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Abstract

This study evaluates the metric reliability of nadir and hybrid RTK-UAV photogrammetric models for surface

detail extraction on a two-story building without using Ground Control Points (GCPs). Two photogrammetric

models were generated: a standard model based only on nadir images and a hybrid model combining nadir,

oblique, and manual facade-oriented images. Both models were assessed using terrestrial reference data

obtained from GNSS and reflectorless total station measurements. The evaluation was performed at three levels:
point-based, length-based, and surface-based comparisons. The point-based results indicate that the nadir
model allowed 21 of the 35 reference points to be reconstructed, whereas the hybrid model allowed the 3D
positions of all. The hybrid model also substantially improved vertical and overall 3D accuracy, reducing the

AZ MAE from 0.355 m to 0.029 m and the 3D RMSE from 0.454 m to 0.046 m. In the length-based analysis,

the nadir model was included where both endpoints of a selected linear element could be clearly identified. The

nadir model allowed only 4 of the 14 selected length pairs to be measured, whereas the hybrid model allowed
all 14 length pairs to be evaluated. On the other hand, the hybrid model had close agreement with the reference
lengths, with a MAE of 0.012 m and RMSE of 0.016 m. Also, there is no statistically significant difference

observed between reference and model lengths. In the surface-based comparison, the nadir model could
represent only 4 of 7 reference surfaces, a limited number of reference surfaces, whereas the hybrid model
enabled all selected surfaces to be evaluated, including upper-floor and under-eave regions. Although the nadir
model produced lower average errors on some reconstructed surfaces, its limited surface coverage reduced its

practical applicability. Overall, the findings demonstrate that hybrid RTK-UAV image acquisition provides a

more robust and reliable solution than nadir-only acquisition for building surface documentation, particularly
in facade areas with restricted visibility.

Keywords: Fagade Documentation, GNSS-based Terrestrial Measurements, Hybrid Image Acquisition,
Surface Detail Extraction, UAV Photogrammetry

1. Introduction

Over the last decade, photogrammetric applications
based on Unmanned Aerial Vehicles (UAVs) have
become an important data acquisition technique for
map production, 2D/3D modelling, structural and
archaeological recording, and remote sensing, with
the advantage of reduced fieldwork duration. UAV-
based photogrammetric point clouds can be
enhanced using oblique imagery for improved 3D
modeling [1]. Earlier studies also demonstrated the
potential of high-precision and detailed data
acquisition through low-altitude photogrammetric
flights in complex sites. UAV systems have been
used for large-scale mapping in archaeological sites,
while UAV photogrammetry has also been explored
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for mapping and 3D modelling in archaeological and
agricultural documentations [2] and [3]. The broader
use of unmanned aerial systems background in
photogrammetry and remote sensing has also been
widely reviewed [4]. In addition, point clouds
generated from multi-view and low-altitude UAV
imagery can provide high precision metric data if the
collected images are properly georeferenced and
validated [5]. Also, quantitative assessment for
metric applications by integrating GCPs into the
scene for low-cost UAV outputs were emphasized
[6]. However, the geometric quality of the final
outputs depends on multiple factors, including image
resolution,  georeferencing  strategy, image
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acquisition geometry, flight route diversity, and
independent accuracy evaluation.

For engineering and construction applications,
terrestrial verification of the derived 3D positions is
crucial. In most UAV-based applications, Ground
Control Points (GCPs) are established and measured
with conventional techniques, such as GNSS and
total station, to support bundle block adjustment and
obtain high-precision coordinates of the target
features. The number and spatial distribution of
GCPs substantially affect photogrammetric model
accuracy [7] and [8]. Ground control quality,
quantity, and bundle adjustment configuration
directly influence the reliability of UAV-SfM
products [9]. In a similar context, photogrammetric
and RTK-GPS methods were compared for
surveying applications in terms of elevation accuracy
by using several control points [10].

More recently, UAV platforms equipped with
Real-Time Kinematic (RTK), Post-Processed
Kinematic (PPK), and Inertial Measurement Unit
(IMU) modules have reduced the need for dense GCP
establishment by supporting direct georeferencing
and overlapping ratios of the images. UAV blocks
were tested with  GNSS-supported aerial
triangulation using no or a minimum number of
GCPs in the area [11], whereas onboard RTK-
supported UAV measurements were evaluated for
direct georeferencing [12] and [13]. RTK/PPK UAV
photogrammetry using differential corrections from
multiple GNSS base stations was assessed for
different flight altitudes [14]. RTK- and PPK-based
methods were compared for mapping different
surface types [15], while PPK- and GCP-supported
UAV products were evaluated under challenging
terrain conditions [16]. GCP distribution and
checkpoint validation remain important even when
RTK-GNSS UAV data are used for large-scale
topographic mapping [17]. SfM accuracy was
assessed in surveying and mapping applications,
confirming that final accuracy depends on both the
positioning and validation strategy [18]. However,
previous studies also indicated that independent
validation is still required even when RTK-supported
approaches are used, particularly for vertical
accuracy, fagade measurements, and engineering
applications based on check points or terrestrial
observations. This issue was also emphasized in
studies comparing direct georeferencing and GCP-
based processing workflows [19][20][21][22] and
[23].

UAV photogrammetry has also been used for
building 3D model generation, fagade and structural
inspection, and extraction of metric information such
as lengths and surface-related measurements. Close-
range UAV images were used for fagade inspection
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[24], while the contribution of nadir and oblique
images for building knowledge extraction and metric
information was evaluated [25]. UAV imagery can
also be used for 3D building modelling, fagade
evaluation, BIM registration, and integrated
architectural documentation. The use of UAV images
for building and 3D model generation was
demonstrated and compared with conventional
observation methods [26], UAVs were discussed as
efficient tools for industrial fagade inspection [27],
and integrated surveying approaches for architectural
and archaeological documentation using UAVs and
laser scanning were presented [28]. UAV images can
also be registered to BIM-related spatial models for
building fagade inspection with generalized Hough
transformation (GHT) [29]. In addition, UAV
photogrammetry was integrated with a deep-
learning-based method for building extraction and
floor area estimation, showing that UAV-derived
data can support building-scale information
extraction in addition to visual documentation [30].
However, these previous studies mostly focused on
general model quality, positional accuracy, or task-
specific measurements.

On the other hand, image acquisition strategy is
one of the main factors affecting the quality of 3D
models. The standard nadir-imagery approach is
efficient for open areas, roofs, and horizontal
surfaces, but it may remain weak when the target is a
building with vertical facades, window surroundings,
and regions beneath the eaves. Flight altitude can
affect the spatial accuracy of UAV-derived products,
indicating that acquisition parameters should be
considered together with camera viewing geometry
[31]. The limitations of nadir-only imagery are also
related to incidence angle and ray intersection
geometry around vertical surfaces. In nadir-only
image blocks, vertical surfaces are often
reconstructed under weak or unfavorable viewing
geometry, especially when surfaces are observed at
oblique or grazing angles. For this reason, image rays
may have weak convergence on vertical surfaces,
and tie points between images may become sparse or
unstable. This situation can lead to larger
uncertainties in the vertical components of
reconstructed building details. Therefore, weak
image geometry can become a major issue even if the
UAYV platform has an RTK/IMU module and this
situation may limit vertical surface reconstruction.

To cope with these issues, oblique and fagade-
oriented images are generally used to increase
viewing-angle diversity, improve ray convergence,
and provide additional image support for vertical
surfaces. Previous studies using oblique UAV
imagery indicated that the reconstruction of fagades
and surface details can be improved in terms of 3D
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modelling, length-area-volume measurements, and
point-cloud-based surface quality assessment. The
accuracy of UAV-derived 3D photogrammetric
models was assessed, emphasizing the need to
evaluate model quality in addition to visual
appearance [32], and photogrammetric model quality
for fagade and building reconstruction using an RTK -
UAYV was evaluated by comparison with terrestrial
measurements [33]. Three-dimensional models
generated from UAYV oblique images were examined
[34], while the potential of UAV photogrammetric
point clouds for fagcade detection and 3D building
reconstruction was investigated [35]. A point-cloud-
based system for surface quality evaluation of
buildings was proposed [36], and metric
measurement accuracy in UAV-based oblique
photogrammetry with or without GCPs was
evaluated [37]. UAV flight parameters for heritage
fagade inspection, particularly on vertical surfaces,
were also examined [38]. However, using oblique or
fagade-oriented images has some disadvantages,
including increased image acquisition time, need for
UAV operator proficiency, more complex image
block geometry, additional processing workload, and
variability in point cloud density. Moreover,
improved surface reconstruction does not
automatically guarantee lower metric errors.
Therefore, a hybrid oblique—nadir—fagade-oriented
image acquisition strategy should be evaluated not
only in terms of visual completeness, but also in
terms of whether it provides measurable and accurate
surface information.

Previous studies have investigated
georeferencing strategies and image acquisition
approaches, but a practical gap remains in the
evaluation of UAV-derived building models. These
studies mainly focused on positional accuracy,
RTK/GCP performance, overall 3D model quality, or
individual measurement tasks. Although these
studies provide important evidence on GCP
distribution, RTK/PPK positioning, flight altitude,
oblique imagery, and building extraction, they
generally do not evaluate point reproduction, length
measurement, and planar surface representation
together within the same building-scale validation
framework. Fewer studies have evaluated the same
building under the same experimental framework, to
figure out if a reconstructed photogrammetric model
can model reference fagade points, provide reliable
linear measurements, and represent planar surfaces.
This is still an important issue, particularly for upper-
floor and under-eave areas, where nadir imagery is
geometrically limited and the quality of the
reconstructed model may depend strongly on the
image acquisition strategy.
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To address this gap, this study compares two
different RTK-UAV photogrammetric workflows
applied to the same two-story building without GCP
establishment: (i) a conventional nadir-only image
acquisition strategy and (ii) a hybrid strategy
combining nadir, oblique, and facade-oriented
images. These models were evaluated using
independent terrestrial reference data and accuracy
assessment was conducted at three complementary
levels: point-based coordinate comparison, length-
based comparison of selected building elements, and
surface-based planar evaluation. This multi-level
framework enables the evaluation of geometric
errors, reconstruction completeness, and practical
measurability in fagade regions that are difficult to
model using only nadir images.

