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1. Introduction 

One of the most important tasks of logistics is the cost-effective delivery of the right products to the 

right place at the right time. The Vehicle Routing Problem (VRP) is a transportation problem, one of 

the most common tasks in logistics. The objective of the basic Vehicle Routing Problem (VRP) is to 

serve the demands of customers in a given position. Vehicles deliver products from one or more 

depots to customers and then return to the depot. Over the years, several variants (components) of the 

task have developed, thus adapting to the needs of the industry. Examples of such components are 

Time Window, Multi-Echelon (when products are first transported from the depot to distribution 

points - called satellites - and then from there to the customers), Open Route, Multiple Product, 

Multiple Vehicle, Vehicle Routing with Electric Vehicles, and so on. The Vehicle Routing Problem 

can be in-plant, out-of-plant transport depending on the components used, but it can even model an 

entire supply chain. As transport tasks are becoming more and more complex nowadays 

(simultaneous delivery of several products, several types of vehicles, several types of distribution 

points, etc.), computer support is necessary for the design and operation tasks. 

The aim of the dissertation is to develop a general model and prototype transportation system. Based 

on the literature, current proposals of this area are focusing only on a subsystem. There is no problem 

covering a wide area in the literature. The main goal of my research work is an integrated general 

system. The proposed general system should contain all the major components currently known in 

practice. Having this general model, almost all types of transportation tasks that appear in logistics 

systems can be analyzed and solved as a subtype of the general model. 

The first part of the dissertation is a literature review, which presents the components of the Vehicle 

Routing Problem (VRP) and the algorithms with which the Vehicle Routing Problem (VRP) can be 

solved. 

In the next chapter the mathematical model of the Vehicle Routing Problem is presented. The model 

includes among others the following components: number of levels, number of vehicles, number of 

product types, periodicity, attributes between nodes (such as distance between nodes, safety factor, 

etc.), vehicle attributes (such as vehicle capacity limit, charging time, the rental fee for rented 

vehicles, etc.), time components (packing, unpacking time, time window, etc.), product attributes 

(such as the capacity limit of the node, fixed order of arrival of products, etc.), costs (such as packing 

and unpacking costs, quality control cost, etc.) and finally operational parameters (such as inter-depot 

route, delivery, collection, open route, etc.). Regarding the parameter values the model allows to use 

static, stochastic, fuzzy, and forecasted data types. 

After the mathematical model, I present an ontology knowledge base that helps to design the Vehicle 

Routing Problem (which types of products can be transported with which vehicles, which types of 

products can be transported together, what types of products may be needed by each customer, what 

components should be used in the system design). 

Next, I outline the representation related to the applied optimization algorithms and evaluation. The 

representation used is based on permutations of customers, but I also had to consider other factors in 

the design, such as different types of products, vehicles, and the levels (Multi-Echelon). 

Detailed analyzes of optimization algorithms are also presented in the dissertation in the context of 

fitness landscape analysis. Algorithms can be divided into two parts: construction and improvement 

algorithms. Construction algorithms create one possible solution. They take the best steps locally, but 

global optimum is most often not achieved with their exclusive use. Their running time is usually low. 

In my dissertation I used 6 different construction algorithms. Improvement algorithms iteratively 

improve one or more possible solutions. Their running time is usually high. The global optimum can 

be achieved with their application. In the dissertation, I used 11 different improvement algorithms. 

Since the model contains several objective functions, I tested 6 different multi-objective optimization 

techniques. I also implemented the “pre-filtering” of customers, so not all incoming needs must be 

fulfilled, only those that are economically profitable. This can be done using a classification known in 

data mining. I have used 5 different classification data mining algorithms. 
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I have applied the fitness landscape analysis method to extended analysis of the search space. For the 

generation of the optimum points I used either the optimum of the optimization algorithms or the 

random selection method. Using the fitness landscape I performed the investigation of the operators 

and the efficiency of the optimization algorithms. For the analysis I have used 6 different walk 

techniques. I performed other analyzes for random walk also from the view point of information 

theory.  

In the last chapter I show, that the general system is suitable for solving both in-plant and out-of-plant 

transport processes. I presented 16 prototype systems to illustrate the versatility of the proposed 

system. Based on the theoretical and practical test I stated that the proposed model covers wide range 

of transportation models. 

1.1. Research goals 

The focus of my research is the generalization of the Vehicle Routing Problem. My goal is to perform 

a literature review and create a general Vehicle Routing Problem model based on this. Based on the 

general model, specific transportation tasks can be solved. The advantage of the general model is that 

it only needs to be created once. It is not necessary to write a new model or a new program for every 

transportation tasks, it is enough to parameterize the general model. My research covers the 

followings: 

 Performing a literature review on the Vehicle Routing Problem, systematization of the 

different tasks (components, constraints, objective functions). 

 Creation of a general Vehicle Routing Problem model, mathematical description of the model 

based on the literature and logistics tasks. 

 Creation of the ontology of the generalized Vehicle Routing Problem model. The ontology 

must contain the elements of the mathematical model and the additional elements of the main 

components (nodes, vehicles, customers). The system should help the user in which of the 

components and metrics of my generalized VRP model to use during the delivery of a specific 

product to a specific node with a specific vehicle. I also saw it necessary for the system to 

help to decide which products can be delivered to the nodes with which vehicles. 

 Creation of the representation model of the general VRP model. With the help of the 

representation, the real problem can be mapped for the optimization algorithm. 

 Analysis of the search space of the VRP. The analysis of the search space can be linked to the 

study of optimization algorithms. The aim of my research is to analyze the effectiveness of 

optimization algorithms known in the literature. Most of the improvement heuristics use 

neighborhood operators, so my research goal is also to analyze the efficiency of the operators. 

The Vehicle Routing Problems may contain several objective function components, so it is 

also necessary to analyse the multi-objective optimization techniques. My research goal is the 

application of a wide range of search space analysis techniques in the VRP. 

