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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 
of applying the developed solution in intelligent road infrastructure. 
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I. INTRODUCTION 
The issue of road traffic safety remains relevant,  

especially at uncontrolled pedestrian crossings and road 
secƟons with limited visibility. A significant number of 
road accidents are associated with the delayed detecƟon 
of pedestrians or animals by vehicle drivers. AddiƟonal 
risks are created by electric vehicles, which may be less 
noƟceable to pedestrians due to their low noise levels. 

ExisƟng warning systems mainly provide informaƟon 
only to the driver, which limits their effecƟveness in pre-
venƟng hazardous situaƟons. The lack of feedback infor-
maƟon for pedestrians creates an informaƟon imbalance 
between road users. 

This paper proposes a bidirecƟonal warning system 
that provides simultaneous noƟficaƟon 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 mulƟsensor detec-
Ɵon unit and a logical signal processing algorithm for 
generaƟng warning messages. 

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

II. OVERVIEW OF EXISTING SOLUTIONS 
ExisƟng systems for warning about potenƟal colli-

sions with pedestrians are implemented as onboard  
vehicle modules. Such soluƟons belong to the class of 
Advanced Driver Assistance Systems (ADAS) and involve 
pedestrian detecƟon using sensors (cameras, radars, 
etc.), evaluaƟon of the approaching trajectory, and  
generaƟon of a warning signal for the driver. 

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

The known soluƟon is mainly focused on informing 
the driver, while the pedestrian acts as a detected object 
rather than an acƟve parƟcipant in the informaƟon  
exchange process. The disadvantage of such soluƟons is 
their dependence on the hardware equipment of road 
users required for noƟficaƟon, without which the system 
cannot operate properly. 

Another soluƟon similar to the proposed uƟlity 
model in terms of technical concept and funcƟonal 
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9 purpose is the Smart Road Infrastructure for Vehicle 

Safety and Autonomous system. This approach involves 
the installaƟon of mulƟple road infrastructure modules 
along the roadway that interact with vehicles and are  
capable of transmiƫng and receiving signals to improve 
road safety. The system enables informaƟon exchange 
between road infrastructure and vehicles in order to pro-
vide warnings about potenƟally hazardous situaƟons or 
changes in road condiƟons [2]. 

The main disadvantages of this analogue include:  
focus on informaƟon exchange with vehicles rather than 
external visual and acousƟc warning of all road users;  
the warning system is mainly oriented toward informing 
drivers about traffic-related road condiƟons (traffic flow, 
road accidents, road surface condiƟons), 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 operaƟon without an external power 
source; and one-way or insufficiently bidirecƟonal com-
municaƟon 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. 

SoluƟons known as “smart pedestrian crossings” use 
a sensor unit to detect a pedestrian approaching  
the roadway and automaƟcally acƟvate a noƟficaƟon 
unit, for example, the Smart Pedestrian Crossing System 
Using Intelligent LighƟng and DetecƟon Sensors.  
The technical principle of such soluƟons is that, aŌer  
the sensor unit is triggered, a control signal is generated 
that acƟvates the noƟficaƟon unit, thereby increasing 
the contrast and visibility of the crossing area and provid-
ing road users with informaƟon about a potenƟal colli-
sion hazard [1]. 

The disadvantage of the described soluƟon is the lack 
of sufficient technical informaƟon required for the com-
plete implementaƟon of the system. In parƟcular,  
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 acƟvaƟon 
methods. This makes it impossible to evaluate the accu-
racy of object idenƟficaƟon and the reliability of the sys-
tem under complex weather condiƟons. In addiƟon,  
 
the soluƟon is designed exclusively for urban infrastruc-
ture with possible intervenƟon into the road surface for 
marker installaƟon, which limits its applicaƟon on subur-
ban road secƟons and does not address the issue of com-
plete power autonomy. 

The closest analogue is a roadside animal detecƟon 
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 noƟficaƟon unit represented by a light 

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

The main disadvantages of the closest analogue are 
the narrow specializaƟon of the system for detecƟng  
potenƟal collision hazards exclusively with large animals 
and the one-way nature of the noƟficaƟon 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 addiƟonal verificaƟon channels (such as sensors 
and detectors of other types) may lead to false acƟva-
Ɵons caused by external heat sources or loss of the target 
under condiƟons of minimal temperature contrast and 
challenging environmental condiƟons. 

