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Abstract: In today’s intricate and dynamic world, Supply Chain Management (SCM) is encountering
escalating difficulties in relation to aspects such as disruptions, globalisation and complexity, and
demand volatility. Consequently, companies are turning to data-driven technologies such as machine
learning to overcome these challenges. Traditional approaches to SCM lack the ability to predict
risks accurately due to their computational complexity. In the present research, a hybrid Bayesian-
optimized Light Gradient-Boosting Machine (LightGBM) model, which accurately forecasts backorder
risk within SCM, has been developed. The methodology employed encompasses the creation of a
mathematical classification model and utilises diverse machine learning algorithms to predict the
risks associated with backorders in a supply chain. The proposed LightGBM model outperforms
other methods and offers computational efficiency, making it a valuable tool for risk prediction in
supply chain management.

Keywords: machine learning; supply chain management; backorder risk; prediction; resilience; light
gradient boosting machine; Bayesian optimisation

1. Introduction

In the era of Industry 4.0, businesses are increasingly relying on advanced technolo-
gies and data-driven approaches to optimise their supply chain processes. Supply chain
risk management (SCRM) has emerged as a critical area of focus, as disruptions in this
area can significantly impact the overall performance and profitability of organisations [1].
Past events like the tsunamis in 2004 and 2011, hurricane Katrina in the US in 2005, the
volcanic eruption in Iceland in 2010, and the ongoing COVID-19 pandemic demonstrate
how networks and entire industries can be negatively impacted [2,3]. Therefore, risk man-
agement in the industry and supply chains has become increasingly important due to the
complex relationships between different chain components. Unlike when mass production
required fewer components, today’s supply chains involve more stakeholders (suppliers,
customers, regulators, and competitors), making them more vulnerable to disruptions
and malfunctions [4]. To prevent and mitigate disturbances, disruptive innovations like
digitalisation and Industry 4.0 have driven the development of new paradigms in SCRM,
leveraging big data analytics, the Internet of Things (IoT), blockchain, and advanced deep
learning (ADL) to help predict future trends and make informed decisions in supply chain
management (SCM) [2,5,6]. Researchers and practitioners have turned to machine learning
techniques for predictive analytics to mitigate and address these risks effectively [7,8]. This
paper explores the application of a Machine Learning-based Bayesian-optimized Light
Gradient-Boosting Machine (LightGBM) model for predicting supply chain back-order
risk, enabling improved visibility, agility, and responsiveness. Supply chain backorder
risk refers to the likelihood and impact of facing stockouts or unfulfilled customer orders
due to inventory shortages or disruptions in a supply chain [9], while machine learning
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can broadly be defined as an algorithm that generates outputs based on available data
without first programming the respective learning outcome [10]. Bayesian optimisation,
on the other hand, leverages Bayesian inference to iteratively optimise a function while
considering the uncertainty associated with the results.

The predictive power of the proposed model lies in its ability to analyse vast quantities
of historical data, capture complex patterns and relationships, and generate accurate risk
forecasts [11]. By employing machine learning techniques, organisations can proactively
identify potential risks in their supply chain, enabling them to take timely and informed
actions to mitigate the impact of disruptions. This proactive approach helps companies
optimise their operations, reduce costs, enhance customer satisfaction, and maintain a
competitive edge in the market. This paper contributes to the existing body of knowledge by
proposing a Machine Learning-based Bayesian-optimized LightGBM model for predicting
supply chain risk. The model’s unique combination of techniques provides a robust and
accurate risk assessment and mitigation framework. The subsequent sections of this paper
will delve into the methodology, data sources, and experimental results, shedding light on
the efficacy and applicability of the proposed model.

The remainder of this paper is organised as follows. Section 2 provides a literature
review of supply chain risk management. In Section 3, a classification-type mathematical
model for classifying the possibility of supply chain risk is formulated. Section 4 presents a
formulation of the hybrid prediction model using machine learning techniques. Section 5
demonstrates the usefulness of the proposed model. Section 6 provides our conclusions
and recommendations for future research.

2. Literature Review

Recently, there has been increasing focus on supply chain risk prediction using ma-
chine learning techniques. Various studies have been undertaken to identify possible risk
variables, define resilience in the supply chain context, and examine the use of machine
learning for predicting supply chain risk management. Supply chain risk have been widely
investigated to facilitate better decision making and thus increase organisational perfor-
mance [12]. The goal of supply chain risk management (SCRM) is to lessen the effects
of supply chain disruptions on the flow of products, services, and information. Natural
catastrophes, political instability, labour conflicts, and quality control concerns are a few
risk variables that could disrupt a supply chain [13]. Many articles have been devoted
to the classification of triggering events. Prevalent supply chain risk can be classified
into three main categories, namely, an enterprise’s internal risk, the risk external to the
enterprise but internal to the supply chain, and the environmental risk, which is defined
as the risk outside the supply chain [14]. Other empirical studies focusing on categorising
supply chain risk have been based on factors such as the specific objectives of a supply
chain [15,16] and the differing degrees of impact [17]. MacKenzie et al. [18] took the supply
chain disruption caused by a Japanese tsunami as a research object and proposed that
the supply chain disruption was induced to a greater degree by external risks, that is, the
disruption caused by the external behaviour of the supply chain. DuHadway et al. [19]
contended that quality failure, supplier bankruptcy, or natural disasters are the reasons for
supply chain disruption. These interruptions can severely affect organisations, leading to
lost sales, backorders, higher expenses, reputational harm, etc. Supply chains are becoming
faster and more efficient; as a result, the importance of risk forecasting, collaboration, and
communication across a supply chain should be emphasised [20].

