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Abstract. The growing number of vehicles in cities creates complex challenges for parking management systems that
require effective tools for predicting parking congestion. The purpose of this study was to develop and implement an
integrated module for predicting parking space congestion in real time. To achieve this goal, a hybrid approach to data
processing was applied, combining machine learning methods with time series analysis and spatial dynamics, and
integration with modern software technologies. The results of experimental testing showed an increase in the accuracy
of forecasts of parking space congestion by 20-25% compared to conventional methods, which significantly contributed
to the rapid response to dynamic changes in the urban environment. By automating real-time data collection, cleaning,
and aggregation, information update delays have been reduced by 10-12%, providing a more up-to-date and reliable
analytical framework for management decisions. However, the increased accuracy of forecasts and prompt access to
updated data helped to increase the efficiency of using parking spaces by 15-20%, optimising the distribution of traffic
flows, and reducing congestion. The implementation included the use of Java and Spring Boot 3 for backend logic, AWS
S3 for cloud storage, PostgreSQL as the main database, and Python algorithms using NumPy, Pandas, and python-dateutil
for machine learning. Statistics, trends, and forecasts were visualised using React, which allowed users to get interactive
access to results and make informed decisions. In addition, the module is easily scalable, adapts to different types of
infrastructure, and can be successfully integrated into existing parking management systems. The practical significance
of the development is to improve the quality of urban life by reducing congestion, reducing the environmental burden and
rationalising the use of urban transport infrastructure

Keywords: intelligent parking management; machine learning in forecasting; integration of parking systems; time series
analysis; traffic load forecasting; spatial data in parking; optimisation of urban infrastructure

Introduction

In modern cities, the rapid growth in the number of cars and
limited parking infrastructure create significant challenges
for effective management of the transport environment. The
lack of free parking spaces leads to an increase in the time
spent searching for parking, the appearance of traffic jams,
and an increase in the environmental burden. Conventional
approaches to parking resource management based on stat-
ic data and manual control are not flexible and operational

Suggested Citation:

enough for dynamic urban environments. With this in mind,
there is a need to implement innovative solutions for pre-
dicting parking space congestion in real time, able to adapt
to rapid changes in traffic flows, optimise the use of infra-
structure resources and reduce the negative impact of trans-
port on the environment and the quality of life of residents.

Various aspects of the problem of parking resource
management have been investigated by many researchers,
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which emphasises its relevance in modern conditions. The
study by A. Gonzalez-Vidal et al. (2022) considered the use
of machine learning methods for short-term forecasting
of parking space congestion. The researchers stressed that
the introduction of such methods can significantly improve
the accuracy of forecasts by processing data in real time.
Y. Huang et al. (2024) proposed a transformer-based mod-
el for integrating multi-source data, which allows adapt-
ing predictive systems to changes in traffic flow. The study
demonstrated the high effectiveness of this approach in
difficult urban environments. Special attention was paid to
the integration of parking systems with server platforms in
the study by U. Yahya et al. (2022), who examined the use
of RFID technologies and cloud environments for parking
space management. Such solutions provide fast data access
and system scalability. The importance of implementing IoT
for monitoring parking space congestion was highlighted
in the study by A.A. Elsonbaty & M. Shams (2020). The re-
searchers noted that the use of sensor networks significantly
reduces the time spent on data collection and ensures their
relevance. M. Schneble & G. Kauermann (2021) proposed
statistical modelling of parking space occupancy based on
space-time analysis, which allows considering the dynamics
of traffic flow. This approach helps to improve the accuracy
of forecasting in the context of intelligent transport systems.

