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Abstract

method at the desired accuracy.

Unmanned Aerial Vehicles (UAVs) are often preferred for modeling cultural heritage buildings due to their costs

and time savings. The need for data collection, analysis, processing, and visual presentation in the context of cultural
heritage buildings has become prominent, underscoring the significance of the concept of Level of Detail (LoD).
The utilization of CityGML LoD standards enhances the performance of visual presentations, decreases the geomet-
ric complexity of objects, and enables users to view the model at the desired level of detail within a computerized
environment. Within the scope of this study, it is aimed to determine the accuracy analysis of the 3D model for a cul-
tural building, which is named Hekimbasi Hunting Lodge, at different LoDs. Drawings were created at LoD 0-1-2-3
levels with 418 photographs taken by the UAV photogrammetry method. Additionally, conservative and UAV meas-
ures of facade detail at the same LoD were compared in terms of accuracy. As a result, RMSE values for X, Y, and Z
axes at LoD3 standard were calculated as 1.394 cm, 0.861 cm, and 0.694 cm, respectively. It has been concluded
that the high-accuracy LoD models for the cultural building could be produced using the UAV photogrammetry
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Introduction

Cultural heritage buildings embody the history of
nations, playing a crucial role in shaping a nation’s iden-
tity. Preserving these structures holds immense signifi-
cance for both current and future generations. These
buildings carry their own historical narratives, main-
taining their relevance across ages. Typically, these are
buildings that fulfilled an important religious and cul-
tural role in society, such as churches, castles, and palaces
[1]. Therefore, protection of cultural heritage buildings
means the protection of the history and identity of the
nations. Identification of the current status of cultural
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heritage buildings is important for documentation, pres-
ervation, and restoration. The topic of the documentation
and conservation of cultural heritages is well-established
in contemporary societies [2]. Given its role as a driv-
ing force for socio-economic development, many studies
related to the protection, restoration, and dissemination
of cultural heritage are being conducted. Employing
three-dimensional (3D) modeling for cultural heritage
buildings proves to be a potent instrument in their iden-
tification, monitoring, preservation, and restoration [3].
Digitization is the first stage in the documentation and
protection of cultural buildings. In addition, digital spa-
tial data facilitates the planning and execution of protec-
tion and restoration works [4].

3D modeling is the process of using software to create
a mathematical representation of a 3D object or shape
[5]. Among the essential tasks within the policy of cul-
tural heritage protection and management, the geometric
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documentation of buildings holds utmost significance.
3D documentation is considered a prerequisite for the
protection, understanding, transmission, and apprecia-
tion of cultural heritage sites and objects before any con-
servation and restoration work. Therefore, 3D models
have become the usual way to protect, transmit, explain,
and disseminate cultural information digitally [6]. The
cultural building is usually digitized with photogramme-
try-based imaging sensors or laser scanning techniques.
The adoption of image-based methods to document
heritage sites has accelerated in recent years with the
advancements in optical sensors as well as computing
technology [7].

Photogrammetry is a science that aims to accurately
determine the shape, dimensions, and position of any
object in space by using images. In classic aerial photo-
grammetry, photographs are captured from an aircraft at
a specific altitude. Unmanned Aerial Vehicle (UAV) pho-
togrammetry is the production of photogrammetric data
from photographs taken during UAV flights. The UAV
platform was produced in the 1970s as an alternative
to the various platforms that emerged in 1858 and were
used to obtain photogrammetric data [8]. Unlike conven-
tional manned aircraft and satellites, UAVs are frequently
preferred due to their cost-effectiveness, operational flex-
ibility, and better spatial and temporal resolution [9]. A
UAV is a mobile mapping platform which is capable of
taking an automatic/semi-automatic route according to
the desired flight plan or that can be flown remotely by
a pilot in the control center. UAVs are generally equipped
with digital cameras and GPS/IMU systems, and LiDAR
can also be included [10]. 3D point clouds and 3D models
can be produced using UAV photogrammetry [11].

