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The simplest and most desirable method of traffic signal control is precalculated regulation, when the pa-
rameters of the traffic light object operation are calculated in advance and activated in accordance to a schedule.
This work proposes a method of forming a signal plan that allows one to calculate the control programs and set
the period of their activity. Preparation of initial data for the calculation includes the formation of a time series of
daily traffic intensity with an interval of 15 minutes. When carrying out field studies, it is possible that part of
the traffic intensity measurements is missing. To fill up the missing traffic intensity measurements, the spline
interpolation method is used. The next step of the method is to calculate the daily set of signal plans. The work
presents the interdependencies, which allow one to calculate the optimal durations of the control cycle and the
permitting phase movement and to set the period of their activity. The present movement control systems have
a limit on the number of control programs. To reduce the signal plans' number and to determine their activity
period, the clusterization using the k-means method in the transport phase space is introduced In the new daily
signal plan, the duration of the phases is determined by the coordinates of the received cluster centers, and the
activity periods are set by the elements included in the cluster. Testing on a numerical illustration showed that,
when the number of clusters is 10, the deviation of the optimal phase duration from the cluster centers does not
exceed 2 seconds. To evaluate the effectiveness of the developed methodology, a real intersection with traffic
light regulation was considered as an example. Based on field studies of traffic patterns and traffic demand,
a microscopic model for the SUMO (Simulation of Urban Mobility) program was developed. The efficiency
assessment is based on the transport losses estimated by the time spent on movement. Simulation modeling of
the multiprogram control of traffic lights showed a 20% reduction in the delay time at the traffic light object in
comparison with the single-program control. The proposed method allows automation of the process of calcu-
lating daily signal plans and setting the time of their activity.
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Hamboiee mpocTsIM 1 BOCTpEOOBAaHHBIM MPAKTUKON METOIOM YIIPaBIICHHs CBETO(OPHON CUTHAIM3AIIUEH
SBIISICTCS MPEIPACCUNTAHHOE PETYIUPOBaHHE, KOTAA MapaMeTphl paboThl CBETOPOPHOTO 0OBEKTa pPaCCUUTHIBA-
IOTCS 3apaHee M 3aTeM aKTUBUPYIOTCS COTJIACHO pacmucaHuio. B pabore mpemmoskeHa MeTouka (GOpMUpPOBAHIS
CUTHAJIBHOTO IDIaHA, TI03BOJISAIONIAS PACCYUTATh MPOTPAMMBI PETYIHMPOBAHUS U YCTAHOBUTH ITEPHOJ UX aKTUBHO-
ctu. [ToAroTOBKAa MCXOMHBIX NAHHBIX IS IPOBECHHUS pacueTa BKII0UaeT (JOPMHUPOBAHHE BPEMEHHOTO psijia Cy-
TOYHOW MHTEHCHBHOCTH IBIDKEHHS ¢ WHTepBanoMm |5 munayT. Ilpn mpoBeneHnn mosieBBIX 0OCIENOBaHUHA BO3-
MOXHO OTCYTCTBUE YaCTU 1/13MepeH1/1171 WHTCHCUBHOCTH JIBUXKCHUSI. I[J'lﬂ BOCIIOJJHEHHUA HEOOCTAKOIIUX 3HAYCHUH
NPEJI0KEHO UCIOIb30BaHHE KyOUUECKOH CIUIaifH-MHTEPIOSILUE BpeMeHHOro psiia. ClienyronieM niarom Me-
TOJVKH SIBIISIETCS PacueT CyTOYHOro HaOOpa CHI'HANBHBIX ITUIAHOB. B paboTe mpuBeleHbI 3aBUCUMOCTH, TT03BO-
JSFOIIME PacCUMUTaTh ONTHUMAJIBHYIO JUIMTENBHOCTh LMKJIA PETYIMPOBAHUS W pa3pellarolvX NBIDKEHUE (a3
U YCTaHOBUTb NIEPUOJ UX aKTUBHOCTU. CyIIECTBYIOIUE CUCTEMBI YIIPABICHUS ABIKEHHEM UMEIOT OrpaHUYEHUS
Ha KOJIMYECTBO HCIIOJIB3YEMBIX MPOTPaMM PEryIHpoBaHuUs. [ COKpalieHus KOJIMYECTBa CUTHANBHBIX IUIAaHOB
U OTIpeNeNieHHsI TIEPHUO0Ia X aKTHBHOCTH HCIIONB3YeTCS KIACTEpPH3alds METOAOM k-CpEIHHUX B MPOCTPAHCTBE
JUTATEIIEHOCTH TPAaHCHOPTHHIX (Da3. B HOBOM CyTOYHOM CHTHAJIBHOM IUTaHE JUIMTENFHOCTEH (pa3 ompenenseTcs
KOOpAWHATAMHU TOJTYYCHHBIX IIEHTPOB KJIACTEPOB, a MEPHOABI AKTHBHOCTH yCTAaHABIMBAIOTCS 3JIEMEHTAMH, BO-
MIeAITMME B KIacTep. AnpoOaiys Ha YUCIOBOM MpUMeEpe ToKa3aia, 9To MpH KoJdudecTBe KinactepoB 10 oTkIo-
HEHHE ONTHMAIIBHOW UIUTENFHOCTH (a3 OT LEHTPOB KJIACTEPOB HE MpPEBHImAeT 2 ¢. [ mpoBeneHns OLEeHKH
3¢ PEeKTUBHOCTH Pa3pabOTaHHON METOJMKH Ha MPHUMEPE PEeajlbHOro MEPECceYeHHst CO CBETO(MOPHBIM PEryiupo-
BaHMeM. Ha ocHOBe HaTypHBIX 00CIeJOBaHUN CXEMBI ABMKEHHS U TPAHCIIOPTHOT'O CIpoca pa3paboTaHa MUKPO-
ckorueckas Mojenb st mporpammbl SUMO (Simulation of Urban Mobility). Onenka a¢dexriuBHOCTH npous-
B€JICHAa Ha OCHOBE MOTEPh TPAHCIIOPTA, OLIEHUBAEMBIX 3aTpaTaMH BPEMEHU Ha nepeiBibkeHue. MmuranuonHoe
MOJIETTMPOBaHWE MHOTONPOTPAaMMHOIO YIPABJICHHS CHTHAJIaMH CBETO(Opa MOKA3aJI0 CHIKEHHE BPEMEHM 3a-
JIEpKKU (B CpaBHEHUH C OJHONIPOrpaMMHBIM ynpasieHueM) Ha 20 %. [IpeanokeHHass METOAMKA MO3BOJISIET aB-
TOMAaTHU3HUPOBATh MPOIIECC PaciyeTa CyTOYHBIX CHTHAIBHBIX TUTAHOB M YCTAHOBKH BPEMEHH WX aKTHBHOCTH.
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1. Introduction