In light of this, researchers have become increasingly interested in the concept of
supply chain resilience. Ponis et al. [21] defined supply chain resilience as an enterprise’s
ability to proactively plan and design a supply chain network for anticipating unexpected
disruptive (negative) events, responding adaptively to disruptions while maintaining
control over structure and function, and transcending to a post-robust state of operations.
Ponomarov et al. [22] gave a more comprehensive definition of supply chain resilience: the
adaptive capability of a firm’s supply chain to prepare for unexpected events, respond to
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disruptions, and recover from these eventualities in a timely manner by maintaining the
continuity of operations at the desired level of connectedness.

Kleijnen and Smits [23] proposed a set of metrics for the logistical performance of
supply chain management systems. The authors categorised them in terms of fill rate,
confirmed fill rate, response delay, stock, and delay. Fill rate refers to the percentage
of customer orders fulfilled completely and ‘on time’; inversely, delay, or backorders,
refers to the customer orders that cannot be fulfilled due to stockouts or other reasons.
The relationship between fill rate and backorders in supply chain management is closely
intertwined. A high fill rate leads to fewer backorders, while a low fill rate results in a
higher number of backorders, which can negatively impact customer satisfaction and sales.
Therefore, businesses need to predict and prevent backorders to improve the effectiveness of
their supply chain. Regarding factors contributing to backorder risk, Bjork [24] considered
uncertain demand and lead times in traditional economic problems of quantities to be
ordered. He introduced a fuzzy number-based optimisation model that outperformed
traditional models. Kazami and Jabel [25] considered an inventory model with backorders
in a fuzzy situation. Feng et al. [26] proposed a method for predicting the demand for line-
replaceable unit parts with backorders that determined the quantification of uncertainty
in demand and inventory costs. Higher demand variability makes it challenging for
companies to accurately forecast customer demand, leading to potential stockouts and
backorders [27]. Longer and more uncertain lead times from suppliers can increase the
likelihood of backorders, mainly when demand spikes or supply disruptions occur [28].
Poor inventory management practices, such as inaccurate demand forecasting, inadequate
safety stock levels, or inefficient replenishment policies, can contribute to backorder risk [29].
At the same time, unreliable suppliers with poor delivery performance can also contribute
to backorder risk as they fail to meet the expected supply commitments [30].

With the advancements in data analytics technology, machine learning techniques
have become invaluable for identifying and prioritising risks and forecasting various as-
pects of supply chain management, including demand, revenue, sales, production, and
backorders [31]. In recent studies, particular emphasis has been placed on predicting
product backorders due to their significance and impact on the overall costs of an entire
supply chain. Ntakolia et al. [32] approached the issue of predicting backorder through a
comparative evaluation of eight popular classifiers, namely, Random Forest (RF), Light-
GBM (LGBM), XGBoost (XGB), Balanced Blagging (BB), Neural Networks (NNs), Logistic
Regression (LR), Support Vector Machines (SVMs), and K-Nearest Neighbours (KNN).
However, this research did not effectively address the challenges posed by imbalanced
datasets, which are prevalent in many real-world scenarios. Similarly, the research con-
ducted by Islam and Amin [31], in which distributed random forest and gradient-boosting
machine learning techniques were employed to predict probable backorder scenarios, also
fell short of effectively handling imbalanced datasets.

To tackle the imbalanced class problem efficiently, De Santis et al. [33] compared
random under sampling with the synthetic minority over-sampling technique (SMOTE)
and found that the performance of the random under-sampling method was slightly
superior. Furthermore, Shajalal et al. [34] proposed a deep neural network (DNN)-based
method for predicting product backorders; its use resulted in enhanced overall supplier
efficiency. Ensemble-based machine learning methods were also suggested in order to create
an inventory backorder prediction system that maximises profit function, incorporating
gradient tree boosting (GBoost) and random forest analysis combined with an under-
sampling technique [35]. Ensemble prediction models effectively handle noisy data and are
less prone to overfitting. However, their main drawback is their computational inefficiency
when dealing with large real-time datasets, limiting their applicability in real-world settings.

Previous studies have utilised machine learning methods to tackle the prediction of
supply chain delivery delay risk. Nevertheless, none of these studies specifically aimed to
enhance prediction accuracy while considering operational time. Therefore, this research
focuses on developing a hybrid optimised machine learning algorithm to improve classifi-
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cation performance, stability, and generalisation ability while reducing operational time.
Additionally, particular attention is given to addressing the issue of imbalanced datasets by
applying an under-sampling technique.

3. Methodology

The flowchart of methodology is shown as Figure 1. A mathematical model was for-
mulated utilising a fault tree methodology to elucidate the intricate dynamics of the supply
chain; subsequently, a risk score was employed to classify the probability of backorders
transpiring within the supply chain in context. Afterwards, a machine learning model using
several algorithms was developed. The performance of these algorithms was meticulously
assessed to ascertain the most effective model.

Risk Identification Risk Score Data Callection

K Neighbors Data Cleaning

Gap Analysis

- , Building ML algorithms
Gaussian
Nb

Developing Hybrid
Models

Light GBM

Figure 1. Methodology.

