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Abstract. The paper examined a topical issue arising
from the need to improve the efficiency of urban traffic
management through the use of advanced technologies.
The purpose of the study was to investigate an approach
to optimising the operating modes of traffic lights
at intersections based on traffic flow data obtained
using Light Detection and Ranging (LiDAR) sensors
to improve traffic efficiency and reduce delays. The
paper described the method of using LiDAR sensors
for calculating turn signals at intersections and further
optimising the operating modes of traffic lights based
on the obtained data. The study found that, in order to
function correctly, the method must include the following
stages: placement of LiDAR sensors at key intersection
points in order to obtain three-dimensional point clouds
reflecting the dynamics of traffic flow; processing and
analysis of data generated by the sensor (advanced data
processing methods are used, in particular, algorithms
for segmentation of point clouds and object recognition);
analysis of information about the object’s trajectory (in

particular, for highlighting and counting return flows from primary LiDAR data); development of a mathematical model
of the traffic control system; application of adaptive control strategies for the formation of optimised traffic light modes;
development of recommendations for improving efficiency and optimisation on the methods of statistical analysis and
machine learning to identify stable patterns and time trends in the structure of traffic; implementation of traffic light
objects management. The generalised results of the study showed that the described method can provide an integrated
approach and support for automatic adaptive control of traffic lights due to the use of LiDAR technology to collect
detailed information about turning movements at intersections and optimise the time of traffic lights, which, as a result,
will help to increase the capacity of intersections and reduce congestion in urban transport networks. The results of the
study can be used by traffic management bodies and transport infrastructure engineers when designing and optimising
traffic light regulation at urban intersections

Keywords: Light Detection and Ranging sensors; object recognition; mathematical model; traffic; real-time correction;
machine learning

Introduction

Against a backdrop of rapid growth and increasing com-
plexity in urban traffic, the issue of effective intersection
management has become a pressing and urgent con-
cern, as congestion on the road network leads to longer
journey times, traffic jams, an increase in the number of
accidents, and a negative impact on the environment. It
is well known that optimisation of traffic light operating
modes involves adapting signal phase durations to fluc-
tuating traffic conditions, thereby minimising delays at

intersections and increasing traffic capacity. The imple-
mentation of effective optimisation strategies not only
helps to improve transport logistics, but also enhances
the safety of pedestrians (and other road users) and re-
duces the negative impact of transport infrastructure on
the environment. An intersection is a key element of the
road transport network, within which multidirectional
traffic flows cross and interact. Therefore, understanding
the nature of vehicle traffic at intersections, in particular
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turning manoeuvres, is a necessary condition for effec-
tive optimisation of automatic traffic light control modes.
As a rule, classical approaches to controlling traffic lights
are based on the use of predefined action protocols or a
limited amount of data received from induction sensors
or video systems. Such methods provide a basic level of
functioning, but they are weak from the standpoint of ad-
aptation to the conditions of dynamic changes in traffic
flows, as noted by P. Li et al. (2020). In particular, induction
loops described by L. Klein (2001) allow determining only
the fact of passing a vehicle, but do not provide detailed
information about its trajectory, behaviour, or interaction
with other road users. But counting turn signals at inter-
sections provides complete information about the nature
and intensity of traffic, which allows correction systems to
adapt the time parameters of traffic lights to the specific
conditions of a particular intersection and increase the
overall efficiency of the entire road transport system.

One of the most promising areas for collecting
high-precision spatiotemporal information about vehicle
movement is the use of LiDAR technologies. LiDAR tech-
nology allows obtaining high-precision spatial data in the
form of three-dimensional (3D) point clouds in real time,
which provide opportunities for detailed analysis of traffic
flows, including the determination of traffic trajectories,
speeds, time delays, and the occurrence of conflict situ-
ations described by E Guan et al. (2023) and Y. Liang et
al. (2024). The principle of operation of LiDAR sensors is
based on the emission of laser pulses and measuring the
time of their return after reflection from objects, which
allows creating a detailed 3D spatial model of the envi-
ronment. In traffic flow monitoring tasks, LIDAR sensors
provide accurate detection and tracking of vehicles, pedes-
trians, and other road users, thus forming an informative
database for analysing intersections and further optimis-
ing traffic light control modes. Unlike conventional de-
tection tools, three-dimensional point clouds provide the
ability to classify objects, determine their trajectories, and
analyse return flows in real time, which was confirmed by
contemporary research in this area (Saldivar-Carranza et
al., 2024). Recent research demonstrated the significant
potential of using LiDAR to evaluate the performance of
traffic lights and analyse transport processes. In particu-
lar, E. Saldivar-Carranza et al. (2021; 2024) showed the
possibility of forming accurate vehicle trajectories based
on LiDAR data, and then obtaining indicators such as de-
lay time, queue length, and intersection throughput. This,
in turn, creates prerequisites for the transition from static
to adaptive and intelligent traffic management methods.

