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1 Research topic and objectives 

Route planning is one of the most evolving areas of our time, mainly due to the 

expansion of global transportation and the increasing mobility. These trends are supple-

mented by the emergence of autonomous traffic, which increasingly demands quick al-

gorithms that are capable of providing as many alternative routes as possible. There are 

already several solutions available, including, but not limited to one of the most well-

known solutions, Google Maps, but the Waze system is also very popular, not to mention 

the solutions offered by different cities, that are exclusively optimized for their own pub-

lic transport. 

However, the existing systems use several solutions and simplifications in order to 

operate fast enough. One common method is to form a bubble around the point of depar-

ture and the destination, and to search only within this bubble [1]. This seems logical at 

first, but it does not always lead to a good result. In terms of travel time and cost, there 

are situations where you might want to leave this bubble. This may be necessary in the 

case of a traffic jam, or due to the abnormally low prices offered by low-cost airlines 

compared to other modes of transport; thus, the “bubble” area would need to be signifi-

cantly increased geographically. Nevertheless, the number of nodes and their connections 

is increasing dramatically, that slows down the algorithms drastically. From this situa-

tional awareness, one of the aims of this doctoral research was to outline a possible solu-

tion to this issue. 

Another area of this research work is how to extend and take as many aspects of 

travel planning into account, as possible, especially by focusing on user needs. In addi-

tion, part of the work was to outline a feasible solution for weighing the different aspects. 

Furthermore, a possible method for data evaluation and usage was determined, that could 

be taken into account in future schedules and infrastructure developments by the service 

provider. The starting point is that the widespread solutions may not, or only hardly can 

take the needs of different social groups into account, e.g. groups by age, gender, or in 

the case of passengers with reduced ability. From their point of view, there are several 

aspects that can drastically change the recommended route. For example, an older pas-

senger may need a longer transfer time, the possibilities of placing the stroller are crucial 

in the case of travelling with young children, and the availability of tactile signals is top 

priority for visually impaired passengers. In addition, statistics from current route plan-

ning solutions can provide an important opportunity for service providers, and these can 

significantly reduce the amount of expensive and time-consuming questionnaire surveys. 

Processing this data with data mining methods can be beneficial. They also allow for the 

discovery of relationships that are difficult to carry out in traditional evaluations. 

Finally, a research aim has been formulated to develop a solution for the possible 

integration of new and modern transport solutions, especially autonomous vehicles and 

dock-free public transport. In any case, it was necessary to take earlier developments into 

account, and to provide a possible prediction for the challenges ahead, on the basis of 

current research, and the likely role of transport modes. 
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2 Applied research methods 

In my research, my primary goal was to develop a solution to the situation described 

in the first paragraph. In addition, based on this solution, I will outline a model for a 

multimodal search ready network that makes the consideration of different sharing and 

autonomous systems possible. 

During the review and processing of the research topic in the academic literature, I 

realized that several limitations need to be applied in the available algorithms, so that they 

function properly. These limitations are mainly the maximum network size and the nec-

essary cache requirements. This is due to the finite computing speed of computers. How-

ever, one of the effective solutions for this case is to fully utilize the capacity of processors 

with multiple computing threads. 

To achieve my aims, the following steps were completed: 

− in the first step, the available algorithms were examined, 

− the ant colony algorithm was chosen, because it has the greatest potential 

for parallelization due to natural analogy, 

− detailed examination of the algorithm was carried out with the help of a test 

network to determine the parameters’ effect on the results, 

− the algorithm was modified to exploit the best use of the resources of mod-

ern processors, 

− the model of a multimodal network was outlined with respect to the follow-

ing aspects, 

− distance, 

− travel time, 

− travel cost, 

− user aspects, 

− I have addressed the needs of users in greater detail, as satis-

faction with these services can be greatly increased, and us-

ers can save time and energy. 

− Of course, there are many ways to use data on the provider side as well, 

− of which the performance data is of the most importance, as it ena-

bles the service provider to optimize scheduling and capacity. 

