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Abstract. Examines contemporary approaches for the digital monitoring of road infrastruc-
ture, highlighting the critical need for efficient, precise, and sustainable management tech-
niques for road networks. Traditional methods of monitoring road infrastructure, heavily re-
liant on manual inspections and reactive maintenance strategies, are increasingly viewed
as insufficient due to their labor-intensive nature, elevated costs, and lack of capability to
provide instantaneous data feedback. The advent of digital innovations, such as sensors, the
Internet of Things (IoT), Unmanned Aerial Vehicles (UAVs), Digital Video Recorders (DVRs)
and Mobile Mapping Systems (MMS) signifies a transformative shift in road infrastructure
monitoring practices. This research evaluates the most recent digital monitoring techniques,
examines their real-world applications through case studies, and discusses the implications of
these technologies on infrastructure management and maintenance practices. By synthesizing
insights from the latest studies and examples, the paper spotlights significant technological
advancements, assesses their advantages and limitations, and proposes future directions for
the digital observation of road infrastructure. The findings underscore that digital monitoring
not only enhances the efficiency and effectiveness of infrastructure management but also sig-
nificantly contributes to creating more resilient and adaptable road networks.

Keywords: street lighting, road surface, road infrastructure, Unmanned Aerial Vehicles (UAV),
Digital Video Recorders (DVR), Internet of Things (IoT).

Introduction. Road infrastructure consti-
tutes the backbone of modern society, facil-
itating economic activities, linking communi-
ties, and ensuring the smooth movement of
goods and people. Research by Beyer and Ker
indicates that street lighting can play a role
in reducing traffic accidents and injuries [1].
However, the upkeep and monitoring of these
lights to ensure they are functioning properly
can be a demanding task. Local communities
typically rely on reports from electrical inspec-
tors or feedback from citizens to identify and
address issues with faulty streetlights. En-
suring the integrity and functionality of road
conditions presents a formidable challenge,
compounded by aging infrastructure, surg-
ing traffic volumes, and the impact of climate
change. A recent report by the AEC highlight-

EEXd ed that the deteriorating state of roads is the

primary factor behind 94% of accidents [2].
Conventional monitoring methods, which rely
on intermittent inspections and manual data
gathering, are proving inadequate for address-
ing these challenges. Such methods often lead
to maintenance delays, increased costs, and,
consequently, diminished safety and service
quality.

This paper explores the impact of digital
technologies on road infrastructure manage-
ment, focusing on real-time data collection,
analysis, and decision-making. Technologies
such as sensors, UAVs and DVRs offer po-
tential for improved monitoring and manage-
ment, addressing maintenance needs and
traffic optimization. However, their adoption
faces challenges like data privacy, cyberse-
curity, integration difficulties, and high initial
costs. Additionally, the effectiveness of these



technologies varies with environmental con-
ditions, infrastructure types, and traffic pat-
terns. Through a review of literature and case
studies, the paper discusses the advantages,
obstacles, and practicalities of digital monitor-
ing methods in enhancing road infrastructure's
sustainability, safety, and efficiency.
Materials and methods of research. Ex-
ploring a diverse range of methodologies and
techniques is fundamental to enhancing the
efficiency and effectiveness of data collection
and monitoring across various domains. Incor-
porating Digital Video Recorders (DVRs), an
array of sensors (including vibration, acoustic,
and light sensors), Unmanned Aerial Vehicles
(UAVs), Internet of Things (IoT) devices, and
Mobile Mapping Systems (MMS) represents a
comprehensive approach that leverages the
unique capabilities and advantages of each
technology. This multidisciplinary method not
only broadens the scope of data acquisition but
also enriches the quality and accuracy of the
information gathered, paving the way for in-
novative solutions in monitoring and analysis.
Tian and Wang's (2020) research on the
«Street Lamp Intelligent Monitoring System
Design Based on NB-IoT Technology» ad-
dresses several limitations of traditional ur-
ban lighting systems, such as the challenges
in centralized control, inefficiencies in human
inspection, and delays in information monitor-
ing [3]. By leveraging Narrow-Band Internet of
Things (NB-IoT) technology, the authors pro-
pose a novel design scheme that introduces
a more efficient, real-time monitoring system
for street lamps. Utilizing the chip as the main
controller and the NB-IoT module for commu-
nication, the system connects to the Huawei
Internet of Things management platform. This
setup allows for the development of an appli-
cation that enables remote, real-time moni-
toring and intelligent control of street lighting
(Figure 1). The significance of this study lies
in its practical application and the potential to
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enhance urban infrastructure management.
The implementation of NB-IoT technology in
street lamp monitoring systems represents a
significant step forward in smart city develop-
ment. By improving the efficiency and reliabil-
ity of street lighting operations, the proposed
system not only contributes to energy savings
but also enhances public safety and the overall
functionality of urban lighting networks.

