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ABSTRACT 

Supply chain companies are eager for an automated system to address their challenges, 

particularly those that are dynamic, such as dynamic vehicle routing problems. To prepare dynamic 

supply chain systems for organizations, Industry 4.0 must be applied. Despite ample studies that 

consider the Dynamic Vehicle Routing Problem (DVRP), the interactions between Industry 4.0 

and DVRP have been rarely studied. Extensive reviews of current literature on supply chain 

networks, dynamic vehicle routing problems, and Industry 4.0 have recognized an urgent need to 

develop and understand the concept of Industry 4.0 and proposed to apply it in dynamic vehicle 

routing problems.  

Thus, this research addresses four imperative needs that have been structured into four 

research thrusts: 1) Industry 4.0 in logistics and supply chain management is presented through a 

systematic review and synthesis of the current literature on Industry 4.0 in Supply chain 

management. The goal here is to summarize the existing knowledge on Industry 4.0 in SCM, and 

to analyze the content of research papers using topic modeling (TM) techniques. 2) A two-stage 

metaheuristic algorithm for the dynamic vehicle routing problem: is used to develop a heuristic 

approach to dynamic vehicle routing problems with Industry 4.0 approach. 3) A Three-Stage 

algorithm for the Large Scale DVRP with an Industry 4.0 approach is employed to solve the DVRP 

on a large-scale size problem. 4) A Two-Stage algorithm for the Dynamic Multi-Depot Vehicle 

Routing Problem (DMDVRP) with an Industry 4.0 approach is utilized to solve the DMDVRP 

with respect to transportation cost.   

Overall, this dissertation's accomplishment is that Industry 4.0 plays a significant impact 

on supply chain and DVRP. The new proposed DVRP methodologies and corresponding results 

demonstrate that an acceptable cost-effective outcome is achievable.  
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INTRODUCTION  

 

1.1 Research Background 

In recent decades, the usage of machines has become more and more popular, especially 

for doing some industry works in factories and companies. The pace of these changes has been 

very fast. These changes are exponentially increasing as opposed to a couple of decades ago and 

it will be covering all industries in all over countries. These changes reflect the complete 

transformation of the production and management systems of companies and industries. Most 

human roles have been replaced by machines and computers. This transformation, which has been 

the focus of many companies, has impacts on speed decision making, customer service, etc. Also, 

it provides simplicity and cost reduction for customers. In the realm of industry, the current 

revolution is well-known as the fourth industrial revolution or Industry 4.0. 

Implementation and performance of Industry 4.0 will not only optimize the production 

flow at the manufacturing plant level but also optimize productivity. In addition, the network 

covers all stages of the product life cycle, from product idea to product development, production, 

use, maintenance, and recycling. It was impossible to develop Industry 4.0 without rapid advances 

in the fields of Information Technology (IT) over the past ten years. 

Industry 4.0 has affected many different fields as follows: smart building, medical, smart 

city, agriculture and animal, supply chain, retail, supply chain, etc. One of the industries which is 
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most affected is the supply chain network. The approach to the Supply Chain network affected by 

Industry 4.0 is called Supply chain 4.0 (SC 4.0)  

To adopt Industry 4.0 and supply chain, the combination of the whole supply chain, 

demands information given by each company by Big Data, is shared through a comprehensive 

system using Cloud Computing and Internet of Things (IoT) technologies [1]. Because of the 

introduction of new technologies, robots, automation, IoT, and computer-aided tools in companies, 

Industry 4.0 and CS 4.0 are crucial. Nine foundational technology in Industry 4.0 is demonstrated 

in Figure 1.1.  

 

Figure 1.1. Industry 4.0 foundational technology. 

1.1.1 Industry 4.0 

One of the aims of Industry 4.0 is digitalization. Industry 4.0 involves using IoT and cyber-physical 

systems such as sensors capable of collecting data that can be used by manufacturers to have update 
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data. Industry 4.0 is used to build better communication between machines, and metadata enables 

processes to be analyzed and enhanced. Secondly, companies face a huge amount of data that has 

already been produced and this data is growing day by day. Analyzing this huge amount of data 

helps a lot to understand the current situation and improve the company in the field. 

This change in Industry 4.0 does not only affect factories, but also encourages all sections of the 

small to large retailers around the world to transform executive processes into automated and 

digital systems. In Chapter 2, Industry 4.0 and its history are discussed more.  

1.1.2 Smart factories 

One part of Industry 4.0 is smart factories. Information technology made an evolution of the supply 

chain and product line, to convert traditional supply chain to modern supply chain which is a higher 

level of automation and digitization. In smart factories, there are complex tasks. To solve these 

tasks, machines utilize different techniques including machine learning, artificial intelligence, 

optimizations, cloud computing, big data analysis, robotics, etc. Smart Factories are investing in 

3D printers to reduce production costs.  

The advantage of these developments in the industry is that if robots are replaced with 

humans, the final costs in industrial environments will be much cheaper, and using artificial 

intelligence makes it possible to solve complex acceleration problems on the production line. 

1.1.3 Supply chain 4.0 

Supply chain 4.0 is the key to the future of supply chain. Digitalization offers companies new ways 

of networking and automating their supply chains. Industry 4.0 helps companies automate their 

supply chain networks and how they can increase overall efficiency. SC 4.0 helps companies to 



 

 

4 

 

contribute with customers and partners better than ever before, for example, suppliers, 

manufacturers, wholesalers, retailers, and logistics providers. The ultimate goal of SC 4.0 is to 

have an automated and fast system to support the supply chain network. 

1.1.4 Dynamic Vehicle Routing Problem 

One of the famous problems in supply chain is the vehicle routing problem (VRP). One variant of 

VRP is Dynamic vehicle routing problem (DVRP). The goal for DVRP is twofold: (1) identify the 

optimal route for vehicles to serve a set of customers, and (2) update the route on a rolling basis 

as new customers place orders while vehicles are on-route. There are different applications for 

VRP, for example, oil, gas, and fuel transportation, food distribution and, mail and package 

delivery[2]. Figure 1.2 shows the relationship between Industry 4.0, smart factory, SC 4.0, and 

DVRP. 

Figure 1.2. Relationship between Industry 4.0, smart factory, SC 4.0 and DVRP. 

 

 

 

Industry 4.0

Smart 
Factory

Supply 
Chain 4.0

Dynamic 
Vehicle 
Routing 
Problem
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1.2 Research Objectives and Scope  

The objective of this dissertation is to develop generic methods to solve DVRP while handling 

static and dynamic customers using the Industry 4.0 approach. To achieve this objective, key 

research questions must be addressed.  

• To review the role of Industry 4.0 in supply chain management  

• To elaborate on the role of Industry 4.0 in DVRP 

• To develop suitable meta-heuristic solutions which can be used for solving the 

DVRP. 

 

1.3 Dissertation Outline 

The remainder of this dissertation is structured as follows. Chapter two presents Industry 4.0 in 

logistic and supply chain management (SCM). There are few reviewed papers about existing 

research on Industry 4.0; though, they did not consider the role of SCM. In chapter two, a 

systematic review based on the current literature on Industry 4.0 in SCM. The focus of this chapter 

is the existing knowledge on Industry 4.0 and SCM, analyze the content of different studies based 

on the authors’ opinion and topic modeling (TM) techniques.  

Chapter three provides a developed heuristic approach to DVRP with an approach to 

Industry 4.0. In this chapter, a two-stage algorithm is presented for solving the DVRP. 

Experimental results were tested in nine different sizes of samples to validate the methodology.  

Chapter four presents the large-scale dynamic vehicle routing problem. To solve this 

problem, three stages algorithm consist of a “cluster-first construction-route second, improvement-
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route third” methodology is proposed. To validate the proposed methodology, it was tested in 

different sample sizes and returned promising results.  

To extend the DVRP problem, chapter five focuses on the dynamic multi-depot vehicle 

routing problem (DMDVRP). In chapter five a two-stage algorithm including construction and 

improvement algorithm, presented in chapter three, was applied for DMDVRP. Chapter six 

explains the summary of works and suggests future works for interested readers.   
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INDUSTRY 4.0 IN LOGISTICS AND SUPPLY CHAIN MANAGEMENT: A 

SYSTEMATIC LITERATURE REVIEW 

 

    

2.1 Abstract 

“Industry 4.0” is a concept that focuses on automation of system and process, digitalization, 

and data exchange in industries. Its goal is to achieve a smart factory to reduce lead time to respond 

to the customers’ demand or to unforeseen events and improve productivity in the system. Using 

this concept can lead to improvements in manufacturing, supply chain (SC), and logistics. The 

adoption of Industry 4.0 in supply chain management (SCM) is a new and critical subject with a 

need for more research. A few studies have started reviewing the existing works on Industry 4.0; 

however, they do not focus on its role in SCM. This paper presents a systematic review and 

synthesis of the current literature on Industry 4.0 in SCM that brings out some interesting findings, 

which will be helpful for the academic and industry, especially top managers. This work identifies 

three categories from the content of the papers as exploratory vs. confirmatory, qualitative vs. 

quantitative, management level vs. process/technology level. Additionally, based on the Topic 

Modeling (TM) technique, three different clusters of Supply Chain, Logistics and Manufacturing 

topics were extracted. Current shortcomings, challenges, and future research directions are 

discussed in the conclusion. 

Keywords: Industry 4.0, smart factory, supply chain, logistic, Internet of Things 
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2.2 Introduction and Background 

Having a modern and agile supply chain (SC) is currently the goal of every company, 

because a modern supply chain (MSC) is fast, automatic in the process (accept orders, preparing 

orders and distribute to customers), more flexible, and transparent. Moreover, an MSC can work 

in dynamic systems and with a high volume of data [3]–[5].  

As an example of MSC, Amazon has millions of orders every day. Amazon robots 

fetch and pick up those orders and bring them to the employees to fill them at the right time. An 

interesting example of the use of Big Data technologies in the area of MSC is DHL. Big Data 

makes it possible to analyze the data at a more advanced level than traditional tools allowed. By 

collecting and evaluating big data from customers, DHL can provide customers with information 

on potential interference of their respective supply chains. It is possible to protect and also to 

improve the efficiency of the supply chain and no operation interruption in the system. It is 

promising to permanently achieve customer satisfaction [6]. 

To have an MSC system to address dynamic conditions, it is necessary to embrace a 

concept that facilitates transitioning from the traditional SC to an MSC. Industry 4.0 is a concept 

that focuses on automation, digitalization, and networking in companies. It helps companies 

develop a flexible supply chain system when they are faced with dynamic systems, especially in 

enabling integration among all elements of the SC, including suppliers, manufacturers, and 

customers. Because Industry 4.0 focuses on mobility and real-time integration, it can be a good 

framework in MSCs [5]. 

The first industrial revolution began with the development of water power and steam power 

and the mechanization of the production system in 1784. The second industrial revolution changed 

the production system to a mass production system and advanced assembly lines using electricity 
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in the 1870s. The third industrial revolution was the automation of production processes by using 

computers in 1970. The fourth industrial revolution leads to the integration of systems through 

digitalization among devices by using IoT and cyber-physical systems (CPSs) [7], termed Industry 

4.0 [8], [9]. Armengaud et al. defined Industry 4.0 as “the comprehensive introduction of 

information and communication technology (ICT) as well as their connection to an IoT, services 

and data, which enables a real-time production. Industry 4.0 means a higher degree of digitalization 

for products, value creation chain, and business models. Industry 4.0 supports digitalization by IT 

solutions and connections to improve productivity and reduce costs” [10]. Figure 2.1 demonstrates 

the four industrial revolutions. 

 

Figure 2.1. The Four Industrial Revolutions. 

 

All companies can use Industry 4.0 for their project. In Industry 4.0, project managers are 

the key leaders of projects with significant strategic importance for the future of companies. 

Companies require to have well-informed managers about Industry 4.0 to apply it in their 

company. Managers who are interested in digitalization will play a significant role as companies 

First Industrial Revolution

•Mechanization, Water and Steam Power Engine (1784)

Second Industrial Revolution

•Mass Production, Assembly Line using Electriacal Energy (1870)

Third Industrial Revolution

•Use of PLC and IT systems for Automation (1970)

Fourth Industrial Revolution

•Use of IoT and Cyber Physical System (Today)
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move forward. They lead companies to digitalization and use innovation, for example, connect 

sensors to vehicles, attach radio frequency identification (RFID) to deliver packages and/or utilize 

cloud technology to restore data. These technologies can help managers to make timely decisions, 

reduce risk and increase productivity [11]. This research can be a decent start for managers to 

understand Industry 4.0 and identify the major classification of supply chain in Industry 4.0. 

This research provides a review of the existing literature on Industry 4.0 and MSC and 

highlights advances, gaps, and future directions for further research. Although there has been an 

increasing interest in applying Industry 4.0 in manufacturing and logistics systems in recent years, 

a large gap still exists in the knowledge regarding the concepts of this topic, in industries and 

academic venues [12]. The goal of this research is to systematically review the relevant studies: 

(1) to find and report on various articles about the existing knowledge on the topic, (2) to perform 

a content analysis of the current papers by authors’ opinion and Topic Modeling (TM) and find 

research key topics and areas, and (3) to synthesize research outcomes to frame conclusions and 

possibilities for future research.  

This paper is organized as follows: Section 2 presents the fundamental concept of Industry 

4.0 and its role in the supply chain. Section 3 explains the research method applied in this paper. 

Section 4 provides a review of the research trends. Section 5 reviews and analyzes the content of 

the selected papers with two different approaches, authors’ opinions and TM of the papers. Section 

6 discusses avenues for research in the supply chain with the advent of Industry 4.0. Section 7 

presents conclusions and future work. 

 

 



 

 

11 

 

2.3 Concept and Role of Industry 4.0 

2.3.1 Concept of Industry 4.0 

The concept of Industry 4.0 was presented in 2011 by Henning Kagermann (former top 

manager of the SAP software corporation in Germany) [13]. Industry 4.0, referred to as the “Fourth 

Industrial Revolution,” is also known as “smart manufacturing,” “industrial internet” or 

“integrated industry” [14]. This concept is increasingly becoming more popular and has been 

receiving attention all over the world [15], [16]. According to Google Trend, the number of google 

searches that contained the term “Industry 4.0” and “Fourth Industrial Revolution” began in 2012 

and 2015 and there has been an upward trend as of December 2018, which shows the popularity 

of this topic (Figure 2.2). This graph shows that Industry 4.0 is an emerging topic and needs more 

research. This is a wonderful opportunity for researchers to develop their research expanse and 

managers to discover more about this topic and figure out how they can implement Industry 4.0 in 

their companies. However, an exact definition of Industry 4.0 has not been determined yet. As said 

by Lopes de Sousa Jabbour et al. [17], “the core feature of Industry 4.0 is connectivity between 

machines, orders, employees, suppliers, and customers due to the IoT, and electronic devices; as a 

consequence, firms are able to produce products using decentralized decisions and autonomous 

systems.” 

 

https://www.wordhippo.com/what-is/another-word-for/as_said_by.html
https://www.wordhippo.com/what-is/another-word-for/as_said_by.html
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Figure 2.2. Number of Google Searches conducted between January 2012 to December 2018 by 

contains the keywords “Fourth Industrial Revolution” and “Industry 4.0”. 

 

The primary focus of Industry 4.0 is to have a smart manufacturing network based on 

digitalization and automatization where machines and products interact with each other with no 

human involvement [18] [19]. Moreover, the outcome of Industry 4.0 is the development of factory 

smart systems that included smart machines, smart devices, smart manufacturing processes, smart 

engineering, smart logistics, smart suppliers and smart products, etc. [20]–[22].  

Industry 4.0 promotes the use of cyber-physical systems, IoT, Internet of Services (IoS), 

robotics, big data, and cloud manufacturing, thus including devices, machines, production 

modules, and products and applying them to various fields such as the supply chain, 

manufacturing, and management, especially to respond in real time [23]–[26]. Machine learning 

(ML) algorithms, artificial intelligence (AI), business analysis (BA), and optimization, especially 

dynamic optimization (DM), are applicable techniques for implementing Industry 4.0 in a system, 
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to maximize automation. Readers interested in these topics can refer to several references: [11], 

[27]–[30] . 