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

The conducted analysis shows that exisƟng safety sys-
tems implement a one-way interacƟon model: either the 
driver is warned, or the pedestrian is informed. The ab-
sence of synchronized bidirecƟonal informaƟon ex-
change reduces the effecƟveness of hazardous situaƟon 
prevenƟon, especially under condiƟons of limited visibil-
ity and complex road environments. 

III. DEVELOPMENT OF A MATHEMATICAL MODEL 

A. Problem Statement 
The developed bidirecƟonal warning system is  

intended to reduce the risk of collisions between vehicles 
and pedestrians or animals in areas with an increased 
probability of hazardous situaƟons. The main objecƟve 
of the system is to provide Ɵmely detecƟon of potenƟally 
dangerous objects and ensure effecƟve informaƟon  
exchange between all road users involved in a possible 
collision scenario. 

The system provides detecƟon of vehicles approach-
ing the potenƟal interacƟon zone, as well as idenƟfica-
Ɵon of pedestrians or animals located near the roadway. 
When a potenƟal collision risk is detected, warning infor-
maƟon 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 reducƟon of false acƟvaƟons by generat-
ing warning signals only when an actual threat is idenƟ-
fied. 
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B. Object DetecƟon and ClassificaƟon 
Model 

For algorithmic processing of sensor data, the system 
uses object classificaƟon based on the characterisƟcs  
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 paƩerns, 
with a speed of up to 5 km/h and addiƟonal confirmaƟon 
by a thermal sensor. Animals (A) are idenƟfied as warm-
blooded objects characterized by irregular movement 
trajectories. 

Object detecƟon is performed using a mulƟsensor 
approach that combines data from several independent 
sources. The main detecƟon module includes a millime-
ter-wave radar, which provides informaƟon about object 
movement, speed, and trajectory. A thermal sensor or 
PIR sensor is used as an addiƟonal verificaƟon 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 detecƟon reliability and reduces the probabil-
ity of incorrect system acƟvaƟon caused by sensor errors, 
environmental factors, or external interference. 

The probability of correct acƟvaƟon when using two 
sensors: 

P = Pradar × Pthermal 

When using three sensors: 

P = ∏ Pi 

where Pi — probability of correct operaƟon of  
the i-th sensor.  

The mulƟsensor approach reduces the influence of 
random noise and decreases the frequency of false acƟ-
vaƟons by combining data obtained from different detec-
Ɵon channels. 

C. SpaƟal Zoning 
The operaƟng area of the system is divided into two 

main zones depending on the distance to the roadway 
and the level of potenƟal 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 situaƟon. 

The second zone, Z2, represents the criƟcal zone  
located within a range of 0–8 meters from the roadway. 
In this area, a combined noƟficaƟon mode is acƟvated, 
including both visual and acousƟc warning signals. This 
type of noƟficaƟon is perceived by the driver and pedes-
trian as an indicaƟon of an immediate potenƟal threat. 

The staged response algorithm makes it possible to 
reduce the number of sudden and unnecessary acƟva-
Ɵons while maintaining effecƟve warning capabiliƟes. 

D. FuncƟonal Requirements 
The developed system must provide reliable detec-

Ɵon of moving objects using a combinaƟon of radar-
based monitoring and thermal analysis. Object classifica-
Ɵon is performed according to movement speed, ther-
mal profile, and trajectory characterisƟcs. 

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

AddiƟonal funcƟonal capabiliƟes include automaƟc 
adjustment of light intensity and sound level depending 
on environmental condiƟons, autonomous operaƟon us-
ing a solar panel with a backup baƩery, and the possibil-
ity of connecƟng mulƟple modules into a single commu-
nicaƟon network using LoRa or BLE technologies. 

E. Technical ImplementaƟon 
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-
municaƟon funcƟons. The detecƟon subsystem includes 
the HLK-LD2410 radar module for movement analysis, 
the AMG8833 thermal sensor for thermal object detec-
Ɵon, and the VL53L1X ToF sensor for accurate distance 
measurement. 

