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Abstract. The article presents a methodology for creating a basic digital twin of the
urban environment based on the integration of unmanned aerial vehicles (UAVs),

photogrammetry, high-precision GNSS measurements, and geographic information


https://creativecommons.org/licenses/by-nc-sa/4.0/

systems (GIS). The aim of the study is to develop a methodology for creating a digital
twin of the urban environment using UAV photogrammetry and geospatial
technologies and to validate the proposed approach through a real-world case study.
To achieve this objective, a comprehensive six-phase technological workflow was
developed, including flight mission planning, field data acquisition with RTK
positioning, photogrammetric processing in Agisoft Metashape, vectorization of
spatial objects in QGIS with the creation of a GeoPackage database, spatial analysis,
and three-dimensional visualization. The key outcome of the study is the development
of an LODI digital model of the urban environment corresponding to the Digital
Mirror concept, which can be considered the initial stage of digital transformation for
territorial communities. Unlike a full-scale digital twin, a Digital Mirror reproduces
the current state of the physical environment but does not provide automated
bidirectional real-time data exchange. The proposed methodology was validated on a
42-hectare urban area in Rivne, Ukraine. Optimal flight parameters were determined,
the required number of ground control points was established, and the achieved
positional accuracy was confirmed to comply with the specified requirements. The
spatial accuracy of the generated datasets was assessed, the building coverage ratio
and the Visible Atmospherically Resistant Index (VARI) were calculated, and an LOD1
model was created and published in a web environment. The research findings
demonstrate that the proposed methodology enables the development of a digital urban
model suitable for building inventory, updating cartographic data, spatial planning,
and supporting decision-making processes for post-war reconstruction and
sustainable territorial development.

Keywords: digital twin, UAV photogrammetry, geographic information systems (GIS);
digital city model; orthophoto, spatial data; LODI; territorial community; digital

modeling.

Problem Statement. The digital transformation of urban spatial management
systems is a global trend that is increasingly becoming a strategic necessity. As a result

of Russia’s armed aggression, Ukraine’s infrastructure has suffered extensive direct



damage, with a significant number of buildings damaged or completely destroyed.
Effective recovery planning requires accurate, up-to-date, and standardized spatial
data, including orthophotoplans, digital terrain models, and 3D building models, which
constitute an important information basis for developing digital twins of territories.
Digital twins themselves are regarded as comprehensive dynamic models of spatial
objects, processes, and infrastructure integrated into decision-making systems.

Advances in Earth observation technologies, unmanned aerial systems, terrestrial
and mobile laser scanning, high-precision GNSS measurements, and cloud-based
geographic information platforms have created the conditions for a transition from
traditional mapping to comprehensive digital modelling of territories [1]. One of the
key outcomes of this process has been the implementation of digital twins, which
enable the integration, analysis, visualization, and continuous updating of spatial data
and are considered an important tool for decision support [2].

Analysis of recent research and publications. In contemporary scientific
research, digital twins of urban environments are regarded as a promising tool for
integrating spatial data, three-dimensional modelling, and geoinformation technologies
to support decision-making and sustainable territorial development. In particular, M.
Grieves and J. Vickers [3] elaborated on the concept of a digital twin as a combination
of a physical object or system and its digital representation, which are interconnected
through iterative and reciprocal exchange of data and information. Fundamental
principles for developing digital twins are defined in the Gemini Principles, which state
that such models should be oriented toward public good, value creation, and the
provision of trustworthy information, while also meeting the requirements of security,
openness, quality, interoperability, and extensibility [4].

R. Kitchin and U. Dawkins [5] presented their experience in developing a three-
dimensional city information model of Dublin designed to integrate, visualize, and
interpret spatial data. The authors noted that the developed Dublin City Information
Model (CIM), in terms of its functional characteristics, was more of a digital mirror of

the urban environment than a fully-fledged digital twin, as it primarily represented the



state of the city but did not provide a complete bidirectional data exchange with the
physical environment.

