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4 Yordanka Boneva

INTRODUCTION

Actuality of the problem:

Actuality of the problem of optimizing the traffic in the urban environment globally is related
to urban development. Actuality of problem regarding Bulgaria is related to the expansion of the
capital, where more people are gathering, respectively there is greater need of cars and need of more
effective and efficient traffic management. Traffic management in urban environments is performed

mainly by traffic lights, which divide the flow of cars as well as pedestrians over time.

Object and field of research:

The object of research in the dissertation is a network of intersections regulated by traffic lights
along Shipchenski Prohod Blvd. in Sofia. The field of research is traffic in urban environments.

Dissertation content:

Chapter 1 discusses basic concepts in traffic management, as well as various models of
traffic management in an urban network. Basic concepts for the dissertation are defined, such as
cycle duration, green signal duration as part of the cycle (green split), offset and others. An
important part of the chapter is the traffic flow models, one of which uses the principle of store-and-
forward, applied to define and solve the tasks in the dissertation.

Chapter 2 presents a bilevel optimization task for traffic management and optimization in
urban environments. A previous study in the field of bilevel optimization for the purposes of traffic
optimization is presented. The essence of the bilevel problem is also described.

Chapter 3 describes experiments conducted for modeling, simulation, optimization of urban
traffic on a selected part of the urban transport network. Each experiment is briefly described in
summary, the results of the respective study are presented and conclusions are drawn. More than 6
experiments for traffic optimization with different accents were performed: application of
optimization with TRANSYT software product, application of results from two bilevel problems in
Aimsun software product, assessment of traffic indicators in the performed simulations, assessment
of fuel consumption and air pollutants, complicating the computer model by adding the effect of
tram stops and parking and the street, etc.

Chapter 4 presents a comparison between the research and experiments performed in Chapter
3. Chapter 4 demonstrates the optimization of traffic on certain indicators. This chapter compares

the results of bilevel optimization problems with the results of the simulation with real data and
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with the results of TRANSYT. As a result of the comparisons, the relevant conclusions were made.
The conclusion summarizes the main aspects of the dissertation.
The contributions of the dissertation work are defined, the future directions of work, the
scientific publications on the dissertation are presented, as well as the research projects, on which

the research on the dissertation work and the cited works has been done.

Aim and tasks of the dissertation:

The aim of the dissertation is to develop a formal model for solving a research problem for
optimizing road traffic in an urban type of transport network.

The object of the study is a network of four connected intersections regulated by traffic lights,
located on Shipchenski Prohod Boulevard in Sofia, Bulgaria.

The following tasks are set for solving in connection with the specification of the purpose of
the dissertation:

- Development of a formal model of urban transport network.

- Development of a bilevel problem for management of a network of intersections;
- Defining and solving bilevel optimization problems;

- Building a computer model and simulations in the Aimsun software package;

- Testing of results without and with data from the solved optimization problem in Aimsun

simulation environment;

- Evaluation of the obtained solutions by comparison with TRANSYT - a software product

that is used worldwide for evaluation of management strategies in the field of road traffic.

Approbation of the results:

Some of the results included in the dissertation are presented at the following international
conferences: Automatics and Informatics’2019 - Sofia., CompSysTech’20 - Ruse, TechSys 2020 -
Plovdiv, etc.

List of publications on the dissertation

1. Boneva Y., Split and Queue Optimization in Transport Network through Bi-level Optimization,
CompSysTech '20: ACM International Conference Proceeding Series, Ruse, June 2020 r.,
ISBN: 978-1-4503-7768-3, Association for Computing Machinery (ACM), New York,
USA, pp. 175-179, SIR(SCOPUS) 2019: 0,2, https://doi.org/10.1145/3407982.3407995, Best
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Chapter 1

TRAFFIC CONTROL MODELS

Regulation of intersections by traffic lights is one of the most effective and flexible ways to
control traffic. Emerging conflicts from the movement of traffic in different directions is resolved
by the principle of separation of flows over time. The advantages of regulation by traffic lights
include the increased capacity of intersections and requires a simple geometric design (Teodorovic
and Janic, 2017).

The city crossroads consists of a set of approaches and a common crossing area - a crossroads.
The approach is part of a street consisting of one or more lanes. An approach is leading to the
common intersection area of the intersection, so that the traffic on it has an advantage (r.o.w. - right
of way) at the same time and a vehicle in the respective queue can expect to pass during the signal
at approximately the same time, whatever band you choose. Crossroads traffic is divided into
streams. Two streams are called compatible when they can safely cross the intersection at the same
time; otherwise, they are called incompatible or conflicting. The signal cycle is a repetition of the
main series of combinations of signals at an intersection. Its duration is called the cycle length or
simply a cycle. A stage (or phase) is part of a cycle during which a set of flows takes turn. Constant
lost times of several seconds are located between stages to avoid conflict between incompatible
flows in successive stages (Diakaki et al., 2002).

Cycle Length

Figure 1.3.e shows the duration of the traffic light cycle (Mathew, 2014).

Green Yellow Red Green

L
|

5|
Cycle length ’l
Fig. 1.3. Cycle length

Green split

Part of the green signal from the cycle is the distribution of the effective green time in each of

the phases.
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Store-and-forward model
The store-and-forward model was initially proposed by Gazis to represent the state of traffic at
congested intersections and has since been used in various traffic management papers. (Gazis,
(1964), Papageorgiou, (1995)). The concept is adopted from the theory of communication networks.
Link z is presented, which connects two intersections i - 1 and i (figure 1.4.), The traffic
dynamics of link z is given by the conservation equation (equation 1.22.), (Aboudolas et al., 2009).
The queues are represented by Equation 2-8. During periods of heavy traffic, this restriction can
automatically lead to an appropriate accumulation of cars in a link in order to protect the following
areas of congestion. The inflow of cars to link z is represented by equation 1.23.
xz(k + 1) = xz(k) + T[qz(k) — sz(k) + dz(k) — uz(k)] (1.22)

0 =< xz(k) = xz, max

qz(K)= ti,2i(k) (1.23)

where: T is discreet time step

k=0, 1, ...., discreet time index

Xz(K) = vehicles in link z during period kT

gz(Kk), uz(k) = the inflow and outflow from link z during the period [KT, (k+1)T]

dz(K), sz(k) = the intensity of the arriving, respectively the intensity of the cars leaving the link z
Xz, max = the maximum permissible length of the queue, in number of vehicles

tiz = ratio of turns to link z entering junction i

In Figure 1.4. an example of the store-and-forward model is shown (Liu, 2015).

i—1—>g, e,

Fig. 1.4. Store-and-Forward model
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Conclusion

In the first chapter an overview of some significant concepts and theoretical formulations in the
field of urban traffic was made, which would lay the groundwork for further consideration of the
topic. In this regard, the concepts related to regulation by traffic lights are clarified. The
mathematical basis of the regulation by traffic lights is described, which is important for the
definition of the optimization problems in the dissertation.

The store-and-forward model is considered, which is the basis for the formulation of a traffic model

and the solution of an optimization problem for a selected network of intersections.
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Chapter 2

ANALYSIS OF HIERARCHIC OPTIMIZATION TASKS AND MODELS

Bilevel Optimization
The idea of a bilevel management strategy refers to solving two optimization problems that are
interrelated (Fig. 2.2), (Stoilova and Stoilov. 2020).

min f,.(x,y)»
x

xeS.(y)

F 3

X y

v

m‘i_n f)_(y,x) ,
Ve SJ,(x)

Fig. 2.2. Bilevel optimization

The problem at the upper level accepts the values of y =y * as known parameters and finds the
optimal solution x * (y) by solving the problem
fe G, v), (2.11)
x € S5,.(v*").
The solution x * (y) is a function of the parameter y. Accordingly, the problem with the lower
level accepts x = x * as known parameters and finds a solution y * (x) as a function of x.
These two interrelated optimization problems provide a solution to the global problem.
fe(x,9), (2.12)
x € S,.(v),
y € arg{fv(y, x) €S8y,(x) }
which means that xopt is the solution of the optimization problem, where y changes the basic
function fx (X, y) and the allowable domain Sx (y). Also, y is a solution of the low-level problem,
which in turn is influenced by x. For the classical case of optimization, the objective function is
only one - fx (x).
Conclusion
The second chapter discusses the achievements in the field of defining and solving bilevel
optimization problems in the field of optimization of urban traffic in a network of intersections.
The formulation of a bilevel optimization problem is presented. The same formal statement was
presented in the context of car traffic in urban environments, i.e., junctions controlled by traffic
lights. This is important from the point of view of laying the foundation for the defined and solved

bilevel problems in the same field of application in the present dissertation.
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Chapter 3

DEVELOPMENT OF HIERARCHIC MODELS FOR OPTIMIZATION OF
TRANSPORT TRAFFIC

Used software packages for traffic modeling and optimization

The dissertation uses three software packages - Aimsun, TRANSYT 15 and MATLAB. Aimsun
and TRANSYT 15 are specialized packages for simulating and optimizing car traffic (Aimsun,
(2013), Binning, (2015)). MATLAB was used for mathematical simulation of the considered group
of intersections, as queues were described based on a store-and-forward model and bilevel
optimization was applied. The results obtained by MATLAB for cycle duration and for green split
were entered in Aimsun to check their validity.

Aimsun (Advanced Interactive Microscopic Simulator for Urban and Non-Urban Networks),
(Aimsun, 2013). It is able to reproduce the real features of the traffic of each network transport. It is
used for the design and testing of traffic control systems, traffic management rules, access controls,
location of toll devices, public transport networks, roads, the ability to work with traffic
management systems tools and other real-time applications.

The software environment for optimization of fixed time signal plans - TRANSYT 15 has also
been applied in the research on the task of optimizing traffic in urban environments.

The operation model of TRANSYT 15 is presented in Figure 3.1. (Binning, 2015). The software
calculates and optimizes a target, a function called Performance Index, part of which is the time
delay and the number of car stops, the goal is to keep these two indicators to a minimum for the
network so that a "green wave" is formed. In a green wave, the plateau of cars from a previous
traffic light reaches the traffic light at the next intersection on a green signal and this can happen for

several consecutive intersections.

Abstracts of Dissertations 2021 (4) 3-38
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3

Diagram of
—  Network

Optimisation
data
New signal
settings

) Optimum
Initial si Optimisation i
setting

procedure

Performance
index

Graphs
cyclic pro

Delays an The 'TRANSYT' program

stops in
netw:

i

Fig. 3.1. TRANSYT 15 optimization procedure

The processes described in the darker part of Figure 3.1 take place in the TRANSYT
environment. Processes marked in bright rectangles are in another software package. In the case of
research, this is the Aimsun software package.

Initially, a model of the transport network was created in the Aimsun package, where the initial

settings of the light signaling were introduced. The created transport network is exported to
TRANSYT 15. The initial Performance Index is calculated and the first iteration of an optimization
procedure for reducing this Performance Index is performed. This optimization procedure leads to
new traffic light settings, which are introduced in the initial model and thus the circle is closed and
begins with a new iteration of Performance Index calculation, optimization, new traffic light
settings and their introduction into the traffic model. The software offers the "Hill Climb" method as
an optimization method.
A special program script must be written for use in a bilevel problem. The problem with bilevel
optimization is solved in MATLAB environment. A special additional tool for solving bilevel tasks
is included in MATLAB. The additional tool is called YALMIP. YALMIP is a free tool
(https:/lyalmip.github.io/). A detailed description of this tool is given in (Lofberg, 2004).

Abstracts of Dissertations 2021 (4) 3-38
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Object of the simulation

In Figure 3.2. a view of the city network of four intersections taken from Google Maps is shown.
It shows the names of some streets, shops and other sites and gives the overall impression of a

dense population in terms of buildings.
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Fig. 3.2. Image of the four connected intersections from Google Maps

In Figure 3.3. four connected traffic-light-controlled junctions modeled in the Aimsun software
environment are shown. The intersections are located along Shipchenski Prohod Blvd. in the city of
Sofia. The intersections are located at a relatively short distance from each other, which is a good

prerequisite for reaching a green wave. The total length of the considered section is 1.5 km.

] woom 630688, 4727902

Fig. 3.3. Four connected traffic-light-controlled intersections in Aimsun
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There are many points of interest (POI) in the area under consideration, such as offices, shopping
malls, schools, kindergartens, a polyclinic and others. These points of interest are places that attract
people for certain reasons. Traffic is generated in these places, both by the local population and by
people from other parts of the city.

During the on-site study of the investigated section in some parts of it, overload conditions were
established - queues that cannot pass completely during the green signal from the traffic light cycle
and accordingly form a residual queue, which occupies part of the green time of the next cycle to
pass through the intersection.

The capacity of the intersection can be exceeded, both in terms of time and space. In terms of
time, congestion is observed when the duration of the green signal is not enough to pass all cars that
arrived at the traffic light during the red signal, i.e., a residual queue is formed. With regard to the
spatial aspect, there is talk of congestion if the queue of cars reaches the previous intersection and
thus part of the green signal remains unused again, due to the inability of cars from the previous
intersection to pass through it. While temporal congestion can affect an isolated intersection, spatial
congestion is a sign of degradation in the network of intersections. A detailed description of the
methodology for determining an oversaturated intersection by collecting information from sensors
can be found in (Wu and Liu, 2010), which methodology aims to determine the severity of

congestion.

Conducted experiments

Figure 3.4. presents experiments conducted in connection with the dissertation. Each of these

experiments will be described in detail.
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Microsimulation in Aimsun
and changes to traffic light
signal plans of the
intersections

Microsimulation in Aimsun and
optimization in TRANSYT

Complicate the model with
tram stops and parking on the
street

Actuated control and

investigation of traffic
indicators, fuel consumption
and air pollutants

Future Development

Fig. 3.4. Review of the conducted experiments

The initial experiments put more emphasis on the use of software products, their study and
application - these experiments are marked in red on the graph (first and second rectangles). The
following are the most significant experiments for the dissertation work, which carry the most
significant part of the applied and scientific-applied contribution. These experiments use bilevel
optimization and the solvebilevel() function in MATLAB and test the results obtained for traffic

Abstracts of Dissertations 2021 (4) 3-38
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light control in specialized software environments for traffic simulation and optimization - in the
figure they are marked in yellow (third and fourth rectangles). They are followed by experiments to
complicate the model used and bring it closer to real conditions by introducing tram stops and
parking on the street (fifth rectangle). Finally, there are experiments for flexible traffic management,
which are done entirely in Aimusn. In addition to the good traffic indicators that these studies lead
to, the aspects of fuel consumption and environmental pollution are also considered. (sixth
rectangle). The directions for future development (seventh rectangle) are presented in the section

"Future development”, located at the end of the dissertation.

Optimization of car traffic at traffic-light-controlled intersections by means of Aimsun

simulation environment

Summary of the experiment

The presented experiment examines the possibility of improving traffic along Shipchenski
Prohod Blvd. Dynamic microsimulation is performed. The green signal settings for the traffic lights
on the boulevard and the small streets crossing the boulevard are changing. The hypothesis is that
there are traffic light settings that are better than the actual ones, which will improve the
performance of traffic on the boulevard and can be determined by simulation.

This study is performed solely through the use of the Aimsun simulation software product. Ten
traffic indicators were compared for a network of four intersections on Shipchenski Prohod Blvd.,
for different settings of the green signal for the traffic lights on the boulevard and for the traffic
lights on the small streets.

The results prove the hypothesis that there are better settings of traffic lights in order to improve
the ten selected traffic indicators for the network of intersections, which settings were found

experimentally by simulation. Four cases of traffic light settings are considered.
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20% change v 10% change

Base Case Scenario 10% change in green split 20% change in green split only for T-intersection
8744 8744 8744 8744
Start Time |Duration Start TimgDuration Start TimgDuration Start TimgDuration
Signal 1 0 30 Signal 1 0 33 Signal 1 0 36 Signal 1 0 33
Signal 2 0 30 Signal 2 0 33 Signal 2 0 36 Signal 2 0 33
Signal 3 36 30 Signal 3 33 27 Signal 3 42 24 Signal 3 33 27
8778 8778 8778 8778
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
Signal 1 0 20 Signal 1 0 23 Signal 1 0 26 Signal 1 0 26
Signal 2 26 25 Signal 2 29 22 Signal 2 32 19 Signal 2 32 19
Signal 3 0 22 Signal 3 0 25 Signal 3 0 28 Signal 3 0 28
Signal 4 26 24 Signal 4 29 22 Signal 4 32 19 Signal 4 32 19
8845 8845 8845 8845
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
Signal 1 0 24 Signal 1 0 26 Signal 1 0 29 Signal 1 0 29
Signal 2 0 25 Signal 2 0 27 Signal 2 0 30 Signal 2 0 30
Signal 3 29 23 Signal 3 31 21 Signal 3 34 18 Signal 3 34 18
Signal 4 29 23 Signal 4 31 21 Signal 4 34 18 Signal 4 34 18
14175 14175 14175 14175 [
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
Signal 1 0 25 Signal 1 0 28 Signal 1 0 31 Signal 1 0 31
Signal 2 0 17 Signal 2 0 20 Signal 2 0 23 Signal 2 0 23
Signal 3 29 28 Signal 3 32 25 Signal 3 35 22 Signal 3 35 22
Signal 4 23 16 Signal 4 32 14 Signal 4 35 11 Signal 4 35 11

*The signals in yellow has been changed

Fig.3.7. Adjustment of traffic lights for different cases

In Figure 3.11. is illustrated by comparing between the second and fourth cases from the total of

four cases considered in the experiment.

10% change in green split in favor of the Boulevard
Standard

Time Series Value Deviation [Units
Delay Time - Car 42.8) 34.6sec/km
Density - Car 7.14[N/A veh/km
Flow - Car 4102|N/A veh/h
Harmonic Speed - Car 32.91 10.24|km/h
Input Count - Car 4204|N/A veh
Input Flow - Car 4204|N/A veh/h
Max. Virtual Queue - Car 0|N/A veh
Mean Queue - Car 24.29|N/A veh
Mean Virtual Queue - Car O|N/A veh
Missed Turns - Car 1|N/A
Number of Lane Changes - Car 418.06(N/A #/km
Number of Stops - Car 0.14|N/A #/veh/k
Speed - Car 36.09| 10.79|km/h
Stop Time - Car 31.42 31.25|sec/km
Total Number of Lane Changes - Car]| 5262|N/A
Total Number of Stops - Car 7392.09|N/A
Total Travel Time - Car 88.12N/A h
Total Travelled Distance - Car 2932.95|N/A km
Travel Time - Car 109.4 34.87|sec/km
Vehicles Inside - Car 102(N/A veh
Vehicles Lost Inside - Car 0|N/A veh
Vehicles Lost Outside - Car 0|N/A veh
Vehicles Outside - Car 4102|N/A veh
Vehicles Waiting to Enter - Car 0|N/A veh
Waiting Time Virtual Queue - Car 0.02 0.08|sec

20% change in green split in favor of the Boulevard, 10% change

for the T-intersection

Difference Difference in %

Standar

d

Deviatio
Time SerigValue n Units
Delay Tim| 41.96| 35.65|sec/km 0.84] 1.96|
Density - 7[N/A veh/km 0.14] 1.96
Flow - Car| 4105|N/A veh/h -3 -0.07
Harmonic| 33.16| 10.38|km/h -0.25 -0.76
Input Coul 4204|N/A veh 0 0.00)
Input Flo 4204|N/A veh/h 0| 0.00]
Max. Virt 0|N/A veh 0| 0.00]
Mean Qug 23.1|N/A veh 1.19 4.90
Mean Viri| 0|N/A veh 0| 0.00]
Missed Tu| 4|N/A -3 -300.00)
Number o] 425.37|N/A #/km -7.31 -1.75
Number o] 0.14|N/A #/veh/km 0 0.00
Speed - C4 36.41| 10.72|km/h -0.32 -0.89
Stop Time| 30.81 32.3|sec/km 0.61] 1.94
Total Num| 5354|N/A -92 -1.75
Total Nui 7249.91|N/A 142.18 1.92
Total Tra 86.51|N/A h 1.61 1.83
Total Tra 2936.42|N/A km -3.47 -0.12
Travel Tin| 108.57 35.9[sec/km 0.83 0.76
Vehicles | 99|N/A veh 3 2.94
Vehicles L 0|N/A veh 0| 0.00]
Vehicles L O[N/A veh 0 0.00
Vehicles 4 4105[N/A veh -3 -0.07
Vehicles 0|N/A veh 0| 0.00]
Waiting Ti 0.02 0.09|sec 0 0.00]

Fig. 3.11. Case 2 and Case 4 comparison - Comparison between 10% change of green signal for

all intersections and the case of 20% change for all intersections and only 10% for T-intersection
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Conclusions from the experiment

Simulating the parameters of the traffic lights saves time and money and makes possible
simulations that in real conditions could lead to traffic difficulties, traffic jams, pollution and driver
dissatisfaction.

In this chapter, ten traffic indicators were considered. It is clear from the research that sometimes
it is necessary to consider the intersection separately within the general model. With this result, the
hypothesis was proved that in an empirical way and through computer simulation better settings of

the traffic lights can be found than the actual ones.

Improving traffic in urban environments by optimizing traffic lights

Summary of the experiment

This experiment presents the object of study, which is modeled in the Aimsun software
environment, then optimized in the TRANSYT software environment and exported back to Aimsun
to validate the results. The experiment consists in optimization of the green signal and offset of
traffic-light-regulated intersections, which leads to the improvement of eleven selected traffic

indicators.

l Defining a target traffic network 1

!

