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Routing a vehicle through city traffic by the time-optimal dynamic path

The key goal of this study is to synchronize traffic flows, optimize the use of the transport arteries throughout the city,
prevent congestion, and follow each vehicle to its destination to minimize time spent on the trip. As a result, the total time spent
by cars on the road will be significantly reduced, and environmental conditions will improve accordingly.

The object of the study is a city's transportation network, represented as a weighted oriented nonplanar multigraph
(WONM). The key advantage of using the graph theory to build optimal routes is based on the following considerations: 1) the
graph theory has developed many algorithms for finding optimal routes (Dijkstra algorithm, Floyd-Warshall algorithm, A-star
algorithm, etc.); 2) the graph theory is used as the theoretical and practical basis of logistical systems, including urban traffic. To
build a route in such a multigraph an A-star algorithm has been used, which establishes an optimal time (t-optimal) route between
two selected vertices of graph.

The study offers a realistic prospect for solving the problem of congestions through the use of a special software
algorithm oriented towards establishing optimal routes and using graphs to represent the city's transportation network.

The fundamental issue is the representation of the city's transport network in the form of an electronic map and the
display of GPS-identifiers of vehicles involved in traffic on this map. The "city traffic — electronic map" representation makes
it possible to obtain data as to the level of congestion in the transport network. The use of an electronic city map allows the GPS
coordinates of each vehicle to be projected onto it. Thus, the city's transport network is under the full control of the transportation
management center (TMC), which has a real opportunity to interact with each vehicle and constantly adjust its route, choosing
the t-optimal one. The route adjustment is carried out via General Packet Radio Service (GPRS) channel in the form of voice
commands as in conventional GPS navigation. However, the specifics are as follows: 1) the navigation is carried out online; 2)
t-optimal routes are plotted, taking into account the traffic situation at any given time.

Thus, a large-scale transportation urban traffic network and an associated computer program has been developed. This
is an applied project, and its results can be used to effectively regulate traffic in megacities in order to minimize the travel time
of each vehicle along a selected route.
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1. Introduction

In the graph theory many algorithms have been developed to build optimal routes, including t-optimal
ones [1] and this is the key advantage of the multigraph model over other traffic simulation models.
Another key advantage of the multigraph model is the possibility to simulate the city's transportation
network, depicting all lanes, intersections, traffic junctions, and pedestrian crossings. These features
allow implementing the procedure of programmatic regulation of urban traffic, which is a particularly
important result of the study. In other words, a basic framework for automating urban traffic processes
has been created. The model of the urban transport network in the form of a WONM allows using graph
theory algorithms to find optimal routes for vehicles participating in traffic. It is most appropriate to use
the A-star algorithm, since it ensures the optimal routes between two selected positions of the graph (city
transport network) and has a number of advantages over other similar algorithms.

The fundamental issue is the creation of bijective mapping principles of the "city traffic - WONM"
type. In other words, the location of vehicles on urban transport arteries should be reproduced as
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objectively as possible on the urban electronic map used by the city TMC. In addition, constant interaction
between each vehicle, which is identified on the electronic map by a pair (0;, D;) is required. Each such
pair is a specific vehicle identifier which can be tracked on the city's electronic map. Since each car 1 is
under the control of TMC, tracking it along the selected route is equivalent to tracking the identifier
(G, D) on the electronic city map. In turn, vehicle tracking involves online interaction with the vehicle

driver via a GPRS channel. Therefore, each driver can receive accurate and timely instructions on the
best way to travel. Importantly, such instructions correlate with the dynamics of urban traffic and are the
result of implementing the A-star algorithm, which creates the optimal route in the graph and constantly
updates the route in accordance with the traffic situation at a particular time. In other words, the route of
each car is synchronized with the dynamical changes in the traffic situation.

Practically, regulating the traffic of tracked vehicles is carried out by automating traffic control at each
intersection and road sections between neighboring intersections. This allows TMC to control all traffic
flows in the metropolis in real time, as well as to track each vehicle along the route where the initial point
is established by using a GPS navigator and the destination point is set.

The process of controlling and regulating urban road traffic is based on the fact that TMC transmits
voice commands to each driver via GPRS channel highlighting the route to the destination point as in
conventional GPS navigation. The distinct feature of the program is the analysis of the dynamic traffic
situation throughout the city by using interactive road sensors located on the electronic map of the city in
the vicinity of intersections.

The practical application of the described process of regulating the urban traffic will lead to the
disappearance or significant reduction of traffic jams. The main results of this study are: 1) optimization
of vehicle routes, which minimizes the travel time between origin and destination points; 2)
synchronization of traffic flows; 3) the uniform redistribution of traffic flows within the city, which will
lead to optimal use of transport arteries throughout the city; 4) absence or significant reduction in the
duration and frequency of congestions.

