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Abstract. The study is a fundamentally new approach to solving an extremely important
nowadays problem — the problem of congestion in any large city. The navigation task of the vehicle
time-optimal routes choice has been solved. The research is based on the use of mechanisms for
modeling and working with various networks — graph theory and A-star algorithm. The latter traces
the route in the graph (transport network) between two selected positions of the vehicle — origin and
destination ones. To navigate the route the problem of registering the traffic load of the city's
transport network is solved. Traffic data from the real transport network is reproduced on the
electronic map of the city. Each vehicle receives a unique marker consisting of an origin-destination
pair. Each such pair is tracked on an electronic map of the city. Since each vehicle is under control
of the Traffic Management Center (TMC), it is possible to accompany it on the optimal route, taking
into account the urban traffic dynamics. Support is provided via the General Parket Radio Service
(GPRS) channel, which allows each driver to receive instructions as to an optimal travel path.

Key words: weighted oriented graph, A-star algorithm, city traffic, traffic jams, congestion.

Introduction The research is based on a use of mechanisms for modeling and
working with various networks — graph theory and A-star algorithm. The latter
navigates the optimal route in graph (or in transport network of city) between two
selected positions of the vehicle — origin and destination ones. To navigate the optimal
route, it is need to know a load by vehicles of city transport network. The load of traffic
lanes corresponds to the arcs weights of the graph that simulates the transport network
of city. This kind of comparison allows to use an oriented weighted multigraph to
model the city's transport network. In turn, graph theory has a raw of algorithms that
allow to lay the optimal routes. In this study we are talking about the optimal routes,
namely those that take a minimum of time.

The result of this investigation is: 1) support of an optimal route of each guided
vehicle, that minimizes a travel time between a start and end (ordered) positions; i1)
synchronization of traffic flows; iii) optimal use of transport arteries throughout the

city; (iv) significant reduction in the duration and frequency of congestion.
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A fundamental issue in the regulation of urban traffic is the transfer (bijective
reflection) of real urban traffic on the electronic map of city [1-3]. The real picture of

visualization of traffic flows in a big city can look like, for example, shown in Fig.1
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Fig.1. Visualization of traffic flows. Green is not congested transport arteries,

and red is congested ones [4]

Knowledge of city streets’ congestion level is a starting point in solving the
problem of traffic regulation. If have place redirection vehicles from the central
congested streets (in Fig. 1 the corresponding roads are highlighted in red), on
uninhabited ones the traffic will go to a state that will approach equilibrium.

The question of the equilibrium state of any system is a fundamental point in game
theory [5, 6]. The state of equilibrium is especially relevant for dynamic systems, where
deviations from this state are quite common. One of the highly dynamic systems is
transport network of a large modern city. Therefore, the main issue is to create an
algorithm for bringing the mentioned system to a state of Nash equilibrium [5], which
means an absence of congestion in the transport network.

The study of networks of different nature, including neural, allows to make
predictions as to urban transport networks [7 - 9].

Monitoring the city's transport arteries is relevant due to the possibility of a certain
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periodicity (during the day, week, season) in city traffic. This circumstance allows
forecasting traffic processes.

Particular attention is paid to choice of optimal routes in the urban transport
network, as this issue is key in terms of urban traffic strategy. In particular, the study
[10] to solve this problem uses a macroscopic mathematical model to control the
dynamic factors of traffic — speed, intensity and congestion of vehicles.

It 1s expedient to study the transport networks principles functioning in different
modes. Particular attention in this regard should be paid to the overloaded mode, which
causes congestion. Investigation [11] is devoted to the dynamics of the transition
between different phases of traffic.

The authors of [12] proposed a real algorithm that allows to navigate time-optimal
route for travel. It is important that there is a constant correction of the route taking
into account the dynamics of changes in the transport traffic of city. Each intersection
is equipped with special sensors that allow to monitor the load of lanes at any given
time and respond in a timely manner to such changes. The transport network is modeled
in the form of a weighted planar oriented multigraph. The weight of each arc of such
graph corresponds to the load of the real city lane. Drivers who interact with the TMC
via GPRS channel have an opportunity to receive constantly updated data as to the
optimal route. The procedure of plotting a route in the graph that simulates the transport
network of the city is performed by a computer program that implements an A-star
algorithm.