‘ Traffic survey: traffic flow; network layout; signal timing plan ‘

|

‘ Building the layout of the network in AIMSUN ‘

I

Building and running the AIMSUN
micorsimulation

I

Defining indicators to evaluate the optimization results
e.g. total travel time, speed, mean queues

|

Exporting the model to TRANSYT 15 for signal timing
optimization

I

Exporting the model back to AIMSUN for
validation of TRANSYT 15 results

I

Comparison of key indicators before and after the
fixed signal timing optimization

Fig. 3.12. Research workflow
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There are improvements in all studied indicators after the optimization with TRANSYT (Table

3.1)

Table 3.1. Traffic indicators "before” and "after” optimization in TRANSYT

Before optimization in

After optimization

Traffic indicators TRANSYT in TRANSYT

Standard Standard Difference

Units Value Deviation Value Deviation | Difference | in %

Delay sec/km 51.16 40.3 36.33 35.88 -14.83 -28.99%
Density veh/km 7.69 N/A 6.53 N/A -1.16 -15.08%
Flow veh/h 4095 N/A 4126 N/A 31 0.76%
Harmonic Speed km/h 30.57 10.61 34.97 10.66 4.4 14.39%
Queue veh 29.85 N/A 19.08 N/A -10.77 -36.08%
Number of stops #/veh/km 0.16 N/A 0.12 N/A -0.04 -25.00%
Speed km/h 34.25 11.56 38.21 10.37 3.96 11.56%
Stop time sec/km 38.42 35.17 26.34 32.84 -12.08 -31.44%
Total number of
stops 8322.87 N/A 6367.76 N/A -1955.11 -23.49%
Total travel time h 94.76 N/A 81.2 N/A -13.56 -14.31%
Travel time - car sec/km 117.76 40.53 102.96 35.96 -14.8 -12.57%

Conclusions from the experiment

Optimization improvement is measured by eleven traffic indicators such as queues, speed, travel
time, and more. Two cases were compared - before optimization and after optimization of traffic
light signals with TRANSYT. The results show that after the optimization the traffic indicators have
significantly improved, as some of the indicators reach an improvement of over 30 percent
compared to the case before the optimization.

Optimization of the green split and the queues in the transport network through bilevel

optimization

Summary of the experiment

This section describes the use of bilevel optimization, as well as the well-known store-and-
forward approach to optimizing the transport network.

The need for traffic lights and the need to control them optimally have led to many studies and
the invention of different approaches. The approach proposed here is based on the popular store-
and-forward model. The added value of this study is that the store-and-forward model is formalized
in the problem of optimizing a bilevel task. In this way, the additional parameters of the transport
system are evaluated with optimal values. This study, through the application of bilevel

optimization, finds the optimal duration of green splits as a value from the traffic light cycle. In
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addition, vehicle queues have been kept to a minimum, but the intensity of traffic through the city
network has been increased. Due to its potential advantages, bilevel optimization is used in practical
areas such as portfolio optimization, optimization of railway plans, etc., (Pavlova, (2017), Stoilov et
al. (2016), Stoilov and Stoilova, (2012)). This study makes a formal development of a bilevel
transport model. It is demonstrated how this problem can be solved with appropriate software tools.

This study makes a composition of the store-and-forward model with an additional optimization
problem, which is aimed at maximizing the flow of traffic crossing the transport network. The

composition of these two problems is integrated into a two-hierarchical formal optimization model.

x4in* x6in* x8in’

x5 x8 x11
* 0.9-u,)s,.C, } 0.9-uys,c, { (0.9-u,)s,.C,
(0.9-u,)s,.c, 0.9-u)s,c, (0.9-u,)s,.c,
x1in _Use A 556,21 USuSy A
uisie:; 1 u,s.C, 2 U546 3 u,s,,C 4
u.s.c . : us,6, ‘ (0'9_ u)s.c UsS1,Cy » m
e (0.9-u)s,c, 77 M3, (0.9-u,)s,.c, (0.9-u)s,c,
X1 ’\ /‘ X3 - /l\ /‘ X6 =t /l\ [‘ %0 . /I\ [‘
§ |09-u)s,c, 4 4 ols 4
X2 x4 [0.9-u)s.c, x7| @9~ Uit x10{ (0.9-u)s, c,

x2in * x3in* x5in * x7in *

Fig. 3.17. Graphic model of the modeled urban network

The model shown in Figure 3.17. has been used as a constraint on the lower objective function,
which aims to minimize queues at traffic lights. The designations of the figure are as follows:

ci - is the duration of the cycle

ui - indicates what part of the cycle is the green split

si - is saturation flow, which is cars per hour that pass in a given direction.

x1in - x8in - are cars entering the hour for the given approach (street)

x1 - x11 - are queues in front of traffic lights, measured in cars for one traffic light cycle

The aim is to minimize the queues in front of the traffic lights, the sum of all queues of x1 + x2 +

.. + x11 should be minimal, which is represented by the objective function.
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The formula by which the queue in front of a traffic light is calculated is the following for x1 and
it is analogous for all queues in Figure 3.17.

x1<=x10+xlin-ul*s2*cl-ul*sl*cl

The queue is equal to the cars from the previous time period at the traffic light x10, plus the cars
that arrive at the traffic light for a given period of time x1in, minus the cars that pass through the
intersection during the green signal in the right direction (ul * s2 * c1) and turning cars (ul * s1 *
cl). The calculation of queues in this way is based on the store-and-forward model used.

The need to minimize the cycle stems from a study that a shorter traffic light cycle in an urban

environment leads to better results (https://nacto.org/). The duration of the cycle is defined by law

(Ordinance Ne 17, 2001) within certain limits - for minimum and maximum duration.
In Table 3.2. a comparison of the results of the simulations with a fixed time plan and with
bilevel optimization is made.

Table 3.2. Comparison of simulation results

Current Bi-level optimization

Fixed time plans results
Time Series Value Value Units
Delay Time 51.16 37.23 sec/km
Density 7.69 6.67 veh/km
Flow 4095 4126 veh/h
Fuel
Consumption | 355.53 300.6 |
Emission -
CO2 874077.52 775912.65 g
Emission -
NOX 1835.5 1658.83 g
Emission -
PM 340.52 274.26 g
Emission -
VOC 1131.69 980.42 g
Mean Queue | 29.85 21.17 veh
Number of
Stops 0.16 0.12 #/veh/km
Speed 34.25 38.98 km/h
Stop Time 38.42 27.73 sec/km
Total Number
of Stops 8322.87 6069.72
Total Travel
Time 94.76 82.9 h
Travel Timer | 117.76 103.86 sec/km
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Conclusions from the experiment

This study develops a new formal model for controlling traffic flows in an urban environment.
The problem of bilevel optimization is defined and solved. Defining a bilevel problem allows the
use of two objective functions, to expand the control space of the transport task and to include a
larger set of constraints.

The results of the bilevel optimization were evaluated and compared in a simulation
environment with the currently established fixed plan. The network has been chosen as an important
destination in the city of Sofia. The results of the bilevel optimization are compared with a set of
traffic parameters. Obviously, the bilevel formalism in transport systems has great potential. All
studied transport parameters give preference to the bilevel transport model.

Cycle length optimization through bilevel optimization

Summary of the experiment

This experiment describes the formalization of the store-and-forward model into a bilevel
optimization problem. The study finds the optimal cycle length for given green spit durations.
Queues in front of traffic lights are kept to a minimum. In this way, the network allows greater
throughput and less congestion as a result less pollution and better traffic performance such as
density, speed and more.

The results for traffic and pollution indicators are obtained from the Aimsun software product.
The optimization is performed using a MATLAB script based on an additional tool called YALMIP,
as well as with a modern software product TRANSYT, which is compatible with the Aismun
software package. The results show that it is wise to use the traffic optimization script, as
TRANSYT only optimizes the green signal duration, but works with the cycle value from Aimsun.

In Table 3.3. a comparison of simulation data from a baseline experiment (with actual data
collected), an experiment with MATLAB results, and an experiment with TRANSYT results is
given.

Table 3.3. Comparison of traffic indicators for three cases

MATLAB | TRANSYT

Traffic Indicators Base Case | script | Optimization | Units
Delay Time 51.16 36.4 35.51 sec/km
Density 7.69 6.91 6.27 veh/km
Flow 4095 4107 4124 veh/h
Fuel Consumption 355.53 338.06 293.98 |
CO2 875112.07 | 843316.7 | 768464.08 g
NOX 1311.3 1250.91 | 1130.48 g
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PM (particulate matter) 223.74 210.73 174.77 g
VOC (\Volatile organic

compounds) 1107.33 997.88 917.66 g
Mean Queue 29.85 20.88 16.28 veh
Number of Stops 0.16 0.14 0.12 #/veh/km
Speed 34.25 37.59 38.8 km/h
Stop Time 38.42 25.48 25.76 sec/km
Total Number of Stops 8322.87 7404.37 | 6401.28

Total Travel Time 94.76 85.44 77.96 h

Total Travelled Distance 2925.17 2939.58 | 2932.89 km
Travel Time 117.76 102.99 102.13 sec/km

Conclusions from the experiment

In the experiment, a script was presented in MATLAB for optimizing the cycle length of a
network of traffic lights on Shipchenski Prohod Blvd. in Sofia. The script solves a bilevel problem
using the store-and-forward model as a constraint on the lower target function. A comparison is
made with the results of the most modern TRANSYT optimization software. Three experiments
were simulated in the Aimsun software package. In conclusion, based on the result, it can be stated
that bilevel optimization has the potential to be studied in more depth as an approach for the

purposes of traffic optimization.

Complicating the model. Introduction of tram stops and street parking.

Summary of the experiment

The experiment will result in a study on the impact of tram stops on traffic. The hypothesis is
that tram stops will negatively affect traffic. However, it is more important to establish the extent of
this impact, as it can serve the purposes of the city government to make informed decisions about
tram schedules. Also, in a separate experiment, the computer model is further complicated by
including a simulation of street parking - respectively, a comparison is made of cases without and
with street parking. The capabilities of the Aimsun software package for measuring various traffic
indicators, as well as indicators for fuel consumption and air pollution. The two studies are
combined in this common point, as studies that complicate the studied computer model and bring it
closer to the real conditions in the road network from the traffic-light regulated intersections.

In Figure 3.18. is shown a simulation view from the Aimsun programming environment. The

figure illustrates a queue of cars waiting for passengers in getting on the tram on a tram stop.
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Fig. 3.18. A queue of cars in front of a tram stop

In Fig. 3.18. the simulations of eight bus stops on Shipchenski Prohod Blvd. are presented.
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Fig. 3.18. The periodic incidents on the section represent tram stops
on Shipchenski Prohod Blvd.
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Conclusions from the experiment

From the performed experiments, which complicate and bring closer to the real conditions the
simulation model, it is clear that the tram stops do not significantly affect the traffic indicators and
the pollution of the environment, while the street parking leads to more noticeable changes in the
traffic indicators and negatively affects the environment.

It can be concluded that all studied traffic indicators deteriorate in the case of street parking
compared to the case in which there is no street parking. Another not very obvious result is the
increase in fuel consumption and CO. emissions, which in a careful analysis is logical due to the

reduced capacity of the network and traffic jams that are formed by parking on the street.

Adaptive control and research of traffic indicators, fuel consumption and environmental

pollution

Summary of the experiment

There are different approaches related to reducing car pollution. This study focuses on traffic
light signaling control policies and their impact on air pollution. A software simulation with the
software products Aimsun and TRANSYT was performed. Aimsun uses the ecological model of
(Panis et al. (2006), (Panis et al., (2011))). Experiments lead to the conclusion that traffic pollution
may be affected by changes in traffic light signal control policies.

In Table 3.8. fuel consumption and harmful emissions by different traffic control policies are

presented.

Table 3.8. Fuel consumption and harmful emissions by different traffic control policies

Current Green
signal wave fixed- | Actuated
Parameters - Car | timing plan | time plan control | Units

Fuel Consumption 355.53 307.52 289.86 |
IEM Emission -
CO2 874077.52 | 7882755 | 762346.78| g
IEM Emission -
NOXx 1835.5 1680.73 1614.73 g
IEM Emission - PM 340.52 288.71 271.36 g
IEM Emission -
VOC 1131.69 963.57 876.51 g

Table 3.9. presents the relative differences of green wave fixed-time plan and actuated control

compared to the current signal timing plan in terms of fuel consumption and harmful emissions.
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Table 3.9. Fuel consumption and harmful emissions in different traffic signal policies
(relative differences)

Green wave
Current signal | fixed-time Actuated
timing plan plan control
(in absolute (change in (change in
Parameters - Car value) %) %)

Fuel Consumption 355.53 -13.50 -18.47
IEM Emission -
CO2 874077.52 -9.82 -12.78
IEM Emission -
NOXx 1835.5 -8.43 -12.03
IEM Emission - PM 340.52 -15.21 -20.31
IEM Emission -
VOC 1131.69 -14.86 -22.55

Figure 3.20 illustrates the relative changes of the studied indicators for fuel consumption and air
pollution depending on the type of control. The current fixed time policy is considered to be the
basis (Table 3.8 and Table 3.9). In comparison, a red pole shows a fixed plan optimized for green
wave, and a green pole shows actuated control policy. Figure 3.20 shows that actuated control
policy leads to a reduction in fuel consumption and air pollutants to a greater extent than the

observed reduction in fixed time control optimized for green wave.

IEM Emission - VOC
IEM Emission - PM
IEM Emission - NOx ‘
IEM Emission - CO2 ‘

Fuel Consumption

-25 -20 -15 -10 -5 0

Actuated control Green wave fixed-time plan

Fig. 3.20. Relative changes in indicators depending on the type of management

Various signal policies affecting air pollution emissions have been evaluated. Microsimulations
were performed with Aimsun. TRANSYT is also used to optimize the fixed time signal plan for

green wave. The results of the study clearly show that when traffic in real time is taken into
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account, both air pollution and fuel consumption are reduced.

Conclusion

The third chapter presents the performed experiments for the dissertation. The object of
optimization was presented - a network of four traffic-light-controlled intersections. The object is
modeled in the Aimsun simulation environment. Description and basic information about the used
software products - Aimsun, TRANSYT and MATLAB are also presented in this chapter of the
dissertation.

The simulations and experiments performed are described in detail. They are related both to the
collection of data on the geometry of the road network and the intensity of traffic in this network,
and to the subsequent preparation of computer simulations and a formal mathematical model. Based
on the models - mathematical and simulation, and the applied optimization methods, the results are
evaluated.

The chapter presents two bilevel optimization problems solved by using the solvebilevel()
function. The solutions are implemented in the Aimsun simulation environment and the results were
derived in the form of traffic parameters to be compared with the simulation in TRANSYT. The
achieved results are related to the increase of the network capacity, the reduction of the queues in
front of the traffic lights and the reduction of the traffic jams. Bilevel optimization allows for more
objective functions, control parameters and more constraints in the control space.

The object of study has been complicated by additions such as tram stops and street parking,
which phenomena are available in real conditions. In this way, the simulation model was brought
closer to the real conditions in the road network and will be the subject of more detailed future
research.

Attention was also paid to the impact of the optimization of traffic on fuel consumption and
indicators of air pollution. This relationship results in reduction of queues and reduction in both
harmful emissions and fuel consumption. This reduction benefits society from a health perspective.
Therefore, optimization of traffic in urban conditions is important not only for faster movement
from one point of the city to another, but also for optimizing unwanted aspects of traffic such as air
pollution.
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Chapter 4

SIMULATION AND NUMERICAL EXPERIMENTS AND RESULTS

Comparison of results from simulation experiments

This chapter presents, in tabular and graphical form, the results of simulation and numerical
experiments. These are the results of the experiments, which are described separately in the
previous chapter 3. A comparison is made between the individual experiments, comparing the
optimized results with the results of the experiment with basic case scenario and taking into account
the improvement of several traffic indicators. In addition to the comparison between the traffic
indicators, in the different experiments, a comparison was made of the fuel consumption and two
environmental pollutants - carbon dioxide and particulate matter. This comparison aims to show that
optimal traffic management also favors indicators of environmental pollution.

The first column of Table 4.1. presents key traffic indicators, fuel consumption and
environmental pollutants. The second column of the table presents the results of the simulation of
the base case scenario experiment. The third column presents the results of simulation after the
introduction of data optimized by bilevel optimization, using the solvebilevel() function in
MATLAB for the duration of the green splits of the studied road network. The fourth column
presents the results of a simulation in which optimized cycle data is entered after bilevel
optimization using the solvebilevel() function in MATLAB. The fifth column is optimization
through the TRANSYT software package, which is used as a standard to evaluate a number of

traffic management strategies worldwide. The last sixth column presents the units of measurement.

Table 4.1. Comparison of traffic indicators, fuel consumption and environmental pollution in

four simulations

Bilevel Bilevel
optimization optimization Optimization
with upper with upper of current
objective objective settings
Current function green | function cycle trough
settings split length TRANSYT Units
Delay 51.16 37.23 36.4 35.51 sec/km
Density 7.69 6.67 6.91 6.27 veh/km
Flow 4095 4126 4107 4124 veh/h
Queue 29.85 21.17 20.88 16.28 veh
Speed 34.25 38.98 37.59 38.8 km/h
Total number of stops 8322.87 6069.72 7404.37 6401.28 #
Travel time 117.76 103.86 102.99 102.13 sec/km
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Fuel consumption 355.53 300.6 338.06 293.98 liter
CO2 874077.52 775912.65 843316.7 768464.08 gram
PM 340.52 274.26 210.73 174.77 gram

A general conclusion from the data presented in the table is that the best solutions are achieved
when using the software product TRANSYT. Here, however, it is important for the study to be
noticed that the differences in the numerical results of the other two experiments using bilevel
optimization are very close to the results achieved with TRANSYT.

This observation leads to two significant conclusions:

« First, the bilevel optimization problem yields plausible results that are comparable to a software
package that has been on the market for years and that, as mentioned, is used to evaluate different
traffic management strategies.

« Second, because the results may be affected by the change in the input data, it is possible that
for certain input data the dual hierarchical optimization turns out to achieve better values of the
traffic indicators than are achieved with the software package TRANSYT. However, this conclusion
is rather a hypothesis for future research in the field of using bilevel optimization for the purpose of
improving traffic in urban environments.

The speed of reaching a solution when using MATLAB and TRANSYT should also be
mentioned. When using MATLAB, the solution of the problem is achieved several times faster than
it is necessary for TRANSYT to do the optimization of the road network.

Figure 4.1 presents the traffic flow data for the four simulations. As can be seen, the lowest flow
is in the experiment with base case scenario - 4095 cars / hour. Surprisingly, with this indicator, the
flow of the experiment with green split optimization is the highest - 4126 cars / hour, although with

a slight advantage over the optimization with TRANSYT.

Flow

4120

4110 4107

veh/h

4100 4095

4090
4080

4070

M Base case scenario Green split bilevel optimization

Cycle length bilevel optimization ® Optimization in TRANSYT

Fig. 4.1. Comparison of flow in four simulations
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The speed shown in Figure 4.5 is the lowest for the base case experiment, and for the second
time the bilevel optimization of the green split (38.98 km / h) is slightly ahead of TRANSYT (38.8
km / h). Exact values for each experiment are shown in Figure 4.5.

Speed

40
39
38
37
36
35 34.25
34
33
32
31

38.98 38.8

37.59

km/h

M Base case scenario m Green split bilevel optimization

M Cycle length bilevel optimization ® Optimization in TRANSYT

Fig. 4.5. Speed comparison in four simulations

The total number of stops is shown in Figure 4.6. He is the highest again for the first pillar of the
figure. The third traffic indicator shows the best results for bilevel optimization of the green split
(6069.72 number of stops) compared to TRANSYT (6401.28 number of stops).
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Fig. 4.6. Comparison of total number of stops in four simulations

Abstracts of Dissertations 2021 (4) 3-38



32 Yordanka Boneva

Conclusion

In the fourth chapter a comparison of the results of the conducted simulations based on traffic
indicators is made. This chapter is essential in terms of illustrating the benefits of bilevel
optimization for urban traffic purposes. The bilevel optimization is placed in the context of a
comparison with one of the oldest and most widespread software products, specifically developed
for the optimization of a network of traffic-light-controlled intersections - TRANSYT.

The bilevel tasks defined and solved in this dissertation work gave close results with the results
of TRANSYT, as one of the bilevel problems showed a slight advantage over TRANSYT in three
indicators - flow, speed and number of stops. This gives grounds for further research in the field of
using the bilevel optimization method for the purposes of optimization of urban road traffic.

CONCLUSION

Congestions are often a problem related to the growth of cities and the increase in the number of
vehicles. This necessitates the search for solutions to deal with the problem of congestion and
difficult traffic in large cities and in particular in Sofia.

An overview of some significant concepts and theoretical statements in the field of urban traffic
is made. In this regard, the concepts related to traffic-light-signal regulation are clarified. Three
traffic models are considered, one of which - store-and-forward model, is the basis for the
formulation of a traffic model in the selected network of intersections. Mention is also made of
traffic management strategies that have been developed and implemented worldwide.

The achievements in the field of defining and solving bilevel optimization problems in the field
of optimization of urban traffic in a network of intersections are considered. A bilevel optimization
problem is presented. The same formal statement in the context of car traffic in urban environment -
control of traffic-light-regulated junctions.

The object of optimization - a network of four traffic-light-regulated intersections. The object is
modeled in the Aimsun simulation environment. For the purposes of the experiments, a field study
was conducted and data on the geometry of the road network and the traffic flow in the studied
section were collected.

Attention was also paid to the impact of the optimization of the traffic on fuel consumption and
indicators of air pollution. This relationship is expressed in the fact that the reduction of queues and
congestion reduces both harmful emissions and fuel consumption. This reduction benefits society
from a health perspective. Therefore, optimization of traffic in urban conditions is important not

only for faster movement from one point of the city to another, but also for optimizing unwanted
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aspects of traffic such as air pollution.

Determining the duration of traffic light signals can be done using simulation models. The use of
simulation software has the advantage that no real changes in traffic are required when trying out
different traffic light settings. The settings are made in a simulation environment, in this dissertation
the software used is Aimsun. The model and settings of traffic lights, as well as other parameters of
infrastructure and traffic can undergo many changes within the computer simulation.

Another simulation software product is MATLAB, which is used for a numerical model of the
object of simulation and optimization - a road network of four intersections along a main boulevard
in Sofia.

