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Abstract. Evaluation of 3D building model quality is central to civil engineering, geodesy, architecture and the construction industry as it
facilitates the assessment of the model’s accuracy, completeness and interoperability. The article presents a concept of a versatile method for
evaluating the quality of 3D building models, the 3D model evaluation method. It can compare models regardless of their data sources, modelling
techniques, visualization and file format. The method covers key quality aspects such as completeness, which reflects the degree to which object
components are represented; accuracy, which concerns geometric and positioning integrity; and interoperability, which includes the model’s
compliance with standards, editability and reusability. The author investigated a range of 3D modelling approaches, including mesh, solid and
parametric models derived from a variety of data sources. The proposed evaluation method is founded on analyzing model attribute values for
selected criteria followed by visualization of these values on a radar chart. The model quality index, normalized to [0; 1], quantifies the 3D
model quality. The results demonstrate the method’s effectiveness for 3D model evaluation regarding both geometric and non-geometric aspects.
The method can be applied in GIS, BIM, spatial analyses, civil engineering and environmental engineering. It provides a single pipeline for
classifying and comparing different types of models. The 3D model evaluation method provides a universal, structured and practical basis for
comparing 3D models across sources and techniques, ensuring result comparability and consistent quality reporting.
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1. INTRODUCTION
1.1. Foundations of 3D building modelling
A 3D model is a digital representation of an object or scene in
a three-dimensional space generated by a structure of points,
lines and faces [1]. It is used to represent shapes, textures and
other properties of objects exactly and quantifiably [2]. It can
also cover a detailed representation of space, including basic
structural elements of the building, such as walls and ceilings,
or complex details such as doors and windows [3]. Moreover,
3D models can incorporate information on colors, materials and
physical properties for realistic renders and simulations [2–4].
Modelling is an extensive process, starting with data acquisition
all the way to visualizing a model of a 3D object [1]. Three-
dimensional models are employed in a variety of fields, like
the visualization of sites and objects, cultural heritage archiv-
ing, technical inspections, navigation, virtual reality (VR) and
augmented reality (AR) design, animation, or virtual tourism.
They are used for precise rendition of objects to protect them
from damage and as virtual reconstructions for educational and
research purposes. The models can also double as realistic and
interactive visualizations of complex structures [1, 5]. Three-
dimensional modelling is critical for civil engineering, geodesy,
cartography, cultural heritage protection, medicine, animation
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and video games. It helps with precise object archiving, design
and simulation, driving innovation in a multitude of sectors [2].
In architecture, 3D models are used to plan emergency evac-
uation, manage crises, analyze energy needs and complete en-
vironmental simulations. By streamlining the visualization of
virtual spaces, they support design processes and infrastructure
management. Route planning and safety assessments also bene-
fit from 3D models [3]. Cultural heritage protection makes use of
HBIM (Heritage Building Information Modelling) to generate
parametric models from survey and historical data for precise
representation and documentation of heritage objects. This pro-
cess integrates data acquired with multiple platforms, like laser
scanning and photogrammetry [6].

Three-dimensional modelling is a digital visual reconstruc-
tion technique for generating 3D models of existing objects
and spaces. The process includes data acquisition, geometry
reconstruction and visualization [3, 5]. It involves transform-
ing collected multi-platform (geo)spatial datasets into a digital
rendition with points, vertices, lines, edges, planes and solids,
or mathematical (parametric) equations and notations. Three-
dimensional modelling requires precise input and sophisticated
computing [1].

1.2. Data sources for 3D modelling

Data sources are critical in modelling, i.e. rendering digital rep-
resentations of spaces and objects. The data determine the most
significant model attributes: accuracy, precision, completeness
and reliability. They also affect the level of detail. Input accuracy
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and completeness set the limits for the potential final outcome
while also defining the modelling process [7–11]. Apart from
numerous types of data that can be used to generate 3D mod-
els, the process also involves multiple tools and programming
environments for modelling and visualization [9, 12–14].

