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The article presents the development of a model of a traffic flow control system for two consecutively located
controlled intersections of an urban street and road network based on a discrete-cellular approach. The study
is aimed at ensuring such a control mode in which a formed group of vehicles approaching the first
intersection, after turning on the permitted signal, can overcome the second intersection without stopping also
at the permitted signal. The model takes into account the width of the intersections, the distance between them,
the number of vehicles in the group, their speed of movement and the logic of changing traffic light phases. The
time dependencies for each vehicle within the group are analyzed and generalized formulas for determining
the durations of the permitted and prohibited phases for both intersections are obtained. The proposed
approach allows one to determine traffic light cycles in such a way as to avoid delays and excessive
accumulation of vehicles at the second intersection, which is especially important in conditions of urban traffic
flows with high intensity. The use of a cellular model allows one to visually reproduce the movement of cars,
monitor their positions at any given time, and assess the impact of regulation parameters on the overall
throughput. The developed model can be used to optimize the operation of controlled intersections, set fixed
traffic light modes, and also as a basis for creating more complex adaptive control systems. The results
obtained are practically significant for designing transport schemes, improving road infrastructure, and
reducing congestion in the urban environment.
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Introduction. Traffic light control systems are usually divided into two main types: systems
with fixed parameters (so-called "hard" control) and adaptive systems that can change their modes
depending on the current traffic situation.

Rigid control involves operating traffic lights on a predetermined cycle. The signals are
switched at constant time intervals, without taking into account actual traffic volume or other
dynamic factors (e.g., diurnal traffic fluctuations). This approach is typically used at intersections
with predictable and relatively steady traffic flow.

Intelligent (adaptive) control, on the contrary, is capable of changing the duration of the
phases in real time. For this purpose, various types of sensors are used — video cameras, induction
loops, acoustic sensors and other devices that monitor traffic and pedestrian flows. The obtained
data are processed by optimization algorithms that form the most efficient time structure of the
traffic light cycle.

Compared to traditional systems, adaptive solutions provide a number of advantages:

Increased throughput: Flexible phase settings reduce latency and reduce the likelihood of
congestion.

Rational use of energy. Optimizing traffic light operating modes during periods of light
traffic helps reduce energy consumption.

Quick response to changes. The system quickly adjusts modes when traffic intensity
changes, making control more efficient and stable.

Thus, adaptive traffic light systems are a more modern and effective traffic management
tool, especially in conditions of heavy urban traffic and a complex network of intersections.

One of the problems of urban intersections in the case of tight control is such a parameter as
the number of vehicles that manage to pass during the time of the permitted traffic light signal. This
parameter is important for the efficiency of the traffic light. This parameter can be critical in urban
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conditions, where a large number of cars can create traffic jams if the time devoted to traffic is
insufficient to allocate all vehicles.

With tight traffic light management, it is important to ensure that the time allocated to traffic
is sufficient to avoid congestion and ensure smooth traffic flow. This may require careful
adjustment of traffic light cycle times, taking into account peak loads and interactions with other
traffic lights on the route.

Therefore, the development and implementation of traffic flow management systems at
intersections that allow for the number of vehicles that can pass during the permitted time of the
traffic light signal is an important task. Balanced traffic light management allows for optimizing
traffic flow in the city, reducing carbon emissions and waiting times, contributing to the overall
efficiency of the transport infrastructure.

Analysis of recent achievements and publications. Recent studies on traffic light control
show a gradual shift from classical methods with rigid regulation to adaptive and intelligent
approaches. Some works take into account the impact of external factors, such as vehicle emissions,
on the urban environment [1]. However, they do not provide specific solutions for organizing
continuous movement of groups of vehicles through several interconnected intersections, which
limits their practical effectiveness.

Classical models with fixed parameters of traffic lights [2, 3] are used as basic optimization
tools, but their effectiveness is limited in variable traffic flows and peak loads. They do not take
into account the accumulation of vehicles at subsequent intersections and do not allow for precise
control of the movement of a specific group of vehicles.

Systems based on simulations and intelligent controllers [4] allow for the evaluation of
different control strategies under controlled conditions but are mostly tested in simulations or
limited scenarios. Adaptive control methods using reinforcement learning [5, 6 and 10] make it
possible to take into account the relationships between intersections and optimize flows, but they
rarely provide accurate control of a specific group of cars and do not reproduce the visual position
of cars at each moment in time.