The development of cloud technologies and their ap-
plication for parking resource management is covered in
the paper by K. Nakamura et al. (2020). The researchers
reviewed the integration of LoRaWAN - a low-power long-
range radio network protocol designed to connect Internet
of Things (IoT) devices to large-scale data collection and
analysis systems with blockchain technologies, which en-
sures transparency and security of data exchange between
parking hubs. J. Li et al. (2023) developed an integrated ap-
proach aimed at predicting parking space occupancy in a
mode close to real time. Due to the use of sensor data and
machine learning algorithms, it was possible to achieve
high accuracy of forecasts, which is especially important
for dynamic urban conditions. The researchers noted
that their method not only reduces delays in forecasting,
but also improves the efficiency of parking management.
A. Sebatli-Saglam & F. Cavdur (2023) focused on compar-
ing statistical and machine approaches for predicting park-
ing space availability. They used ARIMA models and neu-
ral networks, demonstrating the advantages of combining
these methods for short-term forecasting. In particular, the
effectiveness of the method was confirmed based on tests
in various conditions of urban infrastructure. Prediction
method proposed by C. Zeng et al. (2022) was based on con-
sidering multiple factors using GRU-LSTM models. This
approach is characterised by the ability to integrate both
historical data and current conditions, providing more ac-
curate forecasts in complex urban environments. The re-
searchers emphasised that the proposed model is superior
to conventional methods in many aspects.

A review of the latest literature has shown that most
modern approaches focus on improving the accuracy of

forecasts and scalability of systems, but require improve-
ment in terms of dynamic adaptation to changes in parking
hub configurations. The innovative approaches proposed
in this paper are aimed at overcoming these difficulties by
developing an integrated module that allows automating
the collection and processing of data in real time, improv-
ing the accuracy of forecasting using machine learning,
and providing convenient visualisation of results for mak-
ing informed decisions on parking resource management.

The purpose of this study was to develop an integrated
system that will significantly improve the accuracy of pre-
dicting parking space congestion in urban environments.
This is achieved through the introduction of the latest
technologies for automating data collection and process-
ing, improving machine learning algorithms for forecast-
ing, and developing convenient tools for data visualisation
and decision-making. The objective of this study was to
develop a module for integrating parking hubs with a sys-
tem for predicting parking space congestion, which will
provide real-time data collection, processing, and analysis.
Particular attention is paid to automating the process of
collecting data from various parking hubs, cleaning it, and
adapting it to changing configurations. The task includ-
ed developing machine learning algorithms for analysing
time series and spatial data, and creating an interface for
visualising prediction results.

Materials and Methods

For the development of an integrated module for predict-
ing parking space congestion, a comprehensive approach
was chosen that combines the use of real data on parking
infrastructure, machine learning methods, and tools for
operational processing of information in real time. The
first stage of the study was the development of basic re-
quirements for the system and the identification of key in-
dicators that will be used to evaluate performance: the ac-
curacy of congestion forecasts, the delay in updating data,
and the efficiency coefficient for using parking spaces. To
collect primary data, touch devices (parking sensors, entry/
exit controllers) and external information sources (records
of parking payment transactions, GPS data from mobile
applications for parking search) were used. To build the ar-
chitecture of the module for integrating parking hubs with
the system for predicting parking congestion, the princi-
ples of microservice architecture were used, which allowed
creating a flexible and scalable system for managing and
coordinating various aspects of the parking process.

Data transmission to the central database was carried
out via the LoRaWAN network, which provided economical
and reliable information exchange over long distances. The
resulting data sets were systematised in the PostgreSQL
environment, and their backup storage and archived data
processing were performed on AWS S3. A platform based
on Java and Spring Boot 3 was chosen to provide scala-
bility and dynamically manage data requests. Modelling,
preprocessing, and data cleaning were performed using
Python programming languages and libraries (NumPy,
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Pandas, and python-dateutil), which allowed time series
generation, standardisation of input data, and comparison
of different prediction scenarios. Machine learning meth-
ods (in particular, time series regression models, ensemble
methods, and spatial analysis algorithms) were selected by
experimentally comparing their performance with histori-
cal data from a real parking network.