The power supply system operates at 12 V with  
energy consumpƟon not exceeding 0.5 W in standby 
mode and 3 W in alarm mode. Visual noƟficaƟon is pro-
vided by 12 V LED indicators with a luminous intensity of 
at least 100 cd [7]. The acousƟc noƟficaƟon 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. 

CommunicaƟon between system components is im-
plemented through standard interfaces, including UART 
for the radar module, I²C for sensors, and I²S for audio 
signal processing.  

The system enclosure provides an IP65 protecƟon rat-
ing, ensuring resistance to dust and water exposure.  
The operaƟng temperature range of the device is from 
−30 °C to +50 °C, allowing stable operaƟon under various 
environmental condiƟons. 

F. OperaƟng CondiƟons 
The system is acƟvated only when a confirmed  

collision risk is detected based on the analysis of sensor 
data and verificaƟon algorithms. 
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9 Stable operaƟon is ensured under normal weather 

condiƟons; however, during heavy fog or snowstorms, 
the effecƟve detecƟon range may be reduced due to  
environmental limitaƟons affecƟng sensor performance. 
System maintenance is limited to periodic cleaning of  
the sensor modules to maintain detecƟon accuracy. 

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

The main expected technical and operaƟonal 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 Fig. 1. 

In general, the proposed architecture is based on  
a modular principle and consists of five main funcƟonal 
units: the sensor unit, microcontroller, light module, 
power supply module, and acousƟc module. 

Sensor Unit 
The sensor module implements mulƟsensor detec-

Ɵon based on the sensor fusion approach. The use of 

several independent detecƟon channels increases  
the reliability of object idenƟficaƟon and reduces  
the influence of external interference. 

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

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

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

AddiƟonal sensors may also be integrated into the 
system, including the BH1750 light sensor for automaƟc 
brightness adjustment according to environmental light-
ing condiƟons and a magneƟc sensor for auxiliary detec-
Ɵon of metallic objects. 

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

Microcontroller or CompuƟng Module 
The central processing element of the system is  

the ESP32 microcontroller. It performs sensor data acqui-
siƟon through UART, I²C, and GPIO interfaces, processes 
incoming informaƟon, filters noise, and performs object 
classificaƟon into predefined categories: vehicle (V),  
pedestrian (P), or animal (A). 

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

The ESP32 plaƞorm was selected due to the availabil-
ity of integrated wireless communicaƟon interfaces, suf-
ficient compuƟng performance, and low energy con-
sumpƟon in standby mode. 

Light Module and AcousƟc Module 
The warning system is implemented separately for 

vehicle drivers and pedestrians in order to provide effec-
Ɵve bidirecƟonal noƟficaƟon. 

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 aƩract the driver's aƩenƟon. In addiƟon,  
a short acousƟc signal with a duraƟon of 200–300 ms can 
be generated to enhance the warning effect. 

TABLE 1 EXPECTED TECHNICAL AND ECONOMIC INDICATORS 

Indicator 
EsƟmated 

Value Comment 

Average power 
consumption 

1.3 W 
Autonomous opera-
tion using a solar panel 

Response time ≤ 1 s 
From the moment of 
object entering the de-
tection zone 

Probability of cor-
rect activation 

≥ 90 % 
Combination of radar 
and thermal sensor 

False activation 
rate 

≤ 5 % Due to signal filtering 

Environmental 
noise level 

<3 dB above 
background 
level 

Environmental crite-
rion 

Prototype compo-
nent cost 

≤ 70 USD 
5–10 times lower com-
pared to commercial 
systems 

 

 

Fig. 1. Block Diagram of the System 
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For pedestrians, the system provides a separate  
visual indicator combined with an acousƟc or voice noƟ-
ficaƟon. To reduce noise impact in urban environments, 
automaƟc adjustment of the sound level is implemented, 
including volume reducƟon during nighƫme operaƟon. 

Audio signal generaƟon is performed using  
the MAX98357A amplifier connected through the I²S in-
terface. 

Power Supply Module 
The power supply module ensures autonomous  

operaƟon 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 baƩery with  
a capacity of 7–12 Ah, and a charge controller. 