This study also tests three specific claims,
whether: (i) the hybrid workflow increases the
number of measurable fagade points and
reconstructed vertical surfaces compared with nadir
imagery; (ii) additional oblique and facade-oriented
images reduce 3D errors caused by weak nadir
geometry; and (iii)) improved 3D model
reconstruction involves a trade-off with local surface
error metrics in more complex and occluded fagade
areas. With this workflow, this study intends to
provide a practical and testable evaluation of nadir-
only and hybrid RTK-UAV imagery for building
surface detail extraction.

2. Methodology

2.1 Study Area and Building Characteristics

This study was conducted on a two-story main
building located on the Osmancik campus of Hitit
University. The building presents a geometry well
suited to photogrammetric assessment in terms of flat
wall surfaces, window openings, upper-floor details,
and areas located beneath the eaves. The height to the
underside of the eaves is approximately 6.5 m, and
the total enclosed area of the building is
approximately 6500 m? (Table 1). The measurements
focused particularly on fagade details located on
three different faces within the U-shaped courtyard
on the northern side of the building.

This test building was selected because its U-
shaped courtyard on the north wing has upper-floor
facades, window openings, and eaves which create a
controlled but challenging visibility condition for
nadir and hybrid UAV image acquisition. Geometric
properties of the structure are important because
facade orientation, eave depth, and wall height
directly affect image visibility, ray intersection
geometry, and the ability of nadir and oblique images
to reconstruct vertical surfaces. Although the
selected building provides a suitable test case for
comparing nadir-only and hybrid image acquisition
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strategies, the experimental design is limited to a
single building with a specific U-shaped plan, facade
texture, roof geometry, eave configuration, and
campus environment. Therefore, the results should
be interpreted in relation to this particular
architectural and environmental setting. The findings
may not be directly transferable to buildings with
different urban occlusion conditions without
additional validation.

Distinct detail points on the building surfaces,
together with virtually defined planar surface panels,
were used in the evaluation (Figure 1). At the upper-
floor level, the eave structure restricts the visibility
of wall surfaces; therefore, these regions were
considered as the areas where the most pronounced
differences between alternative data acquisition
strategies could be observed [5][34] and [38]. For
this reason, the building was regarded as a suitable
test site for point-, length-, and surface-based
comparisons.
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2.2 Terrestrial Reference Measurements

The reference dataset was established using a
combination of GNSS and total station
measurements in this study. The 3D coordinates
traverse network was measured using a Spectra SP80
GNSS receiver, and the facade detail points were
observed using a Spectra Focus 8 total station.
According to the manufacturer specifications, the
GNSS receiver provides a positioning precision of 8
mm+0.5 ppm in the horizontal and 15 mm+0.5 ppm
in the vertical components under Network-RTK
observations. The total station has an angular
accuracy of 2’ and a reflectorless distance
measurement accuracy of + (3+2 ppm x D) mm.
These specifications were considered as sufficient
for establishing an independent terrestrial reference
network for the evaluation of UAV-derived surface
features (Table 2).

Table 1: Geometric characteristics of the test site and evaluated fagades

Parameter Metrics

Building center coordinates 34.78° E/40.99° N

Building plan type U-shaped, two-story educational building
Enclosed area ~6500 m?

Eave underside height ~6.5 m

Floor height ~3.25m

Main plan dimensions ~53mx76m

Courtyard dimensions 26 m —27 m - 17 m (west-south-east)
Eave overhang depth ~0.80 m

Evaluated facade orientations

Occlusion sensitive regions

Fagade 1&3 — North-south (~180°)
Facade 2 — West-east (~90°)
Upper floor, under eave regions, window surroundings

(a) 4540700 (b)
SINOP 4540650
42°N —
! 3 PMW%
STA’\’IO‘N[’ —_\ }'“"‘»,,«‘x R 4540600
’,}:"A'-‘Z_v“?\ AMSUN
. g ; 3%} 4540550
» Study site oy i c 3
CANKIRI > P05 wavasds 7
3 £ ToRAR. 28
CORUM | 4540500
RN ANKARA YOZGAT e 1
» - 4540450
KIRIKKALE = Py . ” .
Projection: TUREF/TM36
| 4 - 3° Transverse Mercator, CM 36°E
SZDE 34QE 360E 380E 0 25 50 75 100 125 8;::]”!:‘\‘ ITRF96, epoch 2005.00

Figure 1: Location and spatial characteristics of the test building: (a) regional location map, where the white
star represents the position of the test site, and (b) ortho-mosaic view of the test site and selected facades of the
building (blue). Projected coordinates in (b) are presented in the TUREF/TM36 coordinate reference system
(3° Transverse Mercator; central meridian 36°E; units: m)
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Table 2: Technical specifications of the terrestrial reference measurement instruments

Instrument Model

Role in the study

Precision

GNSS Receiver Spectra SP80

Total station Spectra Focus 8

Measurement of traverse
point coordinates
Reflectorless fagade/detail
measurements

Hor.: § mm+0.5 ppm

Ver.: 15 mm +0.5 ppm

Angle: 2’

Distance: +(3+2 ppm x D) mm

Three traverse points were established in the field,
and their coordinates were determined by averaging
the results obtained from two separate GNSS
observation sessions carried out at one-hour
intervals. Data were collected at a 1 s logging
interval, with 180 epochs recorded in each session.
The traverse points obtained in this way subsequently
served as control points for the reflectorless total
station measurements. The 3D coordinates of the
traverse points were computed in a 3° Transverse
Mercator projection with a central meridian of 36°E
in the northern hemisphere and referenced to the
ITRF96, epoch 2005.00 datum. The 3D coordinates
of the detail points on the building surfaces were
obtained by wusing reflectorless total station
measurements. In this context, window corners, pairs
of points representing selected linear elements, and
points used to define planar surfaces were measured.
The 3D coordinates of these features were used as
independent terrestrial reference data to evaluate the
accuracy of the point-, length-, and surface-based
data derived from the photogrammetric models
(Figure 2).

2.3 UAV Data Acquisition

DIJI Mavic 3 Enterprise UAV with a 20 MP camera
and RTK module was used in the photogrammetric
data collection. The platform provides cm-level
positioning support through solutions such as
Network RTK, Custom Network RTK, and the D-
RTK 2 Mobile Station [39] and [40]. The RTK/PPK-
based 3D camera position of the UAV platform can
be incorporated into the photogrammetric bundle
block adjustment as initial exterior orientation data to
support direct georeferencing of the model. Actual
positional performance, time synchronization with
the RTK module, IMU effects, flight geometry, and
the processing strategy are also of critical importance
for the reliability of the georeferencing process [14]
[18][20] and [32].

During the UAV image acquisition, RTK
corrections were provided from a local GNSS base
receiver established near the center of the flight area.
The coordinates of the base receiver were determined
using the TUSAGA-AKTIF (CORS-TR) system.
The maximum distance between the UAV and the
local base receiver was approximately 300 m during
the flights. According to the flight logs the RTK

solution remained fixed during the whole mission,
and approximately 10 GPS and 10 GLONASS
satellites were tracked, therefore, the camera
positions obtained from the RTK-supported UAV
system were used as direct georeferencing
information in the photogrammetric processing.
UAYV data were collected and processed using two
different approaches. The first processing workflow
included a standard photogrammetric model which
was generated using only nadir images. In the second
workflow, in addition to the nadir images,
complementary fagade images acquired from oblique
and manual flights were incorporated together to
form a hybrid photogrammetric model (Figure 3).

For both autonomous acquisitions, the flight
altitude was selected as 40 m due to physical
obstacles around the study area and flight safety
constraints, while the forward and side overlap ratios
were applied as 80% and 70%, respectively. RTK-
supported positioning information from the UAV
was used in both flights, and no GCPs were
established. This approach was selected because the
RTK/PPK-based direct georeferencing can provide
acceptable horizontal accuracy in some applications.
However, validation using independent terrestrial
reference measurements is still recommended,
particularly for the vertical component [10][19][20]
and [35] (Table 3). During this study, the flight
altitudes were fixed at 40 m for the autonomous nadir
and oblique image acquisitions. This height was
selected as a practical compromise between image
resolution, obstacle avoidance, safe flight operation,
and sufficient coverage of the selected facades. The
test building has a U-shaped courtyard, upper-floor
facade surfaces, eave overhangs, and nearby
obstacles (terrain, trees, etc.) that restrict and risk
low-altitude flights. A lower altitude, such as 30 m,
could potentially improve the GSD, but it would also
increase the number of required images, flight
duration, processing workload, and collision risk
around the area. Conversely, higher altitudes, such as
50 m or 100 m, would provide wider coverage but
would increase the GSD and reduce the visibility of
small facade details. Since the aim of this study was
to compare nadir-only and hybrid acquisition
geometries under the same height condition, flight
altitude was kept constant and was not tested as an
independent variable.
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Figure 2: Measured features using terrestrial techniques. Wall surfaces 1, 2, and 3 located on the northern wing of the
building are presented with (a), (b) and (c), respectively. Observed data are illustrated as orange triangles for points, yellow
lines for lengths, and green rectangles for surfaces. The surfaces located close to the roof and beneath the eaves on building
surfaces 2 and 3 (surfaces 2, 5, and 7) could not be reconstructed in the nadir photogrammetric model