Thanks to the developments in software algorithms,
UAYV photogrammetry attracts attention as a competitive
technology. It is a pioneer in new real-time applications
for the production of 3D models of objects in stud-
ies such as the modeling of buildings and monuments,
where aerial and terrestrial photogrammetry methods
can be combined. Image-based UAV surveys and 3D
modeling now deliver results with geometric properties
comparable to LiDAR, an alternative method for many
terrestrial and aerial applications, within a reasonable
timeframe. Therefore, the market, once primarily domi-
nated by airborne and terrestrial range sensors, presently
offers more image-based UAV measurement tools for 3D
recording and modeling [12]. Despite the advantages of
UAVs such as cost and time savings, there are also physi-
cal and technological limitations. The flight plan should
be carried out safely within the total flight time based on
the UAV model and the number of batteries [13]. Time
and distance must be considered for returning to the
starting point for battery changes, as well as the safety
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margin as changes in weather conditions might affect the
UAV’s flight efficiency, such as changes in wind speed or
direction [14]. To achieve heightened image resolution
through UAV photography, the UAV must be operated
at lower elevations from the ground surface or object in
which the 3D model will be produced. However, lower
altitudes result in a narrower image coverage area, neces-
sitating more images to achieve the required image
overlap.

The UAV aerial photogrammetry method provides
an efficient solution for both little areas and large-scale
surveys. Some of the cultural building modeling stud-
ies made with UAVs in the literature are as follows. The
feasibility of the image-based 3D model creation method
obtained from the UAV was evaluated for the registration
and preservation of the Angukdong Byeolgung build-
ing, assumed to have been completed in 1880 in Korea
[15]. Evaluating the relative positional accuracy of a 3D
model involved comparing the distance values between
distinguishable points in the model to those in a draw-
ing. In [16], it was created 3D model of Otag-i Humayun
(in Istanbul, Turkey), which was built in 1483, using an
ultra-light drone (ULD) and a low-cost UAV. The pro-
duced 3D models were compared with terrestrial laser
scanner data. The maximum standard deviations were
calculated as 0.62 cm and 1.87 cm for low-cost UAV and
ULD, respectively. The results indicated that ULDs could
be used under suitable circumstances as a low-cost alter-
native for cultural heritage documentation. In [17], it was
aimed to investigate historical building defects by using
UAV to identify the type of defections that occurred
at the exterior structure of a museum. The case study
involved the building of Perak Museum (in Taiping,
Malaysia). The produced 3D model illustrated in detail
the severity of the defect in the building. In [18], the Aus-
picious Multi-Door Stupa at Palcho Monastery which
was built from AD 1418 to 1436 in Tibet, was consid-
ered for the case study. The results suggest that the UAV-
derived 3D model is accurate enough for most surveying
purposes (RMSE=2.05 cm; 1/2000 of the stupa’s dimen-
sion). It is concluded that the accuracy and completeness
of the produced 3D model using images taken by UAV
are sufficient to create Historic Building Information
Modeling (HBIM). Considering the low cost, portability,
and completeness offered by UAV, this tool offers great
promise for surveying Tibet’s architectural heritage.

The importance of 3D building modeling has gained
importance for many scientific disciplines and appli-
cations [19, 20]. Starting from computer-aided design
(CAD), tools for building design and management have
evolved over several decades. After 2009, the applica-
tion of Building Information Modeling (BIM) to his-
torical/cultural buildings has been called heritage
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building information modeling (HBIM) [21]. Using
heritage building information modeling (H-BIM), her-
itage experts can perform complex spatial analyses,
ask what-if questions, run simulations, and predict
the results to inform the preservation and restoration
projects [4]. Nowadays, BIM/HBIMs are becoming
more and more similar to GIS models that contain all
environmental and territorial information. This con-
vergence underscores the overlap between the two
methodologies, GIS and BIM [22]. Generally, in BIM,
the Level of Detail (LoD) of the project must be repre-
sented, so as to determine the degree of certainty, pre-
cision, and richness of the information contained in the
modeled element and to estimate the specific use for
which this information is intended [21]. The LoD is one
of the most important characteristics of 3D building
models and it shows the connection of 3D models with
the real world. This interrelation affects the applicabil-
ity of the model. It is significant that the details of the
building (i.e., window or door) can be expressed in the
data model. The Level of Detail (LoD) concept created
by CityGML allows the representation of various com-
ponents of structures at different levels of detail, but it
is usually modeled manually [19]. Research on highly
precise and detailed 3D modeling is constantly being
developed. LoD, which is a very important concept for
3D city models, can be defined as the degree to which
objects in the real world are summarized or their prior-
ity is displayed at the optimum detail level [23]. Moreo-
ver, the highest LoD includes the most detailed features
of the 3D-represented geometry [24]. The concept of
LoD is one of the important terms used in GIS and 3D
city modeling to describe the difficulty and complex
structure of the representation of a geographic object
in the real world. The LoD concept enables a model to
be displayed faster in the computer environment by
increasing the presentation performance of the visuals,
decreasing the geometrically complex state structures
of the objects, and reducing the load on the computer
graphics [23].