Lee and Huang (2015) introduce an ap-
proach to address the issue of poorly lit roads
with their study, «A Low-Cost and Noninvasive
System for the Measurement and Detection
of Faulty Streetlights», published in the IEEE
Transactions on Instrumentation and Measure-
ment [4]. Recognizing the dangers and soci-
etal issues associated with inadequately lit
roads, such as increased accident rates and
crime, the authors propose an innovative solu-
tion to the challenge of promptly detecting and
reporting faulty streetlights (FSLs).

Traditionally, the detection of FSLs has
relied on regular inspections by electrical in-
spectors, a process that can lead to significant
delays in repair. While recent advancements
have suggested integrating wireless sensor
networks into streetlight poles for real-time
status updates, the high cost and logistical
challenges of retrofitting each streetlight with
smart technology render this solution imprac-
tical for widespread implementation.

This system not only proposes a viable
alternative to current detection methods but
also has the potential to significantly reduce
the duration of streetlight outages, thereby en-
hancing road safety and security. Its scalability
and low cost make it an attractive option for
city-wide adoption, providing a supplementary
tool that could aid electrical inspectors in iden-
tifying and addressing FSLs more swiftly.

The paper by Najafi Zanjani, Bahadori, and
Ghods (2012) on «Monitoring and Remote
Sensing of the Street Lighting System Using
Computer Vision and Image Processing Tech-
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Figure 1 — Network architecture diagram of street lamp monitoring system
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niques for the Purpose of Mechanized Black-
outs» introduces an innovative methodology
for street lighting system maintenance and
energy efficiency [5]. The research outlines a
new method of monitoring street lights that
is entirely isolated from the electricity net-
work. This approach utilizes computer vision
and image processing technologies to capture
and analyze images of the street lighting net-
work, differentiating between operational and
non-operational lights without the need for
physical inspection or reliance on electrical
consumption data.

The proposed system employs network
cameras that combine the functionalities of
a camera and a computer, capable of inde-
pendently connecting to the network and
sending data to a central processing unit (Fig-
ure 2). This allows for the efficient monitoring
and control of street lighting across extensive
urban areas, potentially leading to significant
energy savings and maintenance cost reduc-
tions. The system was simulated and validated
using MATLAB software, demonstrating its ef-
fectiveness and leading to a pilot implementa-
tion in Tehran by the Tehran Electrical Distribu-
tion Company.

The success of the pilot project in Tehran
underscores the potential of this approach to
transform street lighting maintenance, moving
from a labor-intensive and reactive model to a
proactive, technology-driven strategy. Future
research could further refine the system's ac-
curacy, expand its application to other urban
services, and integrate it into broader smart

city management platforms.

Di Carlo, Conte, and Scarpino's (2022)
study on monitoring light pollution using an
unmanned aerial vehicle (UAV) presents a
significant advancement in environmental
monitoring methodologies. Their research,
published in Remote Sensing, harnesses the
potential of UAVs equipped with digital camer-
as and sky quality meters to assess the inten-
sity and distribution of light pollution [6]. This
innovative approach not only underscores the
growing concern over the adverse effects of
artificial nocturnal lighting on the natural en-
vironment and human health but also offers a
novel methodological framework for conduct-
ing light pollution studies.