An important stage was the pilot implementation and
testing of the developed module in the central business
district of the city of Aarhus. The selected area was char-
acterised by high traffic density and a shortage of parking
spaces, which allowed assessing the flexibility and accura-
cy of the forecast system in difficult conditions. Real-time
forecasts were tested based on actual parking congestion
data obtained from the existing urban transport man-
agement infrastructure, and the results were compared
with previous approaches without dynamic forecasting.
Thus, the research materials and methods included a

comprehensive combination of modern data collection and
processing technologies, the application of machine learn-
ing methods to the analysis of temporal and spatial indi-
cators of parking resource congestion, and testing the sys-
tem’s performance and accuracy in real urban conditions.

Results and Discussion

In order to solve this problem, it was first necessary to build
the system architecture. The architecture of the parking
hub integration module with the parking space congestion
prediction system was built using a microservice archi-
tecture to ensure efficient data collection, processing and
transmission, and adaptation to dynamic changes in the
environment. The system consists of several key compo-
nents, each of which performs specific tasks. The goal of
the architecture is to ensure the reliability, scalability, and
accuracy of real-time information processing. The system
component diagram is shown in Figure 1.

Parking Hub Integration Module

Monitoring & L
Management |

- Monitors data quality (Pull-based Monitoring) )
« Tracks status of connections (Direct Integration)

Monitors data quality

« Receives forecasts from Data Exchange
+ Sends raw data to Direct Integration

« Sends data to HTTP API / WebSockets / MQTT
+ Manages data flow and monitoring (Message Notification)

Data Collection [

Receives forecasts / Sends raw data

[Sends data (HTTP/MQTT/WebSockets) Integration

Exchanges data

I e
Message Queue - Manages data flow and monitoring (Message Notification)

AWS S3

External Systems |

Receives normalized data

| * Receives data from Data Collection & External Systems Integration

racks status of connections

- Exchanges data with external systems (HTTP API / SQS) )
+ Monitors normalization processes (Push Notifications)
+ Receives normalized data from Direct Integration

+ Normalizes data received from Direct Integration -
+ Stores normalized data in REST API (AWS 53)
+ Stores structured data in JDBC (PostgreSQL)

Data Normalization -

/'Stores normalized data (REST API) * Stores structured data (JDBC)
! \

N

PostgreSQL

Figure 1. System component diagram

Note: diagram of components of the parking hub integration system

Source: compiled by the authors

The diagram shows the corresponding stages:

1. Connection initialisation: the component initialises
connections to parking hubs and configures the communi-
cation protocol.

2. Data availability check: the component checks for
input data.

v If data is available, it is extracted and parsed.

v If the data is valid, it is converted to an internal
format and sent to the message queue.

v If the data is incorrect, an error in the data format
is recorded.

3. Processing missing data: if data is not available, the
system waits for it to arrive.

4. Connection error handling: handling connection er-
rors and reconnection attempts.

5. Closing connections: shutting down and safely clos-
ing connections.

The first component of the system is the Data Col-
lection component. This component is responsible for

automatically collecting data from various parking hubs.
The system works with several different communication
protocols, such as the HTTP API, WebSockets, or gRPC,
which allows connecting hubs from different manufactur-
ers with different standards. Data comes in the form of
events or requests sent by parking devices. The Java pro-
gramming language and Spring Boot are used to create a
service that converts this data to an internal format that
will be used in subsequent processing steps. To ensure
fault tolerance, the data acquisition system is integrated
with message queues such as AWS SQS or Apache Kafka,
which allows storing received messages and processing
them asynchronously. The module regularly requests
and receives information about the availability of park-
ing spaces, transactions, technical condition of hubs, and
other data. The main task of this component is to ensure
uninterrupted communication with various hubs that can
have different interfaces and update configurations. The
activity diagram is shown in Figure 2.
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Figure 2. Flowchart of activities of the data collection component of the parking hub integration system

Source: compiled by the authors

Data transfer begins with the raw data collection com-
ponent sending input data to the normalisation service,
which then passes it to the validation module to verify
format, completeness, and compliance with specifications.
The validation module returns the validation result, and
if the data turns out to be valid, the normalisation service
passes it to the transformation module for conversion to a
standardised format. The normalisation service then stores
the converted data in the AWS S3 cloud environment and in
a structured form in PostgreSQL. If the data turns out to be
incorrect, the normalisation service notifies the data col-
lection component of the error. When processing is com-
plete, the normalisation service sends a confirmation to
the data collection component that this process has been
successfully completed.