3.1. Formulation of Mathematical Model

This mathematical classification model has been developed to address the gap found
in the literature review concerning enhancing prediction accuracy while minimizing opera-
tional time. The model that has been developed is a classification model that classifies the
possibility of backorder risk as being probable or not. Several attributes such as demand
variability, lead time, supplier performance, safety stock, and forecasts contribute to under-
standing and managing supply chain backorder risk. Understanding and managing these
attributes within the supply chain can help organisations mitigate the impact of backorder
risk, maintain customer satisfaction, and improve overall supply chain resilience [9,27-30].

3.1.1. Fault Tree Analysis

A Fault Tree Analysis was conducted to identify the contributing factors to and root
causes of backorders. This method is objective and resolves highly complex systems into a
prioritized set of causes leading to the top event (failure or disruption) [36]. Organisations
can identify the underlying causes of and contributing factors to backorders in their supply
chain by conducting a Fault Tree Analysis. Techniques like Failure Mode and Effects Analy-
sis (FMEA), Hazard and Operability Study (HAZOP), and Event Tree Analysis have been
applied to less complex problems [36,37]. However, as the system becomes more complex
and the consequences become catastrophic, these techniques become insufficient [37,38].
Hence, the selection of Fault Tree Analysis is more appropriate considering the dynamic
and complex nature of the supply chain. In this study, the fault tree analysis used was
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adapted from Lee et al. [38] and Xing et al. [39]. This analysis provides valuable insights for
implementing targeted risk mitigation strategies and improving supply chain resilience.

The formulation of the fault tree analysis was adapted from Xing et al. [39]. The
first step is to identify the undesired event, which, in this case, constitutes a backorder.
The next step is the identification of basic events that can directly lead to backorder risk,
followed by the identification of insufficient inventory levels, demand variability, instances
of inaccurate demand forecasting, and then intermediate events, which are a combination
of basic events or other events that contribute to the occurrence of backorder risk. For
instance, supplier delivery delays may be caused by lead time variability and supplier
performance issues. Using the identified basic events, logical gates (AND, OR) were used to
represent the relationship between events and how certain events like demand variability,
supplier performance issues, inaccurate demand forecasting, and long lead times contribute
to the occurrence of back orders. The quantitative analysis involved assigning probabilities
to basic events to determine the overall probability of backorder occurrence. In contrast,
the qualitative analysis involved identifying critical paths in the fault tree with the most
significant backorder risk: demand, lead time, and forecast. In this research, the fault tree
was limited to only establishing a relationship between the basic event (back order) and the
attributes. The fault tree diagram was further validated using a mathematical model where
backorder risk is predicted using basic events like supplier performance and demand as
variables. The fault tree diagram is shown in Figure 2.

Back Order
risk

-

Current Lead time [y y—— Supplier Level of Safety
Inventory Performance Stock

Supplier
Performance

Figure 2. Fault tree diagram.

Leadtime

3.1.2. Model Assumptions

To simplify the model in order to reduce complexity; ensure validity, generalizability,
and future adaptability; and avoid the risk of bias or unreliable predictions, the following
assumptions were made when developing the model:

e  The input data used for training and testing the classification model are independent
and identically distributed;

o  The selected features (independent variables) used in the model are assumed to impact

backorder risk significantly;

The features (input variables) used for classification are independent;

All relevant variables for predicting backorder risk are available and adequately measured;

Relationships between predictors and backorder risk are consistent throughout the

modelling period;

e  Variables having binary values are ignored;
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e Dependencies or interactions between different products or Store Keeping Units
(SKUs) are not considered in the model.

3.1.3. Notations

e  The notations required for the formulation of the backorder problem in mathematical
terms enable one to solve the model to find optimal solutions for the occurrence of
backorder risk. The set represents the SKUs with common properties or characteristics
essential for the mathematical expressions. The parameters are the fixed values in the
mathematical model that represent the risk score. The variable represents the values
of supplier performance and actual demand to be determined.

Sets

e n: Number of SKUs in the supply chain dataset.

e  x:The row number of the SKU under consideration. (It is used as an index or label to
identify a specific row or entry within the dataset. In the context of the equations, x takes
values from 1 to n, representing each SKU in the dataset. For each SKU, the equations
are calculated based on the values associated with that specific SKU, such as supplier
performance and actual demand. Such an index helps one iterate through each SKU in
the dataset to calculate risk scores, constraints, and other relevant quantities).

Parameters

e  Riskscorey, = Threshold of Risk score;

e Ry, = Threshold of Total risk associated with Supplier Performance;
e Ry = Threshold of Total risk associated with Demand;

e  Egpr = Expected supplier performance for xth SKU;

e Ay = Actual demand for xth SKU.

Variables

Vspx = Variance in supplier performance for xth SKU;

V¢ = Variance in demand risk of xth SKU;

Rsx = Risk associated with Supplier Performance for the xth SKU;

Ry, = Risk associated with Actual Demand for the xth SKU;

Total Risk = Total risk related to the SKU associated with the supply chain;
Risk Scoregyg = Average of total risk;

RT; = Total Risk associated with Supplier Performance;

RT,; = Total Risk associated with Demand;

Ry = Risk score associated with both supplier performance and demand for the xth SKU;
Ruin = Min value of Ry;

Ryax = Max value of R,.

From the root cause analysis conducted in Section 4, risks associated with Demand
and Supplier Performance were found to be the root cause of back-order risks.
The below equations calculate the Variance in supplier performance and demand:

e Vipx = Actual Supplier Performance-Expected Supplier Performance;
o V4 = Actual Demand-Expected Demand.