2.3.2 Role of Industry 4.0 in the Supply Chain  

Industry 4.0 is expected to have a significant impact on supply chains, business models, 

and processes in order to achieve an MSC. Researchers use different names for Industry 4.0 in the 

supply chain management context: digital supply network (DSN), IoT, E-Supply Chain, Supply 

Chain 4.0, E-logistics, or Logistics 4.0. As explained in the previous subsection, Industry 4.0 

increases digitalization and automation in manufacturing, and creates a digital process to facilitate 

interaction among all parts of a company. By implementing Industry 4.0 in the supply chain 

systems, four main SC elements—integration, operations, purchasing, and distribution—are 

affected and can increase the productivity of companies as well [31]. The main benefits of Industry 

4.0 in the SC are to reduce the lead time for delivery of products to customers, reduce the time to 

respond to an unforeseen event, and to prompt a significant increase in decision-making quality 

[32]. Industry 4.0 can help companies afford complicated and dynamic processes in their SC and 

to handle large-scale production and integration of customers [16]. Industry 4.0 can bring positive 

benefits in current sales and operations planning and also in the logistics process [33]. After 

implementing Industry 4.0, real-time information can be shared across this digitalized process to 

drive useful decisions.  
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2.4 Research Method 

Based on the topic and existing research in this area, a systematic review on Industry 4.0 

in logistics and SCM was implemented. For this paper, a structured review methodology was 

adopted based on the five steps [34] suggested for conducting systematic reviews: (1) question 

formulation, (2) locating studies, (3) study selection and evaluation, (4) analysis and synthesis, and 

(5) reporting and using results (Figure 2.3) [35]. 

Figure 2.3. Steps of the systematic review in current research. 

2.4.1 Step 1: Question Formulation 

First, the authors analyzed the general research trends in the literature from the standpoint 

of the number of studies on Industry 4.0 in the supply chain, Industry 4.0 in logistics, and related 

subjects, evaluating the context of studies and different methods. Second, the authors analyzed 

findings from the existing research, the state of research on this subject, and the pros and cons of 

previous studies. Then, two questions were formulated to guide the data collection and analysis, 

as shown in Table 2.1.  

 

Question 
Formulation

Locating 
Studies

Study Selection 
and Evaluation

Analysis and 
Synthesis

Reporting and 
Using Results
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Table 2.1. Question formula and analysis criteria. 

Question 1: What are the trends in Industry 4.0 based on the SC? 

Analysis 

Criteria 

Number of studies 

Publication dates 

Research methods 

Database 

Geographical location 

Question 2: What is the existing knowledge addressed in research? 

Analysis 

Criteria 

Content analysis based on selected categories 

Content analysis based on TM 

Outcome, advantages, and disadvantages of adopted categories  

Research gaps and future research 

 

2.4.2 Step 2: Locating Studies 

The relevant research related to the particular review questions were located, selected, and 

appraised [34]. Five search keyword phrases: “Industry 4.0 and Supply Chain,” “Industry 4.0 and 

Logistics,” “Smart Supply Chain,” “E-Logistics,” and “E-Supply Chain,” were used to access 

Google Scholar first, because this search engine shows most of the results from all databases. To 

identify relevant papers, the title, abstract, or keywords contained were analyzed. Furthermore, it 

was decided to look at other major research databases, including Taylor & Francis, Emerald, 

Elsevier, IEEE, and Springer, to determine whether relevant papers could be found. 

Keyword selection and database lists caused some limitations on finding papers in this 

research. Because this subject topic is still new, all review papers in this research were published 

after 2014. Furthermore, only those papers written in English were selected.  
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2.4.3 Step 3: Study Selection and Evaluation 

To evaluate relevant studies on this topic, the authors reviewed the content of each paper. 

They selected related papers, which discuss supply chain in smart factories with Industry 4.0 

approach. Because there were not enough published papers in this area and more papers were 

needed for this research, the authors looked to other databases like Wiley and Semantic Scholar. 

They selected relevant published papers with potential content about this research, which did not 

appear during the search of the selected papers. 

Table 0.2 presents the number of reviewed and selected papers in each database. A total of 

56 out of 507 papers were selected and included in the analysis. 

Table 2.2 Number of reviewed and selected studies in each database. 

Database (Number of Reviewed Papers) Number of Selected Papers 

Taylor & Francis (123) 9 

Emerald (56) 6 

Elsevier (37) 16 

IEEE (27) 2 

Springer (211) 7 

Wiley (38) 1 

Other (15) 16 

Total 507 56 

2.4.4 Step 4: Analysis and Synthesis 

In this step, each individual study was analyzed based on the two questions mentioned 

above in Table 0.2. The first question involved a search for the trends of existing research in 
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Industry 4.0 and the supply chain, for example, the number of studies, publication date, geographic 

location (country), and research method, which classified selected papers into six categories: 

survey, interview, case study, content analysis, literature review, and modeling.  

To answer the second question about current research efforts, collected papers were 

analyzed and categorized as exploratory vs. confirmatory, qualitative vs. quantitative, and 

management level vs. process/technology level. For example, a paper could be categorized as 

exploratory, quantitative, and process level. Additionally, TM was used to cluster papers based on 

their content, and terms that appropriately characterize each cluster were derived using the non-

negative matrix factorization (NMF) method. The following results and analysis are based on these 

two aforementioned approaches: human expert and machine based. 

 

2.4.5 Step 5: Reporting and Using Results 

According to the methodology, in this step, the research results are presented based on the 

evaluation of selected papers by defined categories explained in the last subsection and also TM. 

on the report of the results, research gaps are determined and recommendations for future research 

are made. At the end of this paper, a summary and conclusions are presented.  

2.5 Review of Research Trends 

Figure 2.4 shows the chronological distribution of publications from 2014 to 2018. The 

first paper related to Industry 4.0 based on the supply chain was published in 2014, and there is a 

significant growth in the number of studies on Industry 4.0 in the supply chain until 2017. Because 

the last selected papers were published in July 2018, this year’s data does not follow the trend, 

because it represents only about half of the year 
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Figure 2.4. Number of publications distributed by year. 

 

 In Figure 2.5, Elsevier had more contributions with the highest number of publications of 

16 papers, followed by Taylor and Francis with 9 papers. This indicates that Industry 4.0 in the 

supply chain is a priority topic and covered by the major publishers and repositories. 

In this study, 14 out of 56 papers on the topic of Industry 4.0 in the SC were published in 

Germany, as shown in Figure 2.5. As is known, Germany is a pioneer in this research area, which 

this study confirmed. As shown previously in Figure 2.4, the number of studies in this area is 

increasing, and more scholarly research on Industry 4.0 in SC from other countries is expected in 

the near future. 

 

0

5

10

15

20

25

30

2014 2015 2016 2017 2018N
u

m
b

er
 o

f 
P

u
b

li
ca

ti
o
n

s 

Year



 

 

19 

 

 

Figure 2.5. Geographical locations of studies. 

In terms of research methods implemented in prior research, most papers (31 out of 56) 

involve a content analysis of Industry 4.0 in the SC (Figure 2.6), which indicates a paucity of other 

empirical research methods such as surveys, interviews, case studies, modeling, etc. 

 

Figure 2.6. Research method applied. 

2.6 Content Analysis 

To answer the second goal of current research, to find research key topics and areas, the 

authors performed content analysis based on two approaches, the first one is based on human 
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expert analysis and the other one is TM. In the next two subsections, the results are presented. 

Furthermore, the most important trends, issues and findings are discussed. 

2.6.1 Human Expert Content Analysis  

In line with the literature, whether or not conceptual Industry 4.0 is more important than 

technical Industry 4.0 in the supply chain is an open question. The authors did not find any 

comprehensive literature classification for the supply chain based on Industry 4.0. Therefore, the 

authors reviewed selected papers to analyze the content. They classified them into three 

dimensions: exploratory vs. confirmatory, qualitative vs. quantitative, management level vs. 

process/technology level.  

In the exploratory cluster, selected papers focus on answering a question about how 

Industry 4.0 can be implemented within the company’s supply chain. On the other hand, the 

confirmatory cluster uses quantitative methods to analyze or provide an implementation model 

[36]. Quantitative studies measure variables with some precision using numeric scales and 

analysis. Qualitative studies are based on direct observation of behavior, or on transcripts of 

unstructured interviews with experts. Management-level papers propose an approach to support 

companies in understanding the needed organizational changes to reach a digitized supply chain 

system. In contrast, process/technology level papers focus on improving the process and 

implementation of concepts and frameworks of Industry 4.0 within company systems [36]. These 

classifications are being used in literature analysis. 

Some of the 56 selected papers for this research are review papers with the same nature as 

the current research but with a different focus, method, and content, so they cannot fit into the 

management level vs. process/technology level categories. Therefore, it was decided not to 
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consider them in this part of their analysis. For example, Barata et al. reviewed the mobile supply 

chain management (mSCM) and integration [5]. Another paper reviewed the role of IoT and its 

impact on IoT on the supply chain [37]. One paper offered a framework to identify Industry 4.0 in 

the construction supply chain (CSC) [38]. Strozzi et al. did a literature review on the “smart 

factory” [39]. Y. Zhong et al. prepared another review paper about Intelligent Manufacturing in 

the context of Industry 4.0 [40]. A review of Industry 4.0 implications in logistics is dealt with in 

the work of Barreto et al. [32]. A summary of the classified papers is presented in Figure 2.7.  

  

Figure 2.7. Analysis level. 

 

2.6.2 Management Level  

Some of the papers classified as management level papers discussed the concept of Industry 

4.0 and the supply chain as well as proposing a framework of implementing of Industry 4.0 and 

supply chain. In the conceptual realm, Industry 4.0 was selected as an innovation in logistics and 

the SC [6]. Researchers believe that this represents an end to the traditional supply chain and that 

they should use the main elements of Industry 4.0, such as cyber-physical systems, IoT, IOS, smart 

factory, and big data, in the development of logistics [41]–[46] . Also, some research were done 
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about the impact of the new digital technologies [47], process improvement [4] and servitization 

(service-based relationships between SC elements) in Industry 4.0 was discussed [48].  

Other papers in the Management Level concentrate more on the theoretical framework or 

propose a conceptual framework which classified them in the qualitative category. For instance, a 

categorical framework for manufacturing systems and Industry 4.0 was identified [12]. In some 

research, a theoretical framework was proposed to evaluate the concepts and the implementation 

and use of logistics and supply chains by Industry 4.0 with respect to pros and cons in the supply 

chain systems [14], [36], [49]. Brettel et al. illustrated a framework depending on related research 

streams and topics in Industry 4.0 [50]. Another framework provides the description of a complex 

management approach with the digitalization of the system in the supply chain and logistics [31], 

[51], [52]. Jayaram proposed an enterprise model for a global supply chain with support for IoT 

and Industry 4.0 [53]. 

Moreover, Strandhagen et al. designed a framework related to logistics and business 

operations and business models [54]. Additionally, Ivanov et al. looked into the business, 

information, engineering, and analytics perspectives on digitalization and SC risk [55]. 

Furthermore, a study by Man and Strandhagen proposed an agenda for research into how Industry 

4.0 can be used to create sustainable business models [56].  

2.6.3 Process/Technical Level 

Based on the literature, Industry 4.0 works with real-time data in dynamic systems. Some 

papers worked on a dynamic system of SC. For example, Ivanov et al. designed an algorithm for 

short-term supply chain scheduling in smart factories [57]. Similarly, Sokolov et al. developed a 

model for dynamic scheduling of services for Industry 4.0 supply networks [19]. In another 
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research, Dunke et al. looked at the impact of digitalization on Industry 4.0 and SC planning, and 

how online optimization copes with real-time challenges [44]. 

In some papers, different technical frameworks for Industry 4.0 and the supply chain have 

been proposed and implemented. For example, Dweekat et al. presented a framework for an SC 

performance measurement approach by using IoT, and they evaluated their work using real 

examples [58]. Avventuroso et al. offered a digital factory framework by focusing on data 

management [59]. Another paper proposed a framework that identified a correlation between 

supply chain risks and suitable Industry 4.0 technologies with an example in a steel SC [60]. 

Dossou and Nachidi chose the graphs with results and actions inter-related (GRAI) methodology 

to model supply chain performance [61]. 

Premm and Kim used a model involving multi-agent systems to achieve logistics modeling 

approaches based on Industry 4.0 [62]. In a similar paper, a framework was built for a digital 

supply chain (DSC) integration in multi-stakeholder environments based on the blockchain and 

Industry 4.0 principles [63]. Chhetri et al. discussed combinations of different components of a 

manufacturing SC and Industry 4.0 [64]. Armengaud et al. investigated the impacts of Industry 4.0 

along the entire automotive supply chain on the production life cycle [10]. 

The focus of some papers is on the process of SC and methods for improving it. For 

instance, Trstenjak and Cosic [65] discussed process planning in an Industry 4.0 environment. The 

benefits of Industry 4.0 and digitalization were evaluated and analyzed by several researchers 

[66]–[68], and the impacts of Industry 4.0 on the procurement function were explored by Glas and 

Kleemann [69]. Branislav et al. mentioned the concept of intelligent logistics in the automotive 

industry [70], and the application of a production environment using manufacturing logistics 
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toward Industry 4.0 was reviewed by Strandhagen et al. [71]. Valverde and Saadé examined the 

impact of an E-supply chain [72], and Szozda explained the challenges to reach an MSC [73]. 

The application of a supply chain model based on Industry 4.0 was shown in a paper by 

Ignacio et al. that validated their model in a mobile application [74] . Another way to evaluate the 

role of Industry 4.0 is by using RFID [66]. Interested readers for empirical research are requested 

to refer to several references [75]–[77] . The results of the Content Analysis are summarized in 

Table 2.3.  

Table 2.3. Content analysis summary based on human expert approach. 

Title 
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A categorical framework of manufacturing for Industry 4.0 and beyond [12] *  *  *  

A conceptual framework for servitization in Industry 4.0: Distilling 

directions for future research [48] 
*  *  *  

A dynamic model and an algorithm for short-term supply chain scheduling 

in the smart factory Industry 4.0 [57] 
 *  *  * 

A Multi-agent Systems Perspective on Industry 4.0 Supply Networks [62] *  *   * 

A networked production system to implement virtual enterprise and product 

lifecycle information loops [59] 
*  *   * 

A supply chain performance measurement approach using the internet of 

things [58] 
*   *  * 

An Industry 4.0 research agenda for sustainable business models [56] *  *  *  

Big data analytics in supply chain and logistics: an empirical approach [75]  *  *  * 

Challenges and opportunities of digital information at the intersection of 

Big Data Analytics and supply chain management [45] 
 *  * *  

Concept of intelligent logistic for automotive industry [70] *  *   * 

Digital supply chain transformation toward Blockchain integration [63]  *  *  * 

How virtualization, decentralization and network building change the 

manufacturing landscape: An Industry 4.0 perspective [50]  
*  *  *  

How transport and logistics operators can implement the solutions of 

“Industry 4.0.” [13] 
*  *  *  
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Table 2.3. (continued) 

Industry 4.0 and its impact on the functioning of supply chains [73]  *  *   * 

Industry 4.0 and the current status as well as future prospects on logistics 

[14] 
*  *  *  

Industry 4.0 as digitalization over the entire product lifecycle: opportunities 

in the automotive domain [10] 
*  *   * 

Industry 4.0, global value chains and international business [47] *  *  *  

Integrated scheduling of material flows and information services in Industry 

4.0 supply networks [19] 
 *  *  * 

Internet of Things (IoT) embedded future supply chains for Industry 4.0: 

An assessment from an ERP-based fashion apparel and footwear industry 

[77] 