The data is then transmitted to the Data Normalisa-
tion service, where it is cleaned up, validated, normalised,
and standardised before being stored in an AWS S3 cloud
environment or PostgreSQL database. Validation includes
checking for correctness of the data format, complete-
ness, and compliance with specifications. Since data can
be received in different formats, this component is de-
signed to convert it to a standardised format for further
processing. The main task is to combine data into a single
model that allows integrating information from different
hubs without losing accuracy. This also includes filtering
and verifying data, removing incomplete or incorrect re-
cords to avoid affecting the accuracy of forecasts. The se-
quence diagram of the data normalisation component is
shown in Figure 3.

Q Data Normalization Flow
Y
\ e S ——
DataCollectionComponent DataNormalizationService [ V l [Tu ] l AWS S3 ] [ PostgreSQL
| Send raw data i i i
i | Validate data format and completeness _ | i
) | Return validation result |
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|_Return tr data i
| Store standardized data Wi
| Store structured data '
invalid
| Notify data error
| Acknowledge data processing completion |
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T
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Figure 3. Sequence diagram of the data normalisation component of the parking hub integration system

Source: compiled by the authors
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The data collection component first sends the raw data
to the normalisation service, which then passes it to the
validation module to verify the format, completeness, and
compliance with specifications. After receiving the vali-
dation results, if they are correct, the normalisation ser-
vice sends the data to the transformation module, which
returns the data converted to a standardised format. The
normalisation service then stores this standardised data in
the AWS S3 cloud environment and PostgreSQL database.
If the data turns out to be incorrect, the normalisation
service notifies the data collection component of the er-
ror. The final action is to send the normalisation service a

| Data Exch

and Forecasti

confirmation of successful completion of data processing
back to the data collection component.

For communication with external systems, the Ex-
ternal Systems Integration component is used. This com-
ponent provides communication with municipalities or
parking service operators, allowing them to use forecasts
or provide their own data. The idea is to set up two-way
communication to get additional data (for example, weath-
er conditions or events in the city) that may affect the con-
gestion of parking spaces, or to send up-to-date forecasts
to operators for resource management. The sequence dia-
gram of the integration component is shown in Figure 4.

Flow

External Systems
(Municipalities / ﬁarking Operators)

i Request data (e.g., weather, city events) ‘:

External Systems
Integration

Data Normalization
Service

Forecasting
Service

| Request additional data for context _ |

Provide additional data

Send data

| Provide data (e.g., parking demand data) _ |

| Send received data for prediction

' . Return forecasts

T >

. Deliver forecasts and insights

External Systems
(Municipalities / Parking Operators)

External Systems
Integration

Forecasting
Service

Data Normalization
Service

Figure 4. Sequence diagram of the parking hub integration component

Source: compiled by the authors

The diagram shows the process of data exchange be-
tween external systems, the integration component, the
data normalisation service, and the forecasting service.
External systems, such as municipalities or parking ser-
vice operators, send data requests that are processed by
the integration component. To provide context for this
data, the integration component accesses the normalisa-
tion service, which provides the necessary additional in-
formation. Next, the integration component returns the
finished data to external systems. External systems also
provide the integration component with its own data,

such as demand for parking spaces. The received data is
transmitted to the forecasting service, where analysis is
performed and forecasts are generated. These forecasts,
together with analytical information, are returned to the
integration component and delivered to external systems.
The sequence of interaction between system components
shown in the sequence diagram forms the basis for imple-
menting the functionality of the monitoring and manage-
ment component. The class diagram in Figure 5 details
the structure of this component, which ensures the per-
formance of its key tasks.