3 Bibliography Research 

Route optimization has always been an important factor for efficient resource man-

agement. As a result of space competition, and later, the globalization, the need for opti-

mization continued to increase. The procedures can be divided into two main groups, one 

is the group of analytical procedures, in which, after dismantling the entire network, and 

based on some criteria, the “best” path is determined. In this case, mathematical methods 

prove that the “best” path was determined. The other group consists of the experiential or 

heuristic methods, where finding the “best” path is not guaranteed, but a “good enough” 

path is provided within a short time. In addition, algorithms for planning the route be-

tween two points, and problem-solving algorithms for transportation can also be distin-

guished. The most well-known and widespread methods can be included in this classifi-

cation system as follows: 
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 methods for planning the route between 2 points 

 analytical 

 Dijkstra [2], [3], [4] 

 Bellmann-Ford, 

 Floyd-Warshall, 

 Frederickson [5], [6], [7] 

 heuristical 

 A∗ (A star) [3], [8], [9] 

 B∗ (B star) 

 genetic [10], [11], [12], [13] 

 Ant Colony (ACO) [14], [15], [16], [17], [18], [19] 

 route planning methods for travel sales problems and logistics 

 distribution: multiple pick-up locations are served from a single dispatch 

point 

 collector: transport, where several shipments of consignment have to be con-

veyed to a single destination 

 Touropt, Vogel-Korda, Dacey-Vogel 

The most commonly used algorithms are Dijkstra, A∗, Frederickson, genetic and 

Ant Colony. The great advantage of Dijkstra is that it discovers the whole network, and 

it is quite simple, but it has the disadvantage of having too many steps, and being too time 

consuming 𝑂(𝑛 log 𝑛). The advantage of A∗ is that it does not overestimate the value 

needed to reach the target and returns with an optimal solution [3], but has the disad-

vantage of wasting time on the wrong paths, and having large memory need. Frederick-

son's algorithm divides large networks into sub-regions [5], but only 3 levels are used by 

default, and 𝑂(𝑛√log 𝑛) is required. Improved Frederickson already allows 𝑛 levels, it 

is faster than the basic algorithm, and its time requirement is 𝑂 (𝑛
2

3 log
7

3(𝑛 ∙ log(𝑛 ∙ 𝐷))). 

Genetic algorithms can effectively choose from many options and calculate the global 

optimum. However, their disadvantage is that the result depends on the generation of the 

random number, so it is not repeatable and requires an initial path to start. The advantage 

of the ant colony algorithm is that it quickly locates an optimum, it is protected from local 

optimum, and it increases its efficiency with more ants. The disadvantage is that the num-

ber of ants drastically increases the computing resource requirement, and the low number 

of ants does not provide the best path. 

From these methods, Dijkstra is well-suited for network discovery, but it also has 

the disadvantage of computing time in the case of large networks. The A∗ method can be 

used well, if there are rarely any dead-ends or natural obstacles in the given network, 

because, when having such dead-ends or obstacles, it loses its advantage over Dijkstra in 

terms of computing time. Frederickson's solution is based on clustering, where multiple 

levels of breakdowns reduce the run time of Dijkstra, but lose the advantage in terms of 

time in the case of too many levels. One common feature of the Dijkstra, A∗ and Freder-

ickson algorithms is that they only find one “best” solution. However, for larger, more 

complex networks, there may be several equally "good" paths that should be considered. 

In finding these, it is advisable to use, among other things, the Ant Colony method and 

the genetic algorithm. Another advantage of the Ant Colony algorithm over the genetic 

one is that it can also be used to discover the network. 

One of the most important aspects of the comparison is the required time. In the 

case of Ant Colony and genetic methods, it is highly dependent on the parameters con-

trolling the algorithms. Therefore, in the first step, analytically computable methods were 
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compared against the network size using formulas that determine their time requirements 

(Fig. 1). 

 
Fig. 1 The time requirements of the analytical algorithms 

The results of a comparative analysis are shown in Table 1, where Dijkstra, A∗ and 

genetic methods were the subject of the study. 

Graph size 

(number of 

nodes) 

Execution time (s) 

Dijkstra 

A∗ with 

straight line 

heuristics 

A∗ with cumu-

lative 

line-nodes 

Genetic algo-

rithm 

40 7 7 22 5 

80 120 120 456 51 

Table 1 Execution times for Dijkstra, 𝐀∗ and Genetic algorithms [20] 

The table shows that despite doubling the size of the network, the required time for 

the genetic algorithm was the smallest. Genetic algorithms are well-suited for adaptive 

and self-regulatory systems [21], [22]. 

A similar comparison was made between the genetic and the Ant Colony algo-

rithms, the results of which are shown in Table 2. 
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Work-

spaces 

complex-

ity 

Relatively simple work-

spaces 

Relatively complex 

workspaces 

Complex work-

spaces 

Algorithm Ant colony Genetic Ant colony Genetic 
Ant col-

ony 
Genetic 

Time (s) 477,21 1522,08 648,69 1869,28 972,64 2560,42 

Iteration 30 50 45 80 50 100 

Popula-

tion 
20 20 25 35 30 50 

Table 2 Comparison of genetic and Ant Colony algorithms [23] 

Regarding the execution times, it can be seen, that the ant colony algorithm pro-

vided significantly better values than the genetic method in the given test network and 

configuration. 