Increasing the degree in LoD levels means that 3D
geometry is enriched in terms of detail content. By gen-
eralization with the decrease of the LoD degree, geomet-
ric visuals with a lower level of detail are obtained. LoD
facilitates the measurement of the reliability and security
of building information modeling (BIM)-related informa-
tion, from planning and construction to maintenance in
the building process [25]. In the context of 3D modeling
as defined by CityGML, the concept of LoD is catego-
rized into five levels (Fig. 1):

« LoDO: It is generally used in regional and plane maps.
It is a 2.5D digital terrain model.
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Fig. 1 LoD levels [26]

« LoD1: It is a block model with flat roof structures.

« LoD2: It is a model where the boundary surfaces of
the buildings and the roof structure can be distin-
guished thematically.

« LoD3: It is an architectural model that includes walls,
roofs, and claws in detail.

o LoD4: It is the model formed by adding interior
details to the model at the LoD3 level.

One of the most important data collection methods to
produce a 3D cultural building model suitable for LoD
levels is the use of UAVs. Extensive research exists within
the literature on this subject. For instance, the objective
of [27] is to evaluate the potential of UAV imagery as an
information source for automatic 3D building modeling
at LoD2. The developed algorithm aims to produce 3D
models complying with LoD2 [28]. The LoD3 level model
has the highest similarity with the point cloud data,
whereas the similarities of LoD1 and LoD2 decrease in
turn [29]. The use of LoD3 models has a wide range of
applications where only outdoor information is required,
from general ones such as city planning to more spe-
cific ones such as building envelope analysis or struc-
tural analysis of stone masonry buildings [30]. The LoD3
model has a high geometrical accuracy and semantic
richness. Many studies have been carried out to increase
the accuracy of LoD3 level. For example, [31] proposed
an approach that successfully employed photogrammet-
ric point clouds generated from UAV imagery data in 3D
reconstruction of buildings and their footprints with the
geometrical accuracy of LoD3. 3D roof and facade geom-
etry, topology construction, facade elements semantic
modeling were found to be related to LoD3 level [32].
In [18], different modeling methods based on UAV were
employed depending on the required LoD, the geometry
of the objects, and the expected degree of automation.
The structural deformation of architectural heritage has
been closely monitored. A digital representation of archi-
tecture and the surrounding environment was provided
with different LoD options.

This study aims to analyze the geometric dimensions
of the details at the LoD3 of the facade reliefs obtained
from the produced 3D building model in detail using
UAV photogrammetry. The accuracy analysis of the 3D
model produced at different LoDs was performed for the
historical building namely Hekimbasi Hunting Lodge.
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For this purpose, 418 photographs were taken using UAV.
The rest of this paper is organized as follows: “Methods”
Section presents a detailed description about the study
area and the methodology of the procedures performed.
“Results and discussion” Section evaluates and discusses
the results in terms of accuracy. “Conclusion” Section
concludes that cultural buildings can be 3D modeled at
the LoD3 level with high accuracy using a low-cost UAV.

Methods

The study area is the Historical Hekimbasi Hunting
Lodge, which is located on the boundaries of Istanbul,
Turkey. It is also known as the Historical Hekimbasi
Hunting Lodge, Sultan Abdiilaziz’s Hunting Lodge, and
Yusuf [zzettin Mansion. It was commissioned by Kiigiik
Hayrullah Efendi and was built in the nineteenth century
by Architect Sarkis Balyan (www.umraniye.gov.tr).

