariate data 
(MEWMA) and Exponentially Weighted Moving Average for univariate data (EWMA) is 
presented. In EWMA, pipe flow and pressure are presented in separate charts, whereas in 
MEWMA, the two variables are applied simultaneously.  

In MEWMA, pipe flow and pressure are applied together, forming multivariate data for 
a single control chart. Various parameter settings are applied to MEWMA. However, the 
MEWMA chart (Figure 5) does not seem to show a useful representation of the data, as all the 
observations are still contained in the limits. This would not be helpful in detecting the transient 
signals as no significant points are detected to indicate the initial pipe burst event. This is likely 
due to the large and varying shift parameters between pressure and flow rates over the time 
period. When there are varying shift parameters, the chart may become overly sensitive to these 
changes, leading to false alarms or a decreased ability to identify genuine shifts. 
 

75



MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP (MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 
 

8 
 

 

Figure 5: MEWMA control chart for both multivariate Pressure and Flow data. No detected 
signals beyond the control limits. 

 

In EWMA, the parameters settings for the control charts are shown in Table 1. The control 
charts for the pipe flow and pressure data are presented in separate charts. 

Table 1: parameter settings for EWMA control charts 

MODEL Variables Lambda Sigma Points Beyond 
Limits (%) 

EWMA Imputed Flow 0.1 3 89% 

0.5 3 78% 

0.99 3 64% 

Imputed Pressure 0.5 3 88% 

0.8 3 84% 

0.99 3 81% 

 

The results for EWMA with different settings are as shown in Table 1. This setting shows that 
a substantial number of points are contained within the limits. As shown in the last column 
‘Points Beyond Limits (%),a subset of the observations are flagged as out of the control limits. 
Table 1 also shows that different settings indicate different proportions of flagged out 
observations. In particular the higher the value of lambda, the lower proportion of points will 
be flagged down. It can be seen from Table 1 that flow data gave a better reading of lowest 
proportion points beyond the limits at lambda 0.99 and Sigma as 3, at 64% compared to that of 
pressure data at 81%.  
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The control charts based on EWMA for flow and pressure is as shown in Figure 6 and 

Figure 7: 

 

Figure 6: EWMA control chart for imputed Flow data, using the most optimal settings. 

 

Figure 7: EWMA control chart for imputed pressure data, using the most optimal settings 

Figure 6 and Figure 7, show the control charts for the most optimal settings for flow and 
pressure data. Due to the massive number of data, the control limits and detected points are not 
clear. 

The EWMA chart appears to successfully detect a number of points beyond the control 
limits, than MEWMA chart. However, the detected points are too many, and they may likely to 
include false alarm detected points. Also, the detected points detected are not clearly shown in 
the graphs due to the massive annual data that is being analysed. In addition, the parameters 
used in this control chart are based on the overall parameter value for the annual data, which 
does not take into account of the fluctuation that occurs in phases in the data. Consequently, the 
detected points can be challenging to identify in the monitoring process.  
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In the next section, we continue to use EWMA chart and improve the detection method 
by using segmented data with targeted parameter settings based on the feature of the data. 

 
b) EWMA Control charts based on data segmentation and adaptive parameter 

settings  

In this section, the results obtained from applying EWMA control charts to flow time series on 
segmented data is presented. Specifically, water monitoring is conducted on a weekly basis, 
employing a shorter time series data to observe transient signals on the control chart. Also, in 
contrast to the previous analysis in section 2.5.3(a), here the parameter settings for the control 
charts are adjusted to align with the weekly characteristics of the monitored data.  
In section 2.5.2, it can be observed that the average flow has been found to vary overtime every 
week. A snapshot of the calculated weekly average flow readings, the corresponding estimated 
variation and coefficient variation, as well as the complaint indicator can be seen in Table 5 (for 
the whole list, refer to Appendix 1).  

 

Table 2: Snapshot of the calculated weekly average flow readings, and the corresponding 
estimated variation and coefficient variation 

Week Mean Flow Standard 
Deviation 

Coefficient of 
Variation (%) 

Complaint 

1 16.3 8.5 52.1 1 
2 15.8 8.3 52.5 1 

… … … … - 
8 15.7 6.1 38.9 1 

… … … … - 
16 15.9 4.9 30.8 1 
… … … … - 
24 17.6 10.5 59.7 2 
… … … … - 
40 17.9 11.8 65.9 1 
… … … … - 
51 15.1 4.5 29.8 - 
52 16.2 8.7 53.7 2 

 

Table 2 provides an overview of the average flow rates observed on a weekly basis, 
accompanied by relevant statistical measures in the year 2022. The standard deviation shows 
the degree of dispersion around the mean, and the coefficient of variation (CV) expressed as a 
percentage, provides insight into the relative variability in comparison to the mean. Higher 
standard deviation values implies higher variability; and higher CV implies higher relative 
variability. For instance in Week 1, the average flow is 16.3. The degree of variation for other 
observed flow values in week 1, around 16.3 is 8.5. Also, the relative variability is calculated 
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by the coefficient of variation is 52.1%. A higher CV may suggest increased volatility or 
fluctuations within the dataset. For example, a CV value of 50% is more likely to raise concerns 
than a CV of 29%.  

It can be observed from Table 2, that the mean flow values exhibit some variation across 
different weeks, ranging from 14.2 to 17.9. This indicates fluctuations in the average flow rate 
over the monitored period. In addition, Weeks 24 and 40 stand out with relatively higher 
standard deviations, suggesting increased variability in flow during those periods. Also, higher 
CV values, such as those in weeks 24, 40, and 52, indicate greater relative variability. While 
the mean flow values vary, there were some consistent patterns or trends over time. Weeks 1 to 
5, for instance, show a gradual decrease in mean flow, followed by a slight increase in the 
subsequent weeks.  

Table 3 outlines the number of complaints received, corresponding statistics and the 
parameter settings employed. employed. The selection of parameters in Table 3 is contingent 
upon the variations observed in the weekly data, with a specific focus on the coefficient of 
variation (CV) values. If the CV for a given week exceeds 55% (indicated by the blue row in 
Table 3), the sample standard deviation for that week is utilized as the variation parameter in 
the EWMA chart. Conversely, if the CV for the week is below 55% (highlighted by the green 
row in Table 3), a constant rate of 15 is applied as the variation parameter in the EWMA chart. 
This adaptive approach ensures a suitable adjustment of parameters based on the variability 
characteristics of the weekly data.  