Based on the results presented above, it can be assumed with reasonable certainty 

that the Ant Colony is the most effective method from the presented algorithms, therefore, 

it seems advisable to use it in large and complex networks. Furthermore, as described 

above, it is capable of finding not only the best route, but alternative solutions, as well. 

This can be used to create an optimum k list of the best routes from which alternative 

routes can be used.  

4 New scientific results 

1st Thesis  

1st Thesis The operation of the ant colony algorithm was examined, and it 

was concluded that the value of the input parameters should be chosen for the effi-

cient operation of the routing as follows: 𝜶 > 𝟐, 𝟔, 𝜷 < 𝟎, 𝟓, 𝝔 > 𝟎, 𝟓; in the case of 

𝑸 there is no effect. 

During my research work, a test network was created on which the simulations were 

performed. This network consisted of an expediently selected subset of public transport 

in Budapest and Vienna. During the simulations, the ant colony algorithm [15], [16] was 

used, which was based on the following equation, that calculated the probability of rout-

ing: 

𝑃𝑖𝑗 =

{
 
 

 
 (𝜏𝑖𝑗)

𝛼
∙ (𝜂𝑖𝑗)

𝛽

∑
𝑢∉𝑀𝑘

(𝜏𝑖𝑗)
𝛼
∙ (𝜂𝑖𝑗)

𝛽
ha 𝑗 ∉ 𝑀𝑘

0 ha 𝑗 ∈ 𝑀𝑘

 (1) 

in the equation, 𝜏 is used to denote ants' mark of the path quality between given 

nodes, which in this case is called pheromone. 𝜂 is the inverse resistance value for the 

specified nodes in the graph. The starting node is marked with 𝑖 and the destination is 

marked with 𝑗. 𝑀𝑘 is a list of nodes that are traversed by the ant. 

During the operation, the ants' route marking process is important, which was mod-

eled by calculating pheromone values: 
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𝜏𝑖𝑗 = 𝜏𝑖𝑗 ∙ (1 − 𝜚) + ∑Δ𝜏𝑖𝑗 (2) 

The evaporation of the pheromone in this case is controlled by 𝜚 and ∑Δ𝜏𝑖𝑗. If  

𝜚 > 0, evaporation occurs. The lower the value, the greater the evaporation. It is expedi-

ent to work in the range 0 < 𝜚 ≤ 1, because 𝜚 > 1 will greatly increase evaporation. If 

𝜚 < 0, the signal strengthens. ∑Δ𝜏𝑖𝑗 can be determined by the following pheromone dif-

ference, that results from the previous route planning: 

∑Δ𝜏𝑖𝑗 = ∑ Δ𝜏𝑖𝑗𝑘

𝑁𝑟𝑂𝑓𝐴𝑛𝑡

𝑘=1

 (3) 

where 𝑁𝑟𝑂𝑓𝐴𝑛𝑡 is the number of ants and the pheromone change suggestion 

(Δ𝜏𝑖𝑗𝑘) provided by each ant is derived from the following equation: 

Δ𝜏𝑖𝑗𝑘 =
𝑄

𝑑𝑘(𝑖, 𝑗)
 (4) 

where 𝑑𝑘(𝑖, 𝑗) is the total distance traveled by the 𝑘𝑡ℎ ant, increased by the distance 

or resistance between the current nodes, and 𝑄 is the factor that controls the importance 

of distance or resistance. 

During the simulation, the probability of choosing a particular route can be in-

creased or decreased proportionally to the amount of pheromone. However, this only con-

trols the selection probability. The actual selection is made randomly, based on the rou-

lette wheel [24], [25], which, in this case, generates a random number from the paths, so 

that the value of the selection probabilities is virtually placed one after another. Equation 

(1) shows that the sum of each row in the matrix is 1, so the random numbers must always 

be generated between 0 and 1. This generated number has to be compared to the virtually 

placed consecutive probabilities, and to which field it fell, the ant chose that direction 

during the actual step. 