The usual data sources for 3D modelling include physical
measurements, laser scanning (LiDAR), photogrammetry and
other spatial data, including technical files [7,11,15]. Operators
can use diverse spatial datasets, including topographic raster
maps, cadastral databases, digital landscape models (DLM), 3D
city models as well as cartographic service and automated map-
ping data, so they can build 2D and 3D models of variable
levels of detail [15]. A specific type of models, 2.5D models,
makes use primarily of raster maps and cadastral databases.
They reproduce building footprints and their primary geometric
features. Conversely, 3D models from digital landscape models
and spatial databases provide information on building heights,
roof shapes and building layouts. Multi-platform integration
empowers more inclusive and interoperational models for ur-
ban study analyses, spatial planning and geovisualization [15].
Technical files are another critical data source for modelling.
This category includes scanned building plans with floor plans,
elevations and section views. However, height and spatial struc-
ture are usually not covered. Reconstruction of 3D models from
2D plans remains a challenge, and the resulting models often
need to be complemented with auxiliary sources, such as laser
3D scanning, to improve accuracy and completeness [16]. An-
other important addition to spatial data is land surveys, which
contribute precise information on the locations and dimensions
of objects. This can provide a matrix for integrating scanning
outputs with spatial models [15]. Aerial photographs and GIS
geospatial data are also an important part of the 3D model
generation suite, facilitating precise rendition of buildings and
their surroundings [8]. Aerial photogrammetry provides high-
resolution images suitable for 3D reconstructions. Still, they
cannot be used on their own because of complex processing
and missing data on building heights. By integrating aerial pho-
tographs and GIS data, one can generate more accurate models,
combining details from images with geodetic information, sig-
nificantly improving 3D model quality [8].

The advent of laser scanning (LiDAR), with its high geomet-
ric accuracy, revolutionized data acquisition for 3D modelling
of cities and single objects. Aerial laser scanning (ALS) has be-
come the primary source of data for building modelling because
it offers complete and precise information on building height
and relief. Integrating LiDAR and photogrammetry yields more
comprehensive models that combine geometric precision and
elaborate visual textures [7]. That is why ALS is prevalent in
urban studies, spatial planning and engineering analyses, where
the urban fabric has to be fully rendered [8]. On the other hand,
mobile laser scanning (MLS) allows for rapid and effective spa-
tial data acquisition, especially in a dynamic urban environment.
Mobile laser scanning point clouds from sensors on vehicles or
other mobile platforms can reconstruct building geometry, road
infrastructure and street objects. Moreover, the integration of
MLS into an existing 3D mesh and data fusion algorithms can
improve building model accuracy and integrity, which makes

the technology highly relevant in civil engineering and urban
infrastructure management. With MLS, operators can quickly
reproduce objects in real time. However, the method offers ac-
curacy below that of aerial or terrestrial laser scanning, so it
often requires additional data sources [17]. Still, terrestrial laser
scanning (TLS) remains the central technique for reconstruct-
ing objects with the highest possible precision, in architectural
heritage, industrial infrastructure and complex built structures.
Terrestrial laser scanning generates detailed point clouds with
which one can analyze building geometry, detect structural de-
formations and evaluate the building’s condition. Thanks to its
high resolution capabilities, TLS is preferred in projects where
details have to be reproduced very accurately, such as her-
itage conservation and structural analyses [18]. The technology
helps identify damage, monitor changes over time, and precisely
model complex shapes. Even though TLS is a source of very
accurate data, it is limited to non-mobile applications, so the
acquisition times are longer, and it may prove more challenging
to use in urban environments.

Today’s 3D modelling methods increasingly turn to artifi-
cial intelligence (AI), machine learning (ML) and deep learn-
ing (DL), which significantly streamline reconstruction. These
techniques enable operators to automatically generate 3D mod-
els from various geospatial data sources, such as aerial images,
LiDAR point clouds, satellite data and GIS. Thanks to sophis-
ticated segmentation, classification and spatial analysis algo-
rithms, it is possible to reproduce terrain and building geometry
rapidly and accurately. They also facilitate an automated Level
of Detail (LoD) optimization and elevate reconstruction preci-
sion [19].

1.3. Structure of 3D models

One can identify three types of 3D model structures, depending
on the specific civil engineering approach: solid models, surface
models and parametric models.

The most common civil engineering 3D modelling method
is solid modelling. It employs basic 2D and 3D shapes (prim-
itives), such as cubes, spheres and cylinders, which are modi-
fied to attain the desired shape. The process involves structural
manipulations and often subdivision until the intended result
is achieved and the final shape is obtained [20]. Solid models
are generated using 2D profiles that are building blocks of 3D
shapes. Flat contours can be transformed into 3D solids by ex-
truding, cutting, revolving, etc. Then, the final shape is achieved
with a plethora of geometric and logical operations for modify-
ing, combining or subtracting model components. This way, the
operator can generate multiplex spatial structures representing
simple structural elements and complex architectural composi-
tions. This process is the foundation of modelling in CAD and
BIM systems, where precise geometry and editability are central
for further analyses and design applications [21, 22].

