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1 Introduction 

1.1 Motivation and novelty of the research topic 

The rapid development of vehicle technology implies the change of future transport 

systems. The decisive trend in this regard is the automatization of the vehicles reducing 

the need for human interventions. 

The advanced driver-assistance systems (ADAS) are already available in cars increasing 

the autonomy of vehicles by taking over various driving tasks. Examples of such 

applications are the advanced emergency braking system (AEBS), lane-keeping assist 

system (LKAS), or adaptive cruise control (ACC). The spread of such systems is driven 

by increased safety and convenience achieved by them. The developments primarily 

focus on assisting the most common and risky driving tasks, such as detecting pedestrians 

and obstacles, avoiding collisions, or identifying the elements of the transport 

environment (Mallozzi et al., 2019). 

Along with introducing various semi-autonomous features, the future of autonomous 

vehicles (AVs) lies in extensive network-guided systems and vision-guided features 

(Bimbraw, 2015). The developments aim to reach the level of high or full automation, 

which means that the vehicle can perform all driving functions under certain, or all 

conditions, while the driver may choose to drive, command, or control the vehicle.  

Such a transport system is expected to have significant benefits in many terms (Becker 

and Axhausen, 2017; Fagnant and Kockelman, 2015; Tettamanti, Varga and Szalay, 

2016; Narayanan et al., 2020; Litman, 2021): 

 increased traffic safety, 

 more effective traffic flows, increased road capacity, reduced travel times, 

 reduced energy consumption and pollution, 

 more independent mobility for non-drivers, 

 reduced stress and increased productivity while traveling, 

 support of vehicle sharing services. 

The potential drawbacks are the followings (Tettamanti, Varga and Szalay, 2016; Yuen 

et al., 2020): 
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 the displacement of jobs in the transport and logistics sector, 

 security and privacy-related questions, 

 emerging user risks, 

 high development and vehicle costs, 

 social equity concerns. 

While the expectations for autonomous transport systems are high, it is difficult to 

estimate the future trends regarding the development and spread of the technology. 

Optimist industry stakeholders predict sufficiently reliable and affordable AVs for 2030, 

while the partial or possibly the total automation of the transport system will only become 

possible in several decades (Litman, 2021). However, autonomous transport services can 

become a reality much sooner in delimited, closed environments (e.g., business districts, 

university campuses, airports) due to the possibility of eliminating many hindering factors 

such as low-quality roads or traffic signs or unreliable wireless access. 

The introduced considerations and the trends in technology highlight the importance and 

novelty of the topic. The expected change of future transport systems generates several 

new research areas. In addition to the tasks of vehicle development, it is also necessary 

to prepare the further elements of the transport system (infrastructure, road users, 

management, regulation, etc.) for the changes. This includes but is not limited to tasks 

related to the: 

 assessment of the needs and planning of road and information technology (IT) 

infrastructure of AVs (Domínguez and Sanguino, 2019; Latham and Nattrass, 

2019), 

 understanding and evaluating of the public acceptance of AVs (Golbabaei et al., 

2020; Yuen et al., 2020), 

 development of control approaches at the microscopic level (e.g., path tracking, 

lane-changing processes of individual vehicles) (Amer et al., 2017; Xu, Shi and 

Ji, 2017), 

 elaboration of management processes at the macroscopic level (e.g., cooperative 

control of AVs at intersections, network level optimization of traffic flows) (Zhu 

and Ukkusuri, 2015; Hult et al., 2016; Horváth, Tettamanti and Varga, 2018; 

Tettamanti and Varga, 2019), 
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 evaluation and development of regulatory framework (Hevelke and Nida-

Rümelin, 2015; Claybrook and Kildare, 2018), 

 investigation of safety, security, and privacy issues (Fagnant and Kockelman, 

2015; Cui et al., 2019). 

To investigate the development processes or provide effective, cost-benefit interventions, 

the ex-ante impact assessment, and ex-post evaluation are essential steps. Given the 

several unknown or uncertain factors regarding the development and spread of AVs, the 

related effects are difficult to estimate. Therefore, it is necessary to develop modelling 

frameworks to reduce uncertainty and to develop general methods for traffic-related 

evaluations. During my research, I sought to elaborate such procedures, focusing 

primarily on simulating highly automated transport systems especially considering traffic 

safety and efficiency. 

1.2 Research objectives 

Based on the introduced development orientations and the significant potentials regarding 

the automation of vehicles, my research focuses on an autonomous passenger transport 

system. Thus, the movements and decisions made by the individual vehicles are 

considered to be influenced by a central system, which provides the opportunity for the 

implementation of system level traffic management. The traffic routes and vehicle 

trajectories are determined by the central system. At the same time, the implementation 

of real traffic processes, traversing the designated route, handling any vehicle-vehicle 

interactions and necessary corrections take place at the vehicle level based on the vehicle's 

sensors. 

To represent the operation of the transport system, I aim to develop a traffic management 

procedure that ensures the system level minimization of losses (e.g., travel time, accident 

risk) related to the transport process. In light of the growing expectations for road safety, 

my further goal is to develop and examine the safety parameters characterizing the 

operation of the autonomous transport system. In other words, my work aims to model 

and characterize the efficiency and safety of traffic in an environment used only by AVs. 
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1.2.1 The development of the basic models for traffic management 

To achieve the research goals, developing a framework suitable for traffic management 

of the autonomous transport system is needed in the first step. It is necessary to examine 

the methods that can efficiently solve the traffic distribution problem, even in real-time 

environment, by managing traffic flows (and not individual vehicles). It is also a 

fundamental research orientation to examine the possibilities to extend the basic model 

to consider the effects of external parameters (e.g., road toll structure, safety 

characteristics) on the travel demands, designed traffic flows, and efficiency. 

1.2.2 Improvement of the basic model to a dynamic model 

Based on the experiences and results gathered during the development of the basic model, 

I aim to improve the modelling framework to determine the movements and decisions of 

the individual vehicles. To achieve this, the discretization of the considered transport 

network and timeframe, and the combination of the tools and aims of cooperative vehicle 

control and real-time traffic management are needed. The developed dynamic model 

should be able to optimize the transport processes at the network level, while representing 

the safety and dynamics related constraints on the vehicle level.  

1.2.3 Examining and improving the applicability of the dynamic model 

For validation purposes, implementation of the dynamic model in MATLAB and testing 

on different sample road networks are required. Considering the detailed partition of the 

road network and timeframe, and the large number of investigated vehicles the model can 

result in significant computational demands. Accordingly, it is necessary to examine the 

possible tools of reducing the complexity of the problem, without threatening the 

feasibility of the solution.  

1.2.4 Establishment of traffic safety investigations in the autonomous transport 

system  

With the above-described dynamic model, I aim to establish the opportunity to investigate 

the efficiency and traffic safety of the autonomous transport system. Besides the 

investigation of the optimization objective function, this requires the development of 

different safety indicators. The indicators should express the safety level of the 
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determined traffic flows based on the individual and relative characteristics of the vehicle 

movements. 

1.2.5 Investigating the effects of different representations of the transport environment 

The representation of the transport environment is a fundamental element of a centralized 

AV control and management system. The representation structure provides the link 

between the physical infrastructure and the theoretical model by determining the spatial 

characteristics of the transport processes. Current systems mainly use a square grid map, 

although many other representations could also be designed. Accordingly, I aim to create 

and apply different grid structures and analyze their effects on optimization efficiency 

and safety characteristics.  

1.3 Hypotheses 

The investigated hypotheses have been derived based on the research aims as follows: 

1. It makes sense to extend the basic, static model implementing transport 

management and route planning tasks of an autonomous transport system to 

integrate the effects of external parameters on the static system optimum. 

2. The discretization of the transport network and the investigated timeframe can 

turn the static model into one that dynamically determines the individual vehicles' 

movements and decisions while managing the transport processes at the network 

level. 

3. By the appropriate reduction of the constraining expressions, the computational 

complexity of the elaborated transport management process can be reduced, while 

upholding the feasibility of the solution. 

4. The safety of the traffic flows - determined by the developed model - within the 

autonomous transport system can be characterized based on various approaches.  

5. Other representations of the transport network than the traditional square grid 

structure can achieve better network level efficiency and traffic flow safety in an 

autonomous transport system. 
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2 Literature review 

The novelty of the investigated topic lies in the development of technology and the 

various research tasks emerging along the automation of vehicles. Future transport 

systems are expected to be transformed to make transport processes more efficient, 

economical, environmentally friendly, and safe. Experts and stakeholders consider the 

development and deployment of autonomous, self-driving vehicles to be the key factor in 

achieving these goals. As pointed out earlier, many advantages are expected from a highly 

automated transport system.  

To support the safe design, development, testing, and deployment of highly automated 

vehicles, and to enhance the elaboration of the related regulatory framework, a document 

was issued (J3016B: Taxonomy and Definitions for Terms Related to Driving 

Automation Systems for On-Road Motor Vehicles - SAE International, 2018). The levels 

of driving automation were defined at six levels, from no automation to full automation, 

as shown in Table 1. 

Table 1 Levels of driving automation according to the SAE J3016 

SAE 

level 
Name 

Role of human 

driver 

Role of the automated 

driving systems 

Example 

function 

Level 0 
No 

automation driving and 

constantly 

supervising the 

functions 

monitoring the 

environment 

providing warnings and 

momentary assistance 

blind spot 

warning 

Level 1 
Driver 

assistance 

providing steering or 

brake/acceleration support 

lane keeping 

assistant 

Level 2 
Partial 

automation 

providing steering and 

brake/acceleration support 

parking 

assistance 

Level 3 
Conditional 

automation 

driving only when 

the function 

requests it 
monitoring the environment 

and driving under certain 

conditions 

traffic jam 

chauffeur 

Level 4 
High 

automation 

not driving 

parking 

garage pilot 

Level 5 
Full 

automation 

monitoring the environment 

and driving under all 

conditions 

autonomous 

driving 

everywhere 

under all 

conditions 
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At the highest levels (4 and 5), the vehicle would be able to perform all driving functions 

under certain or all conditions, thus reducing or even eliminating the role of human 

decisions in the case of the driving tasks. 

Partly or entirely autonomous transport systems have significant potential in the field of 

traffic management. Optimizing highly automated systems’ transport processes is the 

main goal of my research work, and in accordance with this, the international literature 

has been reviewed with particular attention on the methods of traffic management, 

optimization, and capacity utilization, as well as on safety and efficiency-related 

considerations. The increasing travel demands and vehicle ownership rates can result in 

high infrastructure load, traffic congestions, pollution, and accidents. Efficient traffic 

assignment can be a tool to reduce the problem. There is extensive literature in traffic 

assignment and network capacity utilization based on various approaches. 

2.1 Static and dynamic traffic assignment 

The simple, static methods like the four-stage travel demand modelling are primarily used 

to evaluate the impact of future changes of the transport system according to various 

aspects (e.g., land use, transport facilities, road safety interventions). Steps of the model 

cover trip generation, trip distribution, mode choice, and route assignment, allocating the 

trips between origin and destination zones by a particular mode to a route. However, static 

methods can not cover the dynamic properties of traffic and need to use assumptions that 

cause distortion effects (e.g., travel time on a link is constant) (Saw, Katti and Joshi, 

2014). 

Peeta and Ziliaskopoulos (2001) published a comprehensive review of various dynamic 

traffic assignment (DTA) models in their study. The solution approaches in this field 

range from mathematical programming to optimal control and simulation-based methods. 

The aim of DTA is to manage the traffic flows of the considered road network through 

real-time measurement, communication, information provision, and control, dealing with 

the dynamic parameters of traffic over time and space (Saw, Katti and Joshi, 2014). 

One of the most commonly used traffic flow models is the cell transmission model (CTM) 

developed by Daganzo (1994, 1995). In this case, the fundamental diagram of traffic flow 

and density is assumed to be a piecewise linear function. With this representation, it is 

possible to predict the evolution of traffic over time and space, including transient 
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phenomena. Lo and Szeto (2002, 2004) developed a cell-based dynamic traffic 

assignment formulation that follows the ideal dynamic user optimal principle when 

assigning the traffic flows to the routes. They represented the road network by a series of 

cells (with physical length) and links without a physical length describing the connectivity 

between cells. Using the CTM approach, Waller and Ziliaskopoulos (2006) efficiently 

solved the dynamic user optimal route choice problem. The link transmission model 

(LTM) was developed by Yperman (2007), addressing the limitations of CTM arising 

from its uniform cell-based discretization structure. Node models are also available for 

macroscopic simulation; an overview of them can be found in the article by Tampere et 

al. (2011). 

2.2 The declining role of road users’ decisions 

In real life, the traffic distribution is based on road user decisions, influenced by external 

parameters (e.g., price, safety, congestions) as modeled in many research studies. A dual-

time-scale formulation of dynamic user equilibrium (DUE) with demand evolution has 

been presented in the paper by Friesz et al. (2011). Their research has combined the 

within-day time scale for which route and departure time choices fluctuate in continuous 

time with the day-to-day time scale for which demand evolves in discrete time steps. The 

applied representation framework is consistent with the assumption that drivers adapt 

their mobility demands at the end of the day based on their congestion experience with 

regard to the previous days. A heuristic model has been developed by Zhang and Waller 

(2018), representing the interrelation of decision-makers and road users, suggesting a new 

framework for the transportation network design problem. They have developed a metric 

focusing on describing equity characteristics, including the network components' travel 

time and energy consumption. Gonzales and Daganzo (2012) pointed out that commuters 

make decisions related to the preferred mode aiming to minimize their total travel cost, 

while transit agencies decide the operation periods. Li et al. (2012) examined the effects 

of the road toll, introducing a new design tool supporting the formation of sustainable 

transport networks. Their approach combines environmental externalities and travel time-

related considerations in the model. These researches provided valuable results, but in 

light of technological advances, the role of user decisions may change significantly.  
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With the spread of increasingly efficient information systems (e.g., traffic dependent, 

real-time navigation), route choice-related processes of the road users can be influenced 

to become more rational. Thus, more efficient traffic management could be achieved 

(Ben-Akiva, De Palma, and Kaysi, 1991; Wahle et al., 2000). The growing penetration of 

autonomous vehicles could also reduce the proportion of random user decisions. AVs 

have a high degree of control, which allows the transport system to respond to 

instantaneous situations cooperatively with high efficiency and flexibility (Lam, Leung, 

and Chu, 2016). Autonomous transportation, therefore, has great potentials in increasing 

system efficiency, especially where the road resources are limited (Shen, Zhang, and 

Zhao, 2018). The research of Bösch, Ciari, and Axhausen (2018) highlights that AVs can 

intensify mode shifts and can result in additional driven vehicle kilometers. This also 

highlights the importance of efficient traffic and vehicle management that can increase 

efficiency in terms of energy and infrastructure utilization, resulting in less travel time 

and environmental pollution (Taniguchi and Shimamoto, 2004; Kopelias et al., 2019). 

Based on these studies, it seems to be reasonable that new model development and 

optimization processes should focus on the representation of connected and automated 

transportation systems. 

2.3 Traffic management at micro and macro levels 

Related to the transportation of AVs, micro-level traffic management mainly focuses on 

the control for transport-related processes of the vehicles. Macro-level approaches 

consider a larger part of the transport system, focusing on the optimization of traffic flows 

on the network. 

Examples in the field of microscopic traffic management are: 

 the control methods of path tracking,  

 lane-keeping,  

 lane-changing or overtaking maneuvers, 

 advanced parking methods. 

The former studies focus on vehicle control in the lateral and longitudinal direction in 

order to follow a specified trajectory or lane (Törő, Bécsi and Aradi, 2016; Amer et al., 

2017; Fu et al., 2019), also dealing with complex maneuvers like overtaking consisting 

of two-lane changes (Naranjo et al., 2008). The latter approach includes control schemes 
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utilizing the body and steering angles of vehicles (Falcone et al., 2007; He et al., 2018), 

as well as the elaboration of optimal parking facilities for autonomous vehicles 

(Nourinejad, Bahrami and Roorda, 2018). Cuer et al. (2018) highlighted that it is 

fundamental to ensure the safety of processes by redundant sub-functions while 

implementing these functions. 

From a macroscopic point of view, the paper of Hult et al. (2016) highlights the main 

challenges of coordinating an autonomous transport system (a set of AVs) at the network 

level. The coordination problem can be defined as a constrained optimal control problem 

(OCP), where a performance criterion is optimized concerning the vehicles’ control input 

trajectories, subject to safety (e.g., no collisions occur) and feasibility (e.g., destinations 

are reached eventually) requirements. Following the findings of the article (Hult et al., 

2016), we can conclude that studies aimed at optimizing the management of AVs use 

 rule-based, and 

 optimization-based solutions. 

Rule-based solutions implement a set of rules that specifies the communication between 

the elements of the transport system and the potential responses to the actions of other 

road users. It is generally assumed that individual vehicles are capable of providing safe 

transport at the local level (e.g., they keep the lane, avoid rear-end collisions), while the 

avoidance of multipath conflicts (e.g., at an intersection) are is supported by a central 

management system performing interventions based on dynamic data of the vehicles 

(Hult et al., 2016). The rule-based concept is adapted in the paper of Kowshik, Caveney, 

and Kumar (2011) through a hybrid architecture, where an infinite horizon contingency 

plan of each vehicle, as well as dynamically changing partial-order relation between cars, 

were determined. The centralized management was involved in coordinating the traffic 

flows at intersections. A reservation-based system was elaborated in the paper of Dresner 

and Stone (2004), where cars request and receive time slots from the manager of an 

intersection during which they should pass. The system proved to be efficient but worked 

with serious restrictions (e.g., the inability of vehicles to turn or change velocity in the 

intersection). A spatio-temporal technique was proposed by the article of Azimi et al. 

(2015), to manage the safe, efficient, and synchronized travel of autonomous vehicles 

through intersections, aiming to maximize capacity utilization. Ahmane et al. (2013) 

developed a new method for controlling the traffic at isolated intersections, proposing the 
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control policy through structural analysis. The main advantages of the rule-based 

solutions are the distribution of computation and the economical use of the 

communication resources. The method may outperform the current regulatory 

mechanisms. However, they only focus on solving a partial problem (e.g., crossing of 

vehicles at an intersection) of the transport event chain, and they cannot guarantee to 

reach the objective and meet the constraints of OCP. Therefore they most likely 

underutilize the potential of highly automated vehicle systems in coordination scenarios 

(Hult et al., 2016). 

In the case of optimization-based solutions, the coordination problem is transformed into 

a mathematical program that can be solved with different algorithms and methods. The 

main contribution of the optimization-based models is the possibility to take different 

objective functions, dynamics, and physical constraints into account during the design 

process. With this, the system outputs can continuously be controlled and adjusted during 

operation. However, as a consequence, the computational complexity increases 

exponentially with the number of variables and possible conflicts among the vehicles 

(Hult et al., 2016). Numerous optimization-based studies aimed at the cooperative 

coordination of AVs at intersections (Campos et al., 2014; Colombo and Del Vecchio, 

2015; Hult et al., 2015). The goal of these methods is to determine control actions for the 

system agents (vehicles or other road users) in the intersections so that the safety of the 

transport system does not decrease (avoiding any collisions or conflicts). The 

contributions of these papers are mainly such reformulations, approximations, and 

heuristics that aim to reduce computational complexity. In the control problem, the 

vehicles are characterized by their position and its derivatives (velocity, acceleration). 

Optimization objectives are non-linear, derived by the combination of vehicles’ states and 

control inputs. The vehicle navigation task was described as a constrained optimal control 

problem in the paper of Anderson et al. (2010). The constraints were derived from the 

traversable regions of the environment. This study focused on the design problem of the 

optimal vehicle trajectories aiming to minimize the risk level based on the vehicles’ 

current states and driver inputs. The model-based predictive traffic control for intelligent 

vehicles elaborated by Baskar, de Schutter, and Hellendoorn (2008) aimed to manage the 

lane allocations and speed limits for vehicle platoons. The model aimed to minimize the 

total time spent on the network by the vehicles by solving a mixed-integer optimization 

problem. 
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2.4 The relevance of the computational complexity 

Based on the reviewed literature, we can conclude that the reduction of complexity is still 

a considerably relevant issue in coordinating autonomous transport systems. To 

determine control inputs at the vehicle level, time and space (road network) might have 

to be discretized, significantly increasing the number of variables. The number of 

considered vehicles is also a fundamental factor influencing the computational demands, 

when managing the transport system. We must keep in mind that the more detailed the 

time and space discretization of the applied model is, the more complex the system model 

will be. On the one hand, this results in more accurate and efficient final results, but on 

the other hand, the increasing model resolution can directly lead to increased processing 

time. Therefore, reducing complexity is often needed to allow researchers to extend the 

controlled system by increasing the number of controlled vehicles, the time, or the spatial 

dimensions of the system. Furthermore, the reduction of computational complexity could 

move system characteristics closer to the requirements of real-time process control. 

2.5 The importance of safety and the representation of the transport 

network  

One of the most important objectives of a reliable cooperative, connected, and automated 

mobility (CCAM) system is to improve safety significantly (e.g., by ensuring the 

prohibition of conflicting movements), as pointed out by many researchers (Jacobstein, 

2019; Ahmed et al., 2020; Narayanan, Chaniotakis and Antoniou, 2020). Thus, safety-

related constraints cannot be overridden when determining methods or processes aiming 

to reduce the complexity of the problem. The vehicles must be unambiguously assigned 

to the elementary parts of the space and infrastructure used for maneuvers.  

Among other concepts, occupancy grid models used for the navigation of autonomous 

transport systems (Elfes, 1989) fit the essential safety requirements. Based on the study 

of Mutz and his colleagues (2016), grid maps are regarded as the cell-based representation 

of the environment. Their spatial model consists of equally sized plane shapes, and 

accordingly, the spatial unit is represented by congruent squares. Numerous grid map 

types can be identified, such as the occupancy grid map, the remission grid map, and the 

likelihood-field grid map. In the case of occupancy grid maps, each spatial unit of the 

model includes the occupancy probability related to the given unit square (Mutz et al., 
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2016). Accordingly, it can provide a reasonably robust methodological base for 

autonomous traffic flow management approaches. Occupancy grid mapping approaches 

for highway and urban automotive applications have been reviewed, for example, in the 

paper of Porebski et al. (2019). 

As a result of current research, it has become clear that the characteristics of the applied 

occupancy grid have a significant effect on the efficiency of the traffic optimization 

process. However, these systems were mainly considered so far as the interfaces to 

environment perception modules. Therefore, it seems to be reasonable to examine the 

grid structure as a new adaptable attribute in the design of future systems, increasing the 

adaptability of the system. 