The internal and external orientation stages of the UAV
photogrammetry can be carried out with commercial
software (i.e., Pix4D). These software correct the UAV
images geometrically and ensure high accuracy in the
orientation process. The main steps of the methodology
adopted in the study are shown in Fig. 2.

As an application step, firstly, the Ground Control
Points (GCP) and building 3D control points were estab-
lished and measured before the flight. In UAV photo-
grammetry studies, it is a well-known fact that the most
important variables affecting the accuracy are the num-
ber of control points and the distribution of these points
[33]. The control points were homogeneously distributed
in the study area so that the root mean square errors
(RMSE) were calculated as small values. RMSE is one of
the most widely used measuring methods for interpret-
ing the quality of predictions. RMSE is the square root of
the average of the squared differences between the coor-
dinate values from the dataset and the coordinate val-
ues from a different source that has higher accuracy for
identical points. In other words, it indicates how far the
predictions are from the actual values measured using
Euclidean distance (Eq. 1). Therefore, a small value of
RMSE means that the estimated values are closer to the
mean values of the target.

(1)

where 7 is the number of measured points, y; and y; rep-
resent the measured point and its corresponding predic-
tion at point i, respectively.

6 GCP and 18 control points on the building were
established within the study area (Figs. 3 and 4). For GCP
measurement, Viva GS 14 GPS and Geomax Zoom35
PRO total station without reflector were used. The
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coordinate measurements of 18 control points on build-
ing facades and detail points required for accuracy analy-
sis were performed based on the GCPs. Within the scope
of the study, the flight plans were created by transferring
the workspace created on Google Earth to the DJI Pilot
PE program. Before acquiring images with UAYV, it was
required to carefully flight plan to collect high-quality
data considering the equipment, study site, and tech-
nical limitations. Parallel to this limitation, the photo-
grammetric flight strip was determined by the size and
location of the cultural building. The transverse and lon-
gitudinal overlap ratio was determined as 80%, and the
front overlap ratio was determined as 90%. Five different
flights were conducted to acquire high-quality images to
produce 3D models in detail. The initial flight was carried
out to acquire roof images of the historic building. Other
flights were conducted to acquire images of the south,
west, north, and east facades of the building, respectively.
Then, flights were executed successfully. Based on the
selected area and features of the DJI pilot program, five
distinct flight routes were automatically generated and
the flights were completed as planned. DJI Mavic 2 Pro
unmanned aerial vehicle was used to obtain aerial photo-
graphs. In addition, the flight was executed during over-
cast weather conditions and minimal wind to mitigate
the impact of shadows. The photographs captured by the
UAYV, which were considered to be unnecessary, unclear,
or beyond the program’s automated guidance capabili-
ties due to their indistinct nature, were excluded. This
step was taken to ensure the process remained stream-
lined and to prevent any unnecessary burden that could
potentially compromise accuracy. After these processes,
a total of 418 aerial photographs were obtained. In prac-
tice, Pix4D was employed to evaluate the photogram-
metric data and produce a 3D model and orthoimage in
a computer environment. The final product created in
Pix4D software has been imported into AutoCAD soft-
ware. 2D survey drawings of the relief were obtained with
AutoCAD software.

After the image acquisition process, a new project was
opened in Pix4D software and 418 images were imported
into the project and the coordinate system was selected
as TUREF30. Then, the first step of the process was initi-
ated by directing the aerial photographs and determining
the instant coordinate and rotation values automatically
by the program. Subsequently, the program automati-
cally created connection points considering the rela-
tionships the photographs obtained. After this stage, the
location and building control points, whose coordinates
were obtained from the field with geodetic methods,
were imported with the GCP/MTP manager. The posi-
tions of these points were marked on the photos and the
"match” and "optimize" options were clicked again from
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Fig. 3 Study site and GCP locations

the process tab. In the first step of the application, 410
of 418 photographs were used, and all photographs were
matched by marking and re-optimizing the control points
on the photographs. Thus, photos were redirected using
ground and building control points. After the process