 

Table 3: Adaptive parameter settings for EWMA control charts (weekly) 

Week Complaint Coefficient of 
Variation (%) 

Standard 
Deviation 

Adaptive 
Sigma 

Points Beyond 
Limits (%) 

1 1 52.1 8.5 15 7% 
2 1 52.5 8.3 15 1.3% 

… - … … … … 
8 1 38.9 6.1 15 3.3% 

… - … … … … 
16 1 30.8 4.9 15 0.6% 
… - … … … … 
24 2 59.7 10.5 10.5 9.1% 
… - … … … … 
40 1 65.9 11.8 11.8 7.1% 
… - … …   
51 - 29.8 4.5 15 0% 
52 2 53.7 8.7 8.7 7.6% 

 

It can be observed from Table 6 that this adaptive parameter setting strategy results in a much 
lower percentage of points beyond limits, varying from 0% to 9.1%. Notably, the data highlights  
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the effectiveness of adaptive control limits in identifying transient signals, with lower 
percentages indicating better control over the process. The data underscores the dynamic nature 
of the monitored system and the utility of adaptive approaches in responding to fluctuations in 
the observed data. 

The resulting EWMA control charts from these adaptive parameters for Flow data for weeks 
showing different variations of data at varying CV values at Week 24 (CV 69%) as shown in 
Figure 13. 

 

 

Figure 8: EWMA control chart for week 24 (CV 69%) based on adaptive variation 

 

1.2.6 Conclusions and Recommendations 

This report recommends a combination of dynamic thresholding based on weekly patterns, 
targeted analysis of reliable flow data, and adaptive parameter settings in control charts, 
particularly with a focus on shorter time series, enhance the effectiveness of pipe burst 
detection. 

In this study, it can be observed that detecting gradual leakage can be challenging 
because it often starts with a small amplitude and a slow, incremental increase, making it harder 
to notice in the initial stages.  

For water monitoring, data pre-processing is important to be carried out due to several 
factors: (1) to ensure continuity and meaningful observations (2) to identify any significant 
patterns or trends in the data and (3) to identify the most effective and appropriate statistical 
tools and parameters to use for the data. The shift in observations, particularly in Pressure data, 
underscores the reliability of utilizing Flow data for leakage detection due to its lower 
susceptibility to false alarms. The shift in observations, especially in Pressure data, suggests  
 

80



MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP (MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 
 

13 
 

 
that Flow data is more reliable for this purpose and has a lower susceptibility to false alarms. 
Therefore, Flow data is recommended over Pressure data for leakage detection.  

The analysis also emphasizes the importance of considering weekly flow patterns in 
water monitoring for establishing dynamic thresholds in control charts. The use of EWMA 
control charts on segmented flow time series with fine-tuned parameters, resulting in improved 
control over the process. The adaptive parameter strategy significantly reduces the percentage 
of points beyond limits (0% to 9.1%), emphasizing its effectiveness in identifying transient 
signals. This underscores the dynamic nature of the system, highlighting the utility of adaptive 
approaches in responding to fluctuations in observed data and facilitating the easy detection of 
transient signals.  

The analysis done in this study can be replicated to test the transient signals in future 
data. Hoewever, note that the adaptive parameter settings recommended in Appendix 1 assumes 
that the patterns in water measurements is similar from year to year. Thus, further analysis on 
the trends and variation of the data from several years need to be carried out to assure that this 
assumption is validated.  

An alternative approach that can be considered to detect transient signals for water 
monitoring is using a form of transformation in the data called differencing in the control charts. 
For instance, we can transform the data by the taking the lag of 7 days to detect as an alarm to 
calculate the mean and variations for the control chart. By considering this weekly differencing, 
trend variation is expected caused by any gradual leakage events while removing the influence 
of the gross trend in the monitoring data that can be caused by other factors.  
 
 
1.3  Pipe Burst Detection With Artificial Neural Network (ANN) 
 
1.3.1  Introduction 
Utilizing pressure, flow, and critical pressure data as inputs, an Artificial Neural Network 
(ANN) model is trained to detect pipe bursts in water supply systems. By learning from 
historical data where instances of bursts are correlated with specific patterns in these 
parameters, the ANN can quickly analyze current data and predict the likelihood of a burst 
event.  

1.3.2   Objectives 

(a)  Develop an Artificial Neural Network (ANN) model capable of predicting pipe bursts based 
on input variables of pressure impute, flow impute, and critical pressure impute. 

(b) Use the generated ANN model to validate the predicted value with complaint data 
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1.3.3   Methodology  

1.3.3.1 Artificial Neural Network (ANN) model 

An Artificial Neural Network (ANN) is a mathematical model designed to imitate the structure 
and functions of biological neural networks.  A basic Artificial Neural Network (ANN) usually 
comprises three layers: input, hidden, and output layers, as illustrated in Figure 9. The initial 
layer is the input layer, responsible for accepting independent variables. The final layer is the 
output layer, responsible for generating output variables. The layers situated between the input 
and output layers are referred to as "hidden layers" (Zhu et al., 2022). 

The fundamental component of every artificial neural network is the artificial neuron, 
which is a simple mathematical model or function. This model follows three basic sets of rules: 
multiplication, summation, and activation. At the input of the artificial neuron, the inputs 
undergo a process called weighting, where each input value is multiplied by its corresponding 
weight. In the middle section of the artificial neuron, a sum function adds up all the weighted 
inputs and bias. Finally, at the output of the artificial neuron, the sum of the previously weighted 
inputs and bias passes through an activation function, also known as a transfer function (refer 
Figure 10). The transfer functions usually have a sigmoid shape, but they may also take the 
form of other non-linear functions, piecewise linear functions, or step functions. Here, An ANN 
with 2 hidden layers for 3 features or inputs with Sigmoid Symmetric Transfer Function is used.  

          
Figure 9:  Illustration of a typical neural network model  (Zhu et al., 2022) 
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Figure 10:  Illustration of a typical flow of neural network model 

 

1.3.3.2   Backpropagation method Neural Network based on Levenberg-Marquardt 

Although there are several various network models, the backpropagation neural network 
(BPNN) is particularly effective  in recognizing patterns within practical applications, as 
highlighted by Lek & Guégan (1999). The BPNN model aims to minimize the mean square 
error between the predicted and  expected values by adjusting the connection weights of the 
network (Li et al., 2012). BPNN comprises of three layers: input layer, hidden layer, and output 
layer. The input signal is forward-propagated from the input layer, via the hide layer, to the 
output layer.  The difference between the predicted output and expected output of the network 
is referred to as the error signal. This error signal is then backpropagated from the output layer 
to the input layer in a step-by-step manner across the layer. Throughout this process, the weight 
values of the network are adjusted based on the error feedback to make the predicted output 
closer to the expected one (Li et al., 2012).  The Levenberg-Marquardt (LM) algorithm is 
essentially an evolution of the gradient descent algorithm and Newton algorithm, which 
significantly accelerate the convergence rate by reducing the iteration process, resulting in more 
accurate data. In comparison with the traditional BPNNs, such as slow convergence speed and 
local minimum problems, the convergence rate of the LM algorithm is the fastest of all 
traditional or improved networks. The improved BPNNs with the LM algorithm have 
demonstrated excellent results as indicated by research from Wang (2013), Hua et al. (2008), 
Jian et al. (2012) and Miao et al. (2011). In this study, LM will be implemented.  
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1.3.4  Results 

An ANN is employed for predictive modeling, featuring two hidden layers to process three 
input features. The Sigmoid Symmetric Transfer Function is applied, and the Levenberg-
Marquardt (LM) algorithm is utilized for optimization. The training data, depicted in Table 4, 
offers a glimpse into the input and output layers.  