2. Analytical review of the related works

The previous investigation [2] addresses the problem of traffic control in a metropolis by using the
Dijkstra algorithm. The authors consider the Intelligent Transportation System (ITS) application in order
to analyze the causes of congestion on urban transport arteries. ITS makes it possible to provide
innovative services and enable users to be better informed and make safer, more coordinated, and ‘smarter'
usage of transportation networks.

A map-matching algorithm [3] allows for the correct comparison of the GPS-trajectory of the vehicle
with the corresponding road segment. In particular, the comparison of GPS data with the electronic map
of the city is carried out by using Automatic Vehicle Location (AVL) systems that use vehicle tracking
system to track the movement of a vehicle. In turn, the information collected by AVL can be compared
with electronic maps via the Internet or with help of special software. A map-matching algorithm is a
significant part of any navigation system because it aligns data from the GPS with a digital road network.
The map-matching algorithms are divided into simple, weight-based, and advanced ones. The advanced
algorithms use different mathematical models such as probability theory, fuzzy logic, multihypothesis
road tracking, a hidden Markov model, a hybrid Bayersian network and a neural network. The cited
research proposes the weight-based algorithm to find a best segment of road network. In [3,5], the
problem of map-matching of GPS markers (points) of vehicles with electronic maps is considered in
detail. For this purpose, the so-called device-based sensors are used, which constantly record and transmit
space-time information about the location and movement of the vehicle [6]. The latest applications of
urban vehicle mobility visualization systems are based on the usage of Geographic Information Systems
(GIS). This system allows linking data to an electronic map, in particular displaying the geolocation
position of the vehicle on such a map. The study [7] shows that finding the shortest route by using an A-
star algorithm facilitates the procedure of comparing a vehicle position on electronic map with road
segments. That means that Dijkstra or Floyd algorithms are less effective in this case.

City traffic flows need recording in real time, since knowing the level of congestion on city streets is
the starting point of solving a traffic flow regulation problem. The next step is for the TMC to select the
best routes in the urban transportation network. This is key problem in terms of urban traffic strategy.
Thus, in [8], a new control system using the heuristic approach is used to solve this problem. The authors
propose a new integrated control algorithm that combines actions of dynamic traffic routing with on-
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ramp metering to optimize the traffic flow. The algorithm can manage the system in the case of a capacity
constraint in the highway network. The investigation focuses on the development of integrated traffic
management strategies in road networks. The highway network is modeled by using the Lighthill-
Whitham-Richards traffic flow model, which introduces the terms of flow density and average speed. An
integrated control algorithm based on the methodology of feedback control and variable structure control
has been developed to solve the proposed problem. Three options for selecting alternative routes to avoid
congestion have been tested. The results show that the proposed algorithms can offer to the user a balance
between the selected alternative routes.

A number of studies have been aimed at implementing the principles of urban traffic forecasting.
Studying networks of different nature, such as neural networks, allows making forecasts. In particular,
short-term traffic forecasting [9] is one of the most important elements of all active traffic control. The
development of a forecasting model based on neural networks allows for short-term forecasting based on
the selection of the best combination of forecast parameters. In this work, a self-correcting neural network
based on genetic sorting has been used. The NSGA-II algorithm is used as a multi-objective optimizer
for short-term forecasting.

The Kalman filter [10] for traffic forecasting on urban highways based on data obtained from
connected vehicles is used. That allows for real-time forecasting, since the data of the connected vehicle
is analyzed immediately before the forecast period. To analyze traffic data, the Vissim simulator, which
registers vehicles at different speeds is used. The performance of the algorithm for different traffic
situations is evaluated by using statistical methods.

The short-term forecasting of traffic scenarios [11] uses a set of specific tools and models. In
particular, such forecasting models as the non-parametric k-Nearest Neighbor (kNN) regression model,
the Gaussian probability maximization model, and the double seasonal exponential HolteWinters
smoothing model are important components. Real highway traffic data is used to test the theoretical
conceptions. The research allows predicting weekly and monthly fluctuations in average daily traffic with
varying degrees of precision while being ease of use. The article uses the information entropy method
and the less common Shapley method.

Forecasting of traffic processes can be carried out both for the day and for a longer-term range [12].
For this purpose, a traffic management system based on predictive information through the use of static
and mobile objects is used. These objects (agents) use a methodology for collecting and transmitting data
on traffic flow parameters (speed and density), spatial and temporal information on urban traffic modes
in order to monitor and predict expected traffic density patterns. All that permits the vehicle driver to
choose the best routes and thus ensure uninterrupted traffic flow and reduce the frequency of traffic jams.
Traffic situation monitoring and forecasting is performed through the integration of NS2, Simulation of
Urban Mobility (SUMO), OpenStreatMap (OSM) and the MOVE tool.