«C»

MonitoringAndManagement

o dataQualityMetrics: DataQualityMetrics
o hubConnectionStatus: Map<String, ConnectionStatus>
o scalingStrategy: ScalingStrategy

o monitorDataQuality(): void

o checkHubConnections(): void
o handleSystemFaults(): void
o scaleSystem(): void

1 1

uses monitors manages

+

«C» —
ConnectionStatus

o hubld: String

o status: String
o lastCheckTimestamp: Date

«C»
ScalingStrategy

«C»
DataQualityMetrics

o maxHubs: int
o currentHubs: int

o completeness: double
o accuracy: double
o consistency: double

o calculateRequiredResources(): void

o updateStatus(newStatus: String): void o applyScaling(): vold

o getStatus(): String

‘ o evaluateDataQuality(): void

Figure 5. Class diagram of the monitoring component of the integration system with parking hubs
Source: compiled by the authors
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This diagram describes the classes: MonitoringAnd-
Management is the main class of the monitoring and
management component that monitors data quality us-
ing DataQualityMetrics, monitors connections to hubs via
ConnectionStatus, manages system scaling using Scal-
ingStrategy, and contains methods for monitoring data
quality, checking connection status, managing failures,
and zooming in or out of the system. DataQualityMetrics
is a class that stores and evaluates data quality metrics
such as completeness, accuracy, and consistency, and has
methods for evaluating their level. ConnectionStatus is
used to represent the connection status of each individ-
ual hub, has attributes for storing the hub ID, status, and
last checked time, and methods for updating and retriev-
ing this status. ScalingStrategy defines a system scaling
strategy, contains attributes for the maximum number of
hubs and the current number of hubs, and provides meth-
ods for calculating the required resources and applying
scaling measures.

Integration of parking hubs with the parking space
congestion prediction system has significant potential to
improve both the forecasting system itself and the overall
efficiency of parking space management. The substantia-
tion for improving the efficiency of using parking spaces

was obtained based on the results of pilot implementation
and testing of the system in real conditions of urban infra-
structure. Testing was conducted over a two-week period
in the central business district of Aarhus, which is char-
acterised by a high intensity of traffic flows and a short-
age of parking spaces. The study involved the existing in-
frastructure of parking hubs with connected sensors that
recorded the actual workload and time characteristics of
parking space rotation. Comparison of the results with the
period before the implementation of the system showed
that the average time to search for a free parking space
decreased by 12-15%, and with it, delays associated with
irrational use of parking space decreased accordingly. The
involved forecasting system, which promptly updated and
provided data on available parking spaces, contributed to
a more even distribution of cars between available places
and avoided excessive congestion of cars in certain sectors.
These results are consistent with previous studies, such as
by H. Qu et al. (2022), which states that integrating data
from multiple sources in real time increases the accuracy
of forecasts by 20-30%, which directly affects the efficiency
of using parking spaces. Figure 6 shows a comparison of
forecast errors before and after the implementation of the
integration module.

04100 w4800 04500 104800 0u4r00 04800 04900 o

Figure 6. Graph for comparing forecast errors before and after the implementation
of the integration module with parking hubs
Note: red line — forecast error before the implementation of the integration module with parking hubs; green line — forecast error after
its implementation; X-axis — time scale; Y-axis — error value, where higher values indicate a larger error, and lower values indicate a more

accurate forecast
Source: compiled by the authors

The results obtained, which indicate a reduction in the
forecast error by 10-15% and an increase in the efficiency
of using parking spaces by 15-20% after the introduction
of integration with parking hubs, should be considered
through the prism of previous research in this area. The
current study uses an approach based on simultaneous
use of data from various sources (sensor networks, mobile
applications, and cloud services) to get a more complete
picture of the urban transport situation. A similar mul-
ti-source strategy for collecting information was consid-
ered in the study by X. Yang et al. (2020), which empha-
sises the importance of integrating different data channels
to improve the accuracy of traffic flow forecasting. The

researchers noted that the use of multi-source data helps
to more effectively account for dynamic changes in the
urban environment. However, their approach, although it
showed a significant reduction in prediction error, still had
limitations in the form of less adaptive algorithms com-
pared to those used in the current study.