The occupancy grid concept was investigated by many research studies (Daudelin et al., 

2018; Ramakrishnan, Jayaraman and Grauman, 2019), but in general, it can be concluded 

that previous research orientations were not primarily aimed at examining the correlation 

of grid structure and efficiency. Beyond this, it can also be stated that the structures of the 

surrounding world’s spatial representation in automated vehicle control systems are 

generally based on a square grid structure, although it is clear that different structures can 

also be used. 

Pereira and his colleagues investigated the representation of a complex framework 

combining two different modelling applications, such as robotics and traffic simulator 

(Pereira and Rossetti, 2012). This combined approach allows the researchers to 

investigate the highly automated vehicles in a realistic transport system and to model the 

applied sensors and actuators. At the same time, the analytical methods used by the traffic 

modelling tool can make it possible for researchers to evaluate the efficiency of the 

developed solutions. Regarding the grid structure-related issues, the article emphasizes 

that a coherent model representing the network is crucial from the viewpoint of simulation 

reality and efficiency. 

Grisetti et al. (2010) introduced a new model applying the least-squares method to 

represent the simultaneous localization and mapping (SLAM) tasks of an autonomous 

robot. The aim of the paper is to introduce the concept of SLAM and to identify its 

fundamental requirements. As presented in the paper, a possible approach to constructing 

a SLAM can be the graph representation of the surrounding environment. If the graph 

representation of the network is performed, the routes can be derived by identifying the 
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spatial relationship of the nodes. The success of this approach is strongly influenced by 

the structure of the created graph, which also underpins the relevancy of the network 

representation in autonomous traffic management scenarios. 

Konrad and others introduced a concept to predict road occupancy and free space 

(Konrad, Szczot and Dietmayer, 2010). The authors constructed an occupancy grid based 

on the applied multi-channel laser scanner. According to their findings, the reliability of 

the information contained by the grid has a crucial effect on the safety of autonomous 

transportation systems. Similar results were obtained by Schmuck, Scherer, and Zell 

(2016). 

The approach developed by Li et al. (2019) integrates different occupancy grids 

supporting cooperative, connected, and automated mobility systems. Accordingly, an 

occupancy probability-based optimization function was developed. A set of case studies 

was introduced that verify the applicability of the developed concept. Several useful 

application examples of the indirect V2V (vehicle to vehicle) relative pose prediction 

concept were also demonstrated. Following their outcomes, it can be concluded that the 

characteristics of the grid have a significant influence on the reliability of CCAM 

solutions. Beyond the cooperative vehicle control-related applications, the occupancy 

grid concept can also be efficiently used in the case of single autonomous vehicle control 

systems. Before the segmentation process, all classes should be clustered into different 

objects by the detection algorithm. Pendleton et al. (2017) found that many recently 

developed state-of-the-art solutions aim to identify the occupancy grid based on the 

detected point clusters (Maturana and Scherer, 2015; Mouhagir et al., 2017). Thus, based 

on the literature, grids can really have a key role in autonomous mobility processes. 

However, the effect of occupancy grids on efficiency was not at the core of such 

investigations yet. 
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3 The development of the basic models for network level 

traffic management 

3.1 Introduction 

To represent the transport processes in the considered highly automated system and 

perform safety-related investigations, I aimed to develop traffic management models 

ensuring the system level minimization of losses related to the transport process.  

According to my first research approach, I aimed to elaborate a modelling framework 

applicable for determining the static optimum of traffic flows in the autonomous transport 

system since the simple, static methods can be used to evaluate the impact of future 

changes (e.g., effects of road safety interventions) considering various aspects. To 

achieve this, it was necessary to elaborate a procedure that was able to perform the 

transport management and route planning tasks of a transport system managing scheme 

by solving the classic traffic distribution problem (distribution of predefined travel 

demands on the road network, taking into account specific constraints). To simplify the 

problem and ensure effective, real-time decision support, I used the linear programming 

approach during the implementation, representing the relevant equations and inequalities 

(first model).  

In the next step, the basic model was extended to consider also the effects of external 

parameters (e.g., road toll structure, safety characteristics) on the travel demands, 

designed traffic flows and efficiency (second model). For this purpose, the road toll 

structure was integrated into the system. According to this approach, I planned to 

investigate traffic safety-related problems as an external cost.  

In line with these considerations, two types of static transport system managing models 

have been created to solve the traffic distribution problem using the linear programming 

approach. The introduced approaches represented different transport management 

strategies.  

The first model directly managed the traffic flows as system variables aiming to minimize 

the total travel time on the road network while satisfying the most travel demands. It was 

assumed that the travelers could select the origin and destination locations of a certain 

trip; however, the route of the given trip was defined by the management system. Based 
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on this approach, it is possible to organize the traffic demand structure of a given area 

reasonably close to the optimum (Hensher and Button, 2007). The main constraint of the 

optimization was represented by the capacity of the network elements. In the case of an 

overloaded situation, the system would need to demote and postpone some of the trips. 

Contrary to this, the decision process was assumed to be partly controlled by the travelers 

themselves in the second model. In this case, the costs of the alternative route sections 

were the optimized variables, while the willingness to travel characteristic of the road 

users was considered to be a cost-based, predefined attribute. Thus, the system-defined 

the travel prices considering the preferences (origin, destination, cost-based willingness 

to travel) of the road users with the same objective as the first model (minimizing the total 

travel time on the road network while satisfying the most travel demands). 

Based on the above-introduced approaches, it seems to be a reasonable assumption that 

the direct assignment method of the first model has higher efficiency in distributing the 

traffic on the network. However, automatic ranking decisions could generate malcontent 

users; therefore, the method of the second model seems to be socially more tolerable and 

acceptable, not completely controlling (but influencing) the travel-related decisions. 

Further advantage of the second model is that it allows the modeler for a more complex 

evaluation of the system by integrating the effects of external parameters.  

Before the general description of the developed methodologies, it is outstandingly 

important to specify the relationship between the problem addressed in this research and 

the four-stage travel demand modelling (Hensher and Button, 2007) since the four-stage 

transport model is still a reference-point for novel modelling approaches. Similar to the 

method of the four-stage modelling, the utility of the edges (road sections) is 

characterized by their “impedance” (represented by the travel times assigned to the edges) 

in the developed procedure. 

However, four-stage models primarily aim to estimate traffic volumes of the components 

of the network using the initial mobility demand structure represented by origin-

destination matrixes and the supply side of the model represented by network capacity 

values. In this process, the preferences and decisions of the travelers are modelled and 

taken into account. This framework allows the decision-maker to analyze how much a 

network development intervention can improve the efficiency of the whole system 

considering the road user’s expected behavior. 
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Contrary to this, the main purpose of the developed model framework is to develop the 

network level optimum of traffic in an autonomous transport system by decomposing the 

investigated time frame into discrete model steps and solving the identified capacity 

allocation problem. Thus, the model provides traffic volumes related to network elements 

that can be applied to analyze network development interventions; however, its main 

objective rather focuses on the solution of a traffic management problem. In this process, 

the decisions and preferences of the travelers are not, or only partially considered, and 

missed/delayed travels are also interpreted, taking into account the capacity limit of the 

edges. 

If we compare the methodological parts of the two procedures, the most striking 

differences can be identified in the procedure of traffic assignment. It can be concluded 

that in the case of the four-stage model, traffic assignment is mostly performed by some 

kind of iterative equilibrium algorithm, while in the case of the model presented in my 

dissertation, the traffic volumes of the network elements are defined based on the solution 

of the applied inequality system. 

3.2 Methodology 

The equations and inequalities constructing the models, as well as the applied 

assumptions and considerations, are to be introduced in the following sub-chapters.  

The aim of both models was to support traffic management by solving the classic traffic 

distribution problem. These models deal with traffic flows rather than individual vehicles. 

As it has been introduced, the travel demands have been directly distributed on the 

network in the first model, while the second model represented a cost-based management 

process where traffic flows have been influenced by the road toll structure. 

The considered traffic distribution problem was special since the elements of the 

investigated transport system have been assumed to be autonomous and therefore could 

be influenced by a central management system. This assumption facilitated the definition 

and realization of a network-level optimization goal which is the minimization of the total 

travel time on the road network (considering the predefined travel demands, and realizing 

as many trips as possible, but at the same time de-emphasizing the decisions of individual 

travelers). The process had to take into account the characteristics of the network as 

constraining conditions while obtaining the system level optimum. The investigated 
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problem was represented as a mixed-integer linear program (MILP) in order to facilitate 

the real-time solution of the complex system of equations and inequalities. Thus, a linear 

objective function and only linear constraints were applied, and some of the variables 

(namely the traffic volumes) were restricted to have integer values. 

3.2.1 The representation of the road network 

For the model development, the transport network was represented by undirected graphs. 

The edges of the graph (often called links in transport modelling tools, in the dissertation 

refers to as edges) represented road sections, while the nodes of the graph provided the 

possibility to change direction. An example is illustrated in Figure 1. 

  

Figure 1 Representation of a simple transport network by graph 

Edges of the graph were denoted by 𝑢𝑗 . Using the connected edges, it was possible to 

define alternative routes (i.e., as a series of edges connecting to each other) of the 

investigated transport network (𝑈𝑖). The possible origin (𝑜𝑘) or destination (𝑑𝑙) zones 

were defined as any endpoint of the graph edges (see 𝑜1, 𝑜2, 𝑑1, and 𝑑2, in Figure 1 as an 

example). 

The index 𝑗 was used in the case of parameters assigned to the edges, while the index 𝑖 

and capital letters were used to describe characteristics assigned to the different routes. 

The origin and destination zones were indexed by 𝑘 and 𝑙, respectively. 

In the modelling framework, the alternative routes were interpreted between origin and 

destination zones. The notation 𝑈𝑖(𝑜𝑘_𝑑𝑙) was introduced to indicate the 𝑖-th route 

between origin zone 𝑘 and destination zone 𝑙. 
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For the development of the modelling framework, it was reasonable to define the relation 

of the edges and routes of the investigated road network. For this purpose, a binary 

coefficient matrix (𝑨) was introduced as follows:  

𝑨 =

[
 
 
 
 
𝑎11 ⋯ 𝑎1𝑖 ⋯ 𝑎1𝑛
⋮ ⋱ ⋮ ⋱ ⋮
𝑎𝑗1 ⋯ 𝑎𝑗𝑖 ⋯ 𝑎𝑗𝑛
⋮ ⋱ ⋮ ⋱ ⋮

𝑎𝑚1 ⋯ 𝑎𝑚𝑖 ⋯ 𝑎𝑚𝑛]
 
 
 
 

 

where 

𝑚:  was the total number of considered graph edges (road sections) of the network, 

𝑛:  was the total number of considered alternative routes of the network, and 

𝑎𝑗𝑖 = 1, if the j-th edge was the element of the i-th route, otherwise 0. 

Thus, the structure of the matrix (𝑨) and the values of its elements were defined based on 

the investigated road network. The number of the rows of the matrix was equal to the 

number of the edges of the graph representing the transport network. The number of the 

columns was determined by the total number of the alternative routes between the origin-

destination zone pairs. 

3.2.2 The model variables 

In the first model, the optimized variables were the traffic volumes of the different routes, 

referred to as “part-flows” in the dissertation (𝑋𝑖 denoted the part-flow of 𝑈𝑖). Note that 

the traffic volume of the edges (𝑥𝑗, denoting the traffic volume of 𝑢𝑗) could be derived 

from the values of the previously introduced variables knowing the range of edges 

constructing the alternative routes of the transport network. 

In the second model, the cost of traveling through the edges were the optimized variables 

(𝑘𝑗 denoted the cost of 𝑢𝑗). Thus, the costs were directly determined by the system and 

used as impedance, considering the applied aim of the optimization procedure. Note that 

the cost (𝐾𝑖) of traveling through a route (𝑈𝑖) was defined as the sum of the costs of the 

edges constructing the given route. The part-flows of the routes were defined in the 

second model based on the 𝐾𝑖 values using a cost-dependent traffic volume function 

(𝑋𝑖(𝐾𝑖)). 
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3.2.3 The predefined parameters of the problem and initial assumptions 

Besides the structure of the road network, the following data of the traffic distribution 

problem were assumed to be predefined, constant values in the optimization models: 

 capacity limit of the edges (𝑐𝑗): the maximum volume of traffic on 𝑢𝑗  in a given 

sample time period, 

 travel time of the edges (𝑡𝑗): the time needed to travel through 𝑢𝑗  (regardless of 

the traffic density until the capacity limit is reached, which could be assumed 

considering the specific characteristics of autonomous vehicles), 

 number and location of origin and destination zones (𝑜𝑘 and 𝑑𝑙): distinguished 

nodes of the graph of the road network, serving as a zone of departure or arrival 

for the vehicles (in the autonomous system, traveler decisions were reduced to 

determine these origin and destination points of the journey), 

 alternative routes between origin and destination zones (𝑈𝑖(𝑜𝑘_𝑑𝑙)): series of 

connected edges of the graph of the road network starting at origin zone 𝑘 and 

ending at a destination zone 𝑙, 

 travel demands between origin and destination zones (𝐷(𝑜𝑘_𝑑𝑙)): the number of 

vehicles willing to travel between origin zone 𝑘 and destination zone 𝑙, 

 the cost-dependent traffic volume function (𝑋𝑖(𝐾𝑖)): a mathematical relationship 

expressing the part-flows of the routes as a function of the cost of the routes (the 

impedance of the edges were represented by their costs in the second model). 

Accordingly, the higher the costs are, the fewer travelers would choose the certain 

route. Thus, the realization of the trips is based on the system decision and not on 

individual preferences of the travelers. 

In a real transport environment, the values of the above parameters can be derived based 

on existing information. The magnitude of the emerging travel demands is defined by the 

travelers. The cost-dependent traffic volume function can be estimated based on the road 

users’ willingness to pay or based on previous experiences, measurements. The capacity 

and average travel time of the road sections, as well as the location of the considered 

origin and destination zones, are defined by the investigated road network. The structure 

and amount of alternative routes between the origin and destination locations greatly 

influence the results since the variables of the models are assigned to the routes and edges. 
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Given that the transport network elements (graph edges) were characterized by limited 

capacities, the model should also take into account the possible missed trips (unsatisfied 

travel demands), since the increase in traffic demand results in the saturation of the 

network. The system prefers the routes with the shortest travel times, within which it 

decides on the order of arrival. Missed trips in the first model are therefore emerging due 

to capacity constraints. According to the system concept of the second model, the part-

flows of the routes were the function of the cost of the edges (representing the impedance 

of the edges), which also may result in postponed travels if the road toll level (cost 

structure) of the network was high. Note that the high costs arise in this case also because 

of the capacity constraints of the network. As a consequence, in some cases, transport 

demands are not satisfied due to the high cost of trips perceived by the traveler(s). For 

example, if a traveler, who would like to travel from an origin zone to a destination zone 

and meet relatively high travel costs, he or she may decide to wait until the costs become 

lower, fitting to his or her expectations. If the costs decrease beyond his or her decision 

timeframe, the travel demand may expire. In this case, we are talking about a missed trip. 

To manage this phenomenon, a “fictive route” was introduced between each origin-

destination zone pair. The fictive routes were only used for the purpose of assigning the 

missed trips to them during the optimization. Fictive routes were denoted by 𝑈′(𝑜𝑘_𝑑𝑙), 

representing the fictive route between the origin zone 𝑘 and destination zone 𝑙. To satisfy 

the most travel demands and minimize the use of these routes, extremely high travel time 

values (𝑇′(𝑜𝑘_𝑑𝑙)) were ordered to fictive routes. Capacities of these routes were not 

constrained to be able to host all missed travels.  

Part-flows of fictive routes were indicated by 𝑋′(𝑜𝑘_𝑑𝑙). Based on the considerations 

above, the model variables have been complemented by part-flows of fictive routes, 

which have been taken into account also by the objective function. 
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3.2.4 The objective function of the optimization 

The aim of the developed traffic optimization models was to maximize the efficiency of 

the autonomous transport system by minimizing the total travel time of the vehicles going 

through the road network in the investigated sample time period, while satisfying the most 

travel demands. 

To meet this criterion, the objective function of the optimization was defined as the sum 

of products of the traffic volume and travel time values of the graph edges and fictive 

routes (representing the load of the network), as indicated by Eq. (1). 

 𝐹𝑜𝑏𝑗 =∑(𝑥𝑗 ∗ 𝑡𝑗)

𝑚

𝑗=1

+ ∑ (𝑋′(𝑜𝑘_𝑑𝑙) ∗ 𝑇
′(𝑜𝑘_𝑑𝑙))

𝑞,𝑟

𝑘,𝑙=1

→ 𝑚𝑖𝑛 (1) 

where 

𝑞:  was the total number of considered origin zones, 

𝑟:  was the total number of considered destination zones. 

The first term of the objective function was responsible for realizing the trips with the 

shortest possible travel time, while the second term was responsible for the minimization 

of the number of missed trips. 

3.2.5 Constraining conditions 

The constraining conditions describing the models were developed using the previously 

introduced notations as follows. 

Traffic volumes of the real and fictive routes were required to be non-negative, integer 

values (Eq. (2) and Eq. (3)).  

 𝑋𝑖 ∈ ℕ;  𝑖 = 1…𝑛 (2) 

 𝑋′(𝑜𝑘_𝑑𝑙) ∈ ℕ;  𝑘 = 1…𝑞 𝑎𝑛𝑑 𝑙 = 1…𝑟 (3) 

The condition of Eq. (2) also implied that the traffic volumes of the edges were also non-

negative integers. 

In the case of the second model, the cost of the edges to be determined by the system 

(optimized variable) was required to be non-negative, as defined in Eq. (4). 
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 𝑘𝑗 ≥ 0 ;   𝑗 = 1…𝑚 (4) 

Since the travel demands between all origin-destination zone pairs were assumed to be 

predefined constant data, these values should be equal to the sum of part-flows of the 

alternative routes and part-flow of the introduced fictive route between the given zones 

(Eq. (5)). 

 𝐷(𝑜𝑘_𝑑𝑙) = ∑ 𝑋𝑖(𝑜𝑘_𝑑𝑙) + 𝑋′(𝑜𝑘_𝑑𝑙)

𝑛(𝑜𝑘_𝑑𝑙)

𝑖=1

;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑙 (5) 

where 

𝑛(𝑜𝑘_𝑑𝑙):  was the total number of considered alternative routes between origin zone 𝑘 

and destination zone 𝑙, while ∑ 𝑛(𝑜𝑘_𝑑𝑙)
𝑞,𝑟
𝑘,𝑙=1 = 𝑛. 

The last expression of the models (Eq. (6)) was defined to take into account the predefined 

capacity limits of the edges. 

 𝑥𝑗 =∑(𝑋𝑖 ∗ 𝑎𝑗𝑖)

𝑛

𝑖=1

≤ 𝑐𝑗  ;  𝑗 = 1…𝑚 (6) 

Based on this condition, none of the edges could have higher traffic volumes than the 

capacity limit of the given road section. 

3.2.6 Summary of the expressions describing the basic models 

Based on the introduced assumptions and expressions, the main characteristics, equations, 

and inequalities describing the developed static traffic management models have been 

summarized in Table 2. 

  



24 

 

Table 2 Characteristics and mathematical expressions of the basic models 

 First model Second model 

Methodological basis: direct management cost-based management 

Model variables:  

part-flows of the alternative 

and fictive routes (𝑋𝑖, 
𝑋′(𝑜𝑘_𝑑𝑙)) 

cost of traveling through the 

edges (𝑘𝑗), and part-flows of 

fictive routes (𝑋′(𝑜𝑘_𝑑𝑙)) 

Aim of the optimization: 
to minimize the total travel time on the road network while 

satisfying the most travel demands 

Objective function: Eq. (1) 

Predefined parameters: 𝑐𝑗, 𝑡𝑗, 𝑜𝑘, 𝑑𝑙, 𝑈𝑖, 𝐷, 𝑈′, 𝑇′ 𝑐𝑗, 𝑡𝑗, 𝑜𝑘, 𝑑𝑙, 𝑈𝑖, 𝐷, 𝑋𝑖(𝐾𝑖), 𝑈′, 𝑇′ 

Constraining conditions:   

non-negative, integer 

traffic volume values: 
Eq. (2), Eq. (3) 

non-negative cost of the 

edges: 
- Eq. (4) 

equality of travel demands 

to assigned traffic plus 

missed trips: 

Eq. (5) 

respecting the capacity 

limit of the edges: 
Eq. (6) 

 

3.3 Application of the basic models 

To demonstrate the applicability of the elaborated methods, optimization of the specific 

traffic distribution problem was performed in the case of three sample networks, using 

both models. For this purpose, the developed system of equations and inequalities was 

implemented in the MATLAB environment, which provides a programming and numeric 

computing platform often used for problems related to traffic simulations (Tettamanti and 

Varga, 2012). The mathematical background of the required transformations for the 

MATLAB programming language, as well as the investigated road network structures, 

applied initial data, and obtained results, have been presented in this chapter. 
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3.3.1 Mathematical considerations for software implementation 

As highlighted before, the investigated optimization problem (optimal distribution of 

traffic flows on the autonomous transport network) was described in the elaborated 

models as a mixed-integer linear program (MILP). To solve such problems, the 

“intlinprog” algorithm of MATLAB provides an effective tool. The algorithm uses the 

following basic strategies (stages) to solve MILPs (if the problem is solved in a stage, 

later stages are not executed): 

 reduction of the size of the problem using Linear Program Preprocessing, 

 solution of an initial relaxed (noninteger) problem using Linear Programming, 

 tightening the Linear Programming relaxation of the mixed-integer problem by 

applying Mixed-Integer Program Preprocessing, 

 further tightening the Linear Programming relaxation by trying Cut Generation, 

 heuristics to find integer-feasible solutions, 

 Branch and Bound algorithm to search systematically for the optimal solution 

(Mixed-Integer Linear Programming Algorithms - MATLAB & Simulink, 2021).  