Surface modelling comes in three subtypes, exhibiting dif-
ferent approaches to how the external surface of 3D objects is
described. Surface models are often combined with solid and
parametric models to provide high-fidelity representation. Sur-
face modelling makes use of profiles, but its chief functional
component is control points for defining 2D and 3D curves.
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Surface modelling is employed when the target shape is too
complex to be represented with traditional solid modelling tech-
niques [22]. Mesh models are the most popular and common
ones. Mesh 3D models are represented with a polygonal net-
work, typically of triangles or quadrangles, consisting of nodes,
edges and faces. This approach is most common in computer
graphic design, 3D modelling and engineering [23].

Parametric modelling offers dynamic control over object ge-
ometry with a set of parameters and links between them. With
this method, one can automatically adapt the building’s struc-
ture by modifying the input parameters. This makes it popular
in civil engineering, architecture and BIM, where it contributes
to the effective generation of multiplex forms and structural
optimization. Parametric modelling is a pivotal tool for archi-
tecture and engineering today thanks to its capability to rapidly
adapt projects to complex environmental, technical and func-
tional conditions [24]. This approach helps precisely reproduce
building and element geometry in Building Information Mod-
elling, which is highly relevant for archiving architectural her-
itage and traditional building methods [25]. Parametric models
are founded on relationships between structural elements and
mathematical equations that define their shape and properties,
which means design flexibility and easy modifications without
remodelling [26]. Architecture and civil engineering liberally
employ parametric modelling, particularly for projects where
diverse structural elements need to be precisely optimized and
integrated. Parametric modelling is a state-of-the-art design ap-
proach. It offers rapid iterating and automatic synchronization
of changes across the model, eliminating project reprocessing
after each modification. As opposed to traditional design meth-
ods, parametric modelling offers dynamic editing and real-time
optimization, contributing to process efficiency. It is also critical
for archiving architectural heritage and traditional construction
methods, facilitating reproducing and analyzing heritage build-
ing systems [25]. Parametric modelling is commonly used in
architecture, engineering and design, allowing for precise adap-
tation of buildings to environmental conditions and functional
requirements [24].

Solid, surface and parametric modelling are often combined
into many derivative forms. NURBS models describe surfaces
with mathematical curves and splines and are used mainly to cre-
ate smooth free-form, edgeless objects. The model contains no
edges or vertices, preserving object smoothness [20, 27]. In
SubD models (subdivision surfaces), the surface emerges from
the subdivision of a polygon mesh into smaller pieces, lead-
ing to smoother shapes. This 3D modelling technique combines
polygon and NURBS approaches for virtually total control over
the mesh to obtain sophisticated shapes. Then there are CAD
models, often generated from sections, where precision and ac-
curacy of visualization and ease of transformation into engineer-
ing drawings are paramount. This method combines the mesh
and solid approaches [20, 28].

1.4. Purpose and scope of research

The study aims to develop criteria for the qualitative evaluation
of 3D models of built structures and to conceptualize a versatile
method for evaluating the quality of such models (3D model

evaluation method). Its focal point is an analysis of 3D mod-
elling methods from diverse (geo)spatial data, including point
clouds from laser scanning and photogrammetry. The study ob-
jective is to evaluate the quality of 3D models in the context
of civil engineering requirements in architecture, construction
and geodesy. An attempt is made to propose criteria encom-
passing solid, mesh and BIM models. The evaluation criteria
are universal and can be applied to all types of built structures
regardless of the data source, methods and tools used for 3D
modelling. The evaluation involves a set of qualitative attributes
of 3D models, such as interoperability, completeness, integrity
and geometric accuracy, including element positioning, object
spatial occupancy consistency, detail reproduction accuracy and
potential for sharing and editing the model.