The initial three columns of Table 4 represent the input layer, comprising Pressure, 
Flow, and CP Pressure. The last column of Table 4 signifies the output layer, indicating the 
occurrence of pipeburst. The training data for the output layer adopts values ranging from 0 to 
1. Zero values denote non-occurrence and the value one denotes occurrence of pipeburst events. 
Other values in this column are  strategically designed to mirror the gradual progression of 
pipeburst events. Specifically, output values are set from 0.2 to 0.5 before a reported incident, 
escalating to 1 post-complaint. This design aims to capture and reflect the evolving nature of 
pipeburst occurrences in the model's training phase. 

Table 5 presents the outcomes of the generated artificial neural network (ANN) model's 
validation process. The results demonstrate the model's performance in predicting events based 
on actual data. Upon validation, it was observed that out of the total 10 complaints considered, 
the ANN model accurately predicted the occurrence of events in 7 instances, while in 3 cases, 
the predictions deviated from the actual outcomes. This discrepancy underscores the necessity 
for further refinement and optimization of the ANN model to enhance its predictive accuracy. 

 
Table 4: Sample training data for ANN input and output layers 

PressureImpute FlowImpute CPPressureImpute Pipeburst Event 
Occurrence 

12.6 6.03 12.23 0 

12.6 5.72 12.34 0 

12.6 6 12.34 0 

12.6 5.96 12.34 0.2 

10.6 28.71 9.73 0.5 

8.7 50.36 5.78 0.5 

8.6 51 5.69 0.5 

8.5 50.99 5.48 0.5 

8.3 51.49 5.3 1 

8 51.76 5.11 1 
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7.8 52.3 4.89 1 

7.6 52.44 4.74 1 

3.8 39.91 2.19 1 

5.8 62.8 1.09 0 

7.1 53.98 3.58 0 

8.3 45.93 5.73 0 
 

 
Table 5 ANN model's validation 

 

 ANN 
LM-15 

ANN 
LM-30 

Actual Pipeburst 
Event 

Occurrence 

Probability of 
Pipeburst 

Occurrence 

Predicted  
Pipeburst Event 

Occurrence 

Probability of 
Pipeburst 

Occurrence 

Predicted 
Pipeburst Event 

Occurrence 

1 0.78 1 0.74 1 

1 0.27 0 0.35 0 

1 0.79 1 0.71 1 

1 0.93 1 0.92 1 

1 0.71 1 0.91 1 

1 0.12 0 0.25 0 

1 0.96 1 0.92 1 

1 0.83 1 0.82 1 

1 0.89 1 0.93 1 

1 0.0002 0 0.0004 0 
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1.1 Introduction 
 

As a country experiencing rapid industrialization and economic growth, Malaysia faces 
significant challenges related to carbon emissions and their impact on the environment.  The 
nation’s economic development, while crucial for progress, has led to increased carbon 
emissions primarily from industries, transportation, and energy production.  Emissions levels 
across all economic sectors have increased over the 2010–2017 period. CO2 emissions from 
the transport sector represented 28.8% of total fossil fuel combustion in Malaysia, well above 
the global average of 24.5%. Road transport is also the largest CO2 emitter among all transport 
subsectors (International Energy Agency- IEA, 2019). 

 
To address this issue, Malaysia has implemented substantial efforts to address 

greenhouse gas (GHG) emissions by making a dedicated commitment to the global community.  
Under its National Determined Contribution (NDC) pledge presented during COP26 and 
reiterated in COP27, the Malaysian government has pledged to achieve net-zero emissions by 
2050.  Additionally, there is a commitment to reduce CO2 intensity in relation to GDP by 45% 
by 2030 (MIDA, 2023).   

 
This pledge has been incorporated into the 12th Malaysia Plan and the National Energy 

Policy 2022-2040 (NEP, 2022).  This policy documents the way forward strategically and 
outlines key priorities for the energy sector in the coming years. Figure 1 below shows the 
action plan for the heavy vehicles segment in the National Energy Policy 2022-2040 (Ministry 
of Economy, 2022) 
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Figure 1: Action Plan for the Heavy Vehicles Segment in Malaysia National Energy 
Plan 2022-2040 

 
Under the government's recent policy, industries are mandated to adhere to and follow 

regulations aimed at curbing carbon emissions including Total Logistic Services (M) Sdn. 
Bhd (TLS).   

 
As an integral part of the Toyota Tsusho Group of companies, TLS is mandated to 

participate in the Company Group Wide Carbon Neutrality Challenges, which entail achieving 
two primary objectives as shown in Figure 2 below. 

 

Figure 2: Toyota Tsusho Group Carbon Neutrality Declaration 
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At present, TLS has devised a three-year strategy to meet these challenges. This plan 
includes several scheduled activities such as optimizing routes, scheduled vehicle 
maintenance, implementing a truck aging policy limiting trucks to a maximum of 20 years in 
service, providing eco-driving skill training for drivers, setting a maximum idling period of 3 
minutes, exploring innovative solutions using mathematical approaches or tools, and 
transitioning to electric trucks. 

 
One approach involves employing innovative solutions, notably mathematical 

approaches, to identify the factors contributing to carbon emissions. Through this analysis, 
TLS aims to effectively address the carbon emission issue by gaining a deeper understanding 
of the involved factors. 

 
1.2 Identification of Factors Contributing to Carbon Emissions 
1.2.1 Carbon Emission Formula 

To ascertain the factors contributing to carbon emissions in heavy and medium-duty 
vehicles, an examination of the carbon emission formula has been conducted. This formula has 
been obtained from the TLS calculation sheet.  

 

Within this formula, Toyota Tshusho has predefined certain parameters including 
distance, number of trips, and vehicle utilization. Consequently, the parameters available for 
investigation encompass emissions factor and fuel efficiency. The exploration of factors 
influencing carbon emissions will be centered around these two parameters.  

1.2.2 Factors Contributing to the Carbon Emissions 
 
As global concerns regarding climate change and environmental sustainability intensify, 

there is a growing need to understand and address the factors that contribute to carbon 
emissions. Carbon emissions, largely in the form of carbon dioxide (CO2), are a significant 
driver of anthropogenic climate change. From the carbon emission formula in Section 1.2.1, the 
carbon emission factors can be investigated based on the carbon emission parameter and fuel 
efficiency.  
 