During the simulations,  the route planning with different values of the previously 

described parameters was run. The determination of the parameter range was preceded 

by previous investigations, where it was run on several fictitious networks [26]. In the 

present case, the parameters have taken the following values (Table 3) on the existing 

network described in Chapter 4.1 of the dissertation: 

Parameter The role of the parameter Value 

𝛼 Importance of pheromone 0,1; 0,6; 1,1; 1,6; 2,1; 2,6; 3,1; 3,6; 4,1; 4,6; 5,1 

𝛽 Importance of distance 0,05; 0,15; 0,25; 0,35; 0,45 

𝜚 Controls the pheromone evapora-

tion 
0,1; 0,2; 0,3; 0,4; 0,5; 0,6; 0,7; 0,8; 0,9 

𝑄 Controls the importance of dis-

tance 
100; 600; 1100; 1600; 2100; 2600; 3100; 3600; 4100; 4600; 5100 

𝑁𝑟𝑂𝑓𝐴𝑛𝑡 The number of ants 5; 10; 15; 20; 25 

𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑥 Maximum number of iterations 5; 10, 15; 20; 25 

Table 3 Tested parameter values  

The list of the shortest routes described in the dissertation (Table 4) contained the 

following top list of the distances: 
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Ranks Distance (km) Marking 

TOP 1 227,036 \\\  

TOP 2 227,579 ///  

TOP 3 227,942 ≡≡  

TOP 4 234,188 ||||  

TOP 5 234,551 ××  

Table 4 Top list of shortest routes 

During parameter analysis, the value of the currently selected variable was always 

changed and the rest was set to the lowest value. Thus, practically the sensitivity analysis 

of the parameters was the result (Fig. 2). 

 
a) The examination results of 𝜶  

 
b) The examination results of 𝜷 

 
c) The examination results of 𝝔 

 
d) The examination results of 𝑸 

Fig. 2 The results of the examinations 

After the sensitivity test, the results were evaluated for each execution, and the best 

parameter pairs were the following (Fig. 3), depending on the number of ants: 
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Fig. 3 The values of 𝑵𝒓𝑶𝒇𝑨𝒏𝒕 = 𝟓; 𝟏𝟎; 𝟏𝟓; 𝟐𝟎; 𝟐𝟓 

For a low number of ants, the algorithm typically provided the best results in more 

iteration steps, and fewer iterations were sufficient at a higher number of ants. As this 

shows, the more the ants, the less the efficiency, but this is even more advantageous, as 

the algorithm provides enough exploratory movement. 

My own scientific publications related to the thesis: [27], [28], [29], [30] 

− G. Katona, „Útvonaltervező algoritmusok,” Közlekedéstudományi szemle, 

LXVI. kötet, 1. szám, pp. 35-45, 2016. 

− G. Katona, B. Lénárt és J. Dr. Juhász, „Multimodális útvonaltervezés,” in 

Közlekedéstudományi Konferencia, Győr, Széchenyi István Egyetem, 2016, 

pp. 367-379. 

− G. Katona, B. Lénárt and J. PhD. Juhász, "Compare Ant-colony and Genetic 

algorithm for shortest path problem and introduce their parallel 

implementations," in 4th International Conference on Models and 

Technologies for Intelligent Transportation Systems, Budapest, Budapest 

University of Technology and Economics, Faculty of Transportation 

Engineering and Vehicle Engineering, 2015, pp. 312-319. 

− Citation: 

− Muhammad Arif Sazali, Nahrul Khair Alang Md Rashid, Khaidzir 

Hamzah, "A preliminary study to metaheuristic approach in mul-

tilayer radiation shielding optimization", IOP Conference Series: 

Materials Science and Engineering, vol. 298, pp. 012042, 2018. 

− G. Katona and J. Dr Juhász, "User habits and multimodal route planning," 

PRODUCTION ENGINEERING ARCHIVES / ARCHIWUM INŻYNIERII 

PRODUKCJI, pp. 22-27, 2017. 
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2nd Thesis  

2nd Thesis It has been found that increasing efficiency and reducing 

runtime can be achieved by using parallel operation, and thus, it is possible to reduce 

the number of iterations. 

The thesis is closely based on the results of the previous thesis, which shows that 

there is a potential to increase the number of ants. This results in consecutive executions 

of the basic algorithm. However, the ants are run completely independently of each other, 

so they can run parallel to each other in accordance with the real formicary, thus reducing 

the overall runtime. Modern technology provides the opportunity to model this with 

multi-threaded processors. The principle is easily understood by analogy to production 

lines. There are two ways to increase the computing capacity, similarly to increasing pro-

duction capacity. One option is to increase the computing/production speeds, but it is easy 

to see that beyond certain limits, we are already facing physical limitations. Therefore, 

another possible way is to use newer parallel capacities, thus increasing the number of 

calculations/productions over a given time. [31] 

It is easy to see that with the expansion of networks, the number of possible con-

nections and access options is drastically increasing, so the need for computing is also 

increasing. As a result, the increase in computing power is becoming more prominent. 