Despite the significant development of traffic light op-
timisation methods in recent years, most of the available
approaches are based on the use of generalised transport
data obtained either from a limited number of sources or
in a short period of time. This often leads to inefficient ad-
justment of signal timing parameters, especially in diffi-
cult intersections. Therefore, there is a need to apply more
accurate and adaptive methods of collecting information
to develop sound strategies for optimising the operation
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of traffic lights, in particular, considering turning ma-
noeuvres of vehicles. Contemporary approaches to traffic
light control optimisation involve the use of mathemati-
cal modelling, statistical analysis, and machine learning
methods, in particular, reinforcement learning algorithms
that allow adapting alarm modes to changing traffic con-
ditions (Wei et al, 2018). In particular, P. Li et al. (2020)
and Y. Hu et al. (2025) described reinforcement learning
algorithms that demonstrate high efficiency in traffic light
optimisation tasks, providing adaptation to changes in the
traffic situation in real time. In addition, the use of neu-
ral networks, in particular LSTM, which was described by
L. Yang & R. Guo (2024) allowed for short-term forecasting
of traffic flows, which is an important element of proactive
management. Thus, the study of the use of LiDAR technol-
ogies to optimise automatic traffic control at intersections
is an urgent scientific and practical task aimed at develop-
ing intelligent transport systems and improving the quali-
ty of urban mobility.

The purpose of this study was to overcome the above
limitations by using LiDAR sensors to calculate turn sig-
nals at intersections and further optimise traffic light op-
erating modes based on the data obtained. The methodol-
ogy of the study was based on a comprehensive approach
to analysing ways to optimise traffic flows at intersections
using LiDAR technologies. In the course of the study,
methods of research analysis were applied, which were
covered in scientific literature sources. The contemporary
approaches to creating adaptive traffic light regulation
were analysed. Methods for processing three-dimensional
point clouds for segmentation and classification of traffic
objects were applied. Methods of mathematical modelling
of traffic flows were also used considering statistical data
and elements of mathematical training.

rContemporary approaches

to optimising traffic light regulation

and using LiDAR in transport systems™

The task of optimising the time parameters of traffic lights
has been in the focus of attention of the scientific commu-
nity and practitioners for several decades (Guadamuz et
al., 2022). The first approaches were based on the use of
simple traffic light control schemes with fixed intervals,
which were formed based on pre-defined traffic flow mod-
els and observation results, or forecasting algorithms (Lv et
al., 2015; Ma et al., 2015). Further complexity and branch-
ing of the transport network contributed to the transition
to more complex optimisation methods, including signal
management systems with activation in the presence of
vehicles, traffic-oriented regulation, and adaptive traffic
light systems. These approaches provide for dynamic ad-
justment of the duration of signal phases in accordance
with current traffic conditions, which reduced delays and
increased the efficiency of the functioning of intersections,
were investigated by C. Gartner et al. (2025). Historically,
the calculation of turning manoeuvres of vehicles at inter-
sections was carried out mainly using manual methods,
in particular, visual observations, manual counting, and
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analysis of video recordings, and other approaches, for ex-
ample, the use of “research” vehicles (Waddell et al., 2020;
Mahmud & Day, 2023). Despite the fact that such ap-
proaches allow getting useful information, they were char-
acterised by a significant expenditure of time and resourc-
es, and a high probability of errors, including those related
to the human factor. E Viadero-Monasterio et al. (2024),
J. Enayati et al. (2024), K. Deng et al. (2025) described var-
ious technological solutions that were used to automate
the information collection process, in particular, induc-
tion loop detectors and radar sensors. Machine vision
systems are also of great importance (Buch et al.,, 2011).
However, these tools have a number of limitations, in-
cluding insufficient accuracy, dependence on weather
and light conditions, and the complexity of maintenance.
In this regard, there is still an urgent need to introduce
more reliable and highly accurate methods for collecting
data on turning movements of vehicles at intersections.

E. Saldivar-Carranza et al. (2024) presented a sys-
tem study based on the use of data from LiDAR sensors
as the main source of information. This ensures accurate
tracking of the trajectory of objects, correct detection of
turns, and independence from lighting. The main focus of
the study was on analysing the flow that performs turn-
ing manoeuvres and dangerous manoeuvres. The paper
described the sequence of operation of the system: data
collection, point cloud processing, tracking, data calcu-
lation, optimisation of traffic lights. The implementation
of the mathematical model and the results of adaptive
control (after experimental research and statistical anal-
ysis of the results obtained) were presented. As a result,
the researchers emphasised that the delay time and queue
length were reduced, and the traffic flow capacity was in-
creased. However, given that the study was performed at
a limited number of intersections in specific conditions,
the question arises of generalising the results. In addition,
a detailed analysis of the impact of weather conditions
(rain, fog, snow) on LiDAR operation was carried out. The
presented system does not have a full assessment of the
operation of a combination of several different systems
(camera/radar/LiDAR), since LiDAR sensors are not often
used without additional functional components.