Fig. 4 Building control point locations
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was completed, the quality report was reviewed and the
suitability of the project for other steps was checked.
With the quality report, it has been determined that the
RMSE of the GCP was 0.006 m. Then, by starting the sec-
ond step of the process, a point cloud and 3D mesh were
produced. Arrangements were made by selecting the
concentrated point cloud in the generated point cloud.
In this application, noises occurred in the image due to
the trees located close to the building and the transpar-
ent surfaces on the building. Noises in the point cloud
and the points that were unnecessary to create mesh have
been deleted in order to avoid a burden on the system.
Hence, this approach not only reduced processing time
but also eliminated unnecessary points. By running the
point cloud classification, first, the point cloud classes
were created by the program, and then the classes were
arranged manually.

Point cloud classification can be defined as the pro-
cess of selecting and grouping points with similar prop-
erties from the raw point cloud set according to the
desired criteria. To extract relevant information from
the point cloud, it is necessary to segment and classify
the interested object inside the acquired scene [34].
After producing point clouds with photogrammetric
techniques, their classification should be performed.
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In the literature, a variety of methods for classification
are present. These methods can be categorized into two
main groups: classical approaches and novel methods
like machine learning and deep learning [28]. The point
cloud classification process of the software employed
in this study is based on machine learning techniques.
Also, both the geometry and the color information are
used to assign the points of the densified point cloud in
one of the predefined groups. Depending on the qual-
ity of the dataset there are areas where the classifica-
tion is not expected to perform perfectly since manual
intervention is a requirement. In the future, more train-
ing data is likely to be used to improve the algorithm
and give more reliable classification results for different
datasets [35]. After the point cloud classification pro-
cess step, raster mesh model production, which oper-
ates with the principle of raster model production from
the position and spectral values of the points with the
triangulation logic between the point cloud points, has
been started and 3D mesh production has been com-
pleted (Fig. 5).

To create models in all detail levels in line with the
needs of different LoD levels in the application, draw-
ings were made on the mesh and these drawings were
imported to the AutoCAD environment and 3D draw-
ings were provided manually. To create models at differ-
ent LoD levels in the application, the resulting product
of Pix4D was imported to the AutoCAD environment,
and drawings were generated. The coordinates of the
detail points, which were previously measured with
the total station for control measurement, were also
measured in the model imported into AutoCAD soft-
ware. Accuracy checks were made with the RMSE value
between the two coordinate differences.

Fig. 5 3D textured mesh model
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Results and discussion

3D architectural studies based on the point cloud are
characterized by very high accuracy, precision, and detail
of information. This process is not dependent on soft-
ware and modeling techniques [36]. This is particularly
evident in modeling cultural heritage cases from geospa-
tial data such as photogrammetric terrestrial studies. The
main challenge of current cultural heritage methods is
the loss of geometric accuracy during its translation into
parametric 3D building information model objects [37].
In contrast to conventional CAD software, which rep-
resents data measurements in a collection of 2D draw-
ings and 3D models, cultural heritage building modeling
provides sustainable object-level data enrichment rang-
ing from geometry to material and structure [38]. Pho-
togrammetric data obtained from UAV for determining
the geometry of cultural heritage details are used for
creating the LoDO, LoD1, LoD2, LoD3, and LoD4 mod-
els. These different LoD concepts provide a digital rep-
resentation of the object under investigation. It also acts
as a bridge between the virtual environment and the
real world. There are steps to be followed in the process
of creating a 3D model on different LoDs of the cultural
heritage from the photos taken by UAV and digitizing
the cultural heritage. The process consists of the follow-
ing steps: image acquisition with UAV, determination of
orientation parameters, initial processing, point cloud
classification, model generation, digitization of the facade
model in AutoCAD, and 3D modeling of facades. The
problems that arise in the processing steps are mainly
related to the time required to process a large number of
observations stored in the cloud and the hardware capac-
ity used [39]. The solution to these problems is directly
related to the complexity of the architectural details. It is
important that the hardware to be used has the features
to optimize the complexity of the architectural detail. The
automation of digitization tools should also be developed
by architectural details. The LoD of a cultural heritage
model depends on several factors, such as the intended
purpose and the need for model complexity, its produc-
tion data source, the software and information technol-
ogy tools used, as well as the skills of the person making
the model [40]. Each LoD has a different required accu-
racy, and typically a 3D model is made by integrating
multiple spatial data sources.

