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Abstract—This paper considers the task of improving road traffic safety through the development of a bidirectional
warning system for road users. The proposed system provides mutual information interaction between a vehicle driver and
a pedestrian or animal located near the roadway. The system generates warning signals for both parties based on the spatial
position of the detected object and the level of potential danger.

The developed system is based on a multisensor approach using sensors of different physical principles and a two-factor
detection algorithm, which reduces the number of false activations. The operating area is divided into warning and critical
zones with corresponding modes of visual and acoustic notification.

To validate the effectiveness of the proposed model, simulation modeling was performed in the MATLAB environment,
which made it possible to evaluate the dependence of the correct detection probability on sensor reliability. The obtained
results demonstrate an improvement in system reliability when using the multisensor approach and confirm the feasibility
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of applying the developed solution in intelligent road infrastructure.
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l. INTRODUCTION

The issue of road traffic safety remains relevant,
especially at uncontrolled pedestrian crossings and road
sections with limited visibility. A significant number of
road accidents are associated with the delayed detection
of pedestrians or animals by vehicle drivers. Additional
risks are created by electric vehicles, which may be less
noticeable to pedestrians due to their low noise levels.

Existing warning systems mainly provide information
only to the driver, which limits their effectiveness in pre-
venting hazardous situations. The lack of feedback infor-
mation for pedestrians creates an information imbalance
between road users.

This paper proposes a bidirectional warning system
that provides simultaneous notification of the driver
about the presence of an object within the risk zone and
informs the pedestrian about an approaching vehicle.
The system is based on the use of a multisensor detec-
tion unit and a logical signal processing algorithm for
generating warning messages.

The aim of this work is to develop and evaluate
the effectiveness of the proposed system under
the influence of sensor noise and measurement errors.

1. OVERVIEW OF EXISTING SOLUTIONS

Existing systems for warning about potential colli-
sions with pedestrians are implemented as onboard
vehicle modules. Such solutions belong to the class of
Advanced Driver Assistance Systems (ADAS) and involve
pedestrian detection using sensors (cameras, radars,
etc.), evaluation of the approaching trajectory, and
generation of a warning signal for the driver.

In particular, the Pedestrian Collision Warning system
describes a solution that generates alerts when hazard-
ous driving conditions are detected. This approach oper-
ates by installing corresponding hardware and software
modules directly in the vehicle, while warnings are pro-
vided through the driver interface [3].

The known solution is mainly focused on informing
the driver, while the pedestrian acts as a detected object
rather than an active participant in the information
exchange process. The disadvantage of such solutions is
their dependence on the hardware equipment of road
users required for notification, without which the system
cannot operate properly.

Another solution similar to the proposed utility
model in terms of technical concept and functional
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purpose is the Smart Road Infrastructure for Vehicle
Safety and Autonomous system. This approach involves
the installation of multiple road infrastructure modules
along the roadway that interact with vehicles and are
capable of transmitting and receiving signals to improve
road safety. The system enables information exchange
between road infrastructure and vehicles in order to pro-
vide warnings about potentially hazardous situations or
changes in road conditions [2].

The main disadvantages of this analogue include:
focus on information exchange with vehicles rather than
external visual and acoustic warning of all road users;
the warning system is mainly oriented toward informing
drivers about traffic-related road conditions (traffic flow,
road accidents, road surface conditions), without consid-
ering hazards caused by the presence of pedestrians or
animals in the roadside area; the absence of a fully
autonomous power supply architecture for long-term
independent operation without an external power
source; and one-way or insufficiently bidirectional com-
munication channels between the road infrastructure
system and all road users, which is related to the fact that
not every vehicle is equipped with such onboard warning
systems.

Solutions known as “smart pedestrian crossings” use
a sensor unit to detect a pedestrian approaching
the roadway and automatically activate a notification
unit, for example, the Smart Pedestrian Crossing System
Using Intelligent Lighting and Detection Sensors.
The technical principle of such solutions is that, after
the sensor unit is triggered, a control signal is generated
that activates the notification unit, thereby increasing
the contrast and visibility of the crossing area and provid-
ing road users with information about a potential colli-
sion hazard [1].

The disadvantage of the described solution is the lack
of sufficient technical information required for the com-
plete implementation of the system. In particular,
the author does not specify the exact types of sensors
used in the sensor unit and does not provide signal pro-
cessing algorithms for each of the proposed activation
methods. This makes it impossible to evaluate the accu-
racy of object identification and the reliability of the sys-
tem under complex weather conditions. In addition,

the solution is designed exclusively for urban infrastruc-
ture with possible intervention into the road surface for
marker installation, which limits its application on subur-
ban road sections and does not address the issue of com-
plete power autonomy.