Equations (1) and (2) calculate the risk score for supplier performance and demand for
the 1st to xth SKU in the dataset. They are calculated using the Mean Absolute Percentage
Error (MAPE) method, where the modulus of variance for Supplier Performance and
Demand is divided by Expected Performance and Demand.

_[[Vspx]
o= el <1>

[ | Vdrx |
R ={ ) @
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Equations (3) and (4) sum Equations (1) and (2) from the 1st SKU to the n'h SKU,
calculating the total risk associated with supplier performance and demand in the supply
chain from the 1st to the #* SKU in the dataset.

n n ‘ Vdrx |
RTd :Zx:l 'Rdx = Zx:l { Adx } (3)

Equations (5) and (6) calculate the Total Risk and Risk Scoregyg of all the SKUs in the
supply chain dataset. Equation (5) was constructed by combining Equations (3) and (4)
estimating the total risk associated with demand and supplier performance for the first
to n'" SKU. Equation (6) was obtained by dividing Equation (5) by # (the total number of
SKUs in the supply chain dataset); this yielded the average Risk Score, “Risk Scoresyg”.

RTs = Zzzl ‘Rsx = Zzzl { | Vepx | } 4)

Espx
oo m ) (S e
v { e )+ {5

Risk Scoregpg =

(6)

Ry is calculated in Equation (7) by summing Equations (1) and (2). Equation (7) is the
objective function. Ry gives the risk score associated with the xt" SKU item. R,,i,; and Ryax
are calculated in Equations (8) and (9), yielding the Min Risk Score and Max Risk Score for
n SKUs. Ry, is calculated by minimizing the objective function of Equation (7), and Ry
is calculated by maximizing Equation (7).

n

Ry =Rsx + Ry (7)
Ryin = min_;Ry (8)
Ryax = max?_Ry 9)

Constraints

The constraints are shown in Equations (10)—(14).

Ryuin < Ry < RiskScoregyg (10)
RiskScoregyg < Ry < Ruax (11)
Rsx < R (12)
Rix < Ry (13)
Risk Scorezug < Riskscorey, (14)

If constraint (10) is met, then there is no possibility of supply chain risk for the x'" SKU;
in the case in which constraint (11) is satisfied, there is a possibility of supply chain risk for
the x*" SKU. If constraints (12)—(14) are not met, then there is a possibility of risk in the entire
supply chain rather than for each SKU. The model’s constraints are shown in Figure 3.

3.2. Machine Learning-Based Prediction Model

To predict the risk of supply chain delivery delays, the Bayesian-optimized LightGBM
algorithm was employed in this research, as depicted in Figure 4. The choice of this algorithm
is justified by several of the advantages it offers over other alternatives. Firstly, the Bayesian-
optimized LightGBM algorithm exhibits high efficiency, enabling fast training and scalability
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for handling large-scale datasets. Secondly, it demonstrates superior predictive accuracy and
performance compared to other algorithms, as supported by relevant studies [40]. Thirdly,
this algorithm’s capabilities align well with supply chain delivery delay risk prediction
requirements, including with respect to its ability to handle high-dimensional data, effectively
manage missing data, and address class imbalance issues.

R max y i b r
i
Backorder W (Risk Score,,,, Re Rax)
Backorder Ry :
|
RiskScoreayg A RiskScorewn, Rsen, Raen -
Mo (Risk Score,,, Row. Rax)
No R. Ly apgr Dexr Ny
.3 el * backorder
= |
Rnin
(For the x™ SKU) (For the entire data set)

Figure 3. Risk score constraints.
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Figure 4. Flow chart of the proposed supply chain risk prediction process.

The specific steps of the proposed algorithm are illustrated below. Firstly, data pre-
processing is conducted to ensure the integrity and availability of the dataset. Subsequently,
the dataset is divided into training and testing sets proportionally. To address data im-
balance, random under sampling is employed, randomly eliminating a majority of class
samples from the training dataset until the number matches that of the minority class sam-
ples [41]. Finally, the classification model is trained using the training set. A Bayesian opti-
misation hyper-parameter search is employed to identify the optimal hyper-parameter. The
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model is then constructed using the testing set, and the model’s classification performance
is evaluated. Data analysis and model development are carried out using Anaconda-based
Python programming (version 3.8).

3.2.1. Data Pre-Processing
1.  Under-Sampling

The issue of classification imbalance can result in significant deviations in a model’s
training outcomes. One effective algorithm for addressing class imbalance problems is
the under-sampling method. This approach achieves a proportional balance between the
remaining majority and minority class samples by removing a portion of the majority class
samples [42]. Notably, this technique can enhance both the model’s generalization ability
and operational efficiency, particularly when dealing with large datasets [43]. Additionally,
under sampling guarantees that every data point originates directly from the initial dataset,
which aids in preserving the authenticity of the data and reduces the potential for additional
noise. One under-sampling algorithm, known as random under sampling, achieves class
sample proportionality via randomly eliminating most class samples, and the balance ratio
can be adjusted accordingly.

2. Data Cleaning

As a crucial step in data analysis and mining, data pre-processing plays a vital role
in enhancing the accuracy and effectiveness of data-mining results [44]. The specific
process of data cleaning in this research includes the following steps: the integration of
the training and testing sets, the removal of abnormal data, the deletion of missing values
without compromising data quality, the elimination of redundant feature columns, and the
conversion of data types, whereby string values such as “Yes” and ‘No’ are replaced with
0/1 to facilitate analysis.