At the heart of urban traffic processes optimization is a separate urban
intersection. This facility 1s one of the main causes of congestion on urban transport
networks. The main task in this sense is to maximize the throughput at each
intersection. Many researchers pay attention to this problem. Let's focus on the analysis
of the results of [13] which analyzes Connected Vehicles Technology (CVT). This
work proposed an algorithm to optimize travel through a controlled intersection. The
algorithm allows to record location and speed of connected and identified unconnected
vehicles within an area of interest around the intersection. As a result of the algorithm,

we obtain the optimal sequence of switching phases of the intersection traffic lights
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and their length: the algorithm gives the minimum delay time of vehicles at the
intersection. Works [14-19] are also devoted to a similar problem.

The investigation [20] is devoted to the prospects of using automated cars not
driven by drivers. The advantages of such innovative approach and real prospects for
use are described. This problem has recently received special attention from
researchers around the world and number of publications has increased dramatically in
recent years.

Results of the work

It is time to formulate the stages of solving a problem of optimal mode of urban
traffic management. The first step in this regard is modeling of a city's transport
network using a weighted oriented non-planar multigraph (Fig. 2). The fundamental
point is that in such graph each arc is compared in accordance with the dynamic value
— the weight, the value of which is compared with the actual load of cars in each urban
lane. In graph theory this graph is a bijective (maximum objective) reflection of a
distribution of vehicles on a transport artery of city. The second important point is the
use of the A-star algorithm, which is used to plot optimal routes in graphs between
pointed two vertices.

The next stage is a software algorithm that implements the navigation of specific
routes, taking into account all features of transport network dynamics. Such features
include high mobility and different levels of congestion as separate lanes on the same
section of road and individual streets — the central highways are usually congested,
while the secondary ones — underloaded (Fig. 1). Therefore, one of the tasks of the
proposed algorithm is to organize a uniform distribution of vehicles on the city's
arteries. In this sense, if analyzed the data on the distribution of cars presented in Fig.
1, the task of the study is to achieve uniform color over the entire area, which will mean
a uniform distribution of vehicles on urban transport arteries. And, finally, the main —
the fourth — point is the technical organization of registration of the rolling stock of
vehicles using special sensors located on the electronic map of the city near the
intersection. Data from these sensors act as input values of the software module that

implements the A-star algorithm. As a result of the implementation of above steps,
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there will be a complete synchronization of traffic flows, which leads to a
fundamentally new quality and, consequently, to the disappearance of congestion (or a
sharp reduction) in the transport network. This will allow each driver to arrive at their
destination in a minimum short time. Thus, urban traffic is transformed into a

fundamentally new state — the state of Nash equilibrium [5,6].

Fig.2. Weighted oriented non-planar multigraph modeling a fragment of the
city's transport network.

Vertex 17 is a special case of the intersection, where a circular motion is organized
and therefore intersections 5, 6, 8, 10, 11 and 12 are connected by means of 17. The
symbol "O" symbolizes the starting position of vehicle, and the symbol "D" — his final
position. Between vertices 5 and 6 there are lane designations (for example, the
designation c6_5 means the third lane from the axial dividing line, directed from
intersection 6 to intersection 5). Intersections 2 and form a transport interchange (the

road connecting these intersections, runs over the intersection 5).
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Graph (Fig. 2) simulates not just a road between intersections, but reproduces
individual lanes, which is a fundamentally important point, because the load of
different lanes, as a rule, differ significantly. Therefore, it is necessary to record the
load of each lane separately. Full program code of our investigation is available on a

GitHub service at the link [21]. The code navigating route of vehicle from the starting

position O 1o the finishing position D (Fig. 2) is presented. The fundamental question
1s to navigate an optimal (as to minimum time) route for each vehicle. To do this, it is

needed to introduce the basic concepts which are formulated as follows.