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

The power module includes protecƟon against over-
voltage and impulse interference, which increases  
the reliability of operaƟon under outdoor condiƟons. 
The esƟmated autonomous operaƟng Ɵme without  
addiƟonal charging reaches up to 5 days. 

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

OperaƟng Sequence 
The detailed operaƟng sequence of the proposed sys-

tem is presented in Fig. 2. 

The general operaƟng sequence of the system can be 
described as follows. IniƟally, the sensor modules detect 
an object within the monitored area and collect infor-
maƟon about its movement parameters. The obtained 
data are transmiƩed to the microcontroller, where signal 
processing, object classificaƟon, and risk zone determi-
naƟon are performed. 

Based on the processed informaƟon, the system  
selects the appropriate warning mode according to  
the detected threat level. If a hazardous situaƟon is con-
firmed, the corresponding visual and acousƟc noƟfica-
Ɵon modules are acƟvated to warn road users. 

AŌer the detected object leaves the monitored area 
and the potenƟal threat disappears, the system returns 
to the energy-saving mode to minimize power consump-
Ɵon and ensure long-term autonomous operaƟon. 

IV. ZONE GEOMETRY AND DETECTION PARAMETERS 
For object classificaƟon, a combinaƟon of movement 

speed, temperature characterisƟcs, and trajectory  
parameters is used. The object classes used in the pro-
posed system are presented in Table 2. 

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

V. MATHEMATICAL MODEL  
OF HAZARD DETERMINATION 

Object detecƟon is performed by combining signals 
from mulƟple sensors into a unified logical decision- 
making system. The probability of correct system acƟva-
Ɵon 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. KinemaƟc CalculaƟons 
To determine the appropriate acƟvaƟon moment, the 

system calculates the Time-To-Collision (TTC) parameter: 

𝑇௧௖
ோ

௩
, 

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

 

Fig. 2. OperaƟng Sequence 

TABLE 2 OBJECT CLASSES 

Class Designa-
Ɵon 

CharacterisƟc 
Features 

Sensor 
Type 

Vehicle V (vehicle) 

Speed ≥15 
km/h; stable tra-
jectory; possible 
metal mass 

Radar + 
magnetic 
sensor 

Pedestrian P (pedes-
trian) 

Speed ≤5 km/h; 
stable thermal 
radiation 

Radar + 
thermal 
sensor 

Animal A (animal) 

Irregular speed; 
variable trajec-
tory; thermal 
signature 

Radar + 
thermal 
sensor + 
speed varia-
tion analy-
sis 
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9 If TTC ≤ 1.5 s, the system switches to the criƟcal warn-

ing mode with acƟvaƟon of the Z2 zone. 

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

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: 

𝑇௧௖ =
20

13,9
≈ 1,44𝑠 

which indicates an immediate transiƟon of the system 
into the criƟcal warning mode. 

B. Sensor Geometric Arrangement 
For correct system operaƟon, the sensors are  

posiƟoned according to the triangular coverage princi-
ple. The mmWave radar is directed at an angle of 5–10° 
relaƟve to the roadway, allowing effecƟve detecƟon  
of approaching moving objects. 

The ToF sensor is posiƟoned 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 
inclinaƟon toward the roadside area to improve the  
detecƟon of pedestrians and animals. 

This sensor arrangement minimizes blind zones and 
prevents mutual interference between detecƟon 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  
detecƟon by comparing sensor values with predefined 
acƟvity thresholds. 

AŌer that, the system performs data integraƟon  
by combining features obtained from different sensors. 
Based on the processed informaƟon, the object class  
is determined, and a decision regarding warning acƟva-
Ɵon is made. 

AddiƟonally, an anƟ-fluƩering funcƟon is imple-
mented: short signal peaks lasƟng less than 0.3–0.5 s are 
ignored as random disturbances. 

The division of the monitored area into two zones 
(warning and criƟcal), combined with the use of a mulƟ-
sensor detecƟon system and Ɵme-based acƟvaƟon 
thresholds, enables the creaƟon of an adapƟve safety 
model in which the warning level corresponds to  
the actual degree of risk. 

Such zoning increases the reliability of the noƟfica-
Ɵon process and ensures a balance between system  
efficiency and environmentally friendly operaƟon. 