The facades of the building model at the LoDO level
define only the boundaries and locations of the object. In
a model at LoDO, it is not possible to digitize the window
and door details on the facades. In the modeling studies
carried out using UAV for architectural documentation,
each facade of the building should be modeled inde-
pendently. Therefore, five flights were carried out sepa-
rately for each facade in this study. Thus, it was possible
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to produce a building facade model at the LoD3 level.
In addition, facade models at the LoD3 level were com-
pared with those at LoD1 before they were produced. The
facade details digitized at the LoD3 level were compared
with the measurements performed with the total station
device. The differences in the digitization of the door
and window details calculated as a result of the compari-
son are shown in Table 1. It should be highlighted that
the model accuracy at the LoD3 created in this study is
higher compared to the previous studies conducted to
produce the cultural heritage model at LoD3 using the
UAV photogrammetric method [41]. According to [42],
it can be concluded that 3D modeling using point clouds
as a result of processing UAV Aerial Photos can be inte-
grated with BIM, where the integration can be observed
in the form of color, coordinates, building height, and 3D
points.

Basically, it is sufficient to compare the building’s actual
size and corner points from the building model at the
LoDO level. As it is shown in Fig. 6, the sizes and locations
of the building facade, measured with the total station
device, were compared with the building facade sizes and
locations suggested by photogrammetric studies employ-
ing UAV. As a result of the comparisons made at the
LoDO level, it was observed that the results were obtained
with high accuracy as a result of the positional and
facade dimensions (Fig. 6). For comparisons and analyses

Table 1 Positional RMSE of the control points at the LoD3 level

RMSE (m)

X Y V4 Distance
0.019 -0.019 0.012 0.029
0.010 -0.010 0.045 0.047
0.000 0.000 0.046 0.046
0.040 0.029 0.020 0.053
—0.001 -0.016 0.029 0.033
0.224 0.128 —0.005 0.258
0.031 —-0.010 0.054 0.063
0.021 0014 0.064 0.069
0.010 0014 0.044 0.047
—0.009 0.038 0.003 0.039
—0.005 0.019 0.007 0.021
0.004 0.044 —0.021 0.049
—-0.012 0.020 0.002 0.023
—0.024 0.004 —0.020 0.032
—0.045 0.012 0.000 0.047
—-0.022 0.005 0.013 0.026
0.002 —0.035 0.002 0.035
0.077 —0.004 —0.005 0.077
1394 cm 0.861 cm 0.694 cm
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Fig. 6 LoDO detail level drawings: a conservative measure b UAV
measure

performed at the LoDO detail level, models scaled in the
AutoCAD program were taken into consideration.

LoDO0 and LoD1 were examined and redefined in con-
junction because LoD1 was in essence an extrusion of the
LoDO0 model or its generalized product. Therefore, simi-
lar to the comparisons and analyses performed for LoDO,
comparative analyses were performed for the LoDl
model. There were still challenges in the reconstruction
of 3D models at LoD2, such as the efficient identification
of buildings and complete segmentation of building sur-
faces [43]. Additionally, inaccurate segmentation results,
such as over or under-segmentation, could cause unpre-
dictable errors in the subsequent topological reconstruc-
tion of the facade. [44] proposed a method for building
reconstruction at LoD2 guided by facade structures from
a UAV photogrammetric point cloud. The method had
the potential to enable a feasible technical solution for
large-scale automated production of 3D city models.