In mathematical terms, the problem needs to be defined for the software in the following 

form (Eq. (7)) (Mixed-Integer Linear Programming Algorithms - MATLAB & Simulink, 

2021). 

 min𝑥(𝑓
′ ∗ 𝑥)  𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 {

𝑥 (𝑖𝑛𝑡𝑐𝑜𝑛) ∈ ℕ
𝑨 ∗ 𝑥 ≤ 𝑏

𝑨𝒆𝒒 ∗ 𝑥 = 𝑏𝑒𝑞
𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏

 (7) 

where 

𝑓:  is a column vector of constant coefficients of the objective function, 

𝑥:  is a column vector of the optimized variables, 

𝑖𝑛𝑡𝑐𝑜𝑛:  is a vector containing the set of indices of the integer variables, 

𝐴:  is a matrix of constant coefficients of the constraining inequalities, 

𝑏:  is a vector of constant terms of the constraining inequalities, 

𝐴𝑒𝑞:  is a matrix of constant coefficients of the constraining equalities, 

𝑏𝑒𝑞:  is a vector of constant terms of the constraining equalities, 
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𝑙𝑏:  is a vector of the lower bounds of the variables, 

𝑢𝑏:  is a vector of the upper bounds of the variables. 

Considering the requested form of the optimization problem, both the objective function 

and the constraining expressions (equalities and inequalities) had to be defined in terms 

of the optimized variables. This condition was met by the first presented model, where 

the variables were 𝑋𝑖 and 𝑋′(𝑜𝑘_𝑑𝑙) (see Eq. (2),(3),(5),(6)).  

However, some mathematical transformations were needed to implement the second 

model, since its variables were 𝑘𝑗 (instead of 𝑋𝑖). As presented before, a predefined cost-

dependent traffic volume function (𝑋𝑖(𝐾𝑖)) was presumed to describe the correspondence 

between the costs and the part-flows of the alternative routes. This function was defined 

based on the cost of the alternative routes since the estimation of the willingness to travel 

was more reasonable on the basis of the total cost of a route rather than by combining the 

costs assigned to the road sections of the network.  

According to this, it was necessary to define the mathematical relationship between the 

cost of the edges and routes, as follows in Eq. (8).  

 𝐾𝑖 =∑(𝑘𝑗 ∗ 𝑎𝑗𝑖)

𝑚

𝑗=1

;  𝑖 = 1…𝑛 (8) 

Thus, the cost of traveling through a route was defined as the sum of the costs of the edges 

constructing the given route. 

Following this, the optimized variables can be expressed based on the cost-dependent 

traffic volume function predefined by the modeler. A standard form of this expression 

has been presented in Eq. (9). 

 𝑋𝑖(𝐾𝑖) = 𝑧1 + 𝑧2 ∗ 𝐾𝑖;  𝑖 = 1…𝑛 (9) 

where 

𝑧1, 𝑧2:  are constants, 𝑧2 is preferably negative (assuming a negative relationship 

between the costs and the willingness to travel). 
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3.3.2 Initial data of the investigated examples 

The applied transport network structures have been presented in Figure 2. Network I 

represents a segment of a classic grid network with two origin (𝑜1 and 𝑜2) and two 

destination (𝑑1 and 𝑑2) zones. In the case of Network II, the two main parts of the 

transport network were connected by longer infrastructure sections, thus representing a 

separating effect in the middle (e.g., the presence of a river). Network III represents a 

centralized transport network structure where the peripheral nodes had fewer direct 

connections, and transport flows were concentrated in the middle of the network. In the 

case of transport networks II and III, two origin (𝑜1 and 𝑜2) and three destination (𝑑1, 𝑑2 

and 𝑑3) zones have been defined. 

 

Figure 2 Structure of the investigated transport networks 

The predefined parameter sets have been randomly generated from the same basic values 

related to the edges of the different networks. The value of the capacity represents the 

maximum number of vehicles allowed to be assigned to an edge during the investigated 

sample time period. The “impedance” of the edges was represented by a constant travel 

time value (note that in an autonomous transport system, no strong correlation was 

assumed between saturation and travel time). Capacity and travel time values have been 

summarized in Table 3. Notation 𝑈’ covered all fictive routes in this case. 
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Table 3 Characteristics of the edges of the investigated transport networks 

 Network I Network II Network III 

 𝑐𝑗 [veh] 𝑡𝑗 [sec] 𝑐𝑗 [veh] 𝑡𝑗 [sec] 𝑐𝑗 [veh] 𝑡𝑗 [sec] 

𝑢1 20 3 30 3 30 3 

𝑢2 26 3 30 6 20 3 

𝑢3 25 3 20 3 20 3 

𝑢4 25 3 20 3 20 3 

𝑢5 30 3 20 3 20 3 

𝑢6 25 3 20 3 20 3 

𝑢7 20 3 20 3 20 3 

𝑢8 25 3 20 3 20 3 

𝑢9 25 3 20 3 20 3 

𝑢10 25 3 20 3 20 3 

𝑢11 35 3 20 3 20 3 

𝑢12 25 3 20 3 35 3 

𝑢13 - - 20 3 20 3 

𝑢14 - - 35 3 20 3 

𝑢15 - - 35 6 30 3 

𝑢16 - - 20 3 32 3 

𝑈′ - 300 - 300 - 300 

 

The travel demand volumes and the considered alternative routes between the origin and 

destination zones have been presented in Table 4. 

For the second model, the cost-dependent traffic volume function was defined by the 

following expression (Eq.(10)) in the case of all three investigated networks. 

 𝑋𝑖(𝐾𝑖) = 40 − 3 ∗ 𝐾𝑖 ;  𝑖 = 1…𝑛 
(10) 
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Table 4 Travel demands and alternative routes of the investigated transport networks 

 

Origin and 

destination 

zones 

Travel demands 

(𝐷) [veh] 
Alternative routes (𝑈𝑖) 

N
et

w
o

rk
 I

 

𝑜1-𝑑1 12 
𝑈1:  𝑢3 − 𝑢4 − 𝑢2 

𝑈2:  𝑢3 − 𝑢6 − 𝑢9 − 𝑢7 − 𝑢2 

𝑜1-𝑑2 8 
𝑈3:  𝑢3 − 𝑢4 − 𝑢7 − 𝑢10 

𝑈4:  𝑢3 − 𝑢6 − 𝑢9 − 𝑢10 

𝑜2-𝑑1 12 
𝑈5:  𝑢11 − 𝑢6 − 𝑢4 − 𝑢2 

𝑈6:  𝑢11 − 𝑢9 − 𝑢7 − 𝑢2 

𝑜2-𝑑2 8 
𝑈7:  𝑢11 − 𝑢9 − 𝑢10 

𝑈8:  𝑢11 − 𝑢6 − 𝑢4 − 𝑢7 − 𝑢10 

N
et

w
o
rk

 I
I 

𝑜1-𝑑1 8 

𝑈1:  𝑢1 − 𝑢2 − 𝑢3 

𝑈2:  𝑢1 − 𝑢5 − 𝑢11 − 𝑢15 − 𝑢12 − 𝑢9 − 𝑢7 

𝑈3:  𝑢1 − 𝑢2 − 𝑢6 − 𝑢9 − 𝑢7 

𝑜1-𝑑2 12 

𝑈4:  𝑢1 − 𝑢2 − 𝑢6 

𝑈5:  𝑢1 − 𝑢5 − 𝑢11 − 𝑢15 − 𝑢12 

𝑈6:  𝑢4 − 𝑢8 − 𝑢11 − 𝑢15 − 𝑢12 

𝑜1-𝑑3 10 

𝑈7:  𝑢1 − 𝑢2 − 𝑢3 − 𝑢7 − 𝑢13 

𝑈8:  𝑢4 − 𝑢10 − 𝑢14 − 𝑢15 − 𝑢16 

𝑈9:  𝑢1 − 𝑢5 − 𝑢11 − 𝑢15 − 𝑢16 

𝑜2-𝑑1 8 

𝑈10:  𝑢14 − 𝑢15 − 𝑢16 − 𝑢13 − 𝑢7 

𝑈11:  𝑢10 − 𝑢4 − 𝑢1 − 𝑢2 − 𝑢3 

𝑈12:  𝑢14 − 𝑢11 − 𝑢5 − 𝑢2 − 𝑢3 

𝑜2-𝑑2 12 

𝑈13:  𝑢14 − 𝑢15 − 𝑢12 

𝑈14:  𝑢10 − 𝑢4 − 𝑢1 − 𝑢2 − 𝑢6 

𝑈15:  𝑢14 − 𝑢11 − 𝑢5 − 𝑢2 − 𝑢6 

𝑜2-𝑑3 10 

𝑈16:   𝑢14 − 𝑢15 − 𝑢16 

𝑈17:   𝑢14 − 𝑢11 − 𝑢5 − 𝑢2 − 𝑢3 − 𝑢7 − 𝑢13 

𝑈18:  𝑢14 − 𝑢15 − 𝑢12 − 𝑢9 − 𝑢13 

N
et

w
o

rk
 I

II
 

𝑜1-𝑑1 9 

𝑈1:  𝑢12 − 𝑢9 − 𝑢4 − 𝑢1 

𝑈2:  𝑢12 − 𝑢13 − 𝑢10 − 𝑢5 − 𝑢2 − 𝑢1 

𝑈3:  𝑢12 − 𝑢13 − 𝑢10 − 𝑢7 − 𝑢4 − 𝑢1 

𝑜1-𝑑2 11 

𝑈4:  𝑢12 − 𝑢13 − 𝑢14 − 𝑢15 

𝑈5:  𝑢12 − 𝑢13 − 𝑢10 − 𝑢8 − 𝑢11 − 𝑢15 

𝑈6:  𝑢12 − 𝑢9 − 𝑢7 − 𝑢8 − 𝑢11 − 𝑢15 

𝑜1-𝑑3 13 

𝑈7:  𝑢12 − 𝑢13 − 𝑢10 

𝑈8:  𝑢12 − 𝑢9 − 𝑢7 

𝑈9:  𝑢12 − 𝑢13 − 𝑢14 − 𝑢11 − 𝑢8 

𝑜2-𝑑1 9 

𝑈10:  𝑢16 − 𝑢11 − 𝑢6 − 𝑢3 − 𝑢2 − 𝑢1 

𝑈11:  𝑢16 − 𝑢14 − 𝑢13 − 𝑢9 − 𝑢4 − 𝑢1 

𝑈12:  𝑢16 − 𝑢14 − 𝑢10 − 𝑢5 − 𝑢2 − 𝑢1 

𝑜2-𝑑2 11 𝑈13:  𝑢16 − 𝑢15 

𝑜2-𝑑3 13 

𝑈14:  𝑢16 − 𝑢14 − 𝑢10 

𝑈15:  𝑢16 − 𝑢11 − 𝑢8 

𝑈16:  𝑢16 − 𝑢11 − 𝑢6 − 𝑢3 − 𝑢5 
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3.3.3 Results of the optimization 

The optimization has been performed using the introduced initial data in the case of all 

three investigated transport networks, using both models. The results of the models have 

been summarized in Table 5 and Table 6, respectively. 

Table 5 Results of the first basic model 

 
Part-flows of real routes 

[veh] 

Part-flows of fictive routes 

[veh] 

Objective function 

[sec] 

Network I 

 𝑋1 = 12 

 𝑋3 = 1 

 𝑋4 = 7 

 𝑋5 = 12 

 𝑋7 = 8 

 𝑋2,6,8 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 0 

𝑋′(𝑜2_𝑑1) = 0 

𝑋′(𝑜2_𝑑2) = 0 

𝐹𝑜𝑏𝑗 = 420 

Network II 

 𝑋1 = 8 

 𝑋4 = 12 

 𝑋7 = 2 

 𝑋8 = 5 

 𝑋9 = 3 

 𝑋12 = 8 

 𝑋13 = 12 

 𝑋16 = 10 

𝑋2,3,5,6,10,11,14,15,17,18 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 0 

𝑋′(𝑜1_𝑑3) = 0 

𝑋′(𝑜2_𝑑1) = 0 

𝑋′(𝑜2_𝑑2) = 0 

𝑋′(𝑜2_𝑑3) = 0 

𝐹𝑜𝑏𝑗 = 828 

Network III 

 𝑋1 = 9 

 𝑋4 = 11 

 𝑋7 = 2 

 𝑋8 = 11 

 𝑋12 = 8 

 𝑋13 = 11 

 𝑋15 = 13 

𝑋2,3,5,6,9,10,11,14,16 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 0 

𝑋′(𝑜1_𝑑3) = 0 

𝑋′(𝑜2_𝑑1) = 1 

𝑋′(𝑜2_𝑑2) = 0 

𝑋′(𝑜2_𝑑3) = 0 

𝐹𝑜𝑏𝑗 = 984 
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Table 6 Results of the second basic model 

 Cost of the edges [HUF] 
Part-flows of real 

routes [veh] 

Part-flows of 

fictive routes 

[veh] 

Objective 

function 

[sec] 

Network I 

 𝑘3 = 9.333 

 𝑘7 = 3.333 

 𝑘9 = 0.667 

 𝑘10 = 0.667 

 𝑘11 = 9.333 

 𝑘1,2,4,5,6,8,12 = 0 

 𝑋1 = 12 

 𝑋4 = 8 

 𝑋5 = 12 

 𝑋7 = 8 

 𝑋2,3,6,8 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 0 

𝑋′(𝑜2_𝑑1) = 0 

𝑋′(𝑜2_𝑑2) = 0 

𝐹𝑜𝑏𝑗 = 420 

Network II 

 𝑘3 = 11.333 

 𝑘5 = 1.167 

 𝑘6 = 11 

 𝑘8 = 2.833 

 𝑘9 = 1.667 

 𝑘10 = 2 

 𝑘12 = 10.5 

 𝑘13 = 0.333 

 𝑘14 = 0.167 

 𝑘16 = 10.833 

 𝑘1,2,4,7,11,15 = 0 

 𝑋1 = 6 

 𝑋3 = 2 

 𝑋4 = 7 

 𝑋5 = 5 

 𝑋7 = 5 

 𝑋8 = 1 

 𝑋9 = 4 

 𝑋10 = 6 

 𝑋12 = 2 

 𝑋13 = 8 

 𝑋14 = 1 

 𝑋15 = 3 

 𝑋16 = 7 

 𝑋17 = 1 

 𝑋18 = 2 

𝑋2,6,11 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 0 

𝑋′(𝑜1_𝑑3) = 0 

𝑋′(𝑜2_𝑑1) = 0 

𝑋′(𝑜2_𝑑2) = 0 

𝑋′(𝑜2_𝑑3) = 0 

𝐹𝑜𝑏𝑗 = 918 

Network III 

 𝑘5 = 1.333 

 𝑘6 = 2.333 

 𝑘7 = 1.333 

 𝑘8 = 1 

 𝑘9 = 1 

 𝑘10 = 1.5 

 𝑘12 = 9.333 

 𝑘13 = 1.167 

 𝑘14 = 0.5 

 𝑘16 = 9.667
 𝑘1,2,3,4,11,15 = 0 

 𝑋1 = 9 

 𝑋4 = 7 

 𝑋5 = 1 

 𝑋6 = 2 

 𝑋7 = 4 

 𝑋8 = 5 

 𝑋9 = 4 

 𝑋10 = 4 

 𝑋11 = 3 

 𝑋12 = 1 

 𝑋13 = 11 

 𝑋14 = 5 

 𝑋15 = 8 

 𝑋2,3,16 = 0 

𝑋′(𝑜1_𝑑1) = 0 

𝑋′(𝑜1_𝑑2) = 1 

𝑋′(𝑜1_𝑑3) = 0 

𝑋′(𝑜2_𝑑1) = 1 

𝑋′(𝑜2_𝑑2) = 0 

𝑋′(𝑜2_𝑑3) = 0 

𝐹𝑜𝑏𝑗
= 1314 

 

The obtained distributions of the traffic flows were plotted on Sankey diagrams (Figure 

3-Figure 5). The traffic volume of the edges was calculated based on the part-flows 

according to Eq. (6) and illustrated in the figures. The capacity of the edges was also 

indicated (in brackets) to highlight the fulfillment of the relevant constraints.  
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Figure 3 Obtained traffic flows on Network I  

(left side: results of the first model, right side: results of the second model;  

e.g., one traveler chose a different alternative route between 𝑜1 and 𝑑2 in the first case) 

 

 

 

Figure 4 Obtained traffic flows on Network II  

(left side: results of the first model, right side: results of the second model;  

e.g., traffic are more inhomogeneous around the destination zones in the second case) 
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Figure 5 Obtained traffic flows on Network III  

(left side: results of the first model, right side: results of the second model; 

e.g., one less traveler was able to depart from 𝑜1 in the second case) 

The traffic volumes were non-negative, integer values in all cases. In the case of the 

second model, the costs of the edges were also non-negative. Equalities of the sum of the 

real and fictive part-flows and the predefined travel demands between the origin-

destination zone pairs were also fulfilled according to the obtained results. The basic 

models proved to be applicable to the example networks.  

The results of the first and second models slightly differed in the case of Network I; 

however, both solutions resulted in the same load of the transport network (the objective 

value was the same in both cases). Hence, the models solved the optimization problem 

with the same efficiency. All emerging travel demands were met on the transport network. 

The capacities specified for Network II also proved to be sufficient to satisfy the travel 

demands using both models. However, due to the complexity of the transport network, 

the cost-based optimization could not result in a solution with the same efficiency as the 

direct optimization (the value of the objective function was 10% higher using the second 

model). The right side of Figure 4 illustrates the resulting more heterogeneous distribution 

of traffic flows. 

In the case of Network III, higher travel demands were assumed than in the previous 

cases. The results demonstrated the assignment of missed trips to fictive routes. Direct 
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optimization of the first model was more efficient in this case also. The cost-based method 

resulted in more missed trips and thus a significantly higher value of the objective 

function. The distribution of traffic flows was also more varied. As illustrated by Figure 

5, the emerging 33 travel demands from 𝑜2 could not be completely realized since the 

capacity of 𝑢16 was only 32. 

It should also be mentioned that the results obtained with the second model are influenced 

by the choice of the cost-dependent traffic volume function since the function describes 

the relationship between the cost of the routes and the estimated traffic. However, in the 

above examples, sensitivity studies using different linear functions have shown that the 

model can effectively solve the problem, even for functions with different slopes. Based 

on the performed tests, the value of the objective function in the above examples is not 

sensitive to the slope of the applied function. Furthermore, the value of the objective 

function is not sensitive to changes in the intercept as long as its value is larger than or 

equal to the highest traffic volume in the optimal traffic structure. 

 In practice, the above means that different linear functions can describe the relationship 

between willingness to pay and travel demand with a negative slope. Then the value of 

the carefully chosen linear function coefficients will only affect the cost structure 

necessary to achieve the optimal objective function. When choosing the function 

coefficients carefully, it is reasonable to consider that the intercept determines the 

maximum amount of traffic assigned to the routes, so it should be defined according to 

the travel demands and the capacity of the road sections. In this respect, we favor the 

reliable operation of the method if the value of the intercept is at least equal to the 

maximum possible traffic of the route with the highest capacity. 

3.4 Conclusions and further research orientations 

The developed basic models were applicable to manage the traffic flows in the 

autonomous transport system, ensuring the minimization of the traffic load on the 

network. The first model was developed for direct transport management, while the 

second model applied a more complex procedure aiming to influence the travelers’ 

decisions by the determination of the road toll structure, creating the possibility to 

investigate the effects of external parameters. 
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The results showed that the cost-based second model provided equivalent or somewhat 

less effective results compared to the first model depending on the travel demand and 

road network structures. The main reason for the difference in efficiency lies in the 

concept of the second model: the costs have been assigned to the edges (road sections) of 

the network contrary to the alternative routes. This approach is closer to real-world 

transport systems, where charges are also assigned to road sections. Accordingly, the 

possibility of restructuring traffic flows on the network was strongly limited since the 

modification of the cost of an edge simultaneously affected the cost (and thus the traffic 

volume) of all alternative routes containing the given edge, depending on the cost-

dependent traffic volume function. As a consequence, inconsistencies may have occurred 

between the predefined travel demands and the obtained traffic volumes. This 

phenomenon referred to latent demands emerging due to the extraordinarily low transport 

costs. As a similar example, I can mention how passengers monitor changes in low-cost 

airline fares and decide on their travel dates accordingly (e.g., someone starts earlier a 

private trip scheduled for a later date because of an available cheaper ticket). However, 

this inconsistency was not desired in our model. 

The presented examples showed the applicability of the concept (cost-based mobility 

process management in autonomous transport systems). The development of the basic 

models was an important stage of the research due to the representation of the traffic 

distribution optimization problem. In the models, traffic flows were managed, and the 

traffic distribution was made influential by implementing external costs into the 

optimization process. An obvious direction of the model development would be the 

consideration of other external factors (e.g., traffic safety, pollution) as external costs.  

The cost-sensitive behavior of the road users was expressed by a simplified cost-

dependent traffic volume function in my research, however the data-based, more accurate 

definition of this correlation (either for individuals, or group of travelers) would also be 

an important task for realistic modelling. For this purpose, the traditional methods of 

preference testing are applicable, through direct surveys among the road users (stated 

preferences), or through measurements taken in parallel with the introduction of 

autonomous passenger transport services (revealed preferences). As the cost sensitivity 

may differ among the different social groups or geographical units, it is recommended to 

determine homogenous territorial or social groups assuming a uniform correlation 
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between the willingness to travel and costs for them. By the appropriate amendment of 

the model, the cost-sensitivity functions can be applied separately for the routes between 

the different origin-destination zones or for the different travel demands, providing the 

opportunity also for time-dependent or conditional modelling. 

Validation of the model would be supported by the application to an extensive urban road 

network. 

The developed models were able to manage the traffic flows only at the macro level and 

were not able to support the decisions and movement processes of individual vehicles. 

The static optimum was determined based on the currently defined (or assumed) 

parameter system (e.g., travel demands, current capacities). However, the resulting traffic 

flows of the optimization can be taken into account in further, time-shifted optimizations 

dealing with newly emerging transport needs. In this case, the original traffic conditions 

must be considered (e.g., the capacity of the edges are reduced by the current traffic). 

If we want to consider other aspects during the optimization (e.g., safety, more even 

network load), then it is advisable to use a multi-objective optimization method. 

Examples are the weighting method, in which we assign weights to each objective 

function and look for the optimum of the weighted objective function, or the efficient 

points method, in which we look for solutions that are not worse for any objective 

function than the starting point. Multi-level optimization can also be applied, in which 

the first step is to determine a set of feasible solutions using the prioritized objective 

function (e.g., minimizing network load), within which a subset of the most efficient 

solutions is selected based on the second objective function (e.g., maximizing safety). 