Figure 3: Autonomous flight routes for generating photogrammetric models. The nadir-model (a) and hybrid model flight
routes are given, respectively. The take-off (start) and landing (finish) points of the UAV platform are also indicated in both
figures. Each image acquisition position of the platform is represented by a red square, and each flight strip is shown by
orange lines. For the hybrid model, the flight route is noticeably longer in the north—south and east-west directions than
that of the nadir model in order to enable the acquisition of site images at a 45° oblique angle
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Table 3: Technical properties of the autonomous flights by using the DJI Mavic 3E UAV platform. All image
acquisition datasets were processed with an RTK fixed solution and RTK corrections were received from a
local GNSS base receiver, which coordinates were determined using the TUSAGA-AKTIF (CORS-TR)
system. During the flights, approximately 10 GPS and 10 GLONASS satellites were available

Data Flight Camera Planned Number
Dataset Acquisition Altitude/Facade . . Overlap/Coverage GSD
. Orientation of Images
Mode Distance Strategy
Nadir Model ~ Autonomous 40 m Nadir 80% forward 0.8 cm 437
imagery overlap
70% side overlap
Hybrid Autonomous 40 m Nadir 80% forward Part of the 58
Model — imagery overlap hybrid model
Nadir Subset 70% side overlap average GSD:
1.7 cm
Hybrid Autonomous 40 m 45° oblique 80% forward Part of the 286
Model — imagery overlap hybrid model
Oblique 70% side overlap average GSD:
Subset 1.7 cm
Hybrid Manual ~25 m from Fagade- Visual multi-view Part of the 8
Model — facades oriented coverage of the hybrid model
Manual ~5 m flight manual selected fagade average GSD:
Facade altitude imagery details and under- 1.7 cm
Subset eave regions

2.3.1 Nadir flight

The nadir flight was conducted to represent the
standard photogrammetric data acquisition approach
in this study. In this context, the area of interest was
imaged using autonomous flight routes planned in
the north-south and east-west directions. The
camera was set to a 90° position to provide a nadir
viewing geometry, and this dataset was used to
model only the surfaces visible from above and the
general building geometry. The model generated
from these images was referred to in the study as the
“nadir model” and was used as the baseline
comparison model for the other data acquisition
approach. The nadir dataset consisted of 437 images
and had an average GSD of 0.8 cm.

2.3.2 Oblique and free-flight acquisition

For the hybrid photogrammetric model, the second
UAV flight initially involved the collection of nadir
and 45° oblique images through an autonomous
flight mission, where this was selected as the default
oblique acquisition setting of the flight application.
Acquisition angle 45° was not tested as an
independent variable; rather, it was selected
heuristically to increase the visibility of vertical
fagades and under-eave regions while maintaining
sufficient coverage of the roof and upper building
geometry. Subsequently, additional images were
captured by manual flight in order to achieve a better
representation of the three selected facades of the
building and the areas located beneath the eaves.
These images were used specifically to support
regions with limited visibility in the nadir flight, such
as upper-floor surfaces, window surroundings, and
the undersides of the eaves. In this way, the hybrid

model was constructed as a dataset, which is capable
of representing not only the visible geometry from
above, but also fagade surfaces and occluded areas
more effectively [5][34] and [33]. The average GSD
of the hybrid model was 1.71 cm. Although this value
was larger than that of the nadir-only model, the
hybrid dataset provided additional viewing directions
and improved facade visibility, which were critical
for reconstructing upper-floor and under-eave
details. The manual image acquisition was conducted
on the three selected northern facade zones used in
the evaluation. During the flight, the UAV was flown
approximately parallel to the facades at an average
distance of about 25 m and at a flight height of ~4-5
m, so that the camera could observe the upper-floor
and under-eave regions that were weakly visible in
the nadir-only dataset. Since the manual acquisition
was not based on programmed overlap ratios,
adequate coverage was ensured by acquiring
multiple fagade-oriented images with visual overlap
and convergent viewing geometry.

During the manual image acquisition, the camera
was oriented toward the fagade surfaces and under-
eave regions. Therefore, there were small variations
in viewing direction according to the visibility of the
target facade details. The operator followed a
systematic facade-parallel route along the three
selected northern facade zones which expands from
east-west direction, but the image capture was also
adjusted adaptively where the eave structure,
window surroundings, or local occlusions limited
visibility. Consistency between the manually
acquired images was maintained by keeping an
approximately constant fagade distance of about 25
m, using a similar flight height of approximately 4-5
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m, and ensuring that each selected facade detail was
visible in more than one image. Adaption with the
nadir-oblique imagery of the photogrammetric model
requires common points visible from the autonomous
flight route, and manual acquisition was conducted
under the condition to capture the most details
available.

As a result, the hybrid photogrammetric model
had a separate image dataset by combining
autonomous nadir (58), autonomous oblique (286),
and manual fagade-oriented images (8). Here, the
hybrid dataset contained fewer images than the nadir-
only dataset because it was not created by adding all
nadir-model images to the oblique and manual
images. Instead, it was generated as a separate and
more targeted acquisition set that included a smaller
nadir subset, a larger number of oblique images, and
a limited number of manual facade-oriented images.
The main accuracy improvement approach in this
study is the enhancement of the image acquisition
geometry rather than a shift in the photogrammetric
processing algorithm. The hybrid model was
designed to increase the visibility and image
coverage of the fagade surfaces, upper floor details,
and features that were poorly reconstructed in the
nadir-only dataset. By constructing a hybrid model
including nadir-oblique-manual facade digital
images, the model was expected to provide stronger
image intersection, denser point cloud specifically on
vertical surfaces, and better reconstruction of the
surfaces affected by occlusion where the nadir and
autonomous oblique images had limited visibility.

It should also be noted that the hybrid workflow
combines autonomous and manual image
acquisition. Therefore, the improvement observed in
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the hybrid model should be interpreted as the
combined effect of adding oblique and targeted
fagade-oriented images, rather than as the effect of a
fully autonomous acquisition strategy alone. The
manual component may introduce operator
dependency and reduce direct reproducibility
compared with the nadir-only workflow. Before
photogrammetric processing, the oblique and manual
images were visually inspected for image blur,
motion artifacts, and improper exposure. Images
with severe blur, strong motion artifacts, or
inadequate exposure were planned to be excluded
from the dataset, but none of the imagery was
rejected after this inspection.

2.4 Photogrammetric Processing

Acquired images for both flight routes were
evaluated as separate data groups. The first group
consisted of the photogrammetric model generated
using only nadir images, whereas the second model
comprised the hybrid dataset in which images
acquired from nadir, oblique, and manual flights
were used together. For both models, software
packages such as Pix4D, Agisoft Metashape, and
3DF Zephyr can be used for image matching,
determination of exterior orientation parameters,
dense point cloud generation, and model
reconstruction [35][41][42] and [43]. The first
software was selected for processing, which enabled
the two datasets to be compared under the same
workflow. Both the nadir and hybrid datasets were
processed using the same general processing
configuration. The RTK-supported image positions
were used for direct georeferencing, and no 3D GCPs
were used in the bundle block adjustment (Table 4).

Table 4: Photogrammetric processing parameters used for the nadir and hybrid models

Processing Stage Parameter Setting
Camera model Camera model M3E 12.3 5280x3956 (RGB)
Coordinate system Image coordinate system WGS84
Output coordinate system TUREF/TM 36
Georeferencing Camera position source RTK-supported UAV image positions
GCP use in bundle adjustment No 3D GCP used
Initial processing Processing template 3D maps

Keypoints image scale

Matching image pairs

Full, image scale
Aerial grid or corridor

Geometrically verified matching No
Camera calibration Calibration method Standard

Internal parameter optimization All

External parameter optimization All

Point cloud densification Image scale

1/2 image size

Point density Optimal
Minimum number of matches 3

3D textured mesh Mesh resolution Medium

DSM and orthomosaic Resolution 1xGSD
Noise filtering Applied
Surface smoothing Applied (sharp)
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In order to transform the coordinates of the
photogrammetric models into a terrestrial global
coordinate system, the RTK-supported positioning
information of the UAV platform was used.
Accordingly, the exterior orientation parameters of
the images were obtained through a direct
georeferencing approach, and 3D positions were
computed for both models in the ITRF datum and the
TUREF/TM36 3° Transverse Mercator projection
system. Subsequently, point-, length-, and surface-
based assessments were carried out on the
corresponding photogrammetric models to evaluate
the accuracy of both approaches (Figure 4). The
initial camera parameters read from the image
metadata were used as starting values, and camera
self-calibration was performed during bundle block
adjustment in this study. The calibration method was
set to standard, and all internal and external camera
parameters were optimized. This approach allowed
the focal length, principal point coordinates, radial
distortion  parameters, tangential  distortion
parameters, and exterior orientation parameters to be
refined within the same bundle adjustment (Table 5).
The overall photogrammetric processing quality was
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also evaluated using the standard quality indicators
and reported for both the nadir and hybrid image
blocks in order to verify that the observed differences
between the two models were mainly related to
acquisition geometry rather than processing artifacts.