The closest analogue is a roadside animal detection
system designed to reduce the risk of vehicle collisions
with wild animals — Roadside Animal Warning System.
This system is installed permanently along the roadway
and includes a microcontroller, a sensor unit with a ther-
mal sensor, a notification unit represented by a light

module, and an autonomous power supply unit.
The operating principle of the system is based on
the detection of thermal radiation from objects (large an-
imals) within the monitored area by the sensor unit, fol-
lowed by activation of the light module to visually inform
drivers about the risk of collision [4].

The main disadvantages of the closest analogue are
the narrow specialization of the system for detecting
potential collision hazards exclusively with large animals
and the one-way nature of the notification process,
which is aimed only at vehicle drivers and leaves other
road users unaware of the danger.

Furthermore, the exclusive use of thermal sensors
without additional verification channels (such as sensors
and detectors of other types) may lead to false activa-
tions caused by external heat sources or loss of the target
under conditions of minimal temperature contrast and
challenging environmental conditions.

In addition, the system lacks the capability for object
classification and analysis of object dynamics, since it
operates according to a threshold-based activation prin-
ciple without measuring speed and distance, making
algorithmic determination of the actual hazard level
impossible.

The conducted analysis shows that existing safety sys-
tems implement a one-way interaction model: either the
driver is warned, or the pedestrian is informed. The ab-
sence of synchronized bidirectional information ex-
change reduces the effectiveness of hazardous situation
prevention, especially under conditions of limited visibil-
ity and complex road environments.

1. DEVELOPMENT OF A MATHEMATICAL MODEL

A. Problem Statement

The developed bidirectional warning system is
intended to reduce the risk of collisions between vehicles
and pedestrians or animals in areas with an increased
probability of hazardous situations. The main objective
of the system is to provide timely detection of potentially
dangerous objects and ensure effective information
exchange between all road users involved in a possible
collision scenario.

The system provides detection of vehicles approach-
ing the potential interaction zone, as well as identifica-
tion of pedestrians or animals located near the roadway.
When a potential collision risk is detected, warning infor-
mation is generated simultaneously for both the vehicle
driver and the detected object located within the hazard-
ous area. An important requirement of the proposed
approach is the reduction of false activations by generat-
ing warning signals only when an actual threat is identi-
fied.
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B. Object Detection and Classification
Model

For algorithmic processing of sensor data, the system
uses object classification based on the characteristics
of detected objects and their movement parameters.
Vehicles (V) are defined as objects moving at a speed of
15 km/h or higher. Pedestrians (P) are classified as
objects corresponding to human movement patterns,
with a speed of up to 5 km/h and additional confirmation
by a thermal sensor. Animals (A) are identified as warm-
blooded objects characterized by irregular movement
trajectories.

Object detection is performed using a multisensor
approach that combines data from several independent
sources. The main detection module includes a millime-
ter-wave radar, which provides information about object
movement, speed, and trajectory. A thermal sensor or
PIR sensor is used as an additional verification channel to
confirm the presence of a living object. If necessary, a ToF
sensor can also be integrated into the system to improve
the accuracy of distance measurement.

The use of several independent sensing technologies
increases detection reliability and reduces the probabil-
ity of incorrect system activation caused by sensor errors,
environmental factors, or external interference.

The probability of correct activation when using two
sensors:

P = Pradar X Pthermal

When using three sensors:

P=]1H
where Pi — probability of correct operation of

the i-th sensor.

The multisensor approach reduces the influence of
random noise and decreases the frequency of false acti-
vations by combining data obtained from different detec-
tion channels.

C. Spatial Zoning

The operating area of the system is divided into two
main zones depending on the distance to the roadway
and the level of potential danger. The first zone, Z1, rep-
resents the warning zone located at a distance of approx-
imately 10—20 meters from the edge of the road. When
an object is detected within this area, a visual warning
signal is generated to prepare the driver for a possible
hazardous situation.

The second zone, Z2, represents the critical zone
located within a range of 0—8 meters from the roadway.
In this area, a combined notification mode is activated,
including both visual and acoustic warning signals. This
type of notification is perceived by the driver and pedes-
trian as an indication of an immediate potential threat.

The staged response algorithm makes it possible to
reduce the number of sudden and unnecessary activa-
tions while maintaining effective warning capabilities.

D. Functional Requirements

The developed system must provide reliable detec-
tion of moving objects using a combination of radar-
based monitoring and thermal analysis. Object classifica-
tion is performed according to movement speed, ther-
mal profile, and trajectory characteristics.