Multi-agent and deep models [7-9] allow for the coordination of intersections on a network
scale, but their testing is mostly limited to simulations, which reduces practical effectiveness in
specific urban conditions. Review works [11, 12] emphasize the problems of scaling and integrating
new approaches into real control systems.

It is these limitations that justify the need to create a model that allows synchronizing the
phases of traffic lights at two consecutive intersections, ensuring continuous movement of formed
groups of cars and increasing the throughput of the transport system.

Goal and problem statement. The purpose of this work is to create such a model of a
traffic light control system for a system of two regulated intersections located one after the other,
which allows a fixed group of cars from the traffic flow approaching the first intersection, after
turning on the permitted traffic light signal at this intersection, to cross it at the permitted signal
when moving to the second intersection.

Presentation of the main research material. To build the specified model, we will use a
discrete-cell model of the transport network [13—-15]. A similar approach can be attributed to a type
of cellular automata (CA) — Block-sequential CA (or partitioned CA), in which the updating of cell
states occurs in portions and sequentially in blocks. The essence of this approach is to cover the
transport network with cells that can take two states, which are indicated by either black or white
coloring of the cell and mean, respectively, that a car is located in this cell or there is none.

Movement through the network occurs by conditional “jumping” of cars from a cell to a
neighboring cell, which is indicated by the corresponding coloring. Moreover, it should be noted
that movement is possible only in free cells, that is, if it is necessary to move a certain car to a
certain cell, then if it is black, you should wait until it becomes white and only after that it will be
possible to carry out the movement itself.

This rule ensures that conflicts between vehicles are avoided and allows the model to
reproduce basic patterns of traffic flow behavior.
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Consider a transport network that is a system of two intersections located one after the other,
each of which we will call "intersection 1" and "intersection 2", respectively. Such a configuration
is typical for urban street networks, where closely spaced intersections often significantly influence
each other due to the propagation of queues and changes in signal phases.

On the main approach to intersection 1, consider a group of cars of a fixed number,
assuming that their arrival rate remains constant during the observation period, which allows us to
analyze t[affic dynamics under controlled and repeatable conditions.

[]

Intersection 2

Intersection 1

[

Figure 1 — Cellular model of a transport network with two intersections, located one after another
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The control process begins at some initial moment in time. Let us assume that at this
moment the specified group of cars is already located on the approach.

Let us assume that both intersections are equipped with traffic lights operating in two-phase
modes.

For the convenience of further discussion, we will consider only the durations of traffic light
phases without dividing them into main and intermediate cycles. If for practical application it is
necessary to establish specific cycle values, then it will be necessary to subtract the corresponding
recommended fixed values of intermediate cycles from the phase duration values to obtain the
values of the durations of the main cycles.

Let us introduce the necessary input parameters of the model, which are shown in Table 1.

Table 1 — Model parameters

Designation Unit
Ne g Parameter name measurement
parameter
parameter
Model input parameters

1 to Initial time units of time

2 K Number of cars in the group units

3 T2 Duration of the first intersection cycle units of time

4 T3, !Duratlon_ of the first (permitted) phase the first units of time
intersection

5 T3, !Duratlon_ of the second (forbidden) phase the first units of time
intersection

6 TZ Cycle duration of the second intersection units of time

- T2, !Z)uratlon_ of the first (forbidden) phase second units of time
intersection

8 T2, !Z)uratlon_ of the second (permitted) phase second units of time
intersection

9 Li-2 Distance (in cells) between intersections units

10 Sp Width of each intersection (in cells) units
The time it takes for one car to move from one cell . .

11 At units of time
to the next

Since, as it was established, at the initial moment of time at the first intersection the
permitted signal for the forward direction is turned on, then at the same time at the second
intersection the prohibited signal for the same direction should be turned on. And it will work until
the first car from the group reaches the second intersection.

Let's find how long it takes from the start of the countdown to turn on the permitted signal at
the second intersection, in other words, let's find the duration of the prohibited phase of
intersection 2:

TZ = (S, +Ly—2) - At.

Next, we determine the duration of the allowed phase of the first intersection — it is equal to
the time it takes for the last car in the group to leave intersection 1. To obtain this value, we create a
schematic table that clearly shows the change in the position of the cars and the corresponding time
spent on this. Let us consider the case when S p =2.
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Table 2 — Change in the position of cars on the network and the corresponding time spent it's time
in the case of Sp=2

No Position of cars on a fragment of the transport network Time to reach position

| OmEEO000CO000 :

s OROROEBO0O0OO 241

S ENEREN RER REE RERERE 341

JENEREREE NEN BEE REEE 441

s QJOQOOWMOWRONEO 54t

0000000 . 641

s OOO0OO0OO0OOEmOEO 741

As can be seen from Table 2, for one car the time to leave the intersection zone 1 in the case
of Sp=2is 3 4t , for the second car 5 4t , for the third — 7 A¢ . Reasoning similarly, it is clear that
for the k -th car this time will be (2 £ +1) 4t .