One possibility is to limit or simplify the network in some way. The other option is to 

increase the computing performance, for which multi-threading is an excellent option. By 

knowing the capabilities of modern processors and by avoiding network limitations, the 

algorithm for multithreading was prepared by me. 

During the operation of the program, the path search was performed on the available 

threads in parallel, and after the executions, the results were summed up, which is shown 

in the following diagram [32] (Fig. 4). 

Set initial parameters: 𝛼, 𝛽, 𝜚, 𝑄, 𝑁𝑟𝑂𝑓𝐴𝑛𝑡, 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 

For 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 = 0 to 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑥 do 

  Creating 𝑁𝑟𝑂𝑓𝐴𝑛𝑡 pieces computational thread 

1st ant routing 2nd ant routing … 𝑁𝑟𝑂𝑓𝐴𝑛𝑡. ant routing 

Calculation of pheromone 

matrix (Δ𝜏1) changes for 1st 

ant. 

Calculation of pheromone 

matrix (Δ𝜏2) changes for 2nd 

ant. 

… 
Calculation of pheromone matrix 

(Δ𝜏𝑁𝑟𝑂𝑓𝐴𝑛𝑡) changes for 𝑁𝑟𝑂𝑓𝐴𝑛𝑡. ant. 

Summary of pheromone changes: ∑Δ𝝉 

Updating the pheromone matrix 

𝝉 = 𝝉 ∙ (1 − 𝜚) + ∑Δ𝝉 

Fig. 4 Nassi–Shneiderman diagram (Structogram) for multi-threaded ant colony 

algorithm 

The efficiency of the developed algorithm can be measured by the execution time, 

which is summarized in the following figure (Fig. 4) 
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Fig. 5 Execution time summary 

The horizontal axis shows the number of ants and the number of active processor 

threads. The vertical axis on the left shows the execution time, and the average total time 

divided by the average time of one ant on the right; the latter value demonstrates how 

many times a single run makes up the total run. As you can see, the run time increases for 

both the ants and the total times. The reason for this is that the higher the number of ants, 

the more cases need to be evaluated for a given execution. However, the ratio of the total 

run time and the average run time per ant is decreasing (indicated by a curve, right-hand 

axis) as the number of threads and ants is increasing, thus, the run time is improving. 

Based on this, parallelization and increasing the number of ants should be considered. 

My own scientific publications related to the thesis: [33] 

−  G. Katona, B. Lénárt and J. Juhász, "Parallel Ant Colony Algorithm for 

Shortest Path Problem," Periodica Polytechnica-Civil Engineering, vol. 63, 

no. 1, pp. 243-254, 2019. 

3rd Thesis  

3rd Thesis  

a) The  

𝑃𝑖𝑗 =

{
 
 

 
 (𝜏𝑖𝑗)

𝛼
∙ (𝜂𝑖𝑗)

𝛽

∑
𝑢∉𝑀𝑘

(𝜏𝑖𝑗)
𝛼
∙ (𝜂𝑖𝑗)

𝛽
ha 𝑗 ∉ 𝑀𝑘

0 ha 𝑗 ∈ 𝑀𝑘

 

 inverse resistance matrix of the equation is calculated as follows:  
𝜂𝑖𝑗 = 𝐸𝑖𝑗

−1 

b) Autonomous systems based on passenger cars can be included and 

 managed as special taxi services in multimodal systems. 

One possible application of the algorithm presented in the 1st Thesis and the 2nd 

Thesis is an application on multimodal networks. The great advantage of the algorithm is 

that it does not require the whole network to be discovered, even so it is highly scalable 

and has a high probability of finding a solution. These features are particularly important 

for multimodal networks, as the more modes of a network are taken into consideration, 

y = 36,915x-0,462
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the higher the number of connections gets, which can exponentially increase the execu-

tion time of conventional algorithms. It is important to mention that the accessibility of 

public transport significantly influences this issue [34], [35]. 

An important key point of multimodal networks is the interconnection of scheduled 

public and non-scheduled individual transport. One possible way is to supplement the 

scheduled network with customized traffic that is virtually available all the time, contain-

ing the possible routes. During operation, access to stops around the departure and desti-

nation points must be planned, as shown in Figures 6 and 7. 

 
Fig. 6 Public transport stops in the 

area 
 

Fig. 7 Route planning to nearby stops 

 
Fig. 8 An example of possible 

connections for public transport 

 
Fig. 9 Exploring the possible 

intermediate routes from a particular 

stop 

Subsequently, the possible route options must be mapped from these stops with the 

help of public transport (Fig. 8). The figure shows dashed lines for individual transport 

and solid lines for public transport. 

A further optimization potential lies in exploring the connections between the stops. 