Yakovenko et al. were the first in Ukraine to apply geodetic deformation
monitoring methods to refine the boundary conditions of a digital twin of a building at
6-A Lobanovskoho Street in Kyiv, which was damaged by a missile strike on February
26,2022 [6]. It was established that the deviation of the slab on the 25th floor from the
horizontal level reached 241 mm, while the relative differential settlement of 0,0448
exceeded the regulatory limit of 0,005 by a factor of nine. These data were integrated
into the BIM model and the building's digital twin as boundary conditions for finite
element modelling. The study represents a unique example of applying geodetic
measurements to verify a digital twin under conditions of an ongoing armed conflict.

Modern information technologies for urban environment modelling were
investigated by T. Honcharenko [7]. The researcher proposed a conceptual IT
framework for urban spatial management based on the integration of three components:
an artificial intelligence (AI) system, Big Data technologies, and the CIM
methodological platform. Study [8] examines the potential of a mobile platform for
using a digital twin of meteorological forecasting processes. The authors emphasize
that the use of a digital twin in weather forecasting can significantly improve forecast
accuracy and provide rapid access to up-to-date weather information. O. Chertkov's
research highlights the importance of geographic information systems (GIS), BIM
modelling, Earth observation technologies, and automated monitoring systems in
improving forecasting accuracy, optimizing design solutions, and ensuring the
operational management of urban engineering infrastructure [9].

The aim of the article is to develop and validate a methodology for creating a
digital twin of the urban environment using UAV photogrammetry and geographic
information systems. The methodology encompasses sequential stages of flight
mission planning, geospatial data acquisition and processing, development of a Level
of Detail 1 (LOD1) City Information Model (CIM), and assessment of the technical
and economic efficiency of its implementation for the needs of urban territorial

communities.



Materials and Methods. The methodological framework of the study is based on
a combination of systemic, comparative, geoinformation, photogrammetric, and
cartographic approaches. The study is based on publications by Ukrainian and
international authors addressing digital twins and city information models, the
provisions of the international standards OGC CityGML 3.0 [4] and ISO 19152 [10],
regulatory documents in the field of geospatial data, as well as UAV imagery and open
spatial datasets. The study systematizes the types of digital models of the urban
environment, determines an appropriate level of detail, substantiates the sequence of
geospatial data acquisition and processing, and develops a City Information Model
(CIM) for the needs of territorial communities.

At the initial stage of the study, the digital models of the urban environment were
typologized and their functional differences were identified. In accordance with the
classifications proposed by M. Grieves and J. Vickers [3], A. Bolton et al. [4], and R.
Kitchin and U. Dawkins [5], digital representations of the urban environment were
considered according to the level of interaction between a physical object and its digital
model, the completeness of information exchange, and functional purpose. CIM is

implemented at three functional levels (Table 1).

1. Typology of Digital Twins of the Urban Environment

Type Name Characteristics | LOD Platform Examples Note
Digital Accurate
Mirror geometry + ..
semantics. No QGIS + Imt.1a1 Recommg nded
. . LODI- projects, as a starting
Static CIM | real-time GeoPackage oL
. . LOD2 . first-cycle point in
connection with + Cesium .
) MTT Ukraine
the physical
object
Digital One-way update: Utility
Shadow sensors — model. PostGIS + monitoring, | Medium level
Shadow No feedback loop LOD2 Sensor Feed | network of complexity
for management auditing
Digital Bidirectional
Twin connection: Sineanore
Full Digital | model changes — | LOD2- | CityEngine Hel%i IE)ki > | High cost;
Twin management LOD3 | +1IoT + Al o requires [oT
.o Dubai
actions in the real
city




Type Name Characteristics LOD Platform Examples Note
CIM Semantic 3D +
simulation + real-
. time data. Dublin
+ .
ggrma tion Corresponds toa | LOD2- E?li\‘i[EGML . BCD Flexible
Mool Digital Mirror or | LOD3 Un;/t (Kitchin, | architecture
Digital Twin Y 2024)
depending on
implementation

Source: developed by the authors based on [3-5; 11-12].
At the same time, the OGC CityGML 3.0 standard [11;12] defines five geometric
Levels of Detail, LOD0-LOD4 (Fig. 1).
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Fig. 1. Pyramid of Levels of Detail LOD0-LOD4 according to OGC CityGML
3.0. Source: developed by the authors based on [11;12].

