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Abstract. The organization and efficiency of traffic signal control at intersections are key factors
influencing the capacity and congestion levels of the urban road network. Improper traffic signal operations
can cause additional delays, reduce traffic flow efficiency, and increase the risk of accidents. The relevance of
this study lies in examining the impact of vehicle start characteristics on the dynamics of movement through
signalized intersections and assessing their effect on traffic flow optimization.

This paper analyzes the movement of two vehicles traveling sequentially through a signalized
intersection when the green light is activated. The primary focus is on studying parameters such as the ratio of
distances traveled by the vehicles, the ratio of their speeds, the start delay of the second vehicle relative to the
first, and the variation of these indicators during movement. Evaluating the interrelation of these parameters
allows for assessing the optimality of traffic flow and its safety level.
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The described characteristics are essential for analyzing movement conditions both at the intersection
and on the approach to it. Identifying patterns between speed ratios, distances, and start delays enables the
assessment of the impact of traffic signal control on movement dynamics. In turn, this provides an opportunity
to propose optimal parameters to improve the intersection’s capacity and reduce road network congestion.

The findings of this study can be used to enhance traffic modeling and develop adaptive traffic
management algorithms. Optimizing vehicle start parameters will contribute to improving the overall
efficiency of the road network, reducing delays, and increasing safety levels at intersections. The proposed
approach can be applied in urban planning and for the development of intelligent transportation systems that
ensure efficient traffic flow management.

Key words: traffic signal control, signalized intersection, vehicle dynamics, start delay, speed ratio,
traffic flow optimization, road network congestion, adaptive traffic management, intelligent transportation
systems, intersection performance, intersection performance, vehicle interaction.

Introduction. Efficient traffic signal control at intersections is a crucial factor influencing the overall
performance of urban road networks. Signalized intersections regulate traffic flow and ensure safety, but their
improper operation can lead to increased congestion, unnecessary delays, and even safety hazards. The study
of vehicle movement dynamics through intersections is essential for optimizing traffic management strategies
and improving the efficiency of transportation systems.

One of the key aspects of traffic flow analysis is the sequential movement of vehicles at an intersection
when the green signal is activated. In real traffic conditions, vehicles do not start moving simultaneously due
to reaction times, acceleration differences, and variations in driver behavior. The relationship between the
distances traveled by vehicles, their speed ratios, and the start delay of following vehicles plays a crucial role
in assessing traffic flow efficiency and safety. Additionally, the rate of change in these indicators provides
valuable insights into the overall performance of signalized intersections and their impact on road congestion
[1-3].

This study aims to analyze the movement of two vehicles following each other at a signalized
intersection, focusing on the relationships between key parameters such as distance ratios, speed ratios, start
delay time, and acceleration differences [4, 5]. By evaluating these parameters, the research seeks to determine
optimal conditions that can enhance traffic flow, minimize congestion, and improve intersection performance.

Understanding these movement dynamics is essential for developing adaptive traffic control strategies
that respond to real-time conditions. The findings of this research can contribute to optimizing signal timing,
reducing travel delays, and ensuring safer and more efficient traffic flow at intersections. Moreover, the
proposed approach can be integrated into intelligent transportation systems to enhance urban mobility and
transportation network resilience [6, 7].

Research design and discussion. The movement of vehicles when the green traffic light is activated
depends on the reaction of the driver of the first vehicle. Thus, the first vehicle influences the subsequent
movement of the vehicle queue [8].

The interaction of a pair of vehicles when responding to a green traffic signal occurs as follows.

At the yellow signal (preparation stage), the speed of vehicles is zero, and drivers are waiting for the
green light. When the green signal is activated, the phase of movement initiation begins. The start of the first
vehicle’s movement depends on the driver’s reaction time and competence in responding to the green signal,
which results in uniformly accelerated motion of the vehicle [9].
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The second vehicle starts with a delay. This delay depends on the moment the first vehicle begins
moving, the driver's reaction time, and the dynamic characteristics of the second vehicle.