The authors meticulously explore the cor-
relation between indices computed from RGB
night images and night ground brightness
(NGB), obtaining data at altitudes of 70 and
100 meters under various exposure conditions.
Their findings reveal significant correlations
between NGB and the brightness index as well
as red and green color bands, highlighting the
feasibility of UAVs in capturing and quantifying
light pollution with considerable accuracy.

Silva, Sanchez San Blas, Peral Garcia,
Sales Mendes, and Villarrubia (2020) tackle a
pressing issue in public transport route main-
tenance through their study, «An Architectural
Multi-Agent System for a Pavement Monitoring
System with Pothole Recognition in UAV Imag-
es» [7]. This research addresses the decline in
road maintenance and the consequent rise in
accidents and vehicle damage due to deterio-

Figure 2 — Monitoring Street lighting systems remotely



rating road conditions, a situation exacerbat-
ed by economic constraints in many countries.
The traditional methods for road damage de-
tection, characterized by manual inspections
or road vehicle use, are both costly and la-
bor-intensive.

The authors propose a novel solution lever-
aging drones and deep learning algorithms for
identifying damaged road areas, thereby re-
ducing the reliance on manual labor and as-
sociated costs (Figure 3). Central to their ap-
proach is the design of a distributed platform
that utilizes a multi-agent system, to coordi-
nate the architecture's components through
ubiquitous computing techniques. This system
notably enhances the efficiency and accuracy
of road damage detection.

In the study «A Mobile Mapping System for
road data capture based on 3D road model»
by Ishikawa, Takiguchi, Amano, and Hashi-
zume (2006), the authors introduce an inno-
vative Mobile Mapping System (MMS) designed
to enhance the management and acquisition of
road databases, crucial for the development of
road telematics [8]. This system integrates a
suite of advanced technologies, including GPS/
Dead Reckoning (DR) navigation, GPS-Gyro/
Inertial Measurement Unit (IMU), laser scan-
ners, nearly horizontal cameras, and a high
sampling rate data logger. These components
work in unison to precisely measure the cen-
terline and sideline locations of roads, consid-
ering a 3D road surface model derived from la-
ser scanner data. This mobile mapping system
combines an accurate positioning by GPS/DR
measurements and attitude/heading referenc-
ing by carrier phase-based GPS Gyro measure-
ments with three progressive scan cameras
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and three laser scanners as shown in Figure 4.

This research is a significant contribution to
the field of road telematics and mobile mapping
systems, offering a robust solution for the ef-
ficient and precise collection of road data. The
integration of multiple technologies to support
the 3D modeling of road surfaces demonstrates
a forward-thinking approach to addressing the
complex challenges of road database manage-
ment. Furthermore, the system's high level of
accuracy in positioning and posture estimation
sets a new standard for mobile mapping sys-
tems, underscoring the potential of such inte-
grated technologies in enhancing road safety
and infrastructure planning.

Kumar, Deshpande, Ho, Ku, and Sarma
(2016) address the critical issue of street light-
ing infrastructure monitoring through their in-
novative research, «Urban Street Lighting In-
frastructure Monitoring Using a Mobile Sensor
Platform», featured in the IEEE Sensors Jour-
nal. Their work introduces a novel car-mounted
sensor platform designed for the collection and
analysis of data on street lights during night-
time drives, marking a significant advance-
ment in urban infrastructure management and
safety enhancement [9].

The key contributions of this study include
the development of signal processing tech-
niques crucial for mapping street illumination
levels, identifying street lamps, estimating
their heights, and accurately geotagging them.
One of the highlights of their approach is an
image recognition algorithm capable of distin-
guishing street lamps from video data captured
by the sensor platform. This algorithm is not
only innovative in its ability to identify street
lamps with high accuracy but also in its appli-

Figure 3 — Image data acquisition
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cation to estimate the heights of these lamps.