 Developing software that solves the general VRP. Based on the representation, the software 

can solve the Vehicle Routing Problems with different heuristics, answer the user's questions 

in connection with the VRP based on the implemented ontology, and analyze the search 

space. 

 The success of a general model lies in how wide a range of problems it covers. I analyze 

which transportation tasks can be solved with the created general model. 
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2. Survey of the literature background of the Vehicle 

Routing Problem (VRP) 

The aim of this chapter is to present the informal definition, components and the related literature 

background of the Vehicle Routing Problem (VRP). 

In case of the VRP [1], all (potentially) places to be visited are called as nodes. The node can be a 

depot, customer, charger station, satellite. Any transport unit that transports products between nodes is 

called a vehicle. 

During the basic Vehicle Routing Problem [1], the customers can be visited by vehicles. Customers 

have a fix demand for products. All demands must be served; each node can only be visited once. The 

vehicles start from depot, visit the customers assigned to them and then return to the depot. Vehicles 

cannot exceed their capacity limit. If the vehicles visited the customers, then they must return to the 

depot. The objective function is the minimization of the distance travelled by vehicles.  

2.1. Literature survey 

The Vehicle Routing Problem is a current and important area of logistics. The first Vehicle Routing 

Problem articles appeared in 1959 by Dantzig & Ramser [1]. After that, in the 60s and 70s, many 

articles appeared for example [2-3] publications.  

The transportation problem may have many parameters. I have selected the followings to perform the 

categorization of the research topic: the number of nodes, their type (depot, customer, charger station, 

satellite and their levels). In the case of transportation, it is also necessary to decide on the number of 

vehicles and products. The types of vehicles to be used may involve the use of several components, 

such as the use of charger stations, the rental fee (if the vehicles are rented). Types of products can 

also determine components, the relationship between products and suitable vehicles for transportation, 

but also that the objective should not be to minimize the distance travelled but to make the vehicle 

cross the safest route possible. Business logic can also define components such as the time window 

(only individual nodes can be visited in a certain time interval) or the handling of uncertain 

(stochastic, fuzzy) or past data (forecasting). I would like to highlight the following Vehicle Routing 

Problem types: 

 Vehicle Routing Problem with Time Window [4], 

 Vehicle Routing Problem with Multiple Time Windows [5], 

 Vehicle Routing Problem with Soft Time Window [6], 

 Vehicle Routing Problem with Single Depot [7], 

 Vehicle Routing Problem with Multiple Depot [7], 

 Open Vehicle Routing Problem [8], 

 Multi-Depot Vehicle Routing Problem with Inter-Depot Routes[9], 

 Two-Echelon Vehicle Routing Problem [10], 

 Homogeneous Fleet Vehicle Routing Problem [11], 

 Heterogeneous Fleet Vehicle Routing Problem [11], 

 Capacitated Vehicle Routing Problem [12], 

 Vehicle Routing Problem with Pickup and Delivery [13], 

 Vehicle Routing Problem with Multiple Product [14], 

 Electric Vehicle Routing Problem [16], 

 Periodic Vehicle Routing Problem [17], 

 Vehicle Routing Problem with Stochastic Demand [20], 

 Vehicle Routing Problem with Perishable Food Products Delivery [36], 

 Travelling Salesman Problem [46]. 
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3. The mathematical model of the generalization of the 

Vehicle Routing Problem 

It can be seen in Chapter 2., that the Vehicle Routing Problem attracted many researchers over the 

years. In most of the publications, the mathematical model of the Vehicle Routing Problem was also 

presented in the articles. These mathematical models were focusing to the investigated transportation 

problems. The purpose of this chapter is to present generalized mathematical model of a generalized 

Vehicle Routing Problem.  

3.1. Base parameters 

Position graph: 

The topology of the Vehicle Routing Problem can be described by a graph, where the nodes denote 

positions (customers, depots, etc.) and edges denote transport relationships between positions. 

The graph contains the position components and the relationships between them. I assumed, that the 

positions can be decomposed into several levels. The levels separate the transportation tasks.  

Vehicles: 

Different types of vehicles can be used in the system.  

Products, services: 

In the model, several different products are delivered.  

Time: 

In the model, the operation is modelled in time. Time is measured at different units. A period is the 

repetition time. Assume that the plane of the schedule is one-level.  

Value: 

Different attribute values (properties) can be assigned to the building blocks of the model. Based on 

the value set, the following attribute types can be distinguished: 

 static, 

 stochastic, 

 fuzzy, 

 forecasted. 

3.2. Attributes 

I have defined the following Vehicle Routing attributes: 

 Node attributes: travel time between the nodes, travel distance between the nodes, safety 

between the nodes, route quality between the nodes and the type of the node.  

 Vehicle attributes: the capacity constraint of each vehicle types per product type, fuel 

consumption, charger time, own vehicle or rented vehicle, rental fee per vehicle types and the 

maximum distance with a full tank / full charge.  

 Time attributes: service time, packing time, unpacking time, loading time, unloading time, 

product downtime, administration time, quality control time, time window. 

 Product attributes: the capacity constraint of the node, product demand of the node, prices- of 

product, processing order, processing constraint, storage level at the locations. 

 Cost attributes: packaging costs, unpacking cost, loading costs, unloading costs, 

administrative costs, quality control cost. 

 Operational parameter attributes: inter-depot route, delivery, pickup, soft time window, open 

route. 
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3.3. Decision variable 

The decision variable can have a value of 0 or 1. It has 7 indexes which are the followings:    : level 

of the starting point,   : level of the ending point,     index of the starting point in level   ,     index of 

the ending point in level   ,    index of vehicle,    index of the time, and    index of the product. 

 

      
             

                                                                 
                                  

                        
       

  

3.4. Constraints 

Constraints are an important feature of optimization. In order to get a valid solution, various 

constraints need to be defined. 

 Constraint 1: A node at level   only needs to be served maximum once a period by a vehicle 

with product  . 