VI. DETECTION MODEL AND  
SYSTEM OPERATION ALGORITHM 

A. Model Design Principle 
The main concept is based on mulƟsensor detecƟon, 

where the decision regarding a potenƟal hazard is made 
according to the combined results of several sensor mod-
ules rather than a single detecƟon source. 

This approach improves object idenƟficaƟon reliabil-
ity and reduces the number of false acƟvaƟons under 
challenging environmental condiƟons, such as rain, fog, 
moving vegetaƟon, or animal movement. 

The system operates according to a condiƟonal voƟng 
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”; ET 

– event “the thermal sensor has confirmed the presence 
of a living object”; ED – event “the ToF sensor has de-
tected an object within the criƟcal 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: 

𝐸௥௘௔௟ = (𝐸ோ ∧ 𝐸்) ∨ (𝐸ோ ∧ 𝐸ெ) ∨ (𝐸் ∧ 𝐸஽) 

Thus, the system responds only when at least two sig-
nals from sensors with different physical operaƟng prin-
ciples coincide. For example, simultaneous acƟvaƟon of 
the radar and thermal sensor indicates with high proba-
bility that a pedestrian or animal has appeared within the 
detecƟon area. 

C. ProbabilisƟc Model 
The probability of correct detecƟon by the system is 

defined as: 

𝑃௧௥௨௘ = 1 − (1 − 𝑃ோ)(1 − 𝑃்) 

When PR – reliability of radar readings, PT – reliability of 
thermal sensor readings. 

TABLE 3 ZONE PARAMETERS AND SENSITIVITY LIMITS 

Parameter 
Desig-
naƟon Value Note 

Radar detection 
range 

Rmax 10–20 m 
Depends on 
module type 

ToF sensor 
range 

RToF Up to 4 m Z2 zone 

Confirmation 
delay 

Δtconf 0.5–0.8 s Anti-fluttering 

Signal holding 
time 

Δthold 3 s 
After object dis-
appearance 

Radar viewing 
angle 

αR 90° 
Optimal Z1 con-
trol 

PIR / thermal 
sensor viewing 
angle 

αT 100° Area coverage 

 



ISSN 2523-4455. MicrosystElectronAcoust, 2026, vol. 31, no. 1 354779.7 

 Copyright (c) 2026 І. Брика, Н. Ю. Філіпова 

D
O

I: 10.20535/2523-4455.m
ea.354779 

For three sensors, the model expands to: 

𝑃௧௥௨௘ = 1 − (1 − 𝑃ோ)(1 − 𝑃்)(1 − 𝑃஽) 

If the probability of each sensor is ≈ 0.8, then  
the combined result is: 

𝑃௧௥௨௘ = 1 − (1 − 0,8)ଷ = 0,992 

which corresponds to a reliability of 99.2% when us-
ing three independent sensors. 

D. Object ClassificaƟon Algorithm 
For each detected object, the system calculates  

the following parameters: movement speed (v), distance 
(R), thermal profile stability, and speed variance. 

Object classificaƟon is performed according to  
the following rules: 

𝐼𝑓 𝑣 ≥ 𝑣଴ ∨ 𝐸௠ ⇒ 𝐴𝑢𝑡𝑜𝑚𝑜𝑏𝑖𝑙𝑒(𝑉) 
𝐼𝑓 𝑣 < 𝑣଴ ∧ 𝐸௧ ∧ 𝜎𝑣 < 𝜎пор ⇒ 𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛(𝑃) 

𝐼𝑓 𝐸் ∧ 𝜎𝑣 > 𝜎пор ⇒ 𝑎𝑛𝑖𝑚𝑎𝑙(А)  

where v0=15 km/h, and σpor is the threshold value  
of moƟon instability. 

E. Logic of determining the level of danger 
AŌer idenƟfying the object, the system determines 

its current zone: Z1 – warning; Z2 – criƟcal. 

For each object class, the Ɵme to potenƟal collision 
(TTC) is calculated: 

𝑇௧௖
ோ

௩
, 

If TTC < 1.5 s, the system switches to the criƟcal warn-
ing mode (Z2). 

If TTC ≥ 1.5 s, the system operates in the warning 
mode (Z1). 