 *  *  * 

Internet of Things, Big Data, Industry 4.0 – Innovative solutions in logistics 

and supply chains management [6] 
*  *  *  

Issues of implementing electronic supply chain management (E-SCM) in 

enterprise [51] 
*  *  *  

Logistics 4.0 and emerging sustainable business models [54] *  *  *  

Lean automation enabled by Industry 4.0 technologies [30] *  *   * 

Lean Six Sigma approach for global supply chain management using 

Industry 4.0 and IIoT [53] 
*  *   * 

Manufacturing supply chain and product lifecycle security in the era of 

Industry 4.0 [64] 
*  *  *  

Framework for digitalized proactive supply chain risk management [52] *  *  *  

Migration framework for decentralized and proactive risk identification in 

a steel supply chain via Industry 4.0 technologies [60] 
*  *   * 

Modeling supply chain performance [61] *   *  * 

New flexibility drivers for manufacturing, supply chain and service 

operations [44] 
*  *  *  

Process planning in Industry 4.0 environment [65] *  *   * 

Procurement 4.0: factors influencing the digitisation of procurement and 

supply chains [66] 
*   *  * 

Security of smart manufacturing systems [46] *  *  *  

Simulation based validation of supply chain effects through ICT enabled 

real-time-capability in ETO production planning [78] 
 *  *  * 

Supply chain architecture model based in the Industry 4.0, validated 

through a mobile application [74] 
 *  *  * 

Sustainability impact of digitization in logistics [31] *  *   * 

The best of times and the worst of times: empirical operations and supply 

chain management research [67] 
 *  *  * 

The effect of E-supply chain management systems in the north american 

electronic manufacturing services industry [72] 
*   *  * 

The evolution of production systems from Industry 2.0 through Industry 4.0 

[4] 
*  *  *  

The fit of Industry 4.0 applications in manufacturing logistics: a multiple 

case study [71] 
 *  *  * 

The impact of digital technology and Industry 4.0 on the ripple effect and 

supply chain risk analytics [55] 
*  *  *  

The Impact of Industry 4.0 on procurement and supply management: A 

conceptual and qualitative analysis [69] 
*  *   * 

The impact of Industry 4.0 on the supply chain [36] *  *  *  

https://www.sciencedirect.com/science/article/pii/S1877705817313346
https://www.sciencedirect.com/science/article/pii/S1877705817313346


 

 

26 

 

Table 2.3. (continued) 

The industrial management of SMEs in the era of Industry 4.0 [25] *  *  *  

The Industry 4.0 revolution and the future of Manufacturing Execution 

Systems (MES) [41] 
*  *  *  

The influence of big data on production and logistics [42] *  *  *  

The interaction between Industry 4.0 and smart logistics: concepts and 

perspectives [43] 
*  *  *  

The position of Industry 4.0 in the worldwide logistics chains [49] *  *  *  

Time traps in supply chains: Is optimal still good enough? [79] *   *  * 

What does Industry 4.0 mean to supply chain? [68]  *  *  * 

Review Papers            

Digitization in maritime logistics—What is there and what is missing?[76]        *   

Industry 4.0 as an enabler of proximity for construction supply chains: A 

systematic literature review [37]        * 
 

Industry 4.0 implications in logistics: an overview [32]         *  

Intelligent Manufacturing in the context of Industry 4.0: A Review [40]         *  

Internet of things and supply chain management: a literature review [65]         *  

Literature review on the 'Smart Factory' concept using bibliometric tools 

[39]         * 
 

Mobile supply chain management in the Industry 4.0 era [5]         *  

 

  

https://www.sciencedirect.com/science/article/pii/S2351978917308302


 

 

2.6.4 Further Discussion on Content Analysis  

The distribution of categories based on the stack charts shown previously in Figure 2.7 

indicates that the number of papers in management level and process/technical level is not equal. 

Therefore, they were classified to determine more information about their content. By delving 

more deeply into them, it was found that just 4% of the management-level papers are quantitative 

and confirmatory, which means that most of them work on the conceptual part of management.  

From Figure 2.7, it can be seen that 57% of the technical papers (process/technical level) 

are quantitative and try to explain their findings based on an analysis or to show a case-study. The 

other papers in this category are quantitative. Therefore, it appears that there is a general lack of 

research in the technical and analytical areas to show the possible ways of implementing Industry 

4.0 and to present some case studies.  

This study found that the number of exploratory papers is more than the number of 

confirmatory level papers at the technical level. This means that research is in the early stages, and 

investigators are still exploring this subject more than confirming that their hypotheses are correct. 

To answer  raised the question of this section, the authors claim that most of the articles 

have more focus on conceptual Industry 4.0 in the supply chain than technical Industry 4.0 in the 

supply chain. Therefor more papers are needed to explain more about the technical part of Industry 

4.0 in the supply chain. 

2.7 Content Analysis Based on Topic Modeling  

TM is a type of unsupervised machine learning that uses clustering to derive latent 

variables or hidden structures of words in documents (O’Callaghan et al., 2015). The goal of 

applying TM is to find possible hidden topics in selected papers and offer them to researchers for 

future research. Therefore, TM was selected to cluster abstracts of 56 collected papers. 
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To apply TM, the data were cleaned and preprocessed to remove non-informative stop 

words, capitalization, suffixes, prefixes, digits, and punctuation to make it ready to use in Python 

programming language.  

Term Weighting: In this technique, important terms give higher weights in the document 

term matrix. The common approach for term-weighting is term frequency-inverse document 

frequency (TF-IDF). The following formula is used to calculate term-weighting by TF-IDF, 

𝑤(𝑡, 𝐷) = 𝑡𝑓(𝑡, 𝑑) ∗ (log (
𝑛

𝑑𝑓(𝑡)
) + 1) 

which tf(t,d) is the number of times that term t occurs in document d. n is the total number 

of documents. df(t) is the number of terms that appear in documents. The (TF-IDF) were calculated 

for selected papers. As a result, a ranking of the top 20 terms was determined, which shows a very 

rough sense of the content of the document collection (Table 2.4). 

Table 2.4. Term Frequency-Inverse Document Frequency. 

Number Top Word Weight 

1 Industry  5.98 

2 Supply 5.58 

3 Chain  4.34 

4 Production  3.70 

5 Manufacturing 3.56 

6 Logistics 3.50 

7 Research 3.16 

8 Systems 2.89 

9 Data 2.76 

10 Technologies 2.75 

11 Business 2.62 

12 Industrial 2.52 

13 Supply Chain Management 2.50 

14 Paper 2.49 

15 Information 2.45 

16 Product 2.36 

17 Management 2.33 

18 Chains 2.30 
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Non-negative Matrix Factorization Topic Modelling: One approach for TM to discover the 

hidden thematic structure in a large dataset is to apply matrix factorization methods, such as 

independent component analysis, singular value decomposition, and non-negative matrix 

factorization (NMF). One advantage of NMF is to generate a matrix with the positive component 

that causes a better result for TM than the other methods. Therefore, it was decided to apply the 

NMF method [81]. The output of the NMF method contains the term weight for each of the k 

topics and documents membership weights. 

Parameter selection: It is applied to evaluate the different NMF topics and to select a useful 

value for the number of topics. A common approach for parameter selection is the topic coherence 

approach, to measure and compare the coherence of models generated for different values of k 

clusters (Coherence is called TC-W2V as a measure to evaluate topic models).  

In this research, the minimum K = 2 and the maximum K = 10 were chosen as the number 

of topics for parameter selection. Additionally, to build a word-embedding model for coherence 

measure, which is used for the calculation of coherence, the Stanford Natural Language Processing 

(NLP) dataset was selected. As shown in Figure 2.8, the highest mean coherence (0.5030) by the 

top five terms, three topics (Topic 1: manufacturing, Topic 2: supply chain, and Topic 3: logistics) 

were selected for this database, which is explained below.  
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Figure 2.8. Number of topics based on coherence. 

 

Topic 1: manufacturing, production, industry, product, systems  

Papers assigned to this topic generally discuss the integration of smart manufacturing 

systems and production systems, how to implement Industry 4.0 in these systems, and the effects 

of Industry 4.0 on them. 

Topic 2: supply, chain, SCM, risk, management 

This topic includes papers that explain Industry 4.0 and its impact on SCM as well as the 

effect of integrated SCM on the IoT and digitalization technology. There is also an attempt to 

determine if there is any risk to control it.   

Topic 3: logistics, industry, information, business, solutions 

The selected papers on this topic show that Industry 4.0 is changing in industries, logistics, 

and their business. Some researchers introduced Industry 4.0 as solutions for process improvement 

in their system.  

Because all paper subjects are about Industry 4.0, the word “industry” is repeated in the 

selected papers. This word has appeared in topic  1 and topic 3. It means that this word is in the top 
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five terms of selected papers for topic  1 and topic 3. Other words of supply chain or manufacturing 

and logistics make each topic very especial.  

The extracted research topics indicate that, to have MSC, Industry 4.0 affects three major 

aspects of smart factories including; supply chain, logistics and manufacturing. To benefit from 

these results, these three key topics proposed for future research of researchers who are interested 

in Industry 4.0 in supply chain topic.  

2.8 Discussion of Avenues for Research in Supply Chain with Advent of Industry 4.0  

In the current research, the content analysis of the selected papers is explained in two ways: the 

first one based on the authors’ systematic review, and the second one based on the TM that leads 

this research to find research gaps and future research opportunities.  

• Most of the papers in the technical part of this literature review point out an aspect of a 

conceptual or technical framework. However, there remains a large gap, which needs more 

technical papers to explain the possible process and technical implementations.  

• The small number of studies show the impact of Industry 4.0 on the supply chain and to 

evaluate it by showing different case studies before and after implementation. Furthermore, 

it is necessary to know what the achievements would be after implementing Industry 4.0 

in company systems or if there is any impact on company productivity. 

• Almost half of the technical papers identified a type of framework to integrate Industry 4.0 

into a specific supply chain. However, these studies could not come up with a generalizable 

framework for an Industry 4.0-based supply chain that could be used as an implementation 

guideline by companies (firms). 
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• Small number of studies worked in the quantitative area, suggesting that there is not enough 

research based on analytical results and proves the lack of technical know-how in this area. 

• Each of the proposed topics can be searched and negotiated in three different classification 

approaches (exploratory vs. confirmatory, qualitative vs. quantitative, management level 

vs. process/technology level) as well which are applicable for engineering managers and 

researchers. 

 

2.8.1 Contributions and implication 

The present research provides research opportunities for researchers. First, this research 

reflects the current state of research on this topic. Second, developing a classification of reviewed 

papers is insightful and could be further used by researchers for similar studies in Industry 4.0 and 

supply chain. Third, the clustering of selected papers based on topics and methodologies represent 

the main aspects of this topic for future research. Finally, the fourth contribution of this research 

is proposed new research topics by incorporating TM and classification. Researchers can modify 

their research line by incorporating the provided insight gained from this paper [82]. 

2.8.2 Challenges 

There is a set of challenges for implementing Industry 4.0. For instance, the lack of 

technology infrastructure makes its implementation hard. Furthermore, there is a shortage of 

experts and knowledgeable employees in this area to start a new system or remodel the current 

system to obtain the maximum outcome. Additionally, for most of the managers, it is not yet clear 

if there is any benefit or return on the investment and the payoff period is also not known. 

Consequently, there is insufficient support and commitment from managers for implementing 
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Industry 4.0. According to Industry 4.0, implementing this standard would minimize human 

involvement and interactions in the system. A question remains as to what would happen to 

employees who lose their job. Industry 4.0 needs to address system integration and ways to 

increase reliability in this environment. Further research in this subject would clarify these vague 

points, potential benefits and the effects on companies’ productivity. 

2.8.3 Managerial implications 

Currently, most major companies are employing engineering managers for various 

leadership roles. Engineering managers coordinate and direct projects, create detailed plans to 

accomplish goals and lead the integration of technical activities. Besides analyzing pertinent 

technologies and assessing the feasibility of projects, an engineering manager’s responsibilities 

also include planning and directing the installation, testing, operation, maintenance, and repair of 

better technologies for facilities and equipment. Therefore, implementing Industry 4.0 is a 

tremendous undertaking as a part of their responsibilities. Hence, an exposure to the concept is 

important for them to facilitate executing their responsibilities more effectively. If the engineering 

manager reads this research, they become more familiar with Industry 4.0 and different 

perspectives and characteristics about it. Additionally, they become familiar with different 

infrastructures in smart factories for Industry 4.0 in supply chain. In its contribution to the 

engineering managers, this paper shows Industry 4.0 can provide a framework for addressing 

productivity, traceability, transparency, and efficiency in the production system which are known 

as grand challenges in Engineering management. This review helps engineering managers 

understand the pros and cons of Industry 4.0 and where the current state of Industry 4.0 in supply 

chain that focuses more on theoretical Industry 4.0, thus providing better decision criteria for the 
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application of Industry 4.0 and digitalization. They can be familiar with how companies approach 

Industry 4.0 and implement digitalization. As observed, the number of companies willing to 

experiment and implement Industry 4.0 is very low for various reasons, such as payback period 

and initial capital requirement. Thus, a better understanding of the technology helps managers 

make better-informed decisions towards the implementation process. 

2.8.4 Limitation 

The authors explored the major limitations of this study. First, for this research like other 

systematic papers specific keywords such as “Industry 4.0,” “supply chain,” or “logistics” was 

used [35]. The second limitation of this research is the English language that removes non-English 

papers. Some other existing papers, especially in German, were ignored in this research. The third 

limitation of this work is the scarcity of articles on this subject that limit TM results in three 

clusters, and it was impossible to create sub-clusters to develop this research. The final limitation 

of this work is the potential flaws in the search process. Authors spent a considerable amount of 

time in the search process finding papers. Despite their effort, and due to the scope of work, some 

papers might be neglected accidentally or because of the errors in the search process [82]. 

2.8.5 Suggestions 

The small number of papers on this topic indicates that a comprehensive solid document is 

lacking. It is suggested that a set of guidelines be written by experts in this area to serve as a 

dependable reference for factories when starting and developing this new concept. More than 

suggested research topics, there is an opportunity for further research with a narrower 

concentration on identifying factory roles in Industry 4.0 in the supply chain. As mentioned in the 

introduction, this subject is very applicable to real-time problems. For future work, topics such as 
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“The Role of Industry 4.0 in the Supply Chain Using a Dynamic Problem Approach” is suggested. 

Implementing Industry 4.0 is complex and challenging. One of the major topics of research in this 

field as future works is defining where, when and how companies should implement Industry 4.0 

in their SC approach. Another topic would be to determine the advantages and disadvantages of 

Industry 4.0 implementation and the total cost and benefits of implementation to companies. 

2.9 Conclusions and Future Work 

In this paper, the authors conducted and reported a systematic literature review to highlight 

the trends, advances, and gaps in research on the application of Industry 4.0 in supply chain 

management. The findings from the literature review of this study show that Industry 4.0 is seen 

as a concept that has an important role in the MSC. By applying this concept, human interaction 

would be minimized, and productivity would be increased in companies [31]. 

This work provides both researchers and managers with an insightful description of the current 

state of research in Industry 4.0 in supply chain and related future trends in research and practice. 

Moreover, through the analysis performed, the results showed that supply chain, logistics, and 

manufacturing are affected areas through Industry 4.0 in supply chain. Adding three dimensions; 

exploratory vs. confirmatory, qualitative vs. quantitative, management level vs. 

process/technology level to three mentioned clustered, open new research topics for researchers, 

as well. These fields can be a baseline for engineering managers to start Industry 4.0 

implementation and for researchers to develop their research in these areas. These can be the 

important topics for future research and need further investigation. However, the limited number 

of professionals with expertise in Industry 4.0 is a factor that limits advance research and 

discussion about this subject. 
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A TWO-STAGE METAHEURISTIC ALGORITHM FOR DYNAMIC VEHCILE 

ROUTING PROBLEM IN INDUSTRY 4.0 APPROACH 

 

3.1 Abstract 

Industry 4.0 is a concept that assists companies in developing a modern supply chain 

(MSC) system when they are faced with a dynamic process. Because Industry 4.0 focuses on 

mobility and real-time integration, it is a good framework for a dynamic vehicle routing problem 

(DVRP). This research works on DVRP. The aim of this research is to minimize transportation 

cost without exceeding the capacity constraint of each vehicle while serving customer demands 

from a common depot. Meanwhile, new orders arrive at a specific time into the system while the 

vehicles are executing the delivery of existing orders. This paper presents a two-stage hybrid 

algorithm for solving the DVRP. In the first stage, construction algorithms are applied to develop 

the initial route. In the second stage, improvement algorithms are applied. Experimental results 

were designed for different sizes of problems. Analysis results show the effectiveness of the 

proposed algorithm.  