 Constraint 2: This constraint is optional and should only be considered if a time window has 

been defined. If a time window is defined, two cases are possible, the hard time window and 

the soft time window. In the case of a hard time window, the time window must be taken into 

consideration, while the soft time window is an optimization parameter. 

 Constraint 3: Vehicles start from an aggregated level position and then terminate at an 

aggregated-level position after visiting the lower-level positions. This constraint is optional; it 

is only not met if there is a single level.  

 Constraint 4: This constraint is not optional and should always be considered when 

transporting products. Vehicles must comply with their capacity limit. 

 Constraint 5: This constraint is not optional and always be considered when transporting 

products. Positions must take into account their capacity limit. 

 Constraint 6: For each level the number of transport edges must not exceed the number of 

vehicles available at each level. This constraint is not optional. 

 Constraint 7: This constraint is the subpath elimination constraint, and it is not optional. 

 Constraint 8: The constraint is not optional. It relates to route continuity. It says, that the 

number of incoming must be equal with the number of outcoming edges in each position  . 
 Constraint 9: The constraint is not optional. Vehicles require charging after a certain distance, 

so the vehicles need to visit the charger station. 

 Constraint 10: The constraint is optional, only to be considered when defining a fixed order of 

products. The products arriving in each position can have a fixed order, they must arrive one 

after the other. 

 Constraint 11: The constraint is optional and will only be considered if there are products that 

cannot be shipped together. 

3.5. Metrics, objective function components 

Each objective function component can be formed from the metrics. In my case, the goal is to 

minimize for most metrics. The system contains the following metrics: length of the route, transported 

value, packaging cost, unpacking cost, loading cost, unloading cost, administrative costs, quality 

control cost, fuel consumption, vehicle rental fee, safety between nodes, route quality, route time, 

packaging time, unpacking time, loading time, product downtime, administrative time, quality control 

time, fuel filling time, waiting time of the nodes, exceeding the time window and the unvisited 

customers.  
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4. The ontology model of the generalized Vehicle 

Routing Problem 

Ontology is a standard tool for knowledge representation. The term comes from philosophy, where it 

means a systematic description of existence. An ontology describes a domain, its concepts, and the 

relationships between concepts. Its purpose is not only the presentation of information for humans but 

the machine processing of the content of the information. The most common general ontology 

language is OWL, developed by the World Web Consortium (W3C). OWL helps automatic machine 

interpretation of web content to a greater extent than XML, RDF, and RDF Schema (RDF-S). OWL 

also offers extended vocabulary and formal semantics [48,49]. 

4.1. The ontology system of the vehicle routing problem  

Some of the ontology systems presented in the literature are limited to specific logistics tasks, for 

example, monitoring service[57], city logistics[58], emergency logistics[61], manufacturing execution 

system[62], refrigerated goods[63]. Some ontology models can also be found, that try to cover the 

whole logistics process. I developed a more general system, which is different from these systems. 

The system should help the user choose which of the components and metrics of my generalized 

Vehicle Routing Problem model to use when transporting a given product, to a given node, with a 

given vehicle. I also saw the need for the system to help decide which products can be shipped with 

which vehicles to nodes. 

4.1.1. The main components of the ontology system 

The advantage of ontologies is that ontology systems can work together, so my system can be 

supplemented with a logistics model developed by others. The developed sample system includes the 

graph descriptive, vehicles, products, period, set of values (static, stochastic, fuzzy, forecasted values) 

and attributes (nodes, vehicles, period, products, costs, operational parameter) detailed in the 

mathematical model. Also, metrics are included in the model. In the sample system, ontological 

concepts allow for a rule-based validation. The main components of the ontology model are 

followings: 

 Node class: products are transported between nodes.  

 Product class: the products are transported from one node to another node with vehicles.  

 Vehicle class: suitable for transporting products.  

 Component class: includes components that can be used during Vehicle Routing Problems. 

The components can be broken down to according to their main type, but this remains 

transparent to the user. The following logical resolutions are in the system: 

o CostComponents, 

o FunctionalParameterComponents, 

o NodeComponents, 

o ProductComponents, 

o TimeComponents, 

o VehicleComponents. 

 Metrics class: includes metrics that can be used during transportation tasks. 

4.1.2. The architecture of the ontology system 

The ontology model was also integrated into the optimization module, as the model allows rule-based 

validation for outdoor material handling tasks. Thus, I made the application of the model known to all 

programmers, because instead of ontology-specific queries (DL Query, SPARQL Query), the user 

only needs to specify a JSON descriptor, which is known to all programmers, and is an easy-to-read 

format for people to read. 
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The ontology system is created so, that it can be handled by two types of users. One of the users 

(expert user) who has adequate IT and logistics knowledge. This kind of user performs the following: 

purpose, scope and requirement identification, then concepts collection, ontology creation and 

analysis. This user accesses the ontology through the ontology editor, where he can implement it. The 

other user is the end-user who has adequate logistical knowledge. The user asks questions to the 

system using a Java program and a JSON descriptor. The query engine layer of the Java program 

generates SPARQL queries, thereby extracting information from the ontology, and the Java program 

responds to the user. The ontology layer consists of the RDF / OWL file itself and the reasoner.  

 

The ontology system does not have to specify all the members of the JSON descriptor, it is possible to 

omit the individual components (Node, Product, Vehicle).  

The ontology sample system supports transport tasks. If the user knows what types of nodes to visit 

during the transport task, the system helps to tell which products can be transported to or from the 

node and what constraint and objective function components can be used during the transport task. If 

the user knows which products the delivery is limited to, the system helps to decide what type of 

vehicles can be used. If the type of vehicles is known during the delivery task, the system tells us in 

response what products can be delivered with the vehicle, what constraint components and objective 

function components can be included in the optimization. If the system input parameter is the node 

and the vehicle type, the response is the type of possible products to be transported to and from the 

node, the vehicles, the possible vehicle routing components, and the possible objective function 

components. If the system receives nodes and products as input, it returns other products, vehicle 

types, vehicle routing components, and objective function components that can be transported to and 

from the nodes. If a list of vehicles and products are provided, the system returns the products that can 

be shipped to the node, the products that can be shipped from the node, the list of possible other 

vehicles, the components, and metrics. If a node, a vehicle, and a product are also specified, the 

system responses with products, vehicles, components, and objective function metrics. 