Results and discussion. Comparative
analysis of materials and methods for monitor-
ing street lamps and road conditions involves
evaluating the effectiveness, cost, scalability,
data accuracy, and implementation challeng-
es of each approach. This analysis helps to
identify which technologies yield better results
for specific monitoring objectives. Here, we
compare Digital Video Recorders (DVRs), sen-

Fish eve CCD camera (4M|pixel])

Figure 4 — System configuration
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sors (including vibration, acoustic, and light
sensors), Unmanned Aerial Vehicles (UAVs),
Internet of Things (IoT) devices, and Mobile
Mapping Systems (MMS) across several key di-
mensions (Table).

This table evaluates the effectiveness, cost,
and implementation challenges of digital mon-
itoring technologies like UAVs, MMS, DVRs,
sensors, and IoT devices for road infrastruc-
ture. UAVs and MMS are noted for their high

AHRS
Fiber optic gyro

Laser range finder

Comparative Analysis of Digital Monitoring Technologies for Road Infrastructure

Criteria DVRs Sensors UAVs loT Devices MMS
Effectiveness Good for High for targeted | High; provides | High for High; offers
and Data visible issues; | tasks; requires detailed street lamp detailed data on
Accuracy may miss integration for imagery and monitoring; road conditions.
subsurface comprehensive topographical  limited for road
problems. view. data. conditions.
Cost Low initial; Variable; generally | High initial; Moderate to High initial
high storage | cost-effective cost-effective | high; depends  investment;
and analysis  for targeted for area-wide | on system limited by
costs. monitoring. monitoring. complexity. operational costs.
Scalability Limited by High; easily Scalable Scalable Limited by
need for deployed subject to in urban operational and
numerous across various regulatory environments  maintenance
installation infrastructure and safety with networked | costs.
points. elements. considerations. | lamps.
Implementation  Data storage, Data transmission Regulatory Infrastructure  Skilled personnel,
Challenges privacy network, mainte- | restrictions, integration, logistics
concerns, nance, calibration. privacy, cybersecurity.  of vehicle
analysis weather condi- deployment.
software. tions.




data accuracy and comprehensive monitoring
capabilities, with UAVs excelling in aerial im-
agery and MMS in detailed road assessments.
Sensors and IoT devices are cost-effective and
scalable, suitable for monitoring specific con-
ditions and street lamp status, respectively.
However, DVRs may overlook deeper issues
due to visibility constraints. Despite their ben-
efits, these technologies face scalability chal-
lenges and high costs, particularly DVRs and
MMS. Implementation hurdles include data
privacy, cybersecurity, regulatory issues, and
the need for significant investments. Success-
ful integration into infrastructure management
requires balancing monitoring objectives with
budget and operational considerations, sug-
gesting a combination of technologies for a
holistic approach. Addressing implementation
challenges necessitates technological, regula-
tory, and policy solutions to foster innovation
while ensuring privacy and security.
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Conclusions. The analysis highlights that
combining Digital Video Recorders (DVRSs)
within vehicles with Global Positioning Systems
(GPS) offers an effective and cost-efficient
method for road infrastructure monitoring.
This approach capitalizes on DVRs' real-time
visual surveillance and GPS's precise loca-
tion tracking to identify and address road and
street lamp issues promptly. This DVR-GPS in-
tegration stands out as a versatile solution for
enhancing road safety and maintenance effi-
ciency by enabling targeted and rapid mainte-
nance actions.
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XXos mHppaKypbiibIMbIH UNPIIbIK MOHUTOPUHI XKYPri3y[iH MHHOBaLWNAJIbIK
Tocingepi
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*aBTOpP-KOPPECNOHAEHT.