In this case, individual transport is a priority, for example, taxis and various sharing sys-

tems, or walking if necessary. This solution is particularly important when the task is to 

plan on a dynamically changing network, where, depending on the traffic situation, delays 

or earlier arrivals may occur, which can significantly change the estimated time of arrival. 

This is summarized in Fig. 9. 

The intermediate routes shown here also have to take the alternatives into account, 

thus the number of routes to be examined increases exponentially. 

After these preparations, a graph should be created on which the search can be per-

formed; a possible appearance of which can be described as in Fig. 10. 
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Fig. 10 Generation and use of multimodal graph 

Referring back to equation (1), the inverse of the resistance shown in the above 

figure (Fig. 10) is needed for the calculation, which further characterizes the passage be-

tween the two points. 

Research and development of autonomous transport modes has been one of the most 

potential areas of transport science in recent years. Technology companies like Google 

are especially active in this area with the Waymo project [36], but Tesla is not a minor 

player either [37]. A comprehensive summary of ongoing research in the area has been 

done [38], and multi-objective route planning has also been studied [39]. However, such 

developments have not only occurred in the automotive sector, but in the railways [40] 

and the aviation industry [41] as well, and in freight transport, too [42], [43], [44]. Fur-

thermore, with the emergence and development of the smart city concept [45], these ve-

hicles can play an increasingly important role in urban transport, but, as we have seen, 

also in long-distance transport. The domestic applicability of these solutions was also 

assessed [46]. From a sustainability point of view, many questions remain to be answered 

[47], [48], [49], in particular the question of energy sources [50], [51]. It is important to 

mention here, that central control can greatly increase the efficiency of systems [52]. 

Comfort and parking are highly important for users in individual transport. However, it 

is not negligible how autonomous transport is accepted by society, which has been studied 

in Anglosphere countries (USA, UK, AUS) [53] and in Hungary [54]. In addition, ethical 

issues [55] are also important in this area. It is important to mention that many innovative 

solutions are currently being developed [56], [57], [58], of which mobility as a service 

for autonomous transport should be highlighted [59], [60], [61], [62], [63], [64]. Moreo-

ver, the business model should also be considered [65], [66]. 

This concept has been the subject of more in-depth research from a central manage-

ment perspective [52], [67], [68], [69]. The model [52] essentially focused on door-to-

door transport. Their system was based on a genetic algorithm, and they were exploring 

the possibility of a discount system to support shared travel. 

The effects of congestion on the network are particularly important in this topic, 

and recurring cases deserve especially special attention [70], [71]. Not to forget traditional 

rental systems, especially cycling [72]. The sharing [73], [74] and their information sys-

tems [75] are also gaining importance. 

Based on these results, the model described in the previous theses can first be im-

plemented as a special “taxi” service. Here, the Ant Colony algorithm optimized for lo-

gistics [15] is useful, when the passenger demand signal is treated as a dispatch point, and 

the appropriate stop is treated as a destination. This is illustrated in Fig. 11. Of course, the 
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system can not only be used for the last meters, but also for transfers between intermediate 

stops (Fig. 12). 

 
Fig. 11 Multimodal system with 

autonomous transport 

 
Fig. 12 Multimodal system with 

autonomous transport while traveling 

The experience of car sharing and taxi systems, and their integration into today's 

systems can create a good test environment before the spread of autonomous systems. 

And this can be a particularly important tool for controlling and reducing emissions of 

traffic [76]. These developments could mean the further development of sharing systems, 

either by facilitating the movement of traffic-reduced zones, or by supplementing or re-

placing individual transport. 

The operation of such a system also requires proper control, a good example for 

this is the test system developed at the College of Kecskemét [77], [78]. 

As shown in Fig. 11 and Fig. 12, in practice, an autonomous car can properly sup-

port the transport backbone network as a well-organized and continuously available taxi 

service. Such a system can have the following benefits: 

− No rest time is needed for drivers, therefore, significantly higher efficiency 

can be achieved; 

− regions that are rarely covered by the transport network can be served with 

little investment; 

− can be of great help in optimizing traffic in urban transport management; 

− further optimization is possible with the application in bus transport. 

However, the disadvantages of the system can be as follows: 

− there is no staff in the car, so there is no help in packing luggage; 

− staff should be provided at various points in the service area to clean and main-

tain the vehicle; 

My own scientific publications related to the thesis: [28], [30], [79] 

− G. Katona, B. Lénárt és J. Dr. Juhász, „Multimodális útvonaltervezés,” in 

Közlekedéstudományi Konferencia, Győr, Széchenyi István Egyetem, 2016, 

pp. 367-379. 