 

The presented ontology model was integrated into my Java optimization system. My system thus 

includes an optimization module and an ontology module. The relationship between the ontology and 

the optimization module is the followings: the user first uses the ontology module, asking questions to 

the ontology. The questions are written in JSON format and then answered in a txt format from the 

system. After that, the optimization module can be used, where the result of the ontology system can 

be taken into account to create the Vehicle Routing parameters. It then sets the parameters for each 

optimization algorithm (here too, it specifies a JSON file). Then the system gives the result of the 

optimization in JSON format.  
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5.  Representation model and operators of integrated 

Vehicle Routing Problem  

In this chapter, I present the representation model and evaluation strategy used by the implemented 

optimization algorithms for solving the general model of the Vehicle Routing Problem. Using the 

representation, the real problem can be mapped for the optimization algorithm. 

Based on the literature, I developed my own representation method for my general VRP model and I 

will also detail, what kind of operators can be applied to them.  

5.1. Representation model elements 

The system contains the following representation model elements: 

 Vector describing the order of nodes: A permutation is used to describe the order of nodes in 

the transportation. In the list the nodes are denoted by position index. The length of the 

permutation is equal to the number of nodes.  

 The matrix describing the assignment of vehicles-nodes-products: Unlike the previous 

permutation vector, it is an assignment. This means that the individual numbers here indicate 

the individual vehicles in the line, only here the numbers appear more than once. The length 

of the assignment is equal to the product of the number of nodes and the number of types of 

products in the system.  

 Vector describing the assignment of vehicle - charger stations: Here it is necessary to 

determine to which charger station vehicle will belong, so a charger station-vehicle 

assignment must be introduced. Its length is equal to the number of vehicles. 

 Vector describing the vehicle - portal node assignment: The length of the assignment vector is 

equal to the number of vehicles at the current level since a start node and end node is assigned 

to the vehicles. 

 Vector describing level: It contains vectors describing the order of the nodes, matrices 

describing the assignment of the vehicle-nodes-products, vectors describing the assignment of 

the vehicle-charger stations, and vectors describing the assignment of the vehicle - portal 

node. 

 Vector describing period: It contains matrices describing the levels. 

 Solution description vector: It contains the vectors describing the period. 

5.2. Optimization operators 

During optimization, operators create one or more new solutions from one or more existing solutions. 

The operators used greatly influence the efficiency of the optimization algorithms. I have used the 

following operators: 

 Vector describing the order of nodes: Here, I use a permutation representation mode, the 

sequence numbers of the nodes are included in the representation mode. Here I used a 

neighbourhood operator and crossover operators. I have used the 2-opt [70], Partially 

Matched Crossover (PMX) [71], Order Crossover (OX) [71], Cycle Crossover (CX) [71],  

 The matrix describing the assignment of vehicles-nodes-products: A "regeneration" is used 

here, so the neighbour will be a randomly generated new matrix. 

 Vector describing the assignment of vehicle - charger stations: A "regeneration" is used here, 

so the neighbour will be a randomly generated new vector. 

 Vector describing the vehicle - portal node assignment: A "regeneration" is used here, so the 

neighbour will be a randomly generated new assignment.  
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6. Fitness landscape analysis 

In this chapter, I present the relationship between the representation form and optimization efficiency 

in search space. Relatively few researchers have addressed this topic in fitness landscape analysis over 

the years. This is probably because researchers typically focus solely on investigating the surface 

effectiveness, but they do not analyze the internal optimization processes. Another important reason 

of topic selection is that in most cases the (local) optimum value is searched by an ad hoc method, do 

not analyze the quality of the located optimum. In the journal publications, the comparisons are made 

only practical test. Unfortunately, most researchers do not investigate nor demonstrate why the 

developed method (algorithm tuning, good choice of parameters, implementation tricks, etc.) is better 

than the existing methods. This technique is also called "competitive testing". In contrast, behavioural 

models demonstrate what makes a particular local search metaheuristic more effective than the others. 

Extensive behavioural models allow us to improve the efficiency of existing local search algorithms. 

[77] 

6.1. Fitness landscape overview 

The subject of the fitness landscape analysis is the examination of configuration optimization 

algorithms, in the search space containing all the allowed configurations. 

Optimization metaheuristics are often based on some kind of search or navigation iterations. The body 

of the iteration cycle is based on the following elements [73,108]: 

 Algorithm independent elements: 

o The set of possible states. 

o The distance-based neighbourhood. 

o Fitness, objective function. 

o Encoding and representation. 

 Algorithm specific elements: 

o Transition rule (pivoting rule = selection strategy) that selects the next state point 

from potential neighbouring state points. 

o Termination condition. 

o An initial state point is either a randomly generated solution (state point) or a solution 

given by some construction heuristic (state point). 

Fitness landscape analysis can be used to compare the efficiency of the different search space 

representation modes. It helps to make the following conclusions [109]: 

 Comparison of differences between two search spaces: a problem with two or more different 

representation methods: different representation, different mutation operator, different 

objective function, etc.  

 Algorithm selection: analysis of the navigation differences of the search space. 

 Tuning the parameters: determination of the most appropriate parameters for the selected 

algorithm (for example the neighbourhood operators, size of populations, number of restarts). 

 Controlling parameters during runs: what is the optimal neighbourhood operator based on 

structure estimation. 

  



The generalization of the Vehicle Routing Problem: Mathematical model, ontology, algorithms, 

fitness landscape analysis and applications 

 

 

- 11 - 

6.1.1. Methods of analysis 

Analytical methods for investigation of the search space can be divided into two categories, 

exhaustive search and stochastic, sampling-based techniques [73]. 