In this study, LoD1 and LoD2 were also scaled and
the building facade heights were employed as in Fig. 7.
Moreover, roof peak points were also used to create the
LoD2 model. Since roof details were added to the models
at the LoD2 level, they were compared with each other
as shown in Table 2. As a result of the comparison, the
RMSE was calculated as 0.1153 m. Also, LoD2 Level 3D

Fig. 7 LoD1 detail level drawing of the building facade and floor
height dimensions: a conservative measure b UAV measure
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Table 2 Comparison of rooftop points at LoD?2 level
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UAV (m) Terrestrial measurement of LoD2 level (m) Difference (m)
Tower rooftop point elevation 176.093 176.190 —-0.097
Mid-rooftop point elevation 168.698 168.639 0.059
Front point upper elevation 165.748 165.561 0.187
Rear rooftop elevation 166.039 165.966 0.073
RMSE 0.1153

drawings are shown in Fig. 8. Elberink et al. [45] assesses
the potential of UAV imagery as an information source
for automatic 3D building modeling at LoD2. The evalu-
ation performed according to the ground truth indicates
that the building models acquired with UAV photo-
grammetry have an accuracy of less than 18 cm for the
planimetric position and about 15 cm for the height
component.

The digitization processes were carried out in Auto-
CAD software with a 1/1 scale, by taking into account
the facade model produced from the building model
at the relief LoD3 level. In addition, RMSE values were

calculated according to the 1/1 scale. Given the LoD,
LoD2 models were remarkable because they were the
ones with the high level of detail that has been usually
available in practice and they had a very wide range of
applications [46]. Also, LoD2 models were not difficult
to produce automatically on a large scale. For example,
LoD2 models could be automatically produced from air-
borne LiDAR point cloud data [47]. However, a LoD2
building model was often modeled incorrectly in practice
due to mistakes made in data acquisition or modeling
processes [48]. Figure 9 shows the positions of the facade
details at the LoD3 level in the produced 3D model. In

Fig.8 LoD2 level 3D drawings
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Fig. 9 AutoCAD relief digitization for building details on the 3D
model
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Fig. 10 AutoCAD relief digitization of the eastern front facade

the study, it was focused on the door and window details
in a 3D model at the LoD3 level (Fig. 9). After the 3D
Model was imported into the AutoCAD software, LoD3
level facade drawings of Hekimbasi Hunting Lodge were
prepared (Figs. 10, 11, 12). The survey drawings were
made to describe the current situation with scaled draw-
ings for the purposes of closely examining the building,
evaluating it in terms of architectural history, and pre-
paring restoration projects. Thus, it has been proven that
measurements could be taken from the 3D model of the
cultural building produced by the UAV for the prepara-
tion of 2D drawings at the LoD3 level.

The facade reliefs produced from the 3D model were
produced from an orthophoto image containing the
entire point cloud of the surface. The accuracy of the
orthophoto to create the 2D relief drawing depended
on the accuracy of the 3D point cloud produced
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Fig. 11 AutoCAD relief digitization of the western front facade
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Fig. 12 AutoCAD relief digitization of the roof (— represents
the slope down direction)

photogrammetrically for axes (X, Y, and Z). Therefore,
only 2D point accuracy was considered for reliefs cre-
ated in 2D. In addition, the LoD level obtained from the
3D model was expressed in 2D on the digitization sur-
face [49]. Since the accuracy and coordinates of the 3D
point cloud were used in rectification, 2D drawings of
the facade surface details were created during the 2D
relief digitization processes. The only factor affecting
the accuracy in this process was the overall scale accu-
racy of the 3D model. The overall scale accuracy of the
3D model was the accuracy provided by the software
used (Pix4D). In this study, after the completion of
all drawings, the measurement values of the door and
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D

Fig. 13 Details measurement in AutoCAD relief digitization for a door
model

Fig. 14 Details measurement in AutoCAD relief digitization
for a window model

window facade details were generalized (Fig. 13 and
Fig. 14) and compared positionally; their RMSEs are
given in Tables 3 and 4.

Based on the 2D relief drawings, the analysis of the
2D widths and lengths of the details at the LoD3 level
determined in 3D relief drawings was conducted. It was
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Table 3 RMSE values obtained by comparing positional and
facade details for door at the LoD3 level

RMSE at LoD3 level for door details

Detail RMSE (m)
A 0.0314
B 0.0252
@ 0.0399
D 0.0314
E 0.0378

Table 4 RMSE values obtained by comparing positional and
facade details for window at the LoD3 level

RMSE at LoD3 level for window details

Detail RMSE (m)