The system implements bidirectional notification,
where the driver receives a visual signal and a short
acoustic warning, while the pedestrian is informed
through visual or sound notification methods. Intelligent
filtering algorithms are used to suppress noise, eliminate
false detections caused by small objects, and improve
the reliability of system operation.

Additional functional capabilities include automatic
adjustment of light intensity and sound level depending
on environmental conditions, autonomous operation us-
ing a solar panel with a backup battery, and the possibil-
ity of connecting multiple modules into a single commu-
nication network using LoRa or BLE technologies.

E. Technical Implementation

The hardware architecture of the proposed system is
based on the ESP32 controller [5], which provides sensor
data processing, control of warning modules, and com-
munication functions. The detection subsystem includes
the HLK-LD2410 radar module for movement analysis,
the AMG8833 thermal sensor for thermal object detec-
tion, and the VL53L1X ToF sensor for accurate distance
measurement.

The power supply system operates at 12 V with
energy consumption not exceeding 0.5 W in standby
mode and 3 W in alarm mode. Visual notification is pro-
vided by 12 V LED indicators with a luminous intensity of
at least 100 cd [7]. The acoustic notification module has
an output power of 3-5 W and provides a sound pressure
level of 85-95 dB at a distance of 1 meter.

Communication between system components is im-
plemented through standard interfaces, including UART
for the radar module, 12C for sensors, and 12S for audio
signal processing.

The system enclosure provides an IP65 protection rat-
ing, ensuring resistance to dust and water exposure.
The operating temperature range of the device is from
-30 °Cto +50 °C, allowing stable operation under various
environmental conditions.

F. Operating Conditions

The system is activated only when a confirmed
collision risk is detected based on the analysis of sensor
data and verification algorithms.
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Stable operation is ensured under normal weather
conditions; however, during heavy fog or snowstorms,
the effective detection range may be reduced due to
environmental limitations affecting sensor performance.
System maintenance is limited to periodic cleaning of
the sensor modules to maintain detection accuracy.

The device must be resistant to impulse overvoltages
and electromagnetic interference, ensuring reliable op-
eration near road infrastructure and vehicle electronic
systems.

The main expected technical and operational param-
eters of the developed system are presented in Table 1.

G. System Structure

The proposed system is implemented as an autono-
mous intelligent warning post installed near the road-
way.

The block diagram of the proposed system is shown
in

In general, the proposed architecture is based on
a modular principle and consists of five main functional

units: the sensor unit, microcontroller, light module,
power supply module, and acoustic module.

Sensor Unit
The sensor module implements multisensor detec-
tion based on the sensor fusion approach. The use of

TABLE 1 EXPECTED TECHNICAL AND ECONOMIC INDICATORS

. Estimated
Indicator Comment
Value
Average  power 13 W Autonomous  opera-
consumption ) tion using a solar panel
From the moment of
Response time <ls object entering the de-
tection zone
Probability of cor- o Combination of radar
.0 >90 %
rect activation and thermal sensor
False  activation <5% Due to signal filtering
rate
. < . .
Environmental 3 dB above Environmental crite-
. background .
noise level rion
level
Prototype comno- 5-10 times lower com-
yp P <70 USD pared to commercial
nent cost
systems

2 - mmWave Radar 4 - Thermal Sensor

‘ 3 - ToF Sensor ‘

1 - Sensor Unit

’ 8 - Power Module ‘

/

7 - Acoustic Module

6 - Visual Module

increases
reduces

several independent detection channels
the reliability of object identification and
the influence of external interference.

The HLK-LD2410 radar module [9], operating at
a frequency of 24 GHz, is used as the primary detection
channel. It provides object detection within a range of
approximately 10-20 meters and enables the determina-
tion of movement parameters, including object speed
and distance. The radar module is mainly responsible for
detecting approaching vehicles.

The VL53L1X Time-of-Flight (ToF) sensor is used as an
additional distance measurement module. It provides
accurate distance estimation within a range of up to
4 meters and is mainly applied for object position refine-
ment in the critical zone Z2.

The AMG8833 thermal sensor [10] or PIR sensor is
used to confirm the presence of warm-blooded objects.
This detection channel allows the system to distinguish
living objects from non-living obstacles and reduce false
activations.

Additional sensors may also be integrated into the
system, including the BH1750 light sensor for automatic
brightness adjustment according to environmental light-
ing conditions and a magnetic sensor for auxiliary detec-
tion of metallic objects.

The final decision regarding object presence is made
only when detection is confirmed by at least two inde-
pendent sensors [8].