According to my hypothesis, a dynamic traffic modelling system can be developed by 

recalculating the static optimum periodically in time. Besides the partition of the transport 

network, discretization of the investigated time-domain could facilitate the management 

of decision and movement processes at the vehicle level. In line with the goals of my 

research, this would allow for a more detailed, accurate, and dynamic management of 

highly automated systems’ transport processes, also supporting the analysis of safety and 

efficiency aspects. Therefore, my further research was focused on the development and 

transformation of the elaborated basic models in this direction. 
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3.5 Thesis I 

I have developed basic efficiency-based and improved travel cost-based models for the 

network level management of traffic flows in the autonomous transport system. I have 

demonstrated the applicability of the models by solving the traffic distribution problem 

on three sample road networks of different character. One of the proposed methods 

(second model) allows for influencing the travelers’ decisions by integrating the road toll 

structure in the model, providing the possibility to investigate the effects of external 

parameters. 

 

Publications related to Thesis I: (Pauer, 2017b; Török and Pauer, 2018; Pauer and 

Török, 2019a; Pauer and Török, 2019b; Pauer and Török, 2019c) 
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4 The development of an advanced model for network level 

traffic optimization through the management of transport 

processes at the vehicle level  

4.1 Introduction 

As presented in the literature review, presently the research related to traffic management 

and control of autonomous vehicles at the macro and micro levels is commonly treated 

separately. Although, a clear linkage exists between the two processes, as was pointed 

out in the paper by Zhu and Ukkusuri (2015). Using a novel approach, they developed a 

linear programming formulation assuming a connected vehicle environment, aiming to 

achieve both a system optimum based dynamic traffic assignment and autonomous 

intersection control. As a starting point, they used the lane-based traffic flow model from 

Yperman (2007) and Zhu and Ukkusuri (2014), introducing a complementarity constraint 

to ensure conflict-free traffic flows at intersections. Since the determined optimization 

problem was nonlinear and had a bi-level structure where it was hard to obtain an optimal 

solution, it was transformed into a linear programming problem by relaxing the nonlinear 

constraints with linear inequalities and equations. The developed model achieved 

promising results based on three numerical case studies, demonstrating the benefit of its 

application in the field of dynamic traffic assignment (Zhu and Ukkusuri, 2015). 

Similar to the purpose of the cited study, but based on a different approach, my aim was 

to further develop the concept of the previously elaborated framework of the basic 

models. The study of Zhu and Ukkusuri (2015) presents significant new results in linking 

AV control tasks and network level traffic optimization, but the authors primarily focused 

on the traffic assignment approach. The road network was investigated using a lane-based 

representation. The lane occupancy was used as the system variable, and traffic volumes 

were assigned to the components of the network, minimizing the total travel time. 

Accordingly, the optimization task was to determine traffic flows without taking into 

account vehicle dynamics (Zhu and Ukkusuri, 2015). 

For more complex management of the considered highly automated transport system, I 

aimed to develop an advanced macro-level dynamic traffic management model, which is 

also applicable for the management of the transport processes at the micro-level. In other 
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words, my aim was to implement network level traffic optimization through the 

management of transport processes at the vehicle level. For this purpose, the 

discretization of the investigated time and space domains and a model variable describing 

the position of the vehicles were needed. Considering individual vehicles instead of traffic 

flows allows for more complex traffic management and the investigation of transport-

related processes, safety, and efficiency aspects. The goal of the network level 

optimization was to manage the vehicles on the network in a way that: 

 minimizes the traffic load of the network but satisfies the most emerging travel 

demands between the predefined origin and destination zones, 

 assures traffic safety at the local level (e.g., keeping the lane, avoiding rear-end 

and transverse collisions), 

 also takes into account vehicle dynamics (speed and acceleration/deceleration 

limits of vehicles) to ensure realistic traffic maneuvers. 

Advantage of the above considerations is that the position of the vehicles can be 

accurately determined and managed on the network at each model time step, facilitating 

the defined aims. 

However, it should be noted that such detailed partitioning of the network is a complex 

task, and the increase in the number of examined time steps and network elements 

significantly increases the computational demands of the transport management. My 

further aim was to also investigate this aspect since the major weakness of the 

optimization-based AV control schemes lies in the complexity of the formulated problem 

due to the special requirements of the management processes (Hult et al., 2016).  

4.2 Methodology 

The elaborated model and the applied considerations are presented in the following sub-

chapters. The variables and constants of the equalities and inequalities constructing the 

model have been presented. Since we can represent the traffic management task of 

autonomous vehicles with several different modelling approaches (e.g., linear 

programming problem, non-linear programming problem), I focus on identifying the 

main concept of the given problem. Accordingly, my primary goal is to define the general 

relationships and identify possible simplifications. A potential implementation example 
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is presented in the paper of Pauer and Török, 2021; however, the main aim of the thesis 

is rather supported by the generalized representation. 

The considered autonomous transport system, the traffic distribution problem, and the 

applied aim of the trip distribution optimization process were not changed compared to 

the framework presented in chapter 3. However, in this case, the aim was to perform 

network level traffic management through the management of the transport processes at 

the vehicle level, dealing with individual vehicles rather than traffic flows. Due to this 

approach, in addition to the network characteristics, parameters related to vehicle 

dynamics were also taken into account as constraining factors. 

4.2.1 The representation of the road network 

As highlighted in the literature review, a fundamental condition of a reliable cooperative, 

connected and automated mobility system is the unambiguous assignment of the 

elementary parts of the transport network and the vehicles. The most common approach 

fitting this condition is the occupancy grid concept, where the transport network is 

represented by grid elements (cells), the occupancy of which indicates the presence of a 

vehicle.  

In accordance with this and the aim of my research, I used the cell-based representation 

of the transport network, where the investigated road sections have been partitioned into 

directed cells of equal shape (squares), from now referred to as “locations” in the 

dissertation. At a given time step of the model, only one vehicle could be in a location. 

Thus, the size of the considered individual locations greatly influences the efficiency of 

the optimization by determining the size of the area occupied by a vehicle. Therefore, 

increasing the resolution (higher number of locations) increases computational 

requirements. When choosing the size of the locations, the purpose and nature of the 

analysis have to be considered to ensure reasonable computational demands. Following 

this approach, the road network can also be partitioned into cells of different sizes and 

shapes. Since any applied polygon serves as the location of no more than one vehicle, the 

size of the considered vehicles determines the minimum diameter of the inscribed circle 

of the polygons. The centers of the inscribed circles form the nodes of a graph fitting the 

alignment of the investigated road section (for a more detailed description and examples, 

see Section 7.2). 
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The development of the road network representation and the definition of distances 

between the centers of adjacent polygons are the initial tasks of the modelling. To ensure 

permeability, a polygon is considered adjacent to another polygon in the model only if 

the two polygons have a common boundary in an appropriate length. 

A simple partitioned intersection (indicated by the blue quadrilaterals) is shown in Figure 

6 as an example. Each location is directed in the model, which was illustrated by the 

arrows in the figure (e.g., from i9, it is possible to continue the trip in the direction of i5 

or i10). This representation method made it unnecessary to predefine alternative routes or 

capacity limits and can be interpreted and extended for networks of any size. 

 

 
 

Figure 6 Structure of an intersection partitioned into locations 

4.2.2 The model variables 

To be able to characterize and manage the transport processes of the individual vehicles, 

a 3-dimensional decision variable was applied describing the position of the vehicles in 

the discretized time domain with a binary integer value set.  

The model variable was denoted by 𝑥𝑘,𝑗,𝑖, where 

𝑘:  was the index representing the vehicles, 

𝑗:  was the index representing the time moments, 

𝑖:  was the index representing the locations. 
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Summing up, 𝑥𝑘,𝑗,𝑖 is a binary integer variable describing if vehicle 𝑘 is at location 𝑖 at 

time instant 𝑗 (value 1) or not (value 0). The total number of considered vehicles, time 

units and locations were denoted by 𝑚, 𝑡 and 𝑜, respectively. 

For illustration purposes and further mathematical operations, the set of values of the 

variable can be mapped in a 3-dimensional matrix (𝑿 ∈ 𝑅𝑚×𝑡×𝑜) representing the 

position of the vehicles in time. The structure of the matrix is illustrated in Figure 7. The 

elements of the matrix describe the spatio-temporal trajectory of the vehicles (in this case, 

the red dots indicate the presence of the first vehicle in space and time, i.e., the discretized 

vehicle trajectory). 

 

Figure 7 Structure of 𝑿 3D matrix of the model variables to be optimized 

4.2.3 The predefined parameters of the problem and initial assumptions 

In this case, the following predefined parameters and assumptions have been applied in 

and in respect of the modelling framework: 

 The size, shape and position of the locations representing the road network was 

predefined together with the possible directions to continue the travel (orientation 

of locations). 
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 The destination locations of the vehicles were defined in 𝑪𝟏 ∈ 𝑅𝑚×𝑜 constant 

binary matrix, identifying the target location of each vehicle. The value of its 

element 𝑐1𝑘,𝑖 is 1, if the destination of vehicle 𝑘 is 𝑖, otherwise 0. Notation 𝑐1(𝑘) 

indicates the row vector of the matrix related to the 𝑘-th vehicle, while 𝑐1𝑖 

indicates the column vector related to the 𝑖-th location. 

 The origin locations of the vehicles were defined in 𝑪𝟐 ∈ 𝑅𝑚×𝑜 constant binary 

matrix, identifying the starting location of each vehicle. The value of its element 

𝑐2𝑘,𝑖 is 1, if the origin of vehicle 𝑘 is 𝑖, otherwise 0. Notation 𝑐2(𝑘) indicates the 

row vector of the matrix related to the 𝑘-th vehicle, while 𝑐2𝑖 indicates the column 

vector related to the 𝑖-th location. At the origin locations, the speed, acceleration 

and deceleration of vehicles were assumed to be 0. 

 The shortest distance between each location pair was defined in 𝑪𝟑 ∈ 𝑅𝑜×𝑜 

constant matrix, where 𝑐3𝑖,𝑞 indicates the matrix element designated by the 𝑖-th 

row and 𝑞-th column (i.e. the shortest distance between locations 𝑖 and 𝑞). Note 

that the value of 𝑐3𝑖,𝑖 is 0, while the value of 𝑐3𝑖,𝑞 is closely infinite, if it is not 

possible to travel from location 𝑖 to location 𝑞 on the network. 

 The maximum allowed speed of the vehicles was defined as a constant value (𝑐4), 

expressing the maximum distance that could be traveled at a time step (two 

consecutive time moments) of the model. The current speed of a vehicle is defined 

by the distance traveled at the specific time step. 

 The maximum allowed acceleration (𝑐5) and deceleration (𝑐6) of the vehicles 

were also defined as constant values, expressing the maximum speed 

increase/decrease per time steps of the model.  

In the framework of the presented model, network level speed, acceleration, and 

deceleration limits have been defined: Thus, the same values were used in this regard for 

all considered vehicles and maneuvers (e.g., the vehicles were assumed to have identical 

technical parameters; turning movements were not distinguished by lower speed). Given 

that the model variable was able to distinguish between the vehicles, the above parameters 

could have been defined in a way that varies from vehicle to vehicle.  

The origin and destination locations were interpreted as sources and sinks, i.e., any 

number of vehicles could be located in these locations, and they cannot be traversed 
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(origins and destinations could only be used as starting/ending location and not for 

transit). 

Travel demands in the model were defined by the number of vehicles taken into account 

(𝑚), and the origin-destination zone pairs assigned to them. In the model, simultaneous 

and nonrecurring travel demands were assumed. However, the elaborated concept ensures 

that future research can also deal with time-shifted (i.e., recurring) travel demands in the 

optimization repeatedly over time. The following approaches could be taken: 

 Firstly, only the newly emerging demands are considered as variables, while the 

already chosen trajectories remain unchanged. In this case, vehicles that have 

already started their travel need to be considered when dealing with cell 

occupancy. 

 Secondly, one could re-optimize all the trajectories of the vehicles in the system 

when new travel demands emerge. In this case, the vehicles’ current locations 

within the system will be their starting positions. Therefore, it must be ensured 

that the internal points of the road network can also be interpreted as origins. In 

addition, it is necessary to determine and take into account the initial speed of 

these vehicles. 

4.2.4 The objective function of the optimization 

Similar to the basic models, the advanced binary integer model was developed for 

network level traffic optimization, by minimizing the total travel time of the vehicles that 

go through the road network during the investigated timeframe (satisfying the most travel 

demands). However, the applied 3-dimensional variable described the transport processes 

at the vehicle level in this model. 

In accordance with this, the objective function was designed to minimize the sum of the 

distances between the current and the destination locations of the considered vehicles 

within the investigated time frame (taking into account all considered time moments). 

The generalized expression (Pauer and Török, 2022) of the objective function is presented 

in Eq. (11). 

 𝑦1  =  𝑓1(𝑥𝑘,𝑗,𝑖 ∗ 𝑐1
(𝑘) ∗ 𝑪𝟑) → 𝑚𝑖𝑛 (11) 
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where 

𝑓1: indicated the relationship between the variable and the objective of the given 

problem. 

Thus, the vectors defining the destination location of the vehicles and the matrix 

expressing the distances of the locations were combined with the model variable to 

construct the objective function of the problem. The function aims to ensure that the 

vehicles reach their destination in the shortest possible time. 

4.2.5 Constraining conditions 

During the optimization of the transport processes, the conditions defining the task, as 

well as the requirements of vehicle dynamics and traffic safety, also had to be met. As the 

first constraining condition of the optimization process, the origin locations have been 

assigned to the vehicles as presented in Eq. (12). 

 𝑥𝑘,1,𝑖  =  𝑐2𝑘,𝑖;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑖 (12) 

The second constraining expression (Eq. (13)) was an inequality system, ensuring that 

only one vehicle could be in a given location at a given time moment, excluding the origin 

and destination locations (the set of origin and destination locations are assumed to be 

disjoint). The function indicated by 𝑓2 was intended to provide the appropriate 

combination of the variables corresponding to this purpose. This criterion was 

fundamental for the safe flow of traffic, violation of which would constitute a collision of 

the vehicles at the given time moment. 

 𝑓2(𝑥𝑘,𝑗,𝑖) ∗ (𝟏 − 𝒄𝟏𝑖 − 𝒄𝟐𝑖) ≤ 𝟏;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑗, 𝑖 (13) 

The next equality system (Eq. (14)) ensured that a vehicle could only be in one location 

at a given time moment. The combination of the variables for this purpose was 

implemented by function 𝑓3. 

 𝑓3(𝑥𝑘,𝑗,𝑖)  =  1;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗 (14) 

The expression presented in Eq. (15) was intended to deal with the predefined speed limit 

by constraining the distance that could be traveled by a vehicle during a model time step, 

using a function denoted by 𝑓4. 
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 𝑓4(𝑥𝑘,𝑗,𝑖, 𝑥𝑘,𝑗+1,𝑞) ∗ 𝑐3𝑖,𝑞 ≤ 𝑐4;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞 (15) 

where 

𝑥𝑘,𝑗+1,𝑞: was the variable identifying the location (𝑞) of vehicle 𝑘 in time instant (𝑗 + 1). 

The expressions constraining the acceleration (Eq. (16)) and deceleration (Eq. (17)) of 

the vehicles have been developed based on the same basis, comparing the traveled 

distances at two consecutive model time steps.  

 𝑓5(𝑥𝑘,𝑗,𝑖, 𝑥𝑘,𝑗+1,𝑞 , 𝑥𝑘,𝑗+2,𝑟) ∗ (𝑐3𝑞,𝑟 − 𝑐3𝑖,𝑞) ≤ 𝑐5;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟 (16) 

 𝑓6(𝑥𝑘,𝑗,𝑖, 𝑥𝑘,𝑗+1,𝑞 , 𝑥𝑘,𝑗+2,𝑟) ∗ (𝑐3𝑖,𝑞 − 𝑐3𝑞,𝑟) ≤ 𝑐6;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟 (17) 

where 

𝑥𝑘,𝑗+2,𝑟: was the variable identifying the location (𝑟) of vehicle 𝑘 in time instant (𝑗 + 2). 

In addition to the above-presented method (which was determined based on two 

consecutive model time steps), it was necessary to constrain the acceleration limit also in 

the first model time step, when the previous time step cannot be interpreted (Eq. (18)). 

 𝑓7(𝑥𝑘,1,𝑖, 𝑥𝑘,2,𝑞) ∗ 𝑐3𝑖,𝑞 ≤ 𝑐5;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑖, 𝑞 (18) 

The aim of the last inequality system (based on 𝑓8) was to prohibit crossing vehicle 

movements, thus ensuring the avoidance of collisions at each time step of the model 

(between the consecutive time moments). Accordingly, locations traveled by vehicle pairs 

at a model time step have been investigated in Eq. (19). In order to avoid collisions, the 

routes traveled by the vehicles at the same time step must not have any common elements. 

An example that does not meet this condition is shown in Figure 8 (the two vehicles were 

represented by smaller, transparent shapes marked by dashed lines in the previous time 

moment and by a larger shape of the same color with solid lines in the subsequent time 

moment). 
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Figure 8 Example of prohibited trajectories in the model to avoid collisions  

Thus, of the 4 locations designated by the initial and ending points of the routes (i.e., 

indicated by grey background color in Figure 8), the examined vehicles could use a 

maximum of 3 in the case of intersecting route pairs. 

 𝑓8(𝑥𝑘,𝑗,𝑖, 𝑥𝑘,𝑗+1,𝑞 , 𝑥𝑝,𝑗,𝑟 , 𝑥𝑝,𝑗+1,𝑠) ∗ 𝑐7𝑖−𝑞,𝑟−𝑠 ≤ 3;  𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑝, 𝑗, 𝑖, 𝑞, 𝑟, 𝑠 (19) 

where 

𝑥𝑝,𝑗,𝑟: was the variable identifying the location (𝑟) of vehicle 𝑝 in time instant 𝑗. 

𝑥𝑝,𝑗+1,𝑠: was the variable identifying the location (𝑠) of vehicle 𝑝 in time instant (𝑗 + 1). 

𝑐7𝑖−𝑞,𝑟−𝑠: was the element of a constant binary matrix 𝑪𝟕 ∈ 𝑅𝑜
2×𝑜2, which identifies the 

intersecting route pairs. The value of its element 𝑐7𝑖−𝑞,𝑟−𝑠 was 1, if the shortest path 

between locations 𝑖 and 𝑞, and the shortest path between locations 𝑟 and 𝑠 contained any 

common locations (excluding the starting location of the routes), otherwise 0.  

Summing up, the presented advanced model was constructed by the objective function 

(Eq. (11)), the predefined parameters, and the constraining conditions (Eq. (12) - Eq. 

(19)), using a 3-dimensional model variable with a binary integer value set. The 

introduced constraints represented the necessary conditions for realistic and safe traffic. 
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4.3 Application of the advanced binary integer model 

To demonstrate the applicability of the model, two small numerical examples have been 

conducted using the MATLAB environment. The presented system of equations and 

inequalities have been implemented in the software through applying the previously 

introduced “intlinprog” algorithm. 

4.3.1 Initial data of the investigated examples 

The first example relates to a transport network segment representing the intersection of 

a one-lane and a two-lane road section. In the case of Network II, the applicability of lane 

changes was demonstrated. The structure of the investigated road network segments is 

illustrated in Figure 9. The orientation of the locations is indicated by arrows. The entry 

zones (origin locations) were marked by grey background color, the sinks (destination 

locations) were empty (further travel from those locations was not interpreted). 

 

Figure 9 Representation of the investigated road networks 

In our numerical examples, only passenger vehicles have been considered, and therefore 

5 meter long locations have been used for segmentation. In the MATLAB, the “digraph” 

object was used to represent the networks as directed graphs, where the length of the 

locations could be specified as the weights of the edges. These considerations defined the 

values of 𝑪𝟑 matrix. 

The applied initial data have been summarized in Table 7. Instead of presenting the whole 

𝑪𝟏 and 𝑪𝟐 matrices, the destination and the origin locations of the vehicles have been 

indicated by the identifier of the locations. The applied time steps were considered to be 

1 sec. 

  



49 

 

Table 7 The applied initial data of the investigated examples 

 First case (Network I) Second case (Network II) 

𝑚 6 5 

𝑡 6 s 6 s 

𝑜 8 10 

𝑐4 15 m/s 15 m/s 

𝑐5 10 m/s2 10 m/s2 

𝑐6 10 m/s2 10 m/s2 

 Origin Destination Origin Destination 

𝑘 = 1 1 7 1 9 

𝑘 = 2 1 3 1 10 

𝑘 = 3 8 2 2 10 

𝑘 = 4 8 3 2 10 

𝑘 = 5 6 3 2 9 

𝑘 = 6 6 7 - - 

 

4.3.2 Results of the optimization 

Using the elaborated binary integer model and the presented initial data, the optimization 

was performed in the case of both examples. The optimized values of the variables 

showed the location of each considered vehicle at each investigated time moment. Hence, 

the results defined the trajectories of all considered vehicles, as presented in Table 8 and  

Table 9. The value of the objective function was 118.33 in the first case and 170 in the 

second case. 

Table 8 Result of the optimization model in the first case (Network I) 

Vehicle (𝑘) 1 2 3 4 5 6 

𝑗 = 1  1 1 8 8 6 6 

𝑗 = 2 1 3 2 8 6 6 

𝑗 = 3  7 - - 5 6 6 

𝑗 = 4  - - - 3 6 5 

𝑗 = 5  - - - - 5 7 

𝑗 = 6 - - - - 3 - 
 

Table 9 Result of the optimization model in the second case (Network II) 

Vehicle (𝑘) 1 2 3 4 5 

𝑗 = 1  1 1 2 2 2 

𝑗 = 2 1 5 2 2 6 

𝑗 = 3  5 10 4 2 9 

𝑗 = 4  9 - 5 4 - 

𝑗 = 5  - - 10 5 - 

𝑗 = 6 - - - 10 - 
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The model provided a feasible, optimal solution in both cases. Computational time was 

1.51 seconds in the first case and 5.48 seconds in the second case. The laptop used was 

characterized with the following parameters: Intel(R) Core(TM) i7-2620M CPU 

(2,70GHz) and 4GB RAM. 

Based on the inspection of the results, none of the vehicles violated the defined speed, 

acceleration, and deceleration limits, although this would have been possible despite the 

small size of the sample networks (e.g., by accelerating too fast in the first time step). 

During the investigated timeframe, only one vehicle was located at each location at the 

same time moment, except the origins and destinations. Furthermore, none of the vehicles 

crossed the route of another vehicle at the same time step. The process ensured that the 

emerged transport demands had been satisfied efficiently and safely. 