0.0384
0.0488
0.0398
0.0418
0.0487
0.0209

m m g N @ >

observed that the digitization accuracy of the lengths and
widths on the facade relief could be determined with high
precision. In similar studies, it has been stated that the
accuracy of 2D relief drawings depended on 3D point
accuracy. Since the facade produced from the 3D model
could be converted into 1/1 scale (real scale) relief draw-
ings of orthophotos in AutoCAD software, it was digi-
tized with the same accuracy as the 3D model produced
by photogrammetric techniques [50-52]. Furthermore, it
was observed that the accuracy of the point cloud data
on surfaces improved proportionally with the accuracy of
the 3D model scale. In line with this information, the 2D
digitization of the rectified orthophotos produced for the
facades was accurate at the same rate on a 1/1 scale. As
the LoD changes, the quantity of detail in the drawings
also decreased at the same rate. For architectural studies,
the RMSE values given in Table 5 were calculated if the
door and window details were printed on a scale of 1/50
scale in the model produced in AutoCAD on a scale of
1/1.

The architectural model of a building is represented
by a geometrically exact outer shell in LoD3. Each LoD
should enforce a minimum horizontal and vertical
accuracy [53], and thus LoD3 should observe a specific
accuracy, which is 0.5 m horizontally and vertically [31].
In this study, a 3D model of the Hekimbasi Hunting
Lodge building was produced using UAV and accuracy
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Table 5 RMSE values at 1/50 scale obtained by comparing
positional and facade details for the window at the LoD3 level

RMSE at LoD3 level for door and window details at 1/50 scale

Detail RMSE (mm)
Door Window

A 0.628 0.768
B 0.504 0.976
C 0.798 0.796
D 0.628 0.836
E 0.756 0.974
F - 0418

analysis of different LoD levels was performed. The
LoD level can be obtained from facade orthophotos as
well as photogrammetric point clouds. In this context,
it is recommended drawing from facade orthophotos at
LoD3 level in similar studies to increase the accuracy of
drawing architectural details and to facilitate the survey
drawing of architects.

Conclusion

As a result of the study, it is concluded that a 3D cul-
tural heritage building model obtained with UAVs can
be produced with high accuracy. At the LoD3 level,
RMSE values for X, Y, and Z axes are calculated as
1.394 c¢m, 0.861 cm, and 0.694 cm, respectively. It is
founded that the use of low-cost UAV should become
widespread to visualize and create 3D cultural herit-
age building models at different LoD levels. As a result
of the data obtained from the study, it is thought that
the system sensitivity can be increased by establish-
ing more GCP or taking more photographs in com-
parisons on the height (Z) axis. It is considered that the
use of UAV is functional to create different LoD levels
and should be included in the literature. In addition,
it is suggested that the rapid production of 3D build-
ing models at different levels of detail and the ability
to transfer and develop the generated data to the users
at the desired level will yield professionally beneficial
results.

It is extremely important to present realistic geometric
3D cultural buildings model to the users at the desired
level. While presenting these data to the user, determin-
ing a common standard may be a solution to the problem
of obtaining data according to the desired application
purpose. Furthermore, it should be provided on the
software to create and display their own custom LoD
levels, independent of the standard LoD levels, accord-
ing to the qualifications that users need in their projects
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or applications. In light of the investigated studies and
the results of the current research, the key points are as
follows:

+ Itis necessary to create a common classification con-
cept,

+ There is a need for software that can fully use LoD
concepts,

« Failure to achieve an exact standard in the creation of
geometric reference points causes problems,

+ Roof details should be added to the LoD2 level (espe-
cially in historical and cultural buildings),

+ By adding detailed roof models at the LoD2 level,
exterior details should be given at the LoD3 level
(landscape areas, trees, etc.),

+ In building modeling, it is necessary to determine at
which LoD level the exterior details should be visual-
ized or defined as a separate LoD level, to increase
LoD classes or to derive new LoD classes for specific
situations.

In conclusion, it is expected that the use of UAVs to cre-
ate desired LoDs for cultural heritage studies will become
widespread in the future. The accuracies of details calcu-
lated in this study can be reanalyzed by obtaining LiDAR
point clouds in future studies. In this context, com-
parisons of the data obtained by different measurement
methods will be performed.
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