Keywords: Dynamic Vehicle Routing Problem, Industry 4.0, Two-Stage algorithm, Heuristic 

algorithm  
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3.2 Introduction  

Achieving a modern and agile supply chain (SC) that is efficient, automated, flexible, and 

transparent is the goal of most companies. Moreover, a modern supply chain (MSC) can work in 

a dynamic system and can handle high volumes of data, enabling efficient cooperation among all 

elements of the SC including suppliers, manufacturers, and customers [4], [5][83]. An outstanding 

example of MSC is Amazon company which is a company, that provides a fast response to 

customers in preparing, shipping, and delivering the product to the customers. Amazon uses the 

combination of supply chain network with Industry 4.0 to make this company unique among other 

companies. Industry 4.0 provides a framework that can guide the move from a traditional SC to an 

MSC. This strategic approach focuses on automation, digitalization, interconnection (e.g., via the 

Internet of Things [IoT]), information transparency, and decentralized decisions (e.g., autonomous 

cyber-physical systems) in companies. Industry 4.0 focuses on mobility and real-time integration, 

and hence it can provide a good framework for the SC problem [5] [84].  

One of the well-known supply chain problems is the vehicle routing problem (VRP), which 

looks for an optimal set of routes to deliver demands to demand points. Different variations of the 

VRP take into account several features of this problem [85], such as Capacitated VRP (CVRP), 

Multi-Depot VRP (MDVRP) and VRP with time windows (VRPTW). The one that has most 

recently received considerable attention is the dynamic vehicle routing problem (DVRP). The 

DVRP is a real-world problem with high complexity and intractable nature which has to be solved 

for dynamic supply chain systems and is also referred to as an online or real-time vehicle routing 

problem [86]. The transportation and logistics problems are optimized using a static model, but 

with the increase in traffic and demand along with the demand for flexibility by customers, there 

is an 3 increase in computational and communication needs for solving the DVRP in dynamic 
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conditions. As Industry 4.0 can handle a dynamic system, it can also be a good framework for the 

DVRP.  

The main goal of this study to introduce the dynamic vehicle routing problem with a single 

depot and develop a two-stage algorithm to solve it. The DVRP has dynamic demands from 

customers at different locations that arrive in the system at different times. Each new demand and 

customer obviously affects the solution because they change both the problem and the solution the 

instant they arrive in the system. The challenge of this research and the objective here is the 

construction of routes from a depot with minimum distances to the destination. In this paper, we 

formulate the dynamic vehicle routing problem (DVRP) as an integer program model to make the 

routing decision.  

The remaining parts of this paper are organized as follows. Section 2 provides a brief 

literature review dedicated to Industry 4.0 and its role in the supply chain. This is followed by a 

brief review of Industry 4.0 and the vehicle routing problem, with an emphasis on DVRPs. The 

problem is described in Section 3. In section 4, the solution approach to this problem is explained. 

Three different scenarios are presented in the experimental results section, and the last section 

concludes with a summary and an outlook for future work.  

3.3 Literature Review 

3.3.1 Industry 4.0 

The concept of Industry 4.0 was presented in 2011 by Henning Kagermann (former top manager 

of the German company SAP) [13]. Industry 4.0 is alternatively known as the “Fourth Industrial 

Revolution,” “smart manufacturing,” “industrial internet,” or “integrated industry”[14]. This 

concept is becoming increasingly more popular and has been receiving attention all over the world 
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[15][16]. However, industry experts have not identified a precise definition of Industry 4.0. 

According to Lopes de Sousa Jabbour et al. [17], “the core feature of Industry 4.0 is connectivity 

between machines, orders, employees, suppliers, and customers due to the IoT and electronic 

devices. Consequentially, firms are able to produce products using decentralized decisions and 

autonomous systems”. 

The first industrial revolution began with the development of water power and steam power 

and the mechanization of the production system in 1784. The second industrial revolution changed 

the production system to a mass production system and advanced assembly lines by the use of 

electricity in the 1870s. The third industrial revolution was a big revelation to automate some of 

the production processes by using computers in 1970. The fourth industrial revolution leads all 

integrations of a system to digitalization by using IoT and cyber-physical systems (CPSs), termed 

“Industry 4.0” [87] [8]. Armengaud et al. defined Industry 4.0 as [10] “the comprehensive 

introduction of information and communication technology (ICT) as well as their connection to an 

IoT, services and data, which enables a real-time production. Industry 4.0 means a higher degree 

of digitalization for products, value creation chain, and business models”.  

The main focus of Industry 4.0 is to have a smart network based on digitalization and 

automatization where machines and products interact with each other without human involvement 

[18][19]. The outcome of Industry 4.0 is the development of smart factory systems that include 

smart machines, smart devices, smart manufacturing processes, smart engineering, smart logistics, 

smart suppliers, smart products, etc. [20]–[22]. Industry 4.0 promotes the use of cyber-physical 

systems (CPS), the IoT, the Internet of Services (IoS), robotics, big data, and cloud manufacturing. 

Thus, devices, machines, production modules and products, etc. are applied to various fields, such 



 

 

40 

 

as the supply chain, manufacturing, and management, especially in response to real-time situations 

[23], [24], [88]. The interested readers referred to read about CPS [7], [89]–[91]. 

Industry 4.0 is expected to have a significant impact on supply chains, business models, 

and processes related to achieving a modern supply chain. Researchers use different names for 

Industry 4.0 in the supply chain, such as digital supply network (DSN), Internet of Things (IoT), 

electronic supply chain (E-supply chain), Supply Chain 4.0, E-logistic, or Logistic 4.0. As 

explained previously, Industry 4.0 increases digitalization and automation in manufacturing and 

creates a digital process to facilitate interaction among all parts of the company. By implementing 

Industry 4.0 in the supply chain system, four main supply chain elements–integration, operations, 

purchasing, and distribution–are affected, which can also increase the productivity of companies 

[84] [31]. The main benefits of Industry 4.0 in the supply chain are to reduce lead time for the 

delivery of products to customers, to reduce the time needed to respond to an unforeseen event, 

and to prompt a significant increase in the quality of decision-making [32]. Industry 4.0 can help 

companies afford complicated and dynamic processes in their supply chain and to handle large-

scale production and integration of customers [16]. Industry 4.0 can bring positive benefits in 

current sales and operations planning and also in the logistics process [33]. After implementing 

Industry 4.0, real-time information can be shared across this digitalized process to drive useful 

decisions.  

In Industry 4.0 in SC, there is communication between systems, including the supply chain 

management (SCM) control tower, depot, and the vehicles (Figure 3.1). Technological 

advancements, such as mobile devices, enable direct communication between them. So, a driver 

can dynamically change his/her plan while executing the route. Also, the emergence of the global 
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positioning system (GPS) allows the SCM control tower to know the current position of a driver 

and communicate in a timely manner the next customer to visit on the route [86]. Additionally, 

using radio frequency identification (RFID) chips and sensors in packages can help to facilitate 

this type of communication. 

 

Figure 3.1. Communication network for real-time measurements of DVRP [92]. 

3.3.2 Vehicle Routing Problem 

The vehicle routing problem is not a new subject and has been studied for more than five decades. 

The formulation for VRP was first introduced by Dantzig and Ramser as part of the Traveling 

Salesman Problem (TSP) [93], [94]. VRP can be described as finding an optimal expected cost for 

delivery from one or many depots to many customers who are geographically distributed. It 

assumes that the travel distance between customers is the Euclidean distance between their 

coordinate pairs. The cost is considered to be proportional to the distance traveled. Each customer 

must be assigned to exactly one of the K vehicle routes, and the total demands assigned to each 
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vehicle must not exceed the vehicle capacity. The VRP is an NP-hard problem (non-deterministic 

polynomial time) and is considered a combinatorial optimization and integer programming 

problem.  

VRP is categorized into four categories: static and deterministic (SD), static and stochastic 

(SS), dynamic and deterministic (DD), and dynamic and stochastic (DS)[95]. The focus of this 

research is on the DD vehicle routing problem. The first paper about DVRP was presented by 

Wilson and Colvin [96]. The DD problem is also referred to as an online or real-time problem. All 

data related to the routing process are not known before planning, and they can change during the 

planning horizon. More explanation about the DD and DS categories are provided below [93][95]: 

• Dynamic and deterministic: In this category, all inputs are unknown and revealed 

dynamically during the design or execution of the routing plans. In this setting, the 

information is stochastic and hence future information is not known. For example, the 

location of a customer may be unknown until that customer request is received.  

• Dynamic and stochastic: In the dynamic and stochastic category, parts or all inputs 

are unknown and revealed dynamically during the execution of the routes. However, in 

contrast to the DD problem, in addition to efficiently handling dynamic events, stochastic 

knowledge about the revealed data is also available.  

Figure 3.2 illustrates the difference between DVRP and the classic problem. In the beginning, 

when time = 0, there is no customer in the system. Customer A arrives into the system at time = 5. 

Customer A is satisfied between time 5 and time 10. Customer B arrives at time = 10. Customer 

B is satisfied between time 10 and 15. Customer C arrives at time t= 15, but there are not enough 

products in the vehicle to deliver to customer C. The vehicle must return to the depot to refill (time 

https://en.wikipedia.org/wiki/NP_(complexity)
https://en.wikipedia.org/wiki/NP_(complexity)
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= 20). Thus, customer C is serviced at time t= 25, since customers A and B are already serviced 

[93]. 

 

Figure 3.2. Example of dynamic vehicle routing. 

Through this introduction, dynamic events can be categorized into three different classes [97]: 

• Dynamically incoming or outgoing entities, e.g., orders or vehicles. 

• Dynamically occurring unexpected events.  

• New or changing information transmitted dynamically. 

The first published paper on the dynamic vehicle routing problem involved the dial-a-ride-problem 

(DARP) where customers appear dynamically in the system [24]. After that, in 1980, the concept 

of an immediate request was published by Psaraftis et al., where the current route has to be changed 

by coming a new customer request in order to respond to [98]. Following this research, a different 

approach used to find the best solution.  

Exact algorithms are those algorithms or optimization models that can achieve an optimal 

solution [95]. One approach of exact algorithms is the branch-and-cut algorithm. Desaulniers 
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proposed a new branch-and-price-and cut algorithm for the exact solution of split-delivery vehicle 

routing problem with time windows [99]. Also, Toth and Vigo proved that the branch-and-cut-

and-price algorithm is a good exact method for the VRP [100]. A branch-and-bound algorithm is 

an exact algorithm for the vehicle routing problem based on a spanning tree and shortest-path 

relaxations. Ropke and Cordeau introduced a branch-and-cut algorithm for pickup and delivery 

problems with time windows. In this algorithm, lower bounds are computed by solving through 

column generation the linear programming relaxation of a set partitioning formulation [101]. 

Most of the time the real-world vehicle routing problem is large. It is difficult to solve the 

VRP with exact solutions, especially in a reasonable period of time. Thus, different types of 

heuristic methodologies can be a good approach. The Clarke and Wright (CW) Savings algorithm 

was applied for the first time in the VRP [102]. Dror and Trudeau modified savings algorithm to 

illustrate the effects of route failure on the expected cost of a route [103]. The sweep (SW) 

algorithm is a method for clustering customers into groups so that customers in the same group are 

geographically close together and can be served by the same vehicle. Nurcahyo, Alias, and 

Shamsuddin applied the SW algorithm in solving a VRP for public transportation [104]. The 

application of particle swarm optimization (PSO) and the performance result in the DVRP was 

shown by Khouadjia et al. [105]. Kergosien et al. applied the Tabu Search (TS) to solve the 

transportation of patients in a hospital. Some demands are known, and others enter the system 

dynamically [106]. Gendreau et al. used the neighborhood search (NS) algorithm to solve the 

dynamic pickup and delivery problem with new customers [107]. Elhassania, Jaouad and Ahmed 

reported using a genetic algorithm (GA) for the DVRP [108]. Also, Hanshar and Ombuki-Berman 

used a GA for providing a solution for DVRP [109]. 
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Some papers proposed new algorithms for solving the DVRP, for instance, ant colony 

optimization (ACO) algorithms [110], the enhanced ant colony optimization (ACO) [111], 

optimization utilizing monarch butterfly optimization [112], and the firefly algorithm [113]. 

Elhassania et al. proposed a hybridization obtained by combining an ACO algorithm with a large 

neighborhood search (LNS) algorithm to solve the DVRP with static demands [114]. In another 

paper by Novoa and Storer, an approximate dynamic programming approach was applied for the 

vehicle routing problem with stochastic demands [115].  

3.4 Problem  

In this research, ‘m’ vehicles with fixed equal capacity (qi) and i = 1, . . ., m, depart from a depot 

to deliver products to ‘n’ customers at demand points. Each customer has a known demand di (i = 

1, . . ., n). It is assumed that the quantities demanded, di (i = 1, . . ., n), are less than the maximum 

capacity of the vehicles. Meanwhile, new customers with known demand emerge dynamically over 

time. The distance of the route, calculated by assuming Euclidian distance, is associated with every 

edge in the total route. The solution may use all of the ‘m’ vehicles or a subset of the vehicles 

based on the available demands. Other constraints are given as follows:  

• Each vehicle starts and ends its route at the depot.  

• All customer demand (di where i = 1, . . ., n) should be accepted.  

• All customer demand must be satisfied.  

• Each customer is assigned to be served by only one vehicle. 

• The sum of the demands in each vehicle route does not exceed the vehicle’s 

capacity. 

• Cost of travel is directly proportional to the distance.  
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3.5 Solution Approach  

In VRPs, an exact algorithm may provide a solution in a reasonable time period. However, when 

modeling and solving DVRPs, it is often impossible to solve the DVRP with an exact algorithm 

in a reasonable time. Therefore, a metaheuristic approach is a good solution for this kind of 

problem. One of the methodologies that can be effectively used for the DVRP problem is a 

construction-route first, improvement-route second approach. To create the initial plan to deliver 

the product from the depot to the known customers, two different algorithms are executed. The 

two-stage algorithm (Figure 3.3) includes construction algorithms and improvement algorithms 

that are explained below:  

Construction Algorithms: The goal of this stage is to construct a route for each generated 

cluster separately and to find the best overall routing objective with a feasible solution. Heuristic 

algorithms are used to get a solution in a reasonable time. In this research, Path Cheapest Arc, 

Savings and Global Cheapest Arc are applied for the construction phase of route identification. In 

this research, the goal is to minimize the transportation cost.  

Improvement Algorithms: The second-level routing heuristic is used to improve the 

solution obtained from the first stage. As explained, heuristic algorithms are used to get a good 

solution in a reasonable amount of time. The route obtained from the first stage construction 

algorithms may not be optimal and can be improved. Therefore, improvement algorithms may be 

used to further improve the solution. There are different algorithms that can be used for the solution 

improvement stage. In this research, Guided Local Search, Simulated Annealing, and Tabu Search 

are used.  
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Figure 3.3. Details of applied methodology for DVRP. 

After executing the two-stage algorithm and the routes are determined, vehicles leave the 

depot to serve the customers. The initial routes are modified when new customers enter the system. 

If exchanging or inserting is done between and during the routes, it is called “inter-route 
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improvement” [116]. Therefore two stage algorithm is executed each time a new customer appears 

until all customers are served [117].  

3.6 Experimental Results and Discussion 

To verify the efficiency of the proposed method, several experiments are carried out. Then, 

experimental results for three different case studies in small, medium, and large sizes are shown. 

At the end, analysis of the results from case studies are discussed.  

3.6.1 Data Collection and Processing 

The proposed method is tested with nine different data sets including the different numbers of stat 

data and dynamic data. The algorithm was implemented using Python. Experiments are performed 

on a personal PC Intel® Core ™ i7- 4790S CPU @ 3.20 GHz, 3201 MHz, 4 Core(s), with 8 GB 

of RAM. To account for variability in the solution obtained, the two-stage algorithm is executed 

10 times based on the calculation of the deviation in the solution at 95% confidence interval. The 

maximum standard deviation observed in all cases is 4.4. 