− G. Katona and J. Dr Juhász, "User habits and multimodal route planning," 

PRODUCTION ENGINEERING ARCHIVES / ARCHIWUM INŻYNIERII 

PRODUKCJI, pp. 22-27, 2017. 

− G. Katona and J. Dr. Juhász, Autonomous cars in a multimodal transport plan, 

Zielona Góra: University of Zielona Góra, 2018. 
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4th Thesis  

4th Thesis Based on the sensitivity analysis, I determined the effect of user 

habits, which can be approximated by the following equation: 

𝒚 = 𝒂 ∙ 𝒙 + 𝒃 

The impact of route planning was analyzed by a sensitivity test. The 𝐹 matrix, 

which was used to calculate the resulting resistance matrix shown in Fig. 10 with this 

individual habits, preferred or avoided paths, etc. can be taken into account. As described 

in Chapter 7.2.1 of the dissertation, the simplified model of the network described in 

Chapter 7.1.1 of the dissertation has been modified, which means that, for some reason, 

the passenger would like to board at the Pöttyös utca stop instead of the Ecseri út metro 

station. Therefore, it is necessary to modify the 𝐸 matrix. In this example, in accordance 

with Chapter 7.2.1 of the dissertation, the following simplified relation is used: 

𝐸 = 𝑇𝑒
𝛼1 ∙ 𝑆𝛾1 ∙ 𝐹𝜑1 (5) 

Taking into account the relevant literature described in Section 7.1.2 of the disser-

tation [80], [81], the following values 𝛼1 = 0,75 and 𝛾1 = 0,25 are used in the present 

case to calculate. 

Furthermore, to assist in the evaluation of the sensitivity test, the weight of the ma-

trix 𝐹 became 1, namely 𝜑1 = 1. Ultimately, the goal of the study and the method is to 

increase user satisfaction, which requires the right data for a live system [82]. Also, usage 

of statistics can be a great help later in autonomous transport [83]. 

The identifier of Pöttyös utca M as a starting point is F01465 in the GTFS database 

provided by BKK [84], which means the bus stop on the surface, and code F01493 rep-

resents the Ecseri út metro stop. Based on this, and according to equations (1) and (5), 

and the 3rd Thesis, the calculation of the routing matrix element looks like this: 

𝑝F01465,𝐹01493 =
((𝑇𝑒𝐹01465,𝐹01493

0,75 ∙ 𝑆𝐹01465,𝐹01493 
0,25 ∙ 𝐹𝐹01465,𝐹01493)

−1

)
0,05

∑
𝑗
((𝑇𝑒𝐹01465,𝑗

0,75 ∙ 𝑆𝐹01465,𝑗 
0,25 ∙ 𝐹𝐹01465,𝑗)

−1

)
0,05  (6) 

From the equation it can be seen, that if the aim is to increase the probability of 

choosing a given edge, then the given value of 𝐹𝑖,𝑗 must be chosen to be less than 1. Based 

on equation (6) , it is sufficient to calculate the row matrix. During the sensitivity test, the 

value of the matrix element 𝐹𝐹01465,𝐹01493 ranged between 0,8; 0,9…1,2. Based on this, 

the routing probability as depicted in Fig. 13 depended on user habits: 
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Fig. 13 The graphical result of the sensitivity test of the M3 metro and tram 4 

My own scientific publications related to the thesis: [30], [85], [86] 

− G. Katona and J. Dr Juhász, "User habits and multimodal route planning," 

PRODUCTION ENGINEERING ARCHIVES / ARCHIWUM INŻYNIERII 

PRODUKCJI, pp. 22-27, 2017. 

− G. Katona and J. Juhász, "User habit effected multimodal route planning," in 

34th International Colloquium on Advanced Manufacturing and Repairing 

Technologies in Vehicle Industry, Budapest, 2017. 

− G. Katona, J. Dr Juhász and B. Lénárt, "Travel habit based multimodal route 

planning," in Transportation Research Procedia, Budapest, Budapest 

University of Technology and Economics, 2018, pp. 301-308. 

5th Thesis  

5th Thesis  

The relationship between the passenger kilometer and the route selection can be 

given as a product of the addition of equation (7) as follows: 

𝑈 = 𝑃 ∙ 𝐿 ∙ 𝑆 

Many indicators are used in the world of transport, of which, the passenger kilome-

ter has been analyzed in detail in this case as an example, and it can be calculated as 

follows: 

𝑈 = 𝐿 ∙ 𝑆 (7) 

where 𝑈 denotes the passenger kilometer, 𝐿 the passenger number and 𝑆 the 

transport distance. [87] 

For network models, it is important to note that both the input data and the models 

carry varying degrees of uncertainty [88], [89], but this does not have a modifying effect 

in presenting the method. Of course, in real-world modeling, the traditional 4-step ap-

proach can be used to generate traffic, but real-time systems should also be considered 

[90]. 