Urban traffic is a function of the capacity of a particular urban intersection or a place where traffic
flows intersect. The fundamental question is how to organize an effective process of regulating the
passage of vehicles through this intersection. Therefore, the main task is to create a mode of optimizing
the capacity of each urban intersection [13]. For this purpose, an algorithm to control traffic signals at
isolated intersections is used. In this approach, a central controller is used to collect the real-time location
of communicating vehicles at certain intervals. The controlling of traffic lights is focused on the correct
choice of the phase of the traffic signal, which maximizes the average vehicle speed while limiting the
maximum delay that any individual vehicle can experience. The proposed algorithm is also effective when
the level of interaction between connected vehicles is imperfect, when such objects account for more than
40% of the traffic flow. The results show that the proposed strategy can help to significantly reduce long
delays. Intersection coordination is carried out through the implementation of a computer program for
regulating vehicle flows [14]. The presented computer program allows optimizing the passage of cars
through each individual intersection.

The invention of real-world applied algorithms has played an important role in creating an intelligent
intersection control [15]. In particular, an intelligent traffic light can be implemented on the basis of an
intelligent terminal. The intelligent terminal has a bidirectional communication with the TMC, which is
used to manage urban roads and provide information services for cars, as well as provide electronic maps
and route maps for the intelligent terminal. The intelligent traffic light system automatically detects the
number of vehicles on the roads to adapt the travel time for each road. The system and method provided
by the invention can help drivers optimize route maps and improve the efficiency of vehicle traffic.
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The adaptive traffic light control system [16] operates in real time. The authors propose to consider
each intersection in the urban transport network as an independent, autonomous object that can change
the length of the green phase of the traffic light depending on the characteristics of local traffic. This will
significantly improve the capacity of each individual intersection.

Robot cars are promising objects that are receiving special attention from researchers. Such cars
operate in an autonomous mode — without drivers [17]. The advantages of this innovative approach and
the real prospects for its use are becoming apparent today. This problem has recently received
considerable attention from researchers around the world, and the number of publications has been
growing sharply in recent years.

3. Presentation of the problem and the results of the work
It is convenient to regulate urban traffic on an electronic map of the city by means of a bi-active display
of the type "urban traffic — electronic map". In this case, urban traffic can be managed by TMC.
However, the implementation of the transformation "urban traffic — electronic map" is a significant
problem [6]. To solve this problem, the following tasks have been set (Fig. 1):
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Fig.1. Weighted oriented non-planar multigraph model of the city's transport network fragment. The highlighted
gray square is shown in detail on Fig. 2 below. The origin and destination points of a particular vehicle are located
at nodes 1 and 75, respectively.

- to create a real-time model of the urban transport network in the form of an oriented weighted nonplanar
multigraph with dynamically loaded arcs;
- to activate the electronic map of the city in TMC and use this map to track each vehicle;
- to create optimal time routes for all vehicles that have ordered such routes;
- to implement in real time the software algorithm for constant route updates for each guided vehicle.
This will allow synchronizing city traffic with the traffic management procedure on the TMC and making
adjustments to the route for each accompanied vehicle.

The schema of the principle of traffic organization is shown as the diagram on Fig. 1. Urban traffic
management is relied upon by the TMC, which consists of three interconnected subdivisions: the city
road electronic map, which receives geo-positioning data from each vehicle in the city road network.
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After processing, the data is transferred to the information and computing center. The routes calculated
here send as instructions via a GPRS channel to each vehicle by traffic control center that manages each
vehicle.

The creation of a model of the city's transport network by using the WONM makes the operational
management of traffic flows possible. The fundamental point is that in such a graph, each arc is matched
with a weight - a dynamic value correlated with the actual traffic load of each city road lane. In the terms
of graph theory, this graph is a bijective (as objective as possible) representation of the distribution of
vehicles on the city's transport arteries. WONM is the basic representation of an electronic traffic map of
the city. GPS identifiers of vehicles involved in urban traffic are projected onto such a map [3].

The optimal routes in the graphs are constructed by using special algorithms, among which the Dijkstra
and Floyd-Warschall algorithms are the most well-known [18]. The first one finds the optimal route
between the selected graph vertex and all other vertices, and the second one finds the optimal route
between all vertices of the graph. However, for this study, we need to build optimal routes between two
selected vertices of the graph, since each driver wants to get from a certain position A to position B. In
this regard, it is advisable to use the A*-algorithm to build optimal routes between two specific vertices
of the graph.

The implementation of a software algorithm that builds optimal routes has a number of features,
including high traffic dynamics and different levels of traffic congestion in individual lanes on the same
road section and in individual streets. It is known that city central highways are usually congested during
peak hours, while secondary transport arteries operate in normal or even underloaded traffic mode [6].
Therefore, one of the fundamental tasks of the proposed algorithm is to organize a predominantly uniform
distribution of vehicles along the city's road arteries.