The study by O. Abdulkader et al. (2018) proposed a
smart parking management system (SPMS) that uses 10T,
WSN, and RFID to improve parking efficiency and safety.
The system provides real monitoring of parking availability
and optimises management, reducing the search time for
parking spaces and improving data accuracy. M. Barraco et
al.(2021) analysed the forecast of parking availability based
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on real data from the implemented solution. The research-
ers investigated how different algorithms and data sources
can affect the accuracy of forecasts, and also evaluated the
system’s performance in real time. The results showed that
the integration of sensor data and historical information
can improve the accuracy of forecasting, contributing to
more efficient parking management. The study by F. Ter-
roso-Saenz et al. (2016) focused on social media analysis to
predict human mobility. The innovative approach includ-
ed the use of algorithms for processing complex events,
which helped to create accurate forecasts. The results of
this study demonstrated a significant potential for analys-
ing social data to solve problems related to traffic flows,
and the tools proposed in these works significantly accel-
erate mobility and dynamics of predicting parking conges-
tion. The current study also has a dynamic component —
the receipt of operational data not only from stationary
sensors, but also from mobile users, which allows quickly
responding to changes in traffic flows, respectively increas-
ing the relevance and reliability of forecasts.

H. Tavafoghi et al. (2019) proposed an approach to
modelling parking dynamics based on queue theory, which
involves the use of probabilistic models to predict parking
space occupancy in real time. The researchers presented a
model with heterogeneous vehicle arrival rates and variable
service time distributions that allow considering the varia-
bility in the use of parking spaces. Using data from 29 truck
parking locations over a 16-month period, the researchers
confirmed the statistical assumptions of the model and
demonstrated its effectiveness for forecasting. Although
their approach provided probabilistic estimates of occu-
pancy, the results show a limited increase in prediction ac-
curacy, since the methodology does not involve integrating
data from dynamic sources such as sensor networks or mo-
bile applications. In the current study, these limitations are
overcome by using adaptive models that take operational
data into account, providing more accurate forecasts and
the ability to scale the system in real time. For example, the
study by T. Schuster & R. Volz (2019), dedicated to predict-
ing the demand for parking spaces in German cities, used
open data to simulate parking congestion. The study sug-
gests an approach that combines historical data from open
sources for demand analysis. However, the results showed
that the accuracy of forecasting remained limited due to
the lack of adaptive algorithms capable of accounting for
dynamic changes in real time. The approach was effective
for cities with stable parking infrastructure, but was not
flexible enough for large metropolitan areas with high var-
iability in traffic flows. Instead, in the current study, the
integration of data from dynamic sources such as mobile
applications and sensor networks allowed for significantly
higher prediction accuracy and faster adaptation to chang-
ing transport situations.

In addition, R.K. Kasera & T. Acharjee (2022b) pro-
posed the use of algorithms based on the LSTM mod-
el to predict parking space congestion. The algorithms
worked with pre-structured input data, which limited their

flexibility in real-world conditions. Although the research-
ers achieved some improvement in forecasting, the accu-
racy was only 8-10%, and the speed of updating data re-
mained insufficient for dynamic urban environments. In
contrast, the solution presented in the current study uses
adaptive models and heterogeneous data sources, such as
mobile applications and sensor networks. This allowed re-
ducing the delay in updates by 20-30% and providing more
accurate forecasting, considering fluctuations in supply and
demand in real time. The study by Y. Feng et al. (2022) pro-
posed the ST-GBGRU model, which combines graph convo-
lutional networks (GCN) and gated recurrent units (GRU)
to predict parking space availability based on space-time
relationships. The study demonstrated the high effective-
ness of the approach in short - and long-term forecasting,
based on real data from public parking lots in Santa Moni-
ca. This method allows considering the dynamics of traffic
flows and dependencies between different parking zones.
T. Kreshchenko & Y. Yushchenko (2023) proposed a method
for classifying parking space occupancy based on in-depth
learning. The researchers developed a model that analyses
images of parking areas obtained from surveillance camer-
as to determine the state of the space (free or occupied).
The use of deep neural networks has made it possible to
achieve high accuracy in classification even in difficult con-
ditions, such as different lighting or variable weather. The
results of the study highlight the effectiveness of in-depth
learning for creating automated parking resource manage-
ment systems. J. Fan et al. (2018) proposed an approach
to predicting parking space availability based on support
vector regression (SVR) optimised by the fruit fly optimi-
sation algorithm (FOA). Their method demonstrates high
accuracy and stability even in difficult conditions, in par-
ticular, for large urban parking lots. Experimental results
show that FOA-SVR outperforms conventional approach-
es, including neural networks, by effectively accounting for
multi-factor impacts on parking space occupancy. The re-
searchers also emphasised the potential of integrating this
method into smart urban transport management systems.