For most urban territorial communities in Ukraine, the Digital Mirror / LODI1
level can be considered an appropriate initial stage for creating a digital representation
of the territory. Given the balance between the level of detail, cost, complexity of
development, and availability of source data, the Digital Mirror / LOD1 level was
selected as the baseline for the initial validation of the methodology under the

conditions of urban territorial communities in Ukraine.



To substantiate the selection of the data acquisition method, a comparative

analysis of seven approaches was conducted using the following criteria: productivity,

horizontal and vertical accuracy (mXY, mH), achievable Level of Detail (LOD), spatial

coverage characteristics, cost, and recommended application area (Table 2). The input

data for the comparison were compiled based on the research results of L.Kovanic

[13], V. Tarnavskyi et al. [14], and the authors’ own calculations.

2. Comparative Analysis of Geospatial Data Acquisition Methods

Cost per

Method Productivity | mXY | mH | LOD Coverage 1 km? Applications
. 45-80 Detailed
;rl:):j‘la Station gi;ila rzn_nsl Isn_nllo LOD3 | Partial thousand | cadastral,
y y UAH/km? | BIM, facades
GCP, land
15— 30-50 .
RTK-GNSS 1-3 km?/day 812 18 LOD2 | Partial thousand boundaries,
survey mm » | control
mm UAH/km
network
UAV 10-50 <7 <5  |LoDI- 815 Orthophoto,
photogrammetry Km2da Sem | Sem | 2 Full thousand | DTM, mass
(RTK) y UAH/km? | cadastre, DT
Facades,
Terrestrial laser | 0,1-20 0,1-1| 12 . LOD3,
scanning (TLS) | ha/day mm | mm LOD3 ) Full Very high monuments,
BIM
. 10— .
Airborne LS <800 5-8 15 LOD! | Full High Large-scale,
(ALS/LiDAR) km?/day cm | o (aviation) | DTM, forests
. City streets
Mobile LS <500 5-8 | 812 . ’
(MLS) km?/day om om LOD2 | Full High DSM,
tunnels
o . Monitoring,
Satellite imagery Global 0.3- | _ LODO | Full Low archive data,
(comm.) 0,5m
background

Source: developed by the authors

Based on the combination of the selected criteria, UAV photogrammetry with

RTK positioning was chosen for the validation of the methodology. Compared with

ground-based methods, it provides continuous spatial coverage, high productivity,

sufficient accuracy for an LOD1 model, and the ability to simultaneously generate an

orthophotomap, a digital surface model, and a dense point cloud.




The mathematical framework of the study comprises a system of calculation
formulas that formalize the main stages of the workflow, from flight mission planning
to the assessment of the efficiency of digital twin implementation.

Ground Sample Distance (GSD, cm/pixel) [13]:

Hxd

GSD = fx1000’ (1)

where: H — is the flight altitude (m); d is the matrix pixel size (mu m); f — is the
focal length (mm). Initial data for DJI P4 RTK (d = 2,41 mkm, f= 8,8 mm, H = 120,
m).

Number of flight lines (n, strip) [13]:

n= [ﬁ] +1, (2)

where:W — width of the area of interest (AOI), m; Sw = GSD x Nw — ground
footprint width, m; Nw — number of pixels of the digital image along the frame width,
pix.; By — lateral overlap.