Microcontroller or Computing Module
The central processing element of the system is
the ESP32 microcontroller. It performs sensor data acqui-
sition through UART, I2C, and GPIO interfaces, processes
incoming information, filters noise, and performs object
classification into predefined categories: vehicle (V),
pedestrian (P), or animal (A).

The microcontroller also determines the current risk
zone (Z1 or Z2), generates commands for activating
warning modules, and controls power consumption
using the Deep Sleep mode.

The ESP32 platform was selected due to the availabil-
ity of integrated wireless communication interfaces, suf-
ficient computing performance, and low energy con-
sumption in standby mode.

Light Module and Acoustic Module
The warning system is implemented separately for
vehicle drivers and pedestrians in order to provide effec-
tive bidirectional notification.

For drivers, the warning module uses red LED indica-
tors with a power of 3-5 W [6]. The light signal operates
in flashing mode with a frequency of 2—-5 Hz to increase
visibility and attract the driver's attention. In addition,
a short acoustic signal with a duration of 200—300 ms can
be generated to enhance the warning effect.
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For pedestrians, the system provides a separate
visual indicator combined with an acoustic or voice noti-
fication. To reduce noise impact in urban environments,
automatic adjustment of the sound level is implemented,
including volume reduction during nighttime operation.

Audio signal generation is performed using
the MAX98357A amplifier connected through the IS in-
terface.

Power Supply Module
The power supply module ensures autonomous
operation of the system without the need for a perma-
nent external power source. The energy subsystem
consists of a 20-30 W solar panel, a 12 V battery with
a capacity of 7-12 Ah, and a charge controller.

The system is optimized for low energy consumption.
In standby mode, power consumption does not exceed
0.5 W, while in the active warning mode it remains below
3 W. The average daily power consumption is approxi-
mately 1.3 W.

The power module includes protection against over-
voltage and impulse interference, which increases
the reliability of operation under outdoor conditions.
The estimated autonomous operating time without
additional charging reaches up to 5 days.

The system also supports a network configuration,
allowing multiple warning modules to be combined into
a distributed road safety infrastructure.

Operating Sequence
The detailed operating sequence of the proposed sys-
tem is presented in

The general operating sequence of the system can be
described as follows. Initially, the sensor modules detect
an object within the monitored area and collect infor-
mation about its movement parameters. The obtained
data are transmitted to the microcontroller, where signal
processing, object classification, and risk zone determi-
nation are performed.

Based on the processed information, the system
selects the appropriate warning mode according to
the detected threat level. If a hazardous situation is con-
firmed, the corresponding visual and acoustic notifica-
tion modules are activated to warn road users.

After the detected object leaves the monitored area
and the potential threat disappears, the system returns
to the energy-saving mode to minimize power consump-
tion and ensure long-term autonomous operation.

V. ZONE GEOMETRY AND DETECTION PARAMETERS

For object classification, a combination of movement
speed, temperature characteristics, and trajectory
parameters is used. The object classes used in the pro-
posed system are presented in Table 2.

All object classes undergo double verification using at
least two independent sensors. This approach reduces
the probability of false activations caused by shadows,
movement of tree branches, or small objects.

V. MATHEMATICAL MODEL
OF HAZARD DETERMINATION
Object detection is performed by combining signals
from multiple sensors into a unified logical decision-

making system. The probability of correct system activa-
tion can be represented as:

Thus, the system confirms an event only when
at least two sensors detect the presence of an object sim-
ultaneously.

A. Kinematic Calculations

To determine the appropriate activation moment, the
system calculates the Time-To-Collision (TTC) parameter:

R
T —
fCVa

R — distance to the object, v —its speed.

TABLE 2 OBJECT CLASSES

Designa- Characteristic Sensor
Class .
tion Features Type
Speed 215 Radar +
. . km/h; stable tra- .
Vehicle V (vehicle) . . magnetic
jectory; possible
sensor
metal mass
P (pedes- Speed <5 km/h; | Radar +
Pedestrian N stable thermal | thermal
trian) L
radiation sensor
Radar +
Irregular speed; | thermal
. . i jec- +
Animal A (animal) variable trajec- | sensor '
tory;  thermal | speed varia-
signature tion analy-
sis
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IfTTC < 1.5, the system switches to the critical warn-
ing mode with activation of the Z2 zone.

If TTC > 1.5 s, but the detected object continues mov-
ing toward the roadway, the warning zone Z1 is activated.

Example: A vehicle is moving at a speed of 50 km/h
(approximately 13.9 m/s), and the radar detects an
object at a distance of 20 m:

20
" 13,9
which indicates an immediate transition of the system
into the critical warning mode.