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

F. ProtecƟon Against Noise  
and False DetecƟons 

The system uses several levels of signal verificaƟon. 

The confirmaƟon Ɵme window ensures that an event 
is considered valid only if its duraƟon exceeds 0.5 s. 

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

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

The anƟ-fluƩering algorithm prevents repeated  
acƟvaƟon earlier than 2 s aŌer 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-
Ɵc approach, considers the temporal dynamics of move-
ment and the spaƟal posiƟon of the detected object, and 
generates the appropriate warning level according to  
the actual degree of danger. 

The implementaƟon of this model as a soŌware algo-
rithm for the ESP32 microcontroller enables the creaƟon 
of a next-generaƟon intelligent warning system that  
operates autonomously and adapƟvely, providing a 
higher level of safety compared with tradiƟonal one-way 
warning soluƟons. 

VII. ALARM LOGIC AND ALARM MODES 

A. General Warning Principle 
The warning system is implemented using two com-

municaƟon channels: visual and acousƟc. The signal  
intensity depends on the detected hazard level and  
the corresponding operaƟng zone (Z1 or Z2). 

In the Z1 warning zone, only visual noƟficaƟon is  
acƟvated to inform road users about a possible hazard-
ous situaƟon. In the Z2 criƟcal zone, a combined visual 
and acousƟc warning mode is used. If a vehicle and  
a pedestrian are simultaneously detected within the Z2 
zone, the system acƟvates the bidirecƟonal 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. 
AcousƟc noƟficaƟon is not acƟvated in this mode. 

In the Z2 zone (0–8 m), the system switches to  
the criƟcal warning mode. The red LED indicators operate 
with a flashing frequency of 5 Hz, and an acousƟc pulse 
with a frequency of 1000 Hz and a duraƟon of 200 ms is 
generated. To prevent excessive acƟvaƟon, signal repeƟ-
Ɵon is limited to no more than once every 2 s using  
an anƟ-fluƩering 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 duraƟon 
of 250 ms and three corresponding acousƟc pulses. AŌer 
acƟvaƟon, 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. AŌer the object leaves the detecƟon area, the shut-
down delay is approximately 2 s. 

In the Z2 zone, a red flashing signal with a frequency 
of 3 Hz is acƟvated. AddiƟonally, a voice noƟficaƟon with 
a duraƟon of no more than 1 s can be generated.  
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9 The acousƟc output level is automaƟcally adjusted  

depending on environmental condiƟons. 

D. AdaptaƟon to LighƟng  
and Noise CondiƟons 

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 + ΔL) 

where: Lbackground – average environmental noise 
level; ΔL = 10 dB during dayƟme operaƟon and 5 dB dur-
ing nighƫme operaƟon. 

The LED brightness is adjusted proporƟonally accord-
ing to the ambient illuminaƟon level, ensuring sufficient 
visibility while reducing unnecessary energy consump-
Ɵon. 

VIII. MODELING THE EFFICIENCY  
OF A MULTISENSOR SYSTEM 

To validate the performance of the proposed sensor 
fusion model, simulaƟon modeling was performed in  
the MATLAB environment. The purpose of the simulaƟon 
was to evaluate the probability of correct object detec-
Ɵon when using the coordinated sensor voƟng rule. 

The model used the same events that were previ-
ously introduced: ER,ET,ED,EM  

𝐸௥௘௔௟ = (𝐸ோ ∧ 𝐸்) ∨ (𝐸ோ ∧ 𝐸ெ) ∨ (𝐸் ∧ 𝐸஽) 

The simulaƟon was performed using the Monte Carlo 
method with the number of iteraƟons (N = 105). In this 
model, each sensor was represented as an independent 
random source with a specified probability of correct  
detecƟon: 

PR=PT=PD=0.8 

During each iteraƟon, a combinaƟon of sensor acƟva-
Ɵons was generated, aŌer which the logical condiƟon  
of “at least two confirmed sensor detecƟons” was veri-
fied. 

The probability of correct system detecƟon was  
determined as: 

𝑃௦௜௠ =
𝑁detected

𝑁
 

Ndetected  – the number of iteraƟons in which the system 
recorded the object. 