1.2.2.1 Emission Factor 
 

An emission factor is a fundamental concept used to quantify the rate at which a 
particular pollutant, such as carbon dioxide (CO2), is emitted into the atmosphere per unit of 
activity or fuel consumption. It provides a standardized measure of emissions associated with 
various industrial processes, transportation activities, energy production, and other human 
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activities. In most instances, these factors are derived from averages of available data of 
acceptable quality, assumed to represent long-term averages for all facilities within the source 
category, thus serving as population averages. The emission factor is typically calculated using 
empirical data obtained from laboratory experiments, field measurements, or emissions 
inventories. It may vary depending on the specific activity or process being analysed.  The 
general equation for emission estimation is formulated as  

 
where  represents emissions,  signifies the activity rate,  denotes the emission factor, and 

 stands for overall emission reduction efficiency, expressed as a percentage. ER is further 
delineated as the product of the efficiency of the control device's destruction or removal and the 
capture efficiency of the control system.  Some factors influencing the emission factor, 
including fuel type, combustion technology, operating conditions, fuel quality and control 
technologies. Table 1 below shows the Carbon emissions factors for different types of fuel 
(EEA, 2023).   

 Accurate estimation of emission factors is essential for assessing the environmental 
impact of various human activities and for developing effective strategies to mitigate emissions 
and combat climate change.  Based on Table 1, one way of reducing the carbon emissions is by 
changing the fuel type to the one with low emission factor. 
 
1.2.2.2 Fuel Efficiency 

 
The quantity of emissions generated by medium and heavy-duty vehicles in various 

scenarios is influenced by multiple factors such as vehicle class and weight, driving patterns, 
vehicle use, fuel category, engine exhaust treatment, vehicle age, and terrain conditions (Clark 
et al., 2002). Understanding the complex interplay of these factors is paramount for devising 
effective strategies to mitigate carbon emissions, transition towards sustainable practices, and 
fostering a more resilient and environmentally conscious global community. 

 
Factors influencing fuel efficiency were investigated, exploring both controllable and 
uncontrollable factors as shown in Figure 3 below.  

Table 1: Carbon emission factors for different types of fuel 
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Uncontrollable factors 
1. Vehicle design 
2. Maintenance practices 
3. Vehicle load 
4. Route planning 
5. Vehicle age 
 

Controllable factors (short-term) 
1. Driving behaviour 
2. Fuel quality  
3. Alternative fuel  

Controllable factors (long-term) 
1. Engine technology 

 
Figure 3:  Uncontrollable and controllable factors in carbon emissions influencing fuel 

efficiency 

1.2.2.2.1 Uncontrollable Factors 
 
Uncontrollable factors are those that have been either addressed or are beyond the 

control of TLS, such as fixed elements or external conditions like weather.  However, the fixed 
factors such as vehicle age, vehicle load and maintenance schedule could also be further studies 
to validate the efficacy of the specified scheme.   
 

i) Vehicle Design 
 
Vehicle design plays a pivotal role in determining the efficiency and environmental 

impact of automobiles. Two crucial aspects of vehicle design that significantly influence fuel 
efficiency are aerodynamics and weight. Aerodynamics plays a crucial role in the design of 
medium and heavy trucks, influencing both fuel efficiency and overall performance. 
Streamlined designs that minimize air resistance are essential for reducing drag forces, 
especially at higher speeds. For trucks, which often operate on highways and cover long 
distances, aerodynamic features such as sloped front ends, side fairings, and aerodynamic 
mirrors are implemented to enhance fuel efficiency. The objective is to reduce the energy 
required to overcome air resistance, thereby optimizing fuel consumption. Engineers employ 
wind tunnel testing and computational fluid dynamics to refine truck designs, ensuring they cut 
through the air with minimal resistance. 

 
The weight of a medium or heavy truck is a critical factor affecting its fuel efficiency 

and operational cost. Lighter vehicles generally demand less energy to move, translating to 
improved fuel efficiency. Truck designers and manufacturers focus on employing materials that 
offer strength while minimizing weight, such as high-strength steel and aluminum alloys. 
Additionally, advancements in materials technology and manufacturing processes contribute to 
the development of lightweight components without compromising structural integrity. Payload 
capacity is another consideration, balancing the need for a robust structure with the ability to 
carry substantial loads. By optimizing the weight of truck components, manufacturers can 
enhance fuel efficiency, reduce emissions, and increase the overall economic viability of the 
vehicle.  
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Recommendation: While currently classified as an uncontrollable factor, there is potential in 
the future to procure more aerodynamic designs featuring optimal truck component weights to 
boost fuel efficiency. Additionally, TLS can consider integrating multiple vehicles with varying 
weights into their delivery schedule. 

 
ii) Maintenance Practices  

 
Maintenance practices contribute to the longevity and efficiency in the medium and 

heavy-duty vehicles. These substantial machines demand meticulous care to ensure optimal 
performance, longevity, and fuel efficiency. Proper and timely maintenance is the cornerstone 
of ensuring that medium and heavy-duty vehicles operate at their peak efficiency. This is the 
current practices in TLS to ensure optimal engine functioning, improving fuel efficiency and 
reducing emissions. Regular maintenance practices include scheduled oil changes, which are 
essential for preserving engine health and lubrication. This prevents friction-induced wear and 
tear, enhancing fuel efficiency. Air filter replacements are equally crucial, as clean filters 
optimize air intake, facilitating efficient combustion. Engine tune-ups, involving inspections of 
various components and adjustments, ensure that the engine operates at its designed efficiency, 
promoting not only performance but also fuel economy. Regular maintenance practices, when 
adhered to diligently, contribute significantly to extending the operational life of these vehicles 
and minimizing fuel consumption. For the old engine, it is advisable to maintain the catalytic 
converter regularly to help reduce the carbon emissions.   
 

Tire maintenance is not to be ignored for medium and heavy-duty vehicles. Properly 
inflated tires reduce rolling resistance, the force required to move a tire over a surface. By 
maintaining the recommended tire pressure, rolling resistance is minimized, improving fuel 
efficiency. Routine tire inspections for wear and alignment issues are also essential. Misaligned 
or improperly inflated tires not only compromise safety but can also lead to increased fuel 
consumption. Regular tire rotations further ensure even wear, optimizing the lifespan of the 
tires and contributing to sustained fuel efficiency. In essence, tire maintenance is a proactive 
measure that directly impacts operational costs and the overall environmental footprint of these 
vehicles. 
 