One of the issues is interacting with each vehicle in order to transfer data on the calculated optimal
route. The registration of vehicles participating in traffic is carried out through the use of special sensors
located on the electronic map of the city in the vicinity of intersections. These sensors interact (read
information) with an electronic vehicle marker O;,D; when it crosses the electronic sensor. The data

from the sensors act as input values to the information and computing center that implements the A-star
algorithm (Fig. 1). The center plans the optimal route for each vehicle, taking into account the traffic
situation in real time. For this purpose, each route is constantly corrected. Let us consider the specific
details of the algorithm by using the example of the model shown in Fig. 2.

e )

TRAFFIC MANAGEMENT CENTRE

Fig. 2. Scheme of an interaction between electronic map sensors and TMC

This simple graph is an actual representation of a section of the city's transportation network. This
means that the lanes between intersections are reproduced — there can be 2, 3 or more such lanes, which
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corresponds to the situation with the real urban transport network. In addition, each arc of the graph is
assigned a time-varying weight that corresponds to real city traffic. The graph (Fig. 1) also contains two
types of traffic interchanges — the first is vertex 17, where circular traffic is organized, and the second is
organized between intersections 2 and 8, which are connected by a road that runs over intersection 5. The
graph (Fig. 2) models not just the road between intersections, but also reproduces individual lanes, which
is a fundamentally important point, since the congestion of vehicles in different lanes, as a rule, varies
significantly. Therefore, it is necessary to record the congestion of each lane separately. The fundamental
issue is to build the time-optimal route for each vehicle. For this purpose, the following definition should
be introduced:

Definition 1. The intersection traffic resistance as a function of the traffic observation time t in
the direction of the intersection for cars located along lane h is defined as the time interval for which a
car is delayed at the intersection j:

RA(® =81 O Ty (©). (1)
where Thj = rjred (h) + T?reen (h) — the length of the traffic light switching cycle at the intersection j
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Where ljj is a lane directed from the intersection i to the intersection j; | is a designation for the lanes
named starting from the centerline as a,b,c,d,... (for example, the entry cg 5 symbolizes the third lane

from the dividing line of the road, which is directed from intersection 6 to intersection 5 — Fig. 2). In the
program algorithm [19], which presents the complete procedure for calculating the optimal route the
antipode of expression (4) is the value of double Wli _ j=R()-10+Li_ j. We assume that the average

vehicle speed (in m/s) on urban transport arteries is 10. The principal task of the study is to find the
minimum value of the function

hg;(Rhi (t) Vi +Ly) —min . (5)
=1

Where, H is the set of lanes along the route that a vehicle passes while moving from the start to the end
position. Expression (5) consists of a variable component (the first term) and a constant component (the
second term). The variable component is a function of time, since traffic in the city is highly dynamic.

The fundamental issue is to build a route synchronized with real, highly dynamic urban traffic. The
procedure of such synchronization is implemented through the process of constantly recalculating the
optimal route for each vehicle by a program. Specifically, the route is recalculated to take into account
the state of city traffic at a particular moment every time the vehicle crosses the next intersection. In other
words, we are talking about the route that corresponds to the traffic situation at a given time. The features
of the process of implementing a dynamic software process that allows for route adjustment will be
described below.

Expression (5) represents the objective function of the problem: the total weight of all consecutive

lanes along the route should be minimal. The minimization of this function is performed by the A*-
algorithm. The code for the graph (Fig. 1) is presented in [19].

Definition 2. The weight of the route (5) is the sum of the real and virtual components of the path:

H H .
(> Ly ) is the real component of the path that the car physically travels along the route; () Rr{ (t)-V; i
h=1 h=1

) is the virtual component of the path — this is the path that the vehicle would have traveled during the
delay at the intersection Rr{ (t), moving at an average speed Vij-

Expression (5) is equivalent to the following

. H .
P =Y (RIM) + Ly /V;j) > min, (6)
h=1
where 7"'Pis the travel time of the vehicle from its starting position to the destination. In expression (6)
Rr{ (t) there is a delay time of the vehicle (which was in the traffic lane h) at the intersection j, during

which the vehicle is in the standby mode. To travel such a route (6) takes a minimum time.

According to (6), there is reason to talk about optimizing the car's travel along the selected route in
terms of time. Accordingly, the total time spent by all vehicles participating in the traffic will also be
optimal (minimal).