The low mean reprojection for both models
indicates that the image blocks were adjusted
consistently after self-calibration. Lens distortion
and camera geometry effects were estimated and
compensated during the bundle adjustment process.
Since the same camera model and calibration
strategy were used for both datasets, the comparison
between the nadir and hybrid models was not
affected by different camera calibration procedures.
In addition, both image blocks had a 100% image
calibration rate and cm-level geolocation residuals
which indicates that the photogrammetric processing
quality of both models was comparable. Therefore,
the differences observed in point-, length-, and
surface-based accuracy were interpreted mainly as
the effect of image acquisition geometry and fagade
visibility rather than as a consequence of processing
artifacts.

Nadir Image Set
Alt: 40 m | Angle: 90°

Point-Based Eval
> AX/Y/Z, RMSE, MAE
L Std. Dev, Max Error

g

Nadir Model

Overlap: 80% F / 70% S

Terrestrial Ref
GNSS & Total Station
(Ref. Points, Lines, Surfaces)

Pix4D Processing
Image Alignment
RTK Georeferencing
Dense Point Cloud

Length-Based Eval
Reference vs. Model Lengths
Relative Error (%)
Nadir (4/14 measurable) +
Hybrid (14/14 measurable)

e

e

Surface-Based Eval ||

SVD/PCA, Normal Angles
RMSE, Max Deviation

Figure 4: Workflow of data acquisition and processing strategies in this study

Table 5: Camera self-calibration and photogrammetric quality indicators

Quality Indicator Nadir Model

Hybrid Model

Camera model

Calibration approach Self-calibration

M3E_12.3_5280x3956 (RGB)

M3E 12.3 5280x3956 (RGB)
Self-calibration

Pre-calibration used No No

GCP in bundle adjustment No No

Number of calibrated images 437/437 352/352

Number of geolocated images 437/437 352/352

Average GSD 0.8 cm 1.7 cm

Camera optimization difference 3.99% 2.81%

Mean projection error (pixel) 0.182 0.187

Absolute camera uncertainty 0.003 /0.003 /0.002 m 0.005 /0.005 / 0.006 m
(mean X/Y/Z)

Relative camera uncertainty 0.002 /0.002 / 0.003 m 0.002 /0.002 / 0.002 m
(mean X/Y/Z)

Geolocation RMS error (X/Y/Z)

0.008 /0.009 / 0.008 m

0.013/0.015/0.011 m
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Both datasets were processed as independent projects
with the same photogrammetric processing strategy
in order to ensure comparable conditions. The
difference between the two models was limited to
image acquisition geometry, and all other processing
conditions were kept as constant. Also, no model-
specific manual editing was applied to the dense
point clouds. The comparison and evaluations based
on points, lengths, and surfaces were conducted
under the same reference coordinate system and error
metrics. For point-based comparison, an additional
common-point analysis was also performed using
only the points that could be reconstructed in both
models to allow a direct comparison under same
conditions. Therefore, the reported differences
between the nadir and hybrid models were
interpreted primarily as the effect of acquisition
geometry and facade visibility rather than differences
in photogrammetric processing configuration.
Previous studies indicate that photogrammetric
models generated from nadir images may be
insufficient for representing certain areas with
limited visibility, whereas hybrid data acquisition
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approaches can provide a more complete surface
representation in such regions [5][33] and [34].
Similarly, in this study, the model generated from
nadir imagery was also inadequate to represent the
above-mentioned regions. By contrast, the hybrid
model provided a more comprehensive surface
representation. Therefore, the photogrammetric
processing steps were considered not only for model
generation but also for evaluating the effectiveness
of different data acquisition geometries in
representing building details (Figure 5). Figure 5
demonstrates the point cloud view of the hybrid
photogrammetric model and the locations of the
photogrammetric features selected for geometric
comparison. The green cone markers indicate the
points used in the point- and length-based
comparison, and the brown markers represent the
points used to define the planar wall surfaces. Figure
also illustrates the spatial distribution and type of the
selected compared features, and the sufficient visual
and geometric representation of the interested details
were provided by the hybrid model.

Figure 5. Enhanced point cloud view data of surfaces 1, 2, and 3 generated from the hybrid photogrammetric
model: (a) Surface 1 heading east, (b) surface 2 heading north, and (c) surface 3 heading west are represented
respectively. The green markers indicate the detail points used in the point- and length-based comparisons,
whereas the brown markers indicate the representative points selected for the surface-based comparison.
Approximate local scale indicators were added using known facade distances between clearly identifiable

reference points on the same wall plane
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2.5 Point-based Comparison Procedure

This comparison was based on the evaluation of the
corresponding points from the photogrammetric
models for which 3D coordinates had been measured
by terrestrial measurements and defined as reference
data. For this purpose, residuals were evaluated for
the points which were reconstructed from the nadir
and hybrid models, and the horizontal and vertical
accuracy behavior of each model was examined
separately.

The corresponding points were identified
manually on the dense point cloud and image-
supported model view. Each point was selected first
by visually locating the closest representative point
for the corresponding terrestrial detail, then manually
marked by using at least 3 different images for the
same feature and adjusted by considering the location
errors. The same operator performed the feature
identification for both the nadir and hybrid models
using the same procedure in order to reduce operator-
related inconsistency. For each reference point, the
corresponding photogrammetric point was selected
only when the detail was clearly visible and could be
interpreted consistently on the model. This procedure
was especially important and time consuming for the
nadir model, where several upper-floor points could
not be identified reliably. It should also be noted that
the manual point identification on a dense point
cloud may introduce an additional uncertainty for the
estimated 3D positions, which might reach to cm-
level specifically around the under-eave regions in
terms of point density and surface continuum.
Therefore, point-based errors include
photogrammetric reconstruction errors and potential
effects of manual feature identification were also
reported in this study, and was considered when
interpreting the point-based comparison results.

Each reference point measured by terrestrial
methods and paired with their corresponding
photogrammetric model pair and coordinate
residuals were computed using Equations 1 to 3:

AX; =X, — X,
Equation 1
AY, =Y, -7,
Equation 2
AZ,=2,-Z,
Equation 3

Where AX;, AY; and AZ; represent the coordinate
differences between terrestrial and photogrammetric
model data for each i-th feature on the building
surface, respectively, and were used to evaluate the
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horizontal and vertical accuracy behavior of both
nadir and hybrid models. The horizontal error (eH;)
and 3D error (e3D;) for each point feature were
calculated using Equations 4 and 5, respectively:

Equation 4

e3D, = |AX? + AY? +AZ}
Equation 5

In addition, the error magnitudes of the two- and
three-dimensional coordinate residuals were also
calculated to evaluate the overall positioning
performance of the models. For each coordinate
component, mean signed error, mean absolute error
(MAE), root mean square error (RMSE), standard
deviation, and maximum absolute error were
calculated. Here, error metrics were used to evaluate:
e  Mean signed error: Possible systematic
bias
e MAE: Average error magnitude
e RMSE: Quadratic error magnitude
e Standard deviation: Dispersion of the
residuals
e Maximum absolute error: Largest
individual deviation.

Furthermore, to enable a comparison of the two
models under equivalent conditions, an analysis
using only the common points that could be
reconstructed in both models was conducted. This
approach was selected to reduce the potential bias
arising from the different number of points produced
by the nadir and hybrid models and to obtain directly
comparable error metrics. This point-based
coordinate evaluation using terrestrial observations is
a direct validation approach for UAV
photogrammetry at building documentation
procedures, and same approach adopted to this study
in order to assess both models in terms of
reproducing the measured fagcade points precisely.

2.6 Length-based Comparison Procedure

In the initial evaluation, the nadir model was not
considered for length-based assessment. The
interested measurements need at least 2 points to be
monitored, but nadir model did not allow to produce
3D positions of all the points. However, to preserve
the comparative structure of the study, nadir-derived
lengths were also calculated wherever both endpoints
of a selected linear element could be reliably
identified. If one or both endpoints of a selected
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linear element could not be identified due to missing
geometry, occlusion, or noisy reconstruction, the
corresponding length was not computed. Both ends
of the linear elements were manually identified on
the dense point cloud and image-supported model
view. No automatic snapping to point cloud vertices,
mesh edges, or image features were applied. Instead,
each point was selected by visually locating the same
physical detail measured in the reference dataset. To
reduce selection ambiguity, the operator used the
RGB point cloud together with the available image
projections and selected points only when the same
feature could be interpreted consistently. The same
operator performed the endpoint selection for both
the nadir and hybrid models with the same procedure.
It should be noted that this manual endpoint
identification may introduce operator dependent
uncertainty into the length-based comparison,
therefore, length values were calculated only when
both endpoints could be clearly identified. This
procedure was adopted to avoid producing
misleading length values from poorly defined
photogrammetric features.

For each selected point pair, the three-
dimensional Euclidean distance was calculated using
reference and corresponding photogrammetric
coordinates. The signed length difference and
statistical tests were computed as the residual of these
values. This approach allowed the nadir model to be
quantitatively evaluated without excluding its weak
performance in terms of feature availability.