3.2.2. LightGBM Algorithm

The LightGBM algorithm is an open-source Gradient-Boosting Decision Tree (GBDT)
framework [45]. The traditional GBDT model suffers from low efficiency and poor scal-
ability when dealing with high-dimensional big data. The GBDT algorithm has been
optimised to address these issues, and an improved version known as LightGBM has been
introduced [46]. LightGBM introduces two key algorithms for improving training speed:
the Histogram algorithm and the Gradient One-Side Sampling (GOSS) algorithm.

3. The Histogram Algorithm

To address memory consumption and feature dimensionality, the LightGBM algorithm
replaces the traditional pre-sorting algorithm with a histogram algorithm [47]. Figure 5
illustrates the process of discretising continuous eigenvalues into k eigenvalues and con-
structing a histogram with a width of k. When traversing the data, the cumulative value
of each discrete value in the histogram is calculated, ultimately identifying the optimal
segmentation point based on the traversal of the discrete value [48]. An overview of the
histogram algorithm is provided in Algorithm 1 [48].

alnjeayy

==

#data #bins

Figure 5. The process of the histogram algorithm.
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Algorithm 1 Histogram-based Algorithm

Input: training data I, max depth d, feature dimension m
1: nodeSet < {0} > tree nodes in current level

2: rowSet < {{0, 1, 2}} > data indices in tree nodes
3:fori=1toddo

4: for node in nodeSet do

5 usedRows < rowSet[node]

6: fork=1tomdo

7: H + new Histogram()

8 > Build histogram

9: for j in usedRows do

10: bin « Lf[k][j].bin

11: H[bin].y < H[bin].y + Lyl[j]

12: H[bin].y < H[bin].y +1

13: end for

14: Find the best split on histogram H

15: end for

16: end for

17 Update rowSet and nodeSet according to the best split points
18: end for

4. The GOSS Algorithm

In traditional GBDT algorithms, all sample points are used to calculate the gradient
during sample sampling. However, computing the information gain for all sample points
becomes time consuming when dealing with large datasets and high-dimensional features.
LightGBM employs the GOSS algorithm for sampling to alleviate this issue and improve
computational efficiency. The core idea behind GOSS is to retain large gradients while
randomly sampling the remaining samples with slight gradients. A weight coefficient is
introduced to calculate the information gain for the small gradient data to compensate
for the impact on the sample points’ distribution. An overview of the GOSS algorithm is
provided in Algorithm 2 [48].

Algorithm 2 Gradient-based One-side Sampling

Input: training data I, iterations d
Input: sampling ratio of large gradient data a
Input: sampling ratio of small gradient data b
Input: loss function loss, weak learner L
1: models <« { }, fact < 1;”
2: topN < a x len(I), randN < b x len(l)
3:fori=1toddo

1 preds < models.predict(I)

4
5: g« loss(l, preds), w + {1,1,.. .}
6: sorted < GetSortedIndices(abs(g))
7 topSet +— sorted[1: topN]

8: randSet <— RandomPick(sorted[topN : len(I)]), randN)

9: usedSet < topSet + randSet

10: w[randSet] x = fact > Assign weight fact to small gradient data
11: newModel < L(I[usedSet]), —g[usedSet], w[usedSet])

12: model.append(newModel)

13: end for

3.2.3. Bayesian Optimisation

The selection of hyperparameters is of utmost importance, as a well-chosen set of
hyperparameters can significantly enhance a model’s performance [49]. Commonly em-
ployed methods for parameter tuning include manual adjustment, grid searches, random
searches, and Bayesian optimisation [50]. The manual parameter adjustment method is
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time consuming and has difficulty identifying the best parameter combination through
repeated trials. Grid searches and random searches, on the other hand, do not leverage
prior information when evaluating hyperparameter combinations. Bayesian optimisation,
however, utilises prior information from previous parameter sets to determine the next set
to be evaluated, resulting in higher search efficiency with fewer iterations and the ability to
swiftly and accurately find the optimal hyperparameter solution. This research employs
the Bayesian optimisation algorithm to determine the optimal set of hyperparameters for
the LightGBM model in predicting supply chain delivery delay risk [51].

3.2.4. Model Evaluation

The binary classifier employs the following evaluation criteria to assess its classification
performance: overall classification accuracy and error rate [52]. To provide a comprehensive
evaluation of the model’s performance, Precision and Recall were also chosen as evaluation
metrics [48]. The model’s Accuracy, Precision, and Recall rates are calculated based on a
confusion matrix [53]. In Table 1, TN represents the number of samples where both the real
result and the predicted result are negative. TP represents the number of samples where
both the real result and the predicted result are positive. FN corresponds to the number of
samples where the real result is positive, but the predicted result is negative. FP denotes
the number of samples where the real result is negative, but the predicted result is positive.

Table 1. Confusion matrix.

Prediction Result

True Result

Negative Positive
Negative True Negative (TN) False Positive (FP)
Positive False Negative (FN) True Positive (TP)

The accuracy rate denotes the probability of correctly predicting both positive and
negative classes across all samples, as shown in Equation (15).

TN+ TP
TN+TP+FN+FP

Accuracy = (15)
The Precision rate denotes the proportion of correctly identified positive samples out
of all the predicted positive samples, as shown in Equation (16).

TP

Precision = m

(16)
The Recall rate refers to the likelihood of a sample being correctly identified as a
positive sample among the actual positive samples, as shown in Equation (17).