AHgartna. >Kon xeninepiH 6ackapyablH TUIMAI, ASJ1 XXOHE TYPAaKTbl dA4ICTEPIHIH LUYFbIT KaXeT-
TiZliFiH K6PCETE OThbIPbIr, X0J1 MHPPAKYPbIIbIMbIHbIH LNGOPIbIK MOHUTOPUHIIHIH arbiMAgarbl To-
ciigepi Kapacrtbipblaagbl. KebiHece KOJIMEH TEKCEPY e XXoHE OrepaLmns/iblK KbI3MET KOPCETY CT-
parervsiiapbiHa HEri3AesireH >oJs NMH@PaxKypblibiMbiH 6aKkblaayAblH ASCTYPJli a4icTepi eHOEKTI
Ker Ka)eT eTeTiH CUNartblHa, XXOFapbl LUbIFbIHAAPFA XOHE AEPEKTEPre Xeaes Kepi 6ariaHbICTbl
KaMTamachi3 eTyre KabinetcizgiriHe 6ariiaHbICTbl bapraH CakiblH XKETKI/IKCI3 60Jibin KepiHeAi.
CeHcopnap, UHTepHeTTi 3atTap (IoT), ywKbiwcki3 ywateiH annapatrap (UAV), um@pribiK Bu-
aeopeructpatopnaap (DVR), mobunbai kapta »acay xyvienepi (MMS) >xoHe >xacaHAbl MHTES-
nekT (AI) cusaKTbl UnMpribiK MHHOBaUMUsAapabiH navga 60s1ybl o1 MHGPaKypblibiMbiH 6aKbi-
siay TeoxipmbeciHae TpaHcpopMauunsibiK e3repictepai 6ingipesi. byn 3eptrey xaHagaH nanga
6osiraH UnprbiK 6akblaay a4icTepiH baranangbl, KeNC 3epTTeysiepi apKbl/ibl 0sapAblH rNpaKk-
TUKAaJIbIK KOJIAAHbIIYbIH 3€PTTENAI XKOHE OCbl TEXHOJI0MMSIapAbIH MHPPaKYpbIbiMAbl 6ackapy
MEH TEXHUKAaJIbIK KbI3MET KOPCETY TaXipnbeciHe acepiH TasiKblaanabl. XKakbiHAa XXypriliireH
3epTreysiep MEH XarAavblK 3epTTey/epaAeH aliblHFaH TYCIHIKTEPAi KOPbITbIHAbIIAU OTbIPbIr,
Makasia MaHbl34bl TEXHOJIOMMSIJIbIK XXETICTIKTEPAI atarn KepCceTeani, 0sapAablH apTblKLbI/IbIKTapbl
MEH LLUEKTEYePiH barananbl XoHe X0J/1 UHDPaKYpbI/IbIMbIH LUN@P/IbIK KagaranayabiH 601alak
b6arbITTapbiH YCbiHaAbl. HaTuxenep uUndpribiK MOHUTOPUHI UMHGPaKYpblIbiMAbl 6acKapybiH
TUIMAINIrT MEH HBTUIKEJTI/TINH apTThIPbI KaHa KOMMar, COHbIMEH KaTap MKeMAi xoHe benimaer-
FiLll XKOJ1 XKeJlifIepiH KypyFa e/ieyJsli y/1eCc KocaTblHbIH KOPCETEAI.

Kint ce3pep: kewenepai XapblKTaHAbIPY, XXOJ TOCEMI, X0 UHPPAKYPbI/IbIMbI, YLIKbILICbI3
ywy annapartrapbl (UAV), ungpasik Buaeopervcrpatop (DVR), UHTepHeTTi 3atTap (IoT).

NHHOoBaLUMOHHbIE NogxoA[bl K UNhpoBOMY MOHUTOPUHIY AOPOXCHOM MHPPaCTPYKTypbI
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2YnuBepcurter lepavto, 610 lNepasto Monn, Yact-Jlageriett, HanaHa, CLUA,

*aBTOp-KOPPECNOHAEHT.