The second vehicle has restrictions on the start of movement due to the conditions imposed by the
leading vehicle [10 — 11].

Mathematical Formula for the Motion Ratio of the Second Vehicle Relative to the First.

To evaluate the relative movement of the second vehicle compared to the first, we introduce the function
of distance or speed ratio over time:

1. Distance Ratio:

Ry(t) = 22 (1)

s1 ()

nesi(t) #0
s1 (t) — the distance traveled by the first vehicle at time ¢.
s2 (t) — the distance traveled by the second vehicle at time ¢.

If Rs (t) = 1, it indicates uniform movement of the vehicles, ensuring optimal following conditions.
If R (t) < 1, the second vehicle is lagging behind, which increases the overall time vehicles spend at the
intersection and contributes to network congestion.
If Rs (t) > 1, the second vehicle is overtaking, which increases the risk of traffic accidents.
2. Speed Ratio:

_v(t)
Ry =0 @

ne vy(t) #0

vi (t) — the speed of the first vehicle.

v, (t) — the speed of the second vehicle.

R.(t) =1, it indicates uniform vehicle movement, ensuring optimal following conditions.

Ry(t) < 1, the second vehicle moves slower, increasing the overall time vehicles spend at the
intersection and contributing to network congestion.

Ry(t) >1, the second vehicle moves faster, increasing the risk of traffic accidents.

3. Time Shift:
Since the second vehicle starts with a delay of At, the time ratio can be expressed as:

At = tstart, Car2 — tstart, Carl (3)

tstart, Car2 — The start time of the first vehicle's movement,
tstart, Carl — The start time of the second vehicle's movement.

4. Distance increment ratio over a time interval:
To compare the rate of distance accumulation over a specific interval At:

_S2(t) _ [s2(t+At)—s,(0)]
Ras(t) = s1(6)  [s1(t+AD) =54 ()] )

RAs (t) — The coefficient of the distance increment ratio between the second and the first vehicle over
the time interval At. It indicates how the distance between the two vehicles changes during this period.
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As; (t), Asi(t) — The distance increments of the second and first vehicles, respectively. They determine
how much the distance traveled by each vehicle has changed over the time interval At.

s2 (t+At)—s; (t) — The change in the distance traveled by the second vehicle over the time interval At.
This means comparing the distance at time t+At with the distance at time t.

s1 (t+At)—s; (t) — The change in the distance traveled by the first vehicle over the same time interval At.

If RAs (t)>1 — The second vehicle accumulates distance faster than the first, meaning it is catching up
with the first vehicle.

If RAs (t)<I — The first vehicle moves away faster than the second, increasing the gap.

If RAs (t)=1 — Both vehicles accumulate distance at the same rate, meaning their relative position
remains unchanged.

5. Acceleration Ratio:

a,(®) [dvz(t)

— 22 — dt

Ra(t) - al(t) - [dvl(t)] (5)
dt

Ra (t) — The acceleration ratio coefficient, which indicates how the acceleration of the second vehicle
changes relative to the first.

a, (t), al(t) — The instantaneous accelerations of the second and first vehicles, respectively, at a given
moment in time t.

dv, (t)/dt — The derivative of the second vehicle's speed over time, which represents its acceleration.

dv, (t)/dt — The derivative of the first vehicle's speed over time, which represents its acceleration.

If Ra(t) > 1 — The second vehicle has greater acceleration than the first, meaning it begins to catch up
with the first vehicle.

If Ra(t) < 1 — The first vehicle accelerates faster than the second, increasing the gap between them.

If Ra(t) = 1 — Both vehicles have the same acceleration, meaning their speed changes at the same rate.

The conducted analysis provides valuable insights into various aspects of traffic dynamics at
intersections. It enables a comprehensive assessment of traffic efficiency, helping to determine how effectively
vehicles move through intersections under different conditions. Additionally, it facilitates the study of the
impact of driver reaction time on intersection capacity, allowing for a better understanding of how human
factors influence traffic flow and congestion levels [12 — 15].