The results of the solution of the bilevel problem are compared with the results of the software
product TRANSYT, used worldwide for evaluation of traffic management strategies. The results
show that one of the bilevel problems gives an advantage over TRANSYT in three traffic
indicators. In summary, the comparisons lead to the conclusion that the solutions of the bilevel
problems are closet to the solution of TRANSYT than to the results of simulation of base case
scenario. Thus, with bilevel optimization, better traffic indicators are achieved than the simulation
with base case scenario. The advantage of MATLAB over TRANSYT is the faster calculation,
which is achieved. Bilevel optimization allows for more objective functions, control parameters and
more constraints in the control space. In particular, bilevel optimization achieves greater throughput
of the transport network from intersections, reduces queues at traffic lights and thus reduces
congestion at traffic lights. The effects of better traffic indicators are also felt in fuel consumption

and harmful emissions, which decrease with the improvement of traffic indicators.
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CONTRIBUTIONS

The contributions of the dissertation are as follows:

1. A mathematical model of road network has been made - an urban road network, regulated
with traffic light signaling, in order to optimize the network. The model allows to make analytical
and numerical simulations to determine the optimal values of a system of traffic lights.

2. A new mathematical model is defined through two hierarchically related tasks for
optimization of urban traffic, which allows to determine the optimal values of a larger number of
control variables: cycle and duration of green light of a system of intersections.

3. The light signaling of traffic lights and the cycle duration have been optimized by applying
the developed hierarchical model for optimization from point 2. The results of the numerical
experiments show that the obtained solutions can be determined in real time, which allows to adapt
the control of traffic light system according to the dynamics of transport traffic.

4. A simulation computer model of a network of intersections has been developed. The model
allows to take into account additional conditions in traffic management, which cannot be formalized
analytically, such as taking into account the presence of a tram line, permission to park in a system
of transport intersections.

5. A comparison of the results obtained from the analytical optimization through the developed
bilevel model and the simulation results of the computer model is made. It is shown that the bilevel
model allows the application of real-time control due to the faster calculation of the optimal control

interactions compared to the simulation results, which require significant implementation time.

Table Conclusion.1. Relationship between results, structure of the dissertation and publications.

Task Contribution Publication Chapter

A mathematical model of the site has been | Scientifically applied | 1,2 3
compiled - an urban road network,
regulated with light signaling, in order to
optimize the simulated object

A new mathematical model is defined | Scientifically applied | 1,2 3
through two hierarchically connected tasks
for optimization of urban traffic.

The light signaling of traffic lights and the | Scientifically applied | 1, 2 3
duration of the cycle have been optimized
by applying the developed hierarchical
model for optimization from point 2.

A computer model of the object of | Applied 4,5 3
optimization by means of a simulation
environment has been developed.

Complicating the computer model of the | Applied 3 3
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object. The model allows to take into
account additional conditions in traffic
management, which cannot be formalized
analytically, such as taking into account
the presence of a tram line, permission to
park in a system of transport intersections.

A comparison is made of the results
obtained from the analytical optimization
through the developed bilevel model and
the simulation results of the computer
model.

Scientifically applied | 2 4
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40 WoppaHka BoHesa

O01ma xapakTepucTHKA HA IUCEPTANMOHHUS TPYA:
AKTYaJIHOCT HA npodJiemMa:

AxTyajHOCT Ha mpo0iieMa 3a ONTHMU3HPAHE Ha TpaguK B TpaJicka cpea B IiodalieH Mamad e
CBBP3aH C Pa3BUTHETO Ha rpajoBeTe. AKTYaJHOCT Ha mpolieMa 1o OTHOIIeHWe Ha bwirapus e
CBBbp3aHa ¢ pa3pacTBaHeTo Ha cronunara Codus, KbAETO ce CTPyIBa BCE MTOBEYE HACEIIEHUE, OT TaM
¥ aBTOMOOWIIM U HYXJIa OT T0-e(DeKTUBHO U €PUKACHO yIpaBlieHHuE Ha Tpaduka. YIpaBIeHUETO HA
TpaduKa B Tpajicka cpelia ce OCHIIECTBSIBA OCHOBHO IOCPEICTBOM CBETO(GApHUTE YPEaOU, KOUTO

pasaciAAT mOoTOKa Ha aBTOMO6I/IJ'II/I, KaKTO W Ha NEIEX0oA1IH BbB BPEMETO.

O0eKT M 00J1aCT HA N3CJIEIBAHETO.

OOekTa Ha M3CIEABAaHE B IUCEPTALIMOHHUS TPYH € Mpexa OT CBETIMHHO CUTHAIHO PETyIHpaHU
KpBCTOBHUIIA MO MpoTekeHneTo Ha Oyn. [lumuencku mpoxon B rp. Codust. Obnactra Ha U3CIEIBaHE

€ TpaHCIIOPTeH TpauK B Tpajicka cpeaa.

Chabp:kaHue HA AUCEPTANMSATA:

B I'maBa 1 ce pasmiexxaar OCHOBHM IOHSATUS IIPU yIpaBlieHHE Ha TpaduKa, KAKTO U Pa3IndHU
MOJIENTM 3a YyIOpaBieHWe Ha Tpapuk B rpajacka Mpexa. JlepuHupanu ca OCHOBHH 3a
JUcepTallMOHHaTa padoTa MOHATUS KaTo MPOABHKUTETHOCT HAa LMKBIA, MPOABHKUTETIHOCT Ha
3€JIeHHsl CUTHaJI Karo 4acT OT LMKbiIa, offset u apyru. BajkHa wact oT miaBara ca MOAEIHMTE 3a
MHTCH3MBHOCT Ha TpaduKa, eIUH OT KOUTO M3IMON3Ba mpuHIimna store-and-foward, mnpuiaran 3a
nepuHMpaHe U pellaBaHe Ha 33/1a4nTe B JUcepTallMoOHHAaTa padora.

I'maBa 2 npencras iepapXxuyHa ONTUMU3ALMOHHA 3aj7ada 3a YIpaBJI€HHUE U ONTHUMU3UPAHE
Ha TpaduK B rpajcka cpena. [IpencraBeHo € JoceraiHo U3ciaeiBaHe B 001acTTa Ha ABylepapXudHa
ONTUMM3AIMA 3a LEeIWTe Ha onTuMmu3anus Ha Tpaduka. OnucaHa € M ChUIHOCTTa Ha
JByliepapX14HaTa 3a1a4a.

B TInaBa 3 ca onucaHu mpOBEACHU EKCHEPUMEHTH 3a MOJEIUpPAHE, CHMYJIHPAHE,
ONTUMHU3HMPAHE Ha TPaACKU TpaQuK BbpXYy M30paH OOEKT OT rpajcka TpaHCIOpTHA Mpexka. Beceku
€KCIIEPUMEHT € ONHMCAH HAaKpaTKO B pPE3IOME, MPEACTAaBEHU Ca PE3YNTaTH OT CBOTBETHOTO
n3cIeIBaHEe U ca HampaBeHW u3Boau. HampaBeHu ca Hax 6 eKciepuMeEHTa 3a ONTUMHU3HMpAHE Ha
Tpaduka ¢ pa3jIMYHU aKLIEHTU: MpHJIaraHe Ha onTUMH3anus ¢ nporpameH npoaykt TRANSYT,
MpUJIaraHe Ha pe3y/ITaTd OT JBE JIByHepapXW4HM 3a/laud B MMPOTPAMHHUS MPOAYKT Aimsun, OLEHKa
Ha TpaUYHU MMOKa3aTelIM MPH M3BBPIICHUTE CUMYJAllld, OLIEHKA Ha KOHCyMallusATa Ha TOPUBO U

3aMbPCUTCIIUTC HA BB3AYyXd, YCIOXHABAHC HAa KOMHNIOTHBPHHUA MOACIT MOCPCACTBOM ,Z[O6aB$IHe Ha
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edekTa OT TpaMBalHU CIIMPKU U MapKUpaHe U yauiara u Jip.

I'maBa 4 npencraBsi cpaBHEHHE MEXy U3BBPILIECHUTE U3CIICBAHUS U EKCIIEPUMEHTH B [11aBa
3. I'maBa 4 nemMoHCTpHpa ONTUMH3AIMATA HA TpaduKa MO ONpPeIeICHH MoKa3aTeu. B Ta3u miasa ca
CpPaBHEHU peE3yJITaTHUTe OT JBYyHEepapXU4YHU ONTUMHU3ALMOHHM 3aJadyd C pe3ylITaTuTe OT
cuMynanuara ¢ peaidHud gaHHu U ¢ pesyiararute or TRANSYT. B pesynrar Ha cpaBHEHUsITA ca
HaIlpaBEHU U ChOTBETHUTE U3BOJIH.

B 3akiouenuero ca 000011eHn OCHOBHH aCIeKTH Ha JucepTannoHHaTa pabora. Hampasen e u
Mpersiesl Ha OCHOBHUTE U3BOJIU.

Jlebunupanu ca NPUHOCUTE Ha JUCEPTALMOHHHS TpyH, ObAEIUTEe HACOKM Ha padoTa,
MPEJICTABEHU Ca HAyYHUTE IMyOJIMKAI[MM IO JUCEPTAIUATa, KAKTO M HAayYHO-H3CJICOBATEICKUTE
MPOCKTH, TI0 KOHTO € pPabOTeHO BBHB BpPB3KA C HW3CICABAHUATA IO JUCEPTAlMOHHATA paboTa U

OUTHUPpAHUA.

e 1 3a5a4u HA JUCEPTALIUATAL

Ien nHa nucepraunoHHara paboTa € Ja ce pa3pabOTH MareMaTMYeCKH MOJEN 3a pelllaBaHe Ha
u3cie0BaTeNICcKa 3a/1aya 3a ONTUMU3HpPaHEe Ha IbTEH TPa(UK B IPaJICKU TUIl TPAHCIOPTHA MPEXa.
OOekT Ha M3CIeIBAaHETO € MpeXa OT YETHPH CBBbP3aHU, CBETIMHHO PETYIMPaHU KPbCTOBUIIIA,
pasnoioxeHu o OyneBapy ,,llnmaencku npoxon ' B rpax Codwusi, bearapus.
[ToctaBeHu ca 3a pelraBaHe CIIEAHWUTE 3aJa4M BHB BpPH3Ka C KOHKPETHU3MpaHE Ha IeTa Ha
JHcepTalMoHHaTa padora:
- PazpaboTBaHe Ha MaTeMaTHYECKU MO Ha TPAHCIIOPTHA MPEXKa OT IPAJCKHU THII.
- PazpaboTBane Ha iiepapXuyeH MOJIeN 3a YIIPaBJICHNE Ha MpeXa OT KPhCTOBHINA;
- JlebuHupane u pemaBaHe Ha HepapXUIHH ONITUMHU3AIMOHHY 32/1a9H;
- MsrpaxxiaHe Ha KOMITIOTbPEH MOJIENI M CUMYJIAallMU B IPOrpaMHUs MakeT Aimsun;
- UM3npoOBane Ha pe3ynrarn 6e€3 M C JaHHUM OT peLIeHaTa ONTHMHU3ALMOHHA 33/7a4a B
cUMYyJaIllMOHHA cpefa Aimsun;
- OmeHka Ha ToONydeHUTE pemeHus mocpenactBoM cpaBHerne TRANSYT — mporpamen
MPOIYKT, KOMTO ce M3MOJI3Ba B CBETOBEH Malal 3a OIEHKa Ha yINpaBIABAIIM CTPATETUH B

00J1acTTa Ha aBTOMOOMIIHUS TpaduK.

Anpodauusi Ha pe3yJTaTUTE:
Yacrt or PE3YITATUTE, BKIIIOUCHU B JUCCPTAIMOHHUA TPyA, Ca HNPECACTAaBECHHW Ha CICAHUTC

MexIyHaponHu koHdepenmnuu: Automatics and Informatics’2019 - Codwus., CompSysTech'20 -
Pyce, TechSys 2020 — [ToBauB u mp.
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Thasa 1

MOJIEJIN HA YIIPABJIEHUE HA TPAHCIHHOPTEH TPA®UK

CBeT/IMHHATA pETyNalus € €WH OT Hal-c()eKTHMBHUTE W I'bBKaBM HAYMHU 3a yIpaBJICHUE Ha
Tpaduka. Br3HUKBamKMTE KOHQOIUKTH OT JABM)KEHHETO Ha Tpaduka B pa3iMYHH MMOCOKH € PEIICHO
Yype3 MpUHIMIIA pa3/ieisiHe Ha morouurte mo Bpeme. IIpeauMcrBara Ha CBeTIMHHATA peryianus
BKJIIOYBAT JBIDKEHHE Ha TpaduKa B ONpe/AeieHa MOCIEeJOBAaTETHOCT, MOBHUIIEH KalalUTeT Ha
KpBbCTOBUIIATA U U3UCKBA MPOCT reomeTpuueH au3aitH (Teodorovic u Janic, 2017).

I'pagckara Mpeka BKIIIOYBA HSKOJIKO YJIMIU, KOMUTO C€ Mpecuyar B KPhCTOBUINA, KOUTO MOTaT
WIA HE Morar ja ObJar ymnpaBlsiBaHH OT CBETIIMHHA CHTHAIW3aIUs. [pajgcKOTO KPBCTOBHIIE Ce
CbCTOM OT HAOOp OT MOAXOAM M O0IIa 30HA HA NpecuvaHe - KpbcroBHile. [logxombT € yact or
VU, ChCTOAIIA CE OT eAHa WM moBede JeHTH. [loacTein (anmi. approach) e Boxemu 10 obmiara
30Ha Ha MPECHYaHE Ha KPHCTOBHILETO, Taka 4e TPAUKBT BbPXY HEro MMa MPEAMMCTBO (aHIIL
I.0.W.) €JIHOBPEMEHHO M TPEBO3HO CPEJICTBO, B CHOTBETHATA OTAIlIKa MOXKE J]a OYaKBa Jia MPEMUHE
110 BpeMe Ha CHTHaJIa MPUOIU3UTEITHO M0 CHIIOTO BpeMe, KaKBaro U JeHTa jaa uzoepe. TpadukbT Ha
KPBCTOBHIIE C€ pa3zieis Ha moronu. [IoTok e Haii-mMankara 4acT OT pasmiexnaHus Tpaduk u ce
o0pasyBa OT BCHYKH ITPEBO3HU CPEJICTBA, KOUTO MPECUYAT KPBCTOBUIIETO OT €IMH M ChIIU MOJICTHIL
JIBa TOTOKa c€ HApWU4aT CHBMECTHMMH KOraTo MOTrar CHOKOWHO Jia TPEMHHAT KPBhCTOBHUIIETO
€HOBPEMEHHO; B MIPOTHBEH CIy4ail Te c€ HaphyaT HECHbBMECTUMH WIH KOHQIUKTHH. L[UKBIBT Ha
CHTHAJIa € €IHO MOBTOPEHHE Ha OCHOBHATA CepUsi OT KOMOMHAIIMU OT CHUTHAIHM Ha KPHCTOBHIIE.
[TponbIKUTETHOCTTA My CE€ HapHya BpeMEeTpacHe Ha IMKbBJIA WIH MPOCTO IUKbBI. ETan (nmm ¢asa)
€ YacT OT IHKBJA, N0 BpeMe Ha KOWTO €IWH HAa0Op OT MOTONM MMa NpeauMcTBO KOHCTaHTHH
3aryoeHn BpeMeHa (aHri. constant lost times) OT HSIKOJKO CEKYHIU Ca PAa3MOJIOKEHH MEXIY
eTanuTe, 3a Ja ce n30erHar KOH(DIMKT MEXIy HECHbBMECTUMH IOTOILM Ha TOCIIE0OBAaTeITHH €Taru
(Diakaki u ap., 2002).

Luxvn na céemocghapa

Ha ¢urypa 1.3.e nokazana npoab/KUTETHOCTTA Ha IIMKBJIa Ha cBeTodapa (Mathew, 2014).

3eneHo *Kovnto YepeeHo 3eneHo

L
|

5]
I'lpom:nmwrenﬂoa' Ha ynKbvna ’]

@ur. 1.3. [TpoAbIKUTEIIHOCT HA LIUKbJIA
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Yacm na 3enenus cuenan om yuxkvia (anen. Green splitting)

YacT HaA 3€IE€HHUS CHTHAII OT HUKBJIa € pasnpeaciiCHUEC Ha e(beKTI/IBHOTO 3C€JICHO BPEMC BLB

BCsIKa OT (paszuTe.

Iooxoovm store-and-forward

[Mogxonbt store-and-forward nbpBoHayamHO e mpemiokeH ot (Gazis 3a HpeACTaBsIHE Ha
CbCTOSIHUETO Ha Tpaduka MpH MPETOBApPEHU KPHCTOBHILNA M OT TOTAaBa C€ W3IMOJI3BAa B Pa3IUYU
TPYIIOBE CBBP3aHU C ynpaBieHue Ha Tpaduka. (Gazis, (1964), Papageorgiou, (1995)). Konnenmusra
€ BB3IIPHETO OT TCOPUATA HA KOMYHUKAITHOHHUTE MPEKH.

[pencTaBeHo € 3BEHO Z, KOETO CBbP3Ba JiBe KpbCToBHIIA | - 1 1 | (purypara 1.4.), nunamukara
Ha TpaduKka Ha 3BCHO Z € JajJieHa TOCPEJCTBOM ypaBHEHHETO 3a 3amasBaHe (ypaBHeHue 1.22.),
(Aboudolas u np., 2009). Onamkure ca nmpencTaBeHn mocpencTsoM ypasHenue 2-8. I1o Bpeme Ha
MEPUOIM Ha BUCOKA HATOBAPCHOCT TOBA OTPAHUYCHUE MOXKE aBTOMATUYHO Ja TOBEZE JI0 MOAXOSII0
HATPyINBaHE HAa KOJHM B JAJCHO 3BEHO, 3a Jla CE€ MPEANa3sT CICBAIIUTE CJe] Hero o0iacTd OT

npeToBapBane. [[pUIMBBHT Ha KOJIM KBM 3BEHO Z € MPEJICTABEH MOCPEACTBOM ypaBHeHue 1.23.
xz(k +1) = xz(k) + T[qz(k) — sz(k) + dz(k) — uz(k)] (1.22)
0 =< xz(k) = xz, max

qz(K)= ti,2i(k) (1.23)

KkbaeTo: T e IMCKpeTHaTa BpeMeBa CThITKA

k=0, 1, ...., TMCKpETEH BPEMEBH HHJIEKC

Xz(k) = OpodaT nmpeBo3HM cpenicTBa B 3B€HO Z 110 BpeMe Ha kT

0z(K), Uz(k) = mpuToKsT M OTIIUBBT OT 3BeHO Z B nieproaa [kT, (k+1)T]

dz(K), Sz(k) = WHTEH3MBHOCTTa Ha MPHUCTHUTAIINTE, CHOTBETHO HMHTECH3WBHOCTTA HA W3JIM3ALIUTE
ABTOMOOWJIH OT 3BEHO Z

Xz, Max = MaKCHMaJTHO JOITyCTHMATa Jb/DKHHA Ha OIaIikara, B Opoil MpeBO3HU CpeCTBa

t iz = ChOTHOIIICHHE HA 3aBUBAIIMTE KbM 3BCHO Z, KOUTO HABJIU3aT B KPHCTOBHUIIIE |

Ha ¢urypa 1.4. e mokazan npumep 3a mozena Store-and-Forward (Liu, 2015).
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~

i-1—>gq, ——u, !
d. S. ‘

®ur. 1.4. [Tpumep 3a moaena Store-and-Forward

3akiaouenue

B mraBa mepBa O¢ HampaBeH 0030p Ha IMO-3HAYUMU TOHSTHS U TECOPETHYHU IOCTAHOBKU B
obmactra Ha Tpaduka B Tpajcka cpela, KOETO Ja MOCTaBH OCHOBAara 3a II0-HATATBHIIHOTO
pasmiexaaHe Ha TeMara. B Ta3u Bpb3Ka ca W3SACHEHU HOHSTHS, CBbP3aHH ChC CBETIIMHHO CUTHAIHO
perynupane. OnrcaHa ¢ MaTeMaTn4yeckara OCHOBA Ha CBETIMHHOTO CUTHAJIHO PETyJHpaHe, KOSTO €
Ba)KHA 3a JIe(OUHUPAHETO HAa ONTHMHU3AIMOHHUTE 3a/1a4H B AMCEPTAlMOHHATa pabora.

Pasrnenan e moaxoaa store-and-forward, koiito € B ocHOBara Ha (opMyIHpaHETO Ha MOJAET Ha

TpaduKa U pelIaBaHeTo Ha ONTUMH3AIMOHHA 3a/]a4a 3a U30paHa Mpeka OT KPbCTOBUILA.
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Iasa 2

AHAJIN3 HA HEPAPXWUYHU OIITUMM3AIIMOHHHU 3AJIAYM U MOJIEJIA

Jlsytiepapxuuna onmumusayust
Wnesita 3a nByilepapXxyuyHa cTparerus 3a yrnpaBJlIeHHE C€ OTHACS JI0 pelIaBaHeTo Ha JIBE 3aJja4u

3a ONTHMHU3AIHsS, KOUTO ca B3auMocBbp3anu (Pur. 2.2), (Stoilova u Stoilov. 2020).

min f,.(x,¥)>
X

xeS.(y)

F 3
X
v y

min f,(y.%)
ye S, (x)

®@ur. 2.2. J[ByiiepapXx1iHa ONTUMU3ALUS

3asiauata Ha FTOPHOTO HUBO MpUEMa CTOMHOCTUTE Ha y =y * KaTo U3BECTHU MapaMeTpu U

HaMMpa ONTUMAJIHO pelieHue X * (y) upes3 pelraBaHe Ha 3ajgadara

fe (o, y7), (2.11)
x € S,.(y*).

Pemenuero x* (y) e ¢pyHkuus Ha nmapamerbpa y. ChOTBETHO, 3a/ayara ¢ MO-HUCKOTO HMBO
npueMa X = X* KaTo U3BECTHM NapaMeTpu ¥ HaMHpa pelieHue y* (X) karo QpyHKIMS Ha X.