Ttc ~ 1,44s

B. Sensor Geometric Arrangement

For correct system operation, the sensors are
positioned according to the triangular coverage princi-
ple. The mmWave radar is directed at an angle of 5-10°
relative to the roadway, allowing effective detection
of approaching moving objects.

The ToF sensor is positioned horizontally along
the road edge to provide accurate distance measure-
ments within the monitored area. The PIR or thermal
sensor is installed at a height of 1.2-1.5 m with a slight
inclination toward the roadside area to improve the
detection of pedestrians and animals.

This sensor arrangement minimizes blind zones and
prevents mutual interference between detection chan-
nels.

C. Signal Processing

The obtained data undergo several stages of digital
processing. First, noise filtering is performed using
a digital averaging filter to reduce the influence of
random disturbances. The next stage includes event
detection by comparing sensor values with predefined
activity thresholds.

After that, the system performs data integration
by combining features obtained from different sensors.
Based on the processed information, the object class
is determined, and a decision regarding warning activa-
tion is made.

Additionally, an anti-fluttering function is imple-
mented: short signal peaks lasting less than 0.3—-0.5 s are
ignored as random disturbances.

The division of the monitored area into two zones
(warning and critical), combined with the use of a multi-
sensor detection system and time-based activation
thresholds, enables the creation of an adaptive safety
model in which the warning level corresponds to
the actual degree of risk.

Such zoning increases the reliability of the notifica-
tion process and ensures a balance between system
efficiency and environmentally friendly operation.

TABLE 3 ZONE PARAMETERS AND SENSITIVITY LIMITS

Parameter Desjlg- Value Note
nation

Radar detection Rmax 10-20 m Depends on
range module type
ToF SENSOT | RToF Upto4m | Z2 zone
range
Confirmation Atconf | 0.5-0.8 s | Anti-fluttering
delay
S_lgnal holding Athold | 3 s After object dis-
time appearance
Radar viewing oR 90° Optimal Z1 con-
angle trol
PIR / thermal
sensor viewing | oT 100° Area coverage
angle

VI DETECTION MODEL AND
SYSTEM OPERATION ALGORITHM

A. Model Design Principle

The main concept is based on multisensor detection,
where the decision regarding a potential hazard is made
according to the combined results of several sensor mod-
ules rather than a single detection source.

This approach improves object identification reliabil-
ity and reduces the number of false activations under
challenging environmental conditions, such as rain, fog,
moving vegetation, or animal movement.

The system operates according to a conditional voting
principle: a warning signal is generated only when at
least two independent sensors confirm the presence of
an object within the monitored area.

B. Sensor Fusion

Let: Er— event “the radar has detected an object”; Er
—event “the thermal sensor has confirmed the presence
of a living object”; Ep — event “the ToF sensor has de-
tected an object within the critical zone”; Em — event “the
magnetometer has detected a metallic mass”.

The decision about the presence of a real event is
made according to the following rule:

Ereat = (ER NEr) V (Er NEy) V (Er ANEp)

Thus, the system responds only when at least two sig-
nals from sensors with different physical operating prin-
ciples coincide. For example, simultaneous activation of
the radar and thermal sensor indicates with high proba-

bility that a pedestrian or animal has appeared within the
detection area.

C. Probabilistic Model
The probability of correct detection by the system is
defined as:
Piye =1—(1—P)(1 = Pyp)
When Pr — reliability of radar readings, Pt — reliability of
thermal sensor readings.

®
@-H Copyright (c) 2026 |. Bpuka, H. lO. ®ininosa



ISSN 2523-4455. MicrosystElectronAcoust, 2026, vol. 31, no. 1

354779.7

For three sensors, the model expands to:
Pyye =1 = (1= Pr)(1 = Pr)(1 = Pp)
If the probability of each sensor is = 0.8, then
the combined result is:
Piye = 1—(1-10,8)% =0,992
which corresponds to a reliability of 99.2% when us-
ing three independent sensors.
D. Object Classification Algorithm

For each detected object, the system calculates
the following parameters: movement speed (v), distance
(R), thermal profile stability, and speed variance.

Object classification is performed according to

the following rules:

If v = vy VE, = Automobile(V)
If v < vy AE; Aov < 0y, = pedestrian(P)
If Er Aov > 0y, = animal(A)
where v0=15 km/h, and opor is the threshold value
of motion instability.

E. Logic of determining the level of danger
After identifying the object, the system determines

its current zone: Z1 — warning; Z2 — critical.

For each object class, the time to potential collision
(TTC) is calculated:

R
Tt’C ;5
IfTTC < 1.5s, the system switches to the critical warn-
ing mode (Z2).
If TTC 2 1.5 s, the system operates in the warning
mode (Z1).