2.7 Surface-based Comparison Procedure

The surface-based comparison procedure examined
selected planar wall panels on the building which
could be evaluated in both reference and
photogrammetric models. A total number of seven
surfaces were selected on the northern fagades of the
building, representing both the lower and upper floor
regions. For each surface, a reference plane was fitted
using the terrestrial reference points measured by
total station. The number of reference points used to
define the reference surfaces varied between 9 and 12
depending on the panel. In this study, a surface was
considered comparable in a photogrammetric model
only if the corresponding wall panel was visually
identifiable in the dense point cloud and image-
supported model view. At least five non-collinear
and spatially distributed points selected to form a
surface. These points were required to be located on
the wall surface itself and not in locally noisy mixed-
surface areas. The comparability decision was based
on the availability of a continuous and interpretable
surface patch and the ability to select at least five
representative surface points distributed over the
panel.
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For the construction of reference and
photogrammetric model panels, an SVD/PCA-based
orthogonal least-squares plane fitting approach was
used. This approach minimizes the sum of the
squared perpendicular distances from the selected
points to the fitted plane and provides the plane
normal vector [44]. Here, a minimum number of
three non-collinear points is sufficient for definition;
however, at least five individual points were used for
the photogrammetric surfaces in order to provide
redundancy and to reduce the effect of local points
selection uncertainty. The selected points were
distributed across the surface panel as much as
possible and no automatic plane segmentation,
RANSAC-based outlier removal, or iterative
reweighting was applied, because the evaluation
designed as a controlled representative point-based
comparison between reference and model surfaces.
Therefore, outlier control was performed at the point
selection stage rather than through an automatic
robust fitting algorithm, and selected as controlled
representative points from the same planar wall panel
in order to provide comparable surface samples for
the nadir and hybrid models. The RGB dense point
cloud and image-supported model view were also
used together to verify that the selected points
belonged to the same physical wall surface. If five
reliable and spatially distributed points could not be
selected because of missing geometry, occlusion, or
noisy reconstruction, the corresponding surface was
recorded as not comparable.

Distances from the photogrammetric model
points to the corresponding reference plane were
calculated and the mean signed deviation, MAE,
RMSE, standard deviation, and maximum absolute
deviation were computed for each surface. In
addition, the angle between the normal vectors of the
reference and photogrammetric planes was computed
to evaluate the orientation difference between the
fitted planes. Therefore, the surface-based
comparison assessed in terms of both point-to-plane
error magnitude and the geometric orientation
consistency of the reconstructed wall panels. It
should be noted that selecting five representative
photogrammetric model points may limit the stability
of the fitted planes, specifically in weakly
reconstructed regions. Therefore, the surface-based
results should be interpreted as a representative
planar-surface comparison rather than a full dense
point cloud segmentation analysis. This limitation is
particularly relevant for the nadir model, where some
upper-floor and under-eave surfaces could not
provide enough reliable points for plane fitting.
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2.8 Statistical Analysis

All the mentioned differences obtained in the study
were evaluated using both descriptive statistics and
appropriate significance tests. Main approach
involves basic quality metrics such as mean signed
error, mean absolute error (MAE), RMSE, standard
deviation, and maximum absolute error. In the point-
based comparisons, these metrics were determined
separately for the three coordinate axes as well as for
the 2D and 3D error components. In the length-based
comparisons, the same error metrics were calculated
based on the differences between the reference and
hybrid model values. Also, in the surface-based
comparisons, the deviations of the photogrammetric
surface points from the reference plane and the
angular differences between the normal vectors were
computed respectively.

Distributional characteristics of the residuals
were first examined statistically by using the
Shapiro—Wilk test. According to the normal
distribution of these values, parametric (Paired T-
test) or non-parametric (Wilcoxon signed-rank) tests
were used to assess both mean error magnitudes and
statistical significance of the observed differences.
This approach enabled a more reliable interpretation
of the effects of different data acquisition strategies
on building-based photogrammetric performance
[45][46] and [47]. The Shapiro—Wilk test was used
as a diagnostic tool to examine the distributional
characteristics of the residuals in this study.
However, it should be noted that the sample sizes in
some comparisons were relatively small, particularly
for the common point- and the length-based
comparison. Therefore, this test may have limited
statistical power to detect departures from normality
and was not used as the only basis for interpretation,
and both parametric and non-parametric paired test
results were considered for the main paired
comparisons. The paired t-test was used to evaluate
mean differences under the assumption of normality,
while the Wilcoxon signed-rank test was used as a
distribution-free alternative. When both tests led to
the same interpretation, the result was considered
more robust. If the two tests differed, the Wilcoxon
signed-rank result was interpreted more cautiously
because of the small sample size and possible non-
normality of the residuals. The statistical findings
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were evaluated together with descriptive error
metrics.

Because several paired statistical tests were
performed simultaneously in the common-point
comparison, a Bonferroni correction was applied to
control the error rate, and the corrected significance
level was calculated as a.=0.05/5=0.01. Therefore,
the statistical results were interpreted also including
Bonferroni-corrected threshold. This correction was
used to determine whether the observed differences
remained statistically significant after accounting for
multiple testing.

3. Results and Discussion

3.1 Point-based comparison results

The point-based performance of  the
photogrammetric models was evaluated for the
comparison. For this purpose, the extent to which the
reference points could be reconstructed in each
model was examined (Table 6). The point-based
comparison indicates that the main difference
between the two photogrammetric models is related
to coordinate accuracy and feature availability. The
nadir model could not provide reliable positions for
several facade details, particularly in upper-floor and
under-eave regions. This pattern is expected because
nadir image blocks observe vertical fagade elements
with weak intersection geometry, limited incidence-
angle diversity, and sparse tie point density. In
contrast, the hybrid model enables increase in the
number of interpretable fagade details by adding
oblique and fagade-oriented images (Table 7). The
60% comparability rate of the nadir model should be
interpreted as a direct indicator of limited feature
availability rather than missing data ratio. In contrast,
all of these points could be identified in the hybrid
model because the additional oblique and fagade-
oriented images improved the visibility and
geometric definition of the corresponding facade
details. This finding supports the idea that viewing
geometry is a critical factor in building-scale UAV
photogrammetry, especially when the target features
are located on vertical fagades instead of horizontal
roof or ground surfaces. In order to evaluate both
models, error statistics with respect to the 3-
coordinate axis were executed (Table 8).

Table 6: Matching and computation status of the reference point coordinates in the photogrammetric models

Number of non-

Model Total Number of Number of Represented Comparability
Reference Points Comparable Points P . Rate (%)

Points
Nadir 35 21 14 60
Hybrid 35 35 0 100
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Table 7: Reference points that cannot be represented in the nadir-only model and non-comparability reasons

Point Group

Point IDs

Interpretation

Non-presented points in the

nadir-only model

5,8, 11,13, 15, 17, 19, 20,
25,27, 29, 31,33, 34

Points not reliably identified in the nadir

model

Main photogrammetric reason -

Weak nadir viewing geometry on vertical
facades, sparse tie points, local point cloud
noise, occlusion around upper-floor and
under-eave regions

Effect on analysis

Points excluded from nadir error statistics
but available in the hybrid model

Table 8: Axis-based error statistics. The results are based on the coordinate differences between

the reference measurements and the nadir and hybrid models

Model Coordina Number Mean Signed MAE RMSE Stal.ld?rd Max. Absolute
Type te Axis of Points Error (m) (m) Deviation Error

(m) (m) (m)
Nadir AY 21 -0.022 0.025 0.027 0.015 0.052
Nadir AX 21 0.023 0.030 0.039 0.032 0.099
Nadir AZ 21 0.355 0.355 0.452 0.286 1.141
Hybrid AY 35 -0.017 0.019 0.023 0.016 0.060
Hybrid AX 35 0.005 0.015 0.018 0.017 0.038
Hybrid AZ 35 -0.021 0.029 0.035 0.029 0.093

The axis-based results indicate that the vertical
component is the most vulnerable part of the nadir-
only workflow. This behavior can be explained by
the weak intersection geometry of nadir images on
vertical wall surfaces. Although RTK-supported
camera positions improve direct georeferencing, they
cannot fully compensate for weak ray convergence
when facade details are not sufficiently observed
from multiple directions. As a result, errors in the
nadir model are concentrated mainly in the vertical
component rather than being uniformly distributed
across all coordinate axes. The hybrid image set
reduced this weakness by increasing the diversity of
viewing directions and by improving the visibility of
window surroundings, facade details, and under-eave
regions. Thus, the vertical improvement observed in
the hybrid model should be interpreted as a geometric
effect of the acquisition strategy.

On the other hand, large vertical RMSE observed
in the nadir model should not be interpreted as a
general RTK positioning failure or as an instability
of the photogrammetric block. The processing
quality metrics in the previous table demonstrate low
reprojection errors, complete image calibration, and
cm-level geolocation residuals for both models.
Hence, the main source of the large Z-axis error for
the nadir model is interpreted as a local facade
reconstruction and point-identification problem

rather than a global processing failure. The same
model was not able to reconstruct a clear definition
for physical corner points which are located near to
the upper floor. Because nadir imagery observes
vertical wall surfaces with weak incidence-angle
diversity and limited ray convergence, the dense
point cloud in these regions may be sparse, noisy,
vertically smeared, or displaced toward adjacent
roof/eave surfaces. As a result, the manually
identified model point may not correspond exactly to
the same physical detail measured by the terrestrial
observations, even when the surrounding facade
region is visually represented in the model. This
mismatch between the reference and the nearest
interpretable nadir-derived point can produce large
vertical residuals. Thus, the high Z-axis RMSE
reflects the practical failure of the nadir-only model
to reproduce fagade detail points under weak viewing
geometry, rather than a failure of RTK direct
georeferencing alone.