Base distance between photographs (Bphoto) and total number of photographs (N)

[13]:
Bphoto = Sh x (1 o BX), (3)
N=nX [Bc])LOTo]' (4)

where: Sh — length of the frame on the ground along the flight direction, m; Bx —
photogrammetric base along the flight direction, i.e., the distance between the centers
of two consecutive photographs on the ground, m; L — length of the study area along
the flight route, m.
Accuracy of the orthophoto (mXY, cm) [13]:
mXY = 1,5xGSD; mH=2,0xGSD (5)
Accuracy without GCP in PPK mode (mXYppk, cm) [10]:
mXYppk = GSD x 1,2 + Csys, (6)
where, Csys = 2-5 cm is the systematic error of camera RTK positioning without
ground control. Optimal number of ground control points with known planimetric and

elevation coordinates (nGCP) [13]:



X k, (7)

nGCP = [F
So

ne S — area of the study territory (AOI)(km ?); So = 0,5 km ? — standard area per 1

GCP; k— correction coefficient accounting for the territory configuration, corner
sections, and required overlap, k=1,5-2,0.

The number and placement of GCPs were determined taking into account the area,
territory configuration, relief, and accuracy requirements.

Building density coefficient [13]:
Kz = (—S AOI) X 100%, (8)

VARI- vegetation index for an RGB camera [13]:

VARl =2 (9)
G+R-B

NDVI for multispectral cameras (DJI Multispectral, MicaSense RedEdge) [10]:

NIR — R
NDVI = ——, (10)

where, NIR — is the near-infrared band. Classification: < 0,1 — bare soil/asphalt;
0,1-0,25 — sparse vegetation; > 0,25 — dense vegetation.

Relative savings compared to the traditional method (Es, %) [13] :

_ Etrad — Euav

Es = Zirad X 100% (11)

where, Etrad — cost of traditional surveying of the same area (thousand UAH);
Euav — cost of UAV surveying. For an area of 1km?2: Etrad= 62 thousand UAH
(tachymetry), Euav = 13 thousand UAH — relative savings compared to the traditional

method is 79,0%. Relative economic efficiency coefficient (Ke) [13]:

Ke = Etrad , (12)

Euav

The calculated coefficient demonstrated a 4,77-fold reduction in costs.

The proposed six-phase technological workflow covers the complete cycle of
CIM model development, from the preparation of input data to its publication (Fig. 2).
Each phase produces a separate information product that is subsequently used as input

data for the next stage.



Phase 1 Phase 2 Phase 3
Preparation of NOTAM, || Field work ] N Photogrammetry
GSD, Grid mission GCP = 7RTK. UAV 312 Metashape:
’ photos Align —DEM—Ortho
Phase 5 Phase 4
PE:E.EL | 3DLODI, Short Circuit |o| QGIS
Cesium js/WebODM Analysis, Vectorization,
¥ VARI, Buffers GeoPackage

Fig. 2. 6-phase methodical chain for constructing a digital twin of the MTG
Notation: — sequential product transfer; «<— reverse transition (Phase 5—4 upon detection of
topological errors). Source: developed by the authors [13-16].

A comparative analysis of specialized software products was conducted to select

the software required for photogrammetric processing of UAV imagery, spatial

analysis, geospatial data storage, three-dimensional modelling, and workflow

automation. The evaluation was based on functional purpose, license type, supported

operating systems, key capabilities, and suitability for specific stages of CIM model

development (Table 3).

3. Comparative characteristics of software tools for creating a CIM (City

Information Modeling) model of the urban environment

Software . Suitability
Product Category | License | OS Key Features Assessment
Agisoft . . StIM+MVS, RTK/PPK,
Metashape il;ﬁte(igra giZinmer XWm/Mac/Lmu auto GCP, LOD1-3 high
Pro 2.x Y products, quality report
SfM without GUI,
OpenDroneM | Photogra | Open Docker/CLI WebODM interface, auxiliary
ap (ODM) mmetry Source .
batch processing
Photoera | Commer Rapid Check, real-time
Pix4Dmapper & . Windows quality, LOD3 point medium
mmetry cial
cloud
GIS Open Vectorization,
I?,?II{S 3.34 analysis, Source Cross-platform | GeoPackage, 3D View, | high
3D (GPL) 100+ plugins, NDVI