At the same time, the system checks whether objects
are present on both sides of the roadway (vehicle +
pedestrian). In this case, the bidirectional warning mode
(Dual Alert) is activated.

F. Protection Against Noise
and False Detections

The system uses several levels of signal verification.

The confirmation time window ensures that an event
is considered valid only if its duration exceeds 0.5 s.

Distance hysteresis determines that an object is con-
sidered to have disappeared only after moving 2-3 m
outside the detection zone.

The stability filter rejects an event if the deviation of
radar measurements exceeds 30% during the last 0.3 s.

The anti-fluttering algorithm prevents repeated
activation earlier than 2 s after the previous warning.
G. Model Summary

Thus, the developed model combines signals from
three different sensors into a unified logical analysis

system, provides decision-making based on a probabilis-
tic approach, considers the temporal dynamics of move-
ment and the spatial position of the detected object, and
generates the appropriate warning level according to
the actual degree of danger.

The implementation of this model as a software algo-
rithm for the ESP32 microcontroller enables the creation
of a next-generation intelligent warning system that
operates autonomously and adaptively, providing a
higher level of safety compared with traditional one-way
warning solutions.

Vil ALARM LOGIC AND ALARM MODES

A. General Warning Principle

The warning system is implemented using two com-
munication channels: visual and acoustic. The signal
intensity depends on the detected hazard level and
the corresponding operating zone (Z1 or Z2).

In the Z1 warning zone, only visual notification is
activated to inform road users about a possible hazard-
ous situation. In the Z2 critical zone, a combined visual
and acoustic warning mode is used. If a vehicle and
a pedestrian are simultaneously detected within the Z2
zone, the system activates the bidirectional emergency
alert mode.

B. Driver Warning Channel

In the Z1 zone (10-20 m), the driver warning system
generates a red flashing signal with a frequency of 2 Hz.
The LED brightness is maintained at approximately
60-70%, and the signal shutdown delay is up to 3 s.
Acoustic notification is not activated in this mode.

In the Z2 zone (0-8 m), the system switches to
the critical warning mode. The red LED indicators operate
with a flashing frequency of 5 Hz, and an acoustic pulse
with a frequency of 1000 Hz and a duration of 200 ms is
generated. To prevent excessive activation, signal repeti-
tion is limited to no more than once every 2 s using
an anti-fluttering algorithm.

In the Dual Alert mode, when both a vehicle and
a pedestrian are simultaneously detected in the Z2 zone,
the system generates three visual pulses with a duration
of 250 ms and three corresponding acoustic pulses. After
activation, the system switches to the COOLDOWN mode
for 5 s to prevent repeated unnecessary warnings.

C. Pedestrian Warning Channel

For pedestrians in the Z1 zone, a yellow indicator op-
erates with a flashing frequency of 1 Hz using diffused
light. After the object leaves the detection area, the shut-
down delay is approximately 2 s.

In the Z2 zone, a red flashing signal with a frequency
of 3 Hz is activated. Additionally, a voice notification with
a duration of no more than 1 s can be generated.
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The acoustic output level is automatically adjusted
depending on environmental conditions.

D. Adaptation to Lighting
and Noise Conditions
The system uses the BH1750 light sensor and an

environmental noise monitoring microphone to adapt
warning parameters.

The output sound level is determined as:

Lout = min(Lmax, Lbackground + AL)
where: Lbackground — average environmental noise
level; AL = 10 dB during daytime operation and 5 dB dur-
ing nighttime operation.

The LED brightness is adjusted proportionally accord-
ing to the ambient illumination level, ensuring sufficient
visibility while reducing unnecessary energy consump-
tion.

Vil MODELING THE EFFICIENCY

OF A MULTISENSOR SYSTEM
To validate the performance of the proposed sensor
fusion model, simulation modeling was performed in
the MATLAB environment. The purpose of the simulation

was to evaluate the probability of correct object detec-
tion when using the coordinated sensor voting rule.

The model used the same events that were previ-

ously introduced: Er,Et,Ep,Em
Ereat = (ER NEr) V (Er NEy) V (Er ANEp)

The simulation was performed using the Monte Carlo
method with the number of iterations (N = 10°). In this
model, each sensor was represented as an independent
random source with a specified probability of correct
detection:

PR:PT:P D:O. 8

During each iteration, a combination of sensor activa-

tions was generated, after which the logical condition

of “at least two confirmed sensor detections” was veri-
fied.

The probability of correct system detection was
determined as:

_ Ndetected
P sim — T

Ndetected — the number of iterations in which the system
recorded the object.