 

Exhaustive search 

This analysis gives the most complete picture of the search space, but they can only be applied to 

smaller problems (no longer for larger problems) and it is difficult to apply in practice. The main 

advantage of an exhaustive search is completeness. Search time (runtime) is high, but search space 

analysis is complete. [73] 

 

Stochastic, sampling-based techniques 

Stochastic methods are the most commonly used in analyzes. Their advantage over exhaustive search 

is their speed. On the other hand the disadvantage is that they are biased, we do not get complete 

results with their use. [73] 

So far, two types of sample generation techniques have been used [73]: 

 The trajectory-based sampling, which is the path of optimization methods and produces 

continuous solution candidates. 

 The discovery based sampling strategies which generates scattered samples that can be 

supplemented with recombination operators or local neighbourhood operators. 

 

Trajectory-based sampling 

Sampled trajectories create a path in the search space or, in other words, a sequence of adjacent state 

points (solution candidates). The method is also called a walk.  

The walk starts from a random solution candidate and uses the neighbourhood search to "walk" to 

neighbouring solution candidates. Depending on the type of neighbourhood search, several different 

types of walks are possible [74]: 

 During the random walk, a state point is randomly selected from a set of neighbours. 

 During the adaptive walk, the better state point (neighbour) is selected. Here several strategies 

can be used to choose which better neighbour state point to choose, for example, any solution 

(any ascent), steepest ascent, minimum ascent.  

 During the reverse adaptive walk, the worse neighbour is selected. This is the reverse of the 

adaptive walk. 

 During the uphill-downhill walk, first, an adaptive walk is performed, and then if a better 

fitness point (solution) is not found during the step, a reverse adaptive walk is performed until 

a better state point is found. 

 In the neutral walk, a neighbour is selected, whose fitness value is equal to the fitness value of 

the current state (and try to increase the distance from the starting solution). 

6.2. Test results 

My goal is to investigate different multi-objective optimization techniques, heuristic optimization 

algorithms, and neighbourhood operators from the view point of fitness landscape characteristics. In 

generally, the quality and representation of the search space depends on the nature of the optimization 

task. The task presented in this chapter is a Multi-Echelon VRP with the following properties: 4 

levels, 5 nodes in the depot-level, 10 nodes in the first level satellite, 10 nodes in the second level 

satellite and 15 nodes in the customer level. In total, therefore, the number of nodes is 40. The system 

contains 1 type of product and I assume, that there is only one period. Each level contains 2-2 

vehicles, for a total of 8 vehicles. Among the node properties, the following factors are taken into 
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account: travel time between the nodes, travel distance between the nodes and route quality between 

the nodes. Among the attributes of the vehicles, I considered the following components: capacity 

constraint, fuel consumption and rental fee. Among the temporality attributes, the sample system 

includes the following: loading time, unloading time, administration time. Among the attributes of the 

products, I used the product demand of the node factor. Among the cost attributes, the following were 

included in the system: loading costs, unloading costs, administrative costs and quality control cost. 

The delivery parameter is used in addition to the operational parameters. The following metrics were 

used: length of the route, fuel consumption, vehicle rental fee, route quality, route time and unvisited 

customers. 

 

In Table 1., I summarize which are the effective multi-objective optimization techniques and which 

are the effective heuristics in my measurement. Also, very weak multi-objective optimization 

techniques and weak heuristics are included in the table. The results show that the simulated 

annealing and tabu search algorithms provided the best results. 

 

Analysis of multi-objective optimization technique 

Effective multi-objective optimization 

technique 
WGCM, WPM, WESM 

Effective heuristics 
SA_FI, SA_G, SA_NI, SA_NN, TS_AI, TS_FI, 

TS_G, TS_NN, FCHC_NN, AS_C, RBVAS_C 

Weak multi-objective optimization 

technique 
WSM, PR 

Weak heuristics FA, FA_C, HS, HS_C 

Table 1.: Analysis of multi-objective optimization technique 

Table 2. shows which heuristics are effective and which are weak heuristics. Efficient iterative 

heuristic algorithms are effective when the solutions are variable, so space is mapped well. Fitness 

values vary, with averages of distances between solutions. The results show that the simulated 

annealing and tabu search and ant algorithms provided the best results. 

 

Iterative heuristic analysis 

Effective iterative heuristic algorithm 
ACS, AS, ESAS, FCHC, GA, MMAS, RBVAS, 

SA, TS 

Weak iterative heuristic algorithm FA, HS 

Table 2.: Iterative heuristic analysis 

Table 3. shows the analysis of operators with walk techniques. In analyzing each walk operator, I 

concluded that the 2-opt and partially matched crossover (PMX) operators are much more efficient 

than the cycle crossover (CX) and order crossover (OX) operators. 

 

Operator analysis (with walks) 

 Effective operator Weak operator 

Random walk 2-opt, OX, PMX  

Adaptive walk 2-opt CX, OX 

Reverse adaptive walk 2-opt CX 

Uphill-downhill walk   

Neutral walk PMX CX, OX 

Reverse neutral walk PMX, 2-opt  

Table 3.: Operator analysis (with walks) 
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7. The applications of the generalized model of the 

Vehicle Routing Problem  

In this chapter, case studies are presented to demonstrate the practical applicability of the generalized 

model for optimization design of the Vehicle Routing Problem. I have investigated the following 

transportation problems: 

 Transport of bakery products: by transporting bakery products, I mean that bread and pastries 

(non-durable baked products) are delivered from bakeries to shops. The characteristic of this 

delivery task is that in the case of the tiered system (depot-satellite-customer), only one depot 

and several customers are distinguished. There is no need for satellites because the bakeries 

are located near the shops. 

 Transport of short-term food: it is very similar to the delivery of baked products, it is 

characterized by the same attributes, the only difference is that here it is not frequent the pick-

up, only delivery, and the period time can be given a higher value e.g. the products are 

delivered weekly. Fruits and vegetables can be a pick-up if they have remained in the 

supermarkets. 