The simplest and most desirable method of traffic signal control is precalculated regulation, when
the parameters of the traffic light object operation are calculated in advance and activated at the inter-
section by a timer [Vlasov, 2012]. This method of control is also called the time-dependent regulation.
The advantages of this method of control include the following:

e casy and affordable implementation; it is enough to have a minimum set of equipment — road

controller and traffic lights;

e quite a high efficiency in organizing regular surveys and updating control programs.

The main disadvantage of this control method is that it is impossible to adjust the operating mode
automatically when the traffic intensity changes. In this case it is necessary to re-conduct the field
studies and calculate a new signal plan.

From the point of view of the method of forming the signal plan, the issue of developing a phase-
by-phase crossroad scheme and determining the duration of the phases of the control cycle is most
fully studied [Webster, 1958; Shelkov, 1995]. Insufficient attention is paid to the issues of data prepa-
ration for calculating the signal plan and determining the activity time of the calculated control pro-
grams. From the perspective of optimal control, each control program should correspond to its own
intensity value. Practically, it is usually limited to the use of two or three pre-calculated control pro-
grams during the active period of the day.

Yu. D. Shelkov [Shelkov, 1995] suggested using the traffic intensity graph to determine the ac-
tivity time of control programs. The determination of the required number of control programs is
designated based on the fact that, if the actual cycle duration deviates from the optimal one in the
range of 25%, it does not lead to a significant increase in transport delay. The first program is rec-
ommended to be calculated for the traffic intensity corresponding to the peak hours of the day. To
determine the moment of transition to the second program, the cycle time of the first program is re-
duced by 25%.