TP

Recall = TP+ TN (17)
Furthermore, the model’s performance is assessed using the area under the receiver
operating characteristic curve (ROC), commonly referred to as area under curve (AUC) [54].
The AUC serves as an indicator that reflects a binary classifier’s ability to accurately classify
positive and negative samples. This metric allows for an assessment of a model’s perfor-
mance across different class boundary values and tests its robustness in cases of imbalanced
datasets. Additionally, each machine learning model’s operation time is considered an

evaluation metric in this research.

4. Empirical Study

In the realm of the supply chain, backorders represent a significant risk to timely deliv-
ery. A backorder can arise from various factors, including supplier management, material
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transportation capabilities, supplier evaluation processes, and unforeseen circumstances.
Backorders within a supply chain can result in substantial losses due to a failure to deliver
products punctually. Therefore, the backorder data serve to validate the efficacy of the
proposed Bayesian-optimized LightGBM algorithm.

4.1. Data Description

In this research, an actual 8-week imbalanced historical dataset pertaining to product
backorders was used [55]. The data were collected through a weekly survey conducted at
the beginning of each week, resulting in a highly skewed distribution with an imbalance
ratio of 1:137. The dataset comprises 13,981 positive samples and 1,915,954 negative
samples. Comprehensive definitions of the attributes present in the dataset are provided
in Table 2. Furthermore, a visual representation of the dataset within the supply chain
framework is shown in Figure 6.

Table 2. The definitions of the attributes.

Attributes

Ranges Explanation

went_on_back_order (Binary)
forecast_3_month, forecast_6_month,
forecast_9_month (parts)

Binary (0 or 1) Product went on backorder

0-138,240 Sales forecast for next 3, 6, and 9 months

sales_1_month, sales_3_month, sales_6_month,
sales_9_month (parts)
perf_6_month_avg, perf_12_month_avg (%)
min_bank (parts)
pieces_past_due (parts)
local_bo_qty (parts)
in_transit_qtry (parts)
lead_time (days)
national_inv (parts)
potential_issue (Binary)
deck_risk, stop_auto_buy, rev_stop (Binary)
oe_constraint (Binary)

ppap_risk (Binary)

0-132,068 Sales volume in last 1, 3, 6, and 9 months
0 to 100% Supplier performance in last 6 and 12 months
0-9672 Minimum recommended stock amount
0 Number of parts overdue from supplier
0 Amount of stock overdue
0-5562 Quantity in transit
2 to 52 Transit time
0-266,511 Current inventory level
Binary (0 or 1) Identified source issue for the item
Binary (0 or 1) General risk indicators
Binary (0 or 1) Constraints on operating entities
Binary (0 or 1) Risk associated with the production part

approval process

Demand Forecast( 3,6,9 months)

Orders Overdue
e

L Actual Sales

Supplier Performance
(6, 12 months) components
Parts due from the — Safety stock of
supplier components

Inventory level of

(1,3,6,9 month)

Figure 6. The dataset in the supply chain framework.
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The results of the correlation analysis conducted on these attributes are shown in
Figure 7. The thermal value is 1, signifying a strong correlation between the two data
variables. Conversely, a correlation is absent between the two data variables in cases where
the thermal value is 0. Despite the weak correlation observed between the target attribute
“went_on_backorder” and the other variables, it was essential to consider all variables in
this research. By integrating all the features, a model can be more robust and generalizable
across various datasets and scenarios.

national_inv - - 1.0
lead_time
in_transit_gty
forecast_3_month - 0.8
forecast_ﬁ_month
forecast_9_month
sales 1 _month
sales_3_month 0.6
sales 6 _month
sales_9_month
min_bank 0.4
potential_issue
pieces_past_due
perf_6_month_avg
perf_12_month_avg 0.2
local_bo_qgty
deck_risk
oe_constraint 0.0
ppap_risk
stop_auto_buy
rev_stop
went_on_backorder -0.2

I
ZYZEEEEEEEEY LD YEEX T2
EETCCcEEEccEe S R22acezsE€alo
1= [ o @ m = -
_u‘__loocooco_g.g [ 'o'x‘b 1Y s
gt’QE|E|E|E|E|E|E|c‘a'§5§%$E%giﬁ
CB Emom-Hmoon g2 BE S Q ©
S e ES e ®T g a3
= B e nn S WEE U | |
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comp222L S0 o 12 ¥ o £
EcoomEE® D v = e
L L W a.w (K] 4_|I
pgo = 2
e ee gL g
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Figure 7. Correlation analysis.

Furthermore, a data feature analysis was conducted to identify the top ten features
that have a significant impact on the outcomes, as shown in Figure 8. The most influential
factor affecting delayed delivery is the current inventory of the product. This factor is
followed closely by the performance of suppliers and sales performance in recent months,
aligning with real-world observations.

feature importance score

national_inv
perf_12_month_avg
sales_9_month
sales_1_month

lead_time

feature

perf_6_month_avg

in_transit_qty
forecast_3_month
forecast_6_month

sales_3_month

0 100 200 300 400 500
score

Figure 8. Feature importance scores.
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4.2. Data Pre-Processing

The dataset was partitioned into training and testing sets in a ratio of 7:3 [32]. Given
the significant class imbalance of the initial dataset, random under sampling was performed
on the training set to mitigate the influence of this imbalance. The original dataset and the
dataset after random under sampling are both shown in Table 3. In this table, samples without
backorders are considered positive, while those with backorders are considered harmful.

Table 3. Positive and negative sample results from the dataset.