Recommendation: TLS may explore the utilization of Operations Research (OR) techniques 
to optimize maintenance schedules, taking into account factors like vehicle availability, 
resource constraints, maintenance requirements, and operational priorities. This approach 
ensures that maintenance tasks are scheduled at optimal times to minimize operational 
disruptions while maximizing vehicle uptime. Additionally, proactive preventive maintenance 
planning can be conducted by analyzing historical maintenance data, vehicle usage patterns, 
and manufacturer recommendations. By scheduling maintenance preemptively based on 
anticipated failure rates or usage thresholds, the risk of costly breakdowns and unexpected 
downtime can be mitigated. 
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iii) Vehicle Load 

 
The concept of optimal vehicle load is a fundamental consideration in the carbon 

emission investigation for medium and heavy-duty vehicles. For the logistics companies, the 
transportation must navigate the delicate balance between payload requirements and fuel 
conservation. The weight a vehicle carries, specifically in terms of cargo, is a critical factor 
influencing fuel efficiency for medium and heavy-duty vehicles. Carrying unnecessary weights 
demands more energy for acceleration and maintaining speed, resulting in increased fuel 
consumption. Therefore, careful consideration of cargo weight is vital. Understanding the 
payload requirements for a given journey and loading only what is essential not only conserves 
fuel but also ensures compliance with safety regulations and enhances the overall efficiency of 
the transportation process.  One of the proactive measures for enhancing fuel efficiency is the 
periodic removal of excess cargo. Regular assessments of payload requirements and ensuring 
that vehicles only carry what is necessary contribute to sustained fuel savings. Moreover, this 
practice aligns with safety standards and ensures that vehicles operate within their designed 
capacities, promoting both efficiency and longevity. In TLS, the vehicle load is already 
determined according to their demand and delivery schedule. Therefore, this is not a 
controllable factor in this study.  However, it is known that heavier loads increase fuel 
consumption and emissions, necessitating more energy to transport goods. 
 
Recommendation: By utilizing OR techniques to optimize vehicle loading based on delivery 
schedules and demand patterns, it can efficiently load vehicles with the right mix of deliveries 
hence reduce the number of trips needed and maximize vehicle utilization, thereby minimizing 
carbon emissions per delivery. 
 

iv) Route Planning 
 

The efficiency of route planning is essential for medium and heavy-duty vehicles. The 
strategic selection of routes is crucial not only for timely deliveries but also for the optimization 
of fuel efficiency. Optimal routes consider factors such as traffic patterns, road conditions, and 
potential delays. Leveraging advanced mapping technologies and real-time traffic data, route 
planners can identify the most efficient paths for vehicles to navigate. Route planning that 
strategically circumvents congested areas helps vehicles maintain a consistent speed, reducing 
the overall fuel consumption. This not only conserves resources but also contributes to timely 
deliveries, streamlining the logistics process. 
 
Recommendation: TLS can consider alternative delivery strategies such as consolidation, 
pooling, or collaborative delivery models to reduce the number of vehicles on the road and 
minimize emissions. By consolidating deliveries to maximize route efficiency, TLS can lower 
overall carbon emissions. 
 
 

113



MALAYSIA MATHEMATICS IN INDUSTRY STUDY GROUP (MMISG2023) 

20-22 November, 2023, UTM KUALA LUMPUR, Malaysia 

v) Vehicle Age 
 
The age of medium and heavy-duty vehicles significantly influences carbon emissions, 

with older vehicles typically emitting higher levels of pollutants compared to newer 
counterparts. As vehicles age, wear and tear on engine components can lead to decreased 
efficiency and suboptimal combustion processes, resulting in increased carbon emissions. Older 
engines may lack advanced technologies and emission control systems found in newer models, 
further exacerbating their environmental impact. Additionally, aging vehicles may experience 
deteriorating fuel efficiency, requiring more fuel to achieve the same level of performance, 
thereby contributing to higher carbon emissions. Regular maintenance and periodic upgrades 
or replacements of older vehicles with newer, more fuel-efficient models can help mitigate the 
impact of vehicle age on carbon emissions, promoting cleaner and more sustainable 
transportation practices. 

 
Recommendation: While acquiring newer vehicles may seem like the straightforward solution, 
given the high cost involved, it is advisable for TLS to prioritize regular maintenance and 
upgrades for their older vehicles. This approach will aid in mitigating the impact of vehicle age 
on fuel efficiency and carbon emissions.  
In addition, instead of a fixed years service, strategy such as fleet replacement planning could 
also be utilized. Fleet replacement planning involves developing a structured approach to 
determine when existing vehicles or equipment should be replaced with newer models or 
upgraded versions. By systematically evaluating the condition and performance of fleet assets 
and making informed decisions about replacement timing and strategy, organizations can 
optimize fleet efficiency, minimize operating costs, and ensure the reliability and safety of their 
operations. 
 
1.2.2.2.2 Controllable Factors 

 
This discussion will focus on the controllable factors that could be administered by TLS. 

They are divided into short-term and long-term factors. Short-term factors here are the factors 
that can be adjusted relatively quickly and have an immediate impact on carbon emissions such 
as driving behavior, fuel quality and alternative fuel.  Meanwhile, long-term factors are those 
that require more time and effort to adjust and have a gradual impact on carbon emissions over 
an extended period such as fleet replacement plan.  Although it takes time to implement and 
yield results, they often lead to sustained reductions in carbon emissions over the long term.  

 
 

i) Driving Behaviour 

Efficient driving behavior is a pivotal factor in the quest for sustainability and fuel 
efficiency in the realm of medium and heavy-duty vehicles. How drivers operate these 
substantial machines has a profound impact on fuel consumption, emissions, and overall 
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operational costs. This emphasizes the significance of maintaining optimal speeds and 
embracing smooth driving techniques to enhance fuel efficiency.  

The speed at which a medium or heavy-duty vehicle is operated is directly linked to its 
fuel efficiency. Maintaining optimal speeds is paramount in ensuring that the engine operates 
within its most efficient range. Excessive speeds not only lead to increased air resistance, 
demanding more energy to propel the vehicle, but they can also result in the engine operating 
at less efficient levels. Striking the right balance by adhering to recommended speed limits and 
adjusting driving speed based on road conditions contributes significantly to fuel efficiency. By 
doing so, drivers can achieve a harmonious blend of performance and economy. Through 
observation from the TLS’s fleet management system, the drivers’ speed is recorded and those 
exceeding the speed limit of 90 km/hr will be monitored further.   

Smooth driving techniques, characterized by gentle acceleration and braking, are 
integral to fuel savings. Abrupt acceleration and harsh braking not only consume more fuel but 
also contribute to increased wear and tear on the vehicle's components. Gentle acceleration 
allows the engine to operate more efficiently, while gradual braking harnesses kinetic energy, 
potentially reducing the need for excessive fuel consumption. Driver training programs often 
emphasize the importance of smooth driving habits, recognizing that a steady and controlled 
approach to acceleration and braking positively influences fuel efficiency, enhances safety, and 
extends the lifespan of the vehicle. Minimizing stops, such as unnecessary detours or frequent 
breaks, optimizes fuel efficiency. Continuous motion allows the vehicle to operate within its 
most efficient range, contributing to overall energy conservation. Moreover, reducing the 
number of stops enhances the predictability of delivery schedules, improving the reliability of 
logistics operations. 

Idling, or leaving the engine running while the vehicle is stationary, is a significant 
contributor to unnecessary fuel consumption. Addressing idling time is a crucial aspect of 
driving behavior for medium and heavy-duty vehicles. Excessive idling not only consumes fuel 
without contributing to forward motion but also increases emissions. Implementing strategies 
to minimize idling, such as turning off the engine during prolonged stops, contributes to 
substantial fuel savings and aligns with eco-friendly driving practices. 