The paper by A. Ansariyar (2023) presented a study
of time distribution using two LiDAR sensors and simula-
tions using OpenCV-based video analysis. The described
approach is economically accessible and scalable. The
presented algorithm can detect vehicles, track them, and
count them (when crossing the control line). The algo-
rithm includes: background selection, background detail-
ing, tracking, and calculations. It uses classical methods of
machine vision: Gaussian background subtraction, Can-
ny boundary determination, feature matching. The video
stream is processed frame-by-frame and can be used in
monitoring systems. The algorithm presented here is de-
signed to measure traffic intensity and provide basic traf-
fic analytics; it is inexpensive and straightforward to im-
plement. However, the disadvantage of this approach to
organising the system is a typical weakness of the classic
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OpenCV approach, i.e., errors in poor lighting, shadows,
overlapping objects, rain/fog. This can lead to “loss” of ob-
jects, duplication of calculations, and errors when cross-
ing the control line. The information obtained is not suf-
ficient to optimise the operation of traffic lights, because
the system records only traffic and does not analyse the
type of vehicle and its trajectory (for example, turns).

L. Yang & R. Guo (2024) presented a study of short-
term traffic forecasting using a model that smooths out
noise in traffic data and predicts time series (SG-LSTM).
The use of Particle Swarm Optimisation (PSO) described
by them should minimise time delays, reduce queues, and
increase throughput. The PSO algorithm is easy to imple-
ment and allows quickly finding optimal solutions. Com-
pared to other studies, L. Yang & R. Guo presented a com-
bined approach (forecasting together with optimisation),
which significantly improves the efficiency of the system.
This approach ensures that the system adapts to chang-
es in traffic during peak hours and when traffic intensity
increases/decreases. However, the operation of this algo-
rithm depends on the quality of the current data, and in
cases where the data is incomplete or “noisy”, the forecast
may deteriorate and optimisation becomes less effective.
In addition, LSTM requires a large amount of data and
does not work well in emergency situations. Computing
large amounts of data and then optimising it usually re-
quires large resources, such as using a neural network.
PSO does not guarantee overall optimisation, as it can get
“stuck” in local solutions, and the results depend on the
algorithm parameters. The algorithm does not take into
consideration pedestrians and emergencies.

The study by A. Cildir et al. (2023) was devoted to the
development of an algorithm for optimal control of traffic
lights to minimise traffic delays at intersections. The re-
searchers proposed an algorithm that: analyses the traf-
fic flow; determines the optimal parameters of the traffic
light; changes the phase duration, green time, and signal
cycle. Mathematical optimisation of the delay considers
the traffic intensity, the distribution of flows in directions,
the structure of traffic light phases, and the capacity of
lanes. The mathematical approach allows using formal-
ised models and the possibility of analytical calculation.
The algorithm requires only a basic set of traffic data and
can be implemented in existing traffic light systems with-
out using complex sensors. However, the algorithm shows
that it is partially adaptive and has a weak response to traf-
fic changes and accidents. In other words, the presented
model is simplified and does not consider complex driver
behaviour and randomness. The effectiveness of the algo-
rithm results depends on the accuracy of the input data.
W. Zeng et al. (2022) presented a study on optimising traffic
light timing using traffic flow modelling. According to the
presented algorithm: a mathematical model of traffic at an
intersection is constructed (based on collecting or setting
traffic parameters, forming an intersection model); the cy-
cle duration, green time distribution, and signal phasing
are optimised; the result is checked through simulation
modelling. The described mathematical modelling allows
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testing various scenarios of traffic intensity and operating
modes. This algorithm is well suited for engineering tasks.
However, it is known that real traffic is more complex than
a model in which some events or behaviours may not be
considered. The algorithm also lacks real-time adaptabil-
ity, meaning that if optimisation is performed, it is offline
and does not respond instantly to changes. In addition,
the model does not consider all types of road users (pe-
destrians, cyclists). The modelling accuracy depends on
the input data, and as the volume of this data increases,
the complexity of modelling also increases. Therefore, it is
difficult to apply the presented algorithm to a large num-
ber of intersections and coordinate between them.

Available scientific research on traffic light regula-
tion optimisation at intersections covers a wide range of
methods and algorithms, in particular, mathematical op-
timisation methods, simulation modelling, and machine
learning algorithms (Zeng et al., 2022; Yang & Guo, 2024).
The main goal of these studies is to improve the intervals
of traffic lights in order to increase the capacity of inter-
sections, reduce traffic delays, and improve overall traffic
efficiency. Most of the proposed methods are based on
simplified traffic flow models or the use of aggregated
data, which does not always adequately reflect the com-
plex dynamics of real traffic. This raises the question of
obtaining detailed data on the functioning of intersec-
tions, in particular, information on return flows obtained
using LiDAR sensors, in order to improve the accuracy
of traffic light optimisation algorithms and improve the
operational performance of intersections. V. Bandaru et
al. (2021) described the TScan system, a conditionally
stationary LiDAR platform for monitoring traffic flows
and analysing road safety. This paper proposed meth-
ods for automatic detection, classification, and tracking
of vehicles based on 3D point cloud data. It was shown
that conditionally stationary LiDAR platforms provide
high-precision formulation of vehicle trajectories and fa-
cilitate effective analysis of conflict situations and traffic
flow parameters in real time.