T Original Dataset Dataset after Random under Sampling
e

P True Sample False Sample Overall True Sample False Sample Overall

Training set 1,341,197 9757 1,350,954 9757 9757 19,514
Test set 574,801 4180 578,981 574,801 4180 578,981
Overall 1,915,998 13,937 1,929,935 584,558 13,937 598,495

1.200000

1.000000

0.800000

0.600000

0.400000

0.200000

0.000000

4.3. Model Building

To address the effectiveness, robustness, and accuracy of the model in handling large
samples and high-dimensional datasets, seven machine learning models are compared
in this research, namely, logical regression (LR), k-nearest neighbour (KNN), naive Bayes
(GaussianNB, GNB), decision tree (DT), random forest (RF), XGBoost, and LightGBM. These
models were chosen based on their common usage in related literature and widespread
adoption in practical applications. The performance of these models for the training and
testing sets is depicted in Figure 9.

Model Performace of Training Set Model Perforamce of Test Set

M LR M KNC ™ GNB M DT M LightGBM M XgBoost Ml RF B LR KNC ™ GNB M DT M LightGBM M XgBoost Ml RF

1.000000
0.900000

0.800000
0.700000
0.600000
0.500000
0.400000
0.300000
0.200000
0.100000

Accuracy_Train

0.000000

Recall_Train Precision_Train AUC_Train Accuracy_Test  Recall_Test  Precision_Test AUC_Test

(a) (b)
Figure 9. (a) Model performance for training set; (b) model performance for testing set.

It is evident that the GNB model exhibits the poorest classification performance when
dealing with highly imbalanced data, as indicated by its accuracy of only 0.5 for the training set.
This can be attributed to the Naive Bayesian model’s advantage in modelling small samples.
However, this advantage diminishes when confronted with datasets containing a substantial
quantity of data, resulting in poor generalization ability. These findings are consistent with
those from previous studies [56,57]. Though both the RF model and XGBoost model achieve a
high level of accuracy when compared to the LightGBM model, it is worth noting that the
LightGBM model demonstrates superior computational efficiency and lower memory usage
for large datasets [46]. Therefore, the LightGBM model exhibits outstanding performance. To
further enhance the performance of the LightGBM model, the optimal set of hyperparameters
was determined through continuous iterative optimisation using Bayesian optimisation. The
objective function utilized for optimisation was the mean squared error value of five-fold
cross-validation, which was within a given range of hyperparameters. Considering the desire
to achieve a good balance between optimisation efficiency and accuracy, the optimisation
process consists of 100 controlled iterations and 50 random iterations. The mean squared error
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curve of the training set with respect to the target is illustrated in Figure 10. The Bayesian
hyperparameter optimisation reaches the optimal value at the 25th iteration, which is —0.1239.
It is important to note that even though the iteration count may appear relatively low, further
iterations did not lead to significant improvements in the optimisation results. In fact, Bayesian
optimization is designed to make informed decisions based on prior data. Its goal is to find
the optimal solution with fewer iterations, making the selected iteration count appropriate
for our specific problem. Consequently, the optimal set of LightGBM hyperparameters is
presented in Table 4.

0 ——Target value of Iterations
O Optimal value of Iteration

-0.02

-0.04

-0.06

-0.08

Target value

-0.12 -0.1239
-0.14
-0.16

-0.18
1 11 21 31 41 51 61 71 81 91 101

Number of iterations

Figure 10. Number of iterations required to find the optimal value.

Table 4. The optimal set of LightGBM hyperparameters.

n_ min_child_ num_ reg_
Parameter max_Depth Estimators reg_alpha Samples Leaves Lambda Subsample
Value 10 2930 0.1 47 20 1.0 0.8

The performance of LightGBM was compared with and without Bayesian optimisation
(see Figure 11). Furthermore, the respective operation times of each model were also com-
pared (see Figure 12). Additionally, the AUC score was utilised to assess the performance
of the Bayesian-optimized LightGBM model compared to other models. The AUC score
represents the probability of a given classifier ranking a random positive example higher
than a random negative example, and it is computed by calculating the area under the ROC
curve, as presented in Figure 13.

1.20000
0.99339 0.99339 0.99339 0.99339
1.00000 0.87999 0.89949 0.89949
0.80000
0.60000 0.52625
0.40000

0.20000

0.00000

LightGBM ' Bay-LightGBM

Figure 11. The performance of LightGBM with and without Bayesian optimisation.
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300

200

100

LR KNN GNB DT XgBoost RF
Models

lightGBM Bay-LightGBM

Figure 12. Operation times of different models.

True Positive Rate

Logit (AUC = 0.855)
—— KNN (AUC = 0.922)
= LGBM (AUC = 0.951)
—— XgBoost (AUC = 0.953)
GNB (AUC = 0.596)
DT (AUC = 0.859)
= RF (AUC = 0.960)
—— LGBM-Bay (AUC = 0.956)

0.0

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Figure 13. AUC values for different models.