Software . Suitability
Product Category | License | OS Key Features Assessment
. SQL+geometry,
gg::GrleSS/QL %Igtlal (S)(I))S;lce Cross-platform | LADM-UA, mass medium
g appraisal, CityGML
. . GIS/ Commer DXF/XML, cadastral
Delta/Digitals . . : .
topograph | cial Windows plans, remote sensing medium
Pro XE . .
y (UA) integration
Python . .
(GeoPandas, Automatio | Open Cross-platform NDVI, deep learnmg, medium
. n Source batch raster processing
Rasterio)
. . CGA-rules, LOD2-3,
CltyEnglne 3D . Cpmmer Win/Mac CityGML, procedural auxiliary
(Esri) planning cial .
modeling
Cesium.is / D Open 3D Tiles, CZML,
) . Source / | Web (WebGL) | public API, open cloud | medium
Ion publishing .
SaaS environment
. ) Grid/Waypoint, RTH,
DJT Pilot 2/ UAV Free Agdr01d/1OS/ auto GSD, 2D/3D medium
Terra missions Win .
missions

Source: developed by the authors [15;16]

Presentation of the main research material. The methodology was tested

through practical validation by developing a Digital Mirror. A Digital Mirror is a digital
representation of a physical object or urban environment that reflects its current state
based on the available data but does not provide a fully automated bidirectional
exchange with the real-world object [5;15]. In general, an urban digital twin is based
on two fundamental principles: learning and decision-making. It provides an
opportunity to learn from interactions between urban elements and, consequently, to
make more informed decisions that improve the efficiency of urban management and
the performance of individual urban components. The results of implementing an urban
digital twin include data management, visualization, situational awareness, planning
and forecasting, integration, and collaboration [16].

The digital environment was represented by a fragment of the urban territory of

Rivne, with an Area of Interest (AOI) of 42,0 ha (Fig. 3).



a b

Fig. 3. Object of study: Land plot in Rivne: a — topographic base scale 1:2000; b
— base map (ESRI Online Imagery). Source: Open Data Geoportal of Rivne

Input parameters of the DJI Phantom 4 RTK mission: h =120 m, GSD = 3,02 cm,
Bx = 80%, By = 70%, n = 12 strips, N = 322 images, the estimated duration of the
flight mission was 22 min 41 s. (Fig. 4).

Geodetic support: nGCP= 7 (formula 7: S = 0,42km?, So = 0,5km?, k=2,0 - n=
6 +1 = 7), evenly distributed along the perimeter of the area, measured by the RTK
method (Leica GS18 T/ ZAKPOS NRTK network): mXY =+ 9-14 mm, mH = £14-20
mm.

Processing was performed in the Agisoft Metashape Pro 2.1 environment (High
accuracy, GCP referencing, Medium Dense Cloud): 5793412 points, DSM 6 cm,
orthophoto GSD = 3,29 cm/pixel. Residual error for GCP: mXY = 0,014 m (standard
< 1,5 x GSD = 0,049 m). In the QGIS 3.34 LTR environment, a geospatial database
city.gpkg was generated in GeoPackage format using the coordinate system

EPSG:5562.