A. S. Kashtalinsky [Kashtalinsky et al., 2017] proposed a method for calculating the signal plan
by dividing the period of the signal plan action into 15-minute intervals, followed by combining them
into clusters. To solve the clustering issues, “the nearest neighbor” method was used. It is also known
as the “single-link method”. The measure of objects' proximity was determined in the space of traffic
intensity for groups of lanes. Using the traffic intensity values obtained, the control programs are re-
calculated.

The following disadvantages are typical for the above-mentioned methods:

o the allocation of the operating time of the control programs in the traffic intensity space does

not allow one to take into account the phase duration restrictions used in the calculation;

o “the nearest neighbour” method used in [Kashtalinsky et al., 2017] does not guarantee com-
bining intervals with similar traffic intensity values, but located at a significant time distance,
into one control program. In this way, the required number of control programs unnaturally in-
creases. This situation can make it difficult to use them in road controllers;

e hierarchical algorithms of clustering, which include “the nearest neighbor” method, tend to
form “superclusters” that comprise most of the classification objects. In relation to the for-
mation of the signal plan, this effect leads to its degradation to the level of single-program
control.

2. Problem statement for multiprogram green time control
The problem of forming the signal plan is considered below using a specific intersection. Field
studies' data of the intersection of the Izmailova street and Strelbishchenskaya street in Penza was

available for this study. The data was obtained by camera processing of video recordings from 6 a.m.
to 9 p.m. with an interval of one hour. The solution to the problem of calculating the daily signal plan
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is formulated in the statement [Webster, 1958; Shelkov, 1995]. The duration of the control cycle is
determined by the formula
153,45
J

S W
N

where T is the cycle duration, s; th is the sum of all phases whose duration is fixed (transition
J
cycles, pedestrian phases, etc.), j € J; Y, are the phase coefficients of transport phases, n € N; J is the
set of phases whose duration is fixed; and N is the set of transport phases whose duration is to be de-
termined.
The phase coefficients Y, are determined by the following procedure. The phase coefficients yy
for each group of lanes are determined using the formula

T

x
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where ¢, is the traffic intensity for a group of lanes, vph and Cj is the saturation flow for lane £, vph.
The determination of phase coefficients on a set O is as follows:

Y, =max(y, ), meOAmen. 3)

The duration of green signals for transport phases g, is determined by the formula

3

_ J

g, = ZYn : 4
N

The traffic scheme assumed the following order of movement:

e vehicles' pass on the Izmailova street (phase 1);

e pedestrians' pass in the selected phase with a duration of 14 s (phase 3);

o vehicles' pass on the Strelbishchenskaya street (phase 5);

e in phases 2, 4 and 6, intermediate cycles with a duration of 3 seconds are implemented.

The intensity was calculated in 15-minute intervals obtained by the cubic spline interpolation
method of time series of traffic intensities for groups of lanes. The total number of control programs as
a result of the calculation was 60. It should be noted that not all road controllers have the ability to use
this number of programs. Usually their number is limited to 8.

To reduce the number of control programs, non-hierarchical clustering methods are considered
for the reasons mentioned above. The K-means algorithm is the most popular. The method is based on
minimizing the sum square deviation of cluster points from the centers of these clusters [Press et al.,
2007; Vinnikov, Shalev-Shwartz, 2014; Amorim, Hennig, 2016]:

k
2
V=22 (v-u)s
i=1 xeS§;
where £ is the number of clusters, S; id the resulting clusters, and z; is the center of mass of all x vec-

tors from the S; cluster.
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At each iteration of the algorithm, the centre of mass for each cluster is calculated, which was ob-
tained in the previous step, then the vectors are divided into clusters again according as which of the
new centres was closer to the selected metric. The algorithm convergence condition assumes that there
is no significant change in the intra-cluster distance at any iteration.

Compared to hierarchical methods, this method requires a hypothesis of the most likely number
of clusters. In the case at hand, their number is limited and varies from 8 to 16 depending on the capa-
bilities of the road controller.