2. METHODS AND CRITERIA FOR EVALUATING 3D
MODELS

The available 3D modelling methods can yield objects of di-
verse levels of detail and accuracy, depending on the intent.
When choosing the method, one should take into account limi-
tations in data availability and processing tool performance [29].
Effective management of the level of the model’s detail requires
elasticity to adapt the Level of Detail (LoD) and Level of Infor-
mation (LoI) to individual elements or their groups instead of
defining one universal detail level for the entire model. This way,
project resources can concentrate on elements critical at a spe-
cific stage, which prevents model overload. The diversification
of LoD rules out unnecessary modelling of all elements with
the maximum detail, which could extend lead times, complicate
model management and hinder data processing. Effective LoD
management significantly streamlines model modifications, lim-
iting the need for editing over-detailed elements that are not
critical at a specific stage [30].

According to the CityGML standards, Levels of Detail of
3D models vary in terms of how detailed 3D building models
are. Level of Detail 0 is the most straightforward approach. It
represents buildings as 2D footprints with optional height infor-
mation. Level of Detail 1 is a solid block building model with
a flat roof that is the footprint extruded to a uniform height.
Level of Detail 2 includes simplified roof shapes and a basic
representation of details, such as walls and roofs. Level of De-
tail 3 is a detailed model with windows, doors, balconies, and
more sophisticated roof details (Fig. 1) [31–33].

Fig. 1. Representation of a building using LoD 0–3 [31]

The information load is more extensive in more complex 3D
models, such as BIM models, which are still based on the same
CityGML aspects but may include additional non-geometric in-
formation. Level of Detail 1 represents overall structural geom-
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etry in the form of a simplified solid shape. It does not include
material properties, thicknesses, or construction joints. At LoD
2, basic building components such as walls, ceilings and roofs
are correctly positioned, and their dimensions are consistent
with the assumptions of a static model, understood here as a
fixed geometric representation without mechanical or dynamic
properties. Details such as joints or steps are not included at
this level. LoD 3 provides more detailed representations, where
roofs, walls and stairs are accurately positioned, and basic fea-
tures like steps and beams are included. Structural materials are
also distinguished. LoD 4 extends the model to include all de-
tails of structural elements, and LoD 5 offers the highest level
of geometric precision, representing even minor construction
details such as nails and rebar [30].

Level of Information (LoI) concerns how much detailed in-
formation is assigned to model elements for building and in-
frastructure management processes. It is linked directly to LoD
regarding the detail of information provided [34]. Level of In-
formation 1 offers general information. It contains the minimal
data tier, such as element name, type and general purpose. Level
of Information 2 is simple geometric and material information.
It provides basic object dimensions and approximate material
data. Level of Information 3 provides technical details. It covers
accurate material properties and basic condition data, such as
strength and wear. Level of Information 4 provides elaborate
data on the element’s condition. It contains diagnostic details
such as damage, wear analysis, or repairs. Level of Detail 5
means complete information. It offers any possible piece of in-
formation, such as element history, complete technical analyses,
maintenance plan and management information [30].

Level of Geometry (LoG) concerns the geometric detail re-
flected in 3D models. Level of Geometry covers all geometric
information of the model, both for general shapes and structural
elements [35]. Level of Geometry is divided into five tiers of in-
creasing detail. Level of Geometry 100 is a concept model with
a general building footprint and no detailed representation of
shapes or geometry. Level of Geometry 200 is the approximate
representation of building geometry, with only a basic spatial ex-
tent. Level of Geometry 300 entails precise geometry, accurately
representing shapes, attributes and types of structural elements.
Level of Geometry 350 can be used to draft detailed structural
documentation from the model. Level of Geometry 400 is a very
detailed representation of elements and joints, with full insight
into individual components. Level of Geometry 500 offers a per-
fect representation, verified in the field through surveys [34,35].
Level of Accuracy (LoA) defines the dimensional precision of
the model as compared to the actual object [34]. This parameter
indicates the accuracy applied to the acquisition, processing and
use of survey data when building BIM models. The model pre-
cision is evaluated at specific accuracy levels. Level of Accuracy
10 means a deviation above 5 cm as compared to the actual ob-
ject. Level of Accuracy 20 stands for accuracies between 5 cm
and 15 mm. Level of Accuracy 30 represents accuracies from 15
to 5 mm. Level of Accuracy 40 is assigned to models accurate
at 5 to 1 mm [34].

Such detail levels in BIM as LoD, LoI, and LoG are cen-
tral for precise representation of the building’s geometry and

integration of non-geometric information in building documen-
tation and management. Each level precisely defines the ge-
ometric and informational scope of models, supporting inter-
operability and facilitating accurate analyses at various project
stages [36].