Let us find similar quantities at S p =3 . They will be respectively:

( 1 - 4At
2 - 6At
4 3 - 8At

lk S 2k +2)- At

Then, for an arbitrary value of the intersection width S p, these values will be respectively
equal to:

1-(S,+1)-Ac
2-(S,+3)- At
3-(S,+5) At
\k - (S, + 2k —1) - At
Therefore, the duration of the allowed phase of intersection 1 is:

Th = (S, + 2k — 1) - At.
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Next, we will determine the duration of the permitted phase of intersection 2. It will be equal
to the time it takes for the last k — th car of the group to leave the intersection zone 2. This value
conventionally consists of two parts, the first of which is equal to the time it takes for the k-th car to
cover the distance from its current location on the network at the moment when the permitted phase
of intersection 2 begins to operate, and the time it takes to cover the zone of intersection 2 itself.

To find out the position of the k-th car of the group in the system, we will perform inductive
reasoning.

If k =1, then it is obvious that the duration of the permitted phase of intersection 2 is equal
to the time the car leaves the intersection zone, i.e.:

TZlk=1 = (S, + 1) - At.

For k = 2 we get:

TZ k=2 = (S, + 3) - At.
At k =3 we have:

TZ k=3 = (Sp +5) - At.

Then for an arbitrary value of k the duration of the allowed phase of intersection 2 will be
determined by the expression:

T2, = (S, + 2k — 1) - At.
Then the complete traffic light cycle for intersection 2 is:

Tg=T1?1+TF2.2=
= (Sp+Liz) At + (S, +2k—1) At =

14

Considering that for the coordinated operation of the system of two intersections, it is
necessary to fulfill the following condition:

T} = T2,
Then, the complete traffic light cycle for intersection 1 will be determined using the system:

I( TH =Tk =(S,+2k—1) At

Td, =TA = (S, +L1-5) - At
Té=Th+Th=(S,+2k—1)-At+ (S, + L;_5) - At =

=(2S,+ Ly, +2k—1)-At.

Let us consider a numerical example of the application of the proposed model.

Let the studied intersection system have the following input characteristics:

1) the length between intersections is — 1000 m;

2) the width of the intersection is — 35 m;

3) the dynamic dimension of vehicles in aggregate units is — 4 m;

4) the average speed of cars is — 45 km/h;

5) the number of cars in the group is — 20.
To apply the model, it is necessary to transform the input parameters to the parameters specified in
Table 1. The results of the transformations are presented in Table 3.
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Table 3 — Model input parameters

Designation Unit
Ne g Value measurement
parameter
parameter
Model input parameters
1 k 20 units
2 L1 =1000/4=250 units
3 Sp =[35/4]+1=9 units
4 At =(5/45)*3,6=0,4 sec

Let's calculate the values of the durations of phases and traffic light cycles using the
formulas above:

((TH =[(9+2-20—-1)-0,4] + 1 = 20 (sec)
T, =[(9 + 250) - 0,4] + 1 = 104 (sec)
T =Tk + T = 20 + 104 = 124 (sec)
T2, = T3, = 104 (sec)
T2, = T = 20 (sec)
\ \TZ¢ =T} + T2, = 104 + 20 = 124 (sec) .

The results of the calculations are presented in the form of Table 4.

Table 4 — Model output parameters

Designation Unit
MNe g Value measurement
parameter
parameter
Model output parameters
1 T¢ 124 sec
2 T 20 Sec
3 T, 104 Sec
4 T 124 Sec
5 T? 104 Sec
6 TZ, 20 Sec

Conclusions. Thus, the paper proposes the development of a traffic flow control system
model for two interconnected controlled intersections, based on a discrete- cell description of the
transport network. Formulas for determining the duration of traffic light phases at each intersection
depending on the number of vehicles in the group, the width of the intersections, the travel time
between cells and the distance between the intersections are obtained. It is shown that by means of
phase synchronization it is possible to ensure the unhindered passage of the formed group of
vehicles through the second intersection without waiting, which allows to increase the throughput
and reduce the volume of queue accumulation. The proposed model is suitable for use in urban
traffic conditions and can serve as the basis for further improvement of traffic light control systems
within the framework of both rigid and adaptive control.