According to the simulaƟon results, we obtained: 

Psim≈0.89 

For comparison, the analyƟcal esƟmate for inde-
pendent sensors has the form: 

𝑃௧௥௨௘ = 1 − (1 − 𝑃ோ)(1 − 𝑃்)(1 − 𝑃஽) 

which, with the same parameters, gives: 

Ptrue=0.992 

The obtained difference is explained by the fact that 
the analyƟcal formula describes the probability of acƟva-
Ɵon of at least one sensor, whereas the proposed system 
uses a stricter signal confirmaƟon rule requiring acƟva-
Ɵon of at least two sensors. 

AddiƟonally, a generalized graph showing the  
dependence of the correct detecƟon 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 simulaƟon: 

 radar module; 

 thermal sensor; 

 ToF distance sensor. 

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

The graph represenƟng the dependence of the mulƟ-
sensor system performance on sensor reliability is shown 
in Fig. 3. 

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

CONCLUSIONS AND PRACTICAL VALUE 
In this work, a bidirecƟonal warning system for road 

users was developed, providing detecƟon of vehicles,  
pedestrians, and animals on both sides of the roadway 
and generaƟng adapƟve visual and acousƟc noƟficaƟons 
depending on the level of potenƟal danger. 

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

 modern road safety systems were analyzed, and 
the limitaƟons of exisƟng soluƟons were idenƟ-
fied, parƟcularly the lack of bidirecƟonal infor-
maƟon interacƟon between road users; 

 

Fig. 3. Dependence of the MulƟsensor System on Sensor Relia-
bility 
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 a funcƟonal model of the system was developed 
using a mulƟsensor approach based on radar, 
thermal sensor, ToF sensor, and the ESP32 micro-
controller; 

 a sensor fusion model based on a logical signal 
confirmaƟon rule was implemented, which  
reduces the number of false acƟvaƟons; 

 an object classificaƟon algorithm and hazard 
level determinaƟon method were developed, 
with the monitored area divided into the warn-
ing zone (Z1) and the criƟcal zone (Z2). 

To validate the effecƟveness of the proposed model, 
simulaƟon modeling was performed in the MATLAB  
environment. During the simulaƟon, the dependence of 
correct detecƟon probability on sensor reliability was  
invesƟgated. 

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

the mulƟsensor approach compared with the use  
of individual sensors. 

The developed system can be applied: 

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

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

 as an element of Smart City intelligent infrastruc-
ture; 

 as a component of IoT monitoring systems. 

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

The proposed bidirecƟonal warning system is an  
effecƟve and technically jusƟfied soluƟon that combines 
sensor integraƟon, adapƟve noƟficaƟon, and autono-
mous operaƟon. It can serve as a basis for further devel-
opment of intelligent road traffic safety systems. 
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Розробка двонаправленої системи  
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Анотація–У цій роботі розглядається завдання підвищення безпеки дорожнього руху шляхом розробки двонаправ-
леної системи попередження учасників дорожнього руху. Запропонована система забезпечує взаємну інформаційну 
взаємодію між водієм транспортного засобу та пішоходом або твариною, що знаходиться поблизу дорожнього полотна. 
Система генерує попереджувальні сигнали для обох сторін на основі просторового положення виявленого об'єкта та 
рівня потенційної небезпеки. 

Розроблена система базується на мультисенсорному підході з використанням датчиків різних фізичних принципів та 
двофакторного алгоритму виявлення, що зменшує кількість помилкових спрацьовувань. Робоча зона поділена на зони 
попередження та критичні зони з відповідними режимами візуального та акустичного сповіщення. 

Для перевірки ефективності запропонованої моделі було проведено імітаційне моделювання в середовищі MATLAB, 
що дозволило оцінити залежність ймовірності правильного виявлення від надійності датчиків. Отримані результати  
демонструють покращення надійності системи при використанні мультисенсорного підходу та підтверджують доціль-
ність застосування розробленого рішення в інтелектуальній дорожній інфраструктурі. 

Ключові слова – безпека дорожнього руху; двонаправлена система попередження; об'єднання датчиків; іміта-
ційне моделювання; дорожня інфраструктура; пішохід; транспортний засіб; виявлення об'єктів. 