An important value that characterizes urban traffic is the coefficient of dynamics, which characterizes
the capacity of each individual intersection

DY (®=mi®)/ (N (). (7)

Where Nr{- (t) represents the number of vehicles in the lane h in the direction of the intersection j
and the value mrj; (t) is the number of vehicles that passed through the intersection j from the lane h

during the green phase trg];reen of the traffic light. Thus, the traffic dynamics on a lane h along a road

section i — j is determined by the ratio between the number of vehicles leaving this road section during



ISSN 2304 -6201 BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
cepist «MaTemaTiHe MoaentoBaHHs. IHhopmaLliiHi TexHonorii. ABTOMATM30BaHi cUCTEMM YripaBniHHs», BUnyck 57, 2023 49

the time equal to the green phase tﬁ)reen of the traffic light to the number of vehicles on the road section
i — j ata given time.

The throughput Dt{ (t) is related to the intersection resistance Rr{. (t) as follows

Dy )=k /S)(®). ®)
where the coefficient k has a time dimension.

The objective function is written in the form
DJ (t)—>max.. )

The analysis of the relation (8) shows that the dynamics of traffic directly depends on the capacity of
the city's intersections. A number of works have been devoted to the issue of improving the throughput
of urban intersections [20, 21]. In our study, the process of creating the intelligent intersection is based
on the following principle.

Definition 3: Intersection intelligence is a traffic signal control process in which the length of the

green light phase tﬁ;reen in a direction 1 — | is proportional to the number of vehicles in that direction.

Creating the intelligent intersection allows maximizing both its capacity (9). In order to illustrate the
operation of such object, it is advisable to conduct a model experiment by using the AnyLogic North
America LLC 8.8.0 program. The purpose of the modeling procedure is to show how creating the

intelligent intersection affects the value of Drf ) .

To control traffic, it is necessary to control the values included in (6). The process of fixing the
described values is organized as follows: a sensor i, (input sensor), located on an electronic map in the
vicinity of the intersection i in the direction of the intersection j (Fig. 2), registers the geoposition of
vehicles in accordance with their code identifier. The spectrum of such identifiers is given by the relation

S={(G1,D1).(0z,Dy)....(O, Dx)....(On . Dy )} (10)

Where N is the number of vehicles participating in urban traffic. Each car gets its own unique token
consisting of an origin-destination pair (O, Dy ). This pair is a specific recorder of each tracked vehicle,

which allows it to be identified when it crosses the input or output sensors of the electronic map. The set
of output sensors (Fig. 2) located in the vicinity of the intersection j on the lanes directed in the direction

of i— j registers vehicles that have left the road section i — j. The input sensors, on the opposite,
register vehicles that have entered the road section i — j . The ratio D,{ (t) of these values according to
(7) indicates the dynamics of traffic on a particular road section in a particular direction i — j . Itis clear
that the closer Dr{ (t) is to unity, the higher the traffic dynamics on the road section in the direction of

i — j . The task is to find a sequence of lanes in the urban transportation network whose total weight is

minimal (in terms of vehicle travel time) compared to all possible options — a t-optimal route.
Relation (7) characterizes the dynamics of vehicle movement on the road section i — j . If

1< N/ (&)/mlt) <2, 9)

we can talk about high dynamics on this section of the road.
On the contrary, if

N/ (&)/m] (&) » 1, (10)
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it indicates low dynamics of vehicle movement in the corresponding lane h, which causes a large weight
of this lane. Thus, it is necessary to determine the throughput for each individual lane separately. That is
taken into account in developed software by implementing the A*-algorithm.

The functional relationship between the relations (10) and (11) and the intersection resistance Rg ®
is represented as

R/ (t) ~ 1/D](t). (11)

Improving the throughput of each individual intersection is a separate problem, which has been
addressed in a number of studies [4,7,22,23]. If we improve the capacity of each individual intersection,

then the terms Rr{ (t) in the objective function (6) will be minimized. Thus, the procedure for minimizing

the objective function (6) consists of two stages: 1) minimization of the total weight of the route, which
is associated with the choice of the route in the graph/urban transport network; 2) minimization of the
travel time through each individual intersection.

In order to simulate the weights of graph arcs, the program [19] uses a random variable generator that
generates a variable part of the weight of a graph arc by using the method of publicstaticdoubleR() . In

fact, this method returns a spectrum of real numbers in the range 0+500. This range corresponds to the
real traffic situation caused by the delay of a vehicle at an intersection in the range of 0+10 times of traffic
light switching cycles, where an average duration of one cycle is 50 seconds. The weight of the graph
arc Wh (ljj,t) is represented as the sum of (4), the value of which correlates with the congestion of urban

transport arteries. In the program, the weights of the graph arcs are given as follows
double Wa, 1 =R()-10+L, 1. For example, for the lane a, ;we get doubleWa, 1=R()-10+L, ;.

Thus, each arc of the graph (Fig. 1) receives a time-varying weight, the value of which is constantly
changing, which corresponds to the realities of urban transport arteries. Fig. 3 shows a mix of neighboring
intersections. When the geopositioning tags of the vehicles cross the input sensors of the electronic map,
the signal is sent to the ICC and the re-routing procedure [19] for vehicles with markers (O;, Dj, i eN)
is initiated.