Te3u JABC B3aUMOCBBP3aHHU 3aJ1a4M 3a OITUMH3alWA JaBaT PCIUICHUEC Ha rIoOaiHaTa 3aaada.

£.009), (2.12)
x € S5,.(v),
y € arg{f,(y,x) €5,(x) }

KOETO o3HauaBa, 4e X°P' e pelleHMETO Ha 3a/]aYaTa 3a ONTUMM3ALMs, KbAETO y IPOMEHS
ocHoBHara QyHkus fx(X, y) u nomycrumara oonact Sx(y). Chio Taka, y € pelieHue Ha 3ajadara ot
HUCKO HWBO, TIOBJIMSTHO OT CBOSI CTpaHa OT X. 3a KJIACHYECKHUS CIydail Ha ONMTHMHU3AIMS IeieBaTa

byukims e camo eana - fx(X).
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3akJiouenue

BbB BrOpa m1aBa ca pasrieiaHd MOCTHKEHUATA B 001acTTa Ha JS(UHUPAHETO U PEIIABAHETO
Ha ):[Byf/'lepapanHH OIITUMU3AIITMOHHHU 3aJa4U B obOactra Ha OINITUMU3AlUATA HAa I'PaiCKU Tpa(bI/IK B
Mpexa 0T KpbCTOBHIIA.

IIpencraBena e gopmanHara OCTAHOBKA Ha €HA JByHepapXWuHa ONTHMHU3ALMOHHA 3aj]aya.
Cpara gopmanHa mocraHoBKa, O¢ mpeacTaBeHa B KOHTEKCTa Ha aBTOMOOWIIHUS TpaduK B TpajJicKa
cpena T.e. YHPaBICHHWETO HAa CBETIIMHHO CUTHAJIHO PETYJIMPAaHU KPHCTOBMINA. TOBa € BaXKHO, OT
IVIeJJHA TOYHA Ha IIOCTaBsSHE OCHOBAarTa Ha JNe(GUHHUpPAHUTE U PEIIEHH AByHepapXxU4yHM 3aJadd B
chliara 00JacT Ha NPUJIOKEHNE B HACTOsAIIATa JUCepTallMOHHA paboTa.

dopmanHaTa MOCTAaHOBKA Ha JAByiHepapXuyHaTa 3aja4a u KOHTEKCTa Ha MPHIIOKEHUE Ca CHIUTE
3a AucepranuoHHara pabora. Pasnmukara or pasmienaHara B Ta3W TOYKA 3a7ava € B JIe(UHHPAHETO

Ha OCJICBUTC (1)}/HKI_II/II/I H JIOTHKaTa Ha I/I360p Ha IMapaMCTpHu 3a ropHara M J0JHara OCJICBU (bYHKI_II/II/I
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Iasa 3

PABPABOTBAHE HA MTEPAPXUYHU MOJIEJIA 3A OITUMHN3UPAHE
HA TPAHCHHOPTEH TPA®UK

H3noa3Banu MMporpaMHu NMaKE€THU 3a MOACJIUPAHE U OIITUMHU3UPAHE HA Tpa(l)I/IK

B nucepranusra ca nznonsBanu Tpu copryepuu nakera — Aimsun, TRANSYT 15 u MATLAB.
Aimsun u TRANSYT 15 ca cnenuaau3upaHu MakeTH ca CUMYJIUpPaHe U ChbOTBETHO ONTHMHU3HUPaHE
Ha aBTtoMoOwieH Tpaduk (Aimsun, (2013), Binning, (2015)). MATLAB e wusmon3Ban 3a
MareMaTu4ecKo CUMYIIMpaHe Ha pa3miexaaHa rpyna OT KPbCTOBHINA, KaTO ca OMMCAHU OMALIKU Ha
0aza Ha store-and-forward mozen u € TpWIOKEHA JByHepapXuuHa ONTHMHU3alms. Pesynrarute,
nonydyeHu oT MATLAB 3a mpoabKUTETHOCT Ha LIMKBIA M 3a 3€lieHa CBETJIMHA Ca BbBEICHU B
Aimsun 3a BanuIanus Ha TSAXHATa BAJUIHOCT U TMPEBH3XOJICTBO CHPSIMO H3MEPBAHUATA MpPEIu
ONITUMMU3AIIHSL.

Aimsun (Advanced Interactive Microscopic Simulator for Urban and Non-Urban Networks-
VYCBBBPIICHCTBAH MHTEPAKTHBEH MHKPOCKOIICKH CHUMYJIATOp 3a TPAJCKH U HE-TPAIACKH MPEXKH),
(Aimsun, 2013). To#i € B cbCcTOSIHUE J1a BB3IPOU3BE/IE PEATHUTE 0COOEHOCTH HA TpauKa Ha BCEKU
MpEXOB TpaHCIOpT. M3Mmon3BaH € 3a MPOEKTUPAHETO U TECTBAHETO HAa CUCTEMHTE 32 yIpaBJICHHUE Ha
JBIDKEHUETO, TIpaBUiIaTa 3a YIpaBJeHHEe Ha Tpaduka, KOHTPOIUTE 32 TOCTHII, MECTOIIOIOKEHUETO
Ha yCTpPOWCTBATa 3a TaKCyBaHEe Ha M3MHHAT YYaCTHK, MPEKHUTE 32 OOLIECTBEH TPAHCIIOPT, ITHTHHUTE
IUTaTHA, Bb3MOXHOCTHTE 3a paboTa 3aeJHO ChC CUCTEMMTE 32 YIPABJIECHUE Ha MPEBO3HUTE CPEACTBA
U IpYTH IPUIIOKEHUS B pEasTHO BpeMe.

Codryepnara cpena 3a ontumuzanus Ha cBeTiauHHarta perymamus - TRANSYT 15 cowmio e
MPUJIOKEHA B M3CIIEIBAHUATA 0 33a4ara 3a ONTHMH3HpaHe Ha TpaduK B TpaJicka cperna.

MopnensT Ha pabora Ha TRANSYT 15 e mpeacraBen Ha ¢urypa 3.1. (Binning, 2015).
CodryepbT mpecMsiTa 1 ONTUMU3UPA LeNeBa, GpyHkMs HapedeHa Performance Index, yact ot kosiTo
€ BpEeME3aKbCHEHUETO W Oposi CIIMpaHWs Ha aBTOMOOWIJIMTE, IIeJITa € Te3W JIBa IMoKa3areisl Ja ca
MUHHMAJTHH 32 MpeXKaTa, Taka 4e Ja ce obpasysa “3eneHa BwiaHA . [Ipu 3emeHa BhIHA TUIATOTO OT
aBTOMOOMJIM OT IpeaxofieH cBeTodap goctura ceerodapa Ha ClIEABALIOTO KPBCTOBUINE HA 3€JI€H

CHUT'HaJI 1 TOBA MOKE J1a CC CIIYYH 3a HAKOJIKO ITOCJICAOBATCIIHU KPBbCTOBUIIIA.

Asmopegepamu Ha oucepmavuu 2021 (4) 40-88



50 WoppaHka BoHesa

Mpeikosa Hannu 3a Mpexara Jannn 3a

Auarpama - H HHTEH3HBHOCTTA ONTHMHIAUHA y |

4 |[Tupeonasanty Orrrumanuu
CHPHATHH CHIHANTHH
HACTPOHKH HACTPOIKH

JaxucHeHHS TRANSYT'
u cnmpanus || | Padri Ha
B Mpexkara || LWHKIOTPani

®@ur. 3.1. [Ipouenypa no ontumuzanus B TRANSYT 15

IIponiecure, onucaHu B MO-TbMHHUS ydacTbk oT ¢urypa 3.1 mporuuar B cpenara TRANSYT.
[Iponiecure, oTOens3aHM B CBETIM TPABOBI'BIHUIM ca B JApYyr codryepeH maker. B ciydas 3a
HaIPaBEHUTE U3CJICIBAHMUS, TOBA € COPTYyepHUSAT MakeT Aimsun.

[IspBOHAUaTHO ce ch3laBa MoOZEN Ha TPAHCHOPTHA Mpeka B MakeT Aimsun, KBAETO ca
BBBE/ICHU M IIbPBOHAYATHN HACTPONKU Ha CBETIMHHATAa CUrHanmu3anus. Ch3aaeHara TpaHCIOpTHA
Mmpexa ce ekcrioptupa B TRANSYT 15. Usuucnsasa ce mppBoHadanaus Performance Index u ce
MPOBEX/a ITbPBa UTEpAIHsi HAa ONTHMH3AIMOHHA TPOIleypa 3a HamalsiBaHe Ha To3u Performance
Index. Ta3m onTHMM3alNMOHHA TIPOLIEAYpa BOAM IO HOBH HACTPOWKH Ha cBerodapa, KOUTO ce
BKapBaT B HauaJHMUsA MOJIEN M 10 TO3M HAUYWMH Kpbra ce 3aTBaps W C€ MoyBa C HOBA WUTEpaIUs IO
npecmsitane Ha Performance Index, ontumu3zanus, HOBU HAaCTPOWKU Ha CBETO(ApUTE U TAXHOTO
BbBEXKJaHe B Mojena Ha Tpaduka. CodTyepbT mpemiara MeToga Ha ,,Hal-CTPBMHOTO CITyCKaHe"
KaTo ONTUMM3AIIOHEH METO/I.

TpsibBa na ce HamMIe CHeNMajeH CKPUIT Ha Mporpamara, KOHTO Ja ce H3M0Jd3Ba IpH
nByiepapxuuHara ontumuszanus. [IpobiaemMbT ¢ aByiiepapxuuHaTa ONTUMHU3ALIMS € PEIIeH B cpeara
MATLAB. B MATLAB e Bkio4ueH crenuajngeH IONMBJIHUTENICEH HWHCTPYMEHT 3a pellaBaHe Ha
mogoOHN 3ana4yu. JIOMBIHUTETHUAT HWHCTPyMEHT ce Hapmua YALMIP. YALMIP e OesmiareH

HHCTPYMCHT, KOMTO YJICCHsIBA I[C(I)I/IHI/IpaHCTO U pCUHIaBaHCTO Ha 3aJaduud 3a OITUMH3AlUA

Asmopegpepamu Ha ucepmavuu 2021 (4) 40-88



ONTUMMN3NPAHE HA TPADUK B TPALCKA CPEOA 51

(https://yalmip.github.io/). [logpo6HO onucanue Ha To3u UHCTPYMEHT € fAajaeHo B (Lofberg, 2004).
JIpyru MOAXOIW 3a pellaBaHe Ha ONTUMH3AIMOHHHM NPOOJIEMH, CBbP3aHM C IBTHUA Tpaduk, ca
oocwaenu B (CromnoB u ap. (2017), bamadanos u ap. (2016), Casas u ap., (2010), Ghadiri u ap.
(2019)).

OOekT HAa cumMyanuaATa

Ha ¢urypa 3.2. e nokaszan u3mien Ha rpajckara Mpexa oT YeTHpH KpbCToBHUIIA B3eT oT Google
Maps. Ha nes ce BWXXJAT HAMMCHOBAHUATA HA HAKOHW YJIUIM, HAa TBPrOBCKU U APYTH 00eKTH U ce

IojydaBa OAJIOCTHO BIEYATIICHUE 3a I'bCTA HACCJICHOCT OT ITI€/JHA TOYKAa Ha Crpajiu.

Pastry ShoprNedelya @ —jv

enensz

P Registry Agency.of
AreHIJVF o) BnVlCBaHMﬂTa

@ur. 3.2.. 300pakeHre HA YeTUPHUTE CBHP3aHU KpbeToBHIna oT Google Maps

Ha ¢urypa 3.3. ca mnokazaHum dYeTHpH CBBP3aHU CBETIMHHO pETYJIHWpPaHU KpPHCTOBHIIA,
Mojienupanu B copryepHata cpena Aimsun. KpscToBuimara ce HaMupar Mo IpOTEeKEHUETO Ha OyIl.
[umuencku mnpoxon B rpang Codus. KpbcToBuIara ce HaMupaT Ha OTHOCUTEIHO MAJKO
pa3CTOsIHME €IHO OT Jpyro, KOETo € Jo0pa TpEeArocTaBKa 3a JTOCTHTAHETO Ha 3€JeHa BBIHA.

OO6miara 7pDKUHA HA pa3mIekIaHus ydacThK € 1.5 kM.
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®@ur. 3.3. Yetupu cBbp3aHu CBETIMHHO PEryJIHpPaHU KPbCTOBUIIIA B Aimsun

B pasmiexpanus ydyacTbk mMma MHoro Touku Ha uHTepec (Points of Interest) kato oducu,
TBPrOBCKHM IIEHTPOBE, YUWIHIIA, AETCKU TPAIUHH, TOIUKINHIKA U IpyTd. Te3u TOYKU Ha HHTEpEC
ca MecTa, KOUTO 10 ONpeAeTeHH MPUYMHMA NpuBIHYar xopa. Ha Te3n mecra ce renepupa Tpaduk,
KaKTO OT MECTHOTO HaceJeHHe, TaKa M OT XOpa OT JPYyTH PalilOHU Ha Tpaja.

[Tpu M3BBPLICHOTO HA MSCTO MPOYYBAHE HA M3CIICIBAHMS y4acThK B HAKOW YacTH OT HETO ca
YCTaHOBEHM YCIJIOBHSI HAa NPEHATOBApBAaHE - OIAIIKH, KOUTO HE MOTar Ja MPEMHHAT H3ILUI0 10
BpeMe Ha 3€JIEHUS] CHTHAJI OT CBETO(AapHUS IUKBI M CHOTBETHO (hOpMHpAT OCTaThuHA OMAIIKa,
KOSITO 3ae€Ma 4acT OT 3€JICHOTO BpeMe Ha CIIe/IBaIllys [IUKBJI, 3a J1a IPEMUHE Npe3 KPbCTOBUIIETO.

KananureTsT Ha KPBCTOBHUILETO MOXE Aa ObJ€ HaJBMIIEH, KAKTO MO OTHOLIEHHE Ha BPEMEBU
acIieKT, Taka W TI0 OTHOIICHWE Ha NpPOCTpaHCTBO. [lo OTHOIIEHWE Ha BpPEMEBH AaCIEKT,
MIPEHATOBApBAaHETO ce HaONoaBa, KOTaTo TPOABDKATEIIHOCTTa Ha 3€JICHHS CHTHAJI HE €
J0CTaThy4Ha, 3a J]a MPEeMHUHAT BCUYKH KOJIM, IPUCTUTHAIN Tpej cBeTodapa 1Mo BpeMe Ha YepBEHUs
curHai T.e. ¢opmHpa ce ocTrarbyHa onamka. [lo OTHOIIEHHWE Ha NPOCTPAHCTBEHHUS AaCIEKT ce
TOBOPH 3a MPEHATOBapBaHe, aKo OMAalllKaTa OT KOJHM JOCTUTA MPEIXOAHOTO KPBHCTOBHINE M MO TO3H
HAYMH YacT OT 3eJICHHsI CHTHAJI OCTaBa OTHOBO HEM3IOJI3BaHA, MOPAAH HEBH3MOXHOCTTA KOJIUTE OT
MPEIXOAHOTO KPBCTOBUILE J1a IPeMUHAT Mpe3 Hero. Jlokato BpeMeBOTO MPEHAaTOBapBaHE MOXE J1a
3acsra M30JMPaHO KPBHCTOBMIIE, MPOCTPAHCTBEHOTO MPEHATOBApPBAHE € MPH3HAK 3a JIerpajanus B
Mpexara OT KpbCTOBHUIIIA.

[TogpoOHO ommcaHWe Ha METOAOJIOTHATA 3a ONpEACIsIHE Ha IMPEHAaTOBAapEHO KPHCTOBHIIE
MIOCPENICTBOM ChOMpaHe Ha MH(OpMaIUs OT CEH30pH, MOXe Ja Ob1e HamepeHo B (Wu u Liu, 2010),

KOATO METOHOJIOTHA MMa 3a LEJI U Aa ONIPCACIIN CCPUO3HOCTTA HA MPECHATOBAPBAHCTO.
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IIpoBenenu ekciepuMeHTH
@urypa 3.4. npeacTass IPOBEACHN EKCIIEPUMEHTH BbB Bpb3Ka C JUCEPTALMOHHMS TpyaA. Beeku

CAWH OT TC3U CKCIICPUMCHTHU 1IC 6’5/16 HOﬂpO6HO OIIMCAaH B ITIO-HATaTbIIHOTO U3JIOKCHHC.

Mukpocumyaamusa B Aimsun
H eKCIMEePHMEPTAJIHH POMEHH

HA HACTPOHKHTE HA

CBETJIHHHATA CHIrHAJIH3AIHA

Mukpocumynauus B Aimsun u
onTummzanusi B TRANSYT

YcenoxxaaBane HA MOAEIa C
TPAMBAHHH CIHPKH
H NapKHPAHE HA YHLATA

I'bBKaBO ynpaB/ieHHe H
H3CJICABAHE HA

TpapuIHH HHIUKATOPH,

KOHCYMAIIHA HA r'OPHBO,
3aMBpPCABAHE HA Bb31yXa

Buaemo pazeaTHe

®@ur. 3.4. [Ipernen Ha HaNpaBEeHUTE EKCIIEPUMEHTH

[IppBOHAUATHUTE EKCIIEPUMEHTH HAONIATaT TTOBEYE Ha MOJI3BAHETO HA MPOTPAMHHUTE TIPOIYKTH,
TAXHOTO pa3dyyaBaHE W IMpHJIaraHe — Te3U eKCIePUMEHTH ca 0003HAYeHU B YEpBEHO Ha rpadukara
(TbpBU U BTOpU MpPaBOBI'bIHUK). CieBaT CHIIMHCKUTE €KCIIEPUMEHTH 3a AMCEPTALMOHHUS TPYI,

KOUTO HOCAT HNO-3HAYUTCIHATA YaCT OT HNPUIOKHUA W HAYUYHO-IPHUIIOXKHHUA ITPUHOC. Te3u Taka
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HApeYeHN CBHIIUHCKA EKCHEPHUMEHTH W3II0N3BaT JByHepapXWyHa ONTUMH3anus W (QyHKIUSATA
solvebilevel() 8 MATLAB u TecTBar moily4YeHHWTE pe3yJITaTH 3a CBETIMHHATA peryjanus B
CTelMATU3UPAHUTE MTPOTPAMHH CPENIU 32 CUMYJIallus U ONTHUMHU3anus Ha Tpaduk — Ha ¢urypara ca
0003HAaYeHW B JKBATO (TPETH W YETBBPTH MNPAaBOBI'BIHUK). Ciex TAX chenBar HM3BbPIICHU
eKCIIEPUMEHTH 3a YCIOKHIBAHE HA M3IOJI3BaHHUS MOJIEN U TOOIMKaBAaHETO MY JI0 PEATHU YCIIOBHS C
BBbBEXKJAHE HAa TpaMBallHU CHHMPKU W MapKUpaHe Ha ynunara.(meTd mpaBobI'BIHUK). Hakpas ca
MIOCTaBEHU EKCIIEPHMEHTH 3a T'bBKABO yNpaBICHUE HA Tpaduka, KOUTO ca HANPABEHU H3IUIO B
Aimusn. OcBeH n00puTe TpadUUHH MTOKA3aTEIH, 10 KOUTO BOIST TE3U M3CIEIBAHMUS, CE Pa3IIekKIaT
U aCIeKTUTEe KOHCYMalusl Ha TOPHBO M 3aMbpCSIBaHE HA OKOJHATa cpeia. (IIeCTH NMPAaBOBI'BIHUK).
[TocokuTe 3a Obaemo pa3BuTHE (CEAMHM NPABOBI'BIHHMK) Ca NPEACTaBEHH B dacTTa ,,bblemo

pa3BuTHE", HAMUpAIIl C€ KbM Kpas Ha AUcepTaluoHHaTa padoTa.

OnTuMu3auus Ha aBTOMOOHJIEH TPA(UK HA CBETIMHHO PeryJHpaHu KPbCTOBHUILA

MmoCpeaACTBOM CUMYJIalIMOHHA Cpeaa Aimsun

Pezrome na eKkcnepumernma

B mpencraBeHnsi eKCIIEpUMEHT C€ M3CIe[Ba BB3MOXKHOCTTA 3a NopoOpeHue Ha Tpaduka mo
nporexxeHnero Ha Oyn. Ilumyenckum npoxon. M3BbpmBa ce AMHAMHYHA MHUKPOCHUMYJAllMsl.
IIpoMeHAT ce HACTpOMKHUTE Ha 3eleHHs] CUTHaJl 3a cBeTodapuTe Ha OyneBapja U MaJIKUTE YIHIU
npecuyaiy OyneBapaa. XumoresaTa €, 4e ChLIECTBYBAaT HACTPOMKHU Ha cBeTodapuTe, KOUTO ca Mo-
n0o0pH OT NEHCTBUTETHUTE, KOUTO 1€ MOA0OPAT IoKa3aTenuTe Ha Tpaduka rno OyneBapaa U morar
1a ObJaT YCTAaHOBEHH MOCPEJICTBOM CHMYJIAITHSL.

ToBa wu3cnenBaHe ce NPOBEXKIa CaMO M E€IUHCTBEHO IIOCPEICTBOM H3IOJ3BaHE Ha
CHUMYyJIAIIMOHEH MporpamMeH mpoaykT Aimsun. CpaBHenu ca 10 moka3zaresns Ha Tpaduka 3a Mpexka oT
4 xpwcroBuiia mo Oyn. lllumyeHckn mpoxoa, 3a pa3iMYHM HACTPOWKH Ha 3€JICHUS CUTHAT 3a
ceerodapuTe Ha OyieBap/a 1 3a cBeTo(hapuTe Ha MATKUTE YIAUIKH.