Furthermore, the findings contribute to the optimization of algorithms for adaptive traffic signal control
systems, improving real-time signal adjustments based on traffic demand. These optimizations can enhance
road network efficiency, reduce vehicle delays, minimize fuel consumption, and lower emissions by ensuring
smoother traffic flow [16]. The results of this study can be applied to develop intelligent transportation
solutions aimed at increasing road safety, improving intersection throughput, and supporting the
implementation of advanced traffic management strategies.

Conclusion. This study analyzes the dynamics of vehicle movement when starting at a green traffic
light. The primary focus is on the impact of the reaction time of the driver of the first vehicle on the
subsequent movement of the vehicle queue. Key parameters characterizing this interaction have been
identified, and appropriate mathematical models have been proposed.

This study describes the interaction of a pair of vehicles starting at a green traffic light and provides an
analysis of the relevant ratio indicators. A decrease in these indicators affects traffic safety, whereas an increase
contributes to optimizing traffic flow and reducing road network congestion. When the ratio value equals 1,
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uniform vehicle movement allows for optimizing traffic through the implementation of intelligent transport
systems.

The obtained results can be used for: Assessing the efficiency of traffic at intersections: studying the
impact of driver reaction time on intersection throughput; optimizing algorithms for adaptive traffic signal
control systems, developing recommendations for improving road safety and traffic flow management.

Further research will focus on analyzing vehicle arrivals at intersections and constructing a graphical
model, allowing for a more detailed examination of traffic organization and regulation efficiency.
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B3AEMO/ISA TPAHCIIOPTHUX 3ACOBIB HA PEI'YJIBOBAHOMY INEPEXPECTI IIPHU
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I'yabuak Oxcana JIMuTpiBHA, KaHAWIAT TEXHIYHUX HAyK, Mpodecop, B.0. 3aBimyBauda kKadempu
TPAHCIIOPTHUX CHCTEM Ta Oe3MeKH JOPOKHBOTO pyxy, HamioHambHUI TPaHCIOPTHUIA YHIBEPCHUTET,
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TPAHCIIOPTHUX CUCTEM Ta Oe3IeKn JOPOXKHBOTo pyXy https://orcid.org/0000-0002-9373-2934

KopueBcbka AutiHa AHaToJIiiBHA, cTapmmii BHKIAamad Kadeapu TPAHCIOPTHUX CHCTEM i OS3MeKHu
JOPOKHBOTO PyXy, HanioHansHMI TpaHCIOPTHHUI YHIBEPCUTET; MOJIOJIINI HAYKOBUH CIiBPOOITHUK BiAIIITY
IOpOXKHBOI 00cTaHoBKH, LlenTpy Oe3nexu nopoxxaboro pyxy IT «HIPD» https://orcid.org/0000-0001-8245-
9891