To evaluate the effect of point-based accuracy on
overall positioning performance, the error
magnitudes in the horizontal position and three-
dimensional coordinates were also examined
separately (Table 9). According to Table 9,
horizontal and 3D positional error metrics
demonstrate that the nadir model error is largely
caused by the vertical component. This is important
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for building documentation because fagade elements
are often used as endpoints of linear and surface-
based measurements. This vertical uncertainty in
individual points may affect the practical
measurements of certain features on planar walls. To
determine whether the improvement was caused only
by the larger number of points in the hybrid model,
an additional common-point comparison was
conducted using only the points reconstructed in both
models (Table 10). This situation is also supported
by the 3D error behavior, because the overall 3D
error in the nadir model is strongly influenced by the
vertical component. In practice, the nadir model may
still provide usable horizontal positions for some
visible facade details but becomes unreliable when
the same points are required for height-sensitive
tasks such as vertical fagade measurements, window-
corner extraction, or surface-plane construction.
Since five simultaneous paired comparisons were
performed for the common points in both models, a
Bonferroni correction was applied to control the
family-wise error rate. The corrected significance
threshold was calculated as (o =0.05/5=0.01), and
the AZ MAE, horizontal RMSE, and 3D RMSE
differences remained statistically  significant
according to this corrected value. The AY MAE
difference was not statistically significant, and for
AX MAE, the Wilcoxon signed-rank test indicated
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statistical significance after Bonferroni correction,
whereas the paired t-test p value was slightly above
the corrected threshold. Therefore, the AX result was
interpreted cautiously. Overall, the Bonferroni
correction did not change the main conclusion of the
common-point analysis: the hybrid model provided a
clear improvement, particularly in the vertical and
overall 3D accuracy components. This supports the
interpretation that the additional oblique and facade-
oriented images improved the geometric reliability of
facade point reconstruction.

3.2 Length-based Comparison Results

The length-based evaluation was used to find out
whether the observed point-level differences affected
practical linear measurements or not. This
comparison requires both endpoints of a selected
linear element to be reliably identified on the
photogrammetric models. Such difficulties may arise
if one or both endpoints could not be interpreted
clearly or observed, and this revised analysis
included the nadir model as well wherever this
condition was met (Table 11). The length-based
comparison provides a complementary interpretation
of the point-based results. The nadir model could
provide length measurements only for a limited
number of points around the lower-floor window
edges, where both endpoints were clearly visible.

Table 9: 2D and 3D error magnitudes of both photogrammetric models with respect to the reference points

Metric Nadir Model Hybrid Model
Number of Points 21 35
Mean Horizontal Error (m) 0.041 0.025
Horizontal MAE (m) 0.041 0.025
Horizontal RMSE (m) 0.047 0.029
Horizontal Standard Deviation (m) 0.024 0.015
Max. Horizontal Error (m) 0.104 0.071
Mean 3D Error (m) 0.359 0.042
3D MAE (m) 0.359 0.042
3D RMSE (m) 0.454 0.046
3D Standard Deviation (m) 0.285 0.018
Max. 3D Error (m) 1.146 0.117

Table 10: Statistical comparison of the common observed points reconstructed in nadir
and hybrid models with Bonferroni correction

No. of Nadir Hybrid Paired Wilcoxon .
Error Improvement Bonferroni
. common model model t-test test
Metrics . (%) threshold
points (m) (m) p value P value
AX MAE 21 0.03 0.013 56.7 0.01 0.01 0.01
AYMAE 21 0.025 0.020 21.2 0.17 0.10 0.01
AZ MAE 21 0.355 0.025 92.9 <0.0001 <0.0001 0.01
Horizontal 21 0.047 0.028 39.9 0.01 0.01 0.01
RMSE
3D RMSE 21 0.454 0.041 91.0 <0.0001 <0.0001 0.01
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Table 11: Length-based comparison of reference, nadir, and hybrid model-derived measurements.
Lengths that cannot be computed from the model as marked as Not Computed (NC)

Nadir Nadir Hybrid Hybrid
Length Reference Nadir Residual Absolute Hybrid Res)i, dual Absolute
No Length (m) Length (m) Residual  Length (m) Difference
(m) (m)
(m) (m)
1 3.239 NC NC NC 3.273 -0.034 0.034
2 3.218 NC NC NC 3.257 -0.039 0.039
3 3.238 NC NC NC 3.228 0.01 0.01
4 3.253 NC NC NC 3.257 -0.004 0.004
5 1.941 NC NC NC 1.947 -0.006 0.006
6 1.945 1.950 -0.005 0.005 1.944 0.001 0.001
7 1.954 NC NC NC 1.961 -0.007 0.007
8 1.907 1.910 -0.003 0.003 1.895 0.012 0.012
9 3.261 NC NC NC 3.271 -0.01 0.01
10 1.958 NC NC NC 1.947 0.011 0.011
11 1.923 1.910 0.013 0.013 1.919 0.004 0.004
12 1.92 NC NC NC 1.914 0.006 0.006
13 1.916 1.910 0.006 0.006 1.904 0.012 0.012
14 3.235 NC NC NC 3.229 0.006 0.006

This indicates that nadir imagery can produce
acceptable length estimates under favorable visibility
conditions, but its practical usability decreases when
fagade endpoints are located on the upper-floor or
under-eave regions. In contrast, the hybrid model
allowed all selected length pairs to be evaluated.
Therefore, the main advantage of the hybrid model in
the length-based analysis should not be interpreted as
uniformly lower error for all common elements. For
the four length pairs that could be measured in both
models, the nadir and hybrid errors were similar.
However, the nadir model was limited to these
clearly visible lower-floor window edges, whereas
the hybrid model enabled all 14 selected length pairs
to be evaluated. Thus, the empirical advantage of the
hybrid workflow is its substantial higher
measurement completeness and practical usability,
rather than a uniform reduction in length error for the
limited subset visible in both models.

The larger residuals observed for lengths 1 and 2
should be interpreted more carefully because their
magnitudes exceed the expected uncertainty of the
terrestrial reference measurements. The reflectorless
total station measurements used as reference data
have mm-level distance precision; therefore, these 34
mm and 39 mm differences cannot be attributed to
the reference measurement uncertainty alone and are
more likely related to the photogrammetric

identification of the corresponding endpoints in the
hybrid model. These lengths were derived from
fagade features whose endpoints were more sensitive
to local point cloud quality and manual point
identification. Around window corners and facade
edges, the photogrammetric point cloud may contain
locally noisy or mixed points because of weak
surface texture, edge discontinuities, partial
occlusion, and the transition between wall, window
frame, and under-eave elements. Since no automatic
snapping was applied, the points for these length
measurements were manually selected from the
dense point cloud and image-supported model view.
Therefore, small point shifts at one or both ends of a
line could propagate directly into the final length
residual. For this reason, the larger errors for lengths
1 and 2 were interpreted as local endpoint-definition
errors in the photogrammetric model rather than as
errors in the terrestrial reference measurements.
Despite these larger residuals, the remaining length
comparisons indicate that the hybrid model generally
provided usable linear measurements. However,
these results also show that length-based accuracy is
strongly dependent on the clarity and repeatability of
endpoint identification, particularly for fagade details
located near edges, windows, and occlusion-sensitive
regions (Table 12).
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Table 12: Statistics for the length-based comparison

Model Number  Computable Not computable Computability Mean signed MAE RMSE
of lengths lengths lengths rate (%) residual (m) (m) (m)
Nadir 14 4 10 28.6 0.003 0.007 0.008
Hybrid 14 14 0 100.0 -0.003 0.012 0.016
Table 13: Summary statistics of the length-based comparison
. Shapiro-Wilk Paired T-test Wilcoxon
Comparison
p value p value p value
Nadir-reference (for measured 4 lengths) 4 0.54 0.56 0.63
Hybrid-reference (14 lengths) 14 0.01 0.54 0.95
Hybrid-reference (common 4 lengths) 4 0.18 0.08 0.13

The length-based comparison indicates that the nadir
model allowed only 4 of the 14 selected length pairs
to be measured, corresponding to a computability
rate of 28.6%, and were all located on lower-floor
window edges, where the fagade details were more
clearly visible in the nadir-derived model. Other
remaining measurements could not be calculated
from the nadir model because at least one endpoint
of each pair could not be identified due to missing
geometry, occlusion, or noisy reconstruction. For the
four common length pairs, the nadir and hybrid
models produced similar error magnitudes. This
indicates that nadir imagery can provide acceptable
length estimates only for clearly visible lower-floor
details. However, the hybrid model enabled all 14
selected length pairs to be measured. Therefore, the
main advantage of the hybrid model in the length-
based evaluation is the measurement capability and
practical detection, rather than uniformly lower
errors for the limited set of features visible in both
models (Table 13).

The length-based results should also be
interpreted in relation to point identification
uncertainty. Since the lengths were calculated from
manually selected photogrammetric model points,
the reliability of each length depends on whether both
endpoint features were clearly visible and
geometrically well defined in the model. This
explains why the nadir model could provide only a
limited number of length measurements, whereas the
hybrid model provided a more complete set of
measurable linear elements. Because of the small
sample size in the length-based comparison, the
Wilcoxon signed-rank result was interpreted
cautiously. The high Wilcoxon p value does not
necessarily indicate that the photogrammetric and
terrestrial lengths are identical, and there was no
statistically significant evidence of a systematically
signed difference within this limited sample. The
residual signs were also relatively balanced, with
both positive and negative residuals. In addition, the
two largest residuals, observed for lengths 1 and 2

were examined to determine whether they affected
the statistical interpretation, and an additional
sensitivity check was performed by excluding these
values. The results indicated that the MAE and
RMSE decreased to 0.007 m and 0.008 m
respectively, and the statistical tests still did not
indicate a significant systematic difference between
the reference and hybrid-derived lengths. Therefore,
the large residuals of lengths 1 and 2 were interpreted
as local endpoint-definition errors rather than
evidence of a systematic scale or length bias in the
hybrid model. Nevertheless, because of the small
number of length observations, the statistical result
should be interpreted together with the descriptive
error metrics and the point visibility conditions.