4.4 Conclusions and further research orientations 

Linking the macro- and micro-level traffic and vehicle management approaches, the 

elaborated binary integer model was applicable for the network level management of 

traffic flows in the considered autonomous transport system. The management of 

transport processes was implemented at the vehicle level, using the occupancy grid 

concept. The aim of the model was to satisfy the most emerging transport demands while 

minimizing the total travel time of the vehicles going through the road network during 

the investigated timeframe. Based on the discretization of the time and space domains, a 

3-dimensional binary integer variable was applied, describing the position of the 

individual vehicles at each time moment. During the development of the model, the 

conditions necessary for safe traffic were also considered. In accordance with the aim of 

my dissertation, such a detailed description of the transport processes provided the 

possibility for the investigation of the traffic safety and efficiency aspects. 

Considering the limitations of the elaborated method, it must be noted that the increase 

in the number of examined time steps and network elements significantly increases the 

computational demands of the optimization. On the other hand, the efficiency and 

applicability of the developed method correlate strongly with the number of variables and 

constraints. The more variables the model includes, the more efficient the traffic 

management process can be, while the increasing complexity makes it necessary to 

involve more computational resources.  
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Even for the presented simple examples using linear representation, the total number of 

equalities and inequalities defining the optimization problem was 334,213 in the first case 

and 543,141 in the second case. The detailed summary of the total number of equalities 

and inequalities is presented in Table 10. 

Table 10 Number of investigated expressions in the presented examples 

Model 

equation 

Formula defining the number 

of related expressions 

Number of expressions 

(first case) 

Number of expressions 

(second case) 

Eq. (11) - 1 1 

Eq. (12) 𝑚 ∗ 𝑜 48 50 

Eq. (13) 𝑡 ∗ 𝑜 48 60 

Eq. (14) 𝑚 ∗ 𝑡 36 30 

Eq. (15) 𝑚 ∗ (𝑡 − 1) ∗ 𝑜2 1920 2500 

Eq. (16) 𝑚 ∗ (𝑡 − 2) ∗ 𝑜3 12,288 20,000 

Eq. (17) 𝑚 ∗ (𝑡 − 2) ∗ 𝑜3 12,288 20,000 

Eq. (18) 𝑚 ∗ 𝑜2 384 500 

Eq. (19) (
𝑚
2
) ∙ (𝑡 − 1) ∙ 𝑜4 307,200 500,000 

 

Therefore, before further investigations, I aimed to improve the applicability of the 

advanced binary integer model in the next step by reducing the computational 

requirements. 
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5 Reducing the complexity of the developed binary integer 

model 

5.1 Introduction 

The presented binary integer model was developed for the management of transport 

processes and traffic flows of the considered highly automated transport system, 

providing a high level of traffic safety in accordance with the occupancy grid concept. 

However, it has been pointed out that time and space discretization and the number of 

vehicles encountered in real-world applications may increase the number of binary 

variables beyond all tractability. On the one hand, increasing model resolution results in 

more accurate and efficient final results, but on the other hand, it directly leads to 

increased processing time. Therefore, the aim of my research was to present new methods 

to reduce the complexity of the optimization process. 

Based on the structure of the introduced variable of the developed model, it was 

concluded that the number of vehicles and investigated time steps, and especially the 

number of locations, had an outstandingly significant impact on the computational 

complexity of the given problem. As the number of variables increases, the number of 

equations and inequalities describing the model increase significantly. An obvious 

method for reducing the number of variables would be to increase the size of the locations 

used for the partition of the road network. However, this would lead to a less efficient 

traffic management process due to the larger occupied space by the vehicles. Similarly, 

the extension of the length of the time steps of the model would result in less variables, 

but also in a less efficient control process. 

In accordance with this, I have identified the reduction of the number of constraining 

expressions to be the most promising solution for the reduction of the computational 

complexity of the transport management process. The elaborated constraints took into 

account all possible cases (all values of the variable), resulting in many unnecessary or 

redundant checks. The main identified methods for simplifications were based on the 

following considerations: 
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 The speed limit must be applied only in those cases, when the distance between 

the investigated locations is greater than the distance allowed to be traveled in a 

unit time step of the model (defined by the value of the speed limit). 

 Since compliance with the speed limit was ensured by a separate system of 

inequalities (Eq, (15)), the examination of location pairs that cannot be traveled 

based on their distance due to the defined speed limit can be excluded from the 

other constraining expressions. 

 Based on the characteristics of the predefined origin and destination locations 

(e.g., vehicles cannot enter any origin or leave any destination location during 

their travel), their examination may be omitted for some of the constraining 

expressions. 

 The acceleration/deceleration limits must be applied only in those cases when the 

relative length of the examined route pair (the difference in the distances of the 

location pairs defining the routes) is greater than the defined value of the 

acceleration/deceleration limit. 

 When prohibiting crossing vehicle movements, it is enough to investigate those 

route pairs, which contain one or more common locations, since vehicles traveling 

on routes that do not intersect cannot collide with each other. 

As the main contribution of the concept, the elaborated simplification methods can 

improve the applicability of the model by increasing the number of manageable variables 

and decreasing the runtime. After presenting the developed methods, the applicability of 

the reduced model will be tested in a more realistic scenario. 

When I implemented the above-introduced considerations, it was crucial not to 

compromise the feasibility of the solution. During the development of the procedures, the 

validity of the changes generated by them were systematically and continuously verified 

using numerical examples. Since these methods were intended to modify the model, it 

was reasonable to apply system safety procedures during the identified development steps 

to mitigate the risks associated with the introduced oversimplifications, which could lead 

to an unsafe state (Beckers et al, 2017). Hence, I have put a particular emphasis on 

functional safety during the development process, and have investigated the expected 

deviations in the following sub-chapter. 
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5.2 Investigation of the functional safety of the system 

Before presenting the developed methods for the reduction of the number of constraints, 

the potential risks have been analyzed related to the planned simplifications. The expected 

system operation deviations were revealed according to the HAZOP methodology (Sage 

and White, 1980, Kletz, 1997). This method is a powerful tool in analyzing system 

reliability (Huang and Li, 2020) and automotive systems (Beckers et al., 2017), and can 

be effectively applied to road traffic-related measures to investigate predicted deviations 

and problems with new technologies and processes (Jagtman et al., 2005). 

During the analysis, I have systematically evaluated the possibility of emerging critical 

deviations for all constraining conditions. If a potential problem was determined, the 

causes and consequences have been defined. It was also clarified whether the problems 

had an impact on safety or they rather influenced operation efficiency. To answer these 

questions, it had to be considered that the proposed simplification methods directly 

reduced the number of constraining expressions. This approach was assumed to 

effectively reduce the complexity of the problem by ignoring unnecessary equations and 

inequalities. However, the omission of constraints that were not unnecessary can lead to 

unsafe system states. The hazards (Sinha, P. 2011) have been identified as follows: 

 ℎ𝑎𝑧𝑎𝑟𝑑1: The first constraint (Eq. (12)) was responsible for the identification of 

the origin location of the vehicles. By omitting an active constraint, vehicles 

entering the system may get stuck at their starting point. In this case, the given 

vehicle is ignored by the system, so it is not involved in any transport process. 

This problem is basically not safety-relevant, but it can result in a significant 

reduction of operation safety and efficiency. 

 ℎ𝑎𝑧𝑎𝑟𝑑2: The next constraining inequality (Eq. (13)) did not allow more vehicles 

to be located in the same location at a given time moment. This condition is 

especially safety-critical, as the violation of it directly results in a collision. 

 ℎ𝑎𝑧𝑎𝑟𝑑3: The following equality (Eq. (14)) ensures that a vehicle can be assigned 

to only one location at a given time moment. This condition is essential for the 

operation of the binary model, the omission of which does not lead to a safety-

critical situation but significantly endangers the system's operability. 

 ℎ𝑎𝑧𝑎𝑟𝑑4: Eq. (15) represents the speed limit used in the transport system. If this 

constraint is omitted, the system is expected to assign the highest vehicle speeds. 
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This indirectly affects the system's safety level, as the severity of accidents 

primarily depends on speed. Beyond this, ignoring this inequality also affects the 

route planning, as the forbidden routes were represented by a closely infinite 

distance value. Traveling in a prohibited direction can lead to dangerous 

situations. 

 ℎ𝑎𝑧𝑎𝑟𝑑5: The dynamics of vehicle motion were also influenced by Eq. (16), Eq. 

(17) and Eq. (18) by constraining the acceleration and deceleration. Extreme 

accelerations and decelerations can affect rather adversely the passenger safety 

characteristics. 

 ℎ𝑎𝑧𝑎𝑟𝑑6: The last constraining condition (Eq. (19)) concerned the prohibition of 

crossing vehicle movements. Similarly to Eq. (13), this inequality system is rather 

safety-critical, as its violation can also lead to a collision. 

5.3 The developed methods for the reduction of the number of constraints 

The methods for the reduction of the number of constraining expressions of the binary 

integer model have been developed using the previously presented considerations as 

follows. To maintain safety integrity and ensure the avoidance of the identified hazards, 

it was especially important to keep all safety-critical constraining expressions and only 

exclude the unnecessary or redundant cases. 

5.3.1 Method1: simplifications based on the predefined speed limit 

The applied speed limit was considered by constraining the traveled distance during a 

model time step (Eq. (15)). Based on this concept, it has been identified that the 

investigated cases can be reduced by constraining only those cases when the predefined 

shortest distance between the investigated locations (defined in 𝑪𝟑) was higher than the 

value of the maximum allowed speed (𝑐4). Accordingly, the investigated cases defined 

by the condition of Eq. (15) should be complemented by the following condition of Eq. 

(20). Thus, instead of investigating all possible location pairs, the considered cases could 

be reduced to: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞;  𝑖𝑓 𝑐3𝑖,𝑞 > 𝑐4 (20) 

Based on the introduced speed limit, the number of further constraining expressions could 

also be reduced. On the one hand, I could exclude those locations from the investigation 
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that could not be reached from the origin of a given vehicle until the examined time 

moment, considering the value of the speed limit. On the other hand, location pairs with 

greater distance than the value of the speed limit could also be excluded from the 

constraints that were formulated with the use of more than one location, as these cases 

has been already taken care of by Eq. (15).  

In accordance with this, the following considerations were applied related to the 

introduced constraining conditions of the transport management process. The notation 

𝑐2(𝑘) was introduced to indicate the origin location of vehicle 𝑘 assigned from matrix 

𝑪𝟐. 

Instead of investigating Eq. (13) for each 𝑗, 𝑖, it was only taken into account in the 

following cases: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑗, 𝑖;  𝑖𝑓 𝑐3𝑐2(𝑘),𝑖 ≤ (𝑗 − 1) ∗ 𝑐4 (21) 

In the case of Eq. (14), the number of considered variables could be reduced instead of 

the number of equalities based on the introduced concept, taking into account only those 

locations in function 𝑓3, where the following condition was met: 

 𝑐3𝑐2(𝑘),𝑖 ≤ (𝑗 − 1) ∗ 𝑐4 (22) 

Related to the constraining expressions (16) and (17), the number of inequalities was 

reduced by considering only the following cases: 

 

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟;  𝑖𝑓 𝑐3𝑖,𝑞 ≤ 𝑐4 𝑎𝑛𝑑 𝑐3𝑞,𝑟 ≤ 𝑐4 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑖 ≤ (𝑗 − 1) ∗ 𝑐4  𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑞 ≤ 𝑗 ∗ 𝑐4 𝑎𝑛𝑑 

𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑟 ≤ (𝑗 + 1) ∗ 𝑐4 

(23) 

Similarly, the reduced range of the considered cases of Eq. (18) inequality system were: 

 
𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑖, 𝑞;  𝑖𝑓 𝑐3𝑖,𝑞 ≤ 𝑐4 𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑖 ≤ (𝑗 − 1) ∗ 𝑐4 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑞 ≤ 𝑗 ∗ 𝑐4 
(24) 

In Eq. (19), the number of the investigated inequalities was reduced to the following 

cases: 
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𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑝, 𝑗, 𝑖, 𝑞, 𝑟, 𝑠;  𝑖𝑓 𝑐3𝑖,𝑞 ≤ 𝑐4 𝑎𝑛𝑑 𝑐3𝑟,𝑠 ≤ 𝑐4 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑖 ≤ (𝑗 − 1) ∗ 𝑐4 𝑎𝑛𝑑 𝑐3𝑐2(𝑘),𝑞 ≤ 𝑗 ∗ 𝑐4 𝑎𝑛𝑑  

𝑎𝑛𝑑 𝑐3𝑐2(𝑝),𝑟 ≤ (𝑗 − 1) ∗ 𝑐4 𝑎𝑛𝑑 𝑐3𝑐2(𝑝),𝑠 ≤ 𝑗 ∗ 𝑐4  

(25) 

5.3.2 Method2: simplifications based on the predefined origin and destination 

locations 

According to the developed modelling framework, the origin and destination locations 

were privileged points of the network with special characteristics: 

 in these locations, more than one vehicle could be present at the same time, 

 origins could only be used as starting location during the travel process, and not 

for transit, 

 only one-way edges run into the destinations, so they could be used as ending 

location only. 

The destination and origin locations of the vehicles were determined in 𝑪𝟏 and 𝑪𝟐 

matrices. Based on that, I have determined an 𝑜 element binary vector identifying if a 

location was origin or destination of any vehicle (with element value of 1), or not. This 

vector has been denoted by 𝑐8. Following this, the constraining expressions could be 

reduced due to the above-described characteristics as follows.  

By the identification of origin and destination locations at a joint vector (𝑐8), it was 

possible to directly exclude all inequalities related to these locations from Eq. (13), 

considering only the following cases: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑗, 𝑖;  𝑖𝑓 𝑐8𝑖  =  0 (26) 

Related to Eq. (14), the number of the investigated cases could not be cut, as a vehicle 

was allowed to be only in one location at a given time moment considering all locations 

of the network, including origins and destinations. This omission of this condition would 

endanger the operability of the system (ℎ𝑎𝑧𝑎𝑟𝑑3). 

Furthermore, the investigated cases of Eq. (15) could not be reduced based on 𝑚𝑒𝑡ℎ𝑜𝑑2, 

as that would harm the safety integrity of the system by allowing to exceed the speed limit 

in the case of vehicle movements that start from an origin, or end at a destination location 

(ℎ𝑎𝑧𝑎𝑟𝑑4). Note that the speed limit was also responsible for the prohibition of traveling 
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backward since the orientation of the locations was ensured by the fact that a closely 

infinite distance value was assigned to all unwanted directions and forbidden routes (e.g., 

backward steps) on the network.  

Based on this concept, the speed limit ensured that a vehicle could not enter any origin or 

leave any destination locations. Consequently, by excluding these cases from the 

investigation, the number of constraints defined by Eq. (16), (17), (18) and (19) was 

reduced as follows. 

Instead of investigating Eq. (16) and (17) for each 𝑘, 𝑗, 𝑖, 𝑞, 𝑟, only the following cases are 

necessary: 

 

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟;  𝑖𝑓 (𝑐8𝑖  =  0 𝑜𝑟 𝑐2𝑘,𝑖  =  1) 𝑎𝑛𝑑  

𝑎𝑛𝑑 (𝑐8𝑞  =  0 𝑜𝑟 𝑐2𝑘,𝑞  =  1 𝑜𝑟 𝑐1𝑘,𝑞  =  1) 𝑎𝑛𝑑 

𝑎𝑛𝑑 (𝑐8𝑟  =  0 𝑜𝑟 𝑐1𝑘,𝑟  =  1) 

(27) 

Similarly, based on the applied concept, the relevant cases of Eq. (18) were: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑖, 𝑞;  𝑖𝑓 (𝑐2𝑘,𝑖  =  1) 𝑎𝑛𝑑 (𝑐8𝑞  =  0 𝑜𝑟 𝑐1𝑘,𝑞  =  1) (28) 

Note that it was not necessary to include the cases when (𝑐8𝑖  =  0) since the location of 

any vehicle at the first time moment (𝑗 =  1) was an origin location by definition. 

The investigated cases of Eq. (19) could be reduced to the following cases: 

 

𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑝, 𝑗, 𝑖, 𝑞, 𝑟, 𝑠;  𝑖𝑓 (𝑐8𝑖  =  0 𝑜𝑟 𝑐2𝑘,𝑖  =  1) 𝑎𝑛𝑑  

𝑎𝑛𝑑 (𝑐8𝑞  =  0 𝑜𝑟 𝑐1𝑘,𝑞  =  1) 𝑎𝑛𝑑 (𝑐8𝑟  =  0 𝑜𝑟 𝑐2𝑝,𝑟  =  1) 𝑎𝑛𝑑  

 𝑎𝑛𝑑 (𝑐8𝑠  =  0 𝑜𝑟 𝑐1𝑝,𝑠  =  1) 

(29) 

5.3.3 Method3: simplifications based on the predefined acceleration/deceleration limit 

The predefined acceleration and deceleration constraints were considered based on Eq. 

(16) and (17), comparing the traveled distances at two consecutive model time steps. 

According to 𝑚𝑒𝑡ℎ𝑜𝑑3, these expressions could be simplified by investigating only those 

route pairs whose relative length (the difference in the shortest distances of the location 

pairs defining the routes) was greater than the defined acceleration/deceleration limit. 

Accordingly, the relevant cases of Eq. (16) and (17) were reduced to:  



59 

 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟;  𝑖𝑓 𝑐3𝑞,𝑟 − 𝑐3𝑖,𝑞 > 𝑐5, in the case of Eq. (16), and (30) 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑗, 𝑖, 𝑞, 𝑟;  𝑖𝑓 𝑐3𝑖,𝑞 − 𝑐3𝑞,𝑟 > 𝑐6, in the case of Eq. (17). (31) 

Note that it was not possible to further reduce the other constraining expressions based 

on this concept, as none of them considered two consecutive route pairs of a vehicle. 

The acceleration limit was applied at the first model time step separately by Eq. (18), 

investigating the first two locations of the vehicles. It has been identified that this 

constraining condition is relevant only if the predefined distance of the investigated 

location pair was higher than the value of the maximum allowed acceleration, reducing 

the range of investigated cases to: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑖, 𝑞;  𝑖𝑓 𝑐3𝑖,𝑞 > 𝑐5 (32) 

Based on this approach, the further constraining expressions (where the relation of two 

locations was investigated) could also be reduced. However, since this concept could be 

applied only for the first time step (for 𝑗 =  1), its effect was negligible. 

5.3.4 Method4
1: simplifications related to the crossing routes 

This concept was developed based on the recognition that those route pairs, which did not 

have any common elements, could be directly excluded from the investigation aiming to 

prohibit the crossing movements of the vehicles. Accordingly, the relevant cases of Eq. 

(19) were reduced as follows: 

 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑘, 𝑝, 𝑗, 𝑖, 𝑞, 𝑟, 𝑠;  𝑖𝑓 𝑐7𝑖−𝑞,𝑟−𝑠  =  1 (33) 

As this concept was based on the comparison of route pairs (i.e., investigating 4 

locations), it could not be applied to reduce the number of cases of the further constraining 

expressions. 

5.3.5 Applicability of the methods related to the introduced constraints 

The relation of the model constraints and the proposed methods to reduce the complexity 

of the problem have been summarized in Table 11. The filled cells of the table indicate 

the constraining expressions whose investigated cases could be reduced based on the 

                                                 
1 I, Gábor Pauer, declare that I accept the method4 procedure and the related results and statements as Árpád 

Török's own results. Árpád Török intends to use the method4 procedure and the related results and 

statements in the qualification procedure initiated later. 
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simplification methods marked by the columns of the table, also showing the notation of 

the relevant system of equations or inequalities. 

Table 11 Relation of the model constraints and simplification methods  
  Methods for simplification 

  𝑚𝑒𝑡ℎ𝑜𝑑1 𝑚𝑒𝑡ℎ𝑜𝑑2 𝑚𝑒𝑡ℎ𝑜𝑑3 𝑚𝑒𝑡ℎ𝑜𝑑4 

C
o

n
st

ra
in

ts
 o

f 
th

e 

m
o

d
el

 

Eq. (12) - - - - 

Eq. (13) Eq. (21) Eq. (26) - - 

Eq. (14) Eq. (22) - - - 

Eq. (15) Eq. (20) - - - 

Eq. (16) Eq. (23) Eq. (27) Eq. (30) - 

Eq. (17) Eq. (23) Eq. (27) Eq. (31) - 

Eq. (18) Eq. (24) Eq. (28) Eq. (32) - 

Eq. (19) Eq. (25) Eq. (29) - Eq. (33) 

 

The potential hazards associated with the improper application of the developed 

simplification methods for the constraining expressions are modelled in Figure 10. 

 

Figure 10 Correspondences between the constraints, simplifications and potential 

hazards 

To ensure the safety integrity of the system, it was important to keep all safety-critical 

constraining expressions and only exclude unnecessary or redundant cases. This was 

taken into account during the development of the simplification methods. In line with 

this, 𝑚𝑒𝑡ℎ𝑜𝑑2 could not be applied to the constraints defined by Eq. (14) and Eq. (15), 

due to the possible emergence of ℎ𝑎𝑧𝑎𝑟𝑑3 and ℎ𝑎𝑧𝑎𝑟𝑑4. Furthermore, Eq. (12) was not 
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affected by any simplification due to the risk of ℎ𝑎𝑧𝑎𝑟𝑑1 on operation safety and 

efficiency. 

The seemingly limited applicability of 𝑚𝑒𝑡ℎ𝑜𝑑4 (limited to Eq. (19) due to the 

investigation of 4 locations) was quite advantageous from a computational efficiency 

point of view since the constraint of crossing motions contained the most inequalities. 

5.4 Effects of the developed simplification methods 

To determine the effects of the introduced methods, I have implemented numerical 

investigations. Since the reduction in the number of constraining expressions that can be 

achieved by the procedures depends largely on the structure of the network, no general 

formula could be developed. Therefore, in order to examine the effects, I ran the 

developed optimization procedure on 3 sample road networks with different structures. 

The MATLAB implementation of the model provided the number of equations and 

inequalities examined. 

The structure of the applied networks has been illustrated in Figure 11. Arrows indicated 

the orientation of the locations.  Destination locations were not oriented (empty cells), 

origins were marked by a grey background. 