Clusterization of control programs (Fig. 1) using the k-means method is performed with the
scikit-learn machine learning package. Ten clusters were selected and the coordinates of cluster cen-
ters (centroids) were determined.
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Fig. 1. Results of clusterization of traffic light control programs in the space of transport phases Phase No. I and
Phase No. 5

When the number of clusters is ten, the deviation of the optimal phase duration from the cluster
centers (indicated by red circles) does not exceed 2 s for phase 5 and 3 s for phase 1. Thus, the quality
of clustering in relation to the problem of forming a signal plan using the k-means method can be con-
sidered satisfactory.

In relation to the problem of forming daily signal plans, the coordinates of centroids determine
the duration of transport phases of control programs (Table 1), and the indices of cluster objects de-
termine the periods of their activity (Figure 2).

3. Simulation and efficiency assessment
The effectiveness of the given method of forming signal plans is evaluated below. The most ac-

curate tool for evaluating solutions for the development of a transport system or control systems is the
microscopic modelling [Vlasov, 2014; Vlasov, 2018].
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Table 1. Duration of phases of the centroid signal plan
Duration of phases, s
g‘) 1 2 3 4 5 6 T
> Intermediate . Intermediate Intermediate
Transport cycles Pedestrian cycles Transport cycles

1 29 3 14 3 14 3 66
2 88 3 14 3 26 3 137
3 14 3 14 3 14 3 51
4 56 3 14 3 14 3 93
5 37 3 14 3 21 3 81
6 23 3 14 3 14 3 60
7 48 3 14 3 14 3 85
8 46 3 14 3 27 3 96
9 68 3 14 3 18 3 109
10 101 3 14 3 30 3 154
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Figure 2. Activity periods of traffic light control programs obtained by the k-average method

The software SUMO (Simulation of Urban Mobility) is best suited to resolve research tasks
[Krajzewicz, 2012]. This microscopic modeling program is spread under the EPL 2.0 license and is
open source software.

Microscopic modeling consists of three stages: preparation of the transport network, traffic de-
mand and simulation scenario; simulation by itself; and reporting and processing of results. To create
the model correctly, the transport network and the geographical base were converted with the Open
Street Map. Based on the field research conducted, the number of lanes and permitted traffic directions

KOMIIBIOTEPHBIE UCCJIIEJOBAHUSA U MOAEJINPOBAHUE




Method of forming multiprogram control of an isolated intersection e301

were determined using the NetEdit tool. Switching of control programs was implemented via their
switching schedule WAUT:

<WAUT startProg="1" refTime="100" id="w1">
<wautSwitch to="4" time="900"></wautSwitch>
<wautSwitch to="7" time="15300"></wautSwitch>

<wautSwitch to="9" time="22500"></wautSwitch>
<wautSwitch to="1" time="24300"></wautSwitch>
</WAUT>

The creation of traffic demand was performed stochastically by the jtrrouter program based on
field studies of traffic intensity. The initial data for generating traffic demand was the intensity at the
entrances to the model and the proportion of turning flows at intersections.

Microscopic modeling reports are available in xml-files or can be transmitted via socket — the
TraCI module's connection. Simulation results are presented both in an aggregated form for transport
network elements and in a disaggregated form — the current state of modeling objects.

The effectiveness of traffic management methods or traffic light control systems is evaluated on
the basis of transport losses estimated based on fuel consumption for movement or time spent on
movement. Figure 3 shows a comparison of the waiting time for transport at a traffic light object with
a single-program and a multiprogram control. The use of multiprogram control, calculated according
to the proposed method, reduces the delay time at a traffic light object in comparison with single-

program control by 20%.
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Figure 3. Time delay of transport with a single- and a multiprogram control on the way to the Izmailova street
from the Antonova street in the period from 6: 00 to 14: 00
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Conclusion

The method of forming a daily signal plan based on sampled field studies involves filling in
the traffic intensity with 15-minute intervals by cubic spline interpolation, calculating the duration
of the control cycle, followed by reducing the plan dimension by clustering by k-means in the
space of transport phases. The process of calculating signal plans and setting the time of their
activity is fully automated. The signal plan obtained by the described method fully covers the
permitted values of the traffic light cycle elements, ensuring effective control of the traffic light
object.

The presence of seasonal components in traffic demand and its overall growth due to the in-
crease in the number of cars in the population requires additional research aimed at developing
a methodology for determining the period of the calculated signal plans relevance.
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