The re-routing procedure is necessary to respond to changes in urban traffic, in other words, to
synchronize the traffic dynamics with the routing procedure. For example, in the case of the specific
vehicle (Fig. 3), the TMC program calculates a new route as soon as the specified vehicle crosses the
intersection i (the geopositioning mark of the vehicle on the electronic map crosses the input sensor i,

). This process initiates the transmission of the control signal via GPRS channel and at the very beginning
of the road section (that is important!) the driver of the vehicle will receive the program-calculated
instructions for the further route selection. Thus, the driver has the time and opportunity to shift to the
desired lane in order to proceed to the next intersection, where the re-routing procedure will be repeated.
And so on until the vehicle reaches its destination.

A compact representation of the congestion of urban transport networks can be made by using matrix
analysis, as shown in [22]. The elements of such a matrix are values that represent the ratio of the average
$peed of traffic on a road segment | to the speed of free movement on that segment.

t  The real-time interaction between each vehicle and the TMC is crucial for the continuous
Brogrammatic route correction. The program [19] creates specific individual routes for each vehicle: each
dehicle is tracked by an individual program, as the A-star algorithm creates an optimal route between two
¥pecified graph vertices. In other words, this algorithm is tied to the geometric coordinates of the origin-
destination pair.

If you run the program [19], the results will usually be different each time you run it. One of the

pobewrethatiinding the propestrauprbyensiabhie@-star algorithm facilitates the procedure of comparing
the geoposition of cars on an electronic map with road segments. This means that the Dijkstra or Floyd

algorithms are less effective in this case.
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Fig.3. The trajectory of the car's route is shown. The data from the electronic map sensors are sent to the TMC
(Fig. 2). The numbers 1, 2 and 3 on the input sensors mark the positions where the vehicle routes are recalculated
in order to be synchronized with the new traffic realities.

Listing 1
Course-1: [a2_3-Broad Street, a3_2-Broad Street, a2 5-Heroes Street, a5 4-Short Street, a4 7-Long
Street, b7 9-Trump Street, a9 13-Welly Street, al3_14-Cherry Street]
Course-2: [a3_2-Broad Street, a2_5-Heroes Street, a5 4-Short Street, a4 7-Long Street, b7 9-Trump
Street, a9 _13-Welly Street, al3_14-Cherry Street]
Course-3: [a2_5-Heroes Street, a5_4-Short Street, a4 7-Long Street, b7_9-Trump Street, a9 13-Welly
Street, al3 _14-Cherry Street]
Course-4: [a5_4-Short Street, a4_T7-Long Street, b7 _9-Trump Street, a9 13-Welly Street, al3_14-Cherry
Street]
Course-5: [a4_7-Long Street, b7_9-Trump Street, a9 13-Welly Street, al3_14-Cherry Street]
Course-6: [b7 9-Trump Street, a9_13-Welly Street, al3 14-Cherry Street]
Course-7: [a9_13-Welly Street, al3_14-Cherry Street]
Course-8: [al3_14-Cherry Street]

In general, the specific appearance of Listing 1 depends on the outcome of the public static double R()

function that simulates the weights of the lanes.

The real route looks like this: a2_3-Broad Street — a3 2-Broad Street — a2 5-Heroes Street — a5 4-
Short Street — a4 7-Long Street — b7 9-Trump Street — a9 13-Welly Street — al3_14-Cherry Street.

Between consecutive Courses there is a delay phase, which simulates the time required for a car to
travel between two adjacent input sensors located along the vehicle route. In [19], the delay phase is
programmatically implemented by using the Thread.sleep((long) (t2-t1)) method. For a visual
interpretation, let us refer to Fig. 3, where the car crosses two neighboring input sensors — 1,2 and 3 on
its route. The time between the moments of crossing these sensors is the delay phase. Until the vehicle
reaches the new lane, the program "waits". As soon as the vehicle crosses the input sensor of this new
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lane, the program immediately plots an updated route, which, in turn, is calculated anew according to a
changing traffic situation.

The tracked driver is given verbal instructions (as in conventional GPS navigation) to move to the
next lane along the route (these lanes are highlighted in Listing 1). Thus, the route previously calculated
is connected to the new one (that is very important!), since the new route calculation uses the second
position in the route previously calculated. Thus, dynamic software approximation of urban traffic is
used. That allows the program to account for the dynamics of city traffic. Therefore, the routes for all
vehicles in the metropolis will be plotted, which is time-optimal. As a result, even if traffic jams do not
disappear, their probability will be significantly reduced.