 Transport of refrigerated products (e.g. dairy products, meat): they are very similar to short-

term foods, but here only a special vehicle must transport the products. Furthermore, here the 

period time is small (e.g. daily transport) because they are perishable products. 

 Transport of durable food: this task is also very similar to the delivery of bakery products, the 

difference here is that there is no collection (pick-up), only delivery, and the period time can 

be given an even higher value (e.g. monthly or annual transport). Here, however, there is no 

longer just one depot, but several depots, and the satellites can be also distinguished (even on 

several levels), for example in the case of products coming from abroad. For the operational 

parameter, the open route is also possible, this can be mainly for rail transport, and the inter-

depot route can therefore also be the inter-depot route. 

 Transport of beverages (soft drinks, alcohol): this task is also similar to bakery products and 

durable foods. There are only a few differences. Here, too, as in the case of bakery products, 

care must be taken with the combination of pickup and delivery, as well as multi-level 

transport of products with different types of vehicles. 

 Tank transport: during tank transport, products are transported in containers on the liquid. 

Such liquid products may be water, gasoline, milk, oil, etc. This requires special vehicles. In 

this type of transport, usually, only one type of products can be transported at a time. 

 Transport of durable products: the transport of durable products is the same as the transport of 

the beverages, the only difference being that most of the time there is only a delivery, the 

collection (pick-up) is not frequent. 

 Treatment of waste: garbage collection is different from previous transportation tasks. This 

task may mean removing garbage from households or garbage from individual factories and 

office buildings to the garbage dump. 

 Transport of mail items (domestic, foreign): the handling of mail is also a completely 

different case. This task means that the mail is delivered from the sender to the recipient by 

the post office. 

 Transport of parcels (domestic, foreign): the case of parcels is very similar to the case of the 

letters. The difference here is that route quality between the locations is a very important case 

due to the potential for fragile, bulky, valuable packets.  

 Money transportation: the transportation of money is a special case of vehicle routing, it may 

be different from the previous cases. Cash transit means that cash is collected from post 

offices, shops, banks or just deliver it there. The money must be transported by a special 

money carrier, with security guards, equipment. 
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 Transport of advertising papers: in most cases, advertising papers are not delivered by the 

post office. Here a few levels can be distinguished, depending on what kind of advertising 

paper it is (e.g. large mall, local store). Advertising papers are delivered periodically, e.g. 

weekly, monthly. They are usually transported with one type of vehicle.  

 Transport of a newspaper: there are two major cases in the delivery of newspapers. One is 

when you subscribe to the newspaper, it is then delivered to your home. The other case is 

when the newspaper is delivered to newspaper vendors (or shops). 

 Travel agency tour planning: the development of travel agency tour planning can be 

considered as a completely special vehicle routing. There are no levels (depot-satellite-

customer), all nodes are equal, so it is a one-tier case. The travel time between the locations is 

a key important factor. Safety between the locations is also important, allowing passengers to 

travel in a safer area. Route quality between the locations can also be important, the better the 

quality of the road. The node has no type, all nodes are equal. 

 In-plant material handling: between warehouse and production: in-plant material handling 

processes are very different from outdoor material handling processes. Here, the tiered system 

corresponds to the depot and the individual production sites to the customers. There is no 

satellite, only material handling between depot and customers takes place. 

 In-plant material handling: in the warehouse: in-plant material handling (rearrangement) in 

the warehouse is similar to material handling between a warehouse and production units but 

also differs in many ways. There are no privileged nodes here, so there is no level case 

(neither depot nor satellite), all positions are considered equal because transport can take 

place from any position to any position 

 In-plant material handling: transportation to other locations: this case differs from the 

transportation of material between the warehouse and the production units in that pickup does 

not appear here, as the aim here is to transport the products from different places in the 

warehouse to a specific point from which they will be transported to third party locations.  

 Patient transport: patient transport is different from the cases discussed so far, here it is not 

the transportation of products, but the transport of patients.  

 Maintenance: maintenance is also very different from the cases presented so far. Here, each 

location needs to be visited, it takes a different amount of time for some maintenance activity 

to be done by the maintenance team. 

7.1. Test results 

In this section, I present the test results of the program, that implements my general Vehicle Routing 

Problem model through two case studies. I have tested my model with 2 special cases. I have chosen 2 

cases of postal items and in-plant material handling between warehouse and production. I have 

chosen these two tasks because both tasks are a common transportation problem and the parameters of 

the two tasks are very different. 
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7.1.1. Mail items 

Table 4. summarizes the basic parameters of my data set for mail items. 

 

Parameter Value Parameter Value 
Number of levels 4 Location of fourth level nodes [600,700] 

Number of nodes belonging to the 

first level 
5 Number of charging stations 2 

Location of first level nodes [0,100] Location of charging stations [1000,1100] 

Number of second-level nodes 10 Number of periods 1 

Location of second level nodes [200,300] Number of product types 1 

Number of third level nodes 10 Number of vehicles (per level) 2 

Location of third level nodes [400,500] 

Number of rented vehicles 0 Number of nodes belonging to the 

fourth level 
15 

Table 4.: Basic parameters data set for mail items 

According to Table 5., the nodes are located at four different levels. I have chosen so many levels 

because each mail (mostly foreign mail) goes through multiple distribution points while being sent 

from the sender to the recipient. Letters can be delivered by different vehicles, they will definitely be 

delivered by a car close to the recipient, so a charging station is also needed. The problem does not 

differentiate between letter types, so the system contains practically only one type of goods. 

 

Parameter Value Parameter Value 
Administration cost static, [10,50] Quality control cost static, [10,50] 

Loading cost static, [10,50] Unloading cost static, [10,50] 

Table 5.: Cost-related parameters of my data set for mail items 

Table 6. lists the cost parameters that can occur during a mail delivery. These are administration, 

loading, unloading and quality control. 