3.6.2 Experimental Results 

The proposed methodology was applied for all the dynamic delivery routing and the results were 

obtained. Table 3.1 gives the computational results for the proposed approach for the dynamic 

delivery routing instances. For each instance, the best and average solution and name of the 

algorithm that returned the best results were provided. To verify the effectiveness and efficiency 

of the proposed algorithm, the results generated with the Two-stage algorithm were compared with 

the first stage of the selected algorithm. The last column of Table 3.1 gives the performance 

comparison of the proposed approach for the dynamic delivery routing instances.  
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Table 3.1. Computational results for the proposed methodology for the dynamic delivery instances. 
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Small size 

20 20 304.3 298.52 
Path Cheapest Arc and 

Tabu Search 
398.5 23.63 

20 50 532.76 523.79 
Path Cheapest Arc and 

Simulated Annealing 
616.04 13.51 

20 100 788.94 788.63 
Global Cheapest Arc and 

Tabu Search 
930.1 15.17 

Medium size 

50 20 542.61 533.27 Savings and Tabu Search 588.41 7.78 

50 50 660.71 649.32 Savings and Tabu Search 726.65 9.07 

50 100 865.39 849.94 
Global Cheapest Arc and 

Simulated Annealing 
921.55 6.09 

Large size 

100 20 990.20 983.57 
Global Cheapest Arc and 

Guided Local Search 
1080.91 8.39 

100 50 1123.03 1101.98 
Global Cheapest Arc and 

Guided Local Search 
1228.74 8.61 

100 100 1437 1431.37 
Global Cheapest Arc 

and Tabu Search 
1599.2 10.14 

 

As evident from Table 3.1, the two-stage algorithm provides better results compared to the 

construction algorithm used in the first-stage. In summary, it was found that in small size instances 

with 20 initial static customers at time T= 0 and 20, 50 and 100dynamic customers who enter the 

system during the execution of the route, Path Cheapest Arc and Tabu Search, Path Cheapest Arc 

and Simulated Annealing, and Global Cheapest Arc and Tabu Search have the lowest 

transportation cost respectively. In medium-size instances with 50 initial customers, 20 and 50 

dynamic customers, the lowest transportation cost is obtained when using Savings and Tabu 

Search algorithm. When the dynamic customer number is increased to 100, Global Cheapest Arc 

and Simulated Annealing have the lowest transportation cost. In large-size instances, with 100 
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initial customers and 20, 50 and 100 dynamic customers, Global Cheapest Arc and Guided Local 

Search, Global Cheapest Arc and Guided Local Search, and Global Cheapest Arc and Tabu Search 

have the lowest transportation cost, respectively. 

  In developing these case studies, it has been found that some case study data sets resulted 

in infeasible solutions in the construction algorithm phase. Further research into identifying the 

best construction algorithms based on the demand data patterns must be investigated. The two-

stage algorithm results in either reduced transportation costs or the same as the construction 

algorithm transportation costs. DVRP is an NP-Hard problem, and hence it is often hard and even 

impossible to reach an exact solution for real-world problems. Furthermore, for NP-hard problems, 

heuristic methods may also not be able to find local optimal solutions within a specific run time. 

One of the advantages of the two-stage algorithm proposed in this research is that it makes this 

problem solvable. One disadvantage of this method is that the achievement results are considered 

as the local optimum, and may not be the global optimum. The second drawback of this approach 

is that the heuristic must be executed before updating the solution, which can increase delays for 

the vehicles, while computational power is unused during waiting times. It has been found that by 

increasing run time, there may be fluctuations in transportation costs. However, in most cases, 

longer run times results in moving local optimal solutions to the global optimal solutions. As an 

outcome, the results indicate that the developed heuristic performs well and provides a good result 

on DVRP.  

3.7 Conclusion and Future Work 

The present study solved the DVRP with a depot and a set of initial and dynamic customers whose 

demand should be fully satisfied. The delivery of products to the customer should be ensured by a 
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single-vehicle. New demands appear in the system over time which make this problem dynamic. 

The objective of this problem includes the minimization of the total travel cost. This problem is 

important in both the research and industrial domains due to its many real-world applications. 

In this paper, a two-stage algorithm was proposed for solving a DVRP. In the first stage of the 

proposed methodology, construction algorithms such as Savings algorithm, Path cheapest Arc 

algorithm, and Global Cheapest Arc are used to construct the initial route. In the second stage, 

some improvement algorithms such as Guided Local Search, Simulated Annealing, and Tabu 

Search algorithms are applied to improve the initial route. To verify the proposed methodology, 

the new solutions are compared to existing metaheuristics in the same category. The lowest 

transportation cost from all these combinations is selected as the best answer to this problem. The 

two-stage algorithm was tested on multiple case studies to evaluate its effectiveness. As explained 

in the results section, the proposed two-stage algorithm results in lower transportation costs. 

  It is necessary to emphasize that this methodology may lead to better solutions or even the 

best solutions. The algorithms are executed for specific run times. As DVRP is a real-world 

problem, the two-stage algorithms can be applied to newer and larger case studies to determine its 

effectiveness in solving large-size problems. Considering that the execution times are relatively 

small, it should be possible to execute large-size data sets. The research could also be extended to 

include the concept of hard and soft time-windows. For future research, an interesting approach 

would be to use this algorithm under the assumption that customer demand should be delivered in 

a specific time window. Besides, the use of loading and unloading times as additional inputs to the 

case study can also be developed. As the last suggestion for further study, the methodology can 

also focus on fuzzy data with probabilistic demands. 
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A THREE-STAGE ALGORITHM FOR THE LARGE SCALE DYNAMIC VEHICLE 

ROUTING PROBLEM WITH INDUSTRY 4.0 APPROACH 

 

4.1 Abstract 

Companies are eager to have a smart supply chain especially when they have a dynamic system. 

Industry 4.0 is a concept which concentrates on mobility and real-time integration. Thus, it can be 

considered as a necessary component that has to be implemented for a Dynamic Vehicle Routing 

Problem. The aim of this research is to solve large-scale DVRP (LSDVRP) in which the delivery 

vehicles must serve customer demands from a common depot to minimize transit cost while not 

exceeding the capacity constraint of each vehicle. In LSDVRP, it is difficult to get an exact solution 

and the computational time complexity grows exponentially. To find near optimal answers for this 

problem, a hierarchical approach consisting of three stages: “cluster-first, route-construction 

second, route-improvement third” is proposed. The major contribution of this paper is dealing with 

large-size real-world problems to decrease the computational time complexity. The results 

confirmed that the proposed methodology is applicable.  

Keywords: Dynamic Vehicle Routing problem, Clustered Vehicle Routing problem, Three-stage 

algorithm, Industry 4.0 
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4.2 Introduction  

The vehicle routing problem (VRP) is one of the well-known supply chain problems. This problem 

was defined by Dantzig. The goal of this problem is to minimize the total transportation cost and 

seek a route to deliver demands to customers. There are different varieties of the VRP [85], [118], 

[119], for example, Capacitated Vehicle Routing Problem (CVRP) [120], VRP with time windows 

(VRPTW) [121], and Multi-Depot Vehicle Routing Problem (MDVRP) [122]. Recently, the 

dynamic vehicle routing problem (DVRP), one of the varieties of VRP, has got significant 

consideration. The DVRP has dynamic demands that arrive in the system at different times. These 

demands obviously affect the solution because they change both the problem and the solution the 

instant they arrive in the system. The challenge of this subject is to find a route from a depot to the 

destination with respect to minimum distances.  

Most real-world DVRPs are large and complex. Most companies are enthusiastic to 

establish a modern supply chain (MSC) that is effective, automated, transformative, and 

comprehensible, which can solve a DVRP with a high volume of data. Industry 4.0 prepares a 

framework that can manage moves from a conventional supply chain to an MSC by focusing on 

increasing automation, digitalization, interconnection in companies through IoT and cyber-

physical systems. The functionality of the DVRP perfectly matches the concepts of Industry 4.0. 

Therefore, Industry 4.0 can be used as an infrastructure for a DVRP [5].  

In an Industry 4.0 environment, to analyze the generated data, different machine learning 

techniques and artificial intelligence (AI) algorithms may be applied. AI can help to solve 

problems faster than an exact solver by reducing the computational time as well as problem 

complexity [123]. One example is the usage of AI algorithms to optimize the supply chain and 

https://en.wikipedia.org/wiki/Industry_4.0
https://en.wikipedia.org/wiki/Industry_4.0
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manufacturing operations, to help manufacturing operations to respond better and faster to 

anticipated changes in the market. In this research, it was decided to use these techniques in solving 

the DVRP.   

The purpose of the research is to initiate a single depot dynamic vehicle routing problem 

in a large-scale demand network which is called the large-scale DVRP (LSDVRP). The VRP 

always achieves an optimal solution in exponential time, which in turn makes this problem into a 

NP-hard problem. In this work, a three-stage algorithm is proposed to solve the LSDVRP problem. 

In this approach, three clustering algorithms are used in the first stage. In the second stage, three 

different construction algorithms are used to develop the solutions for the different clusters. In the 

third stage, the solutions obtained from the construction algorithms are improved using three 

different improvement algorithms to identify the best solutions to the DVRP. The clustering 

method allows the large LSDVRP problems to be subdivided into smaller problems and this 

reduces the computational complexity and helps to solve very large problems. During the 

clustering phase of the solution procedure, customers are assigned to vehicles. The three different 

clustering algorithms used include: K-mean clustering, BIRCH (balanced iterative reducing and 

clustering using hierarchies) clustering, and Gaussian Mixture Models (GMM) algorithms. In the 

second and third stages, the VRP in each cluster is solved by a combination of heuristic algorithms 

consisting of construction algorithms (second phase) and improvement algorithms (third phase). 

Six different cases are used to demonstrate the proposed solution approach. One of the most 

important contributions of this article is that the proposed hierarchical approach can deal with large 

size problems. In this work, for the first time, a combination of the clustering algorithms and the 

construction and improvement algorithms is introduced for solving the LSDVRP. 
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In the following sections, a brief literature review about the role of Industry 4.0 in MSC 

and the VRP, with prominence on DVRPs are provided. In Section 4.3, the problem statement is 

proposed. A solution approach is presented in Section 4.4. Different scenarios with experimental 

computations and results are presented in Section 4.5, and finally, conclusions and prospects for 

future work in section 4.6 conclude this paper. 

4.3 Literature review 

4.3.1 Industry 4.0 

Originated in 2011 by Henning Kagermann [13], Industry 4.0 aims at developing a smart 

manufacturing network where materials, goods and machines, and products interconnect 

automatically with no human involvement [18], [19], [87], [124]–[128]. This concept has emerged 

in the literature under different labels such as “smart manufacturing,” “Fourth Industrial 

Revolution,” “integrated industry” or “industrial internet” [124][14]. There is no deterministic 

definition for Industry 4.0. As said by Lopes de Sousa Jabbour et al. “the core feature of Industry 

4.0 is connectivity between machines, orders, employees, suppliers, and customers due to the 

Internet of Things (IoT), and electronic devices; as a consequence, firms are able to produce 

products using decentralized decisions and autonomous systems”[17].  

Industry 4.0 is realized when manufacturing systems and factories consist of smart sub-

entities or tasks like smart machines, connected devices, sensors, actuators, processes, logistics, 

suppliers, and products [20]–[22]. Therefore, Industry 4.0 advocates the adoption and application 

of the latest technologies to supply chain, manufacturing, and management for real-time 

connectivity. These technologies (digital transformation) include but are not limited to CPSs, cloud 

manufacturing, IoT, the Internet of Services (IoS), robotics, big data [23]–[25], [129]. Integration 
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of these technologies can substantiate the level of automation that Industry 4.0 aspires to achieve 

when used in tandem with computational techniques like artificial intelligence (AI), business 

analytics (BA), and dynamic optimization (DM). 

By implementing Industry 4.0 in the supply chain systems also known as Supply Chain 

4.0, four main SC elements— integration, operations, purchasing, and distribution—are affected 

and can increase the productivity of companies as well [31]. The literature suggests that Industry 

4.0 can significantly improve supply chains, business models, and processes to achieve an MSC. 

Improvements are expected in the lead time for product shipment and delivery, in the efficiency 

of response to unforeseen events, and in decision-making quality [32]. Given the depth and breadth 

of its impact on SCs, Industry 4.0 enables companies to implement complicated and dynamic 

processes to manage large-scale production and integration of customers as well as operations 

planning and logistics [16][33]. With Supply Chain 4.0, information exchange occurs in real-time 

to drive decisions at different organizational levels. Accordingly, the presence of Industry 4.0 can 

promote efficiency in dynamic vehicle routing as a critical component of supply chain design and 

management. 

4.3.2 Dynamic Vehicle Routing Problem 

The emergence of advanced communication and information technologies has engendered new 

opportunities for dynamic vehicle routing problem (DVRP) [130]. Originated in 1977 by Wilson 

and Colvin [96], the concept of DVRP gradually advanced to address the real-time of change of 

routes based on the receipt of immediate new requests by customers [98]. In fact, DVRP 

accommodates dynamic input data [116].  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/information-technology
https://www.sciencedirect.com/topics/engineering/vehicle-dynamics
https://www.sciencedirect.com/topics/computer-science/routing-problem
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With the uptake of Industry 4.0, there is an opportunity to use connected sensors, devices, 

and positioning systems to coordinate SCs and its actants like control towers, depots, and drivers 

of the vehicles (Fig. 1). Therefore, this can enable actants to drive decisions like changing their 

delivery plans and routines based on the real-time location of drivers (with data from with global 

positioning system; GPS) and new demands from customers [86].  

Figure 4.1. Industry 4.0 facilitating communication for DVRP [131][92]. 

Recent advances in heuristics provide unprecedented technical advantages for tackling 

large scale VRP problems. To two types of heuristics include: (1) cluster first & route second, in 

which clusters of customers assigned to different vehicles and then routes are planned for each 

cluster; and (2) route first & cluster second, in which the solution builds a traveling salesman tour 

through all customers and then partitions the tour for vehicle assignment [132]. This research 

builds an innovative three-stage algorithm for DVRP: a cluster-first and route-construction second, 

followed by a route-improvement hierarchical method is applied. 
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There is extensive research related to VRP based on different constraints and types. In this 

section, only some of the studies related to Clustering VRP (CluVRP) and DVRP in the literature 

are summarized. Sevaux et al. introduced the clustering technique to divide the customer zones to 

deliver parcels. The result was then solved as a classical VRP using the zones [133]. However, it 

is hard to find an exact solution for this problem, a new exact algorithms for the CluVRP   was 

introduced by Battarra, Erdoğan and Vigo [134]. 

The application of machine learning algorithms in solving the VRP appeared in some 

research. Korayem, Khorsid, and Kassem combined the Grey Wolf Algorithm (GWO) with the 

K-means clustering algorithm to generate the 'K-GWO' algorithm for the VRP [135]. Pop et al. 

focused on the clustered vehicle routing problem (CluVRP) which divided this problem into two 

logical and natural smaller subproblems: They established the first subproblem is to determine 

the (global) routes visiting the clusters using a genetic algorithm. The second subproblem is 

solved by transforming each global route into a traveling salesman problem (TSP) [136]. 

Nallusamy et al. used k- Means clustering, the given cities depending upon the number 

of vehicles and each cluster is allotted to a vehicle to solve multiple VRP (mVRP). After 

clustering and after the cities were allocated to the various vehicles, each cluster was taken as an 

individual Vehicle Routing problem and genetic algorithm (GA) was applied to each cluster. 

They found this approach gave a better result and a more optimal tour for mVRPs in short 

computational time than other Algorithms [137]. 

Dondo and Cerda solved single depot and multi-depot large scale VRPs by using the initial 

Clustering solution and then used the MILP problem formulation for each cluster [138]. Bujel et 

al. proposed to cluster nodes by using Recursive-DBSCAN clustering; their approach leads to a 
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61% decrease in runtimes of the CVRPTW solver against Google Optimization Tools [139]. Xu, 

Pu, and Duan, solved this problem by K-means that divided the region based on distance; then an 

enhanced Ant Colony Optimization (E-ACO) heuristic handles each region [111]. Gharib et al. 

proposed a two-stage algorithm for times of crisis. First, the local distribution region of different 

distribution vehicles is obtained by the Fuzzy C-Means Clustering Algorithm. Then, they optimize 

the path of different distribution regions based on the Ant Colony Algorithm [140].  