Fig. 4. Planned aerial survey route using the DroneDeploy Flight App.
Source: developed by the authors

The database contained five thematic layers: buildings — 248 polygons, roads —
187 linear segments, green spaces — 34 polygons, ground control points — 7 points, and
the study area boundary — 1 polygon. The labor intensity of manual vectorization was

about 2,5 h/ha (Fig. 5).

o

Fig. 5. Three-dimensional LOD1 model of an urban environment fragment in
the city of Rivne. Source: developed by the authors
The spatial analysis of the study area included the determination of the building
coverage ratio, assessment of the condition of green vegetation using the VARI index,
delineation of pedestrian accessibility zones, and calculation of the economic

efficiency of the applied approach. The building coverage ratio was 12,9%, while the



mean VARI value was approximately 0,22, indicating a satisfactory condition of the
vegetation cover. To assess the accessibility of facilities, buffer zones with a radius of
500 m were generated. The calculated Return on Investment (ROI) was approximately
4,77 times. During the development of the LODI model, building heights were
automatically determined from the Digital Surface Model (DSM) for 87% of the
buildings, while the height characteristics of the remaining 13% of the objects were

manually refined. The summarized results of the methodology validation are presented

in Table 4.

4. Consolidated results of the practical validation of the methodology

Indicator Value Comment

Number of DNG images 322 pes. ZR(I)A l\v/{/P%OV:;ZtEXIF-RTK coordinates,
Flight height (AGL) 120 m ég%’/fgrigeg to APU-UAS; optimum
GSD (calculated) 3,29 cm/pixel Formula (1): d=2,41 mkm, f=8,8 mm,

H=120 m

Longitudinal / lateral overlap 80% /70% Regulatory requirement > 60% / 55%

Number of flight strips 12 strips Eormu&a (2): W=577 m, Sw =165m, By
=0,70%

Mission duration (calculated) 22 min 41 s According to the flight mission planner.

Uniform distribution; distance between

Number of GCPs 7 points (101-107) GCPs < 350 m

GCP accuracy (mXY) £0,009-0,014 m RTK Leica GS18 T / ZAKPOS NRTK
network

GCP accuracy (mH) +0,014-0,020 m Baltic 1977 height system

Dense point cloud

5793412 points

Agisoft Metashape, Medium quality

GeoTIFF, RGB 8-bit, EPSG:5562,

Orthophoto GSD 3,02 cm/pixel

seamless
DSM resolution 6,0 cm/pixel GeoTIFF float32, EPSG:5562
Residual GCP error (mXY) 0.014 m (avg.) Meets < 1,5 xGSD = 0,049 m

Number of vector features:
buildings

248 polygons

Average area 218,5 m?; manual
digitization

Number of features: roads

187 segments

Centerlines, surface/width m attribute

Number of features: greenery

34 polygons

Area = 8.46 ha (20.1% AOI)




Indicator Value Comment
Building density coefficient 12.9% Formula (8): Sbuild = 54200 /SAOI =
(K3) . 420000 m’
Vegetation index (VARI) ~0.22 Formqla (6): green zone — satisfactory
condition
Vectorization time per 1 ha ~25h 11\/-128831 digitization in QGIS 3.34, scale
~4.8 times higher
Relative economic efficiency than the costs Formula (12): Etrad = 62 thousand UAH
coefficient (Ke) associated with UAV | / Euav = 13thousand UAH
use

Source: developed by the authors; calculations were performed using Equations (1)—(12); QGIS Field
Calculator

For the 42,00 ha study area, seven Ground Control Points (GCPs) were
established, distributed along the perimeter and in the central part of the survey block.
The number of points was determined considering the configuration of the study area,
image overlap parameters, the RTK-based camera positioning method, and the need
for spatial control of the photogrammetric model. The mean VARI value within the
delineated green vegetation areas was approximately 0,22, which, according to the
adopted classification, corresponds to a predominance of sparse and moderately dense
vegetation.

The validation results confirmed the practical suitability of the proposed
technological workflow for developing a basic digital representation of an urban
territory at the LODI1 level. The application of UAV photogrammetry enabled the
simultaneous generation of an orthophotomap with a spatial resolution of 3,02
cm/pixel, a Digital Surface Model (DSM) with a resolution of 6 cm/pixel, and a dense
point cloud containing more than 5,79 million points. The residual horizontal error was
0,014 m, which was below the adopted threshold value of 1,5 x GSD. The resulting
datasets provided a sufficient geometric basis for vectorizing buildings, the road
network, and green vegetation, as well as for subsequent development of a three-
dimensional building model.