R, (h,t)

of any intersection J from the side of the lane

v

h at time t is essentially a virtual path that car would travel at an average speed " ii

Definition 1. Resistance

during the time it was delayed at the intersection . Such resistance of the intersection

is defined as

R,(ht)=S,(h0)-V, T, 0
where Vij — the average speed of vehicles flow on a road directed from the intersection
I to intersection J ; Iy =t Jr'ed (h)+1 Jg () duration of traffic light switching cycle
at the intersection J ; S j (h,1) _ the value specified as follows

(5
Smﬂ_ﬁ@ﬂ@ﬂ5
() I T+ C(h)+6
)T, +C () +8 o
where value 0 << 1 corresponds to the ratio = time of travel by vehicle at intersection

T

/ duration of a switching cycle of traffic lights */; that is, in the case of the first term,
vehicle crosses the intersection without delay; value in the second term is obtained

when the vehicle approaches the intersection at a time of red light, delayed for a while

£,(h) <17 ()

and passes this intersection immediately after the inclusion of the

£ (h) I T, +C, (h)

green phase; the value */ in the third term consists of a fraction
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red(h)/T

plus the number of traffic light switching cycles ( C (h) = ) during which
the car is delayed at an intersection; z]%’ (my/ TJ + Cj (h) _ the part of the fourth

term value consisting of a fraction TJ in sum with an integer number of traffic light

switching cycles (€7 (/).
Delay time of car at an intersection
(S5 T
t;(h)+06-T,
t;“l(h)+ C.(h)-T.+6-T,
\tfree" (W+C,(h)-T,+6 T,

£ (h) =1

€)

The weight W(nl.j)

R, (h1)

of each arc of the graph (Fig. 2) is a sum of the resistance

of an intersection J on the side of the lane h and the own length Lij of the

lane, 1.e.

w'(n,)=S,(htW,T,+L, 4)

" means the lane directed from the intersection i to the intersection / ; the

Here
symbol 7 indicates name of lanes (a, b, ¢, d, ...).

The strategic task set in this paper is as follows

Z(S (h,t)-V, -T,(h)+L )—)mln )

Here / is the set of all city intersections. Expression (5) consists of variable (first
term) and constant components (second term). The variable component is a function of
time because traffic in city is a highly dynamic entity. To synchronize between actual
traffic in city and work of the program, the latter performs a constant recalculation of
a route for each vehicle. Thus, the problem of navigating an optimal route in the
graph/city network, synchronized in time with the real situation with the traffic on the
city transport network, solves an A-star algorithm by constantly correcting a
calculation of an optimal route between selected vertices of the graph. Technically, the

route adjustment process is shown in Listing 1.
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Listing 1

Course-1: [bl 2-Liberty avenue, a2 5-Heroes street, a5 8-Victory
street, a8 10-Lincoln street, al0 14-Candy street, al4 13-Cherry street,
al3 14-Cherry street]

Course-2: [a2 5-Heroes street, a5_8-Victory street, a8 10-Lincoln
street, al0_14-Candy street, al4 13-Cherry street, al3 14-Cherry street]

Course-3: [a5 8-Victory street, a8 10-Lincoln street, al0 14-Candy
street, al4 13-Cherry street, al3 _14-Cherry street]

Course-4: [aS [10-Lincoln street, a10_14-Candy street, al4 13-Cherry
street, al3_14-Cherry street]

Course-5: [al0 14-Candy street, al4_13-Cherry street, al3 14-Cherry
street]

Course-6: [al4_13-Cherry street, al13_14-Cherry street]

Course-7: [al3 14-Cherry street]

Expression (5) can be represented as a record

h .
%W (n,) —min

; (6)
which is an objective function of the problem: the total weight of all consecutively
located along the route lanes should be minimal. The minimization of function (6) is
performed by an A-star algorithm, the main code result of which for the graph in Fig.
2 is shown in Listing 2 [21].

Definition 2. The weight of a route (6) is a minimum virtual path traveled by the

vehicle from the starting position to the final one. The passage of such route takes a

minimum of time (taking into account the same average speed Vi i,/ €d) car
movement in the city).