Despite the existing achievements in the field of au-
tomation of traffic light regulation and intersection man-
agement, the analysis of open scientific literature indicates
the presence of a number of unresolved issues and limita-
tions. In particular, the main problems include: an insuffi-
cient number of studies devoted to the direct use of LIDAR
sensors for calculating return traffic flows and optimising
traffic light control modes; the lack of holistic and unified
methodologies for integrating data obtained using LIDAR
in the traffic light optimisation model; the complexity of
practical implementation of adaptive strategies for con-
trolling traffic lights in real time using LiDAR data; the need
for thorough validation and evaluation of the proposed
approaches based on real experiments and comparative
analysis with conventional methods. Overcoming these
gaps and limitations will contribute to the further develop-
ment of methods for optimising traffic light regulation at
intersections and the development of more effective and
efficient urban traffic management strategies.
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” Application of LiDAR technologies

for monitoring traffic flows™

The expansion of LiDAR technology is conditioned by the
ability to form detailed three-dimensional point clouds
that reflect the spatial characteristics of the environment.
A number of academic papers have examined the use of
LiDAR sensors to address various transport-related prob-
lems, including the detection and classification of ve-
hicles, the estimation of their speed, and the analysis of
the structure and intensity of traffic flows. Thus, T. Raj et
al. (2020) reviewed the main scanning mechanisms of
LiDAR systems used in intelligent transport systems and
autonomous transport. The researchers compared me-
chanical MEMS-based flash memory and optical phased
array LiDAR architectures based on scanning speed, spa-
tial resolution, field of view, and reliability criteria. It was
shown that the development of advanced LiDAR systems
is aimed at moving to solid-state technologies that can
provide high-precision 3D perception of the road environ-
ment in real time. The main advantages of LiDAR sensors
are the contactless and unobtrusive nature of data collec-
tion, high measurement accuracy and versatility in use,
which makes them suitable for monitoring intersections
and obtaining detailed traffic information. The number of
studies devoted to the direct use of LiDAR for calculating
turning manoeuvres and optimising traffic light control
modes remains limited. O. Kilani ef al. (2021) presented
one of the options for using mobile LiDAR data to assess
visibility at urban intersections. The researchers proposed
a method for spatial analysis of the coverage space based
on 3D point clouds, which helps to automatically identify
areas of limited visibility and potentially dangerous sec-
tions of road infrastructure.

Research shows that to ensure the adaptability of the
system, it is advisable to use stationary LiDAR sensors that
are installed at key points to provide comprehensive cov-
erage of both the intersection and the area of approaches
to the intersection. The location of sensors is determined
considering the geometry of the intersection, the number
of traffic lanes, the presence of pedestrian crossings, and
potential traffic jams. Thus, A. Emtenan & C. Day (2020)
and E. Saldivar-Carranza et al. (2024) argued that the effec-
tiveness of vehicle tracking systems significantly depends
not only on the type and characteristics of LiDAR sensors,
but also on their spatial location. They offer a method for
optimal sensor placement, which should ensure maxi-
mum coverage of the road zone (minimise “blind spots”)
and stable detection of vehicles. They considered the Li-
DAR sensor not as an autonomous local sensor, but as part
of an intelligent road infrastructure, Vehicle-to-Infrastruc-
ture, and a cooperative intelligent transportation system.
The researchers proposed a mathematical and geometric
model for determining the optimal height of the LiDAR
sensor installation, the optimal viewing angle, and the
area of intersection monitoring coverage. Each sensor is
calibrated to match the coordinate system with the glob-
al crosshair reference system. This is a prerequisite for
minimising blind spots. A single time system is used to
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synchronise timestamps, which allows correctly combin-
ing data from multiple sensors.

Figure 1 shows the algorithm of the method of using Li-
DAR sensors and data from them to adjust and optimise the
timing of traffic light objects at an intersection (or group of
intersections). LiDAR sensors are used to detect and track
individual vehicles approaching, entering, and exiting in-
tersections, and pedestrian traffic near and at crosswalks.
Figure 1 shows that the obtained LiDAR data in the form
of a three-dimensional point cloud goes through several
processing stages — noise filtering, sensor offset correction,
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and point cloud alignment, which ensures accurate reflec-
tion of the spatial configuration of intersections, removal of
static objects (buildings, pillars, road signs), segmentation
of moving objects, and point clustering to form individual
vehicles. To ensure the integrity and accuracy of the collect-
ed data, quality control procedures are applied, including
checking sensor calibration, evaluating the completeness
of data sets, and comparing them with available real-world
observations or reference data (if available). Space-time
smoothing algorithms are used to reduce the impact of
weather conditions and random errors.