Compared to the LightGBM model, the Bayesian-optimized LightGBM (BO-LightGBM)
model exhibited higher accuracy, recall, and AUC values, which were 0.88, 0.89, and 0.89,
respectively, when predicting the risk of backorder. Considering the ACU score and op-
erational time of all the models, it is evident that the RF model outperforms the others.
However, it is important to note that RF requires a longer running time and occupies more
memory compared to LightGBM and XGBoost. Despite being an efficient implementation
of GBDT, the performance of XGBoost still falls short of the model proposed in this research.
The results demonstrate that the proposed BO-LightGBM model not only significantly
enhances the model’s classification performance, stability, and generalisation ability, with
an AUC score of 0.957, but also exhibits the shortest operational time of 125 s. This model
effectively predicts backorder risk, especially in scenarios involving large samples, high
dimensions, and imbalanced datasets.
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5. Discussion

Predicting supply chain delay risks is valuable for effective supply chain management
and inventory planning. It empowers retailers to manage inventory levels and proactively
prevent stockouts. In this study, we proposed a Bayesian-optimized LightGBM model
based on the random under-sampling method for data pre-processing, aiming to predict
the occurrence of supply chain delay risks.

To validate the proposed model, we utilised a backorder dataset as a representative
example of delivery delay risks within a supply chain, for which 21 indicators were
considered, including lead time, inventory, and sales. Analysing backorder data can provide
valuable insights for improving inventory management and forecasting via identifying
relevant trends. To investigate the factors contributing to the risk of backorders, we
conducted correlation analysis to visualise the variables and found that all the variables are
associated with risk. In addition, we performed a rigorous analysis to evaluate and rank the
factors contributing to the emergence of supply chain risk. The findings demonstrate that
the current inventory level significantly impacts the incidence of backorder risk. Moreover,
it was discovered that the past performance of suppliers over the last twelve months and
previous sales records considerably influence the probability of a backorder.

First, seven machine learning models were compared in this study: logical regression
(LR), k-nearest neighbour (KNN), naive Bayes (GaussianNB, GNB), decision tree (DT), random
forest (RF), XGBoost, and LightGBM. These models were chosen based on their common
usage in the related literature and widespread adoption in practical applications. It is evident
that the GNB model exhibits the poorest classification performance when dealing with highly
imbalanced data, as indicated by its accuracy of only 0.5. However, although both the RF
and XGBoost models achieve a high level of accuracy when compared to the LightGBM
model, it is worth noting that the LightGBM model demonstrates superior computational
efficiency and lower memory usage for large datasets. Therefore, the LightGBM model
exhibits outstanding performance. The performance of the LightGBM model was further
enhanced through continuous iterative optimisation using Bayesian optimisation.

Next, we compared the accuracy and operational time of the proposed Bayesian-optimized
LightGBM model. The results demonstrate that the BO-LightGBM model exhibits higher
accuracy and operates in the shortest time, indicating its superior prediction performance
for supply chain delivery delay risk and strong generalisation ability. Moreover, the results
show that the BO-LightGBM model can handle large sample sizes and imbalanced datasets
effectively. The implications of our analysis are of utmost importance as they offer valuable
insights to supply chain managers, empowering them to devise effective strategies for mitigat-
ing the risk of product delivery delay in the supply chain and enhancing the overall resilience
of the supply chain ecosystem. However, this research does have some limitations. Factors
such as weather conditions, geographical factors, and regional influences, which are prevalent
in the supply chain, have not been considered. Future work should focus on incorporating
these factors into analyses. Gathering real-time stock-level data is crucial to implement the
proposed prediction model in practical settings. This necessitates integrating advanced tech-
nology into warehouse inventory systems. Once the prediction system is implemented, it can
send real-time notifications and alerts to inventory and production management regarding
potential backorder issues, enabling timely restocking from suppliers. Future work should
also focus on further investigating such an automated early-warning system to mitigate the
occurrence of supply chain delivery delay risks.

6. Conclusions

Applying a Machine Learning-based Bayesian-optimized LightGBM model has demon-
strated significant promise in predicting and mitigating supply chain risks in the context
of Industry 4.0. Supply chain risk management has become a crucial aspect of modern
business operations, as disruptions can lead to substantial financial losses and reputational
damage. Leveraging machine learning techniques and Bayesian optimisation within the
LightGBM framework, this research has paved the way for a proactive and data-driven
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approach to identifying, assessing, and responding to potential risks in supply chains. The
predictive power of the proposed model is attributed to its ability to analyse vast quantities
of historical data and extract complex patterns and relationships. By leveraging historical
data, the model can make accurate risk forecasts, enabling organisations to take timely and
informed actions to mitigate potential disruptions.

The findings of this research align with the growing body of literature that emphasises
the value of machine learning approaches in supply chain risk management. Other studies
have shown that machine learning-based models, such as deep learning and Random
Forest, can also provide accurate and efficient risk predictions. However, the proposed
Bayesian-optimized LightGBM model introduces a unique combination of techniques
that offers improved performance and interpretability, making it a compelling choice for
organisations seeking to enhance their risk management practices. While this study has
provided valuable insights into the effectiveness of Supply Chain 4.0 in predicting supply
chain risk, further research is encouraged to explore its applicability in diverse industries
and supply chain settings. Additionally, investigations into the model’s scalability and
adaptability to real-time data streams would contribute to its practical implementation in
dynamic and rapidly changing supply chain environments.

Overall, the integration of machine learning techniques into supply chain risk man-
agement marks a significant advancement in the field. The developed model, with its
Bayesian-optimized LightGBM approach, demonstrates the potential to revolutionize how
organisations proactively manage and navigate supply chain disruptions. As businesses
continue to embrace digital transformation and Industry 4.0 principles, the adoption of
advanced predictive analytics and data-driven strategies will be instrumental in building
resilient and efficient supply chains, securing competitive advantages, and sustaining
success in an increasingly complex and interconnected global marketplace.
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