Barthelemy et al. [141] proposed a two-stage algorithm designed by the Clarke and 

Wright heuristic along with a 2-opt local search in the first step. The result from the first step is 

used as input for the second stage, which is simulated annealing along with a 2-opt local search 

procedure [141]. Özdamar and Demir developed a hierarchical cluster and route procedure 

(HOGCR) for coordinating vehicle routing in large-scale post-disaster distribution and 

evacuation activities. This method is a multi-level clustering algorithm that groups demand 

nodes into smaller clusters at each planning level until the final cluster sizes enable the optimal 

solution of the cluster networks’ routing problems, thus enabling the optimal solution of cluster 

routing problems [142]. Comert et al. proposed a two-stages algorithm, “cluster-first route-

second”. In the first stage, customers are assigned to vehicles using three different clustering 

algorithms of K-means, K-medoids, and DBSCAN. In the second stage, a VRP with time 

window problem is solved using a MILP exact method [143]. In a follow-up paper [144], for the 

first stage, they used K-means, K-medoids, and random clustering algorithms. In the second 

stage, routing problems for each cluster were solved using a branch and bound algorithm. Both 

methodologies were employed on a case study in a supermarket chain.  
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Based on the review of existing literature, it has been difficult to identify papers that 

solved large scale DVRP problems in real-time. Hence, the focus of this research is to investigate 

the development of algorithms that can solve LSDVRP problems. In the next section, the 

problem definition is detailed. 

4.4 Problem Definition  

LSDVRP consists of ‘n’ number of customers with known demand di (i = 1, . . ., n – where n is 

the number of customers) and ‘m’ number of vehicles with fixed equal capacity, qi (i = 1, . . ., m). 

Vehicles start from a depot to deliver products to the customers and end at the depot. Meanwhile, 

new customers with known demand submit their product demands dynamically over time. There 

is an assumption that the sum of the demands in each vehicle route does not exceed the vehicle’s 

capacity. The distance of the route is given by the Euclidian distance, between customers’ 

locations. Other given constraints are as follows:  

• All customer demands should be completely accepted.  

• Customer demands should be fully fulfilled. 

• Only one vehicle is assigned to each route. 

• The cost of travel is directly proportional to the distance.  

4.5 Methodology 

Even though, it is possible to solve small size VRPs, by an exact algorithm in a reasonable time 

period, LSDVRP should be solved by a metaheuristic approach. The present proposed 

methodology when the problem is large, is a cluster-first, construction-route second, improvement-

route third method. In the clustering phase, customers are grouped into feasible clusters. A feasible 

cluster requires that the total customers' demands within the cluster do not exceed the capacity of 
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a single-vehicle. In the second stage, the set of customers to be satisfied and the sequence in which 

they will be served by each vehicle within each cluster are identified, which allows this phase to 

be solved as a traveling salesman problem TSP [12]. This second stage is followed by an 

improvement phase in which the solutions are further enhanced. The steps are detailed below. 

Clustering: The first stage of this methodology is clustering. Clustering analysis is an 

unsupervised learning heuristic that separates data into clusters or groups. One of the main aspects 

of clustering is to find customers with similar orders and in similar geographical locations. Based 

on the distribution of the customer data points, a suitable clustering algorithm should be selected. 

At first, the number of clusters is determined based on the number of available vehicles. After 

determining the number of clusters, the clusters are created using the selected clustering algorithm. 

The total number of demands of each cluster is calculated and controlled such that the capacity 

constraint is satisfied. The clusters that satisfy a capacity constraint are accepted as favorable 

clusters. There are different clustering algorithms that are applicable at this stage: K-means, 

Gaussian Mixture Models (GMM), Mean Shift Clustering, Hierarchical Clustering, etc. In this 

study, K-means, GMM, and BIRCH clustering algorithms are applied as clustering methods for 

solving this problem. If the clustering algorithms deliver a feasible result, then construction 

algorithms will be executed. 

Construction Algorithms: The second-stage of the methodology is to construct a feasible 

route for each cluster from the first-level with an objective to minimize the total distance traveled. 

Heuristic algorithms are used to get a solution in a reasonable time. This stage includes Path 

Cheapest Arc (PCA), Global Cheapest Arc (GCA) and Savings algorithms. In this research, the 

best answer corresponds to the lowest value obtained for the distance traveled.   



 

 

62 

 

Improvement Algorithms In this stage, the solutions obtained in the second stage are further 

improved. It is possible that the solutions obtained in the second phase may not be the best 

solutions and can be further improved. Therefore, to enhance the solution, improvement algorithms 

are applied. Improvement algorithms used in this phase of the methodology include Guided Local 

Search (GLS), Tabu Search (TS) and Simulated Annealing (SA). “Inter-route improvement” 

including exchanging or inserting between and during the routes can improve the routes [116].  

After executing the three-stage algorithm, vehicles start delivering products to the 

customers. It is necessary to modify the vehicle routes when new customers enter the system (with 

new orders). Thus, this algorithm is re-executed each time a new order is submitted. However, all 

customers that have been served at that instant are removed from the system and the vehicle 

positions are also updated. This process of rerouting will occur every time a customer enters the 

system until all customers are served. Figure 4.2 illustrates a visual representation of this 

methodology. 

The problem and solution approach are explained using a small example. In this example, 

there are four vehicles. At time t = 0, there are 11 customers in the system (Figure 4.3). For the 4-

Vehicle, 11-customer initial problem, clustering methods are used to assign customers to the 

vehicle. The number of clusters will always be equal to the number of vehicles (K) available in the 

system. Three different clustering approaches were used in stage 1 to identify the best clustering 

technique. The capacity of the vehicle is constrained to be greater than the total demand in each 

cluster. In the second stage, three different heuristic algorithms were applied to the clusters to 

determine a feasible initial route. The heuristics applied in the second stage are all construction 
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heuristics. The solution obtained from the construction heuristics is further refined using 

improvement heuristics in stage 3.  
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 Figure 4.2. The proposed methodology of Three-stage 

algorithm. 
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At time t = 5, a new customer arrives into the system. However, the vehicles may have left 

the depot and is no longer at the home position. Based on the updated vehicle positions, and after 

eliminating the customers that were already served, the clustering (stage 1) is performed again. 

The construction of the new routes (stage 2) based on the cluster and the improvement of the route 

(stage 3) is also completed. This procedure is repeated any time a new customer enters the system, 

thus making the vehicle routing to be dynamic. 

Figure 4.3 The Three-Stage Algorithm proposed method. 

4.6 Experimental Results and Discussion 

To verify the efficiency of the proposed method, the proposed algorithm was implemented, and 

validate through several experiments. The experimental results are shown and discussed. 

4.6.1 Data Collection and Processing 

There is no benchmark test problem available for a LSDVRP. The proposed method is tested with 

three different sizes of data sets: three small sample size data set and three large sample data set. 

The small sample size case studies include a single-depot, four-vehicle problem with a capacity of 

70, and a total of 100 customers at time t = 0. The number of new customers (dynamic) during the 
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time period of study is 20, 50, and 70 (3 different cases). These new customers enter the system 

randomly. The medium sample size case is also a single-depot, four-vehicle problem with a vehicle 

capacity of 125 units. At time t = 0, there are 200 customers in the system. However, the number 

of the dynamic or new customers during the study period is 120, 150, 170 (3 different cases). The 

large sample size case studies include a single-depot, four-vehicle problem with a capacity of 70, 

and a total of 300 customers at time t = 0. The number of new customers (dynamic) during the 

time period of study is 220, 250, and 270 (3 different cases). 

The algorithms were implemented using Python. To validate the solution obtained, the 

three-stage algorithms is executed 10 times. The number of repetitions is based on the calculation 

of the deviation in the solution at 95% confidence interval. In most of the case results, the averages 

and minimum are equal. For the rest, the highest standard deviation among all case results is 5.3. 

To verify the proposed method, three different clustering methods, K-means, Gaussian 

Mixture Models (GMM), and BIRCH clustering algorithms, which are based on the distance 

between points, were selected for stage 1. The reasons for selecting these algorithms are that these 

clustering techniques are well suited for the generated data for this problem and delivered good 

results. In addition, these clustering algorithms allow the user to specify the number of clusters, 

which for this research must be equal to the number of vehicles. Therefore, it is possible to limit 

cluster sizes. Previous researchers have used K-means and Gaussian methods for the vehicle 

routing problem and have been shown to generate good solutions for VRP [143]. The BIRCH 

algorithm however is new and is being tested along with the other two for its applicability to 

DVRP. Fig. 4.4 shows the results of the clustering algorithms for 100 points. 
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Figure 4.4. Comparison of results for different clustering methods. 

 

4.6.2 Experimental Result 

At first, the construction algorithms are applied to the initial data without performing 

clustering. Then the construction algorithms (Stage 2) were applied to the clusters obtained in 

Stage 1. The results of the stage_1-stage_2 algorithms are compared with the solution obtained by 

directly applying the construction algorithm to the data. Table 1 shows the costs obtained by using 

various algorithms. It also calculates the percentage improvement for the stage_1-stage_2 

algorithm compared to the direct use of the Stage 2 algorithms on the raw data.  

As shown in Table 1, for 100 initial customers and 20 dynamic customers, the K-means 

clustering and Savings algorithm resulted in a minimum cost of $949.6. When the number of 

dynamic customers is increased to 50, the K-means clustering and Savings algorithm resulted in a 

minimum cost of 1063.7. For the 100 initial customers with 70 dynamic customers, the K-means 

clustering and GCA algorithm resulted in the minimum cost of 1113.1.  

For 200 initial customers and 120 dynamic customers, K-means clustering and GCA 

resulted in a minimum cost of 1853.8. By having 100 initial customers and increasing dynamic 
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customers to 150, K-means clustering and GCA resulted in a minimum cost of 1963.1. For 200 

initial customers and 170 dynamic customers , K-means clustering and PCA resulted in a minimum 

cost of 2132.  

For 300 initial customers and 220 dynamic customers, K-means clustering and Savings 

algorithm resulted in a minimum cost of 2315.3. By having 300 initial customers and increasing 

dynamic customers to 250, K-means clustering and PCA resulted in a minimum cost of 2455.9. 

For 300 initial customers and 270 dynamic customers , K-means clustering and GCA resulted in a 

minimum cost of 2587.1.  

It can be seen from Table 4.1 that applying the construction algorithms without clustering 

results in higher costs than the best-combined clustering and route construction algorithms. Also, 

between a combination of clustering algorithms and an initial algorithm, K-means clustering shows 

the best results.  

  

Table 4.1. Computational results of the initial algorithms with clustering algorithm and initial 

algorithms. 

 

D
a

ta
se

t 

In
it

ia
l 

C
u

st
o

m
er

s 

D
y

n
a

m
ic

 

C
u

st
o

m
er

s 

Initial Algorithm 

No 

Clustering  

Clustering 

Algorithm 

Clustering Algorithm and 

Initial Algorithm 

Average 

Cost ($) 

Average 

Cost ($) 

Improvement  

(%) 

 

Small 
size 

100 20 Savings 1142.7 K-means 949.6 16.90 

100 50 Savings 1239.1 K-means 1063.7 14.16 

100 70 GCA 1277.8 K-means 1113.1 12.89 

 

Medium 

size 

200 120 GCA 2032.8 K-means 1853.8 8.81 

200 150 GCA 2101.5 K-means 1963.1 6.59 

200 170 PCA 2218.5 K-means 2132 3.90 

 
Large 

Size 

300 220 Savings 2543.9 K-means 2315.3 8.99 

300 250 PCA 2601.3 K-means 2455.9 5.59 

300 270 GCA 2739.7 K-means 2587.1 5.57 
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Table 4.2 shows the result of performing the three-stage methodology which includes 

clustering using K-Means, BIRCH and GMM clustering techniques followed by a construction 

algorithm and an improvement algorithm. The results of each clustering technique along with 

corresponding construction and improvement algorithms are compared with the Two-Stage 

Algorithm.  

Table 4.2. Computational results of three-stage algorithms and percentages improvement. 
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Two-Stage 

Algorithm 

No 

Clustering 

Three-Stage Algorithm 

Three-Stage Algorithm 

Average 

Cost ($) 

Average 

Cost ($) 

Improvement  

(%) 

Small 

size 

100 20 GCA and GLS 990.2 K-means, PCA and GLS 930.6 6.02 

100 50 PCA and GLS 1178.7 K-means, PCA and GLS 1073.3 8.94 

100 70 PCA and GLS 1155.6 K-means, PCA and GLS 1029.1 10.95 

Medium 

size 

200 120 GLS and TS 1903.3 K-means, GCA and TS 1769.8 7.01 

200 150 Savings and GLS 2078.4 K-means, Savings and GLS 1906.9 8.25 

200 170 PCA and GLS 2173.5 K-means, PCA and GLS 2092 3.75 

Large 

size 

300 220 PCA and GLS 2481.3 K-means, GCA and TS 2275.9 8.28 

300 250 PCA and GLS 2520.5 K-means, PCA and GLS 2410.4 4.37 

300 270 GCA and GLS 2680.7 K-means, PCA and GLS 2539.3 5.27 

 

By look at the small size problems, the lowest cost 100 initial customers and 20 dynamic 

customers when using the K-Means clustering technique is obtained when combined with the GCA 

and GLS algorithm at a cost of 930.6 and 6.02% improvement compared to Two-Stage Algorithm. 

The modified routes obtained when new customers enter the systems is shown in - Appendix Fig. 

5. The lowest cost 100 initial customers and 50 dynamic customers when using the K-Means 

clustering with the PCA and GLS algorithm at a cost of 1073.3 and 8.94% improvement. The 

lowest cost 100 initial customers and 70 dynamic customers when using the K-Means clustering 

technique is with the PCA and GLS algorithm at a cost of 1029.1 and 10.95% improvement.  
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For medium size problems, the lowest cost 200 initial customers and 120 dynamic 

customers when using the K-Means clustering technique is obtained when combined with the GLS 

and TS algorithm at a cost of 1769.8 and 7.01% improvement compared to the Two-Stage 

Algorithm. The lowest cost 200 initial customers and 150 dynamic customers when using the K-

Means clustering with the PCA and GLS algorithm at a cost of 1906.9 and 8.25% improvement. 

The lowest cost 200 initial customers and 170 dynamic customers when using the K-Means 

clustering technique is with the PCA and GLS algorithm at a cost of 2092 and 3.75% improvement. 

For large size problems, the lowest cost 300 initial customers and 220 dynamic customers 

when using the K-Means clustering technique is obtained when combined with the GLS and TS 

algorithm at a cost of 2275.9 and 8.28% improvement compared to the Two-Stage Algorithm. The 

lowest cost 300 initial customers and 250 dynamic customers when using the K-Means clustering 

with the PCA and GLS algorithm at a cost of 2410.4 and 4.37% improvement. The lowest cost 

300 initial customers and 270 dynamic customers when using the K-Means clustering technique 

is with the GCA and GLS algorithm at a cost of 2539.3 and 5.27% improvement. 

The disadvantage is that the construction algorithms may deliver an infeasible solution. In 

these cases, it is impossible to find an initial answer. Other construction algorithms that were tested 

delivered infeasible results in some cases. The third disadvantage of current methodology is 

updating the solution occurs after executing algorithms, which cause delays for starting and 

updating route for the vehicles. 

As mentioned earlier, these three-stage algorithms have better outcomes than two-stage 

construction and improvement algorithms without the clustering. It means that the proposed 

methodology is an appropriate tool for LSDVRP. It may happen, some of the three-stage 
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algorithms do not have any improvement over the 2-stage without clustering approach. One 

possible explanation for this discrepancy is that sometimes construction and improvement 

algorithms are enough to identify the best answer. Therefore, using clustering algorithms along 

with the construction and improvement heuristics typically does not make the solution worse. 

LSDVRP is an NP-Hard problem. To achieve an exact solution for the LSDVRP is 

extremely hard and even impossible. Furthermore, heuristics with a limited run time may not find 

the global optimal solution. One of the advantages of the proposed three-stage heuristic is that it 

can solve this problem. On the other hand, the drawback of current method is that the obtained 

outcome may not be the global optimum answer.  

In summary, this method is an effective way to solve large real-world LSDVRPs. Based 

on the data distribution, the best clustering algorithms are selected, and two-stage algorithms are 

run in each cluster to find the results. As a result, the outcomes indicate that the suggested heuristic 

approach provides a good result for the LSDVRPs. 

4.7 Conclusion and Future Work 

The main objective of this research is to solve large size dynamic vehicle routing problems. 