Let us now describe some of the features of the program presented in [19], which consists of three
classes — Astar, Node, and Edge. The first class is very large, because it contains the constructors of all
nodes of the graph of a type

static Node li _ j=newNode("li _ j — Liberty avenue",1250) . (12)

Number 1250 represent the heuristic distance measured in a straight line from the intermediate node
of the graph to the final node of the route. Each node of the graph is extended, i.e., it covers the adjacent
lane; for example, a node al_ 2 includes node 1 itself and lane 1_2, which comes from this node. All that

is needed in order to register cars, which, of course, are located in lanes, not at intersections. And when
a real route is plotted, the starting position of the car, as well as its finish position, are set on the start
position of the graph (Fig. 1).

In the public static void initGraph() method of the Astar class, constructors of the type
ni_j.adjacencies = new Edge[] are specified, which form the interaction between the edges of the graph.
When forming incident edges by using such constructors, traffic rules are necessarily taken into account.
For example, you cannot turn from the lane a6_5 (Fig. 1) to the lane a5_2 as it is prohibited by traffic
rules. Therefore, those constructors include only such elements of the route that are not prohibited by
traffic rules.

The public static void AstarSearch (Node source, Node goal) method of the Astar class implements
the main mission — the implementation of the A-star algorithm. This algorithm uses the heuristic function

f(n)=g(n)+h(n) , where n is the current node, g(n) is the distance from the starting position of the

vehicle to the current node, calculated along the arcs of the graph, and h(n) is the distance from the

current node of the graph to the end position, calculated along a straight line. Heuristic distances are set
in the program [18] by constructors of the type (12). The peculiarity of this algorithm is that it deliberately
cuts off unpromising routes by introducing a heuristic distance. Additionally, that algorithm has a minor,
namely linear, algorithmic complexity.

In the field of the Node class, class variables are declared, and the public Node(String val, double
hVal) method returns the value of the value variable.

The Edge class returns the values of the target and cost variables, which are used when plotting a route
in the public static void AstarSearch (Node source, Node goal) method of the A-star class.

Thus, the study creates a realistic prospect for solving the problem of congestion through the use of a
special software algorithm focused on laying optimal routes and graphs, which, in turn, model the city's
transportation network. The use of an electronic map of the city allows the GPS coordinates of each
vehicle to be projected onto it. Thus, the city's transport network is under the full control of the TMC,
which has a real opportunity to interact with each vehicle and constantly adjust its route, choosing the t-
optimal one.

4. Conclusions

1. A multigraph model that reproduces the transport network of a city simulates the real-life lanes. Each
arc of the graph receives a dynamic weight that synchronously changes in accordance with changes in
traffic.

2. The use of sensors located near each intersection allows for the registration of traffic flows on the
electronic map, therefore, the entire transportation network of the city is under the control of the TMC.
That makes it possible to track all traffic changes and calculate dynamic optimal routes for each vehicle.
As a result, urban traffic enters an equilibrium state — the Nash equilibrium state making it possible to
eliminate traffic jams.

3. The working program module [19] that paves the time-optimal routes in the graph, and hence in the
real transportation network has been developed. It uses the heuristic A-star algorithm, a powerful
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computational method of graph theory. That makes it possible to synchronize traffic flows and bring them
to a qualitatively new level.

4. The study operates only with electronic services, which allows implementing the proposed method of
creating optimal urban routes without significant economic costs.

5. Since all cars participating in traffic at a certain point in time will move under the control of the TMS
along t-optimal routes, there will be a complete synchronization of traffic flows, which will lead to a
qualitatively new state of urban traffic. That, in turn, will lead to the disappearance of traffic jams on city
highways. Moreover, each driver will arrive at their destination in the shortest possible time.
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KirouoBa MeTta IIbOro JOCHIIKEHHS - CHHXPOHI3yBaTH TPAaHCHOPTHI MOTOKH, ONTHMI3yBaTH BHKOPHCTAHHS TPAHCIIOPTHHUX
apTepiil Mo BCbOMY MICTY, 3aII00IrTH 3aTOpaM 1 CYyIpOBOKYBAaTH KOXKEH TPAHCIIOPTHHH 3aci0 10 Micls MpU3HAYCHHS TaK, MO0
gac, BUTPAYCHUI Ha MOi3aKy, OyB MiHIManbHUM. B pe3ynbprari 3aranbHUil 9ac, MpOBEACHNN aBTOMOOUIIMH B I0pO3i, 3HAYHO
CKOPOTHUTHCS, & €KOJIOTIYHI IOKA3HUKH BiATIOBITHO MOKPALIATHCS.