In addition, the Wilcoxon signed-rank test was
computed using the two-sided test with the automatic
method selection. For the 14 hybrid length residuals,
repeated absolute residual values were present;
therefore, the reported p value may slightly differ
depending on the exact or approximate Wilcoxon
calculation method. The statistical interpretation
remains unchanged in either case. To provide a more
informative assessment of possible systematic bias, a
95% confidence interval was calculated for the mean
signed residual of the hybrid-derived lengths, and the
mean signed residual was computed as -0.0027 m,
with a 95% confidence interval from -0.0120 m to
0.0066 m. This indicates that the average systematic
length bias was close to zero and remained within
approximately cm-level for this dataset. A sensitivity
check was also performed by excluding lengths 1 and
2, which had the largest residuals. After excluding
these two lengths, the mean signed residual became
0.003 m, and the 95% confidence interval narrowed
to -0.002 m to 0.008 m. This confirms that lengths 1
and 2 affected the residual dispersion, but they did
not indicate a consistent systematic length bias.
Therefore, the length-based results were interpreted
together with descriptive error metrics, point
visibility conditions, and confidence interval, rather
than relying only on the Wilcoxon p value alone.
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The statistical test results should be interpreted
together with the limited number of common length
pairs, and the absence of a statistically significant
does not indicate equivalent overall performance
between the two models. Instead, this situation
demonstrates that both models can provide
comparable length measurements only when the
selected features are clearly visible and reliably
identifiable. The practical advantage of the hybrid
model is that it expands this capability to all selected
length pairs, whereas the nadir model remains
limited to a small subset for lower-floor features.

3.3 Surface-based Comparison Results

For the surface-based assessment, seven virtual
planar surfaces with different spatial distributions on
the building were selected (Table 14). These surfaces
were defined to represent the lower and upper floors
on the building facades, and the approximate
dimensions and number of reference points were
determined for each surface. The surface-based
comparison indicates that surface representation is
strongly controlled by visibility and viewing
geometry. The surfaces that could not be evaluated in
the nadir model were located in upper-floor or under-
eave regions, where nadir imagery provided weak
geometric support. This confirms that a surface may
not be suitable for evaluation even if the building is
generally  reconstructed  in a  classical
photogrammetric model. The hybrid workflow
improved surface availability by adding additional
viewing directions toward the fagade and eave-
affected wall panels. This finding demonstrates that
the hybrid approach provides greater coverage in
terms of surface representation (Figure 6). Figure 6
visually supports the surface-based findings by
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showing that the nadir model produced insufficient
point cloud representation beneath the eaves. This
visual evidence is important because the limitation is
a numerical accuracy issue in addition to a
reconstruction completeness problem. In such
regions, the absence of a continuous and
interpretable surface patch prevents reliable plane
fitting and subsequent surface comparison. For this
surface, the hybrid model yielded slightly lower
MAE and RMSE values than the nadir model which
indicates a small improvement in average residual
magnitude. However, the nadir residuals were more
uniformly distributed and showed a lower standard
deviation, whereas the hybrid residuals exhibited a
wider spread, including both negative and positive
values. The maximum absolute residuals of the two
models were nearly identical. Therefore, this
example surface suggests that the hybrid model may
provide a slight improvement in average geometric
agreement for some comparable surfaces, but it does
not necessarily produce a more uniform local
residual pattern in every case (Table 15). The
comparison between reference and photogrammetric
surfaces is presented in Table 15, and results should
be interpreted by considering both error magnitude
and surface availability. The nadir model produced
lower errors on some of the surfaces that could be
evaluated, but these surfaces represent only on more
visible parts of the facades. The hybrid model, on the
other hand, included more difficult upper-floor and
under-eave surfaces (Table 16). Therefore, slightly
higher local errors in the hybrid model do not
necessarily indicate poorer practical performance;
but the hybrid model was evaluated on a more
complete and more challenging set of surfaces.

Table 14: Specifications of the planar surfaces for surface-based comparison

Number of Surface Surface
Surface Surface Approx. I e &
No Facade Type Dimensions Refere'nce Rect?nstructlon in the Reconstr}lctlon in
Points Nadir Model the Hybrid Model
1 East-Lower  Flat wall 3mx1.7m 12 Reconstructed Reconstructed
floor surface
2 North-Upper Flat wall 2mx1.5m 10  Not reconstructed Reconstructed
floor surface
3 North-Lower Flat wall 2mx 1.5m 9 Reconstructed Reconstructed
floor surface
4 North-Lower Flat wall 2mx 1.5m 9 Reconstructed Reconstructed
floor surface
5 North-Upper Flat wall 2mx15m 9 Not reconstructed Reconstructed
floor surface
6 West-Lower  Flat wall 28mx1.5m 9 Reconstructed Reconstructed
floor surface
7 West-Upper  Flat wall 3mx1.5m 12 Not reconstructed Reconstructed
floor surface
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Figure 6. Representative surface-based comparison for Surface 3: (a) and (b) show the selected wall surface
in the hybrid and nadir photogrammetric models with brown points, respectively. (c) presents the signed
point-to-plane residuals of the representative photogrammetric surface points with respect to the terrestrial
reference plane, and (d) shows the cross-sectional residual profile of the same surface along the dominant in-
plane direction. The figure illustrates that the hybrid model provided slightly lower average residual
magnitudes for this representative surface, while the nadir model showed a more uniform residual distribution

Table 15: Quality and error metrics for the surfaces reconstructed with the terrestrial observations

Surface Mefm.Signed Mean. Apsolute RMSE (m) .Stfmdard Max.. A!)solute
No Deviation (m) Deviation (m) Deviation (m) Deviation (m)

1 0.000 0.002 0.003 0.003 0.007

2 0.000 0.002 0.003 0.003 0.004

3 0.000 0.002 0.003 0.003 0.005

4 0.000 0.003 0.003 0.003 0.006

5 0.000 0.003 0.003 0.004 0.005

6 0.000 0.002 0.002 0.002 0.006

7 0.000 0.002 0.002 0.002 0.004
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Table 16: Comparison of reference and photogrammetric model derived surfaces

Number of Mean Mean Max. Angle

Surface Model umber 0 Signed Absolute RMSE SD  Absolute Between
Photogram- A e o

No Type metric Points Deviation Deviation (m) (m) Deviation Normal

(m) (m) (m) Vectors (°)

1 Nadir 5 0.006 0.036 0.042 0.046 0.076 0.186

Hybrid 5 0.048 0.048 0.052 0.023 0.075 0.943

2 Nadir - - - - - - -

Hybrid 5 -0.082 0.082 0.096 0.057 0.160 3.967

3 Nadir 5 -0.018 0.018 0.018 0.006 0.026 0.556

Hybrid 5 -0.011 0.016 0.018 0.016 0.026 1.125

4 Nadir 5 0.008 0.018 0.020 0.020 0.028 1.896

Hybrid 5 -0.033 0.037 0.054 0.048 0.097 4.320

5 Nadir - - - - - - -

Hybrid 5 0.049 0.049 0.057 0.032 0.105 0.496

6 Nadir 5 0.036 0.054 0.070 0.067 0.133 4.413

Hybrid 5 -0.009 0.033 0.037 0.040 0.056 2.801

7 Nadir - - - - - - -

Hybrid 5 -0.051 0.055 0.065 0.044 0.106 1.073

The surface-based results should be interpreted with
caution because the hybrid model did not provide
lower error magnitudes for every surface. For the
common regions, the nadir model produced lower
RMSE values for Surfaces 1 and 4, whereas the
hybrid model produced lower RMSE values for
Surfaces 3 and 6. Therefore, the surface-based
comparison does not support a general conclusion
that the hybrid model is uniformly more accurate
than the nadir model in terms of local surface RMSE.
The lower RMSE values obtained from the nadir
model on Surfaces 1 and 4 can be explained by the
local characteristics of these surfaces, which are
located in lower-floor or more clearly visible fagade
regions, and the nadir image block could still provide
sufficient surface representation. In such observable
regions, the nadir-only model may benefit from a
simpler and more homogeneous image block
geometry and a smaller average GSD. On the other
hand, the hybrid dataset combines multiple oriented
images with different viewing directions and a larger
average GSD. Although this geometry improves the
visibility and reconstruction of upper-floor and
under-eave regions, it may also introduce more local
point dispersion or slight surface offsets on visible
wall panels.

To further examine the orientation consistency of
the reconstructed surfaces, the normal-vector angle
differences were compared for the four surfaces that
were reconstructed in both models. For these
common surfaces, the angle differences between the
hybrid and nadir models were 0.757°, 0.569°, 2.424°,

and -1.612° for Surfaces 1, 3, 4, and 6, respectively.
The mean difference was 0.535° and the median
difference was 0.6631°, indicating that the hybrid
model had larger normal-vector angle differences for
three of the four common surfaces. However,
statistical tests did not indicate that the hybrid model
normals were significantly worse than those of the
nadir model. The paired t-test yielded p=0.5646, and
the Wilcoxon signed-rank test yielded p = 0.6250.
Therefore, the observed increase in normal-vector
angle differences for some common surfaces should
be interpreted as a descriptive tendency rather than a
statistically significant degradation. These findings
indicate that the hybrid workflow should not be
interpreted as providing uniformly stronger surface
orientation accuracy. The stronger geometric
configuration of the hybrid image block mainly
improved fagade visibility, surface availability, and
the ability to reconstruct upper-floor and under-eave
regions. However, for surfaces already visible in the
nadir model, the hybrid model may produce larger
local angular deviations because of mixed viewing
directions, larger average GSD, manual facade-
oriented image integration, and local point-cloud
dispersion. Thus, the surface-based results indicate a
trade-off between surface completeness and local
orientation consistency.