In this paper, a hierarchical approach consisting of the cluster-first, construction-route second 

followed by an improvement route method is proposed. The first stage is used to cluster customers 

into ‘K’ groups based on the number of available vehicles (K), using three different algorithms 

(K-means, BIRCH, and GMM) separately. The second stage is the route construct for each cluster. 

The third stage is used to further improve the route using improvement algorithms. In addition, 

this methodology modifies the route whenever a new demand point enters the system.  
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Two main contributions are performed in this work: First, is the method of re-clustering in 

a LSDVRP when a new demand enters the system. Additionally, in this work, for the first time, a 

combination of the clustering algorithms and the construction and improvement algorithms is 

introduced. The proposed approach was tested in nine different case studies, and the results and 

improvement percentage were compared with the two-stage algorithm. The three-stage algorithms 

have better results than known algorithms as shown by comparison with two-stage algorithms that 

have been proposed earlier. Experimental analysis shows the ability of the algorithm to obtain the 

answer. Although the research did not conclusively identify the best sequence of algorithms, the 

three-stage procedure has improved the solution compared to the other two-stage algorithms. 

The application of this technique is for solving LSDVRPs to find the best tours when the 

number of demand points is large. Also, the techniques can be used to solve different variants of 

the VRP and CVRP. Due to these favorable results, the proposed approach can be applied by 

companies to solve their VRPs.  

Future research includes developing this methodology for uncertainty conditions, such as 

demand uncertainty. The assumption that the delivery demands of customers should be met in a 

soft and hard time window could be also explored. This methodology can apply to N-depots 

vehicle routing problems as well. 

It is necessary to emphasize that the clustering of customers may lead to a loss of better 

solutions or even the best solutions. This is an acknowledged limitation of the study which was 

noticed during the execution of the algorithm. This approach may fail if the answer to the 

construction algorithm is infeasible. Therefore, it would be impossible to find an answer. The 

second limitation is that all the clustering algorithms might not be a good fit for the data set. 
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Different data sets need different clustering algorithms that need to be verified. The major 

limitation of this study is that no good real dataset from a company is available to test this model. 

The heuristic could be tested with real data in the future. It is recommended that further studies 

using a large real data set be carried out.  
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DYNAMIC MULTI-DEPOT VEHICLE ROUTING PROBLEM IN THE 

ERA OF INDUSTRY 4.0 

5.1 Abstract 

The ongoing challenge for supply chain management systems is accommodating real-time 

changes and unpredictable demands from system entities or customers. For example, in a dynamic 

commodity delivery system, new orders enter the system while the vehicles are already on-route 

deliver scheduled orders. The critical problem in such cases is developing the intelligence to 

dynamically respond to changing demands while minimizing transportation costs. In this research, 

an innovative Industry 4.0 approach was used to suggest a solution using “dynamic multi-depot 

vehicle routing problem (DMDVRP)”. This research was designed to optimize the transportation 

expenses while maintaining each vehicle capacity constraint as serving customer stochastic 

demands from multiple depots. Industry 4.0 is a new implementation of technology utilized by 

companies, in this case, to bring around a digitally transformed supply chain solution and system 

with a dynamic approach. Industry 4.0 is highly relevant and beneficial to DMDVRP because it 

focuses on mobility and real-time integration. Two-stage hybrid algorithms were developed for 

solving the DMDVRP. Initially, construction algorithms were designed to develop the primary 

route. Subsequently, improvement algorithms enhance selecting the route from the initial route. 

The experimental scenarios were designed with different sizes and complexity. The research 

outcome demonstrates the developed algorithms were effective. 

Keywords: Two-stage algorithm, Heuristic, Multi-depot vehicle routing problem   
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5.2 Introduction 

The term "Industry 4.0" refers to a framework that focuses on the automation and 

digitization of process and data exchange in businesses and industries [84]. In recent years, 

different industries used Industry 4.0 to develop their systems. The supply chain industry is one of 

the industries that is no exception to this rule. One of the most prominent problems in supply chain 

is the Vehicle Routing Problem (VRP). VRP is classified  NP-Hard problem with different 

varieties. VRP has seen decades with different algorithms to produce vehicle routes closer to find 

the minimum cost. Table 5.1 shows the different well-known variations of VRP. 

Table 5.1. The different variations of Vehicle Routing Problem [145][146].  
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 The supply and distribution companies, courier services, medical emergency services, and 

transport of disabled people are some instances of real-life DVRP applications. The new 

development in technologies has made a lot of modifications in DVRP, such as Global Position 

System (GPS), Information and Communications Technology [146]–[148].  

This research focuses on solving dynamic multi-depot vehicle routing problems 

(DMDVRP). The project goal is to propose an optimal solution method for stochastic demand 

DMDVRPs. In this research, a proposed two-stage algorithm is to solve DMDVRP. Figure 5.1 

indicated the algorithms used in these two stages. 

 

Figure 5.1. Utilized algorithms in two-stage algorithms. 

The different case studies are prepared to demonstrate the proposed solution approach. The 

proposed hierarchical strategy can deal with DMDVRP and make this problem solvable, which is 

one of the research’s primary contributions. The novelty of this work is using the combination of 

the construction and improvement algorithms to solve the DMDVRP. 

Section 2  starts with Industry 4.0  and DVRPs literature review, while the future section 

(Section 3) defines the problem definition. The solution approach (two-stage algorithm) is 

explained in section 4. Section 5 presents the results of the analysis of different cases, and lastly, 

conclusion and recommendations for future research are provided in Section 6.  
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5.3 Literature Review 

5.3.1 Industry 4.0 

In 2011, Henning Kagermann, a former top executive at SAP in Germany, presented the 

notion of Industry 4.0 as the fourth industrial revolution [13]. Table 5.2 presents a summary of 

previous Industrial Revolutions. 

Table 5.2. Summary of Industrial Revolutions [37]. 

 

The major objective of Industry 4.0 is to advance a digitizing and automating network 

where machines and products work together to make decisions without human involvement [18], 

[32], [149] CPS and IoT are combined in Industry 4.0 to the industrial automation domain [37].  

Industry 4.0 transforms factories into smart factories including all components like devices, 

suppliers, products, logistics, manufacturing processes, engineering, machines, etc. [20]–[22]. 

Industry 4.0 promotes cloud manufacturing, the Internet of Things, big data, robotics, the Internet 

of Services (IoS),  and CPS. As a result, all the types of equipment including machines, devices, 

also, production modules and products, etc. are used in a variety of fields, including management, 

manufacturing, supply chain, especially in real-time situations [23], [24], [127]. To learn more 

about CPS, interested readers are referred here [7], [87], [89]–[91]. 
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According to Google Trends, "Fourth Industrial Revolution" and "Industry 4.0" terms have 

become increasingly common in Google searches since 2012, and there has been an upward trend 

as of September 2020, indicating the topic's prominence (Figure 5.2). An analysis of this graph 

shows the importance of additional research into Industry 4.0. These are excellent opportunities 

for researchers and scientists to broaden their research areas as well as managers to learn more 

about Industry 4.0 and work out how to implement it in their company. There is still no consensus 

on the exact meaning of Industry 4.0. Industry 4.0, according to Lopes de Sousa Jabbour et al., is 

the main feature that connects customers, suppliers, employees, orders, and machines and via the 

electronic devices and Internet of Things (IoT); allowing companies can produce products using 

decentralized decisions and autonomous systems [17]. 

 
Figure 5.2. Google trend searches for “Industry 4.0” and “Fourth Industrial Revolution”. 

 

Supply Chain 4.0 (SC 4.0), using Industry 4.0 approach in supply chain area, will impact 

all aspects of supply chain management. Figure 5.3 demonestrates the existing communication 
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between systems such as the vehicles, depot and control tower based on the SC 4.0 concept. 

Advancements in technology, such as connected devices, allow for immediate communication 

between the different parties involved and the drivers can adjust the route. SCM control towers 

may also track a driver's present location using global positioning system (GPS) and communicate 

with the next customer on the route in a timely manner [86]. 

 

 

Figure 5.3. DVRP in the concept of Industry 4.0 [92]. 

  

5.3.2 Vehicle routing problem  

There are many research on VRP and different kinds of this problem. In this section, 

different studies about MDVRP and DMDVRP are reviewed. Meesuptaweekoon and 
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Chaovalitwongse proposed a heuristic approach for multi-depots [2]. Their proposed heuristic 

method is included two phases: clustering consumers and selecting a proper depot using the 

Nearest Neighbor Procedure (NNP), generating initial feasible routes using Sweeping and 

Reordering Procedures (SRP), and improving routing using the Insertion Procedure (IP). 

Azi et al. found an adaptive large neighborhood search heuristic to solve VRP where each 

vehicle performs delivery operations over multiple routes and new customer requests occur 

dynamically [150]. Okhrin and Richter used information and communication system to solve a 

DVRP with time windows (DVRPTW) by the possibility of dynamic events. They proposed the 

problem as a mix integer linear programming (MILP) and to solve the problem genetic algorithm 

was proposed [151]. Xu et al. offered a hybrid ant colony-based clustering approach to deal with 

the dynamic problem of MDVRP [152]. Bae and Moon solved an MDVRP with time windows by 

developing a MILP and to identify a near-optimal solution a genetic algorithm was applied [153]. 

A new metaheuristic for DVRP, called variable neighborhood search (IVNS), was 

developed by Xu et al. [154]. In the initial solution, the routes are constructed by the Clarke and 

Wright savings algorithm Clarke and Wright. Then, 2-opt and  3-opt, are used to find good quality 

local optimal solutions in a short period. 

5.4 Problem definition  

In this research, ‘m’ number of vehicles with fixed equal capacity, qi (i = 1, . . ., m), 

dispatch from D depots to deliver products to ‘n’ number customers at demand points. Each 

customer has an unknown demand di (i = 1, . . ., n – where n is the total number of customers). 

Some of the customers have higher priority than other customers. On the other hand, there is an 

assumption that the quantity of customers’ demands are less than the maximum capacity of the 

about:blank
about:blank
about:blank
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vehicles. Meanwhile, there will be new customers with stochastic demand that appear dynamically 

over time. Every edge in the total route is associated with the distance between any two customers, 

calculated by Euclidian distance. The objective function is to minimize transportation costs with 

respect to the minimum number of vehicles. Based on the available customer demands, all of the 

‘m’ vehicles or a subset of the vehicles may be used. The following are some of the other 

constraints: 

• Each vehicle route originates and terminates at the same depot. 

• All customer demands (di where I = 1, . . ., n) should be accepted and need to be satisfied.  

• Each consumer must be visited exactly once by a single-vehicle. 

• In each vehicle route, the overall quantity of demand on each vehicle route does not exceed 

the vehicle's carrying capacity. 

• The unit of distance is identical to the unit of cost.  

The following example illustrates the problem and possible solutions. The difference 

between the dynamically change of the customers of DMDVRP and the classic MDVRP is shown 

in Figure 5.4. There is no customer in the network at time = 0. Customer A1 enters the network at 

time = 5. A vehicle in D3, pleased customer A1 between the time of 5 and 10. The vehicle returns 

to D3 and customer A2 arrives at time = 10. A vehicle in D1 satisfies customer A2 between time 

10 and 15. Customer A3 arrives at time t = 15. The vehicle to deliver the product to customer A3 

(time = 20). In the meantime, consumer A4 enters the system. As a result, customers A3 and A4 

are serviced at time t = 25.  
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Figure 5.4. The illustrated problem and the solutions. 

 

5.5 Methodology  

In VRPs, an exact algorithm may be able to provide a solution in a reasonable amount of 

time. When modeling and solving DVRPs, however, employing an exact algorithm to solve the 

DVRP in a reasonable time is often impossible. Metaheuristic approaches work well for this type 

of problem. Different heuristic and meta-heuristic approaches have been developed in order to 

provide solutions for the different sorts of VRPs. However, there is no efficient solution to the 

VRPs [155]. The "construction-route first, improvement-route second" algorithm has been offered 

as a solution that may be employed effectively for the DVRP problem. Two different algorithms 

are used to generate the initial route for delivering the cutomers’ orders from the depot to 

customers. Figure 5.5 depicts the two-stage approach, which consists of construction algorithms 

and improvement algorithms, and is clarified further below: 
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Construction Algorithms: In this stage, the best overall routing is designed and determined 

(feasible solution). To find a solution in a reasonable amount of time, heuristic algorithms are used. 

Global Cheapest Arc (GCA), Savings and Path Cheapest Arc (PCA) are used in this study for 

building the route. In this research, the purpose is to reduce transportation costs. 

Improvement Algorithms: When the first-level routing heuristic does not return sufficient 

answers, the second-level routing of the two-stage algorithm is employed. Heuristic algorithms, as 

previously stated, are used to arrive at a reasonable solution in a fair amount of time. It is possible 

the route from the first stage construction algorithms may not be optimal and need improvement. 

As a result, to improve the answer solution, improvement algorithms could be applied. In this 

stage, various algorithms can be applied. Guided Local Search (GLS), SA, and TS are used in this 

study. 
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Figure 5.5. The proposed methodology for DMDVRP. 

 

After executing and determining the route by the two-stage algorithm, vehicles departure 

from the depots to deliver products to the customers. While new customers’ orders enter the 

PCA 

Savings 

GCA 

No 

No 

GLS 

SA 

TS 

  

Start  

End 

Initial state S
0
 

End of 

Route 

New 

Customer 

 

Yes 

Yes 

Execute Algorithm 

Update 

Location 



 

 

85 

 

system, the initial routes are adjusted. Therefore, whenever a new customer appears, the two-stage 

algorithm is run until all customers have been served. 

5.6 Experimental Results and Discussion 

Several experiments are being carried out in order to validate the efficacy of this 

methodology. The experimental results are provided for two and three depots in three different 

case studies in small, medium, and large sizes of problems. Finally, the case study results are 

analyzed and discussed in more detail. 

5.6.1 Data Processing 

The suggested methodology was evaluated on nine data sets including two or three depots, 

varying numbers of stat data and dynamic data. To implement the proposed algorithm, Python 

software was used. To account for variability, the two-stage algorithm is executed 10 times with a 

95% confidence interval. Case studies with 2-depots case study had a maximum standard deviation 

of 5.8%, while those with 3-depots case study had an average of 4.9 percent of standard deviation. 

5.6.2 Experimental Results 

The proposed methodology was tested nine instances, with positive results. The 

computational results for the suggested methodology were illustrated in Tables 1 and 2 for 

different instances with two and three depots, respectively. For each instance of these two tables, 

the best and average answers, as well as the algorithm name with the best result, were provided. 

The findings of the Two-stage algorithm were compared to the first stage (Construction 

algorithm) of the chosen algorithm to validate the efficacy and efficiency of the suggested 
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methodology. The performance comparison for instances is available in the last column of Tables 

5.3 and 5.4.  

 

Table 5.3. Computational results of the proposed methodology for two depots. 
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Small size 

30 30 254.1 247.78 PCAand SA 297.35 17.02 

30 60 355.16 323.65 PCAand TS 396.66 11.68 

30 100 535.34 523.9 GCA and TS 552.2 3.15 

Medium size 

60 30 542.61 531.99 Savings and TS 588.81 8.51 

60 60 452.57 438.08 GCA and TS 529.65 17.03 

60 100 655.39 641.94 GCA and SA 702.95 7.26 

Large size 

100 30 771.7 753.67 GCA and TS 871.87 12.98 

100 60 933.22 925.81 
GCA and Guided 

Local Search 
1064.78 14.10 

100 100 1221.31 1205.56 
GCA and Guided 

Local Search 
1367.77 11.99 
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Table 5.4. Computational results for the proposed methodology for three depots. 
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Small size 

30 30 321.56 311.9 PCA and SA 360.07 11.98 

30 60 332.16 323.65 PCA and TS 377.83 13.75 

30 100 579.34 567.2 PCA and SA 621.2 7.23 

Medium size 

60 30 580.6 565.3 GCA and TS 602.3 3.74 

60 60 462.8 439.19 GCA and SA 508.73 9.92 

60 100 569.76 653.49 GCA and SA 702.95 23.38 

Large size 

100 30 758.7 747.2 GCA and TS 839.1 10.60 

100 60 921.22 909.9 GCA and GLS 989.3 7.39 

100 100 1159.5 1142.2 Savings and TS 1238.35 6.80 

 

As can be seen from the tables, the two-stage algorithm outperforms the construction 

algorithm used in the first stage. From table 1, it can be seen that in small size instances with 30 

initial static customers at time T = 0 and 30, 60 and 100 dynamic customers who submit their order 

during the route execution, PCA and SA, PCA and TS, and PCA and TS return the lowest 

transportation cost respectively.  