AHHOTayMs. PaccMaTpuBarOTCsi COBPEMEHHbIE MOAXOAbl K UMGDPOBOMY MOHUTOPUHIY [OPOXK-
HOUM WHMPAaCTPpyKTypbl, MOAYEPKMBAS OCTPYtO HEOOXOAUMOCTb B 3(@DEKTUBHBIX, TOYHLIX U
YCTOUYMBBLIX METOAAX YrpaBAeHUs AOPOXKHbIMU CETIMU. TPaaNLMNOHHbIE METOAbLI MOHUTOPUHIa
JAOPOXKHOU MHGPACTPYKTYPbl, B 3HAYUTE/IbHOMU CTEMNEHN OCHOBAaHHbIE Ha PyYHbIX MPOBEPKaX
M CcTpaternsix ornepaTuBHOro O6C/IY)XUBaHWs, BCE 4alle paccMaTpuBaroTCs Kak HEAOCTATouY-
Hble U3-3a UX TPYZAOEMKOro xapaktepa, BbICOKUX 3aTpar v OTCYTCTBUS BO3MOXXHOCTU obecrie-
YUTb MFHOBEHHYH 0BpaTHyto CBSI3b C AaHHbIMU. [osiBieHUE LNPPOBbLIX MHHOBALINK, TaKUX KakK
Aarumku, MIHTepHeT Bewen (IoT), 6ecrninaoTHble neTatesibHblie annapatbl (br1J1A), ungpoBbie
Buaeopeructpartopbl (DVR), mobuibHbie KapTorpagpuyeckume cucrembl (MMS) v MCKYyCCTBEH-
HbI nHTENeKT (MU), o3HadyaeT rnpeobpas3yowmii CABUI B MPaKTUKE MOHUTOPUHIa AOPOXKHOM
MHGPACTPYKTypbl. B 3TOM UcCC/ief0BaHUU OLEHNBAIOTCS HOBENLLUNE METOAbLI UMGDPOBOro MOHM-
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TOPUHIa, U3y4yaeTcsi UX NMpakTUYECKOE MPUMEHEHNE Ha OCHOBE TEMaTUYECKUX MCC/IEA0BAHNI M
obcy)XaaeTcsi BIMSIHUE 3TUX TEXHOJIOTMIA Ha MPakTUKYy yrpaB/ieHUsi u 06C/yXuBaHUs UH@pa-
CTPyKTYpbl. O606LYasi naeun rnocaeqHnx NccaeaoBaHui U rMnpUMePOB, B AJOKYMEHTE OCBELLAITCS
Ba>KHbl€ TEXHOJIOMMYECKNE AOCTUKEHMS, OLIEHUBAKTCS UX MPEUMYLLECTBA M OrPaHUYEHUS, a
TaKke npeanaararoTcsi byayiume HarnpaB/eHUs UMdpoBoro HabirogeHUs 3a AOPOXHON UHGpa-
CTPYKTYpPOU. Pe3ynbTaTbl nogYEPKMNBAIOT, YTO LMGDPOBOK MOHUTOPUHI HE TOJIbKO MOBBILLUAET
3¢ EKTUBHOCTb M PE3Y/IbTaTUBHOCTL YIPaB/IEHUS MHGDPACTPYKTYPOM, HO TaKXE BHOCUT 3Ha4u-
TeJIbHbINA BKJ1a4 B co34aHne 60s1ee yCTONYNBBIX U aAanTupyeMbIX JOPOXHbIX CETEH.

Knro4yeBbie csioBa: y/in4yHoOE OCBELLEHNE, AOPOXXHOE MMOKPbITUE, AOPOXHAS MHPPAaCTPYKTypa,
b6ecrnunioTHble AeTaTenbHbIe annapatbl (BIJ1A), ungdpossie Buaeopernctpatopsi (DVR), UHTep-
HeT Bewyen (IoT).
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