Thus, compared to other studies, the results show a
higher efficiency of the integrated approach, which pro-
vides a more complete picture of the urban parking envi-
ronment, dynamic scaling, and continuous adaptation to
real-time conditions. The use of hybrid models that com-
bine machine learning with space-time analysis has facili-
tated a more accurate estimation of parking space conges-
tion, especially during peak hours.

Conclusions

In this paper, the possibilities of improving the efficien-
cy of urban parking resource management by integrating
parking hubs with the system for predicting parking space
congestion were investigated. In the course of the study,
an integration module was designed and implemented,
which is based on automated collection, processing and
analysis of large amounts of data in real time. Approach-
es were applied that considered changes in parking hub
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configurations, ensuring stable operation and scalability
of the system under high load conditions, and methods for
optimising data processing and storage, which contributed
to more efficient use of technical resources. The main serv-
er component is implemented in Java using Spring Boot 3,
which allows real-time data processing. Data is stored in
PostgreSQL, and AWS S3 is used for archiving and work-
ing with large volumes. Workload forecasting is performed
by machine learning algorithms implemented in Python
using the NumPy, Pandas, and python-dateutil libraries.
React is used to visualise the results, which provides an
interactive interface for users and easy access to analytical
information. In the process of testing in real conditions, it
was confirmed to reduce delays in updating data, improve
the accuracy of traffic forecasting, and improve parking
space efficiency indicators. The results showed that the
integration of the forecasting system with parking hubs
helped to significantly improve the efficiency of respond-
ing to changes in traffic flows, reduce the search time for
free places, and optimise the process of managing urban
parking infrastructure. The results showed an increase in
the accuracy of forecasts of parking space occupancy by
20-25%, a reduction in delays in updating information by
10-12%, and an increase in the efficiency of using parking
spaces by 15-20%. The implementation of the integration
module allowed achieving a more comprehensive and dy-
namic view of the congestion of parking resources, consid-
ering unpredictable changes in the urban environment. A
significant reduction in data update delays and the correc-
tion of forecasts based on the current situation were key
factors that contributed to more efficient use of parking
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Module for integrating parking hubs with...