An important advantage of the proposed approach is the integration of

photogrammetric products with a semantically structured geospatial database. The



resulting GeoPackage database contained 248 building polygons, 187 road network
segments, 34 green vegetation polygons, Ground Control Points, and the boundary of
the study area. This structure makes it possible to move beyond visual representation
of the territory toward the execution of spatial queries, calculation of building coverage
indicators, analysis of green vegetation, and preparation of data for three-dimensional
visualization. At the same time, the workload associated with manual vectorization,
which amounted to approximately 2,5 hours per hectare, indicates the need for further
automation of the object recognition process.

The comparison of geospatial data acquisition methods demonstrated that UAV
photogrammetry occupies an intermediate position between highly accurate but
relatively low-productivity ground-based methods and wide-area satellite and airborne
technologies, which generally provide less detailed spatial information [15]. For the
development of an LOD1 model, its main advantage lies in the balance between spatial
detail, continuous coverage, productivity, and cost. Terrestrial laser scanning provides
higher accuracy and greater facade detail; however, it is more appropriate for LOD3
models, detailed documentation of individual buildings, and the recording of
architectural heritage sites [16]. Satellite imagery can be used as background and
archival data, but its spatial resolution is insufficient for detailed modelling of
individual urban objects [17].

In terms of its functional characteristics, the developed model represents the
geometric and semantic state of the territory at the time of data acquisition, but it does
not maintain a permanent connection with sensors and does not provide automated
bidirectional data exchange. This does not diminish its practical value for territorial
communities, since the Digital Mirror / LODI1 level can serve as a realistic initial stage
of spatial management digitalization [18]. A model at this level can be used for building
inventory, updating the cartographic base [19], land-use analysis, assessment of green
areas, urban improvement planning, and preliminary substantiation of urban planning
decisions [20]. The gradual integration of utility network data, municipal registers,
sensor data, and information on changes in physical objects will enable the digital

representation to be progressively transformed into a Digital Shadow and subsequently



into a fully functional Digital Twin. The classification-based distinction between these
levels has already been established in the methodological section of the article.

Conclusions. The study substantiates a methodology for creating a basic digital
representation of the urban environment based on the integration of UAV
photogrammetry, high-precision GNSS measurements, and geographic information
systems. The proposed six-phase technological workflow encompasses flight mission
preparation, field data acquisition, photogrammetric processing, development of a
geospatial database, spatial analysis, three-dimensional modelling, and publication of
the results. The results of the comparative analysis demonstrate that UAV
photogrammetry is an appropriate method for developing a Level of Detail 1 (LODI)
City Information Model (CIM). It provides continuous spatial coverage, enables the
generation of an orthophotomap, Digital Surface Model (DSM), and point cloud,
delivers sufficient accuracy for the defined tasks, and offers lower costs compared with
traditional ground-based surveying. The developed model corresponds to the Digital
Mirror / LODI1 functional level rather than a fully-fledged digital twin, as it does not
provide automated bidirectional data exchange with the physical environment. At the
same time, it can be regarded as a foundational stage in the development of a territorial
community digital twin and can be used for object inventory, updating the cartographic
base, analysis of built-up areas and green vegetation, spatial planning, and information
support for decision-making.

Further development of the methodology should focus on automating
vectorization, assessing accuracy using independent check points, progressing to the
LOD?2 level, integrating cadastral and urban planning data, establishing mechanisms
for regular data updating, and incorporating sensor information. These developments
will enable a gradual transition from a static Digital Mirror to a dynamic Digital Twin
of the urban environment.
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CTBOPEHHS IIU®POBOI'O JIBIMHUKA MICBKOI'O CEPEJOBHUIIA
3ACOBAMMU BIIJIA-GOTOT'PAMMETPII TA T'IC