 
Recommendation: TLS may also consider initiating a carbon emission awareness program for 
drivers and providing incentives to those who exhibit exemplary driving behavior.  
 

ii) Fuel Quality 
 
The type and quality of fuel a vehicle consumes plays a foundational role in its overall 

efficiency. Medium and heavy-duty vehicles, often equipped with robust engines, are designed 
to operate optimally with specific fuel types. High-quality fuels, meeting, or exceeding industry 
standards, ensure a cleaner and more efficient combustion process. Clean fuels, such as those 
with low sulfur content, contribute to reduced emissions, aligning with stringent environmental 
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regulations. Moreover, the compatibility between the fuel type and the engine design is crucial 
for achieving peak performance and fuel efficiency.  
 
Recommendation: TLS may consider employing high-quality, cleaner fuels to improve 
combustion, thereby reducing carbon emissions. Regular testing can help detect any variations 
in fuel quality, enabling prompt corrective action to be taken. 
 

iii) Alternative Fuel 
 
The utilization of alternative fuels presents a promising avenue for reducing carbon 

emissions from medium and heavy-duty vehicles. By transitioning away from traditional fossil 
fuels to cleaner alternatives such as biodiesel, ethanol, natural gas, or hydrogen, these vehicles 
can significantly mitigate their environmental impact. Alternative fuels offer the potential for 
lower carbon content, resulting in reduced greenhouse gas emissions during combustion. 
Additionally, some alternative fuels, such as natural gas or hydrogen, produce fewer harmful 
pollutants like particulate matter and nitrogen oxides, further enhancing air quality. However, 
the adoption of alternative fuels is not without challenges. The production and distribution 
infrastructure for alternative fuels are often underdeveloped and costly to implement, limiting 
their widespread availability and affordability. Additionally, certain alternative fuels may 
require modifications to vehicle engines or fuel systems, adding complexity and expense to the 
transition process. Moreover, the production of some alternative fuels may still generate 
emissions or contribute to other environmental concerns, highlighting the importance of 
comprehensive lifecycle assessments when evaluating their impact on carbon emissions. 
Another common alternative is to use fuel additives to improve combustion efficiency and 
reduce emissions.  Certain additives can help optimize fuel performance, leading to improved 
engine efficiency.  
 
Recommendation: Given that the adoption of alternative fuels could entail significant 
expenses associated with engine modifications and transitioning processes, TLS may initially 
explore the use of fuel additives. However, it's crucial to approach the use of fuel additives 
cautiously due to potential side effects such as decreased engine performance or increased 
emissions. 
 

iv) Engine Technology 
 
For medium and heavy-duty vehicles, the convergence of advanced technology and 

emission control systems represents a pivotal step towards sustainability and operational 
efficiency. Innovative solutions such as hybrid systems, regenerative braking, and start-stop 
systems offer promising avenues for reducing fuel consumption and minimizing environmental 
impact. Hybrid technologies seamlessly integrate electric propulsion with traditional internal 
combustion engines, optimizing fuel efficiency and curbing emissions. Similarly, regenerative 
braking harnesses kinetic energy during braking, while start-stop systems mitigate unnecessary 
idling, further enhancing fuel savings. However, despite their transformative potential, these 
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technologies may pose challenges such as higher upfront costs and potential maintenance 
complexities. Additionally, the integration of advanced systems requires careful consideration 
of infrastructure and training to ensure optimal performance and reliability in diverse operating 
conditions.  
 
Recommendation: TLS can opt for the new engine technology for their current vehicles in 
order to have the latest emission control technology.  Although this solution might be costly, it 
is still cheaper compared to purchasing new trucks or the electric trucks. 
 
1.3 Emission Analysis and Evaluation 

 
In order to see the relationship between selected factors, a comprehensive analysis of carbon 

emissions, fuel efficiency, vehicle age dynamics, and optimization strategies was conducted. 
By exploring various analytical approaches and tools, we endeavour to offer insights into 
optimizing vehicle assignments and mitigating carbon emissions effectively. This section 
serves as a foundational exploration into understanding and addressing key challenges in TLS's 
quest for carbon neutrality and operational excellence. 
 
1.3.1 Data 

 
The data obtained from TLS is shown in Table 2 as follows. This data is collected from TLS 

fleet management systems. There are 10 trucks varies from 6 to 20 years old. In this data, the 
information on the type of roads, the distance and fuel used are given.  Based on these 
information, fuel consumption and fuel efficiency are calculated using the following formula.    

 ,     

Table 2: Data from TLS fleet management system. 
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1.3.2 Carbon Emissions Calculation 
 
Using the data in Section 1.3.1 and carbon emission formula in Section 1.2.1, the carbon 

emissions for September and October have been calculated and shown in Table 3 and Table 4, 
respectively.  
 

Table 3: Carbon emissions in September 2023 

Veh. No. Engine 
Age 

Engine 
Displacement 

Road 
Type  

Distance 
Sept 
(km) 

Fuel 
Sept (L) 

Fuel 
Efficiency 

Sept 
(km/L) 

Fuel 
Consumption 
Sept (L/km) 

Carbon 
Emission 

(kg) 

BPF6316 6 7961 federal 4366.5 1590 2.75 0.3636 4255.35 
BPF6318 6 7961 federal 5335.6 1475.4 3.62 0.2762 3950.11 
BPF6317 6 7961 highway 13772.3 2565.15 5.37 0.1862 6873.33 
BPF6319 6 7961 highway 5066.4 1596.43 3.17 0.3155 4283.27 

WA4314G 9 7961 federal 3368.4 1202.9 2.8 0.3571 3224.04 
W5044Q 10 7961 federal 7743.2 2497.74 3.1 0.3226 6694.12 
W3087A 10 7961 highway 6749.9 2790.7 2.42 0.4132 7475.10 
BJV4101 16 7961 federal 2511.9 846.8 2.97 0.3367 2266.63 
DEE9884 18 7961 federal 5166.9 1682.74 3.07 0.3257 4510.52 
NBK9957 20 7961 federal 7677.3 2510.31 3.06 0.3268 6723.91 

 
Table 4: Carbon emission in October 2023 

Veh. No. Engine 
Age 

Engine 
Displacement 

Road 
Type  

Distance 
Oct (km) 

Fuel 
Oct (L) 

Fuel 
Efficiency 

Oct (km/L) 

Fuel 
Consumption 
Oct (L/km) 

Carbon 
Emission 

(kg) 
BPF6316 6 7961 federal 4812.4 1747.8 2.75 0.3636 4689.90 
BPF6318 6 7961 federal 6074.4 1739.18 3.49 0.2865 4664.58 
BPF6317 6 7961 highway 15088.9 3618.2 4.17 0.2398 9697.42 
BPF6319 6 7961 highway 6140.6 1809.4 3.39 0.2950 4854.52 