 

Parameter Value Parameter Value 
Route quality between nodes static, [100,500] 

Travel time between nodes static, [10,100] 
Travel distance between nodes 

static, coordinate 

based 

Table 6.: Node-related parameters of mail items  

The parameters of the nodes are shown in Table 6. Distance and time are very important factors in 

almost every transport task. The condition of the route is mainly important for car transport (not by 

plane and rail). 

 

Parameter Value Parameter Value 
Product demand of the node static, [10,100] Loading time static, [30, 50] 

Admininstration time static, [30, 50] Unloading time static, [30, 50] 

Table 7.: Product-related parameters of mail items  

Of the attributes that can be associated with products (Table 7.), the most important is the product 

demand of the node, i.e., how many letters need to be delivered to a node. Furthermore, the 

administrative, loading and unloading time at the hub is also very important. 

 

Parameter Value Parameter Value 
Capacity constraint of the 

vehicle 

static, 

[10000, 50000] 
Fuel consumption of the vehicle 

static, 

[10, 100] 

Table 8.: Vehicle-Related parameters of the data set of mail items 
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Among the parameters that can be linked to vehicles (Table 8.), the vehicle capacity limit is 

important. The capacity limit is relatively large here because the leaves themselves are small. Fuel 

consumption is also very important, it can be considered as the main parameter of almost all transport 

tasks. 

 

Among the metrics (objective function components), my system includes: length of the route range, 

fuel consumption range, route quality range, route time range, unvisited customers range. These are 

the parameters that occur during most other transport tasks. 

 

7.1.2. In-plant material handling between warehouse and production 

In-plant material handling between warehouse and production is also a common transport task, 

occurring during all production. 

 

Parameter Value Parameter Value 
Number of levels 2 Location of charging stations [1000,1100] 

Number of first level nodes 1 Number of periods 1 

Location of first level nodes [0,100] Number of product types 1 

Number of second-level 

nodes 
25 Number of vehicles (per level) 2 

Location of second level 

nodes 
[0,100] 

Number of rented vehicles  0 

Number of charging stations 2 

Table 9.: Basic parameters of my in-plant material handling data set between warehouse and 

production 

The basic parameters of the task are illustrated in Table 9. There are only two levels of the system, the 

warehouse on the first level and the production units on the second level. Vehicles transporting within 

the plant may require charging, these may be electric vehicles, so my system also includes a charging 

station. 

 

Parameter Value Parameter Value 
Administration cost static, [10,50] Quality control cost static, [10,50] 

Loading cost static, [10,50] Unloading cost static, [10,50] 

Packaging cost static, [10,50] Unpackaging cost static, [10,50] 

Table 10.: Cost parameters of my in-plant material handling data set between warehouse and 

production 

The cost parameters are illustrated in Table 10. There may be administration, loading and unloading 

costs, and quality control costs during transportation. 

 

Parameter Value Parameter Value 

Travel distance between nodes 
static, coordinate 

based 
Travel time between nodes 

static, 

[100,500] 

Table 11.: Node parameters of the in-plant material handling data set between warehouse and 

production 

Of the node parameters (Table 11.), I considered only two (these are important for all transport tasks): 

distance between nodes and route time. 
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Parameter Value Parameter Value 
Product demand of the node static, [10,100] Quality control time static, [30,50] 

Admininstration time static, [30,50] Service time static, [30,50] 

Loading time static, [30,50] Unloading time static, [30,50] 

Packing time static, [30,50] Unpacking time static, [30,50] 

Table 12.: Node parameters of the in-plant material handling data set between warehouse and 

production 

The parameters related to the products are shown in Table 12. Here, too, I considered the classic 

transportation-related parameters. Demand for products, administration, loading and unloading time, 

quality control. The time of service actually means the time of production. 

 

Parameter Value Parameter Value 
Capacity constraint of the 

vehicle 

static, 

[10000,50000] 

Maximum distance with full 

tank / full charge 

static, 

[50000,100000] 

Fuel consumption of the 

vehicle 
static, [10,100] Charger time of the vehicle static, [10,30] 

 

Table 13.: Vehicle parameters of the in-plant material handling data set between warehouse and 

production 

In relation to vehicles (Table 13.), the parameters that can be used in classical transport tasks were 

also included. Vehicle capacity limit, fuel consumption (delivered with smaller vehicles within the 

plant), distance to be filled with tank (fuel level), and charging time. 

 

Of the metrics, I considered only the length of the route.   
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8.  Summary 

The focus of my dissertation is on a logistics task, the Vehicle Routing Problem (VRP). In the case of 

the basic VRP, the objective is to fulfil the demands of customers in a transportation network. 

Vehicles deliver products from one or more depots to customers and then return to the depot. Based 

on the literature many variants of the task were investigated over the years and many solution variants 

were developed for the special cases. In the first part of my dissertation, I conducted a literature 

search, where I presented the Vehicle Routing Problem components published so far. In the next 

section I analyzed and presented a general requirements against a general model. I presented the 

mathematical model of the problem including the variables, constraints, objective functions. After the 

mathematical model, I presented an ontological knowledge to design the control of the optimization of 

the VRP task. Ontology can be used among others to describe which types of products can be 

transported with which vehicles, which types of products can be transported together, what types of 

products may be needed by each customer, what components should be used in designing the system. 