Anomauyia. Y cmammi pozenanymo memooo.02il0 CMEopeHHs 6a308020

Yyugpposozo O0GIiliHUKA MICbKO20 cepedosuwa HA OCHOGL IHmezpayii 0Oe3nilomHux
aimanvuux anapamie (BILJ/IA), pomoepammempii, sucoxomounux GNSS-eumipiosars
i eeoingpopmayitinux cucmem (I'IC). Memoio docnioxcenus € po3pobka memooonoaii
CMBOPEHHS YUPP0oB020 OBIIHUKA MICbK020 cepedosuwia i3 3acmocysantsim BIIJIA-
Gdomoecpammempii ma eeoinghopmayiinux mexHonio2i, a maxkoxc ii anpobayis Ha
peanvHoMy 00'ekmi 0ocnioxcenus. /st 0ocseHeHHs NOCMABIeHOI Memu 3aCMOCO8AHO
KOMNJIeKCHUNl ulecmu@asHull. mexHoN02iYHUll JIaHYt02, WO OXONIIOE NIAHYBAHHS.
3HIMANbHOI  MIcii, BUKOHAHHS noabosux pobim i3 RTK-nosuyionysanusm,
gdomoepammempuure onpayoearnHs mamepianie y cepedosuwi Agisoft Metashape,

sekmopuzayito npocmopogux o6'ekmie y QGIS 3 gopmysannam obazu Oanux



GeoPackage, npocmoposuii aunaniz ma mpusumipny eizyanizayiro. Kiuouosum
Pe3VIbMAmMoMm € CMEopeHHs yuppoesoi mooeni micokozo cepedosuuja pisnsa LOD1, sika
gionosioae konyenyii Digital Mirror i mooice pozensoamucs K no4amrko8ull eman
yugposizayii mepumopianvuux ecpomad. Ha eiominy 6i0 nosnoyinHo2o yugposoco
O8IlIHUKA, YUudpose 03epKanio 8i0mMEopIoe NOMOYHUU CMAH PI3UUHO20 cepedosuuya,
ane He 3abe3neyyec agmomMamu308aH020 080CMOPOHHEO20 OOMIHY OAHUMU 8 DeHCUMI
peanvrozo uacy. Memoouunuil nioxio anpoboano Ha pasmenmi Micbkoi mepumopii
M. Piene nnowero 42 ea. Po3paxoeano onmumanvHi napamempu aepo3sHiMAaHHA,
BU3HAYEHO HEOOXIOHY KIIbKICMb HA3eMHUX ONOPHUX MOYOK ma NiOMmMeEepoNCceHO
BIONOGIOHICMb ~ OMPUMAHOI  MOYHOCMI  BCMAHOBNEHUM — 8UMO2aM.  Buxonano
OYIHIOBAHHA NPOCMOPOBOI MOYHOCMI OMPUMAHUX Mamepianie, pPo3paxo8aHo
koeghiyienm 3a6yo0osu, inoexc pocaunnocmi VARI ma cgopmosarno mooenv pigns
LODI1 i3 nooanvwioro nybnikayiero y eebcepedosuwi. Pezyromamu 0ocnioscenms
niomeepounu, wo 3anponoHO8aHa Memoooloisa 3abe3neuye opmysants yupposoi
MoOeli  MICbKo2o —cepedosuuya, npuoamuoi 0ni  iHeeHmapuzayii  3a0y008lu,
akmyanizayii - kapmoepag)iuHoi  OCHO8U,  NPOCMOPOB0O20  NIAHYBAHHSA  MdA
IHhopMayitiHOT NIOMPUMKU NPULHAMMSL YIPAGTIHCLKUX pilueHb Y npoyeci 8i00y008u
U pO38UMK) MepUmopi..

Knwuosi  cnoea: yugpposuii OBIlHUK, BIJIA-gpomoepammempis,
2eoinopmayitini cucmemu, yugposa moodenv micma, LODI, npocmoposi Oatni,

MmepumopiaibHa 2pomaoa, yugppose mooeno8anHsI.
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