WA4314G 9 7961 federal 3492.8 1305.8 2.67 0.3745 3505.88 
W5044Q 10 7961 federal 9822.2 3451.43 2.85 0.3509 9236.31 
W3087A 10 7961 highway 7761.1 2763.4 2.81 0.3559 7402.05 
BJV4101 16 7961 federal 3196.1 1097.9 2.91 0.3436 2943.49 
DEE9884 18 7961 federal 5683.1 1518.7 3.74 0.2674 4072.38 
NBK9957 20 7961 federal 7518.9 2324.2 3.24 0.3086 6219.34 

 
The analysis of the data above reveals several key insights into the factors influencing fuel 
efficiency and carbon emissions. Engine age appears to correlate with fuel efficiency, with older 
vehicles generally exhibiting lower efficiency. Road type significantly affects fuel consumption 
and carbon emissions, with vehicles traveling on highways demonstrating higher efficiency and 
lower emissions compared to those on federal roads. Variation in fuel efficiency among vehicles 
suggests the influence of factors such as driving behavior and maintenance practices.  
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1.3.3 Fuel Efficiency and Vehicle Age Analysis 
 
Figure 4 illustrates the fuel efficiency comparison among vehicles during September 

and October. The plot also incorporates engine age to examine the correlation between fuel 
efficiency and engine age. The data reveals that while newer vehicles generally exhibit higher 
fuel efficiency, there are instances where older vehicles, such as NBK9957 (20 years old), 
outperform newer counterparts like BPF6316 (6 years old) in terms of fuel efficiency. 
 

 

Figure 4: Fuel efficiency for September and October compared with the vehicle age. 

 
This is further proved through correlation test as shown in Figure 5.  

 

Figure 5: Correlation test between fuel efficiency in September and October with the vehicle 
age. 

The negative correlation coefficient values for both results suggest a very weak negative 
correlation between engine age and fuel efficiency. In other words, there appears to be a slight 
tendency for fuel efficiency to decrease slightly as the engine age increases, but the relationship 
is extremely weak. This means that engine age alone may not be a significant predictor of fuel 
efficiency for the medium and heavy-duty vehicles being studied. Other factors, such as 
maintenance practices, driving conditions, and vehicle technology, likely have a more 
substantial influence on fuel efficiency than engine age alone. Therefore, while there may be a 
minor trend indicating decreased fuel efficiency with older engines, it is not a strong enough 
relationship to draw definitive conclusions about the impact of engine age on fuel efficiency in 
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this context. Additionally, given the relatively small sample size, the results may lack accuracy 
and robustness. 

 
1.3.4 Carbon Emissions and Fuel Efficiency Analysis 

 
Fuel efficiency refers to the amount of energy extracted from a fuel source relative to 

the amount of fuel consumed during operation. Vehicles with higher fuel efficiency can travel 
longer distances using the same amount of fuel, resulting in reduced fuel consumption per unit 
of distance or work done. On the other hand, carbon emission refers to the release of carbon 
dioxide (CO2) and other greenhouse gases into the atmosphere as a byproduct of fuel 
combustion.  

 
In theory, there exists a direct relationship between fuel efficiency and carbon emission 

where higher fuel efficiency typically leads to lower carbon emission. This is because vehicles 
that can extract more energy from a given amount of fuel produce fewer emissions per unit of 
distance travelled. However, the relationship is not always straightforward. Various factors can 
influence carbon emission independently of fuel efficiency, such as engine technology, fuel 
type, vehicle weight, driving conditions, and maintenance practices. Additionally, 
improvements in fuel efficiency alone may not necessarily result in proportional reductions in 
carbon emission if other factors influencing emissions remain unchanged. 

 
Figure 6a) and 6b) show the relationship between carbon emissions and fuel efficiency 

for September and October 2023 in TLS.   

 

Figure 6a): Carbon emission and fuel 
efficiency in September 2023 

 

Figure 6b): Carbon emission and fuel 
efficiency in October 2023 

It is observed in Figure 6 that there is variability in both fuel efficiency and carbon 
emission values across the sampled vehicles. Upon examining the relationship between fuel 
efficiency and carbon emission, no clear linear trend emerges. While some vehicles with higher 
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fuel efficiency exhibit lower carbon emissions, this pattern is not consistent across all vehicles. 
This suggests that factors beyond fuel efficiency alone play a role in determining carbon 
emission levels, such as vehicle technology, driving conditions, and maintenance practices. 
Further analysis may be necessary to fully understand the complex relationship between fuel 
efficiency and carbon emission in medium and heavy-duty vehicles. 

In practice, achieving significant reductions in carbon emission often requires a 
multifaceted approach that includes improving fuel efficiency, adopting cleaner fuel sources, 
implementing emission control technologies, optimizing vehicle design, and promoting 
sustainable driving practices. By addressing these factors holistically, it is possible to maximize 
fuel efficiency while minimizing carbon emission, leading to more environmentally friendly 
and sustainable transportation systems. 
 
1.3.5 Vehicle Assignments Analysis 
 

Presently, TLS has devised a three-year strategy to meet the carbon emission challenges. 
This plan includes pre-determined vehicle load, routing, delivery schedule and staff assignment.  
However, based on the sample vehicle data from TLS as shown in Table 5 and Table 7 below, 
high fuel efficiency vehicle is assigned to the shorter distance. Therefore, alternative measures 
must be explored to address the impact of these pre-determined parameters on fuel consumption 
and emissions. One potential strategy involves optimizing vehicle assignments. It is anticipated 
that by reassigning fuel efficient vehicles to the longer routes, can help reduce fuel consumption 
and emissions associated with transporting goods. 

 

Table 5: Data from TLS in September 2023 

SEPTEMBE
R 

Distance 
(km) 

Fuel 
(Litre) 

Fuel 
Consumption 

(Litre/km) 

Fuel 
Efficiency 
(km/Litre

) 

Total 
Carbon 

Emission 
(kg) 

BPF6316 4366.50 1590.00 0.364 2.75 4261.20 
WA4314G 3368.40 1202.90 0.357 2.80 3223.77 
WYR2942 7433.40 2790.70 0.375 2.66 7479.08 
NBK9957 7677.30 2510.31 0.327 3.06 6727.63 
BJV4101 2511.90 846.80 0.337 2.97 2269.42 
BPF6318 5335.60 1475.40 0.277 3.62 3954.07 
W5044Q 7743.20 2497.74 0.323 3.10 6693.94 
BPF6317 13772.30 2565.15 0.186 5.37 6874.60 
BPF6319 5066.40 1596.43 0.315 3.17 4278.43 
W3087A 6749.90 2790.70 0.413 2.42 7479.08 
DEE9884 5166.90 1682.74 0.326 3.07 4509.74 

Total Carbon Emitted 57750.97 
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By prioritizing the assignment of the most fuel-efficient vehicles to cover longer distances, 
potential gains in operational efficiency and environmental sustainability could be achieved. 
Table 6 presents the proposed vehicle reassignment plan, organized from the most fuel-efficient 
vehicles to the least. Through this reassignment strategy, a notable reduction in total carbon 
emissions of 2.96% was attained, decreasing from 57,750.97 kg to 56,039.83 kg. This outcome 
underscores the efficacy of proactive measures such as vehicle reassignment in mitigating 
environmental impact while enhancing operational performance within the logistics framework. 