Expression (6) is equivalent to the following

. I
trip __ delay :
t —jZ:l(tj +L,/V,)—> min

: (7)

iy . . . . .. .
where " — travel time of vehicle from its starting position to the destination one.
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Definition 3. Equivalence of expressions (6) and (7) gives grounds to talk about
the optimization of vehicle travel on selected route just in time. Accordingly, the total
time spent by all vehicles involved in traffic will also be optimal (minimal).

Thus, the algorithm proposed in the study minimizes an actual travel time of the
vehicle on the selected route.

Conclusions

1. A multigraph model that reproduces the transport network of a city district,
simulates all an actual existing lane. Each arc of the graph receives a weight that
changes synchronously according to changes in traffic.

2. The use of sensors, which are located on an electronic map in an area of each
intersection, allows a registration of traffic flows. This means that entire transport
network of the city is under control of TMC. This circumstance makes it possible to
track all changes in traffic and calculate the dynamic optimal routes for each vehicle,
relevant for each time. This circumstance avoids congestion.

3. The study developed a working software module [21] that navigates an optimal
time route in graph, and hence in the real transport network. The investigation uses a
heuristic A-star algorithm — a powerful computational method of graph theory. This
makes it possible to synchronize vehicles’ flows and therefore urban traffic takes a
qualitatively new level.

4. The study proposes operation only with electronic services. This allows to

implement proposed technology organically and without significant costs.
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Anomauin. J[ocniodcenHs € NPUHYUNOBO HOBUM NIOXO0OM OO0 BUPIUEHHS HAO38UYAUHO
BANCIUBOT CbO20OEHHS NPOOAEeMU — NPoOIeMU 3amopi Y 0Y0b-AKOMY 8eIUKOMY micmi. Bupiueno
3a0auy Hasieayii MpPAHCNOPMHUX 3aco6ié 01 6UOOPY ONMUMANLHUX 30 YACOM MAapuipymis.
Jlocnioscenus 6azyemvcsi HA BUKOPUCMAHHI MEXAHIZMIE MOOENI08AHHA ma pobomu 3 pisHUMU
Mmepesicamu — meopii epagie ma ancopummy A-star. Ocmannuitl npoxkiaoae mapwipym y zcpagi
(mpancnopmuiii.  mepedci) Mixc 080Ma BUOPAHUMU NOZUYIAMU MPAHCHOPMHO20 3ACO0y —
noyamKogol ma KiHyegolo. [[na Hasieayii no mapuipymy Gupiulyemscsi 3a0aua peecmpayii
MPAHCNOPMHO20 HABAHMANCEHHSI MPAHCNOPMHOI Mepedici micma. Jlani npo 00podXxcHitl pyx 3
PeanvHoi mpaHcnopmHoi mepexci 8i0mMeopImMbCcs HA eleKmpoHHit xkapmi micma. Kooicen
MPAHCROPMHULL 3ACI0 OMPUMYE VHIKATbHULL MapKep, Wo CKIAa0aemuvCs 3 napu no4amkosa-KiHyesa.
Kooicna maxa napa eiocmedxcyemvcsi Ha enexkmpouniu  xapmi micma. OCKilbKU KOMCEH
MPAHCNOPMHULL 3ACiO 3HAXOOUMbCA NI0 YNPABNIHHAM yeHmpy kepyeanus mpaghikom (LIKT), €
MONCIUBICMb  CYNPOBOONCYBAMU 11020 ONMUMANLHUM MAPUWPYMOM 3 VPAXY8AHHAM OUHAMIKU
Mmicvkoeo pyxy. Iliompumka 30iticnioemocs uepes kanan GPRS (General Parket Radio Service), wo
00360.18€ KOHCHOMY B00I€EI OMPUMYEAMU IHCIPYKYIT U000 ONMUMATLHO20 MAPUPYIY DYX).

Knrouosi cnoea: 36asxcenutl opicumosanuil epag, areopumm A-star, micokuti mpagik, samopu,
NnepesanmadrtCeHHs
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