Light Detection and Ranging (LiDAR)

v

‘ Noise filtering

‘ Processing and analysis

of generated data

Sensor offset correction
and point cloud alignment

‘ Deletion of static objects ‘

‘ Segmentation of moving objects ‘

‘ Point clustering

Analysis of information about the movement trajectory
A7 v v
Sequence of Object mov.ement Determination of the probability of matching
object positions anal‘ysas between consecutive measurements
A v L4 v
driving straight ‘ turning right ‘ ‘ turning left making U- turn
v

‘ volumes of return flows

‘ Development

of a mathematical model

‘ cycle length

‘ of traffic control system

green time distribution

‘ phase sequences

‘ limiting of the minimum and maximum phase duration

‘ vehicle delays

‘ intersection capacity ‘
v
Devel(?pment . . < Use of adaptive management strategies
of recommendations for improving
efficiency and optimisation 2
Traffic light objects

Figure 1. Algorithm for applying LiDAR technologies to optimise automated traffic management at intersections

Source: compiled by the authors

Segmented point cloud clusters are classified as ve-
hicles or pedestrians based on geometric characteris-
tics (dimensions, height, shape) and kinematic param-
eters (speed, direction of travel). In the study by X. Xu et
al. (2022), segmentation of LiDAR point clouds was consid-
ered as a key stage in the operation of SLAM systems with
combining data from multiple sensors. The researchers

noted that LiDAR spatial points are grouped into clusters
to highlight geometric features of the environment, in
particular, planes, contours, and individual objects. For
this purpose, both classical clustering methods and deep
learning methods for semantic segmentation were used.
Dedicated clusters were used for localisation, mapping,
object tracking, and road scene analysis tasks. Thus, for
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example, H. Zhou et al. (2020) proposed a method for se-
mantic segmentation of a point cloud based on a cylin-
drical representation of space. The researchers performed
spatial clustering of points by cylindrical voxelisation,
which enabled more efficient grouping of LiDAR points
in road scenes. Based on the generated voxel clusters, the
neural network performs semantic segmentation of vehi-
cles, pedestrians, and other road objects.

Another approach was presented by J. Zhang et
al. (2026), who divided the algorithm of work into: col-
lection of LiDAR data (fixing point clouds, determining
spatial coordinates, collecting information about inten-
sity), scene processing (segmentation, object detection,
clustering, tracking), situation interpretation (analysis of
traffic flows; definition of conflict situations, behaviour-
al analysis, anomaly detection). To track trajectories, as a
rule, a multi-step tracking algorithm was used, which con-
sidered the sequence of changes in the position of an ob-
ject, predicting its further movement, and the probability
of correspondence between consecutive measurements.
This allows accurately reconstructing the mathematical
model of the trajectory of vehicles passing through inter-
sections, and the direction of movement of pedestrians.
This approach was described by X. Weng et al. (2020), who
presented an approach to 3D tracking of multiple objects
based on LiDAR data, in which vehicle tracking was per-
formed by combining traffic forecasting and establishing
correspondence between consecutive observations. The
researchers used the Kalman filter to estimate the future
position of objects and the Hungarian algorithm to link 3D
bounding rectangles between frames. The effectiveness of
multi-step tracking for formulating stable vehicle trajecto-
ries in a dynamic road environment was shown.

After determining the trajectories, each vehicle is
classified according to the type of manoeuvre, such as
driving straight ahead, turning right or left, or making
a U-turn (where applicable). Classification is based on
the analysis of changes in the angle of the trajectory and
its spatial position relative to the intersection geometry.
Rotational movements are counted within the specified
time limits. The length of queues is determined based on
the spatial distribution of vehicles within a given LiDAR
scanning area. J. Zhao et al. (2019) presented the con-
cept of queue estimation, which is implemented through
point cloud segmentation, vehicle clustering, trajectory
tracking; spatial fill analysis. In other words, the queue
length is determined based on the spatial position and
accumulation of vehicles in the stationary LiDAR obser-
vation area. The study by S. Cao et al. (2021) proposed
the concept of an intelligent multimodal traffic moni-
toring system. Such a concept is presented as a system
that must simultaneously perceive different types of ob-
jects, analyse their interaction, and form a high-precision
digital representation of the road scene. When analysing
multimodal interactions, particular attention is paid to
the dynamics between cars, pedestrians, and cyclists. The
system considers “conflict zones”, road crossing behav-
iour, and dangerous interactions.
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”Optimisation of traffic light regulation