According to the simulation results, we obtained:
Pin=0.89

For comparison, the analytical estimate for inde-
pendent sensors has the form:

Pye =1— (1_PR)(1 _PT)(l_PD)
which, with the same parameters, gives:

Pe=0.992

The obtained difference is explained by the fact that
the analytical formula describes the probability of activa-
tion of at least one sensor, whereas the proposed system
uses a stricter signal confirmation rule requiring activa-
tion of at least two sensors.

Additionally, a generalized graph showing the
dependence of the correct detection probability of the
system on the reliability of individual sensors was cre-
ated in the MATLAB environment. The following sensor
types were used during the simulation:

e radar module;
e thermal sensor;
e ToF distance sensor.

All sensors were modeled as independent signal
sources with the same probability of correct detection,
which varied within the range of 0.5-0.95.

The graph representing the dependence of the multi-
sensor system performance on sensor reliability is shown
in

As can be seen from the graph, with an increase in
the reliability of individual sensors, the overall probabil-
ity of correct system detection increases nonlinearly.
This confirms the effectiveness of using a multisensor
approach and the coordinated voting algorithm for im-
proving object detection reliability.

CONCLUSIONS AND PRACTICAL VALUE

In this work, a bidirectional warning system for road
users was developed, providing detection of vehicles,
pedestrians, and animals on both sides of the roadway
and generating adaptive visual and acoustic notifications
depending on the level of potential danger.

During the research, the following tasks were com-
pleted:

e modern road safety systems were analyzed, and
the limitations of existing solutions were identi-
fied, particularly the lack of bidirectional infor-
mation interaction between road users;

Dependence of Multisensor System Performance on Sensor Reliability
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e afunctional model of the system was developed
using a multisensor approach based on radar,
thermal sensor, ToF sensor, and the ESP32 micro-
controller;

e a sensor fusion model based on a logical signal
confirmation rule was implemented, which
reduces the number of false activations;

e an object classification algorithm and hazard
level determination method were developed,
with the monitored area divided into the warn-
ing zone (Z1) and the critical zone (Z2).

To validate the effectiveness of the proposed model,
simulation modeling was performed in the MATLAB
environment. During the simulation, the dependence of
correct detection probability on sensor reliability was
investigated.

The obtained graph confirmed the nonlinear increase
in system efficiency and demonstrated the advantages of

the multisensor approach compared with the use
of individual sensors.

The developed system can be applied:

e at uncontrolled pedestrian crossings, suburban
roads, and areas with limited visibility;

e in high-risk zones such as schools, hospitals,
parking areas, and territory exits;

e asan element of Smart City intelligent infrastruc-
ture;

e as acomponent of loT monitoring systems.

Energy autonomy and low implementation cost
(approximately 70-80 USD) provide the possibility of
large-scale deployment of the system.

The proposed bidirectional warning system is an
effective and technically justified solution that combines
sensor integration, adaptive notification, and autono-
mous operation. It can serve as a basis for further devel-
opment of intelligent road traffic safety systems.

REFERENCES

[1]. G. Mouna, E. Nagaveni, M. Nishanth, D. Srisha, and A. R. Gopinath, “Smart pedestrian crossing system”, International Research Journal of
Engineering and Technology (IRJET), vol. 8, no. 7, pp. 1110-1113, Jan. 2021. URL: https://www.irjet.net/archives/V8/i7/IRJET-V8I7187.pdf

[2]. 1. Fermon "Smart road infrastructure for vehicle safety and autonomous drivingto" USA, US11981337B2, 2022

[3]. D.Rosenbaum, A. Gurman, Y. Samet, G. P. Stein, D. Aloni "Pedestrian collision warning system", USA, US10300875B2, 2018.
[4]. H. Hykawy "Roadside animal warning system", USA, US20020145519A1, 2002

[5]. Espressif Systems. ESP32 Technical Reference Manual URL: https://www.espressif.com

6//¥SEBIW qSYY-€7ST/SESOTOT :10a

G. Shahzad, H. Yang, A. W. Ahmad, and C. Lee, “Energy-Efficient Intelligent Street Lighting System Using Traffic-Adaptive Control”, vol. 16, no.

I. Chew, V. Kalavally, C. P. Tan, and J. Parkkinen, “A Spectrally Tunable Smart LED Lighting System With Closed-Loop Control”, IEEE Sensors

[6].

13, pp. 5397-5405, Jul. 2016. doi: 10.1109/JSEN.2016.2557345
[7].

Journal, vol. 16, no. 11, pp. 4452-4459, Jun. 2016. doi: 10.1109/JSEN.2016.2542265
[8].

[9].