Next, I outlined the formalism related to the applied optimization algorithms and evaluation. In the 

thesis I have analyzed the efficiency of different optimization algorithms. Heuristic algorithms can be 

divided into two parts: construction and improvement algorithms. Construction algorithms create one 

possible solution. They take the best steps locally, but most often the global optimum cannot be 

reached with their exclusive use. Their running time is usually low. The following construction 

algorithms are used in the dissertation: Arbitrary Insertion, Cheapest Insertion, Farthest Insertion, 

Greedy, Nearest Insertion, Nearest Neighbor. Improvement algorithms iteratively improve one or 

more possible solutions. Their running time is usually high. The global optimum can be achieved with 

their application. In the dissertation, I used the following improvement algorithms: Ant Colony 

System, Ant System, Elitist Strategy of Ant System, Firefly Algorithm, First Choice Hill Climbing, 

Genetic Algorithm, Harmony Search, MAX-MIN Ant System, Particle Swarm Optimization, Rank 

Based Version of Ant System, Simulated Annealing, Tabu Search. In this step I analyzed the 

efficiencies of each multi-objective optimization technique and the heuristic algorithms several of my 

objective functions are possible, I used the following multi-objective optimization in the dissertation: 

Bounded Objective Function Method, Pareto Ranking, Weighted Exponential Sum Method, Weighted 

Global Criterion Method, Weighted Product Method, Weighted Sum Method. I also performed the 

analysis of each neighbourhood operator (2-opt, order crossover, cycle crossover, partially matched 

crossover). The analysis showed that improving construction algorithms proved to be better than 

improving randomly generated solutions. In the analysis of operators, the 2-opt and partially matched 

crossover operators proved to be more efficient than cycle crossover and order crossover. I have also 

demonstrated, that the proposed general model is able to manage a wide range of transportation task. I 

obtained result solutions that meet the right quality, result for practice.  

I summarized the scientific results in 5 theses.  

 

Thesis 1: 

I have developed a novel general Vehicle Routing Problem model that is suitable (both in terms of 

objective function and constraints) for solving different types of transportation problems. In the 

model, there are 4 basic components between which different attributes can be defined. The basic 

components are graph descriptors, vehicles, products, services, and time. I defined the relations 

between the basic components with functions. In this novel model the relations can be assigned to 6 

large groups, including nodes, vehicles, time, products, costs, and operational parameters. The 

novelty of this complex VRP model is the one complex decision variable, which includes a wide 

range of decision variables of conventional VRP models. The solutions of the defined complex VRP 

problems are limited by different constraints. The model includes 11 constraints and 23 metrics.  

Related publications: [P/1], [P/5], [P/6], [P/8], [P/16], [P/17], [P/22], [P/23], [P/24], [P/25]. 
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Thesis 2.: 

I have proposed a novel ontology system approach for the generalized Vehicle Routing Problem 

using the OWL modelling language. The generated ontology system was used for rule-based 

validation. The system contains the basic components of the general model of the Vehicle Routing 

Problem, the possible relations between them and the metrics. I extended the basic components of 

the system with additional subclasses (subcategories of product types, vehicle types and node types). 

I have created an ontology system, which supports flexibly and effectively the decision in the 

following topics: 

1. Selection of Vehicle Routing components that can be used during transport to/from nodes. 

2. Selection of products, which can be transported to the nodes. 

3. Selection of Vehicle Routing metrics, which can be used during transport to/from nodes. 

4. Selection of products, which can be transported from nodes. 

5. Selection of vehicles, which can transport each product. 

6. Selection of products, which can be delivered together. 

7. Selection of Vehicle Routing components, which can be used when using each vehicle. 

8. Selection of Vehicle Routing metrics, which can be used when using each vehicle. 

9. Selection of products, which can be delivered by the given vehicles. 

Related publications: [P/2], [P/24]. 

 

Thesis 3.: 

I created a novel representation of the general model of the Vehicle Routing Problem. The 

representation model includes the following main components:  

1. Vector describing the order of nodes (depot, satellite, customer). 

2. The matrix describing the assignment of vehicles-nodes-products. 

3. Vector describing the assignment of vehicle - charger stations. 

4. Vector describing the vehicle - portal node assignment. 

5. Vector describing the level. 

6. Vector describing the period. 

I introduced and analyzed the search operators of heuristic algorithms. 

Operators applied to the vector describing the order of the nodes (based on the literature) are the 

followings: 

1. 2-opt, 

2. Partially Matched Crossover – PMX, 

3. Order Crossover – OX, 

4. Cycle crossover – CX. 

Operator applied to the matrix describing the assignment of vehicles-nodes-products, vector 

describing the assignment of vehicle - charger stations and the vehicle - portal node assignment 

vector: 

1. Regeneration operator. 

I also created an evaluation of the representation of the general model of the Vehicle Routing 

Problem. 

Related publications:[P/1], [P/5], [P/6], [P/8], [P/10], [P/15], [P/16], [P/17], [P/21], [P/22], [P/23]. 
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Thesis 4.: 

I analytically analyzed the search space belonging to the optimization task of the generalized model 

of the Vehicle Routing Problem and I made a detailed analysis. In the search space study, I first 

analyzed the efficiency of multi-objective optimization techniques and heuristic algorithms. After I 

analyzed the efficiency of the operators (2-opt, cycle crossover, order crossover, and partially 

matched crossover). During the analysis of the operators I used different walk techniques like the 

random walk, adaptive walk, reverse adaptive walk, uphill-downhill walk, neutral walk and the 

reverse neutral walk. I also analyzed the search space based on information theory, which is also 

used to analyze the efficiency of operators. For the analysis of the operators, I also prepared the 

fitness cloud analysis. 

Based on the examined sample, it can be concluded that the following multi-objective optimization 

techniques are effective: Weighted Global Criterium Method (WGCM), Weighted Product Method 

(WPM), Weighted Exponential Sum Method (WESM). Based on the performed analyzes, it can be 

concluded that the following heuristics are effective for Vehicle Routing Problems: Simulated 

Annealing (SA), Tabu Search (TS), First Choice Hill Climbing (FCHC), Genetic Algorithm (GA), 

Rank Based Version of Ant System (RBVAS). During the measurements, I also observed that the 

improvement of the solutions provided by the construction algorithms proved to be more effective 

than the improvement of the purely randomly generated solutions. In the measurements, I also 

found that the 2-opt and partially matched crossover operators are more efficient than the order 

crossover and cycle crossover operators. 

Related publications: [P/3], [P/4], [P/7], [P/9], [P/11], [P/12], [P/13], [P/18]. 

 

Thesis 5:  

I have demonstrated, that the proposed general model is able to manage a wide range of 

transportation task. I obtained result solutions that meet the right quality, result for practice.  

Related publications: [P/1], [P/2], [P/15]. 
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