based on LiDAR data™

The obtained values of traffic intensity and cornering dis-
tribution are used as input parameters to describe a math-
ematical model for optimising traffic light regulation. In
modern traffic light control systems, various mathemat-
ical optimisation models are used, which are aimed at
minimising delays. The classic Webster method is based
on the analytical determination of the optimal duration of
the traffic light control cycle and phase distribution, con-
sidering the intensity of traffic flows (Zhang et al., 2021;
Liang et al.,, 2024). The TRANSYT model is designed to
optimise the operation of a group of interconnected traf-
fic light objects by minimising delays and the number
of vehicle stops in the network (Qadri et al., 2020; Kim et
al., 2023). The MAXBAND method provides coordination
of traffic light regulation by maximising the “green wave”
and creating the largest possible lane of continuous traffic
flows in two directions (Dai et al., 2016; Lan et al., 2026).
Simultaneously, contemporary adaptive intelligent trans-
port systems use methods of dynamic programming,
optimisation with a moving horizon, maximum load reg-
ulation, and reinforcement learning. Most optimisation
models consider the spatial and temporal distribution
of traffic flows, queue parameters, and real-time traffic
state forecasting. Such integration involves the creation
of mathematical optimisation models that consider: the
volume of return flows; cycle length; distribution of green
time; phase sequences; limiting the minimum and max-
imum duration of phases; vehicle delays; intersection
throughput. In addition, machine learning techniques
can be used to identify permanent patterns based on his-
torical data and dynamically adjust the signal timing in
response to changes in traffic conditions. For example,
J. Ugirumurera et al. (2023) proposed a method for pre-
dicting traffic light regulation parameters based on the
analysis of mobile vehicle data using machine learning
algorithms. The researchers showed that vehicle trajecto-
ry data can be used to estimate cycle duration, red zone
time, and other signal synchronisation parameters with-
out direct access to traffic light controllers. The paper uses
XGBoost and neural networks to analyse transport trajec-
tories and identify patterns of traffic light phases.

An interesting approach using machine learning was
presented in the paper by S. Eteifa et al. (2021), who pro-
posed a method for predicting phase change moments co-
ordinated by adaptive traffic lights using a neural network.
It was shown that deep recurrent neural networks can ef-
fectively model time dependencies in traffic light intersec-
tions and predict future signal changes based on histori-
cal transport data. The methodology was focused on the
use of connected mobile vehicle systems and intelligent
transport systems. Existing interval parameters of signals
at the intersection are estimated based on models created
as a result of real observations of traffic and the volume
of return flows. The analysis showed inefficiencies in sig-
nal phasing and time distribution between phases, which
leads to a decrease in the “performance” of intersections
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and an increase in vehicle delays. Potential optimisation
areas were identified, in particular, adjusting the duration
of signal cycles, green light time, and phase sequence. This
allows increasing the efficiency of the intersection and re-
ducing traffic jams.

Statistical methods are usually used to process calcu-
lations of rotational movements and traffic flow data, in
particular, regression analysis and hypothesis testing. This
approach allows identifying correlations, patterns, and
statistically significant effects. Data analysis shows that
the LiDAR-based system provides high accuracy in deter-
mining vehicle trajectories and classifying turning ma-
noeuvres. Thus, for example, in comparison with conven-
tional methods of data collection (manual calculations,
inductive loops, video surveillance, etc.), the LIDAR-based
method demonstrates: higher stability of data acquisition;
reduced error in object classification; better identification
of complex manoeuvres (in particular, left turns in a dense
flow); accuracy and reliability of the received information.
The system is capable of operating in conditions of vary-
ing traffic intensity, including peak periods. It was deter-
mined that an integrated approach to data collection and
analysis using LiDAR contributes to understanding the
dynamics of object movement at intersections, optimising
the duration of signals, and improving the overall efficien-
cy of traffic flow in the urban environment. Calculations of
the number of turning manoeuvres obtained using LIDAR
sensors are integrated into the optimisation algorithm to
form informed decisions on traffic light synchronisation.
The model incorporates observed volumes of turning
movements, the distribution of directions, and the tempo-
ral variations in traffic flows. Based on the use of real-time
traffic data, the algorithm can dynamically adjust the du-
ration of signals, which allows adapting to changing traffic
conditions and minimising delays at the intersection.