Anomayin. Opranizaiis Ta eQEeKTHUBHICTh POOOTH CBITVIOQOPHOTO peEryJloBaHHS Ha
MEPEXPECTSIX € KIOYOBUMHU (PaKTOpPaMH, 110 BIJIMBAIOTh HA MPOIMYCKHY 3/IaTHICTh Ta PIBEHb 3aTOPIB
y MICBKHX BYJUYHO-JIOPOXKHIX Mepexax. HempaBuiabHa po6oTa cBITIIOhOPIB MOKE MPU3BOIUTH 0
JOJATKOBUX 3aTPUMOK, 3HIKCHHA E(QEKTHBHOCTI PyXy TPAHCIOPTY Ta MiABHIICHHS DPU3UKY
BuHuKHeHHS J{TI1. AKTyanbHICTb JAHOTO AOCIHIHKEHHS MOJIATa€ Y BABUEHHI BIUTUBY XapaKTEPUCTUK
CTapTy TPAHCIIOPTHUX 3ac00iB Ha TMHAMIKY PyXy Uepe3 peryjboBaHi NePeXpecTs Ta OLIHII IXHbOT'O
BIUIMBY Ha ONITUMI3AIliI0 TPAHCTIOPTHUX MTOTOKIB. Y POOOTI MpOaHaTi30BaHO PyX ABOX TPAHCIIOPTHUX
3ac00iB, IO TOCHTIJOBHO TEPETHHAIOTh PETYJIbOBAHE IEPEXPECTs MiJ 4ac YBIMKHEHHS 3€JIEHOTO
curHaiy cBitiodopa. OCHOBHa yBara MPUIIISETHCA TOCHIDKEHHIO TaKWX TapaMmeTpiB, SK
CIIBBIHOIICHHS BIJCTAaHEH, MPOWACHUX TPAHCIIOPTHUMH 3aco0aMH, CITIBBITHOIICHHS IXHIX
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HIBUJIKOCTEH, 3aTpUMKa CTapTy APYroro TPaHCHOPTHOrO 3aco0y BIAHOCHO MEPIIOro Ta 3MiHA IUX
MOKa3HUKIB y mpoueci pyxy. OLIHIOBaHHS B3a€MO3B’A3KYy 3a3Hau€HMX HapaMeTpiB 03BOJISIE
BHU3HAYUTHU ONTUMAJIBHICTh OpraHi3alii MoToKy Ta piBeHb Horo Oesneku. OmucaHi XapaKTepUCTUKU
€ BaXJIMBUMH JUIS aHANi3y YMOB PyXy SK Ha CaMOMY IepexpecTi, Tak 1 Ha MiAXoJax 10 HBOTO.
BusiBiieHHST 3aKOHOMIPHOCTEH MiX CITIBBIIHOIICHHSMH IIBHIKOCTEH, BiJICTAaHEH Ta 3aTpUMKAMH
CTapTy /03BOJISIE€ OIIHUTH BIUIMB CBITJIOPOPHOTO PEryNIOBaHHSA Ha TUHAMIKy pyxy. Lle, y cBoro
4yepry, Ja€ MOJKJIMBICTh 3alpOINOHYBAaTH ONTHMAJbHI MapaMeTpu AJs MiJBUIIEHHS MPOIYCKHOI
3IaTHOCTI TIEPEXPECTS Ta 3HIKECHHS 3aTOPIB Y BYJIMYHO-IOPOKHIN Mepexi. OTpumani pe3ynbTaTH
MOXYTb OYTHM BHUKOPHCTaHI AJIsi YJOCKOHAJIEHHS TPAHCIOPTHOIO MOJIENIIOBAHHS Ta PO3pOOKU
aJIaliTUBHUX aJTOPUTMIB YHpaBIiHHA pyxoMm. OnTuMiszalis NapaMeTpiB CTapTy TPaHCIOPTHUX
3ac00iB CHpPUSATHME IiJBULICHHIO 3arajbHOi €(QEeKTHBHOCTI JOPOXXHBbOI MEpexki, 3MEHIICHHIO
3aTpUMOK Ta MiJBUILEHHIO piBHA O€3MEeKM Ha TMepexpecTsaX. 3amporoOHOBAHMM MiIXilx MoXe
3aCTOCOBYBATUCH B MIChKOMY ITUTAHYBaHHI Ta MTPH pO3pOOIIi IHTENIEKTYyaTbHUX TPAHCTIOPTHUX CUCTEM,
10 320€31e4y0Th eeKTHBHE YIPABIIHHS TPAHCTIOPTHUMH TOTOKAMH.

Knrwouoei cnosea: cBiTaopopHE pETYIIOBaHHS, PETyJIbOBaHE TEPEXPECTs, JAUHAMIKa
TPAaHCIOPTHUX  3acOo0iB, 3aTpUMKa CTapTy, CIIBBIIHONICHHS IIBUIAKOCTEH, ONTHMI3aIlisd
TPAaHCIIOPTHUX TOTOKIB, 3aTOPH IOPOKHBOT MEPEXKi, aTalITUBHE YIIPABIiHHS PYyXOM, IHTEJICKTyallbHI
TPAHCIIOPTHI CUCTEMH, €(DEKTUBHICTh MEPEXPECTSI, B3AEMO/Iisl TPAHCIIOPTHUX 3aCO0IB.
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