Table 6: Vehicle reassignment in September 2023 

SEPTEMBER Distance 
(km) 

Fuel 
Consumption 

(Litre/km) 

Fuel Efficiency 
(km/Litre) 

Total Carbon 
Emission (kg) 

BPF6317 13772.30 0.186 5.37 6874.60 
BPF6318 7743.20 0.277 3.62 5738.28 
BPF6319 7677.30 0.315 3.17 6483.26 
W5044Q 7433.40 0.323 3.10 6426.12 
DEE9884 6749.90 0.326 3.07 5891.41 
NBK9957 5335.60 0.327 3.06 4675.60 
BJV4101 5166.90 0.337 2.97 4668.13 

WA4314G 5066.40 0.357 2.80 4848.87 
BPF6316 4366.50 0.364 2.75 4261.20 

WYR2942 3368.40 0.375 2.66 3389.10 
W3087A 2511.90 0.413 2.42 2783.25 

Total Carbon Emitted 56039.83 
Carbon Reduction 1711.15 

 

 

Table 7: Data from TLS in October 2023 

OCTOBE
R 

Distance 
(km) 

Fuel 
(Litre) 

Fuel 
Efficiency 
(km/Litre) 

Fuel Consumption 
(Litre/km) 

Total Carbon 
Emission (kg) 

BPF6316 4812.40 1747.80 2.75 0.363 4684.10 
WA4314G 3492.80 1305.80 2.67 0.374 3499.54 
WYR2942 6710.20 1590.64 4.22 0.237 4262.92 
NBK9957 7518.90 2324.2 3.24 0.309 6228.86 
BJV4101 3196.10 1097.90 2.91 0.344 2942.37 
BPF6318 6074.40 1739.18 3.49 0.286 4661.00 
W5044Q 9822.20 3451.43 2.85 0.351 9249.83 
BPF6317 15088.90 3618.2 4.17 0.240 9696.78 
BPF6319 6140.60 1809.4 3.39 0.295 4849.19 
W3087A 7761.10 2763.40 2.81 0.356 7405.91 
DEE9884 5683.10 1518.7 3.74 0.267 4070.12 

Total Carbon Emitted 61550.62 
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In a parallel investigation conducted using data from October as shown in Table 7, the 
total carbon emissions were computed to be 61,550.62 kg. Following the implementation of 
vehicle reassignments, aimed at optimizing efficiency and reducing emissions, the new total 
carbon emissions were significantly decreased to 59,749.96 kg, representing a notable reduction 
of approximately 2.93%. This data is presented in Table 8, showcasing the effectiveness of 
strategic vehicle reallocation in achieving environmental sustainability goals within the 
logistics operation. Through such initiatives, not only can carbon emissions be curtailed, but 
operational efficiency can also be enhanced, exemplifying the potential benefits of proactive 
measures in the pursuit of a greener and more efficient transportation landscape. 
 

Table 8: Vehicle reassignment in October 2023 

 
OCTOBE

R 
Fuel Efficiency 

(km/Litre) 
Fuel Consumption 

(Litre/km) 
Distance 

(km) 
Total Carbon 
Emission (kg) 

WYR2942 4.22 0.237 15088.9
0 9585.81 

BPF6317 4.17 0.240 9822.20 6312.17 
DEE9884 3.74 0.267 7761.10 5558.34 
BPF6318 3.49 0.286 7518.90 5769.39 
BPF6319 3.39 0.295 6710.20 5299.00 
NBK9957 3.24 0.309 6140.60 5087.04 
BJV4101 2.91 0.344 6074.40 5592.17 
W5044Q 2.85 0.351 5683.10 5351.93 
W3087A 2.81 0.356 4812.40 4592.16 
BPF6316 2.75 0.363 3492.80 3399.68 

WA4314G 2.67 0.374 3196.10 3202.27 
Total Carbon Emitted 59749.96 

Carbon Reduction 1800.66  
 
1.4 Tools for Measuring the Amount of Carbon Emitted 

 
A discussion was also held regarding the methodology for quantifying carbon emissions 

from medium and heavy-duty vehicles. It was observed that there are currently no available 
tools specifically designed for this purpose.  Instead, the carbon emission formula was deemed 
adequate for measurement.  

 
Additionally, there is a contention regarding the existence of a tool aimed at reducing 

carbon emissions. However, it has only undergone testing with small vehicles, and there is no 
evidence supporting its effectiveness for medium and heavy-duty vehicles.  
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1.5 Conclusion and Recommendations 

 
In conclusion, our investigation into carbon emissions and fuel efficiency in medium and 

heavy-duty vehicles has provided valuable insights into strategies for reducing environmental 
impact while enhancing operational efficiency within the logistics sector. Analysis of the data 
revealed a correlation between fuel efficiency and vehicle age, albeit with a weak negative 
correlation, indicating that newer vehicles tend to exhibit slightly higher fuel efficiency. 
Additionally, while no clear linear relationship was observed between carbon emissions and 
fuel efficiency, it was evident that factors beyond fuel efficiency alone influence emissions 
levels. 

 
Our findings show the importance of proactive measures such as vehicle reassignment, route 

optimization, and the adoption of cleaner fuels to mitigate carbon emissions. By prioritizing the 
assignment of the most fuel-efficient vehicles to cover longer distances, significant reductions 
in carbon emissions were achieved, highlighting the potential impact of strategic planning on 
environmental sustainability. 
 

Furthermore, driving behaviour emerged as a critical factor influencing fuel efficiency and 
carbon emissions. Gentle acceleration, smooth driving, and maintaining optimal speeds were 
found to contribute to fuel savings and reduced emissions. As such, investing in driver training 
programs and promoting eco-driving behaviours can play a pivotal role in achieving emission 
reduction targets while optimizing fuel efficiency. Providing incentives based on efficient 
driving style could also serve as a method to instill this value among drivers.   
 

Considering these findings, we recommend the implementation of comprehensive 
mitigation strategies that encompass vehicle reassignment, route optimization, adoption of 
cleaner fuels, and driver training initiatives. By adopting a multifaceted approach to address the 
complex interplay between fuel efficiency, carbon emissions, and driving behaviour, logistics 
companies such as TLS can achieve significant reductions in their carbon footprint while 
simultaneously enhancing operational efficiency and sustainability. 
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1.2  Data and Methods 
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1.2.2  Multiple Linear Regression 
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1.2.3  Structural Equation Modelling 
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1.2.5  Machine Learning Model 
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1.3  Results and Discussion 

 
1.3.1  Trends and changes in Chili prices 
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        1.3.2  Identifying significant factors that influence chili prices 
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1.3.3  Chili price modelling using ARIMAX 
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1.3.4  Models comparison 
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1.4      Conclusion and Recommendations 
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