O0'eKTOM ITOCHTIHKEHHS € TPAHCIOPTHA MEpeka MicTa, MPeJCTaBIeHa Y BHTIISAI 3BaKCHOTO OpPIEHTOBAHOTO HETLUIOCKOTO
myneTHrpada (30HM). Kirouoa nepeBara BUKOpHCTaHHS Teopii rpadiB 11 HoOYI0BH ONTUMAIBHUX MapIIpYyTiB 6a3yeThes
Ha HACTYIHMX oOcTaBHHaxX: 1). Teopis rpadis po3pobuia 6arato alropuTMiB MoOyA0BH ONTHMAIBHUX MapIIPYTIB (aNrOpUT™M
Jeiikctpu, anroputM dmoiina-Yopinania, anroput™ A-3ipku Ta iH.); 2). Teopist rpadiB € TEOPETUIHOO i MPAKTUIHOIO OCHOBOIO
JIOTICTHKH, B TOMY YHCJIi MiCBKOT'O TpaHCTIOPTY. [1i1st T0OYyZ0BH MapIIpyTy B TAKOMY MYJIBTUTPadi BAKOPUCTOBYETHCS aJITOPUTM
A-3ipKa, SIKHi TPOKIIaIae ONTHMAIBHUH 32 9acoM (t-ONTHMABHII) MapIIpyT MiXK IBOMa OOpaHUMH BEpIIMHAMH Tpada.

JlocnipkeHHsT CTBOPIOE peajibHy TEPCIIEKTHBY BUPILICHHS MPOOIEeMH 3aTOpiB 32 paXyHOK BHKOPHCTaHHS CHENialbHOTO
MPOTPaMHOTO aJTOPUTMY, OPIEHTOBAHOTO Ha MPOKIAIAHHS ONTUMAIBHUX MapHIPYTiB Ta BUKOPHCTaHHS TpadiB, siKi, B CBOIO
Yepry, MOZCIIOIOTh TPAHCIIOPTHY MEPEXY MicTa.

TIpuHIMIIOBIM MUTAaHHSM € TIPEACTaBICHHS TPAHCIIOPTHOT MEPEKi MICTa Y BUIIIAI €IEKTPOHHOI KapTH Ta BiOOpaKeHHS
Ha Hiit GPS-inenTndikatopis TpaHCIOPTHUX 3ac00iB, IO OEPyTh yyacTh y IOPOKHbOMY pyci. BimoOpaxkeHHs "TpaHcHOpTHUIT
pyX MiCTa — eNeKTpOHHa KapTa" Ha€ MOXJIMBICTh OTPHMATH JaHi NpO PiBeHb 3aBaHTAXKEHOCTI TPAHCIIOPTHOI Mepexi.
BukopucTaHHs eneKTpOHHOI KapTH MicTa J103BoJIsiE clipoekTyBaTH Ha Hei GPS-koopAnHaTH KOXHOTO TPaHCHOPTHOrO 3ac00y.
TakuMm 4MHOM, TPAHCIIOPTHA Mepexa MiCTa 3HAXOMUTHCS i/l TIOBHUM KOHTPOJIEM LIEHTPY ynpaBiiHHs TpaHcnoptoMm (LIYT),
SKHA Ma€ pealbHy MOXIIUBICTH B3a€MOMIATH 3 KOXKHHM TPAaHCIIOPTHUM 3acOO0OM 1 MOCTIIfHO KOpUTYBAaTH HOTO MapuipyT,
obupatoun t-ontumanbHuil. KopuryBaHHs mapmipyTy 3nificHioeThes uepe3 kaHanm General Packet Radio Service (GPRS) y
BUIISAI TOJIOCOBUX KOMaHA, sK y 3BuuaifHiii GPS-mapiramii. Oxxak crnernudika moisirae B HACTYymHOMY: 1). HaBiramist
3IIHCHIOETBCS B PEXKUMI OHJIAHH; 2). MPOKIALAlOThCS t-ONTUMAJIbHI MapIIPyTH 3 YpaxyBaHHIM JOPOXKHBOI CHTYallil B KOXKEH
MOMEHT 4acy.

TakuMm 4MHOM, PO3pOOJICHO BEIMKOMACIITAOHY TPAHCIIOPTHY MICBKY JOPOXKHIO MEPEXY Y IOEJHAHHI 3 KOMI'IOTEPHOIO
nporpamoro. Pobora Mae mpukinaaHuid XapakTep, a ii pe3yabTaTé MOXYTh OyTH BHKOPHCTaHi A7 e()eKTHBHOTO PEryIIOBaHHS
JIOPOXKHBOTO PYXy B MeraroJjlicax 3 MEeTOI0 MiHiMi3awii Mpoi31y KO)KHOTO TPAHCIIOPTHOTO 3ac00y 3a 0OpaHUM MapIIPyTOM.

Kniovosi crosa: 3eadcenuti opienmosganuii mennockui mynvmuepag, GPS-nasicayia, ancopumm A-star, t-onmumansnui
Mapwipym, iHmeneKmyanibHuti mpagix.

Hagiiwna y nepuin pegakuii 11.03.2023, B octanHiit - 07.04.2023.
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