3. CONCEPT OF THE 3D MODEL EVALUATION METHOD

3.1. Attributes and criteria for model evaluation

Evaluation of 3D building model quality for civil engineering
purposes should cover multiple attributes that describe com-
pleteness, accuracy and applicability. A systemic model evalu-
ation requires a set of quality attributes and criteria with which
one can objectively analyze the model’s usability and compli-
ance with standards. The evaluation should address fundamen-
tal questions of the model’s quality and functionality. First, one
has to determine whether the model is comprehensive, contain-
ing all relevant object elements. The next aspect is integrity
or cohesion of information within a scheme, format and data
structure. Model geometry should conform to specific accu-
racy standards that include positioning precision, shape repro-
duction and spatial occupancy of individual components such
as beams and walls. Another relevant evaluation criterion is
the model’s interoperability. It covers software compatibility,
exportability and importability, and optimization through size
reduction, elimination of redundant data and textures compres-
sion, which improves its performance and downstream usabil-
ity [30–36].

3.2. 3D model evaluation method

There are three critical evaluation criteria among the multitude
of model quality attributes:
a) COMPLETENESS, which defines whether and to what

degree all of an object’s elements are presented. It can be
described with the model’s detail level and completeness
according to the CityGML standard, which defines several
LoDs (Table 1).

b) ACCURACY, which concerns how correctly details are rep-
resented and how much the model is consistent with the
actual geometry. This attribute can be evaluated with LoG
and LoA standards, which provide methods for analyzing the
model’s geometry and object positioning accuracy (Table 2).

c) INTEROPERABILITY, which is the model’s potential for
collaboration and reuse in various software environments.
There are five dominant attributes of interoperability (Ta-
ble 3):
• integrity (cohesion of data within a standard, scheme, or

format),
• reusability (software compatibility, including visualiza-

tions),
• standard compliance (or compatibility with general prin-

ciples for generating, processing and sharing 3D models),
• editability (compatible format, export and import com-

patibility),
• model optimization (optimal file size and data redun-

dancy).
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Table 1
Criterion a) Model completeness: attributes and their values,

based on: [30, 31]

COMPLETENESS

Value Attribute Description

1 LoD 1 A simple solid. Building represented as
a block without details.

2 LoD 2 A building with represented roof and primary
elements: walls, roof and ground.

3 LoD 3 A detailed building model with windows,
doors, and more specific surface and roof ge-
ometry.

4 LoD 4 A detailed building model containing the ge-
ometry of all components, detailed dimen-
sions and structural elements.

5 LoD 5 A sophisticated model with architectural de-
tails, structural elements and services.

Table 2
Criterion b) Model accuracy: attributes and their Levels of Accuracy,

based on: [30, 33–36]

ACCURACY

Value Attribute Level of Accuracy

1 LoA 0 > 30 cm

2 LoA  10 30 cm–5 cm

3 LoA  20 5 cm–15 mm

4 LoA  30 15 mm–5 mm

5 LoA  40 < 5 mm

Table 3
Criterion c) Model interoperability, based on: [30–36]

INTEROPERABILITY

Attribute* Conformity Assigned value

integrity yes/no 1/0

reusability yes/no 1/0

compliance with standards yes/no 1/0

editability yes/no 1/0

optimization yes/no 1/0

Criterion value: Total score

* where the attributes represent the following concepts:
1. integrity – consistency and completeness of the presented data; uniform
representation throughout the entire model;
2. reusability – the model’s applicability for practical purposes such as visual-
ization, analysis, simulation, or design;
3. compliance with standards – conformity with applicable norms or standards
(e.g. national, industry-specific);
4. editability – the ability to further work on the model, including editing,
improvement, or expansion;
5. optimization – adaptation of the model to its intended use by simplifying its
structure and improving performance, while preserving required functionality

As is the case for CityGML 3.0, external and internal elements
are analyzed for each LoD because all object types can contain
internal and external components in line with LoD [31,37].

The Level of Accuracy range is defined according to the appli-
cable LoA standards. Additional LoA 0 is used to accommodate
a value critical for civil engineering specified in technical stan-
dards for the mean error of 3D coordinates [38].