 

Figure 11 Representation of the example road networks 

The first network represented a simple junction, containing 12 nodes and 12 edges. The 

second network with 10 nodes and 14 edges modeled a two-lane road section with the 

possibility to change between the lanes. The third network also consisted of lanes with 

the same orientation, but was more complex than the previous one, containing 16 nodes 

and 24 edges. Based on the size of an average passenger vehicle, 5 meter long locations 
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have been used for segmentation. The defined investigated time interval (𝑡) was divided 

into 1 second time steps. The applied initial data have been summarized in Table 12. 

Table 12 Initial data of the three investigated cases 

 First case (Network I) Second case (Network II) Third case (Network III) 

𝑚 4 4 4 

𝑡 4 s 4 s 4 s 

𝑜 12 10 16 

𝑐4 15 m/s 15 m/s 15 m/s 

𝑐5 10 m/s2 10 m/s2 10 m/s2 

𝑐6 10 m/s2 10 m/s2 10 m/s2 

 Origin Destination Origin Destination Origin Destination 

𝑘 = 1 1 10 1 9 1 15 

𝑘 = 2 1 2 1 10 1 16 

𝑘 = 3 6 11 2 10 2 16 

𝑘 = 4 7 2 2 9 3 13 

 

As the first step of the analysis, the optimization of traffic management was performed 

based on the introduced binary integer model ignoring the simplification solutions 

(baseline case). The aim was to determine the total number of equations and inequalities 

together constituting the constraints of the optimization task. Following this, the number 

of the constraining expressions was 403,316; 197,700 and 1,249,428 for the three baseline 

cases, respectively. 

The developed simplification methods were then adopted to the basic systems of 

constraining equalities and inequalities, and their effects were evaluated. To facilitate the 

investigation of the causal effect on complexity of each method, the ceteris paribus 

principle was applied. Thus, in the case of using the different simplification methods, the 

related equation or inequality system was considered (e.g., Eq. (15) in the case of 

𝑚𝑒𝑡ℎ𝑜𝑑1), and also the further constraining expressions were reduced only by the 

investigated method (if it was possible). The impacts of the simplifications have been 

given in Table 13. 
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Table 13 The extent of reduction achieved by the methods in the different cases 

 
First case 

(Network I) 

Second case 

(Network II) 

Third case 

(Network III) 

𝑚𝑒𝑡ℎ𝑜𝑑1 85.2% 69.9% 80.6% 

𝑚𝑒𝑡ℎ𝑜𝑑2 73.8% 46.8% 62.0% 

𝑚𝑒𝑡ℎ𝑜𝑑3 2.9% 3.4% 2.3% 

𝑚𝑒𝑡ℎ𝑜𝑑4 87.2% 85.2% 89.7% 

 

The complexity of the problem was reduced significantly by some of the developed 

simplification methods, even when used alone. The number of constraining expressions 

decreased by more than 80% in the first and third cases as a result of 𝑚𝑒𝑡ℎ𝑜𝑑1 developed 

based on the effects of the predefined speed limit. Related to all three networks, the 

reduction was more than 85% in the case of applying 𝑚𝑒𝑡ℎ𝑜𝑑4 alone, which aimed to 

directly exclude some cases – when the compared route pairs did not have any common 

elements – from the investigation of possible crossing vehicle movements. The reduction 

in the number of constraining expressions varied between 46.8% and 73.8% when 

𝑚𝑒𝑡ℎ𝑜𝑑2 was applied. The effects of 𝑚𝑒𝑡ℎ𝑜𝑑3 was much lower (2.3–3.4%), but 

presumably, the small size of the example networks had a significant role in this.  

The combined causal effects of the different simplification methods on complexity were 

also calculated. For this purpose, the most complex third network was used. The results 

have been summarized in Table 14. 

Table 14 The extent of reduction achieved by the combination of methods (third case) 

 
Third case 

(Network III) 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑2 93.4% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑3 80.9% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑4 98.1% 

𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑3 63.8% 

𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑4 94.0% 

𝑚𝑒𝑡ℎ𝑜𝑑3 & 𝑚𝑒𝑡ℎ𝑜𝑑4 93.2% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑3 93.6% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑4 98.8% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑3 & 𝑚𝑒𝑡ℎ𝑜𝑑4 98.4% 

𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑3 & 𝑚𝑒𝑡ℎ𝑜𝑑4 95.7% 

𝑚𝑒𝑡ℎ𝑜𝑑1 & 𝑚𝑒𝑡ℎ𝑜𝑑2 & 𝑚𝑒𝑡ℎ𝑜𝑑3 & 𝑚𝑒𝑡ℎ𝑜𝑑4 99.0% 
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The combination of the developed simplification solutions proved to be effective in 

reducing the complexity of the optimization problem, especially when 𝑚𝑒𝑡ℎ𝑜𝑑4 was 

used. Even by the combination of the two least effective methods (𝑚𝑒𝑡ℎ𝑜𝑑2 and 

𝑚𝑒𝑡ℎ𝑜𝑑3), the number of the investigated constraining expressions was reduced by 

63.8% compared to the baseline case. With the use of at least three methods, the reduction 

was more than 93% in all cases. By applying all presented methods together, the number 

of constraining equations and inequalities was reduced by 99%.  

Based on the results, the original computational complexity could be reduced by the 

developed methods to a hundredth in the case of the investigated example. Thus, the 

applicability of the model was significantly improved by the increasing number of 

manageable variables and the decreasing runtime. 

5.5 Demonstrating the applicability and efficiency of the reduced 

complexity binary integer model 

To demonstrate the improved applicability of the reduced complexity transport 

management model, numerical cases have been investigated in a more realistic scenario. 

To be able to also investigate the efficiency of the developed concept, my aim was to 

determine the number of vehicles able to pass through a road junction in a unit of time, 

keeping in mind that the capacity of a junction depends strongly on the structure of travel 

demands (Yang and Bell, 1998; Chen et al., 2002). 

For this purpose, a larger road network segment (32 nodes, 40 edges) representing the 

junction of two 2×2 lane roads was used, and the number of considered vehicles was 

increased. The size of the locations and the length of the time steps, as well as the defined 

speed, acceleration, and deceleration constraints, were not modified compared to the 

previous examples in Chapter 5.4. The structure of the partitioned network is illustrated 

in Figure 12. The orientation of the locations was indicated by arrows. Destination 

locations were not oriented (empty cells), origins were marked by a grey background. 
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Figure 12 Structure of the road network in the realistic scenario 

 

 Travel demand structure I (ratio of vehicles going left/straight/right: 2:1:2 at all 

branches): 

At the first step, the defined traffic load was uniform and quite complex from all 

directions (demand structure I), assuming two vehicles turning right and one going 

straight ahead in the outer lane, and two vehicles intending to turn left from the inner lane 

(and also arriving into an inner lane) at all four branches of the junction (see Table 15). 

According to this, a total of 20 vehicles were considered during the optimization (𝑚 =

 20). By running the optimization program several times, I examined the minimum length 

of the total time interval (𝑡) that was enough for the vehicles to go through the junction. 

Based on this, a rough estimation of the capacity of the junction was determined for the 

given travel demand structure. 

Based on the results of the optimization, the junction was emptied in 8 seconds (at 𝑡 = 9) 

in the case of demand structure I. The resulting routes per vehicle have been summarized 

in the rows of Table 15. 
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Table 15 Results of the optimization process in the realistic scenario 

(demand structure I) 

𝑘 Origin Destin. 𝑗 = 1 𝑗 = 2 𝑗 = 3 𝑗 = 4 𝑗 = 5 𝑗 = 6 𝑗 = 7 𝑗 = 8 

1 1 29 1 1 6 18 29 - - - 

2 1 5 1 1 1 5 - - - - 

3 1 5 1 5 5 - - - - - 

4 2 22 2 2 2 7 20 22 - - 

5 2 22 2 13 21 22 - - - - 

6 10 5 10 10 10 9 6 5 - - 

7 10 4 10 4 4 - - - - - 

8 10 4 10 10 10 10 4 - - - 

9 16 30 16 16 16 15 14 13 25 30 

10 16 30 16 14 13 25 30 - - - 

11 17 3 17 17 17 17 18 19 8 3 

12 17 3 17 17 17 17 17 17 18 14 

13 23 28 23 25 25 26 28 - - - 

14 23 29 23 23 23 29 - - - - 

15 23 29 23 23 29 - - - - - 

16 31 11 31 31 26 13 11 - - - 

17 31 11 31 31 31 31 26 14 12 11 

18 32 4 32 21 9 4 - - - - 

19 32 28 32 32 32 28 - - - - 

20 32 28 32 32 28 - - - - - 

 

The elaborated model approached the optimum by determining several feasible solutions 

for the defined problem, however, the reachable suboptimum depends on the allowed 

runtime. In the case of the presented, close-optimal feasible solution, a vehicle (𝑘 = 12) 

did not reach its designed destination; however, it had already made the turning maneuver 

and passed through the most important conflict points, so the solution was considered 

appropriate. The value of the objective function (𝑦1) was 1,535. 

Considering that 20 vehicles passed through the junction in 8 seconds, with a rough 

estimate 9,000 vehicles (20 ∗ 3,600/8) could pass in an hour even in the case of this 

diversified demand structure, where the ratio of vehicles going left, straight, and right was 

2:1:2 at all branches. 

This performance was considered outstandingly good compared to the results of studies 

examining the capacities of current, traditional junctions. Barna and Schuchmann (2017) 

used a simulation model to examine the performance of different types of junctions based 

on average travel time losses. In their study, a simpler demand structure was applied with 
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a lower ratio of turning vehicles (ratio of vehicles going left, straight and right was 1:3:2 

at all branches). According to their results, the capacity of an uncontrolled (no traffic 

lights or roundabout) intersection of 2×1 lane roads was approximately 2,000 

vehicles/hour, which could be increased to 3,000 vehicles/hour if a separate lane for all 

turning directions was provided on one of the crossing roads. 

The intersection with the most similar structure to our example was a traffic light-

controlled junction in the cited study. Although this junction had one more lane at each 

branch (three inbound and two outbound lanes), the maximum capacity of it was only a 

total of 4,400–5,200 vehicles/hour, depending on the period time of the traffic light 

control. This capacity increased to 6,000–6,200 vehicle/hour in case of adding one more 

lane to the main branch (Barna and Schuchmann, 2017). 

 

 Travel demand structure II (ratio of vehicles going left/straight/right: 1:2:2 at all 

branches): 

By the simplification of the travel demand structure (e.g., lower ratio of large turning 

radius movements), the efficiency of the developed model may be even higher than 

previously presented. One example has been provided below. Travel demand structure I 

was modified by replacing one of the left-turning movements with a straightforward 

movement at all branches of the junction (demand structure II). In this case, the junction 

was emptied by the process in 6 seconds (see Table 16), which implies a 12,000 

vehicle/hour (20 ∗ 3,600/6) theoretical capacity. The value of the objective function (𝑦1) 

was 1,130 in this case. 
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Table 16 Results of the optimization process in the realistic scenario 

(demand structure II) 

𝑘 Origin Destin. 𝑗 = 1 𝑗 = 2 𝑗 = 3 𝑗 = 4 𝑗 = 5 𝑗 = 6 

1 1 29 1 12 18 29 - - 

2 1 5 1 1 1 5 - - 

3 1 5 1 1 5 - - - 

4 2 30 2 13 19 30 - - 

5 2 22 2 2 7 13 19 22 

6 10 5 10 8 8 7 5 - 

7 10 4 10 10 4 - - - 

8 10 4 10 10 10 10 4 - 

9 16 11 16 14 12 11 - - 

10 16 30 16 16 16 14 13 30 

11 17 22 17 19 21 22 - - 

12 17 3 17 17 17 19 20 3 

13 23 28 23 25 25 26 28 - 

14 23 29 23 23 23 23 29 - 

15 23 29 23 23 29 - - - 

16 31 3 31 20 14 3 - - 

17 31 11 31 31 26 20 14 11 

18 32 4 32 21 15 4 - - 

19 32 28 32 32 28 - - - 

20 32 28 32 32 32 28 - - 

 

The presented examples illustrated the applicability and efficiency of the proposed model 

together with the methods for simplifications. The defined safety constraints were 

satisfied by the feasible solutions.  

The more crossing movements are required in the case of the examined demand structure, 

the higher the computational complexity is, and the more time is needed to empty the 

junction. This assumption was supported by the demonstrated examples. The total 

number of equations and inequalities of the optimization task was 28,715 in the case of 

demand structure I (𝑚 = 20 and 𝑡 = 8) and 16,392 in the case of demand structure II 

(𝑚 = 20 and 𝑡 = 6). Despite the fact that the use of a software (MATLAB) and a laptop 

(Intel(R) Core(TM) i7-2620M CPU (2,70GHz) and 4GB RAM) that were not 

characterized by a high-level computational performance, the obtained runtime was 87.98 

seconds and 10.49 seconds for the presented examples, respectively. 
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5.6 Conclusions 

Realizing the main limitations of the introduced binary integer model for traffic 

management in the autonomous transport system, simplification methods have been 

developed to reduce the complexity of the optimization problem. During the development 

process, a particular emphasis was applied on functional safety, identifying the potential 

hazards arising from inappropriate changes in the model. 

The methods were able to significantly reduce the number of investigated constraining 

expressions without compromising the reliability of the model results. The numerical 

examples implied a reduction of more than 90% in this regard. The use of the methods 

enhanced the applicability of the model by increasing the number of manageable variables 

and decreasing the runtime. The applicability was also demonstrated in a realistic scenario 

(modelling a junction with 32 locations and 20 vehicles investigated). The traffic 

management process proved to be outstandingly efficient considering the number of 

vehicles able to pass through the junction per unit of time (capacity). 

The elaborated simplification methods aimed to exclude unnecessary or redundant 

constraining expressions. However, it was especially important to ensure the safety 

integrity of the system by keeping all safety-critical cases and avoiding the mutual 

exclusion of the constraining expressions. Future works can focus on reducing the 

complexity of the model based on different approaches. The reduction of the number of 

variables (e.g., by decreasing the resolution of the time or road network partition) results 

in a less efficient management process. However, heuristics could be applied to 

effectively reduce the computational complexity by decreasing the number of cases to be 

taken into account (e.g., by designing and delimiting the number of alternative routes 

between the origin and destination zones).  
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5.7 Thesis II 

I have developed a binary integer model that implements network level optimization of 

traffic flows through the vehicle level management of transport processes in the 

autonomous transport system. In the model, the considered timeframe and road network 

were discretized. The applied decision variable described the position of the individual 

vehicles in the discretized time domain with a binary integer value set. The model defined 

and integrated conditions necessary for the safe flow of traffic (limitation of speed, 

acceleration, deceleration, avoidance of collisions). I developed methods that 

significantly reduced the computational complexity of the model by excluding 

unnecessary or redundant constraining expressions without compromising the reliability 

of the results. I have demonstrated the applicability and efficiency of the reduced 

complexity model by solving numerical examples. 

 

Publications related to Thesis II: (Török and Pauer, 2018; Pauer and Török, 2021; Pauer 

and Török, 2022) 
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6 The development of indicators to evaluate traffic safety 

characteristics 

6.1 Introduction 

In accordance with the aim of the dissertation, my further research focused on the 

evaluation of the safety characteristics of resulting traffic flows determined by the 

elaborated binary integer model. 

The indispensable conditions of safe traffic flows (limitation of speed, acceleration, and 

deceleration, avoidance of collisions) were implemented in the model as the fundamental 

constraining criteria of the traffic optimization process. Note, that according to the applied 

assumptions, no difference in the technical parameters (e.g., braking characteristics) of 

the vehicles was considered. The elements of the discretized time and space domains used 

for vehicle maneuvers have been unambiguously assigned to the vehicles. However, 

complementing traffic management models with estimations on traffic safety and system 

reliability is of high importance (Guikema and Gardoni, 2009). 

The safe operation of the transport system is highly affected by the temporal and spatial 

distance of the vehicles, as well as by the homogeneity of speed and acceleration 

characteristics of the system components (van Nes, Brandenburg and Twisk, 2010; Yu 

and Abdel-Aty, 2014). Decreasing the role of human drivers, the increased safety has 

been advocated as one of the major benefits of intelligent and autonomous transport 

systems (Khastgir et al., 2021). The increasing rate of AVs on the roads can reduce the 

frequency of dangerous situations and the velocity differences between the vehicles and 

can greatly smooth the traffic flow (Ye and Yamamoto, 2019). 

In the following sub-chapters, I present methodological approaches to investigate factors 

characterizing the road safety level of the traffic process determined by the previously 

introduced model. As a result of these methods, safety indicators have been developed 

related to the: 

 spatial and temporal characteristics of the vehicle movements, 

 speed characteristics of the vehicles. 
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The developed indicators can be used for comparing the results of the traffic management 

process from the safety point of view, by considering different road network types (e.g., 

different node types, partitioning processes with various sizes or shapes of locations), 

travel demand structures, etc. Another field of application is the possibility to rank the 

several, equally effective feasible solutions obtained for the same problem. 

During the safety indicator development process, I have paid a special attention to 

consider the previously identified, potential hazards of the system; accordingly, the 

introduced methods were strongly related to them. 

6.2 Considering the spatial and temporal characteristics of the vehicle 

movements 

Based on the spatial and temporal distance of the vehicles, two safety indicators have 

been elaborated relying on and derived from the proposed model. These indicators were 

developed to describe the risks arising from the crossing and the close following vehicle 

movements. 

6.2.1 Safety indicator related to the crossing movements of vehicles 

The safety indicator considering the risk arising from crossing vehicle movements 

(hazard6) was formed on the basis of the number and temporal distance of these actions, 

as follows in Eq. (34). 

𝐶𝑀 =  ∑ 𝑐7𝑖−𝑞,𝑟−𝑠 ∗ (𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑥ℎ,𝑢,𝑟 ∗ 𝑥ℎ,𝑢+1,𝑠) ∗
1

(𝑢 − 𝑗)2

𝑚,𝑚,(𝑡−1),(𝑡−1),𝑜,𝑜,𝑜,𝑜

𝑘,ℎ,𝑗,𝑢,𝑖,𝑞,𝑟,𝑠 = 1
𝑘≠ℎ
𝑢≠𝑗

 
(34) 

The product of the first two factors in the summation has identified with a value of 1, if 

any two vehicles (𝑘 and ℎ) traveled routes (𝑖, 𝑞 and 𝑟, 𝑠) that intersect, at any time steps 

(𝑗, (𝑗 + 1) and 𝑢, (𝑢 + 1)) during the investigated time interval. The third multiplication 

factor was formed based on the temporal distance of the starting time moments of the 

crossing movements. 

Based on the elaborated formula, the value of 𝐶𝑀 became higher with the increasing 

number of crossing vehicle movements (meaning more summands in the summation). 

Furthermore, the value of the summands got higher if the crossing movements took place 
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in shorter time intervals. Accordingly, a lower value of the 𝐶𝑀 safety indicator implied a 

safer flow of traffic. 

6.2.2 Safety indicator related to close following vehicles 

According to the concept of the developed binary integer model, it was allowed for a 

vehicle to arrive at a location that was left by another vehicle at the same time step. The 

structure of the 𝑪𝟕 matrix made this possible: the value of 1 was not assigned to the 

compared route pairs in the matrix if the only common element of the shortest routes 

between them was the starting location of one of the routes. Note that this consideration 

also made the exclusion of those cases from Eq. (19) possible, when any of the compared 

vehicles was staying in an origin or destination location during the investigated time step. 

The efficiency of the transport management was facilitated by providing the possibility 

of such close following of vehicles, while the defined safety constraints were also met 

since the different vehicles were not assigned to the same location at any of the examined 

time moments. 

However, in such cases, it is rather safety-critical to ensure that the movement process of 

the followed vehicle actually takes place during the time step between the examined time 

moments. Otherwise, the basic safety criterion of the introduced traffic management 

(namely, only one vehicle could be in a given location at a given time moment) concept 

would be violated (hazard2). Based on this, the safety indicator related to close following 

vehicles was defined as the total number of vehicle movements ending at a location that 

was left by another vehicle at the same time step (Eq. (35)). 

𝐶𝐹 = 

= ∑ [(𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑥ℎ,𝑗,𝑟 ∗ 𝑥ℎ,𝑗+1,𝑖

𝑚,𝑚,(𝑡−1),𝑜,𝑜,𝑜,𝑜

𝑘,ℎ,𝑗,𝑖,𝑞,𝑟,𝑠 = 1
𝑘≠ℎ

+ 𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑥ℎ,𝑗,𝑞 ∗ 𝑥ℎ,𝑗+1,𝑠) − 

−(𝑥𝑘,𝑗,𝑐2(𝑘) ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑥ℎ,𝑗,𝑐2(𝑘) ∗ 𝑥ℎ,𝑗+1,𝑐2(𝑘) + 𝑥𝑘,𝑗,𝑐2(ℎ) ∗ 𝑥𝑘,𝑗+1,𝑐2(ℎ) ∗ 𝑥ℎ,𝑗,𝑐2(ℎ) ∗ 𝑥ℎ,𝑗+1,𝑠) − 

−(𝑥𝑘,𝑗,𝑐1(𝑘) ∗ 𝑥𝑘,𝑗+1,𝑐1(𝑘) ∗ 𝑥ℎ,𝑗,𝑟 ∗ 𝑥ℎ,𝑗+1,𝑐1(𝑘) + 𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑐1(ℎ) ∗ 𝑥ℎ,𝑗,𝑐1(ℎ) ∗ 𝑥ℎ,𝑗+1,𝑐1(ℎ))] 

(35) 

where 

𝑐1(𝑘):  was the destination location of vehicle 𝑘 assigned from matrix 𝑪𝟏. 

The sum in the first bracket identified those cases when any of the compared vehicles 

were located at a cell at a time moment (𝑗), that was the arriving location of the other 
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compared vehicle in the following time moment (𝑗 + 1). From these cases, those instances 

were subtracted when any of the compared vehicles stayed in their origin or destination 

location (sums in the second and third brackets, respectively). 

Based on the elaborated formula, a lower value of 𝐶𝐹 safety indicator implied a safer 

flow of traffic by the lower number of close following vehicle movements. 

6.3 Considering the speed characteristics of the vehicles 

The safety indicators describing the risks associated with vehicle speeds addressed the 

magnitude and the homogeneity of velocities. For the presented development work, the 

average and standard deviation of the speed data were considered. 