In addition, the advantage of the hybrid model
should not be interpreted as a uniform reduction in
surface error metrics. Instead, its main contribution
in the surface-based comparison is its ability to
reconstruct and evaluate all selected surfaces,

International Journal of Geoinformatics, Vol. 22, No. 7, July, 2026
ISSN: 1686-6576 (Printed) | ISSN 2673-0014 (Online) | © Geoinformatics International



including those that were not measurable in the nadir
model. For engineering tasks focused only on a small
number of clearly visible surfaces, the nadir model
may provide equal or lower local surface errors.
However, for applications requiring complete fagade
documentation, upper-floor inspection, and under-
eave surface representation, the hybrid model
provides greater practical usability despite higher
local errors on some reconstructed surfaces.
Therefore, the selection between nadir-only and
hybrid acquisition should be based on the intended
engineering task. The proposed hybrid workflow is
more appropriate when completeness, measurability,
and coverage of occlusion-sensitive fagade regions
are required. In this study, the hybrid model was
considered more useful for building documentation
because the objective was not only to minimize local
surface errors, but also to evaluate whether all
selected fagade surfaces could be represented and
measured (Figure 7).

When the point-, length-, and surface-based
results are considered together, the results indicate
that a single accuracy metric is not sufficient for
evaluating building-scale UAV photogrammetric
models. The nadir model may provide acceptable
results for clearly visible and geometrically
observable facade details, but it is limited in terms of
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feature availability, measurement completeness, and
surface representation. On the other hand, the hybrid
model improves practical measurability by
increasing viewing-angle diversity and reducing
visibility gaps in vertical and under-eave regions.
Thus, the main contribution of the hybrid workflow
is not a uniform reduction for all error metrics, but a
more complete and practically usable geometric
representation of fagade details, specifically in
regions where nadir imagery has limited visibility.
This is an important outcome for building
documentation workflows, where the availability of
measurable information is often as critical as the
magnitude of local geometric error.

To provide an unbiased comparison between the
two photogrammetric models, a separate common-
surface-only analysis was also performed using only
the surfaces that were reconstructed in both models
for the surfaces 1, 3, 4, and 6. This analysis was
conducted separately from the surface-completeness
assessment in order to compare the local error
metrics under equivalent surface availability
conditions (Table 17). According to Table 17, the
comparison indicates that the hybrid model did not
provide a statistically significant reduction in local
surface error metrics for the surfaces reconstructed in
both models.

g (M Comparable surfaces B Mean MAE (m) 23
Non-comparable surfaces 0.104 Mean RMSE (m)
. B Mean max. abs. deviation (m) 2.103
7 —— Meanangular difference (°) 0080 2.0
5 1.762
2 6 0.08 /
Z 5 E 0.066 15 &
=) Y o
§ g 0.06 0.054 =S
E E g
E E 0.045 0 g
“ 3 E 0.04 0.037 T
= 0.032 -
0.021 0.3
g 0.00
.00 0.00
Hybrid Nadir Hybrid
(a) (b)

Figure 7: Overall surface representation performance of the nadir and hybrid photogrammetric models. Panel
(a) shows the number of comparable and non-comparable reference surfaces, while panel (b) summarizes the
mean surface error metrics and the mean angular difference between reference and photogrammetric surfaces

Table 17: Surface-based error metrics for the common wall panels

Hybrid-

Hybrid- Shapiro- Paired

Metric n Nadir Hybrid Nadir Nadir Wilk  Tetest ' heoxon
mean mean . p value
mean median p value p value

Mean signed deviation (m) 4  0.008 -0.001 -0.009 -0.017 0.38 0.69 0.88
MAE (m) 4 0.031 0.033 0.002 0.005 0.74 0.84 1.00
RMSE (m) 4 0.037 0.040 0.003 0.005 0.94 0.85 0.88
Standard deviation (m) 4 0.035 0.032 -0.003 -0.007 0.33 0.82 1.00
Max. abs. deviation (m) 4 0.066 0.064 -0.002 -0.000 0.71 0.95 0.88
Normal angle (°) 4 1.762 2.297 0.535 0.663 0.76 0.57 0.63
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The nadir model produced slightly lower mean MAE
and RMSE values, whereas the hybrid model
produced slightly lower mean standard deviation and
maximum absolute deviation values. The hybrid
model also had a larger normal-vector angle
difference. However, none of these differences were
statistically significant according to either the Paired
T-test or the Wilcoxon signed-rank test. The results
in this study should not be interpreted as a universal
superiority of the hybrid model in all accuracy
criteria, but the two acquisition strategies serve
different priorities. The nadir-only model may be
sufficient or even preferable when the target surfaces
are visible from above and the main requirement is
local precision on a limited number of panels. The
hybrid model becomes advantageous when the task
requires a more complete and interpretable
representation of facade surfaces, especially in
upper-floor and under-eave regions. This distinction
is important because engineering applications may
prioritize  precision, completeness, processing
simplicity, field efficiency, or documentation
coverage differently.

4. Conclusion

In this study, nadir-only and hybrid RTK-UAV
photogrammetric workflows for building surface
detail extraction were evaluated against independent
terrestrial reference measurements. The comparison
in this manner was carried out at three
complementary levels: point-based coordinate
accuracy, length-based measurement performance,
and surface-based planar representation. The results
indicate that the performance of UAV-derived
building models cannot be adequately assessed using
a single accuracy metric. Feature availability,
measurement  completeness, local geometric
accuracy, and surface-orientation consistency must
be interpreted together when selecting an image
acquisition strategy for facade documentation.

The strongest improvement obtained from the
hybrid workflow was observed in point-based
comparison. The hybrid model enabled all reference
fagade points to be measured and substantially
reduced the vertical and overall 3D coordinate errors
compared with the nadir-only model. This result
indicates that additional oblique and fagade-oriented
images can improve the reconstruction of facade
details that are weakly represented in nadir-only
imagery, specifically in upper-floor and under-eave
regions. However, this point-based improvement
should not be generalized to all accuracy criteria
without qualification. Second, the length-based
results indicate that the hybrid model provided
practically usable measurements for the selected
fagade elements. The nadir model could be included
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only where both endpoints of a selected linear
element were clearly observable, whereas the hybrid
model allowed all selected length pairs to be
evaluated. Therefore, the main contribution of the
hybrid workflow is related to measurement
availability and practical measurability in this
manner. The results do not imply that the hybrid
workflow is always necessary for every linear
measurement task, especially when the target
endpoints are clearly visible and reliably identifiable
in nadir imagery.

On the other hand, the surface-based results show
a more complex trade-off. The hybrid model enabled
all selected surfaces to be evaluated, including upper-
floor and under-eave wall panels that were not
reconstructed in the nadir model. However, the
common-surface analysis indicates that the hybrid
model did not provide a statistically significant
reduction in local surface error metrics for the
surfaces reconstructed in both models. In addition,
the hybrid model showed larger normal-vector angle
differences on several common surfaces. Although
these differences were not statistically significant,
the hybrid workflow should not be interpreted as
uniformly superior in terms of local RMSE or
surface-orientation accuracy. The main advantage is
the improved surface completeness and practical
measurability, rather than a consistent reduction in
all surface error metrics.

From a practical perspective, nadir-only
acquisition may be sufficient in some cases when the
objective is limited to roofs, open areas, clearly
visible lower facade panels, single-story structures,
or fagades without significant eave overhangs or
occlusion. This approach may also be preferable
when the primary target is local precision on a small
number of surfaces and field efficiency, simple
acquisition, and processing simplicity are more
important than complete facade coverage. In
contrast, the hybrid workflow becomes more useful
when the task requires upper-floor facade
documentation, under-eave inspection, window-
surrounding detail extraction, or complete surface
representation in areas where nadir imagery has
limited visibility. Thus, the selection between nadir-
only and hybrid acquisition should depend on the
intended engineering task rather than on the general
assumption that one model is always more accurate
than the other.

Several limitations should be considered when
interpreting the results. The experiment was
conducted on a single two-story educational building
with a specific U-shaped plan, fagade texture, eave
geometry, and courtyard environment. Therefore, the
findings may not be directly transferable to buildings
with different heights, fagade materials, occlusion
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conditions, or architectural complexity. Also, the
models were processed using RTK-supported direct
georeferencing without GCPs in the bundle
adjustment.  Although independent terrestrial
measurements were used for validation, the results
should not be interpreted as representing GCP-
constrained  photogrammetric ~ workflows. In
addition, the uncertainty contributions from GNSS
positioning, reflectorless total station observations,
RTK image positions, manual point selection,
endpoint identification, and plane fitting were not
propagated into a combined uncertainty model, and
the acquisition-density effect was not isolated as an
independent variable, because the nadir and hybrid
datasets differed in viewing geometry, image
number, GSD, and manual facade-image
distribution. Finally, the manual component of the
hybrid workflow introduces operator dependency
and may increase field effort, flight-planning
complexity, processing workload, and
reproducibility limitations compared with a fully
autonomous nadir-only workflow.

Overall, the results support the use of hybrid
RTK-UAV acquisition for building documentation
tasks where completeness, measurability, and
visibility of occlusion-sensitive facade regions are
critical. However, the hybrid workflow should be
regarded as a task-dependent strategy rather than a
universally more accurate solution. For well-visible
surfaces and simple building geometries, nadir-only
acquisition may provide adequate or even lower local
surface errors with a simpler workflow. For complex
fagades, upper-floor regions, and under-eave
surfaces, hybrid acquisition provides a more
complete and practically usable representation, but
its local surface accuracy and surface-orientation
consistency should still be verified using
independent reference measurements.
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