Pesynrarure noka3Bar XWIIOTe3aTa, 4€ ChLIECTBYBAT MO-100pH HACTPOWKM Ha CBETO(apHUTE
ypenbu c ornea Ha mopoOpsiBane Ha 10-Te u30paHuM mMokaszarenss Ha Tpaduka 3a Mpexara OT
KPBCTOBHINA, KOUTO HACTPOWKH Ca OTKPHUTH EKCIEPUMEHTATHO 4pe3 cumyianws. Pasrmiemanu ca

YeTUpH Cllydail Ha HACTPOMKHU Ha cBeTo(apHaTa CUTHAIU3AIMS.
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20% npomaHa 1 10% 3a T-

Pedepentes Mogen 10% npomaHa B 3eeH CUrHan 20% NpomAHa Ha 3eNeH curHan obpasHo
8744 8744 8744 8744
Start Time |Duration Start TimgDuration Start Timg Duration Start Timg Duration
CurHan 1 |Signal 1 0 30 Signal 1 0 33 Signal 1 0 36 Signal 1 0 33
CurHan 2 |Signal 2 0 30, Signal 2 0 33 Signal 2 0 36 Signal 2 0 33
CurHan 3 |Signal 3 36 30 Signal 3 39 27| Signal 3 42 24 Signal 3 39 27
8778 8778 8778 8778
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
CurHan 1 [Signal 1 0 20 Signal 1 0 23 Signal 1 0 26 Signal 1 0 26
CurHan 2 |Signal 2 26 25 Signal 2 29 22 Signal 2 32 19 Signal 2 32 19
CurHan 3 |Signal 3 0 22 Signal 3 0 25 Signal 3 0 28 Signal 3 0 28
CurHan 4 |Signal 4 26 24 Signal 4 29 22 Signal 4 32 19 Signal 4 32 19
8845 8845 8845 8845
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
CurHan 1 [Signal 1 0 24 Signal 1 0 26, Signal 1 0 29 Signal 1 0 29
CurHan 2 |Signal 2 0 25 Signal 2 0 27| Signal 2 0 30| Signal 2 0 30
CurHan 3 |Signal 3 29 23 Signal 3 31 21 Signal 3 34 18 Signal 3 34 18
CurHan4 [Signal 4 29 23 Signal 4 31 21 Signal 4 34 18 Signal 4 34 18
14175 14175 14175 14175
Start Time Duration Start Time Duration Start Time Duration Start Time Duration
CurHan 1 |Signal 1 0 25 Signal 1 0 28 Signal 1 0 31 Signal 1 0 31
CurHan 2 |Signal 2 0 17 Signal 2 0 20| Signal 2 0 23 Signal 2 0 23
CurHan 3 |Signal 3 29 28 Signal 3 32 25 Signal 3 35 22 Signal 3 35 22
CurHan 4 |Signal 4 29 16 Signal 4 32 14 Signal 4 35 11 Signal 4 35 11

®wur.3.7. Hactpoiika Ha cBeTodapHUTE ypeadu 3a pa3TuYHUTE CIIyYau.

Ha ¢urypa 3.11. e untocTpupaHo cpaBHEHU MEX]Ly BTOPU U YETBBPTHU CIIy4aid OT 001110

pasmiienanute 4 ciydail B pa3meKIaHus eKCIICPUMEHT.

10% NPOMAHa Ha 3e/1eH CHTHa B M0/13a Ha cBeTopapuTe Ha 20% NpoMAHa Ha 3eN1eH CUFHaN B NON3a Ha CBeToGapuTe Ha

1 Bynesapna 10% 3a T-06p: s} Paanuka Pa3nukaB %
2
Standard
Deviatio Standard

3 Time Series Value n Units Time Series Value |Deviation |Units

4 Bpeme 3a - Kona Delay Time - Car 42.8] 34.6/sec/km Delay Time - Car 41.96 35.65|sec/km 0.84 1.96)
5 [MIBTHOCT - Kona Density - Car 7.14|N/A veh/km Density - Car 7|N/A veh/km 0.14 1.96|
6 Flow - Car 4102|N/A veh/h Flow - Car 4105|N/A veh/h -3 -0.07
7 CKOpOCT - Kona Harmonic Speed - Car 32.91 10.24{km/h Harmonic Speed - Car 33.16 10.38[km/h 0.25 -0.76)
8 Input Count - Car 4204(N/A veh Input Count - Car 4204|N/A veh 0| 0.00)
9 Input Flow - Car 4204|N/A veh/h Input Flow - Car 4204|N/A veh/h 0| 0.00]
10 Max. Virtual Queue - Car O[N/A veh Max. Virtual Queue - Car 0[N/A veh 0| 0.00]
11 CpegHa onauwka - kona Mean Queue - Car 24.29|N/A veh Mean Queue - Car 23.1|N/A veh 119 4.50)
12 Mean Virtual Queue - Car O[N/A veh Mean Virtual Queue - Car O[N/A veh 0 0.00]
13 Missed Turns - Car 1|N/A Missed Turns - Car 4|N/A -3 -300.00
14 Number of Lane Changes - Car 418.06|N/A #/km Number of Lane Changes - Car 425.37|N/A #/km -7.31 -1.75
15 Bpoii CNMpKK - Konla Number of Stops - Car 0.14|n/A #/veh/km)| Number of Stops - Car 0.14|N/A #/veh/km| 0 0.00
16 CKOpOCT - Kona Speed - Car 36.09 10.79|km/h Speed - Car 36.41 10.72[km/h -0.32 -0.89]
17 Bpeme B cnpAno cbCroAHMe - Kona|Stop Time - Car 31.42] 31.25|sec/km Stop Time - Car 30.81] 32.3|sec/km 0.61] 1.94]
18 Total Number of Lane Changes - Cq 5262|N/A Total Number of Lane Changes - C4 5354|N/A -92| -1.75|
19 06wy 6poii cnupauua - kona Total Number of Stops - Car 7392.09|N/A Total Number of Stops - Car 7249.91|N/A 142.18] 1.92
20 O6uio Bpeme 3a nbTyBaHe - kona |Total Travel Time - Car 88.12|N/A h Total Travel Time - Car 86.51|N/A h 1.61 1.83
21 | Total Travelled Distance - Car 2932.95|N/A km Total Travelled Distance - Car 2936.42|N/A km -3.47] -0.12}
22 Bpeme 3a MbTyBaHe - Kona [ Travel Time - Car 109.4 34.87|sec/km Travel Time - Car 108.57| 35.9|sec/km 0.83 0.76
23 Vehicles Inside - Car 102|N/A veh Vehicles Inside - Car 99|N/A veh 3 2.94
24 Vehicles Lost Inside - Car 0|N/A veh Vehicles Lost Inside - Car 0|N/A veh 0| 0.00]
25 Vehicles Lost Outside - Car 0|N/A veh Vehicles Lost Outside - Car 0|N/A veh 0| 0.00|
26 Vehicles Outside - Car 4102(N/A veh Vehicles Outside - Car 4105|N/A veh -3 -0.07|
27 Vehicles Waiting to Enter - Car 0[N/A veh Vehicles Waiting to Enter - Car 0[N/A veh 0 0.00)
28 Waiting Time Virtual Queue - Car 0.02) 0.08|sec Waiting Time Virtual Queue - Car 0.02 0.09sec 0| 0.00]

®@ur. 3.11. Ciyyaii 2 u cinyyaii 4 cpaBHeHue - CpaBHeHue Mexay 10% mpomsiHa Ha 3elleHus
CUTHaJ 3a BCUYKH KpbCTOBHILA U citydast ¢ 20% mpoMsiHa 3a BCUYKH KpbcToBuIa u camo 10% 3a T-

00pa3HO KPbCTOBHUILE

H3600u om excnepumenma

CuMynalMoHHOTO TMPOMEHSHE Ha TapaMeTpUTe Ha CBeTOQapHUTE ypeadu NEeCTH Bpeme U
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CpEeINCTBa M TIPaBH BB3MOXHU CHUMYIAIMH, KOUTO B PEaHM YCJIOBHs OMXa MOTIH Ja JOBEAAT 0
3aTpyAHCHUA B ABWIKCHUCTO, 3aAPBHCTBAHUA, 3aMbPCABAHC U HCYAOBJICTBOPCHOCT BbB BOAAYHUTC. HA
B Tta3su Touka Osixa pasmiemanu 10 mokaszarens Ha Tpaduka. OT M3CIEIBAHETO CTaBa SCHO, 4e
MOHSKOTa C€ Hajara M OTJCIHO pa3mIeKaaHe Ha KPHCTOBHIIETO B paMKuTe Ha oOmms momen. C
TO3M pe3yarar Oelie [oKa3aHa XHIOTE3aTa, Y€ MO EMIHUPUYCH HAYMH M 4Ype3 KOMITIOThpPHA
CUMYJalUsS MOrar Ja ObJaT HaMEpeHHU IMO-I00pu HACTPOWKM Ha cBeTodapHaTa ypenda OT peasHo

JICVCTBAILIUTE.

ITonoOpenue Ha Tpaduka B rpajcKa cpeaa ype3 ONTUMHM3AIMS HA cBeTO(apHaTa
CUTHAJIM3ALUs
Pesiome na excnepumenma

To3u excriepuMeHT npeacTaBs 00eKTa Ha U3CIeIBAHETO, KOWTO € MOJEIUpaH B MporpaMmHa
cpena Aimsun, ciea ToBa ontumusupan B copryepnara cpeaa TRANSYT u excnioptupan oOpaTHO
KbM Aimsun 3a BaJIMAWPAHEC HA PE3YJITATUTC. EKCHepI/IMeHTLT C€ CbCTOM B OIITUMMH3ALIMA HA
3esieHusi curHai u offset Ha cBeTIMHHO perynupanu KphCTOBHIIA, KOETO BOJH JI0 MOI0OpsSIBaHE HA

ennHazeceT n30panu TpapuuHU MHAUKATOPH.

Onpez[en;IHe Ha [OCJICBa TPAHCIIOPTHA MPECiKa

v

[TpoyuBaHe Ha TpaduKa: UHTEH3UBHOCT Ha Tpaduka,
reoMETpUs Ha MpeXara, IUIaH Ha CBETIMHHATa

v

Hsrpaxkmade Ha TpaHCIIOPTHATa Mpexa B Aimsun

v

W3rpaxiane U yckaHe Ha MUKpOCUMYyIaus B Aimsun

OmnpenensiHe HA MHMKATOPH 32 OI[CHKA HA ONTHMHU3aIIHOHHUTE
pesynraru. [Ipumepu: o010 BpeMe 3a MbTyBaHe, CKOPOCT, CpeIHa

v

Excnioprupane Ha mozena B TRANSYT 15 3a ontumusanus Ha
CBETJIMHHATA CUTHAJIU3ALM

v

Excnoptupane Ha Mozena oOpaTHO B Aimsun ¢ 1eJ1 BalTUANpaHe
Ha pe3yaTaruTe oT ontuMu3anuoHHus rnpomec ¢ TRANSYT 15

v

CpaBHEHME Ha KITFOYOBH MHIMKATOPHU MIPEAH U CIIEN
ONTUMU3AIMATA HA cBeTO(apHaTa CUTHATU3AIMS ¢ (PUKCHPAHO

®@ur. 3.12. PaboTeH mpoiiec nmpu U3CiIeBaHETO
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OntuMuzanusiTa v yrpapjIeHHETO Ha CUCTeMaTa KPhCTOBHIIA € MTPEICTaBeHA KaTo CUCTEMa 32
aBTOMAaTUYHO yTpaBleHHe Ha OokoBa cxema dur 3.13.

U C Perynatop
!
Ynpasnenue | Ontumusayusn <4
- 3e/1eHa CBeTAnHa: | yenesn GyHKUMN
uj=1m min c(x,u)
-uukbn: ¢, k=1K max u(c,x)
u, C ObekTt "
> CucTema KpbCTOBMLLA >
CMyLieHuA CbCTOAHWA: ONALIKK
_> x,i=1N
Xin

®ur 3.13 brokoBa cxema 3a aBTOMaTHYHO YIIPaBJIECHUE HAa CUCTEMA, MTPE/ICTaBIsABAIlA IPajicKa
IIbTHA MpPEXa

Ha6J’II-OI[aBaT CcC HO,Z[OGpCHI/IH Ha BCHYKHM MHM3CICABAHM IIOKa3aTCIan CJICA OINTHuMU3anuiaTa C

TRANSYT (Tabnuna 3.1)

Tabnuua 3.1.: Tpadbuynu UHAUKATOPH ,,lipeau u ,,cien’ ontumuzanus B TRANSYT

Tpaduunn IIpeau onTumu3anus B Caen onTumMu3anus
HHIMKATOPH TRANSYT B TRANSYT
Mepuu CranpapTHo CraHaapTHO Pa3znuka
equHuM | CroiiHocT | oTkJyioHeHHMe | CroiiHocT | oTkiaoHenue | Paznuka | B %

Bpemesakbcuenue | sec/km 51.16 40.3 36.33 35.88 -14.83 | -28.99%
ILtbTHOCT veh/km 7.69 N/A 6.53 N/A -1.16 | -15.08%
HNHTEeH3MBHOCT veh/h 4095 N/A 4126 N/A 31 0.76%
XapMoHnnyHa
CKOpOCT km/h 30.57 10.61 34.97 10.66 4.4 14.39%
Onamka veh 29.85 N/A 19.08 N/A -10.77 | -36.08%
Bpoii cnupanus #/veh/km 0.16 N/A 0.12 N/A -0.04 | -25.00%
Cxopoct km/h 34.25 11.56 38.21 10.37 3.96 11.56%
Bpewme B cipsiiio
ChCTOSIHME sec/km 38.42 35.17 26.34 32.84 -12.08 | -31.44%
OO0 opoii
CIUpaHus 8322.87 N/A 6367.76 N/A | -1955.11 | -23.49%
O061ro
NponbTYBaHO
BpeMe h 94.76 N/A 81.2 N/A -13.56 | -14.31%
IIponbTyBaHO
BpeMe OT eJlHa
K0J1a sec/km 117.76 40.53 102.96 35.96 -14.8 | -12.57%
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H3600u om excnepumenma

[TogoOpennero OT ONTHMHU3ALMATA CE M3MEpBAa C €AMHAAECET MOoKa3aress Ha Tpaduka Karo
OTIAIIKH, CKOPOCT, BpeMe Ha IIbTyBaHeE U JIp. J{Ba citydasi ca cpaBHEHU - IPEeIu ONTUMU3ALNS U CIIe]T
ontuMmu3upane Ha cBemiMHUTEe curHaau ¢ TRANSYT. Pesynratute mnokas3Bar, ue clien
ONTUMH3AIMATa TpadUK HHAMKATOPUTE ca C€ MOJOOPUIM 3HAYMTENHO, KaTo HSIKOM OT
IIOKa3aTeNuTe, JOCTUrar nojxoopeHue or Hajx 30 mpoleHTa B CpaBHEHHME CbC clydyas Ipeau

OIITUMM3allMs.

OHTI/IMI/I33HHH Ha 3€JICHUA CUTHAJ H OTAIKHUTE B TPAHCIIOPTHATA MpEka Ype3

AByHepapXu4Ha ONTHMHU3ALUS

Pezrome na eKkcnepumernma

Hacrosimara To4ka onmcBa W3MOJI3BAHETO HA JIBylepapXW4yHA ONTUMU3AIMS, KaKTO U J00pe
no3Harus store-and-forward moaxox 3a oNTHMU3UpPaAHE HA TPAHCIIOPTHATA MPEKa

Hyxnara ot cBeTodhap u HE0OXOIMMOCTTA J1a Ce YIPaBisiBa [0 ONTHMAJICH HAYHMH Ca JOBEIH J10
MHOECTBO U3CJICJIBAHUS M M300PETIBAHETO HA Pa3IHMuHU MoAX0aAu. [1oaXoabT, MPEUIOKEH TYK, ce
OCHOBaBa Ha momyJssipHus mozen store-and-forward. Jlo6aBeHara cTOWHOCT Ha TOBa M3CJIEIBAHE €,
ye noaxoabT store-and-forward e ¢popmanusupan B mpobsieMa 3a ONTUMHU3AIUSA HA JIByHepapXudHa
3amada. [lo TO3W HAYMH JOMBIHUTEITHUTE MapaMeTPU Ha TPAHCIIOPTHATA CUCTEMa CE€ OICHSBAT C
onTUMaJIHU cToiHOCTU. ToBa W3clenBaHe Ype3 MPUIAraHEeTO Ha JIByHepapXu4yHa ONTHUMH3AIUSL
HaMUpa ONTHMAajHaTa MPOIBIDKUTEITHOCT Ha 3€JICHHUTE CBETIMHH KaTO CTOMHOCT OT IHKbBJIa Ha
ceerodapa. OcBeH TOBa OMNAIIKWTE Ha TPEBO3HHUTE CPEACTBA Ca CBEJACHW 1O MHHHMYM, HO
MHTEH3MBHOCTTa Ha Tpaduka mpe3 rpajackara mMpexa € yBenudeH. [lopaau moTeHUIMaIHUTE CU
MpEeIMMCTBa, JAByHepapXWyHara ONTUMH3AIMs C€ U3MON3BAa B MPAKTHUYECKH OOJIACTH KaTo
ONTUMHU3AIMS Ha TOPTQOIHO, ONTUMHU3AIMS Ha KENe30MbTHHU IaaHoBe U np., (IlaBmosa, (2017),
Stoilov u ap. (2016), Stoilov u Stoilova, (2012)). Toa uscneaBane npasu GopmMaaHo pa3padoTBaHE
Ha JByHepapXW4eH TPaHCIOPTeH Mozen. J[eMOHCTpHpaHO € Kak TO3W IMpoOieM Moxe Aa Objae
pEIlIeH ¢ MOAXOASIIN TPOrpaMHU HHCTPYMEHTH.
ToBa m3cnenBaHe NpaBU KOMITO3UIMS OT mojxoxaa store-and-forward ¢ pombiHUTENCH MpoOIIeM ¢
ONTUMU3AIMITA, KOWTO € HAcOuYeH KHhbM MaKCUMH3WpaHE Ha IOTOKa Ha Tpaduka, Mpecudyarl
TpaHcHopTHaTa Mpexa. KoMmmosunusita Ha Te3u JiBa MpobjemMa € WHTerpupaHa B JIByilepapXudeH

OIITUMHU3AIIMOHCH MOACII.
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x4in* x6in’ x8in’

x5 x8 x11
’ 0.9-u)s,.C, ’ 0.9-u)s,C5 * (0.9-u,)s,,C,
0.9-u)s,.c, (0.9-u,)s,c, (0.9-u,)s,.c,
x1in _UsSS A MsSCe USpCy A
u,s,c, 1 us.c 2 u,s,.C, 3 U,S,C 4
u.s.c . ; us,G, ‘ 0.9 Us5,,G ' m .
i (0.9-u)s,c, 09-u)sc, (0.9-u)s,c, (0.9-u)s,.c,
X1 = X3 = X6 = X9 ==
§ [©09-u)sc, 4 } | }
X2 x4 [0:9-u)sc, x| TR 410[09-us,c,

x2in * x3in* x5in * x7in *

®@ur. 3.17. I'paduuen Moen Ha pa3riexaaHaTa rpajicka Mpexa

[lokazanusatr Monen Ha ¢urypa 3.17. € M3MON3BaH Karo OrpaHUYEHUE 3a JOJHaTa lieJjieBa

GbyHKIMS, 1esaa MUHIMU3UpaHe Ha onamkure mpea ceerodapute. O003HaYeHUsITA HA PUrypara

Ca KaKToO CJICaBa:
Ci — € IPOABJDKUTECIIHOCTTA HA IUKBJIA

Ui — 0003HaYaBa KaKBa 4acT OT HUKBJIa IPEACTABIIABA 3CJTICHUAT CUTHAII

Si — e saturation flow (MOTOK Ha HAcHINAHE), KOWTO MPEJCTaBIsBa KOJIM HA Yac, KOUTO

MMpEMHUHABAT 110 JaICHOTO HAIIPABJICHUC.

x1in — x8in — ca koyu BIM3AIH Ha Yac 3a JaJeHus moaxo (yiuia)

X1 — x11 — ca onamku npeja ceeroapute, U3MEPEHHU B KOJIM 3a €JMH LIMKbBJI Ha cBeTodapa

Ilenra e na ce MUHUMU3MPAT OMALIKUTE Mpej cBeTodapute T.e. cCOOPBHT OT BCUUKHU OMAIIKU OT

x1 +x2 +....+ x11 1a e MUHMMAaJIEH, KOETO Ce MPECTaBs C IefieBaTa PyHKIIHS.

CDOpMYJ'IaTa, [0 KOATO CC H3YHUCIIIBA OITallka Ipe]q CBCTO(I)ap € cJIcaHara 3a x]l uTa e

aHaJIOTMYHA 32 BCUYKH OMaIku ot ¢urypa 3.17.

x1 <= x10 + x1in - ul*s2*cl - ul*sl*cl

Onaikara € paBHa Ha HAMUpAILKUTE c€ OT MPEIUIIeH BpeMeBU Nepuos Koiu Ha cBeTogapa x10,
IUTIOC KOJIUTE KOMTO MPUCTHUTraT Ha cBeTodapa 3a AajaeH Mepuoi oT BpeMe xlin, MUHYC KOJMTE,
KOWUTO MIPEMUHABAT Mpe3 KPhCTOBHUILETO M0 BpeMe Ha 3eJIeHHsI CUTHAJ B IipaBa nocoka (ul*s2*cl) u

3aBuBan komu (Ul*sl*cl). M3umcnsiBaHeTo Ha OmNamKk MO TO3W HAUYMH CE€ OCHOBaBa Ha
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M3I0J3BaHus moaxox store-and-forward.
Hyxnara oT MUHMMH3HMpAHE Ha IHUKbBJIA IPOM3THYA OT U3CJICABAHE, CIOPE] KOCTO MO-KbCHUST
IIUKBJI Ha cBeTO(apa B Ipajicka cpejia Boau 10 mo-mxo0pu pesynraru (https://nacto.org/).
[IponbmwkurenHocTTa Ha IUKBIAa € nepuHupana ot 3akoHa (Hapegba Ne 17, 2001) B

OIIPECACIICHU paMKH — 3a MUHHUMAJIHA U MaKCUMaJIHa IMIPOABbJIKUTCIHOCT.