6.3.1 Average speed at the network level 

The average speed at the network level was calculated as the mean of the speed data of 

all vehicles in the consecutive time steps over the investigated time interval (excluding 

the time steps spent in the origin/destination locations – i.e. inactive vehicles). This 

indicator characterized the safety level of the transport system based on the magnitude of 

vehicle speeds (ℎ𝑎𝑧𝑎𝑟𝑑4). A fundamental criterion of the interpretation was to perform 

the calculations considering at least two time moments (𝑡 ≥ 2). The formula is presented 

in Eq. (36). 

 𝑉𝑁̅̅ ̅̅  =  
∑ 𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑐3𝑖,𝑞
𝑚,(𝑡−1),𝑜,𝑜
𝑘,𝑗,𝑖,𝑞 = 1

∑ (𝑡 − 1 − ∑ 𝑥𝑘,𝑗,𝑐1(𝑘)
(𝑡−1)
𝑗 = 1 − ∑ 𝑥𝑘,𝑗+1,𝑐2(𝑘)

(𝑡−1)
𝑗 = 1 )𝑚

𝑘=1

 (36) 

That is, the lengths of the road sections that each vehicle traveled was added in the 

numerator. Then it was divided by a sum that added the number of time steps elapsed 

between the start of each vehicle from its origin and the arrival to its destination.  

To determine the correct number of the considered time steps, the sum of time steps spent 

in the origin location, and the sum of time steps spent in the destination location were 

subtracted from the total number of the investigated (𝑡 − 1) time steps inside the 

summation. In this way, the average speed at the network level was undefined if none of 

the vehicles left its origin location for the entire investigated timeframe. 

A lower value of indicator 𝑉𝑁̅̅ ̅̅  implied a safer flow of traffic in the case of equally 

efficient transport management processes by the lower average speeds of the vehicles. 
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6.3.2 Inhomogeneity of speed at the vehicle level 

The inhomogeneity of speed values at the vehicle level was elaborated as the mean of the 

empirical standard deviation of the individual vehicle speeds in the consecutive time steps 

(𝑡 ≥ 2), characterizing the safety level based on the evenness of the speed data, referring 

to the number and extent of accelerations and decelerations. 

For the calculation of this safety indicator, first, the empirical standard deviation of the 

speed data of a vehicle (𝑘) was determined per time step in Eq. (38). For this purpose, the 

average speed of the vehicle (𝑘) also had to be defined, by dividing the sum of the lengths 

of the road sections it traveled by the number of time steps elapsed between its start and 

arrival (Eq. (37)). 

 𝑉𝑘̅̅ ̅  =  
∑ 𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑐3𝑖,𝑞
(𝑡−1),𝑜,𝑜
𝑗,𝑖,𝑞 = 1

(𝑡 − 1) − ∑ 𝑥𝑘,𝑗,𝑐1(𝑘)
(𝑡−1)
𝑗 = 1 − ∑ 𝑥𝑘,𝑗+1,𝑐2(𝑘)

(𝑡−1)
𝑗 = 1

 (37) 

 

 

𝜎𝑉𝑘 = 

√
  
  
  
  
  
  
 

∑ (𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑐3𝑖,𝑞 − 𝑉𝑘̅̅ ̅)
2(𝑡−1),𝑜,𝑜

𝑗,𝑖,𝑞 = 1
𝑥𝑘,𝑗,𝑖 = 1

𝑥𝑘,𝑗+1,𝑞 = 1

𝑥𝑘,𝑗,𝑐1(𝑘)≠1

𝑥𝑘,𝑗+1,𝑐2(𝑘)≠1

((𝑡 − 1) − ∑ 𝑥𝑘,𝑗,𝑐1(𝑘)
(𝑡−1)
𝑗 = 1 − ∑ 𝑥𝑘,𝑗+1,𝑐2(𝑘)

(𝑡−1)
𝑗 = 1 )

 

(38) 

Similar to the previous considerations, inactive vehicles (standing in their 

origin/destination location) were excluded from the terms of the empirical standard 

deviation formula. The value of 𝜎𝑉𝑘 was undefined for vehicles not leaving their origin 

locations. 

For further research, to estimate a less biased empirical standard deviation, the corrected 

sample standard deviation formula can be proposed. The modified equation can be 

defined as follows in Eq. (39). 

 

𝜎𝑉𝑘′ =  

√
  
  
  
  
  
  
 

∑ (𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑐3𝑖,𝑞 − 𝑉𝑘̅̅ ̅)
2(𝑡−1),𝑜,𝑜

𝑗,𝑖,𝑞 = 1
𝑥𝑘,𝑗,𝑖 = 1

𝑥𝑘,𝑗+1,𝑞 = 1

𝑥𝑘,𝑗,𝑐1(𝑘)≠1

𝑥𝑘,𝑗+1,𝑐2(𝑘)≠1

((𝑡 − 1) − ∑ 𝑥𝑘,𝑗,𝑐1(𝑘)
(𝑡−1)
𝑗 = 1 − ∑ 𝑥𝑘,𝑗+1,𝑐2(𝑘)

(𝑡−1)
𝑗 = 1 ) − 1

 

(39) 
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During my research, the indicator of the inhomogeneity of speed at the vehicle level was 

formed by averaging the 𝜎𝑉𝑘  data of the vehicles that started the travel process, as 

presented in Eq. (40). 

 𝜎𝑉𝑉  =  
1

𝑚 − ∑ (𝑥𝑘,𝑡,𝑖 ∗ 𝑐2𝑘,𝑖)
𝑚,𝑜
𝑘,𝑖 = 1

∗ ∑ 𝜎𝑉𝑘

𝑚

𝑘 = 1
𝑥𝑘,𝑡,𝑐2(𝑘)≠1

 (40) 

The indicator referred to the evenness of the speed of the individual vehicles per time 

step. A lower value of indicator 𝜎𝑉𝑉 implied a safer flow of traffic through more even 

vehicle speeds (less acceleration and deceleration). 

6.3.3 Inhomogeneity of speed at the network level 

The inhomogeneity of speed values at the network level was interpreted as the empirical 

standard deviation of the speed data of all vehicles in the consecutive time steps over the 

entire examined time interval. Thus, the indicator characterized the level of safety based 

on the differences in the speed data of the vehicles in the different time steps. For the 

calculation, the speed data of the vehicles and the network level average speed were used, 

according to the formula of the empirical standard deviation (see Eq. (41), 𝑡 ≥ 2). 

 

𝜎𝑉𝑁 = 

√
  
  
  
  
  
  
 

∑ (𝑥𝑘,𝑗,𝑖 ∗ 𝑥𝑘,𝑗+1,𝑞 ∗ 𝑐3𝑖,𝑞 − 𝑉𝑁̅̅ ̅̅ )
2𝑚,(𝑡−1),𝑜,𝑜

𝑘,𝑗,𝑖,𝑞 = 1
𝑥𝑘,𝑗,𝑖 = 1

𝑥𝑘,𝑗+1,𝑞 = 1

𝑥𝑘,𝑗,𝑐1(𝑘)≠1

𝑥𝑘,𝑗+1,𝑐2(𝑘)≠1

∑ (𝑡 − 1 − ∑ 𝑥𝑘,𝑗,𝑐1(𝑘)
(𝑡−1)
𝑗 = 1 − ∑ 𝑥𝑘,𝑗+1,𝑐2(𝑘)

(𝑡−1)
𝑗 = 1 )𝑚

𝑘=1

 

(41) 

Using the above formula, only the vehicles that had left their origin locations were 

considered, and the inactive vehicles (time steps spent in the origin/destination locations) 

were excluded. Similar to the previously introduced empirical standard deviation-based 

indicator, in this case, it is also reasonable to use the corrected sample standard deviation-

based formula in the further development phases. 

The indicator referred to the similarity of the speed data of the different vehicles in the 

considered time steps. Thus, a lower value of indicator 𝜎𝑉𝑁 implied a safer flow of traffic 

due to a smaller difference between the speed data of the individual vehicles. 
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6.4 Summary of the developed safety indicators 

The main characteristics of the developed safety indicators have been summarized in 

Table 17. For each indicator, a lower value implied a safer traffic process. 

Any of these indicators can be calculated and applied to evaluate the traffic flows 

resulting from the optimization procedure. The different indicators examined different 

types of risks. The analyst is free to determine the relative importance of the indicators in 

line with the purpose of the analysis. 

Table 17 Characteristics of the safety indicators 

Not. Name Formula Short description Value 

𝐶𝑀 

crossing 

movements of 

vehicles 
Eq. (34) 

number and temporal distance of 

crossing vehicle movements 

↑ less safe traffic 

↓ safer traffic 

𝐶𝐹 
close following of 

vehicles 
Eq. (35) 

number of movements ending at a 

location that was left by another 

vehicle at the same time step 

↑ less safe traffic 

↓ safer traffic 

𝑉𝑁̅̅ ̅̅  

average speed at 

the network level 

[m/s] 
Eq. (36) 

mean of the speed data of all 

vehicles in the different time steps 

over the investigated time interval 

↑ less safe traffic 

↓ safer traffic 

𝜎𝑉𝑉 

inhomogeneity of 

speed at the vehicle 

level 
Eq. (40) 

mean of the empirical standard 

deviation of vehicle speeds 

↑ less safe traffic 

↓ safer traffic 

𝜎𝑉𝑁 

inhomogeneity of 

speed at the 

network level 
Eq. (41) 

empirical standard deviation of 

the speed data of all vehicles in 

the different time steps over the 

investigated time interval 

↑ less safe traffic 

↓ safer traffic 
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6.5 Application of the safety indicators 

A numerical example was elaborated with the aim of presenting the functionality of the 

introduced safety indicators. The realistic scenario representing the junction of two 2×2 

lane roads (see Figure 12) was used for this purpose with demand structure II. A feasible 

solution (𝐹𝑆1) for this problem was already presented in Table 16. In that case, the value 

of the objective function (𝑦1) was 1,130. 

The optimization related to this problem has been performed again, applying a longer 

computational timeframe to produce a comparable result. A feasible solution (𝐹𝑆2) 

slightly closer to the optimum (𝑦1  =  1,125) was found in 49.33 seconds by the 

previously introduced hardware. The obtained values of 𝐹𝑆2 have been presented in 

Table 18. 

Table 18 𝐹𝑆2 in the realistic scenario (demand structure II) 

𝑘 Origin Destin. 𝑗 = 1 𝑗 = 2 𝑗 = 3 𝑗 = 4 𝑗 = 5 𝑗 = 6 

1 1 29 1 12 12 18 29 - 

2 1 5 1 1 1 1 5 - 

3 1 5 1 1 5 - - - 

4 2 30 2 13 25 30 - - 

5 2 22 2 2 2 13 19 22 

6 10 5 10 8 7 5 - - 

7 10 4 10 10 10 10 4 - 

8 10 4 10 10 4 - - - 

9 16 11 16 14 13 11 - - 

10 16 30 16 16 16 14 13 30 

11 17 22 17 19 21 22 - - 

12 17 3 17 17 18 19 20 3 

13 23 28 23 25 26 28 - - 

14 23 29 23 23 23 29 - - 

15 23 29 23 23 29 - - - 

16 31 3 31 20 8 3 - - 

17 31 11 31 31 31 20 14 11 

18 32 4 32 21 15 4 - - 

19 32 28 32 32 28 - - - 

20 32 28 32 32 32 32 28 - 

 

In addition to the tabular form, the defined traffic flows of 𝐹𝑆1 and 𝐹𝑆2 have also been 

illustrated in a graphical form (Figure 13 and Figure 14). In the figures, the vehicle 
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movements were shown in the different time steps. Thus, the current location of the 

vehicles was depicted in two consecutive time moments in each diagram. 

The vehicles were represented by smaller, transparent shapes marked by dashed lines in 

the previous time moment and by a larger shape of the same color with solid lines in the 

subsequent time moment. In addition to the color, the identification of the vehicles was 

also facilitated by their number. To be concise, vehicles staying in their origin or 

destination location during the given time step were not shown in the figures. 

The origin locations were marked by dark grey, and the destination locations were 

indicated by light grey cells. Note that the orientation and identifiers of the locations are 

shown in Figure 12. 

The presented figures provided the opportunity also to identify the close following vehicle 

movements. These cases were illustrated by locations in which two vehicles with different 

identifiers were present (one vehicle at the first time moment and another vehicle in the 

subsequent time moment). 

The defined travel demands were realized during the investigated time interval in both 

cases. It could also be observed that the traffic maneuvers of the first and the last time 

steps were the same for both solutions. However, traffic management proved to be slightly 

more efficient in the case of 𝐹𝑆2 based on the value of the objective function. 
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Figure 13 Illustration of 𝐹𝑆1 in the 

realistic scenario (demand structure II)  
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Figure 14 Illustration of 𝐹𝑆2 in the 

realistic scenario (demand structure II)  
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The presented feasible solutions were compared using the proposed safety indicators. The 

calculations have been performed in the MATLAB based on the developed formulas. The 

results are summarized in Table 19. 

Table 19 Values of the safety indicators in the case of the compared solutions 

 𝐹𝑆1 𝐹𝑆2 
Difference 

(𝐹𝑆2/𝐹𝑆1) 

𝑦1 [m] 1130 1125 -0,4% 

𝐶𝑀 49.056 48.444 -1.2% 

𝐶𝐹 12 10 -16.7% 

𝑉𝑁̅̅ ̅̅  [m/s] 8.333 8.696 +4.4% 

𝜎𝑉𝑉 1.963 1.861 -5.2% 

𝜎𝑉𝑁 2.985 2.935 -1.7% 

 

Based on the results, 𝐹𝑆2 proved to be a more favorable solution not only in terms of 

efficiency but also in terms of safety. 

Considering that the investigated example represented the traffic management process of 

a road junction, the most relevant indicators were 𝐶𝑀 and 𝐶𝐹, describing the number and 

temporal distances of the crossing vehicle movements and the number of close following 

maneuvers. 𝐹𝑆2 was more favorable in both terms than 𝐹𝑆1 (the value of 𝐶𝑀 was 1.2% 

lower, the value of 𝐶𝐹 was 16.7% lower in the second case). 

Furthermore, the obtained speed data were more homogeneous in the case of 𝐹𝑆2 also at 

the level of the vehicles (𝜎𝑉𝑉) and at the network level (𝜎𝑉𝑁). This meant that the 

determined traffic structure resulted in more even vehicle speeds, less deceleration, and 

acceleration were assumed. 

However, the more efficient traffic management accompanied by a slight increase in the 

average speed of the vehicles (the value of 𝑉𝑁̅̅ ̅̅  was 4.4% higher in the case of 𝐹𝑆2). 

6.6 Conclusions 

Since the provision of system safety is a fundamental requirement of processes dealing 

with traffic management, methodological approaches have been developed to 

characterize the safety level of the traffic distribution determined by the introduced binary 

integer model.  
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The elaborated safety indicators were strongly related to the previously described, 

potential hazards. Accordingly, the developed formulas aimed to investigate the spatial 

and temporal characteristics of the travel processes, and the speed data of the vehicles, 

including: 

 the number and temporal distance of crossing vehicle movements, 

 the number of close following vehicle maneuvers, 

 the mean of the speed data of the vehicles on the network, 

 the mean of the empirical standard deviation of vehicle speed data, and 

 the empirical standard deviation of the speed data of the vehicles on the network. 

With the use of the developed indicators, the different results of the traffic management 

scenarios can be evaluated from the safety point of view, which has been demonstrated 

by a numerical example. The different indicators examined different types of risks. 

The presented results provide the opportunity for future works to examine, compare and 

rank the safety characteristics of the autonomous transport systems. By the use of the 

elaborated approaches, traffic management related to different network types, traffic or 

travel demand structures, optimization objectives, etc., can be assessed. 

6.7 Thesis III 

I have defined indicators applicable for the safety assessment of traffic in the investigated 

highly automated transport system. The elaborated safety indicators examined different 

types of risks, considering the spatial and temporal characteristics of the vehicle 

movements and the speed characteristics of the vehicles in the network. I have 

demonstrated the applicability of the safety indicators by presenting a numerical example. 

 

Publications related to Thesis III: (Török and Pauer, 2016; Pauer, 2017a; Török, Pauer 

and Berta, 2017b; Török and Pauer, 2017; Pauer, Sipos and Török, 2019; Pauer and 

Török, 2022) 
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7 Investigating the impact of grid structures on the 

optimization of traffic flows 

7.1 Introduction 

The previously introduced binary integer traffic management model was developed to 

support the transport processes of the investigated autonomous system. Ensuring the 

efficiency, reliability, and applicability of the model, as well as the assessment of safety 

characteristics of the resulting traffic flows, were key areas of my research. According to 

my concept, the road network was represented by a square grid since the occupancy grid 

concept was assumed to be an effective tool to address the challenge regarding the 

unambiguous assignment of the parts of the infrastructure to the vehicles. Thus, the 

applied grid structure provided the link between the physical infrastructure and the 

theoretical model by representing the spatial characteristics of the transportation 

processes. The trajectories designated by the central system were assumed to be traversed 

by the vehicles relying on their sensors, so the turning and diagonal vehicle movements 

were interpreted in the model without any further constraints. 

Based on the reviewed literature, it was pointed out that the representation of the transport 

network was mainly considered so far as a predefined, passive element of traffic 

management, and previous research orientations were not primarily aimed at examining 

the effects of the applied grid structure. The spatial representation of the environment in 

the automated vehicle control systems was generally based on a square grid structure, 

although it is clear that different solutions can also be used since the space can be covered 

by the use of several other polygons (e.g., equilateral triangles, hexagons) (Azpúrua et 

al., 2018; Nielsen, Sung and Nielsen, 2019).  

In accordance with the aim of my dissertation, for the further investigation of efficiency 

and safety aspects of traffic management, the grid structure was examined as a new 

adaptable system attribute. According to my hypothesis, the characteristics of the applied 

occupancy grid can have a significant effect on the safety and efficiency characteristics 

of the traffic optimization process. According to my expectations, the denser a grid 

structure is, the more efficient the traffic management process will be. Based on this 

assumption, according to the results of Gauss related to the circle packing problem 
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(Mistry, 2016), the hexagonal lattice-based grid structure was expected to have the 

highest density value, providing the best efficiency. However, I did not have any pre-

concept regarding the safety characteristic of the different grids. To investigate and 

quantify the effects, several grid structures have been applied in the previously developed 

model. 

7.2 The generation of the different grid structures 

Polygon grids can be generated in several ways, e.g., by multiplying the base polygon or 

fitting different polygons together. The theoretical basis of the grid generation is based 

on the fitting of circles circumscribed around the vehicles. If the circles are not allowed 

to overlap each other, the graph formed by their centers as nodes defines the graph 

representation of the road network. The sides of the polygons describing the network can 

be identified as the tangents placed on the contact points of the circles. The inscribed 

circles of the polygons have to be larger than or equal to the circles circumscribed around 

the vehicles. 

Regarding the constructed polygon grids, it must be true for the resulting finite-area grid 

that the minimal area polygon enclosing the generated finite-area grid and the sum of the 

areas of the base polygons constituting the investigated finite-area grid are equal. 

Following this, if we fit the base polygons constituting the grid properly, we get a set of 

polygons that completely fill the area of the enclosing polygon, where there is no overlap 

between the areas bounded by the fitted base polygons and the sides of the neighboring 

base polygons meet as well. 

During my research, the following types of grid structures were constructed and 

investigated. 

7.2.1 Square grid structure 

The first investigated structure (𝑇1) was the most commonly used square grid 

representation with the use of a square as the base polygon (Figure 15).  
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Figure 15 Representation of the square grid structure (𝑇1) 

In this form of representation, a base polygon can have up to 4 neighboring locations. The 

advantage is that the covered area and the lengths of the different routes can easily be 

calculated. A notable problem is that this representation cannot handle the diagonal 

vehicle movements on the network efficiently. 

7.2.2 Hexagon grid structure 

In the next case (𝑇2), the space has been covered by hexagons (Figure 16). 

 

Figure 16 Representation of the hexagon grid structure (𝑇2) 

In the hexagon grid structure, a base polygon can have more (up to 6) neighboring 

locations, which means a higher resolution of the area. However, the higher number of 

traveling options results in greater computational complexity. Furthermore, this 

representation is less efficient in handling the orthogonal movements of vehicles. 
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7.2.3 Square grid structures based on right triangles 

There are several ways to cover the space, also with the use of different types of triangles. 

In the following three cases (𝑇3, 𝑇4 and 𝑇5) grid structures have been generated by the use 

of right triangles (Figure 17). 

 

Figure 17 Representation of the square grid structures based on right triangles 

(𝑇3, 𝑇4, 𝑇5) 

With the use of triangles, the number of grid connections, and therefore the complexity 

of the representation can be reduced since they can only have up to 3 neighboring 

locations. However, this can reduce the efficiency of traffic management, providing fewer 

travel options for vehicles. In all three presented cases, the base polygon of the grid was 

actually a square, but the square has been divided into two right triangles in the case of 

𝑇3and 𝑇4, and four right triangles in the case of 𝑇5. Note that in the case of 𝑇4, an isometric 

transformation (rotation) was also applied during the process of the multiplicative grid 

generation. 
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7.2.4 Hexagon grid structure based on triangles 

The base polygon of the next investigated grid structure (𝑇6) was again a hexagon, but 

similarly to the previous concept, the base polygon was constructed by triangles. For this, 

eight equilateral and six right triangles have been used, as indicated in Figure 18. 

 

Figure 18 Representation of the hexagon grid structure based on triangles (𝑇6) 

7.3 Numerical evaluation of the effects on the efficiency and safety 

characteristics 

To evaluate the effect of grid structures on the efficiency and safety of the autonomous 

transport system, the developed binary integer modelling framework has been applied for 

road networks (𝑅) created based on the presented grid structures. The specific locations 

of the structures (𝑖) constituting the road networks where indicated in the previous figures 

(Figure 15-Figure 18). The predefined origin locations were marked by dark grey, and 

the destination locations were marked by light grey background color. The diameter of 

the circle inscribed in the smallest polygon consisted of the different networks was 

defined as 5 meters, considering the enclosing size of a conventional passenger car. Based 

on this, the area covered by the indicated polygons of the different grids (𝐴) was 

determined geometrically. Note that the smaller the area of the base polygon written 
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around the circle was, the more polygons (locations) were needed to cover an area of a 

given size. 

During the designing of the investigated road networks within the structures, my aim was 

to create networks of similar structures and areas to ensure comparability. A four-legged 

intersection was represented in all cases, with one entry and one exit lane at each branch. 