Prospects for further research. Further research can be aimed at expanding the model by
taking into account the variable intensity of the traffic flow, stochastic traffic parameters and the
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non-constant structure of groups of cars. It is also relevant to apply the model in conditions of
multi-lane traffic, the presence of turning flows and different traffic light operating programs. A
promising direction is the integration of the discrete- cell model with adaptive control algorithms
based on data from sensors or video surveillance to ensure automatic adjustment of the duration of
phases in real time. In addition, it is advisable to develop software for modeling the operation of a
group of interconnected intersections and conduct a comparative analysis of the effectiveness of
synchronized modes in real urban conditions.
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Cnasuu B.I1., Bosomancekuii B. O. MOJEJIb CHUCTEMU VIIPABJIIHHA TPAHCIIOPTHUM
ITOTOKOM JIBOX B3AEMOIIOB’A3AHNX ITEPEXPECTD

Y cmammi npeocmasneno pospobky modeni cucmemu YnpasuinHA MPAHCROPMHUM NOMOKOM Olsl 080X
NOCIIO0BHO PO3MAUOBAHUX DPe2YIbOBAHUX Nepexpecmb MICbKOI 8YIUYHO-00PON’CHbOL Mepedici HA OCHOBL
OUCKPEeMHO-KNIMUHK0B020 Niox00y. Jocniodcenns cnpamosane na 3ab6e3neuents maxKozo pejcumy Ynpaeuiiis,
3a K020 COPpMOBAHA 2pyNa MPAHCROPMHUX 3ACO0I8, WO ZHAXOOUMbCA HA NIOX00i 00 Nepulozo nepexpecms,
nicis BGIMKHEHHA O003601€H020 CUSHANY MOodce 0e3 3YNUHOK No00amu oOpyze nepexpecms maxoxic Ha
00360/1enull cueHail. Modenb 6paxosye WUPUHy nepexpecmos, 8IOCMAaHb MIdNC HUMU, KLIbKICMb asmomoOinie y
epyni, weuoKicms ix nepemiuyenHs ma n02iky 3minu ceimio@opuux ¢as. Ilpoananizosano yacosi 3a1exicHocmi
OJ151 KOJHCHO20 A8MOMODINA 6cepeduni epynu ma OMpUMaHo y3azaibHeHi Qopmynu 6UsHAUeHHs mMpusaiocmel
0036011eHUx | 3a00poHeHux @az 0ns 000X nepexpecmv. 3ANPONOHOBAHUU NIOXIO O00360/1€ GUIHAYAMU
CEIMNOGOPHI YUKIU MAK, WoO YHUKHYMU 3aMPUMOK MA HAOMIPHO20 HAKONUYEHHA MPAHCHOPMHUX 3aC00i8 Ha
opyeomy nepexpecmi, Wo 0COOIUBO BAICTUBO 6 YMOBAX MICLKUX MPAHCHOPMHUX NOMOKIE i3 BUCOKOIO
inmencuguicmio. Bukopucmanns kiimuHkogoi modeni 0ae 3mMocy HAOYHO 8I0MBOPHOGAMU PYX ABMOMOOINI8,
KOHmMpomogamu ix no3uyii 6 KOJMCHUL MOMEHm Yacy mda OYIHIO8Amu 6niue napamempie pe2ynio8aHHs Ha
3a2anbHy NPONYCKHY 30AMHICMb.

Pospobnena moodens mooice Oymu eukopucmana Ons onmumizayii pobomu pe2yrbO8AHUX Nepexpecmy,
HanaumysanHsa (QIiKco8anHUux pexcumis ceimioopis, a maxoxc K OCHO8A Ol CMBOPEHHS Oilbul CKIAOHUX
adanmugnux cucmem xepysauua. Ompumani pe3yiomamu € NPAKMUYHO 3HAYYWUMU ONA NPOEKMYEAHHSA
MPAHCHOPIMHUX CXeM, YOOCKOHANEHHS OOPOICHbOI iHPPACMPYKMYypu ma 3MeHUleHHs 3amopie y MIiCbKOMY
cepeoosuuyi.

Kniouogi cnosa: mpancnopmuuii nomix; 00podiCcHill pyx; nepexpecms; cucmema ynpasninHi mpascnopmuum
NOMOKOM, CEIMN0GOpHA CULHANI3AYisA,; NPONYCKHA 30aMHICb Nepexpecms, MpaHCnopmHa mepesica.
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