The model quality score under the present research design
can be visualized as a radar chart with variables representing
the three criteria: a) completeness, b) accuracy, and c) interoper-
ability. The criteria are shown as radial axes with relevant values
on each axis (Fig. 2).

Fig. 2. Radar chart method

A 3D model’s quality evaluation involves the determination
of the 3D model score area (A) calculated from the area of
the triangle identified on the radar chart and the law of sines
(Fig. 3), where the axes reflect the criteria and values represent
variables a, b and c.

Fig. 3. Triangle area

The area of triangle A is a sum of triangle areas A1, A2 and
A3:

𝐴 = 𝐴1 + 𝐴2 + 𝐴3 . (1)

Employing the law of sines and the known lengths of sides 𝑎, 𝑏
and 𝑐 and the angle between the respective sides of:

𝛼 =
2𝜋
𝑛

, (2)

where 𝑛 = 3 is the number of criteria and axes on which the
vertices lie.
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According to the law of sines, the area of triangle 𝐴 is:

A =
1
2
𝑎𝑏 sin

(
2𝜋
3

)
+ 1

2
𝑏𝑐 sin

(
2𝜋
3

)
+ 1

2
𝑎𝑐 sin

(
2𝜋
3

)
. (3)

When simplified, (3) yields:

𝐴 =
1
2
(
𝑎𝑏 + 𝑏𝑐+ 𝑎𝑐

)
sin

2𝜋
3

. (4)

The value of the standard 3D model evaluation method score (𝑆)
is obtained by normalization of value 𝐴 calculated from attribute
values for each criterion, taking into account the maximum value
of 𝐴max (which is 5 for 𝑎, 𝑏 and 𝑐), as per (4):

𝑆 =
𝐴

𝐴max
. (5)

The normalization yields 3D model quality evaluation values of
𝑆 ∈ [0; 1], where 𝑆 = 1 means the perfect model with all struc-
tural elements, services and architectural details, reproduced at
high accuracy of geometry and shape that is completely inter-
operable and can be edited and employed in spatial analyses.

4. 3D MODEL EVALUATION METHOD TEST

The performance and versatility of the model evaluation method
were assessed through tests on 3D models available online and
using data for generating the models. The tests aimed to verify
whether the model quality can be evaluated and compared de-
spite the different origins, structures and applicabilities of the
models.

4.1. Parametric BIM model from TLS and UAV data

This 3D BIM model was generated from open-access research
data [39]. The building shown in Fig. 4 was scanned using a
Leica ScanStation P40 terrestrial laser scanner, covering both
the interior and exterior parts. Missing fragments of the exterior
were supplemented using data acquired from a DJI Phantom 4
Pro drone. The resulting model integrates data from both terres-
trial laser scanning (TLS) and unmanned aerial vehicle (UAV)
photogrammetry. It offers high geometric accuracy in the range
of 2–3 cm, corresponding to Level of Accuracy 20 (LoA 20), and

Fig. 4. BIM models of the building [6]

is classified at Level of Detail 4 (LoD 4). The model demon-
strates high interoperability and compliance with BIM stan-
dards, making it suitable for advanced engineering and spatial
analyses [6].

Model quality evaluation according to the 3D model evalua-
tion method:

a) Completeness value: 4 (LoD 4)
b) Accuracy value: 3 (LoA 20)
c) Interoperability value: 5 (integrity, reusability, standard

compliance, editability, optimization).
Index value (acc. to (4) and (5)) 𝑆 = 0.63 (Fig. 5).

Fig. 5. Model quality visualization acc. to the 3D model evaluation
method (4-3-5)

4.2. Mesh surface model from satellite imaging –
photogrammetric modelling

Google Earth [40] has 3D building models (Fig. 6) for many
global cities generated using sophisticated photogrammetric
techniques. The process involves the analysis of satellite and
aerial images that are then converted into realistic 3D models.
These are surface mesh models, which means they are uni-
fied spatial representations of buildings instead of individual
solids. Its strengths include global reach, easy availability and
optimization, which streamlines urban exploration and analysis.
However, the user faces certain challenges using the system. The
satellite-based model accuracy is limited, and it is impossible
to download the models to edit them in alternative software
environments [41].

Fig. 6. City 3D model – New York (USA) [40]
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Model quality evaluation according to the 3D model evalua-
tion method:

a) Completeness value: 3 (LoD 3)
b) Accuracy value: 1 (LoA 0)
c) Interoperability value: 2 (integrity, reusability).
Index value (acc. to (4) and (5)) 𝑆 = 0.15 (Fig. 7).