In the case of all networks, consistent traffic load was assumed, with three vehicles 

entering the intersection on all the four entry lanes: 1 intending to turn to the right, 1 to 

the left, and 1 to drive straight through the intersection. Thus, the total number of 

considered vehicles (𝑚) was 12 in all cases. To further facilitate the comparability, the 

investigated time interval (9 𝑠𝑒𝑐) and the applied speed (15 𝑚/𝑠), acceleration, and 

deceleration limits (10 𝑚/𝑠2) were also the same in the case of all networks. The 

investigated parameters characterizing the resulting traffic flows have been presented in 

Table 20. 

Table 20 Comparison of the results related to the different road network structures 

 𝑅𝑇1 𝑅𝑇2 𝑅𝑇3 𝑅𝑇4 𝑅𝑇5 𝑅𝑇6 

𝐴 [m2] 600 585 655 655 583 624 

𝑦1 [m] 1005 475 1346 945 865 1061 

𝐷𝑖𝑠𝑡 [m] 320 245 273 270 260 282 

𝐶𝑀 40.813 26.083 25.702 31.846 35.444 29.557 

𝐶𝐹 10 5 12 12 14 13 

𝑉𝑁̅̅ ̅̅  [m/s] 9.143 7.903 6.825 6.740 8.125 6.868 

𝜎𝑉𝑉 2.456 2.109 1.961 1.663 2.798 1.758 

𝜎𝑉𝑁 3.270 2.985 2.538 2.397 2.997 2.453 

 

The area covered by the designated polygons of the different structures had almost the 

same size. For the comparison, I used the value of the minimized objective function (𝑦1) 

indicating the load of the network, the introduced safety indicators, and I also calculated 

the total distance traveled by the vehicles on the network (𝐷𝑖𝑠𝑡) according to the obtained 

results of the optimization. 

The predefined travel demands were satisfied during the examined time interval in the 

case of all road networks, except 𝑅𝑇3 in which one of the vehicles could not reach its 

destination. This resulted in a high value of 𝑦1, and caused a decrease in the value of 𝐷𝑖𝑠𝑡. 
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The results illustrated the disadvantages of the traditionally used square grid structure. 

The minimized objective value of the optimization was relatively high in the case of the 

road network based on structure 𝑇1, compared to many of the other representations. The 

distance traveled on the network was the highest in the case of the square grid 

representation. Furthermore, the value of almost all safety indicators was the highest in 

the case of 𝑅𝑇1, implying a lower level of road safety on this type of road network 

representation. 

The developed traffic management model achieved the most efficient results in the case 

of 𝑅𝑇2, and the distance traveled on the network was also the lowest in this case. This 

result was presumably the consequence of the large number of connections between the 

constituting hexagons. The obtained traffic flows were not risky compared to the other 

structures in terms of the spatial and temporal characteristics of the vehicle movements 

(the value of both 𝐶𝑀 and 𝐶𝐹 were low). However, the efficient management of the 

vehicles implied a relatively high average speed at the network level. 

Among the triangle-based grid structures, 𝑇5 proved to be the most effective based on the 

values of the network load (𝑦1) and the traveled distance (𝐷𝑖𝑠𝑡) characterizing 𝑅𝑇5. 

However, the safety indicators (𝐶𝑀, 𝐶𝐹, 𝑉𝑁̅̅ ̅̅ , 𝜎𝑉𝑉, 𝜎𝑉𝑁) were the most unfavorable in this 

case. 

The road networks 𝑅𝑇4 and 𝑅𝑇6 were characterized by a similar efficiency to the square 

grid structure based on the value of 𝑦1, but the traveled distances were lower. In addition, 

there were fewer and safer crossing vehicle movements, and the lower and more even 

vehicle speeds also implied safer traffic flows in these cases. 

Since the applied polygons were the largest in the case of the triangle-based structures 

(𝑅𝑇3-𝑅𝑇6), the lower number of locations resulted in a higher value of 𝐶𝐹 in these cases 

(the vehicles were distributed at fewer locations). 

As mentioned earlier, the efficiency of structure 𝑇3was the worst, a vehicle couldn’t even 

reach its destination on 𝑅𝑇3. This also meant that the obtained values of 𝐷𝑖𝑠𝑡 and 𝐶𝑀 can 

be considered less favorable than the numerically indicated ones. 
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7.4 Conclusions 

To further assess the efficiency and safety aspects of traffic management in the 

autonomous transport system, I have investigated the effects of the applied transport 

network representations. As a novel contribution, the grid structure was examined as a 

key system attribute influencing the obtained results of the traffic optimization problem. 

Grid structures based on different polygons were constructed, and their effects were 

investigated through numerical examples. 

It has been found that the traditionally used square grid structure showed unfavorable 

results in terms of efficiency and safety parameters compared to the other structures in 

the case of the examined road networks representing an intersection.  

The use of hexagons as the base polygon of grid generation proved to be the most efficient 

solution, presumably because of the highest number of connections between the elements 

of the network. The safety indicators representing the number and temporal distance of 

crossing vehicle movements (𝐶𝑀) and the close following vehicle maneuvers (𝐶𝐹) were 

also favorable on this network. However, as the “price” of the efficiency, one of the 

highest average speed arose on this network, and the inhomogeneity of speed at the 

vehicle and at the network level was also not favorable. It must also be noted that the high 

number of connections between the locations might result in an increase in computational 

complexity. The development and examination of indicators characterizing the 

computational complexity of the different grid structures forms further promising 

direction for future research. 

Using the triangle-based grid structures, two of the presented representations (𝑅𝑇4 and 

𝑅𝑇6) proved to have similar efficiency to the square grid network but provided much more 

favorable results in terms of safety and traveled distances. In the case of 𝑅𝑇5, the 

efficiency and the traveled distance were even more favorable, and although the values 

of the safety indicators lagged behind those of the other triangle-based representations, 

they were not less favorable than the values obtained in the case of the square grid 

network. 

The presented results indicate that the application of different grid structures for road 

network representation could significantly influence the efficiency and safety aspects of 
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traffic optimization. As a continuation of the research, it is proposed to examine the 

effects of using different transport environments and grid structures. 

7.5 Thesis IV 

I have demonstrated that the application of different grid structures for road network 

representation has an effect on the efficiency and safety of the traffic flows resulting from 

the developed traffic management model. I have investigated and quantified the effects 

through a numerical example representing an intersection. Based on this experimentation, 

I have pointed out that with the use of grid structures based on different polygons (e.g., 

hexagons, triangles), better traffic management results can be achieved both in terms of 

efficiency and safety, compared to the traditionally used square grid structure. 

 

Publications related to Thesis IV: (Török, Pauer and Berta, 2017a; Török, Berta and 

Pauer, 2018; Pauer and Török, 2021; Pauer and Török, 2022) 

  



93 

 

8 Overall conclusions 

The most promising direction for the evolution of the road transport system is the 

development and future spread of highly automated vehicles. The expected change of 

future transport systems generates several new research areas, among which the 

modelling of the transport management processes and the investigation of safety and 

efficiency aspects were in the focus of my research. 

Among several other benefits, autonomous vehicles provide the opportunity to develop 

an efficient and safe traffic management system by ensuring the controllability of the 

transport elements. In accordance with this -considering a totally autonomous passenger 

transport system- my aim was to develop traffic management procedures, ensuring the 

system level minimization of the traffic load on the road network. 

Using the developed models and obtained traffic flows, my further goal was to develop 

and examine parameters that characterize the efficiency and safety parameters of the 

autonomous transport system. 

8.1 New scientific results 

Thesis I 

I have developed basic efficiency-based and improved travel cost-based models for the 

network level management of traffic flows in the autonomous transport system. I have 

demonstrated the applicability of the models by solving the traffic distribution problem 

on three sample road networks of different character. One of the proposed methods 

(second model) allows for influencing the travelers’ decisions by integrating the road toll 

structure in the model, providing the possibility to investigate the effects of external 

parameters. 

 

In the first stage of my research, I aimed to elaborate a modelling framework applicable 

for determining the static optimum of traffic flows in the autonomous transport system. 

This was achieved by the elaboration of procedures solving the classic traffic distribution 

problem. The applied aim of the optimization was the minimization of the total travel 
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time on the considered road network. During the procedure, the predefined travel 

demands had to be satisfied also considering the constraining conditions (e.g., the 

capacity of the network elements). In my dissertation, two types of static transport system 

managing models were developed, representing different transport management 

procedures. These models dealt with traffic flows rather than individual vehicles. The 

objective function of the optimization problem, as well as the constraining conditions 

describing the models, were elaborated. 

In the first model, the traffic flows were treated as system variables and were directly 

managed on the considered road network. Based on this approach, it was possible to 

organize the traffic demand structure reasonably close to the optimum.  

The second model represented a cost-based management process where traffic flows have 

been influenced by the road toll structure. In this case, the costs of the alternative route 

sections were the optimized variables. Thus, the decisions of the road users were not 

completely excluded from this model since their willingness to travel characteristics was 

considered based on a predefined, cost-dependent function. The system defined the travel 

prices with the same objective as the first model (minimizing the total travel time on the 

road network while satisfying the most travel demands). 

One of the main contributions of the developed models was the representation of the 

traffic distribution optimization problem. I have implemented the models in the 

MATLAB environment and demonstrated their applicability in numerical examples. The 

results showed that the cost-based second model provided equivalent or somewhat less 

effective results compared to the first model depending on the travel demand and road 

network structures. However, as a novel result, the proposed method of the second model 

allowed for influencing the travelers’ decisions by integrating the road toll structure, 

providing the possibility to investigate the effects of external parameters on traffic 

management. 

Publications related to Thesis I: (Pauer, 2017b; Török and Pauer, 2018; Pauer and 

Török, 2019a; Pauer and Török, 2019b; Pauer and Török, 2019c) 
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Thesis II 

I have developed a binary integer model that implements network level optimization of 

traffic flows through the vehicle level management of transport processes in the 

autonomous transport system. In the model, the considered timeframe and road network 

were discretized. The applied decision variable described the position of the individual 

vehicles in the discretized time domain with a binary integer value set. The model defined 

and integrated conditions necessary for the safe flow of traffic (limitation of speed, 

acceleration, deceleration, avoidance of collisions). I developed methods that 

significantly reduced the computational complexity of the model by excluding 

unnecessary or redundant constraining expressions without compromising the reliability 

of the results. I have demonstrated the applicability and efficiency of the reduced 

complexity model by solving numerical examples. 

 

For more detailed traffic management of the considered autonomous transport system, 

the basic models were modified and improved. With the discretization of the investigated 

time and space domains and the use of a binary integer model variable describing the 

position of the vehicles in time, I have developed an advanced macro-level dynamic 

traffic management model, which is also applicable for the management of the transport 

processes at the micro-level. 

Similar to the basic models, the aim of the advanced binary integer model was the 

minimization of the total travel time on the road network while satisfying the most travel 

demands, taking into account the defined constraints. In this case, however, the network 

level traffic management was achieved through the management of individual vehicles. 

The novel concept of dealing with individual vehicles rather than traffic flows allowed 

for more complex traffic management and investigation of transport-related processes, 

safety, and efficiency aspects. The position of the vehicles was accurately determined and 

managed by the model at each time instant, taking into account the defined constraints in 

accordance with the occupancy grid concept. As the constraining conditions of the model, 

considerations ensuring the feasibility of the results (unambiguous assignment of the 

locations and the vehicles), traffic safety aspects (avoidance of collisions), and parameters 
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related to vehicle dynamics (limitation of speed, acceleration, and deceleration) were 

defined and integrated. 

In my dissertation, the generalized representation of the model was elaborated, and its 

applicability was demonstrated in two small numerical examples. As the main limitation, 

it has been identified that the discretization of the time and space domains and the high 

number of vehicles may significantly increase the number of variables. This could result 

in increasing computational complexity and processing time. To alleviate this problem, I 

have developed new methods to reduce the complexity of the presented transport 

management process. 

For the above-described purpose, I have identified the reduction of the number of 

constraining expressions as the best possible solution. By excluding the unnecessary or 

redundant cases from the investigation, the number of equalities and inequalities 

describing the constraints of the model could be reduced without threatening the 

feasibility of the results or decreasing the efficiency of the traffic management process. 

The base principle of the developed simplification methods was the exclusion of different 

possible values of the variable from the investigation in the case of the constraints 

representing the applied speed, acceleration, and deceleration limits. Furthermore, based 

on the specific characteristics of the predefined origin and destination locations (e.g., 

vehicles could not enter any origin or leave any destination location during their travel), 

their examination was also omitted for some of the constraining expressions. 

Applying these considerations, it was especially important to ensure that the 

simplifications did not hurt the feasibility of the solution. Since these methods were 

intended to modify the model, system safety procedures were applied to mitigate the 

potential safety risks associated with them. Hence, I have applied a particular emphasis 

on functional safety during the development process, identifying the potential hazards 

arising from inappropriate changes in the model. 

The effects of the introduced methods were investigated through numerical examples. 

The results implied a significant reduction (above 90% by the combined use of the 

methods) in the number of investigated constraining expressions without compromising 

the reliability of the model results. Thus, the applicability of the model was greatly 

improved by the developed methods by increasing the number of manageable variables 

and decreasing the runtime. The applicability was also demonstrated in a more realistic 
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scenario (modelling a road junction with 32 locations and 20 vehicles investigated), 

resulting in an outstandingly efficient traffic management procedure considering the 

capacity of the junction. 

Publications related to Thesis II: (Török and Pauer, 2018; Pauer and Török, 2021; Pauer 

and Török, 2022) 

 

Thesis III 

I have defined indicators applicable for the safety assessment of traffic in the investigated 

highly automated transport system. The elaborated safety indicators examined different 

types of risks, considering the spatial and temporal characteristics of the vehicle 

movements and the speed characteristics of the vehicles in the network. I have 

demonstrated the applicability of the safety indicators by presenting a numerical example. 

 

Focusing on the safety aspects of traffic flows in the autonomous transport system, I have 

defined indicators characterizing the level of road safety in the case of the obtained results 

determined by the elaborated binary integer model. The different indicators examined 

different types of risks. 

The presented formulas considered the spatial and temporal characteristics of the travel 

processes and the speed data of the vehicles by the following safety indicators: 

 𝐶𝑀: the indicator expressed the risks arising from crossing vehicle movements, 

calculating the number and temporal distance of these maneuvers.  

 𝐶𝐹: the indicator represented the risks arising from close following vehicle 

maneuvers by summing those cases when any of the vehicles arrived at a location 

that was left by another vehicle at the same time step. 

 𝑉𝑁̅̅ ̅̅ : the indicator implied the level of safety by the average speed at the network 

level, calculated as the mean of the speed data of all vehicles in the consecutive 

time steps over the investigated time interval. 

 𝜎𝑉𝑉: the indicator characterized the level of safety based on the inhomogeneity of 

speed values at the vehicle level, interpreted as the mean of the empirical standard 

deviation of the individual vehicle speeds per time step. 
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 𝜎𝑉𝑁: by this indicator, the inhomogeneity of speed values was also examined at 

the network level, as the empirical standard deviation of the speed data of all 

vehicles in the consecutive time steps over the entire examined time interval. 

In all cases, the lower value of the indicator implied a safer flow of traffic. This was due 

to the lower number or higher temporal distance of crossing or close following vehicle 

movements (𝐶𝑀, 𝐶𝐹), the lower or more similar speed data of the different vehicles (𝑉𝑁̅̅ ̅̅ , 

𝜎𝑉𝑁), or the more even individual vehicle speeds with fewer accelerations and 

decelerations (𝜎𝑉𝑉). 

I presented the functionality of the introduced safety indicators through a numerical 

example. Based on the applied considerations, the road safety level of any transport 

system can be assessed, compared, and ranked. 

Publications related to Thesis III: (Török and Pauer, 2016; Pauer, 2017a; Török, Pauer 

and Berta, 2017b; Török and Pauer, 2017; Pauer, Sipos and Török, 2019; Pauer and 

Török, 2022) 

 

Thesis IV 

I have demonstrated that the application of different grid structures for road network 

representation has an effect on the efficiency and safety of the traffic flows resulting from 

the developed traffic management model. I have investigated and quantified the effects 

through a numerical example representing an intersection. Based on this experimentation, 

I have pointed out that with the use of grid structures based on different polygons (e.g., 

hexagons, triangles), better traffic management results can be achieved both in terms of 

efficiency and safety, compared to the traditionally used square grid structure. 

 

In the case of the developed binary integer traffic management model, the road network 

was represented by a square grid in accordance with the occupancy grid concept. The 

applied grid structure provided the link between the physical infrastructure and the 

theoretical model; however, the previous research orientations were not primarily aimed 

at examining the effects of different representation methods. 
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As a novel contribution, I have investigated the effects of applying different grid 

structures to further analyze the efficiency and safety aspects of traffic management in 

the autonomous transport system. For this purpose, I have constructed grids representing 

the transport network based on different polygons. With the help of the developed binary 

integer modelling framework, the efficiency of the optimization was assessed in the 

different scenarios based on the value of the objective function and the traveled distance 

of the vehicles. In addition, the safety characteristics of the results were determined based 

on the previously introduced indicators. 

My results indicated that the application of different grid structures for road network 

representation could significantly influence the results of traffic optimization. I have 

revealed unfavorable values in terms of efficiency and safety parameters in the case of 

the traditionally used square grid structure, compared to many of the other investigated 

representation methods.  

The use of hexagons as the base polygon of grid generation proved to be the most efficient 

solution, presumably because of the highest number of connections between the elements 

of the network. In this case, the safety indicators related to the crossing and close 

following vehicle movements were also favorable; however, the high efficiency resulted 

in higher vehicle speeds. It must also be noted that the high number of connections 

between the locations might result in an increase in computational complexity.  

The triangle-based grid structures could be characterized by lower complexity compared 

to the square grids (each location had only three neighboring locations). However, several 

presented structures provided results of similar or slightly better efficiency and more 

favorable safety characteristics compared to the obtained traffic flows of the square grid 

representation. 

Publications related to Thesis IV: (Török, Pauer and Berta, 2017a; Török, Berta and 

Pauer, 2018; Pauer and Török, 2021; Pauer and Török, 2022) 
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8.2 Application and scope for future works 

The developed basic models were applicable to manage the traffic flows in the 

autonomous transport system, aiming to minimize the networks’ traffic load. The novel 

contribution of the second model focused on influencing the travel processes during 

traffic optimization by integrating external parameters in the model. Using the elaborated 

concept, considering other external factors (e.g., traffic safety, pollution) as external costs 

becomes feasible in the traffic management process. In my dissertation, I managed to 

express the "willingness to travel" with a simplified, linear cost-dependent traffic volume 

function. However, the data-based, more accurate definition of this correlation (either for 

individuals or groups of travelers) is also an important task for realistic modelling. 

Validation of the model would be supported by the application to an extensive urban road 

network. The safety level of the traffic structure provided by the basic models can be 

characterized by general indicators (e.g., traffic volume of intersecting routes, capacity 

utilization of road sections). 

Using the above-described results, I elaborated an advanced traffic management model 

that represents transport processes at the vehicle level while implementing a network level 

traffic optimization process. The advanced model provided the possibility for a more 

complex traffic management and more detailed analysis of the safety and efficiency of 

the traffic flows. The conditions necessary for safe traffic were also considered.  

By refining the applied assumptions, the model can be improved so that it describes more 

precisely the operation of the autonomous transport system. This can include the 

distinction of the different traffic maneuvers (e.g., turning), the consideration of different 

technical parameters of the vehicles, or the interpretation of initial speed and acceleration 

at the origins. 

To reduce the computational complexity and enhance the applicability of the model, I 

have developed simplification methods. As it was presented through numerical examples, 

the elaborated concept enables efficient and safe traffic management. The model thus 

provides a basis for the central management of vehicles in autonomous transport systems, 

taking into account the network level optimum. Based on the appropriate representation 

of the transport network, the model can be used to manage the traffic processes of small, 

closed systems (e.g., private vehicle fleets of university campuses) or infrastructure 

elements (e.g., road sections, junctions). At the same time, by connecting such 
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subsystems, the traffic management of larger territorial units is also possible using the 

developed concept. The efficiency and applicability of the model can be further increased 

by implementing the time-consuming computations within a more advanced software and 

hardware environment optimized for solving linear equation and inequality systems and 

optimization tasks.  

Although the mentioned tools can significantly reduce the running time, I consider the 

elaborated simplification methods to be important due to the volume of achieved 

reduction (over 90% decrease in the number of equations and inequalities in the presented 

examples). Reducing the number of investigated expressions increases the number of 

manageable variables even with the use of high-performance hardware/software tools. 

Furthermore, the conceptual considerations behind the developed simplification 

procedures can be used to develop other models dealing with the traffic processes of 

autonomous vehicles. 

My future work will focus on further reducing the complexity of the model based on 

different approaches. For example, heuristics can be applied to decrease the number of 

cases to be considered (e.g., designing and delimiting the number of alternative routes 

between the origin and destination zones). 

Considering the investigated autonomous transport system, I have defined 

methodological approaches applicable for the characterization of the safety level of the 

implemented traffic processes. Using the presented indicators, the different results of the 

traffic management scenarios can be evaluated from the safety point of view. The 

different indicators refer to different types of risks. The results provide the opportunity 

for future works to examine, compare and rank the safety characteristics of the 

autonomous transport systems. By the use of the elaborated approaches, traffic 

management related to different network types, traffic or travel demand structures, 

optimization objectives, etc., can be assessed. In the model, identical technical parameters 

(e.g., braking characteristics) of the vehicles were assumed, which was necessary for the 

safe implementation of the defined traffic processes. However, ensuring that various 

technical parameters and conditions of the vehicles can be taken into account is an 

important task for future research. To this end, the data provided by the vehicles to the 

central system about themselves is essential. 
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As a novel contribution, I examined the effects of representing the transport network 

using different grid structures to further assess the efficiency and safety aspects of traffic 

management in the autonomous transport system. My findings indicated that the 

application of different grid structures for road network representation could significantly 

influence the efficiency and safety aspects of traffic optimization. In the course of the 

research, the network structures were determined intuitively. However, the obtained 

results suggest that the optimization of the grid structure representing the network will be 

an important development orientation in the future. An essential direction for further 

research could be to increase the resolution of the network representation structure, as 

this will allow low-speed operations such as pedestrian-vehicle interaction to be handled. 

This would also solve the problem of covering real infrastructure elements with any grid 

structure in a more flexible way. In addition to the above, it should be mentioned that the 

current 2D method can be flexibly extended to a 3D environment, which can, for instance, 

help to solve problems related to autonomous systems such as control of complex UAV 

(Unmanned Aerial Vehicle) systems. 
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