Ha tabnuna 3.2. e HanpaBeHO CpaBHEHUE HA PE3YATATUTE OT CUMYJIALUUTE C (PUKCUPaH BPEMEBU

IUIaH U IPU JBYHepapXuyHa ONTUMHU3ALIHSL.

Tabmuua 3.2.: CpaBHEeHUE HA PE3YJITATUTE OT CUMYJIAIUATA

®ukcupan | Pesyararu ot
BpeMeBH | IByliepapXu4Ha
IJIaH ONTHMH3AIHS

Tpadpuunu napamerpu Croitnoct | CroiiHOCT MepHu eMHUIA
Bpeme3akbcHeHHE 51.16 37.23 sec/km
ILtbTHOCT 7.69 6.67 veh/km
HMHTEeH3uBHOCT 4095 4126 veh/h
Koncymanusi Ha TOpHBO 355.53 300.6 |
CO2 874077.52 | 775912.65 g
NOX 1835.5 1658.83 g
PM — npaxoBu yacTuuu 340.52 274.26 g
VOC — j1eT/IMBH BellleCTBA 1131.69 980.42 g
Cpenna onamika 29.85 21.17 veh
Bpoii cnupanus 0.16 0.12 #/veh/km
Ckopoct 34.25 38.98 km/h
Bpeme B cipsijio chCTOsIHHE 38.42 27.73 sec/km
OO0 Opoii cnupanus 8322.87 6069.72
O01110 MPOTBTYBAHO BpeMe 94.76 82.9 h
IIponsTyBaHO Bpeme 3a yyactbka | 117.76 103.86 sec/km

H3600u om excnepumenma

Toa u3cnenBane pa3paboTBa HOB MaTeMaTUYECKU MOJIEN 3a yIpaBlIeHHe Ha TpaUuHU MOTOIH
B Tpaimcka cpema. OrmpeneneHa W pelieHa € 3ajgada Ha JByHepapXWyHa ONTHMH3AIIHSL.
JlepuanpaneTo nBylepapXW4Ha 3a/ada MO3BOJISIBA J1a C€ MOCTUTHAT JBE IENIeBH (YHKIUH, Ja Ce
pasupu qeUHUIIMOHHATAa 00JIACT Ha yIpaBIsSBaAIIUTE Bh3CHCTBYS Ha TPAHCIIOPTHATA 33/1a4a U Ja

C€ BKJIIOYM ITO-TOJIAM Ha60p OT OrpaHUYCHUS.

Pe?)y.]'ITaTI/ITe oT uByﬁepapXHqHaTa onTuMHu3alud Cca OUCHCHHW W CPpaBHCHU B CHUMYJIAIIMOHHA

cpela C YCTaHOBEHHUs IMOHAcTosimeM (ukcupaH IlaH. Mpexara e wu30paHa Karo BakKHO
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HampaBieHue B rpan Codust. PesynraTtute ot iepapXxuuHaTa ONTHMHU3AIMS ca CPaBHEHU ¢ HAOOp OT
napameTpu Ha Tpaduka. O4eBHIHO, AByHepapXUUHUAT (pOpMaln3bM B TPAHCIIOPTHUTE CHUCTEMHU
nMa T1oJisiM IIOTCHLUAJI. Bcnukn H3CJICABAHU TPAHCIOPTHU IapaMCTpu AaBaT HOpPCAUMCTBO Ha

IByHepapXU4HUs TPAHCTIOPTEH MOJIEII.

OHTI/IMI/I3aIII/Iﬂ Ha NPOAB/IZKUTETHOCTTA HA NUKDbJIA YPE3 I[Byﬁepale/I‘{Ha OIITUMM3 AN UA

Pesiome na excnepumenma

To3u excrniepuMeHT onmcBa (opManu3anusaTa Ha store-and-forward noxxona B AByiepapXuueH
ONTUMU3ALMOHEH ITpobieM. [IpoyuBaHeTo OTKpHBa ONTUMAIHATA MPOJBIDKUTEIHOCT Ha IbJKUHATA
Ha [UKBJIA [0 33/1aJIeHH NPOABIKUTETHOCTH Ha 3ej1eHus curtain. Onamkute npen ceerodapure ca
CBeJIeHH 10 MUHUMYM. [10 TO3M HauMH MpeskaTa 1Mo3BOJIsBa MO-TOJIsIMA MPOITyCKaTelTHa CIIOCOOHOCT
U TI0-MaJIKO 33ipbCTBAHUS B PE3YNITAT HA TOBA MO-MAJIKO 3aMbpPCSABAaHE U M0-100pU MOKA3aTeau Ha
Tpaduka kato 3abaBsHe, ITBTHOCT, CKOPOCT U Jp.

Pesynrarure 3a uHIUKaTOpu Ha Tpaduka U 3aMbpcsBaHe c€ MOIYy4aBaT OT MPOrPaMHUSI IPOLYKT
Aimsun. Ontumumzanusra ce u3BbpmBa 4dpe3 MATLAB ckpunt, 06a3upaH Ha JONBIHUTEITHHS
UHCTpyMeHT, HapeueH YALMIP, kakTo u cbc chBpeMeHeH nporpameH npoaykT TRANSYT, koiito e
CbBMECTHM ChC NporpaMHus nakeT Aismun. Pe3ynrarure mokasar, 4e € pa3yMHO Ja c€ M3I0J3Ba
CKPUNITBT 3a ontumusupase Ha Tpaduka, Tbi karo TRANSYT ontumusupa camo
IPOIBIKUTEIHOCTTA HA 3€JIEHUS] CUTHAJI, HO pa00TH ChC CTOMHOCTTA Ha IIUKbBJIA OT Aimsun.

Ha Ttabmuua 3.3. ca cpaBHeHHE CHUMYIALMOHHU JaHHU OT OCHOBEH EKCIIEPUMEHT (C peasHo
cbOpaHu AaHHU), ekcnepuMeHT c¢ pesyntatu oT MATLAB u ekcnepumeHT ¢ pe3yiaTard OT
TRANSYT.

Tabnuna 3.3. CpaBHeHUE Ha [TOKA3aTEIUTE 3a TpaQUK 3a TPU Caydast

OcHoBeH MATLAB | TRANSYT Mepuu

HWuaukaropn Ha Tpaduka eKCIIEPHMEHT | CKPHMNT | ONTHMH3AINS | eIHHULHU
Bpeme3akbcHeHne 51.16 36.4 35.51 sec/km
IlasTHOCT 7.69 6.91 6.27 veh/km
HNHTeH3uBHOCT 4095 4107 4124 veh/h
KoHcymanusi Ha ropuBo 355.53 338.06 293.98 I
CO2 875112.07 843316.7 | 768464.08 g
NOx 1311.3 1250.91 1130.48 g
PM (mpaxoBu yacTHLH) 223.74 210.73 174.77 g
VOC (1e1TsinBM BellecTBa) 1107.33 997.88 917.66 g
Cpenna onamka 29.85 20.88 16.28 veh
Bpoii cnupanus 0.16 0.14 0.12 #/veh/km
Cxopoct 34.25 37.59 38.8 km/h
Bpeme B cipsiHO ChCTOsSIHHE 38.42 25.48 25.76 sec/km
O6u1 6poii cnupanus 8322.87 7404.37 6401.28
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O0110 NPONbTYBAHO BpeMe 94.76 85.44 77.96 h
O01ma nponbTyBaHa

JAUCTAHIHA 2925.17 2939.58 2932.89 km
Bpeme 3a nbTyBaHe 117.76 102.99 102.13 sec/km

H3600u om excnepumenma
B ekcriepumenta Oeme npeacraBeHa ckpunt B MATLAB 3a ontumusupane Ha Ab/DKUHATa Ha

nuKbiIa Ha Mmpexka or cBerodapu mno Oyn. Ilumuencku npoxonm B Codusi. CkpunthT peliaBa
npoOyieM Ha JBE HHMBA, U3NOJ3BaiKu moxxona store-and-forward kato orpaHuyeHue 3a JOJHATA
neneBa ¢ynkuusa. IlpaBu ce cpaBHeHHE ¢ pe3ylTaTuTe Ha HaW-ChbBpPEMEHHHA cOPTyep 3a
ontumuzanust TRANSYT. Tpu excriepumenTta ca cuMyiaupanu B codpryepHus maker Aimsun. Karto
3aKJIIOYEHHE Bb3 OCHOBA Ha pe3yiTara MOXKE Ja C€ IOCOYM, Y€ JByHepapXuWuHaTa ONTUMU3ALMITA
¥uMa TIOTeHIHal Aa ObJie MpoydeHa Mo-3aIbJI00YEHO KaTo MOAXO/ 32 IeTUTEe Ha ONTUMH3AIHATA Ha

Tpaduka.

YeaoxusiBane Ha Mojiesia. BbBe:xkiaHe Ha TpPaMBaliHU CIMPKH U NAPKUPaHe HA YJIHIATA.

Pezrome na eKkcnepumernma

ExcriepyMeHTHT 1€ pe3yliTaTd OT MPOy4YBaHE OTHOCHO BIIMSHUETO HA TPaMBAaWHUTE CIUPKH
BbPXY JABIKEHHETO. XWIOTe3aTa €, Y€ TpaMBalHHMTE CHUPKH M€ TMOBIMUSAT OTPULIATETHO Ha
nBukeHnero. [1o-BaxkHo e obave Jja ce yCTaHOBU CTEIEHTA HAa TOBA BIMSHHUE, Thil KaTo TOBAa MOXe
Jla CIIy’KM 3a IeJIUTe Ha YIpPaBJICHUETO Ha rpaja 3a B3eMaHe Ha MH()OPMHUpPAHU pEIIeHUs] OTHOCHO
pasnucaHusATa Ha TpamBauTe. ChIIO Taka B OTHENIEH EKCIEPUMEHT KOMIIOTBPHHUAT MOAET €
YCIIOXKHEH JIOMTBIHUTEIHO KaTo € BKIIIOYEHA U CUMYJallisl Ha MapKUPaHETO Ha YJIUIaTa — CbOTBETHO
ce IIpaBM CpaBHEHHUE Ha cilydyauTe 0e3 U ¢ MapKupaHe Ha yiuiara. BeaMoxkHOCTHTE Ha cOPTyepHUS
naker Aimsun 3a M3MEpBaHE Ha Pa3IMYHM MHIMKATOpU Ha Tpaduka, KaKTO M UHAUKATOpU 3a
pas3xofla Ha TOPHBO M 3aMbPCSIBAHETO Ha Bb3AyXa. /[BeTe mpoyuBaHus ca 0O€AMHEHHU B Ta3u oO0I1a
TOYKa, KaTO MPOYYBAaHUS, KOUTO YCIIOKHSABAT U3CIEABAHUS KOMIIOTHPEH MOJIEN U IO J00JIMKaBar
MOBEYE /10 peaTHUTE YCIOBUA B I'bTHATA MPEXkKa OT IOCOUYEHUTE KPHCTOBUIIIA.

Ha ¢urypa 3.17. e mpeacraBeH u3Iieq oT CUMyJalus B porpamuara cpeaa Aimsun. @urypara

HIIIOCTpHUpA OITalika OT aBTOMO6I/IJ'II/I, Jakaliy II'bTHUIM Ja CC KadaT Ha TpaMBaﬁHa CIIMPKa.
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H3600u om excnepumenma

Ot HAITPaBCHUTC CKCIICPUMCHTH, KOWUTO YCJIOXKHABAT U IIOGJII/I)KaBaT A0 PpCAJIHUTEC YCIIOBUS
CUMYJIALIUOHHUS MOJENI, CTaBa SCHO, Y€ TpPaMBAMHHUTE CIUPKUA HE BIMSAAT 3HAYUTEITHO HAa
TpadUYHHUTE MOKA3aTeIu U 3aMbPCSBAHETO HA OKOJHATA Cpefa, JI0KaTo MapKUpaHETO Ha ylulara
BOJIM JI0 TO-0CE3aeMHU MPOMEHH B TpPapUUHHUTE IMOKA3aTed W BIUSE OTPHUIATETHO HAa OKOJIHATA
cpena.

Moxe na ce HampaBy 3aKIOUYEHUE, Y€ BCUUKH M3CieIBaHU TpadhUIHU MHAUKATOPU CE BIOIIABAT
B CiIyyail Ha YIMYHO MapKUpaHe B CpPaBHEHUE ChC Cllydas, B KONTO HsIMa MapKUpaHe Ha yaulara.
Jlpyr He 0COOEHO OUEBHUICH PE3yJITaT € YBEIMYaBaHETO Ha pa3xona Ha ropuBo U emucunte Ha CO2,
KOCTO IIpHM BHUMATCIICH aHAJIMW3 € JIOTMYHO IIOpaJuM HaMaJICHUS KallallUTET Ha MpekKara H

3aApbCTBAHUATA, KOUTO CC o6pa3yBaT 4Upe3 MapKUpaHe Ha yjuuara.

I'bBKaBO YiupaBJi€cHHEC H U3CJTICIBAHE HA Tpa(lmq}m HHAUKATOPHU, KOHCYMallusl HA TOPUBO U

3aMBbpPCABAaHE HA OKOJIHATA Cpeaa.

Pezrome na eKkcnepumernma

CrpuiecTByBaT pa3IM4yHU MO/IX0/IM, CBbP3aHH C HaMaJIsiBaHE Ha 3aMbpPCIBAHETO OT aBTOMOOUJIEH
Tpadguk. ToBa wu3cnenBaHe ce (okycupa BbPXy IOJUTUKHUTE 3a YIpaBlIeHHE CBETIMHHATA
CUTHAJIN3ALUS U TSIXHOTO BB3AEUCTBUE BHPXY 3aMbpPCSABAHETO HA Bb3Ayxa. [IpoBeneHa e copryepHa
cumynanus nporpamuute npoaykt Aimsun 1 TRANSYT. Aimsun u3non3Ba eKOJIOTHYHUS MOAEI
Ha (Panis u ap. (2006), (Panis u np., (2011)).

M3non3BaH € MUKPOCKOITMYEH MOJIEN 3a CUMYyJalus Ha Tpaduka 3a OlleHKa Ha Bb3AEHCTBUETO
BBPXY OKOJIHATa cpela OT IPUJIAraHeTO Ha Pa3JIM4HM MOJMTHUKH 32 CUHXPOHU3MPAHE HA CUTHAJA.
ExcnepuMeHTUTE BOIAT /10 3aKJIIOYEHHUETO, Y€ 3aMBbPCIBAHETO HA TpapuKa MOXKe J1a ObJe OBIUSHO
OT IPOMEHU B MOJIUTHUKUTE 32 yIPaBJICHUE Ha CBETJIMHHATA CUTHAJIU3AIIMSL.

Ha Tabnuua 3.8. ca mpeicraBeHn KOHCYMAIUsTa Ha TOPUBO U BPEIHUTE EMUCUH TPU PA3ITUYHO
ynpaBiieHHe Ha Tpaduka — 1) TBbpI pPeXUM Ha ympaBlieHUE; 2) TBBPJ PEXHUM Ha yIpaBlieHHE,

ONTUMHU3HPAH 3a 3eJieHa BhJIHA; 3) I'bBKABO YIIPaBIICHUE.
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Ta6muma 3.8. KoHcymanusi Ha TOpUBO U BPEIHH €EMUCHH TTPH PA3JIMYHO yIpaBiieHWEe Ha TpaduKa.

TBbpIO
yIIpaBJICHHUE, I'sBKaBO
Hactosimo | ontuMusupaHo | ymnpaBieHHe
TBBPAO 3a 3eJeHa Ha Mepuu
yIpaBJeHHE BbJIHA cBeToapuTe | eAMHULIU
Koncymanust na
TOPUBO 355.53 307.52 289.86 |
CO2 (BbrieponacH
JIMOKCHUT) 874077.52 788275.5 762346.78 g
NOx (a3oTHuU
OKCHJIH) 1835.5 1680.73 1614.73 g
PM (mpaxoBu
YACTHUIIN) 340.52 288.71 271.36 g
VOC (JIOC) 1131.69 963.57 876.51 g

Tabnuua 3.9. npencraBs OTHOCUTEIHUTE PA3JIMKU Ha TBBPAOTO YIPABIECHUE C ONTUMM3ALMS 32
3ejieHa BbJIHA M I'BBKABOTO YIIPaBJIEHHE Ha cBeTo(apuTe B cpaBHeHHE ¢ rpada “Hacrosimo TBBpao
ynpaBJ’IeHI/Ie” 110 OTHOIICHUEC HAa KOHCyMallusATa Ha TOPUBO U BPECAHU CMHUCHU.

Tabmuua 3.9. Koncymanus Ha TOpHBO M BPEJIHU €MHCHU TIPU PA3IMYHO YIIpaBlIeHHE Ha Tpaduka

(OTHOCHUTETHH Pa3JIUKH).

Hacrosmo TeBpHO I'sBKaBO
TBBPIO yIIpaBJ€HHUE, yIIpaBIeHUE
ynpaBneHHe OHTI/IMI/I3I/IpaH0 Ha
3a 3eJIeHa cBeTodapure
BbJIHA

KoHcymalust Ha ropiBo 355.53 -13.50 -18.47
CO2 (BbriepoaeH

JTMOKCHU]T) 874077.52 -9.82 -12.78

NOx (a30THH OKCH/IH) 1835.5 -8.43 -12.03

PM (mpaxoBu 9acTHIM) 340.52 -15.21 -20.31

VOC (JIOC) 1131.69 -14.86 -22.55

Ha ¢urypa 3.20 ca mmocTpupaHu OTHOCUTEIHUTE NPOMEHH Ha M3CIEIBAHUTE MTOKA3aTeIH 3a
KOHCYMAII¥sI Ha TOPHMBO W 3aMbpCSIBaHE Ha BB3/yXa B 3aBUCHMOCT OT THIIA yIpaBieHue. 3a 6a30BO
ce mpuema HactoaueTo TBbpao ynpasineHue (Tadn. 3.8 u Tabin. 3.9). B cpaBHeHMe ¢ HETo, ¢ YeBEH
CThJ0 € MOKa3aHO TBBPJO YMpaBIE€HUE, ONTHMU3MPAHO 32 3€Je€Ha BBJIHA, a ChC 3€JE€H CTHIO —
rbBKaBo ympaBieHue. Ha ¢urypa 3.20 ce Bwkma, Ye TI'BBKAaBOTO YIpPaBICHHE OBEXKIA [0
HaMaIIBaHE Ha KOHCyMallMsaTa Ha T'OPHMBO M HA 3aMBPCUTCIIUTEC HA BB3AyXa B MO-ToOjisIMa CTCIICH,

OTKOJIKOTO € Ha6JIIOI[aBaHOTO HaMaJICHUC TIpU TBBPAOTO YHPABJICHHUE, ONTUMHU3UPAHO 3a 3CJICHA

BbJIHA.
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®@ur. 3.20. OTHOCUTEITHU IIPOMCHHU ITPU ITOKA3AaTECJIUTE B 3aBUCUMOCT OT TUIIA YIIPABJICHUE

H3600u om excnepumenma

OneHeHM ca pa3IMYHU HACTPOWKH 3a CUHXPOHU3AllMs HA CUTHANA, BIMSEIU BbPXYy €MHCHUUTE
Ha 3aMbpcsiBaHe Ha Bb3ayxa. Hampasenu ca muxpocumynamuu ¢ Aimsun. TRANSYT ceimio ce
U3II0JI3Ba 32 ONTUMU3UpPAHE HAa TBBPAOTO YIIpaBieHHE Ha cBeTodapHara ypenda 3a 3ejieHa BBIIHA.
Pesynararure oT M3cienBaHETO SICHO IOKa3BaT, Y€ B Clydyass KOraro ce B3eMa IpeIBUJ peaHus
TpaduK KBbM JalieH MOMEHT, HaMaJsiBaT KaKTO 3aMBpCSIBAHETO Ha BB3JlyXa, Taka M Pa3sXoAbT Ha

TOPHBO.

3akaoueHmne

B Tpera mmaBa ca mpeAcTaBeHH H3BBPIIECHUTE EKCIIEPUMEHTH MO TUCEpTallMOHHATa paboTa.
[IpencraBen 6e 00EKTHT HA ONTUMH3AIUS — MPEKa OT YETUPHU CBETIUHHO PETYIUPAHU KPHCTOBHUIIIA.
OOGexThT € MojAeIUpaH B CUMyJallMOHHaTa cpena Aimsun. OnucaHue U OCHOBHA MHGOpMAIHS 3a
n3non3BaHuTe nporpamuu npoayktu — Aimsun, TRANSYT u MATLAB cwiio e npencraBena B
Ta3M IVIaBa OT JUCEepTaIlOHHAaTa paboTa.

[TonpoOHO ca omucaHM MPOBEIECHUTE CUMYJAIMH U EKCIEPUMEHTH. Te ca OOBbp3aHH, KaKTO
CcbC ChOMpaHe Ha JTaHHM 3a TEOMETPHs Ha IIbTHATA MPEXa W MHTEH3MBHOCTTA Ha Tpaduka B TO3U

Y4aCTbhbK, Taka WU C IMOCJICABAIIOTO H3TpaXJaHC HAa KOMIIIOTBPHH CHMYJIallMMd W MAaTeMaTU4YCCKU
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Mozel. Bb3 ocHOBa Ha ChCTaBEHUTE MOJIEIH — MAaTEMaTHUYEeCKHA U CUMYJIAIMOHHH, U TIPHUIOKCHHUTE
ONTUMHU3AIMOHHU METOJIH, CE MPABH OILICHKA Ha PE3yJITaTUTE.