In medium-size instances with 60 initial customers, the lowest transportation cost is 

obtained while employing the Savings and TS algorithm, as well as, GCA and TS, 30 and 60 

dynamic customers, respectively. GCA and SA return the lowest transportation costs when the 

dynamic customer number is increased to 100. GCA and TS, GCA and GLS, and GCA and GLS 

have the lowest transportation costs in large-size instances, with 100 initial customers and 30, 60, 

and 100 dynamic customers, respectively. 
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From table 2, it can be seen that in small size instances with 30 initial static customers at 

time T = 0 and 30, 60 and 100 dynamic customers who submit their order during the route 

execution, PCA and SA, PCA and TS, and PCA and SA return the lowest transportation cost 

respectively.  

In medium-size instances with 60 initial customers, the lowest transportation cost is 

obtained while employing the GCA and TS algorithm, as well as, GCA and SA 30 and 60 dynamic 

customers, respectively. GCA and SA return the lowest transportation costs when the dynamic 

customer number is increased to 100. GCA and TS, GCA and GLS, and Savings and TS have the 

lowest transportation costs in large-size instances, with 100 initial customers and 30, 60, and 100 

dynamic customers, respectively. 

It was discovered that some case study data sets led to infeasible solutions during the 

construction algorithm phase. More research must be conducted in order to determine the most 

effective construction algorithms based on demand data patterns. As a result of the two-stages 

algorithm, transportation costs are either decreased or remain the same as with the construction 

algorithm. 

Due to DVRP being an NP-Hard problem, finding an optimal solution to real-world 

problems is difficult or even impossible. Furthermore, heuristic methods may not provide local 

optimal solutions in specific run time for NP-hard problems that the two-stage technique suggested 

in this paper solves this problem. there are some drawbacks to the methodology. Firstly, there is a 

drawback to this, the results are viewed as the local optimal rather than the global optimum. 

Secondly, because the solution must be updated before the heuristic can be used, the vehicles may 

experience delays. 
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5.7 Conclusion and Future Work 

In the present research, Two-stage methods were explored in order to discover the best 

algorithms that may be utilized to solve DMDVRP. Construction algorithms such as Savings, 

PCA, and GCA algorithms are employed to design the initial route in the first stage of the 

suggested methodology. Some improvement algorithms, such as GLS, SA, and TS algorithms, are 

utilized in the second stage to improve the initial route. 

By comparing the new solutions to the existing metaheuristics in the same category, the 

proposed methodology is validated. The combination with the minimum transportation cost is 

chosen as the best solution to this problem. The efficiency of the two-stage algorithm was 

evaluated through the different case studies with the acceptable result. 

It is important to emphasize that this approach has the potential to produce better, if not the 

best, results. Because DMDVRP is a real-world problem, this technique can be extended to more 

complex case studies. It is possible to limit the execution times. This helps to execute large-size 

data sets in a short amount of time. In addition, when compared to other methods addressed in the 

literature, the two-stage algorithms developed in this study stand out for their ease of coding and 

replication. 

It is possible to broaden this research to include the hard and soft time windows contraints 

for potential work. An fascinating future study topic would be to apply this methodology under 

the assumption that customer demand must be met at a certain time. Furthermore, considering 

loading and unloading times of orders in the warehouses and for customers order delivery as 

additional inputs to the case study can also be developed. 
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CONCLUSIONS  

The fundamental goal of this dissertation was to find a solution to the DVRP problem. The 

importance of optimal DVRP routing has long been acknowledged by operations research analysts 

and supply chain experts. As the DVRP problem is an NP-hard combinatorial optimization 

problem, there is currently no method for solving it in polynomial time. When dealing with NP-

hard problems, the heuristics technique is the most effective way to solve them.  

This dissertation considered three variants/generalizations of an underlying routing 

problem involving single-depot DVRP, Large-scale DVRP, and Multi-depot DVRP problems 

focusing on Industry 4.0 using new heuristic approaches.  

Recognizing the significance of heuristics for these combinatorial problems, this research 

focused on machine learning and artificial intelligence applications. In this dissertation, it was 

found that Two-stage algorithms and Three-stage algorithms are suitable meta-heuristic algorithms 

for solving the DVRP. The given meta-heuristic algorithms provide good approximate and near-

optimal results. The experiment results prove the efficiency and effectiveness of the developed 

algorithm for DVRP.  

As a result of this research, it has been determined that meta-heuristics solutions are 

extremely important for solving DVRP. The algorithms developed in this research have a high 

scope of reaching further optimal solutions. The following are some of the most important 

conclusions from this study: 
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Industry 4.0 has a high impact on supply chain management. Because, the majority of 

businesses want to convert their traditional supply chain into MSC, Industry 4.0 is a critical 

framework for them to achieve their goal. As a result of Supply Chain 4.0, companies can expect 

to save on operational costs, reduce lost sales, and reduce inventories costs, at the same time 

increasing the agility of their supply chains. 

Based on the finding from chapters 3, 4 and 5, Industry 4.0 plays an important role in 

DVRP. To develop the solutions to DVRP, Machine learning, and AI algorithms as the 

components of Industry 4.0 were used. The Two-stage and three-stage metaheuristic algorithms 

were developed in this study to solve the DVRP problem. The results were acceptable for this 

problem. Based on the finding, it proposes that these algorithms are applicable to different 

industries in the supply chain area to solve similar problems.  

6.1 Future Research 

The following are the fundamental problems that are open in the area of dynamic vehicle 

routing problems and are suggested for the next.  

• Incompleted network: Currently, in this dissertation, the problems’ network was 

considered as a completed network. One of the suggested topics is what would happen if 

this VRP network was not completed or if the VRP network was disrupted. 

• Heterogeneous vehicles: One important class of dynamic vehicle routing problems 

includes cases where the vehicles may not be homogenous. It would be an interesting topic 

as future work of this research. 
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• Deliver multi-products: The DVRP problem with a single product was explored in this 

dissertation. Another exciting future research topic is that consumers may request the 

delivery of multiple different products. 

• Applications: The focus of this dissertation is more about the methodology and the 

development of algorithms. As future work, it is suggested to make the proposed 

methodologies more applicable and generalized in real-world problems. They can be used 

by postal services to deliver parcels or mail to customers from a post office or multi-post 

office. They can apply for Amazon.com, Inc. which delivers orders from warehouses to 

customers' homes. 
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APPENDIX 

Table 1. Results of Allocated Routes and Travel Distance to Each Vehicle 

by Path Cheapest Arc and Tabu Search Algorithms at time=50s for case study 1. 

At Time = Route 

0.0 Route for vehicle 1: 

[30, 40] Load (25) -> [37, 33] Load (22) -> [38, 2] Load (19) -> [30, 2] Load (18) -> [15, 6] Load 

(14) -> [20, 16] Load (11) -> [15, 21] Load (8) -> [14, 33] Load (5) -> [19, 37] Load (0) -> [30, 

40] Load (0) 

Distance of route: 112.5 m 

Load of route: 25 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 2: 

[30, 40] Load (25) -> [30, 40] Load (25) 

Distance of route: 0.0 m 

Load of route: 0 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 3: 

[30, 40] Load (25) -> [39, 41] Load (23) -> [42, 33] Load (18) -> [41, 18] Load (13) -> [30, 16] 

Load (9) -> [25, 21] Load (4) -> [26, 35] Load (1) -> [30, 40] Load (1) 

Distance of route: 71.3 m 

Load of route: 24 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 4: 

[30, 40] Load (25) -> [18, 49] Load (23) -> [15, 48] Load (19) -> [12, 48] Load (14) -> [6, 43] 

Load (9) -> [15, 43] Load (6) -> [22, 41] Load (2) -> [30, 40] Load (2) 

Distance of route: 53.4 m 

Load of route: 23 

***************************************************************************** 

Total distance of all routes: 237.2 m 

13.0 Route for vehicle 1: 

[37.1, 29.9] Load (22) -> [30, 40] Load (22) 

Distance of route: 25.3 m 

Load of route: 3 
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At Time = Route 

-------------------------------------------------------------------------------------------------------------------  

Route for vehicle 2: 

[30, 40] Load (25) -> [19, 37] Load (20) -> [14, 33] Load (17) -> [15, 21] Load (14) -> [20, 16] 

Load (11) -> [15, 6] Load (7) -> [30, 2] Load (6) -> [38, 2] Load (3) -> [28.0, 10.0] Load (0) -> 

[30, 40] Load (0) 

Distance of route: 114.5 m 

Load of route: 25 

------------------------------------------------------------------------------------------------------------------- 

Route for vehicle 3: 

[40.37, 37.35] Load (23) -> [42, 33] Load (18) -> [41, 18] Load (13) -> [30, 16] Load (9) -> [25, 

21] Load (4) -> [26, 35] Load (1) -> [30, 40] Load (1) 

Distance of route: 71.3 m 

Load of route: 24 

-------------------------------------------------------------------------------------------------------------------  

Route for vehicle 4: 

[19.6, 47.8] Load (25) -> [18, 49] Load (23) -> [15, 48] Load (19) -> [12, 48] Load (14) -> [6, 

43] Load (9) -> [15, 43] Load (6) -> [22, 41] Load (2) -> [30, 40] Load (2) 

Distance of route: 53.4 m 

Load of route: 23 

***************************************************************************** 

Total distance of all routes: 264.5 m 

31.0 Route for vehicle 1: 

 [30, 40] Load (22) -> [22, 41] Load (18) -> [26, 35] Load (15) -> [30, 40] Load (15) 

Distance of route: 47.0 m 

Load of route: 10 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 2: 

 [15.85, 20.15] Load (14) -> [15, 6] Load (10) -> [20, 16] Load (7) -> [25, 21] Load (2) -> [30, 

40] Load (2) 

Distance of route: 83.1 m 

Load of route: 23 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 3: 

 [41.11, 19.63] Load (18) -> [41, 18] Load (13) -> [38, 2] Load (10) -> [30, 2] Load (9) -> 

[28.0, 10.0] Load (6) -> [30, 16] Load (2) -> [30, 40] Load (2) 
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At Time = Route 

Distance of route: 95.4 m 

Load of route: 23 

-------------------------------------------------------------------------------------------------------------------  

Route for vehicle 4: 

[8.0, 43.0] Load (9) -> [5.0, 38.0] Load (5) -> [15, 43] Load (2) -> [30, 40] Load (2) 

Distance of route: 63.3 m 

Load of route: 23 

***************************************************************************** 

Total distance of all routes: 288.8 m 

45.0 Route for vehicle 1: 

[28.75, 38.44] Load (15) -> [30, 40] Load (15) 

Distance of route: 47.0 m 

Load of route: 10 

-------------------------------------------------------------------------------------------------------------------  

Route for vehicle 2: 

[15.01, 6.18] Load (14) -> [15, 6] Load (10) -> [20, 16] Load (7) -> [25, 21] Load (2) -> [30, 40] 

Load (2) 

Distance of route: 83.1 m 

Load of route: 23 

-------------------------------------------------------------------------------------------------------------------  

Route for vehicle 3: 

[38.71, 5.81] Load (13) -> [38, 2] Load (10) -> [30, 2] Load (9) -> [28.0, 10.0] Load (6) -> [30, 

16] Load (2) -> [30, 40] Load (2) 

Distance of route: 95.4 m 

Load of route: 23 

------------------------------------------------------------------------------------------------------------------- 

Route for vehicle 4: 

[12.33, 41.67] Load (5) -> [15, 43] Load (2) -> [19.0, 45.0] Load (1) -> [30, 40] Load (1) 

Distance of route: 64.6 m 

Load of route: 24 

***************************************************************************** 

Total distance of all routes: 290.1 m 

66.0 Route for vehicle 1: 

[30, 40] Load (15) -> [35.0, 35.0] Load (11) -> [30, 40] Load (11) 

Distance of route: 61.2 m 
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At Time = Route 

Load of route: 14 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 2: 

 [25.64, 23.42] Load (2) -> [30, 40] Load (2) 

Distance of route: 83.1 m 

Load of route: 23 

-------------------------------------------------------------------------------------------------------------------  

 Route for vehicle 3: 

 [28.28, 10.85] Load (6) -> [30, 16] Load (2) -> [30, 40] Load (2) 

Distance of route: 95.4 m 

Load of route: 23 

------------------------------------------------------------------------------------------------------------------- 

Route for vehicle 4: 

[30, 40] Load (1) -> [30, 40] Load (1) 

Distance of route: 64.6 m 

Load of route: 24 

***************************************************************************** 

Total distance of all routes: 304.3 m 
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Figure 1. The best results of proposed methodology by K-means, Path Cheapest Arc and Guided 

Local Search 
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Table 2. Randomly generated data for verification of this model. 

# of Location (x, y) Demand # of Location (x, y) Demand 

1 (19,94) 1 51 (58,15) 2 

2 (24,69) 2 52 (89,14) 3 

3 (37,89) 3 53 (60,38) 1 

4 (12, 100) 1 54 (75,2) 2 

5 (11,95) 2 55 (91,16) 3 

6 (5,95) 3 56 (85,43) 1 

7 (36,97) 1 57 (62,27) 2 

8 (8,60) 2 58 (73,16) 3 

9 (44,83) 3 59 (73,36) 1 

10 (32,54) 1 60 (80,11) 2 

11 (45,93) 2 61 (66,14) 3 

12 (36,72) 3 62 (94,15) 1 

13 (11,66) 1 63 (61,39) 2 

14 (31,57) 2 64 (86,28) 3 

15 (16,76) 3 65 (62,33) 1 

16 (34,63) 1 66 (100,31) 2 

17 (15,76) 2 67 (87,3) 3 

18 (28,71) 3 68 (88,37) 1 

19 (40,79) 1 69 (84,15) 2 

20 (9,63) 2 70 (90,47) 3 

21 (25,73) 3 71 (74,48) 1 

22 (19,59) 1 72 (94,86) 1 

23 (34,84) 2 73 (52,63) 2 

24 (26,82) 3 74 (64,79) 3 

25 (13,50) 1 75 (91,66) 1 

26 (51,29) 2 76 (76,93) 2 

27 (8,30) 3 77 (68,86) 3 

28 (14,33) 1 78 (49,77) 1 

29 (49,46) 2 79 (54,88) 2 

30 (26,21) 3 80 (86,68) 3 

31 (33,29) 1 81 (65,76) 1 

32 (25,29) 2 82 (89,93) 2 

33 (52,39) 3 83 (63,67) 3 

34 (16,14) 1 84 (73,91) 1 

35 (43,31) 2 85 (64,66) 2 

36 (33,35) 3 86 (72,57) 3 

37 (25,12) 1 87 (54,92) 1 

38 (2,1) 2 88 (55,57) 2 

39 (49,23) 3 89 (80,69) 3 
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40 (9,36) 1 90 (54,49) 1 

41 (26,15) 2 91 (89,69) 2 

42 (42,35) 3 92 (73,73) 3 

43 (20,23) 1 93 (72,53) 1 

44 (19,12) 2 94 (56,90) 2 

45 (10,9) 3 95 (71,96) 3 

46 (41,31) 1 96 (52,67) 1 

47 (100,32) 1 97 (73,58) 2 

48 (72,17) 2 98 (76,92) 3 

49 (93,46) 3 99 (68,50) 1 

50 (97,37) 1 100 (53,53) 2 

 

Table 3. Randomly generated data for dynamic sample case 1. 

Time(s) # of 

Location 

(x, y) Demand 

13 1 (41,71) 2 

6 (31,51) 3 

11 (65,20) 3 

16 (60,60) 3 

31 2 (30,70) 2 

7 (9,40) 3 

12 (65,22) 3 

17 (65,95) 3 

45 3 (10,100) 1 

8 (5,25) 1 

13 (100,10) 2 

18 (80,90) 1 

51 4 (25,90) 2 

9 (5,10) 2 

14 (100,20) 3 

19 (85,85) 2 

66 5 (45,60) 2 

10 (30,10) 4 

15 (80,3) 2 

20 (90,80) 2 

 

 