Mopaynb iHTerpauii napkysanbHUX xa6is
3 CUCTEMOIO NMPOrHO3yBAHHSA 3ABAHTOKEHOCTI NAPKOMiICLb
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AHoTAU,if. 3poCcTaHHs KiIbKOCTi aBTOTPAHCITOPTHMX 3aCO6IB Y MiCTax CTBOPIOE CKJIa[HI BUKJIMKY [T CYICTEM YITPaB/TiHHS
MapKyBaHHSIM, SIKi TOTPeOYIOTh e()eKTUBHUX iHCTPYMEHTIB IMPOTHO3YBAHHSI 3aBAaHTAXKEHOCTI MapKoMicilb. MeTOI0 JaHOTO
IOCTiIKeHHSI € po3po6Ka Ta BIIPOBAJKEHHSI iHTErPOBAHOTO MOMY/SI MPOrHO3YBAaHHS 3aBAHTAXKEHOCTI MapKOMICITh
y peasbHOMY uaci. [IJi1 HOCATHEHHS 1liel MeTy 3aCTOCOBAHO TiGPUAHMIA MiAXim M0 0OpOO6JEHHS JaHUX, IO TOEIHYE
MeTOIM MallMHHOTO HaBUYaHHS 3 aHa/li30M YaCOBMX DSZiB i MPOCTOPOBOI AMHAMIKM, @ TAKOX iHTErpaliio 3 CydaCHUMU
MPOrpaMHUMM TEXHOJIOTiSIMU. Pe3yapTaTy ekcliepMMeHTaNbHOI anpoballii mokasanu MigBUIIEeHHS TOYHOCTI MPOTHO3iB
3aBaHTaKeHOCTi mapkoMicub Ha 20-25 % MOPiBHSHO 3 TPAAULIHUMU METOaMMU, L0 iCTOTHO CIIPUSIIO OIlepaTMBHOMY
pearyBaHHIO Ha IMHAMIUHi 3MiHM Y MiCbKOMY CcepeloBMIIi. 3aBIsKM aBTOMAaTKU3allii 360py, OUMIIEHHS Ta arperyBaHHS
IaHMX Y peaJbHOMY Yaci 3aTpUMKM OHOBJIeHHS iHbopmariii ckopotmincs Ha 10-12 %, 3abe3neuyioun GiblI aKTyaTbHi
Ta HaJliliHi aHaTITMYHI OCHOBM JJ11 YIIPAB/IiHChKMX pillleHb. BogHOUAC MifBMUIlleHa TOYHICTb TPOTHO3iB Ta OIlepaTUBHICTh
IOCTYITY 10 OHOBJIEHUX JAHUX CIIPUSIIU 361/1blIIeHHIO e(DeKTMBHOCTI BUKOPUCTaHHS MapKoMicib Ha 15-20 %, onTuMisyioun
O30 TPAHCIIOPTHUX MOTOKIB Ta 3MEHIIyI0YM 3aTopu. Peanizarliisi mepenbavana BuKopuctaHHs Java i Spring Boot 3
I1s1 6ekeHp-noriku, AWS S3 i1t XMapHOTOo 36epiraHHs Jauux, PostgreSQL K 0CHOBHOI 6a3u JaHMX, @ TAKOXK aJrOPUTMiB
Ha Python i3 3acrocyBanHam NumPy, Pandas i python-dateutil gias mammuHHOTO HaBUYaHHS. Bisyamisarlis craTucTukm,
TPeH[1iB Ta IPOTHO3iB 3/jiliCHeHa 3a JOIIOMOTO0I0 React, 1110 1a/10 3MOTY KOPMCTYBauaM OTPMMYBaTy iHT€paKTUBHUI OCTYIT
[IO pe3y/bTaTiB i mpuitMaTy 3BakeHi pineHHs. KpiM 11boro, MOIy/Ib JIETKO MacCIITa0yeThCS, afalTyEThCS A0 Pi3HUX TUITIB
iHdpacTpykTypy Ta MOXKe 6yTM YCIIIIHO iHTErpOBaHMI y HASIBHI CYCTeMM YIIPaBJIiHHS MapKyBaHHSAM. [IpakTUYHA IIiHHICTD
PO3pO6KM TOJSITAE y MiABUINEHH] SIKOCTi MiCbKOTO YKUTTS 3aBISIKM CKOPOUEHHIO 3aTODPiB, 3MEHIIEeHHIO eKOJOTiuHOTO
HaBAaHTAaKEHHsI Ta pallioHasi3alii BUKOPUCTaHHS MiCbKOi TPaHCIIOPTHOI iHGpacTpyKTypu

KniouoBi cnoBa: iHTenekTyasbHe YIPaBaiHHS MapKyBaHHSIM; MallMHHE HaBYaHHS B MPOTHO3YBAHHI; iHTerparis

MapKyBaJbHMX CUCTEM; aHaji3 4acOBUX PSMiB; NMPOTHO3YBaHHSI TPaHCIIOPTHOTO 3aBaHTa’Ke€HHS; IPOCTOPOBi AaHi y
MapKyBaHHi; onTumisaist micbkoi iHpacTpyKkTypn
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