B mmaBara ca mpeacTaBeHH MPOTPAMHHUTE KOIOBE HA JIBE JIBYHEpPApXUYHH ONTHUMH3AIMOHHU
3ama4n, usnon3Bany GyaknusaTa solvebilevel(). Pemenusita oT M3MbIHEHUETO HA TE3W KOJOBE ca
PHUIOKEHH B CHMYJIAIIMOHHA cpeia Aimsun U ca M3BEICHH pe3yaTard moa Gopmara Ha TpadUuIHA
napaMmeTpu, Kouto ga ce cpaBHAT cbe cumynauuss B TRANSYT. Ilocturnarure pesynararu ca
CBBP3aHHM C YBEJIMYaBaHE Ha MPOITyCKaTeIHaTa CIOCOOHOCT Ha MpeXara, HaMasIBaHEe Ha OTANIKUTE
npea cBerodapuTe W HaMalIsABaHE Ha 3aJpbCTBaHUATA. [[ByliepapXwdyHaTa ONTHUMHU3AIMS JaBa
BB3MOKHOCT 3a TIOBeue IeleBH (YHKIMH, YMPaBIsABAIIMd TapaMETPH M IOBEYE OrPAHUYCHUS B
yIPaBISIBAHOTO TPOCTPAHCTBO. [logpoOHO cpaBHEHWE HA peE3yATaTUTE OT MNPHIOKEHHETO Ha
ONITHUMH3AIMOHHUTE METOU € JIAJICHO B TJIaBa YCTHPH.

OO6eKThT Ha u3cnenBaHe O YCIOKHEH C TOMBJIHEHUS KaTo TPaMBAHK CIIMPKU U MMapKUpaHe Ha
yaUIaTa, KOUTO SBJICHUS Ca HATMYHU B peaiHUTE ycloBUs. [1o TO3U HaYMH CUMYTAIIMOHHUST MOZAEI
0¢ MOOJMKEH 0 PEaTHHTE YCIOBHS B IThTHATa MpeXa U IIie € OOEKT Ha MO-TIoAPOOHU ObIeIu
M3CIICABAHUS.

O6bpHaro 6¢ BHUMaHHE M Ha BIUSHUETO HAa ONTHMHU3ALMATA HAa Tpaduka Ha 00EKTa BbPXY
KOHCyMallMsiTa Ha TOPUBO M TOKA3aTeJIUTe 3a 3aMbpCSIBaHE HA Bb3IyXa. Ta3u B3aMMOBPB3Ka Ce
M3passiBa B TOBA, Y€ C HAMAISIBAHETO Ha OMAIIKUTE W 3aJAPBHCTBAHMSITA CC HAMAISABAT U BPEIHHUTE
E€MUCHH, U KOHCYMAIIMsITa Ha TOPUBO. ToBa HaMaJieHUE HOCH TTOJI3H 32 OOIIECTBOTO OT IVIEHA TOYKA
Ha 37JpaBeH acleKT. 3aToBa ONMTUMM3AIMATA Ha TpaduKa B TPAJCKH YCIOBHS € Ba)KHA HE CaMo 3a T0-
OBp30 MPHUIBIKBAHE OT €lHA JO JIpyra TOYKa Ha rpaja, HO U 3a ONTHMHU3MpAHE HA HEXKEIaHUTE

ACIICKTH Ha Tpa(pI/IKa KaTo 3aMbpCABAHC HA Bb3AyXa.
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[asa 4

CUMYJIAHIMOHHU N YNCJIEHUN EKCIIEPUMEHTHU, U PE3YJITATH

CpaBHeHMe HA Pe3yJITATH OT CUMYJIAIIMOHHM eKCIIePHUMEHTH

B mHacrosmiara rmaBa ca MpeACTaBeHH, B TaOIMueH W rpaduyeH Buja, pe3yaTaTuTe OT
CUMYJIALIMOHHU M YHCJICHH eKCIepuMEeHTH. ToBa ca pe3yiaTard OT EKCIIEPUMEHTHTE, KOHTO ca
OMMCAaHU CAaMOCTOSITENIHO B MpeaxoaHara miaBa 3. HampaBeHo e cpaBHEHHE MEXAY OTICIIHUTE
€KCIIEpUMEHTH, KaTro C€ IMpaBU CpPaBHEHHWE HAa ONTHUMHU3UPAHUTE PE3YJITaTH C PEe3yJITaTUTE OT
eKCIIEPIMEHTA C PEaJTHU JaHHU U OTYUTA TOJ0OPEHHETO Ha HAKOJIKO TpapuuHU nokazarenu. OcBeH
CpaBHEHHE MEXIy TpaduuHUTE MOKa3aTelu, NpU Pa3IUYHUTE EKCIEPUMEHTH, € HalpaBeHO U
CpaBHEHHE Ha KOHCyMallMsTa Ha TOPUMBO U JBa 3aMBbPCHUTENS HA OKOJHATa Cpella — BBIVIEPOJIEH
IUOKCcUJ M TpaxoBu uacTui. C ToBa cpaBHEHHE c€ IEJIM Ja CE IOKaXe, Y€ ONTUMAIHOTO
yrpaBieHue Ha Tpaduka 01aronpusTCTBa U TOKa3aTelH 3a 3aMbPCsIBaHE HAa OKOJIHATA Cpe/ia.

[TwpBara komona Ha Tabnuia 4.1. mpencTaBs OCHOBHU TpaUYHH MMOKA3aTEIIH, KOHCYMAIHITa
Ha TOPHMBO U 3aMBbPCUTEN Ha OKOJHATa cpena. Bropara KoioHa OT Tabnuuara npeicTaBs pe3yiaTartu
OT cHUMyJalysaTa Ha EKCIepUMEHTa C peaJlHd JaHHU. TpeTa KOJOHA MpENCTaBs pe3yaTatd OT
CUMYJallisg CJeJl BbBEXKJAHE Ha ONTUMHU3MPAHU IOCPEACTBOM JByHEpapXuyHa ONTUMHU3ALUS
nanHu, upe3 ¢pyakiusara solvebilevel() B MATLAB 3a npoab/KUTETHOCT Ha 3€7IEHUTE CBETIIMHU Ha
cBeTodapuTe OT H3CIeqBaHAaTa IbTHA Mpeka. UeTBbpTara KOJOHA NPEACTaBs pe3ylTaTd OT
CUMyJlallis, B KOSITO Ca BBBEICHM ONTUMHU3UPAHM [IaHHU 3a IUKbJIA CJel JByHepapXxudHa
ontuMu3anus nocpenctsoM pynkuusara solvebilevel() B MATLAB. Ilerara konoHa npejacrapisiBa
ontuMuzanus nocpenctsoMm copryepuus naker TRANSYT, koiito ce u3mon3Ba Karo cTaHaapT 3a
OLIEHKA Ha Pe/MIla CTpAaTeruy 3a yrpaBlieHHe Ha TpaduKa B CBETOBEH Maao.

[Tocnennara mecta KoJOHa NpEACTaBd MEpPHHUTE €IMHULM. B Hes BHMMaHHe TpsOBa Ja ce
o0BpHE Ha chKpameHueTo veh (anmi. vehicles) — mpeBo3HU cpeACTBa WM B TO3U JUCEPTAIIHOHEH
TpyA - Konu. M3pa3xoBaHOTO TOPUBO CE M3MEPBA 3a BCUUKH MPEBO3HU CPEACTBA, 3a LEIUS IEPHOJ
Ha cCUMyJjalusaTa M MEpHara €IMHMLA € JUTpU. /[Bara comeHaTtu 3aMbpCUTENIM HAa Bb3lyXa ce

HU3MCpPBAT B I'paMOBC.
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Tabmuma 4.1.: CpaBHeHne Ha TpaUIHHN MOKA3aTENH, KOHCYMAIIHs Ha TOPUBO U 3aMbpCsIBaHe HAa OKOJTHATA

cpelia py 9eTUPH CUMYJIAIiN

Texymm
HACTPOMKH [AByiiepapxuuyna | JIByilepapxuuHa
(yciioBHO ONTHUMH3ANNOHHA | oNTUMHU3aNHOHHA | OnTUMHU3aNUsA
HapeYeH 3a/1a4ya ¢ TOpHa 3aja4a ¢ TopHa HA TEKYIIHUTE
eKCIIepUMeHT | ueseBa pyHkuus, | HejaeBa (PyHKUMHA, HACTPOIKHU

C peajHu MaKCHMHU3Mpalia | MHHHUMHU3Mpama | mnocpeacrsoM | MepHu

JAAHHH) 3eJICHHUS CUTHAJI IUKDJIa TRANSYT eTHHHITN
Bpeme3akbcHeHHE 51.16 37.23 36.4 35.51 sec/km
IasTHOCT 7.69 6.67 6.91 6.27 veh/km
HHTEeH3UBHOCT 4095 4126 4107 4124 veh/h
Onamxka 29.85 21.17 20.88 16.28 veh
Ckopoct 34.25 38.98 37.59 38.8 km/h
061 6poii ciupanus 8322.87 6069.72 7404.37 6401.28 Opoit
Bpeme 3a nbTyBaHe
npe3 y4acTbKa 117.76 103.86 102.99 102.13 sec/km
Koncymanus Ha
TOPHBO 355.53 300.6 338.06 293.98 liter
CO2 874077.52 775912.65 843316.7 768464.08 gram
IIpaxoBu yacTuuu 340.52 274.26 210.73 174.77 gram

OO0 U3BOKT OT MPEACTABEHUTE JAHHU B TaOJIMIIATA €, Y€ Hal-100pH PEIICHHS Ce TOCTUTAT MPU

uznomn3pane Ha copryepHus npoaykT TRANSYT. Tyk obaue BaskHO 32 HapaBEeHOTO M3CIIE/IBAHE €

Ha6J'II-OI[€HI/I€TO, Y€ Pa3JIMKUTEC B YACJICHUTC PEIYITATH OT APYIUTC IBA CKCIICPUMCHTA, NU3I10JI3BAIlN

I[ByﬁepapXHqHa OIITUMU3AIHUA CE I[O6J'II/DKaBaT H3KIIIOYUTECIITHO MHOT'O 1O ITOCTUTHATUTE PE3YJITATH C

TRANSYT.

ToBa HabmO€HNE BOJIU /10 /1BA CHIIECTBEHU U3BOAA:

e [IbpBo, hopmMamHUAT MOZIEN 3a ABYyHepapXu4HaTa 3ajaya, JaBa MpaBaonol00HU pe3yiTaTy,
KOUTO Ca CPaBHHMH ChC CO(TYyEpeH MaKeT, KOWTO € OT TOJWHU Ha ma3apa, U KOWTO, KaKTo Oere
CIIOMEHATO, C€ M3I0JI3Ba MPH OLIEHKA Ha Pa3JINYHU CTPATETUH 3a YIIpaBjieHue Ha TpaduKa.

e Bropo, ThH KaTO pe3yJNTaTUTE MOKE Ja CE BJIMSAAT OT U3MEHEHUETO BbB BXOJHUTE JIAHHHU, €
BBb3MOXKHO IIPU OINPEAEICHH BXOJHHU JaHHU JByHEpapXuyHaTa ONTHUMHU3ALMUSA Ja CE OKAXKE, 4e
MOoCTUra TO-AOOpH CTOMHOCTH Ha TpadUYHHTE TOKA3aTeNH, OTKOJIKOTO C€ TOCTUTAT ChC
copryepuust maker TRANSYT. To3u u3zBoa, obade, mMo-CKOPO MMa XapakTep Ha XHUIOTe3a 3a
ObJemu u3ciaeBaHus B 00JIacTTa Ha U3IOJI3BAHETO Ha JByilepapXuyHaTa ONTUMHU3ALNS 32 LEJINTe

Ha 1nojoOpsiBaHe Ha TpaduKa B rpajJcKa cpea.

TpsiOBa nma ce croMeHe ChINO M Obp3WHATA HA JOCTHUTAHE JIO PEUICHHE NMPU H3IMOJI3BaHE Ha
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MATLAB u TRANSYT. Ilpu usnomBane Ha MATLAB pemenuero Ha 3amauata ce MOCTHUTA
HSIKOJIKO ITBTH MO0-0bp30, OTKONKOTO € HyxHO Ha TRANSYT, na nampaBu onTuMu3anusaTa Ha
II'bTHAaTa MpPEXKa.

Ha ¢urypa 4.1 ca mpencraBeHun JaHHWTE 3a WHTEH3MBHOCTTA Ha TpaduKa MpH UYETUPUTE
cumynanuu. Kakto ce 3a0ens3Ba, Hali-HHCKa MHTEH3MBHOCT MMa IPU EKCIIEPUMEHTa C peaHu
nanau — 4095 konm/yac. VI3HeHaBao Npu TO3M MOKa3aTel HHTEH3UBHOCTTA MPU EKCIIEPUMEHTA C
ONTUMM3AIMS Ha 3€JICHHsI CUTHAl € Hai-Bucoka — 4126 komu/4ac, Makap W C HE3HAYUTEIIHA

npeaHuHa cupsimo ontumuzanusita ¢ TRANSYT.

MHTeH3uBHOCT

4120

4107

4110

4100 4095

veh/h

4090

4080

4070

M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.1. CpaBHEeHHE HAa UHTEH3UBHOCTTA MIPU YETUPU CUMYJIALIUN

QOurypa 4.2. npeacrassi mokasarens BpeMme3akbcHeHHe. [1o To3u mokasaren OTHOBO HaM-JIoII
pesyaTar e 3a ekcrepuMeHTa ¢ peanHu naHHU (51.16 sec/km). Haii-no6wp € 3a TRANSYT (35.51
sec/km), HO eKCIEepUMEHTHUTE C JByHepapxuuyHa omTUMu3anus nokazpa Omm3ku 10 TRANSYT

CTOMHOCTH, KAKTO MOXe€ J]a c€ BUJU Ha Qurypara.
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M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.2. CpaBHEeHNE HA BpEME3aKbCHEHUETO ITPU YETUPH CUMYJIALIUU

[Toka3zaTensar IIbTHOCT € TpeacTaBeH Ha purypa 4.3. [ITpTHOCTTA € ¢ Haii-JIomIa CTOWHOCT 3a
I'BPBU CTHJIO — EKCTIEPUMEHT C PealTHy JaHHM U Hai-100pa 3a TRANSYT, nocnenen ctwi6. [Ipu
JByHepapXUUHUTE ONTUMHU3ALMH Ha 3€JIEHHs] CUTHAJ U Ha LIMKBJIAa Ha cBeTo(apa, MpeluMCTBOTO €

3a OIITHUMU3alusATa Ha 3CJICHUA CUI'HaAJI.

MAbTHOCT

7.69
6.91

veh/km
L B e ¥ = e T B e

M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.3. CpaBHEHHE HA IUITBTHOCTTA MPU YETUPHU CUMYJIAITUU

Omnamrkara, pencraBeHa Ha ¢urypa 4.4, u3MepeHa B KOJM € Hal-Ibjra Mpu eKCIIEPUMEHTa C
peaHu 1aHHU U Haii-kbca npu exciepuMenTta ¢ TRANSYT. [IByliepapxuuHara ONTUMU3ALINS 1aBa

CPaBHUTEIHO 3aJI0BOJIUTEIIHUA PE3YJITAaTH, KJIOHSIIIN oBedye kbM pe3yiarara Ha TRANSYT.
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M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.4. CpaBHEeHHUE HA OMNALLKH [IPH YETUPU CUMYJIALIUU

Cxopocrra, npencraBeHa Ha ¢urypa 4.5., e Hali-HHUCKa 3a €KCIIEPUMEHTa C PealHU JaHHU U 32
BTOPH BT JIByHepapXuyHaTa onTUMu3anus Ha 3eneHust curaan (38.98 km/h) msnpeBapsa ¢ Maiko

TRANSYT (38.8 km/h). Tounu cToifHOCTH 3a BCEKH €KCIIEPUMEHT ca BUIHH Ha (urypa 4.5.
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M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®@ur. 4.5. CpaBHEHHE Ha CKOPOCTTA MPU YETUPH CUMYJIAIIUN

OO6mms O6poit ciupanus € mpeacTaBeH Ha ¢urypa 4.6. Hali-BHCOK € TOi OTHOBO 3a MbPBU CTHJIO
ot Qurypara. Tpetu TpaduueH mToKaszarea TMOKa3Ba HaW-T0OpU PE3yATaTH MPU JByHEpapXuUdIHA
onTuMU3anus Ha 3eneHus curHan (6069.72 Opoit cnmpanus) crnpsimo TRANSYT (6401.28 6poit

CIIMPaHHUS).
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M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

@ur. 4.6. CpaBHeHue Ha o011 Opoil ciupaHus NpH YETUPH CUMYJIallUN

Bpemero 3a mbTyBaHe mpe3 ydacTbKa € mpeacTtaBeHo Ha ¢urypa 4.7. Hali-mponxbKUTETHO €
II'bTYBAHETO MPU EKCIIEPUMEHTA C peajHu JaHHU, a Hall-kpaTko npu TRANSYT, karo croiiHocTUTE
3a JBeTe JIBYHEpapXW4HM ONTHUMM3ALUU ca MHOTO OJIM3KO JI0O CTOMHOCTTa Ha TO3M IOKa3arell 3a
TRANSYT (102.13 sec/km). Tyk nByiliepapXxudyHata ONTUMH3aLMs Ha LIMKbJIa Ha cBeTodapa /JaBa

o-100pH pe3yaTaTu OT AByHepapXudHaTa ONTUMHU3AIUS Ha 3EJICHHUS CUTHAIL.

Bpeme 3a nbTyBaHe Npe3 y4acTbKa

120 117.76

115

103.86

102.99

102.13

M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.7. CpaBHEeHHUE HAa BpEME 3a IbTYBAHE NP3 y4acTbKa IIPU YETUPU CUMYJIAlMH

Koncymarusita Ha rOpUBO 3a YETHUPHUTE EKCIIEpPUMEHTA € IpezicTaBeHa Ha ¢urypa 4.8. Haii-

BHCOKA € KOHCYMAIIUsATa Ha TOPUBO 3a IPBH CTHIO, a Hall-HUCKA 3a cumynanuara ¢ TRANSYT
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(293.98 liters). JIpyiiepapxruuHaTa ONITUMH3AIIMS HA 3€JICHUS] CUTHAJI, BB BTOPH CTHJIO, CHIIO JaBa

npueMinBo HUCHK pesyarar (300.6 liters), mpubnmxasai ce 10 pesynrara B cTbi0a Ha TRANSYT.

KoHcymauuma Ha ropuso

400 355.53
350

300
250
200
150
100

50

338.06
300.6

293.98

liter

KoHCcymauma Ha ropueo

M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®ur. 4.8. CpaBHEeHUE Ha KOHCyMallMsl HA TOPUBO IIPU YETUPU CUMYJIALIUN

3aMBPCUTEIAT Ha Bb3IlyXa, BHIJICPOJICH JUOKCH]I, € TpelcTaBeH Ha ¢urypa 4.9. KakTo e BUaHO
oT ¢urypara, 3aMbpPCSBAHETO € HAN-BHCOKO TPU IBPBH CTHJIO W HAH-HUCKO TMPH YETBBPTH —
excniepumenta ¢ TRANSYT. Karo oTHOBO TpsiOBa ja ce oTOenexu OIM30CTTa HAa PE3yJTaTUTe Ha

TRANSYT c te3u Ha nByliepapXxvu4HaTa ONTUMHU3ALUS Ha 3€JICHNAS CUTHAIL

CO2

900000
880000
860000 843316.7
840000
820000
800000
780000
760000
740000
720000
700000

874077.52

gram

775912.65

768464.08

M EKCNepuMeHT € peanHu AaHH B ONTUM33LMA Ha 3e/1I8HWA CUTHAN

B ONTMMM3aLMA Ha UMKDbAA Ontumuzauma c TRANSYT

®@ur. 4.9. CpaBaenne Ha CO2 IpH YETUPH CUMYJIAITAN
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3aMbpCEHOCTTa Ha Bb3/yXa C MPAaXOBU YAaCTUIM B CleACTBUE TpaduKa € IMokazaHa Ha Qurypa

4.10. Haii-BUCOKa 3aMBpPCEHOCT HMMa B EKCIIEpUMEHTa C pEajJHu JaHHU, a Hail-HHCKa IIpH

TRANSYT (174.77 grams).

Mpaxosu 4acTuum

400

340.52

350

274.26

210.73
174.77

gram
(=]
8

B EKCNepuMeHT C peanHu AaHH B ONTUM3aLmMA Ha 3e/1I8HUA CATHAnN

ONTUMM3aUMA HA UMKDBAA OnTummsauma ¢ TRANSYT

®@ur. 4.10. CpaBHEeHUE HA [TPAXOBH YACTULU [IPU YETUPU CUMYJIALIUHI

Ot npencraBeHuTe rpaduku ce cTUra J0 U3BOJA, Y€ EKCIIEPUMEHTA C PeaslHU JaHHU JaBa Haii-
HE3aJ0BOJUTEIHN PE3yITaTu NMpHu aOCOTIOTHO BCUYKH TOKa3zarenu. Karo oueBuaHa TEHACHIUS OT
rpa@uKuTe € U OJIM30CTTa HA PE3YJITATUTE OT JIBETE ABYHEPAPXUUYHH ONTHMHU3AIUU C PE3YITaTUTE

ot onntummsanusata ¢ TRANSYT.

3aki04eHue

B uyerBppTa miaBa € HampaBEeHO CPAaBHEHHWE HA PE3YNITATUTE OT MPOBEIEHUTE CUMYJIALMU IO
pa3nuuHM TpadUyHM NoKaszaTenu. Tas3M Iv1aBa € ChIECTBEHA OT IVIeJHA TOUYKa Jla OHare/isBaHe Ha
MOJI3UTE OT JByiiepapXuyHaTa ONTUMM3AINA 32 [ETUTE Ha IPaJCKUs TpapuK.