D. Caicedo and A. Pandharipande, “Sensor-Driven Lighting Control With lllumination and Dimming Constraints”, IEEE Sensors Journal, vol. 15,
no. 9, pp. 5169-5176, Sep. 2015. doi: 10.1109/JSEN.2015.2436338

Texas Instruments. Automotive mmWave radar sensors. — URL: https://www.ti.com/product-category/sensors/mmwave-radar/automo-
tive/overview.html.

[10]. AMG8833 : Infrared Array Sensor Grid-EYE. URL: https://industrial.panasonic.com/ww/products/pt/grid-eye/models/AMG8833.

Hagiliwna po peaaku,ii 15 6epesHs 2026 poKy
MpwmitHAaTa Ao ApyKy 25 KBiTHA 2026 poKy
Ony6nikoBaHa 04 TpaBHA 2026 poKy.

®
@-34 Copyright (c) 2026 I. Bpuka, H. 0. ®ininosa



DOI: 10.20535/2523-4455.mea.n

10 HA3BA PO3IJIY B sxuii mogaeThCs CTATTS

YOK 681.5

Po3pobKa gBOHaNpaB/IEHOI CUCTEMMU
nonepeaXeHHA y4aCHUKIB AOPOXKHLOIO Pyxy
Ha OCHOBI MIKPOKOHTponepa ESP32
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Kadenpa akycTUUHUX Ta MyNbTUMELINHUX €N1EeKTPOHHUX cucTem, PaKynbTeT eNeKTPOHIKM
HauioHanbHW TeXHiYHWI yHiIBepcuTeT YKpaiHm

"KUIBCbKMIA NONITEXHIYHMI IHCTUTYT imeHi Iropa Cikopcbkoro” R. 00syn5v21
Kuis, YkpaiHa

AHoTauif-Y uiin poboTi po3rnapaEeTbca 3aBAaHHA NiABULLEHHA 6€3neKn AOPOXKHbOrOo PyXy LWAAXOM PO3pPO6KM ABOHanNpas-
NIeHOT cUCTeMM NonepeaKeHHA YYaCHUKIB A0POXHbOro pyxy. 3anponoHoBaHa cuctema 3abesneuye B3aeMHy iHpopmauiiiHy
B3AEMOZ,0 MiXK BOZiE€M TPAHCNOPTHOrO 3acoby Ta niwoxogom abo TBapuHOIO, L0 3HAXOAUTLCA N06/113Y A0POXKHBOrO NONIOTHA.
Cuctema reHepye nonepea)XyBaabHi CUrHanu ans 060X CTOpPiH Ha OCHOBi MPOCTOPOBOrO NOJIOXKEHHA BUABNEHOrO 06'€KTa Ta
piBHA NoTeHUiHOI He6e3neKu.

Po3pobneHa cuctema 6a3yeTbcs Ha MyILTUCEHCOPHOMY MiAXO0Ai 3 BUKOPUCTAHHAM AATYMKIB Pi3HMX Gi3MUHUX NPUHLMNIB TA
ABO}AKTOPHOro aIFOPUTMY BUAB/IEHHS, L0 3MEHLLUYE Ki/IbKiCTb MOMUIKOBUX CNpaLboByBaHb. Po6o4ya 30Ha nogineHa Ha 30HU
nonepeayXeHHsA Ta KPUTUUHI 30HU 3 BiANOBIAHMMM peXXMMamM Bi3yaZibHOro Ta aKYCTUYHOIO CMOBILLEHHS.

[ns nepesipku epeKTMBHOCTI 3anponoHoBaHOi Mogeni 6yno NnpoBeseHo imiTauiliHe moaentoBaHHA B cepeaoBuili MATLAB,
WO A03BOJINIO OLHUTU 3a/1€XKHICTb MMOBIPHOCTI NPaBUJIbHOTO BUABNEHHA Big, HaAIMHOCTI gaTumKiB. OTpUMaHi pesynbtatn
AEMOHCTPYIOTb NOKPaLLEHHA HaAIMHOCTI CUCTEMU NPU BUKOPUCTAHHI MYNIbTUCEHCOPHOTO MigXoAy Ta NiATBEPAKYIOTb AOLiNb-
HiCTb 3aCTOCYBaHHA PO3P061EHOro pilleHHA B iHTENIeKTyaIbHIN A0POXKHil iHPpacTpyKTypi.

Knrouoei cnoea — 6e3neka 0opoxiHbO20 pyxy; 08oHanpassneHa cucmema nonepeodieHHs; 06'eOHaHHA damyukis; imima-
yiliHe mo0desto8aHHSA; 00POXCHA iHGhpacmpyKkmypa; niwoxio; mpaHcnopmHuli 3aci6; euseneHHs 06'ekmie.
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