To understand the relationship between route planning and the number of passen-

gers, a simple sample network has been added that looks like the following (Fig. 14 and 

Fig. 15): 
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Fig. 14 Sample network 

 
Fig. 15 The example traffic 

In the Fig. 15, the estimated traffic indicated with red ( ) in case of 600 on aver-

age, with orange ( ) in case of 450 on average, with green ( ) in case of 300 on 

average and with light blue ( ) in case of 100 on average. 

On a traffic-free network, the optimal route is usually the shortest route. However, 

in a real network, the density and volume of traffic can significantly influence the recom-

mended route that meets the optimum criterion. In order to make the differences as large 

as possible, so that alternatives can be ranked more easily, it is advisable to use a lower 

average delivery time in the model. This does not affect the determination of the optimal 

route, but it does illustrate the differences between the alternatives. Therefore, for the 

travel times, the calculation was carried out at a speed of 4
km

h
 however, in order to ensure 

the matrix independence, the values of the matrix were calculated with a random number 

between 0,8…1,2. There is also a cost matrix in which a uniform fee of 150 Ft is charged 

in addition to a basic fee of 1000 Ft. For distances less than 15 km, only the basic fee 

was charged. 

In this example, the following values were determined: 𝛼1 = 0,5, 𝛽1 = 0,25, 𝛾1 = 0,25, 

𝜑1 = 0, 𝛿𝑖 = 0, 𝐹 = 1 and 𝑆𝑖 = 1. The resistance matrix then takes the following form: 

𝐸 = 𝑇𝑒
𝛼1 ∙ 𝐾𝛽1 ∙ 𝑆𝛾1 ∙ 𝐹𝜑1 ∙ 𝑆𝑖

𝛿𝑖 = 𝑇𝑒
0,5 ∙ 𝐾0,25 ∙ 𝑆0,25 ∙ 10 ∙ 10

= 𝑇𝑒
0,5 ∙ 𝐾0,25 ∙ 𝑆0,25 

(8) 

From this, and on the basis of equations (1) and (5), and the 3rd Thesis, the routing 

matrix 𝑃 can be calculated. Equation (7) can be supplemented with a routing probability 

matrix, which can be used to determine the relationship between passenger kilometer and 

routing. 

Based on this, there is a well-defined relationship between route planning and, for 

example, passenger-kilometer performance. It can also be said, that a well-built resistance 

matrix can be a great help in anticipating expected changes in passenger traffic, and thus, 

helps in capacity planning. This is a very important factor in increasing passenger satis-

faction. 

My own scientific publications related to the thesis: [91] 

− G. Katona és J. Dr. Juhász, „Multimodális útvonaltervezés hatása a 

közlekedési mutatószámokra,” in Közlekedéstudományi Konferencia 2017: 

Térség és mobilitás, Győr, Magyarország, Universitas-Győr Nonprofit Kft., 

2017, pp. 544-556. 

5 Improvement options 

The system is already usable in its current state, but it has many potentials for im-

provement. From a technical point of view, it is possible to include additional computing 
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capacity in the first step, and video cards seem to be the most promising in this regard 

[92], [93], [94], [95]. Their specialty is provided by custom programming solutions. They 

have the advantage of being able to perform a large number of parallel computations, 

since it is optimized primarily for visualization, where up to thousands of pixels are com-

puted simultaneously. This is of particular importance for self-driving cars, as the key 

issue here is to maximize the use of the local computing capacity, primarily due to its 

speed and, secondly, to the power and heat generation of computing. Another research 

direction is to further refine the parameters defined in the 1st Thesis and 2nd Thesis on 

larger and more complex networks. Furthermore, the comparison with currently available 

route planning systems (Google, Waze…) with the same database is also a promising 

option. It is possible to supplement this, by conducting further questionnaires and per-

sonal interviews, and by focusing the questions in a meaningful way, so that the values 

of the parameters needed for the algorithm to work can be more accurately determined. 

Finally, you can create a test application with a service provider that would be a major 

innovation in the current market. In this case, connections not yet known from a given 

network can be detected by evaluating data resulting from data mining methods. 

In short, the options for improvement are the following: 

− development of video card computing capability; 

− testing on more complex networks; 

− comparison with other route planners, if the same database is available; 

− test application development; 

− providing evaluations for service providers using data mining techniques. 
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