JIByliepapxuuHaTa ONTHMHU3ALMS € TOCTaBeHa B KOHTEKCT Ha CPaBHEHHE C €AMH OT Hal-CTapure
Y Hali-pa3npOCTPaHEHHU MPOTPaMHU MPOTYKTH, KOHKPETHO pa3paboTeH 3a ONTUMU3MpPAHE HA Mpeka
OT CBETJIMHHO perynupanu KpberoBuina — TRANSYT.
JlepuHupaHuTe U pEeIIeHU B Ta3u JUCEpTAllMOHHA paboTa AByHEepapXUUHU 3a/laudl, AaJ0Xa OJIU3KU
pesyararu c¢ pesynrarute Ha TRANSYT, xaro eqHa or AByliepapXW4YHHTE 3a/laud MOKas3a JIEKO
npenuMmcTBo npex TRANSYT no Tpu nokasarenst - HHTEH3UBHOCT, CKOpPOCT U Opoii ciupanus. Tosa
JlaBa OCHOBAHME 3a MO-HATaThLIHA HM3CJIEAOBaTelCcKa JAeHHOCT B 00NacTTa Ha HW3IMOJ3BAaHETO HA
JByHepapXUUHUS ONTHMHU3AIMOHEH METOJl 3a IeUTe Ha ONTHUMH3AlMi Ha aBTOMOOWJIEH TpaJiCKu

Tpaduk.

Asmopegepamu Ha oucepmavuu 2021 (4) 40-88



76 WMoppaHka BoHeBa

3AK/IIOYEHHUE

3aTpyqJHEHOTO MPUIBMXKBAHE € 4YECTO pa3MIeXJaH MpobieM, CBbpP3aH C pa3pacTBaHETO Ha
I'pajloBeTe U yBEIMUYaBaHETO Ha OpOsAT NPEeBO3HM cpescTBa. ToBa Halara TbPCEHETO Ha PElICHUs 3a
crpaBsiHe ¢ MpobOjeMa ChC 3aJpPBbCTBAHUATA M 3aTPyJHEHHA TpauK B TrojeMuTe TpagoBe U B
gactHOCT B Codus.

Hanpasen e 0030p Ha 10-3Ha4MMHU OHATUSA U TEOPETUYHH ITOCTAHOBKU B 00J1aCTTa Ha Tpaduka
B Ipajcka cpena. B Tasu Bpb3Kka ca M3ACHEHM IOHSATHUS, CBBP3aHM CbC CBETIMHHO CHUTHAJIHO
perynupane. Pasrienan ca u Tpu Mojena Ha Tpaduka, OT KouTo enuH - store-and-forward mozena, e
B OCHOBara Ha (OpMYJIMpaHETO Ha MOAEN Ha Tpaduka B H30paHaTra Mpexa OT KPhCTOBHUIIA.
CrioMeHatu ca M CTpaTeruy 3a ynpapjieHue Ha Tpaduka, KOMTO ca pa3pabOTeHU U ce Mpuiiarar B
CBETOBEH Marao.

Pa3smienanu ca nmocTrkeHusATa B o0acTTa Ha 1e(pUHUPAHETO U pelIaBaHETO Ha JIByHepapXu4Hu
ONTUMH3AIMOHHM 3a/laddl B OOJIACTTa Ha ONTHUMHU3AIMATa Ha TPAACKH TpapuK B Mpexa OT
KpbcroBula. [IpencraBeHa e ByliepapXW4yHa ONTHMH3aLMOHHA 3adada. Cobmiara GopmaiHa
[IOCTAaHOBKa B KOHTEKCTa Ha aBTOMOOWMJIHMSA TpaduK B Ipajcka cpela T.e. YIPABICHUETO Ha
CBETJIMHHO CUTHAJHO peryJupaHd KpbCTOBUINA. Pasnmkara oT NOZOOHM  W3CIICABaHUS B
neUHUPAHETO Ha [eIeBUTe (PYHKIUHM U JIOTHKaTa Ha M300p Ha MmapaMeTpH 3a TOpHAaTa W JIoJTHara
1esneBr QyHKLUH.

OOeKkTHT Ha ONTUMH3ALMS — MPEXa OT YETUPU CBETIIMHHO PEryJIUpaHu KpbcToBHIA. OOEKTHT
€ MOJIEJIMpaH B CUMYJIallMOHHaTa cpefa Aimsun. 3a LeJuTe Ha eKCIEPUMEHTUTE € OMIIO TMOBEAECHO
MIOJIEBO MPOYYBaHE KaTro ca ChOpaHM JTaHHH 32 TEOMETPHS Ha ITbTHATA MPEKa U MHTEH3UBHOCTTA Ha
Tpaduka B IpOy4YBaHUS YUACTbK.

OObpHaro Oe BHMMaHHE M Ha BIMSHUETO HAa ONTUMH3ALMATA Ha Tpaduka Ha 0OEKTa BbPXY
KOHCyMAIIMsITa Ha TOPUBO M TOKA3aTeIMTE 3a 3aMbpCSBAaHE Ha Bb3AyXa. Ta3W B3aMMOBpPB3Ka Ce
n3pa3siBa B TOBA, Y€ C HAMAJSIBAHETO Ha OMAIIKHUTE W 3aJpBhCTBAHUATA CE HAMAJSBAT U BPETHUTE
€MHCHH, U KOHCYMaIUsATa Ha TopuBo. ToBa HamMajeHne HOCH MOJ3H 3a OOIECTBOTO OT IVIeJJHA TOUYKa
Ha 3/IpaBeH acreKT. 3aToBa ONTUMH3AIMATA Ha TpaduKa B IPaJCKH YCIOBHA € BakKHA HE CaMo 32 Io-
OBp30 MPUABIKBAHE OT €IHA JIO JPyra TOYka Ha rpaja, HO W 3a ONTHMHU3WpAaHE Ha HEXKEJTaHHUTE
acIieKTH Ha TpaduKa KaTo 3aMbpCsBaHEe HA Bb3/IyXa.

OmnpenensiHe Ha MPOABIDKUTEIHOCTTa HA CBETIIMHHUTE CUTHAJIM MOXKE J1a C€ M3BBPIIM Ype3
CUMYJAIIMOHHU Mojienu. M3non3BaHeTo Ha cUMyNalMoHeH codTyep MMa MpeauMCTBOTO, Ye HE ce
HaJiarat peajHu IMPOMEHH B JBM)KEHUETO TPU U3MPOOBAHETO HA PA3JIMYHN BapHaHTH HAa HACTPONKHU

Ha cBerodapute. HacTpolikure ce W3BbpIIBAT B CUMYJIALMOHHA Cpefa, MpU Ta3u AUCEPTAIlOHHA
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paboTa M3MOJ3BAHUAT MIPOrpaMeH MPOAYKT € Aimsun. MoAerbT U HaCTPOUKUTE Ha CBETOhApHUTE
ypendu, KakTo U JIpyTrd mapaMeTpu Ha HHPPACTPYKTypa U TpaduK MOrar Ja MpeTbPIsT MHOKECTBO
MIPOMEHH B PAMKHUTE Ha KOMITIOThpHATa CUMYJIaIlusl.

Hpyr cumynanuoneH nporpamer npoaykt € MATLAB, koiiTo € u3noJi3BaH 3a MareMaru4ecKu
MoJIell Ha OOEKTa Ha CHUMYJIHpaHe W ONTHUMM3AIMs — IbTHA MpeXa OT YeTUPU KPBHCTOBHUIIA IO
MIPOTEKEHUETO Ha TIaBeH OyneBapa B Codusi.

Pesynrarure OT peleHHMETO Ha JByliepapXu4HaTa 3ajaya ca CPAaBHEHU C pe3yJATaTuTe Ha
nporpamuus npoayktT TRANSYT, m3non3BaH B CBEeTOBEH Mamiad 3a OILIGHKa Ha CTPAaTerduu 3a
yopasiieHue Ha Tpaduka. Pesynrarute mokasBar, ye eqHa OT JBYHepapXUUHUTE 3a/auuTe J1aBa
npeaumctBo nped TRANSYT mo tpu Tpadumunu mokasarens. Karo o6oOuieHne oT HampaBeHHUTE
CpaBHEHHsI C€ CTHTa J0 M3BOJA, Y€ PEUICHUATA Ha JAByHEpapXUYHHUTE 3a/1a4d Ce MPHUOIMKaBAT 10
pemienueto Ha TRANSYT noBeue, OTKOJIKOTO A0 pe3ylATaTUTe OT CUMYJalus ¢ peanHu aaHHu. [lo
TO3U HAuWH, C JAByHepapXuyHa ONTHMHU3ALUS, CE€ MOCTUTaT MO-I100pu TpaHUUHU IMOKA3aTeNd OT
cumynanuara ¢ peanu pgaHHu. IlpenumctBo Ha MATLAB npex TRANSYT e mno-0bp3oto
M3YHUCIICHUE, KOETO ce TocTura ¢ n3noi3eaneTo Ha MATLAB u ¢yskmmsta solvebilevel().

JIByiiepapxuuHaTa ONTUMH3AIMs JaBa Bb3MOXKHOCT 3a MOBeue IiesieBU (DyHKIMU, YIIPaBIIABAILIU
rapaMeTpH U MoBeYe OrpaHUYCHHS B YIIPABISIBAHOTO MPOCTPAHCTBO. B uacTHOCT nByiiepapxuyHara
ONTUMH3AIMS TOCTUTa IO-TOJSIMAa MPOIyCKaTeaHa CIOCOOHOCT Ha TPAaHCIOPTHAaTa Mpexka OT
KpBCTOBHIIA, HAMAJISIBA OTALIKUTE IIPe]] CBETO(apUTe U Ype3 TOBA C€ HaMaJIsIBaT U 33 IpbCTBAHUATA
npen ceerodapure. Edexture ot mo-godpute TpadhuyHU MMOKa3aTeNld ce yCelaT U IpH pa3xoja Ha

TOpHUBO U BPpCAHUTC EMHUCHUHU, KOUTO HaMaJIsIBatT € HO,Z[O6p$[BaHeTO Ha Tpa(l)I/ILIHI/ITe IIOKa3arTcJiu.

Asmopegepamu Ha oucepmavuu 2021 (4) 40-88



78 WMoppaHka BoHeBa

HAYYHO-ITPHJIOKHH U TPUJIOKHHU ITPUHOCH

[IpuHOocuTe Ha IUCEPTALIMOHHUS TPYJ Ca KaKTO ClIe/Ba:

1. CbcraBeH € MaTeMaTHYeCKH MOJE]I Ha OOEKT — Tpajicka IbTHA MpEeXa, peryjiupaHa Cbhe
CBETJIMHHA CHUTHAJIM3AIUs, C 1€ ONTHMHU3alus Ha oOekra. MojaensT MO3BOJIABA Ja CE MPaBsT
AQHAJIMTUYHN ¥ YUCIICHH CHUMYJIAlMH 3a ONpEeIesHe Ha ONTHMAIHH CTOMHOCTH HAa CHCTEMa OT
ceeTodapu.

2. JlebuHupan € HOB MaTEeMAaTHYECKM MOJEI 4pe3 JBE HepapXWyHO CBBP3aHMU 3aJadyd 3a
ONTHUMHU3UPAHE Ha IPAJCKU TpadUK, KOETO MO3BOJISIBAT JIa CE OMPEACIAT ONTUMATHUTE CTOWHOCTH
Ha MMO-TOJIIM OpO# yIpaBJIABaIlK POMEHIMBH: [UKBJ U MPOIBJHKATEIHOCT Ha 3eJICHa CBETIMHA Ha
CHCTEMa OT KPhCTOBHIIIA.

3. OnTumu3upana € CBETIIMHHATA  CUTHAIW3alus Ha  cBeTtoapHu  ypendum
NPOIB/DKATETHOCTTa Ha IMKBJIA Ype3 MpWiIaraHe Ha pa3pabdOTeHHs HepapXuueH MOoJena 3a
onTHUMHU3aIMs OT T. 2. Pe3ynraruTe OT YHMCICHUTE EKCIIEPUMEHTH IOKa3BaT, Y€ IMOJy4aBaHUTE
PELICHUS] MOXKeE JIa Ce ONPECIST B PEajlHO BpeMe, KOSTO I03BOJIsBA JIa CE afalTHpa YIPaBICHUETO
Ha cucTema cBeTodapu ChIIIACHO JMHAMHUKATA HA TPAHCIIOPTHUS TpaduK.

4. Pa3paboTeH € CUMYJAIHOHCH KOMITIOTHPEH MOJECI Ha MpeXa OT KPbCTOBHUINA. MOIEIbT
MO3BOJISIBA JIa C€ OTYMTAT JOMBIIHUTEITHH YCJIOBUS TIPU YIPABJICHUETO HA TpaprKa, KOUTO HE MOKE
na ce popManu3upaT aHAIUTUYHO KaTO OTYUTAaHE HAIMYUETO Ha TpaMBailHa JIMHUSI, pa3pellieHue 3a
IMapKupaHe B CUCTEMA OT TPaHCIIOPTHU KPbCTOBUILA.

5. HampaBeHO ¢ cpaBHEHHE Ha PE3YJITaTUTE, MOJYUYCHH OT aHAJMTUYHATA ONTUMH3AIMS upe3
JBYHEPAPXUYHUS PAa3paOb0TEH MOJENT U CUMYJIAIIMOHHUTE PE3yJTaTH Ha KOMITFOTHPHUS MOJIEIL.
[TokaszaHo e, ye IByHEepapXUUHUAT MOJEI MO3BOJISIBA MIPUJIAraHE HA YIIPABICHUE B PEATIHO BPEME B
CJICACTBUEC H0'6T)p30TO HU3YUCIIIBAHC HAa ONITUMAJIHUTC yIIpaBIABallU B3aI/IMO)I€I\/'ICTBI/I$I B CpaBHCHUC

CbC CUMYJIAITMOHHUTE PE3YJITATU, KOUTO U3UCKBAT 3HAYUTCIIHO BPEMCE 3a IIPOBCIKIAHEC.

HaydHOo-nIpHUI0OKHATE W TMPHIIOKHUTE PE3yATaTH OT AUCEPTAIMOHHHS TPy ca MPHUIIOKEHU MPH
paspaborBanero Ha moroopu: KII-06-H37/6 ot 6.12.2019 — “Mogenupane u ONTUMHU3ALUS HA
rpajacku Tpaguk B Mpexa oT KpbcroBuiia” u KI1-06-M27/9 ot 2018r. — “ChBpemenHu unudposu
METOJIM M CPEICTBA 3a M3CIeABAaHE M MOJEIMpaHe Ha TpaHCcopTHH noTouu” . [logpoOHO onucanue

Ha JIOTOBOPHUTE € MPECTABEHO B pa3zien “YyacTtue B MIPOEKTH .
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Taoauua 3aki.1l. Bpp3ka Mexay pe3yaTaTH, CTpyKTypa Ha TUCEPTAIMOHHUS TPY/ U HAIPaBeHU

1y OIuKanuu.

3agaua Tun npunoc IIyonukauusa | Tnnasa

ChbcTaBeH € MareMaTudecK Mojient Ha | HaywyHo-TipunoxeH 1,2 3
00EKT — rpajcKa MbTHA MpPeXa,
peryjiupana cbC CBETIIMHHA
CUTHAJIM3AIIUs, C IIeJI OITUMHU3AIUs Ha
00ekxTa. MozerbT I03BOJISIBA Ja CEe
MPaBAT AHATUTUYHU U YHUCIICHH
CUMYJIAILIMH 32 ONpeeiiaHEe Ha
OIITUMAJIHHU CTOMHOCTH Ha CHCTEMA OT
ceerodapu.

Jlepunupan e HOB MareMarnyecku | HayuHo-mpuioxeH 1,2 3
MoOZel  4pe3  JBe  HepapXU4yHO
CBBP3aHU 33/1a41 332 ONTHUMHU3UPAHE Ha
Ipajicku TpauK. KOETO MO3BOJISBAT J1a
ce OTIpeNIENAT ONITUMAITHUTE
CTOMHOCTH HA  MO-TOJIsIM  Opoi
YIpaBISABAIIA TPOMEHIIMBU: LTUKBI U
IPOIBIKUTETHOCT Ha 3eJIeHa
CBETJIMHA HAa CUCTEMA OT KPhCTOBHUIIIA.

Ontumusupana e cBeTIMHHara | HayuHo-npumnoxeH 1,2 3
CHTHAJIM3aLKUs HA CBETO(hapHU ypenaou
U TMPOABIDKUTETHOCTTAa Ha IUKbBJIA
ype3 mpuijaraHe Ha pa3paboTeHus
HepapxuueH Moen 3a ONTUMHU3ALUS
OTT. 2.

Pazpaboren e cumynanuoHned | [Ipunoxen 4,5 3
KOMITIOTBPEH MOJIeNl Ha Mpexa OT
KPBCTOBHIIIA.

VYenoxHsaBaHe  Ha  KoMmmroTbpHus | [Ipunoxen 3 3
Mozen Ha o0ekTa. MozieabT no3BosisiBa
Ja ce  OTYUTar  JIONBJIHUTEIIHU
YyCIOBUSL TP YIPaBIEHUETO Ha
Tpapuka, KOMTO HE MOXe Ja ce
dbopmanu3upaT  aHATUTUYHO  KaTo
OTYHUTAHC HAJIMYHUETO Ha TpaMBaﬁHa
JUHUS, pa3pellieHue 3a MapKUpaHe B
CHCTEMa OT TPAHCIIOPTHU KPHCTOBHUIIIA

HampaBeno e cpaBHeHne  Ha | HayuHo-mpuiioxeH 2 4
pe3yaTarure, MIOJTy4YEHU oT
aHaJIUTHYHAarTra OIITUMMU3AIIHA upe3
IByHepapXUuHUs pa3paboTeH MOJeN U
CUMYJIAllMOHHUTE pe3yaTarTu Ha
KOMITIOTBPHHMSI MOJIE.
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BbJAEIINO PASBUTHE

Bb3 ocHOBa Ha MMOTy4YEeHUTE PE3yJITaTH OT MPHJIOKEHUS TOAXO0] 32 ONTUMHU3MpaHe Ha TpapuK B
IpajiCKa Cpesia, U3CIEIBAHNATA € CE€ pa3BUBAT B HAKOJIKO HACOKHU:
e VcinoxHsaBaHe Ha (opManHus AByliepapxuueH Monen. M3ciensane Ha ropHU LeneBU QYyHKIUU

Ha JBYHEpapXW4YHUTE ONTUMH3ALMOHHM 3a/a4d, KOUTO B HACTOsAIIATa JUcepTalus 3acArar
IPOABIKUTETHOCTTA HA 3€JIEHUS CUTHAJ U IPOABIDKUTEIHOCTTA Ha LIMKBJIAa Ha cBeTO(dapure.

e 1I3BBpIIBaHE Ha €KCIIEPUMEHTH U CUMYJAIMKA C HOBUTE TOPHH LEJCBH (PYHKIMH B MPOTPaMHH
npoaykta Aimsun, TRANSYT, MATLAB u np.

e [lpunarane Ha JByiepapXu4yHa ONTUMU3ALUA U cpaBHsABaHETO M ¢ onTumu3anuus B TRANSYT
BBPXY JPYT y4acThK OT TpaHcnopTHarta Mpexa B rpaa Codus. LlenTa e, 1a ce oT4eTe BIUSIHUETO
Ha T€OMETpPUATAa U MHTEH3UBHOCTTA HA JBUKEHUETO B PA3IMYEH OT M3CJE/BaHUS TPAHCIOPTEH

Y4aCThK BbPXY HOJYUCHUTE PE3YJITATU OT ONITUMU3AIIMOHHUTE CKCIICPUMCHTH.
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BIJATOJAPHOCTH

bux uckana ga u3Kkaxa crequaiHd OJarolapHOCTU Ha HAYYHUS CH PBKOBOJIUTEI
npod. a.T.H. Tomop CTominoB, 3a OTAENEHOTO BpeMe, IOJE3HUTE CHBETH H
OTIIpaBEHUTE T'PaJUBHU KPUTUKU. brarogaps u 3a naJeHUTE HAIBTCTBUS B 00JacTTa
Ha ONTUMHU3MpaHe Ha TpauK B rpajcka cpela, KOUTO OMpeAesnxa W HacoKaTa Ha

IMPOBCACHUTC HAYUYHO-IIPUJIOKHU U3CJICABAHNA B HACTOAINA AUCCPTAINOHCH TPYA.

bnaronapsi Ha xosnerute: npod. a.T.H. Kpacumupa Crousnona, aoi. n-p bopsHa
Bauoga, 1. ac. n-p Cranucnas JluMutpos, mi. ac. a-p Bnagumup MBaHOoB, 1. ac. A-p
Kpucrtuna IlaBnosa, . ac. a-p Enena [laynoBa-XybenoBa u mi. ac. n1-p Enucasera

TquTKOBa-KaHI’bMOBa 3a OKa3aHaTa METOAO0JIOTNYHA ITIOMOI, CbBCTH U IMPCIIOPHKH.

Crp1110 Taka O6jarogaps 1 Ha BCUYKH, KOUTO TIPSKO WJIM KOCBEHO Ca JIONMPUHECIIU 3a

peanu3upaHeTo Ha TO3U AUCEPTALMOHEH TPY/I.
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88 MoppaHka BoHeBa

Jexnapanus 3a OpUTrHHAJHOCT HA pe3yJITaTuTe
Jlexnapupam, 4e HacTOSIIATa TUCEPTALIUS ChAbPIKA OPUTHHAIIHU PE3yJITaTH, TOTyUYSHU TIPH
MIPOBENICHU OT MEH HAYYHH W3CJICIBAHUS {C TOAKpEnara U ChJACHCTBUETO HAa HAYYHHS MU
pbKOBOIUTEN }. Pe3ynrarure, KOUTO ca MOTyYeHH, ONMMCAHU W/WIIK MyOIMKyBaHU OT JAPYTH YUCHH, ca
HaJJIS)KHO U TTOJIPOOHO IIUTUPAHK B OubnmrorpadusTa.
Hacrosimara aucepraiys He € npriiarana 3a npujao0uBaHe Ha HayyHa CTETICH B IPYTO

BUCHIC YYUIIMIIC, YHUBCPCUTCT UJIU HAYUCH MHCTUTYT.

IMoamuc:
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