Fig. 7. Model quality visualization acc. to the 3D model evaluation
method (3-1-2)

4.3. Solid model from ALS data

These 3D building models (Fig. 8) come from the official Polish
geoportal at Geoportal.gov.pl. They are available free of charge
as part of the National Geodetic and Cartographic Resources.
The solid 3D models were generated from three data sources:
2D footprints from the database of topographic objects, LiDAR
(ALS) scans, and a digital terrain model. The models conform
to the CityGML standards at LoD 2 [42].

Fig. 8. 3D model of a city [42]

Model quality evaluation according to the 3D model evalua-
tion method:

a) Completeness value: 2 (LoD 2)
b) Accuracy value: 2 (LoA 10)
c) Interoperability value: 5 (integrity, reusability, standard

compliance, editability, optimization).
Index value (acc. to (4) and (5)) 𝑆 = 0.32 (Fig. 9).
Although the evaluation criteria for completeness (a), accu-

racy (b) and interoperability (c) are clearly defined in Tables 1–3,
the only realistic source of error in applying the method lies in
the potential misclassification of parameter values by ±1 point.
A sensitivity analysis was performed to determine how such

Fig. 9. Model quality visualization acc. to the 3D model evaluation
method (2-2-5)

input errors affect the calculated evaluation result ((4), (5)).
A misassignment of one parameter by a single point results in
an error of approximately 13% in the calculated value of the
model’s evaluation index. In the case of two incorrect parameter
assignments, the resulting error increases to around 25%. The
most extreme scenario – where all parameters are misclassified
by one point – leads to a maximum deviation of about 36% in
the computed index value. Importantly, such an error does not
reflect a change in the actual quality of the model, but rather a
distortion in its quantified evaluation due to incorrect parameter
selection. This analysis shows that the proposed method is mod-
erately sensitive to classification errors. While mathematically
stable and transparent, it relies on the accurate assignment of
input values to ensure that the resulting index reliably reflects
the intended evaluation outcome.

The proposed 3D model evaluation method introduces a novel
approach to assessing the quality of 3D building models by in-
tegrating three key aspects: completeness, geometric accuracy
and interoperability. The normalized quality index and radar
chart visualization enable objective and efficient comparison of
models originating from various data sources and modelling
techniques. The literature in the field underscores the need for
a comprehensive, systematic, and both qualitative and quanti-
tative evaluation of spatial models, particularly in the context
of data quality, reconstruction accuracy and compatibility with
target formats [6, 17]. Growing attention is also paid to the im-
portance of combining classical error metrics (e.g. RMSE) with
clear visual representations of model quality. An example is the
study by Subramaniyam et al. (2024) [43], which proposed a
method for evaluating 3D models in a VR environment based
on both quantitative analyses and user perception. 3D models,
increasingly generated from diverse spatial data, constitute an
important source of information for VR and AR applications;
however, optimization, standardization and performance assur-
ance are necessary [44], which requires standardized quality
assessment procedures. It is essential that the quality of 3D
building models, regardless of the acquisition method, be as-
sessed in a standardized manner using comparable error indica-
tors [45]. Similar to the 3D model evaluation method concept
presented in this study, this approach emphasizes the need for
tools that enable the comparison of diverse 3D models – origi-
nating from different sources, created in various environments,
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and intended for different purposes. The quality categories and
parameter structure adopted in this work are consistent with
established indicators such as completeness and correctness,
which remain fundamental methodological components in eval-
uating the geometry of building models [46]. It should be noted
that both the scientific and industry literature indicate limitations
of models generated from, among others, UAV data, mobile
scanning, or photogrammetry, whose quality may vary consid-
erably and which are often devoid of standardized validation
criteria [44, 45, 47].