During traffic signal optimisation, several key param-
eters and constraints are considered: the geometry and
configuration of the intersection, including lane layout
restrictions, prohibited turning movements, and the pres-
ence of pedestrian crossings; traffic flow characteristics,
reflecting traffic volumes, vehicle arrival rates, and traffic
composition (e.g., passenger cars, lorries, and bicycles),
which enable realistic modelling of traffic dynamics; sig-
nal timing constraints, including minimum and maxi-
mum green times, cycle lengths, and phase sequences to
ensure technical feasibility and compliance with traffic
regulations; and coordination with adjacent intersections,
whereby signal synchronisation with neighbouring inter-
sections is considered to optimise capacity and improve
traffic flow along arterial corridors. Sensitivity analysis is
performed to assess the impact of parameter variations
and uncertainties on the performance of the optimisation
algorithm. This analysis allows identifying critical param-
eters and assessing their impact on the results of synchro-
nisation of traffic light signals. Reliability testing is neces-
sary to determine the stability of the algorithm to changes
in traffic conditions, sensor failures, or interruptions in
communication systems. In the future, after applying the
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optimised time parameters of the signals, it is necessary to
constantly monitor and collect data to evaluate the effec-
tiveness of changes. LiDAR sensors continuously record
turning movements at intersections, providing real-time
feedback on traffic dynamics and intersection perfor-
mance. Video cameras or other monitoring systems may
be used to supplement LiDAR data, thereby providing ad-
ditional information about events at the intersection and
improving the accuracy of assessments of the effective-
ness of the optimisation strategies implemented.

The expected efficiency of optimised signal timings is
estimated by several key indicators, such as: reducing the
average delay time of vehicles at the intersection; reduc-
ing the length of queues of traffic flows, especially during
peak hours; increasing the number of vehicles crossing
the intersection per unit of time; increasing throughput
(reducing the total time of movement of vehicles through
the intersection); more uniform load distribution between
phases; reducing emissions of harmful substances into
the environment and fuel consumption due to increased
efficiency of traffic flow. Optimisation will allow using the
available green time more efficiently and reducing capac-
ity losses due to inconsistent phases.

”Conclusions™

The research presented in this paper was devoted to the
topical issue of improving the efficiency of the functioning
of transport intersections by improving approaches to op-
timising traffic light regulation. The analysis of scientific
publications showed that most of the existing optimisa-
tion methods are based on aggregated or limited informa-
tion content, which significantly reduces the efficiency of
decision-making, especially in complex and dynamic sit-
uations. In the course of the study, the expediency of us-
ing LiDAR technologies as a source of three-dimensional
space-time information about the movement of vehicles,
pedestrians, and other road users was substantiated. It
was shown that the use of three-dimensional point clouds
enables high-precision detection, tracking, and classifica-
tion of objects. This, in turn, creates prerequisites for the
correct determination of both the usual intersection and
turning manoeuvres, and the assessment of the intensity
of traffic flows and the development of an expanded set of
parameters necessary for optimising the control of traffic
light objects.

A comprehensive approach to LiDAR data process-
ing was proposed, which included stages of noise fil-
tering, point cloud alignment, segmentation of moving
objects, clustering, multi-step tracking, and vehicle clas-
sification by manoeuvre type. Based on the results ob-
tained, “direct” and “return” traffic flows were calculated,
the length of queues was estimated, and other charac-
teristics of the transport process were determined. This
detailed data allowed moving from simplified models to
a more detailed description of the actual dynamics of
traffic at intersections. It was established that the inte-
gration of the obtained parameters into mathematical
models of traffic light regulation optimisation provided
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the possibility of adaptive adjustment of the time char-
acteristics of signals based on current traffic conditions.
In particular, consideration the volume of return flows,
intersection geometry, phase constraints, and variations
in traffic intensity helps to more reasonably determine
the cycle duration, green time distribution, and phase
sequence. This allows increasing the capacity of inter-
sections, reducing vehicle delays, and optimising the
use of existing infrastructure.