The literature increasingly emphasizes the need to assess
models in the context of the quality and accuracy of 3D build-
ing models. A comprehensive assessment should not be limited
to geometric correctness but should also include the potential
for further use of the model in design, construction and opera-
tional processes [48]. Drobnyi et al. (2024) [49] point out that
geometric accuracy cannot be analyzed in isolation from topol-
ogy; the lack of correct relationships between elements (e.g.
wall connectivity, proper spatial structure) leads to erroneous
reconstructions or limits further use of models. This confirms
the rationale for including such structural features in quality as-
sessment, which in this study is captured within the aspects of
consistency and completeness. In turn, combining exterior and
interior geometry within a single model requires an appropri-
ately designed reconstruction process; achieving accuracy, for
example in the order of a few centimeters, depends not only
on the technique but also on the quality of input data and the
complexity of room structures [50]. This confirms the impor-
tance of assessing accuracy on the basis of specific numerical
values, as well as the need to consider the context of data ac-
quisition and geometric complexity when comparing models.
Meanwhile, in the area of interoperability, analyses indicate that
the ability to transfer data between environments without losing
semantics and spatial relationships is as important as geometry
itself [51, 52], which confirms the need for systematic assess-
ment of interoperability on a par with geometric accuracy. The
proposed 3D model evaluation method addresses these chal-
lenges by offering a universal, structured and implementable
tool for the comparative evaluation of 3D models, while en-
suring comparability of results across models originating from
different sources and modelling techniques, as well as consistent
reporting of their quality metrics.

5. CONCLUSIONS

The proposed 3D model evaluation method is a universal and
well-structured approach to evaluating 3D building models re-
gardless of the data source, modelling technique, visualization
and format. The crux of the method is the quality index (S)
calculated based on a triangle area in a radar chart. This ap-
proach can partially compensate for any imbalance across the
evaluated attributes, facilitating analysis of the model’s struc-
ture and balance instead of focusing on individual, extreme
differences among aspects or criteria. One of the central bene-
fits of this method is a single normalized [0; 1] score value for
easier model classification and back-to-back comparison. The

standardization ensures all model attributes are evaluated fairly:
even if one value is low, the method still takes into account the
‘strength’ of the other parameters, yielding an objective evalua-
tion of the 3D model’s quality.

The method’s primary advantage is its versatility and sim-
plicity, so it can be used in many fields such as BIM, civil
engineering, VR, spatial analysis and GIS. The method pro-
vides easy visualization of results on a radar chart, which makes
it clear and intuitive to interpret, in addition to determining the
value of the 3D model’s quality. The proposed method can be
further expanded for special-case scenarios because the evalu-
ation criteria are easy to add. Each new attribute adds another
radial axis while the basic design remains unaffected. One can
modify not only the list of attributes but also the scale without
changing the way the 3D model’s quality score is calculated.

The results confirm the effectiveness and universality of the
proposed method for evaluating the quality of 3D building mod-
els, particularly in terms of geometric accuracy, completeness
and interoperability. The normalized quality index enables ob-
jective comparison of models regardless of their structure, level
of detail, modelling technique, or data source. The unified evalu-
ation approach, based on common criteria, allows for the assess-
ment of models created using various methods of spatial data
acquisition, processing and 3D building modelling. Owing to
its formalized structure and transparent evaluation criteria, the
3D model evaluation method provides a consistent and practical
framework for assessing the quality of 3D models of building
objects.

Future research undertaken within the proposed method and
framework for qualitative assessment of 3D models of build-
ing objects will focus on developing and empirically testing the
approach on broader datasets encompassing diverse acquisition
sources and modelling techniques. The definition of criteria and
the scoring procedure will also be refined to increase assessment
repeatability and the unambiguous interpretation of results. The
method remains open and scalable: additional criteria can be
introduced and the number of axes scaled as needed without
altering the underlying construction of the index. Consequently,
3D model evaluation method can be gradually enriched with new
aspects arising from advances in science and technology while
preserving its flexibility and universality. In particular, it is pos-
sible to introduce contextual weights for individual criteria (e.g.
prioritization of accuracy in structural diagnostics or interoper-
ability in data-exchange tasks) and to generalize to 𝑛 > 3 axes by
adding further, substantively justified dimensions (e.g. semantic
richness, consistency/topology, environmental footprint). These
extensions do not compromise the structure of the index or inter-
pretability of the result. Although the conceptual assumptions
adopt equal weights due to the equivalence of the three primary
aspects, the solution remains compatible with weighted variants
where required by the application context. The universality of
the proposed method means that, although the study presents
the evaluation of a single building, the concept is also suitable
for analyzing sets of objects – from small ensembles to highly
urbanized environments – thus enabling comparison and aggre-
gation of results on different scales without changing the way
the index is computed.
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