An analysis of data collection methods has shown
that the revised approach is characterised by the stability
and informativeness of its results. In particular, it provid-
ed identification of complex manoeuvres (including left
turns in dense traffic), reduced the probability of count-
ing errors, and improved the quality of output data for
optimisation algorithms. This substantiates the feasibili-
ty of using LiDAR as a basic technology for building con-
temporary traffic monitoring and management systems.
However, a number of limitations and areas for further
research have been identified. In particular, additional
study is required into the impact of weather conditions on
the quality of data obtained from LiDAR sensors, ensur-
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channel failures, and the integration of LiDAR with oth-
er data sources (video, radar systems). The investigation
of these issues is necessary to improve the reliability and
completeness of observations. An important task is also
to scale the proposed approach to a network of intercon-
nected intersections and validate it in real-world opera-
tion conditions. The results obtained indicate a significant
potential for using LiDAR technologies in the tasks of op-
timising automated traffic management. The proposed
approach lays the foundations for the development of a
new generation of intelligent traffic management systems
capable of enhancing the efficiency of the urban road net-
work, improving road user safety, and reducing the nega-
tive impact of transport on the environment.
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AHoTauif. PoboTa npucBsYeHa IOCIiIKEHHIO aKTyaJbHOTO MUTAHHS, STKE 3yMOBJIeHe HeOOXiIHICTIO miABUIIIEHHS
e(eKTUBHOCTi KepyBaHHS MiCbKUM TOPOKHIM PYXOM IIJISIXOM BUKOPHUCTAHHS CY4YaCHUX TEXHOJIOTi . MeTo0 poboTu
OyJIO TOCTimKeHHs MiAXOAy 0 ONTUMI3alii peskuMiB poboTH cBiIOpOpiB HaA MepexpecTsx Ha OCHOBi JaHUX PO
TPAaHCIOPTHI TOTOKY, OTPIMAaHNX i3 3acTocyBaHHAM nar4yukis Light Detection and Ranging (LiDAR), 114 nigBuUIeHHA
e eKTUBHOCTI JOPOKHBOTO PYXy Ta 3MEHIIIeHHS 3aTPUMOK. B po0oTi npesicTaB/IeHO OIIUC METOAY BUKOPHUCTAHHSA
nJatyukiB LiDAR 11 migpaxyHKy IOBOPOTHHX IIOTOKIB Ha ITepexpecTsx Ta MoJaJlbIno] onTuMisanii peskuMis poboTu
cBiTII0OpiB HAa OCHOBI OTpUMaHUX JaHUX. [Ipy qocaimskeHi 6y710 BCTAaHOBJIEHO, IO IJIsI KOPEKTHOI pOOOTH METOJ,
TMOBUHEH BKJIIOYATH HACTYIHi eTanu: po3minieHHsA naTyukiB LiDAR y KJ/IIOUOBUX TOUYKax IlepexpecTs 3 MeTOI0
OTPUMaHHSA TPUBUMIPHUX XMap TOYOK, IO BimoOpaskaioTh JUHAMIKy TPAHCIIOPTHOTO IIOTOKY; 0OpoOKa Ta aHasi3
3reHepOBaHUX JaTIYNKOM JaHUX (3aCTOCOBYIOTHCSA Cy4acHi METOAM 0O0POOKHY JaHUX, 30KpeMa aJITOPUTMU CerMeHTaIlil
XMap TOYOK Ta pO3Mi3HAaBaHHs 00'€KTiB); MPOBeIeHHsI aHATI3Y iH(opMalii mpo TpaeKTopii pyxy 06’eKTy (30Kpema
JJIs BUJiJIEHHS Ta IMiJpaxyHKY IIOBOPOTHUX IOTOKIB i3 mepBuHHMX LiDAR-maHux); opMyBaHHS MaTeMaTHYHOL
Mofieli CHCTeMH KepyBaHHSA pYXOM; BUKOPHUCTAHHA aJalTHUBHHUX CTparerii KepyBaHHA i (opMyBaHHSA
ONTUMi30BAaHUX PEXUMIB pobOOTH CBiTIO(OpPiB; po3poOKa peKOMeHAAlliil IOAO0 IMiJBUIIEHHs e(eKTUBHOCTI
Ta ONTHUMI3allili Ha OCHOBi MeTOHiB CTAaTUCTUYHOTO aHAJi3y Ta MAIIMHHOTO HAaBYaHHs [JII BUSBJIEHHS CTIHKHUX
3aKOHOMIpHOCTel i YaCOBUX TeHJEHIIiH ¥ CTPYKTYpi TPAaHCIOPTHOTO PYXY; 3[1iICHEHHS KepyBaHH:A CBIVIOOpHUMU
o0’ekTamu. B poOoTi IpuBeieHO y3arajabHEeHI pe3yabTaTy JOCTiIKeHH I, SIKi TOKa3aJIH, 110 OIMCAaHUN METOT MOYKe
3abe3nevyBaT KOMILJIEKCHUM MiAXif Ta MiITPUMKY aBTOMAaTHYHOIO aJalTUBHOIO KepyBaHHA CBIIOpOpPHUMU
ob’ekTaMU 3aBAsAKU BUKOpUcTaHHIO LiDAR-TexHoJIOTIT /1 300py AeTanbHOI iHdopMarliii Ipo IOBOPOTHI pyxu Ha
IepexpecTsx Ta onTuMisalii yacy cBiIOpOpHUX CUTHAJIB, 110 B HiICYMKY COPUATHME MiIBUIIEHHIO POMYCKHOL
3JaTHOCTI IIepeXpecTh i SMEHIIIEHHIO 3aTOPiB y MiCbKUX TPAHCIIOPTHUX MepesKax. PeayJibraTy NOCHiIKeHHA MOXKYTh
OyTU BUKOPUCTaHi OpraHaMu yIpaBJIiHHA JOPOKHIM PYXOM Ta iHKeHepaMU TPaHCIOPTHOI iHDPaCTPYKTYpH Mif gac
MIPOEKTYBaHHA 1 onTUMi3allil cBiTI0(hopHOTro perynoBaHHA Ha MiCbKUX IIepexpecTsax

Kniovosi cnosa: marumku Light Detection and Ranging; posmisHaBaHHA 00'€KTiB; MaTeMaTHM4Ha MOJeJIb; PyX
TPaHCIOPTY; KOPETyBaHH:A B pealbHOMY 4aci; MalllMHHe HaBYaHHs
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