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Preface to the Special Issue on Computer Assisted
Methods in Architecture and Urban Planning

We are pleased to present a special issue of Computer Assisted Methods in
Engineering and Science (CAMES), covering papers focusing on selected aspects
of computer-aided design methods in architecture, urban planning, and land-
scape architecture. The presented content is interdisciplinary in nature, merging
many fields and research areas because of the usage of digital tools.

The editors of this issue intended to highlight the beneficial role of com-
puting methods in data acquisition and spatial analysis, while simultaneously
considering the saturation of this space with cultural values. The papers included
demonstrate the usefulness of these tools from both engineering and humanis-
tic perspectives. We hope that addressing these matters in the CAMES journal
will bridge the technological community with the historical and social aspects
of space, thereby justifying the necessity for the development of digital tools to
support the preservation of this context.

The issue begins with an article titled ‘Combining Indoor and Outdoor Po-
sitioning for Navigation in AR Environments’ by Krzysztof SKABEK, Dominika
Rora, and Wojciech ZAMARSKI [1], which aims to evaluate augmented real-
ity (AR) technologies — Vuforia, Immersal, MultiSet, and the ARCore Geospa-
tial API. The study examined both the efficacy and accuracy of the results
and the resilience to disturbances in location and navigation. The initial phase
of the research was conducted in the laboratory, enabling a thorough evalua-
tion of the modules. The subsequent phase took place in a hybrid setting on the
Cracow University of Technology (CUT) campus, demonstrating the influence of
changing environmental factors on augmented reality navigation performance.
The research findings facilitated the development of recommendations for se-
lecting AR localisation platforms for mixed navigation, and a practical imple-
mentation was created within the Unity environment.

The next research, entitled ‘Digital Tool Supporting the Documentation and
Analysis of Cultural Heritage: The Case of the Analytical 3D Model of the
Zamo$¢ Fortress’, written by Michal WAC and Bartosz SzOSTAK [2], describes
the approaches used to elaborate digital documentation and, moreover, possibil-
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ities to analyse cultural heritage resources on a city scale. The medieval centre of
Zamo$¢, Poland, along with its fortifications, has been designated as a UNESCO
World Heritage Site and was chosen as an example. Data acquired through ter-
restrial laser scanning (TLS), unmanned aerial vehicles (UAVs), and terrestrial
photogrammetry produced a 3D dataset comprising over 100 buildings and sig-
nificant elements of public space. The model obtained was organised based on
addresses and plot identifiers. Structured parameters were allocated to specific
edifices and integrated into the building information model (BIM)/openBIM
system. This organised information is useful in conservation diagnostics and the
evaluation of urban structural components. The developed method enables func-
tional classification of objects, the assessment of their technical state, and the
analysis of energy aspects.

The article, ‘The Impact of Point Cloud Simplification on the Accuracy of the
Viewshed’, authored by Jerzy ORLOF and Adrian WIDLAK [3], focuses on point
cloud data, which are very large datasets that require enormous computational
power to process. This makes them difficult to implement in practice. The work
addresses visibility analysis, specifically viewsheds. Its objective is to assess the
accuracy of determining the field of view depending on the degree of the point
cloud simplification. Comparing the viewsheds generated using ray tracing on
the original dataset and at subsequent levels of simplification enabled an as-
sessment of the acceptable level of data reduction without a significant impact
on results of the analyses. Computational time analyses were also conducted
to identify the optimal point cloud simplification level in terms of both per-
formance and the obtained results.

In their recent study, ‘Possibilities for Obtaining Terrain Models, Orthophoto
Maps, and Point Clouds with the Use of a Multirotor UAV’, Piotr LABEDZ
and Pawel OzIMEK [4] introduced a method for acquiring spatial data via
unmanned aerial vehicles (UAVs). Their investigation involved a hexacopter
equipped with a high-end camera capable of recording 4K video and collecting
high-resolution images. The subsequent phases of the project involve flights over
the analysed object to capture video or a series of photographs. Image process-
ing follows image selection, organisation based on capture location, and sub-
sequent integration to generate a dense point cloud. The resulting structure is
subsequently utilised to create a mesh with a variable number of vertices. The
photographs serve as the foundation for acquiring textures for polygons. This
method provides high-quality terrain and architectural data, with the point
cloud being useful for analysis, inventory, accurate model creation, or supple-
menting less detailed resources.

By presenting you with this special thematic issue, we cordially encourage
you to submit your papers, which will enable us to continue this initiative in the
form of a series of journal issues devoted to the above-mentioned topics. Sub-
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missions may cover any aspects of computer-aided design methods in building
architecture, interior, construction, and urban design, landscape architecture,
urban planning, and land use, including but not limited to:

— building information model,
— computer-aided design,

— geographic information systems.

Guest Editors

dr hab. inz. arch. Agnieszka OZIMEK, prof. PK
Faculty of Architecture,

Cracow University of Technology

Cracow, Poland

dr hab. inz. arch. Pawel OzZIMEK, prof. PK
Faculty of Computer Science and Mathematics,
Cracow University of Technology

Cracow, Poland
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Combining Indoor and Outdoor Positioning
for Navigation in AR Environments

Krzysztof SKABEK*, Dominika ROLA, Wojciech ZAMARSKI
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This article presents a comparative analysis of augmented reality (AR) technologies — Vu-
foria, Immersal, MultiSet, and the ARCore Geospatial Application Programming Interface
(API) — in terms of performance, accuracy, and interference tolerance for indoor and out-
door positioning and navigation. Two test environments were used: an indoor (laboratory)
setup enabling detailed module testing, and a hybrid deployment on the Cracow Univer-
sity of Technology (CUT) campus to illustrate the feasibility of AR navigation in diverse
environmental conditions. The research was conducted according to six scenarios. One in-
volved outdoor GPS navigation, while the others concerned indoor navigation. Based on
the measurements, recommendations are provided for selecting AR localization platforms
for mixed navigation. As part of the detailed testing, an AR navigation system was imple-
mented on the CUT campus as a combination of indoor and outdoor approaches. The final
implementation was developed in the Unity environment. Software tests were conducted
with particular emphasis on transitions between indoor and outdoor navigation.

Keywords: augmented reality (AR), 3D reconstruction, photogrammetry, LIDAR (light
detection and ranging), indoor and outdoor positioning, geolocalization.

@ Copyright © 2025 The Author(s).
@ Published by IPPT PAN. This work is licensed under the Creative Commons Attribution License
BY CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

1. INTRODUCTION

Accurate positioning is a fundamental requirement for compelling augmented
reality (AR) experiences, as it enables virtual objects to be meaningfully in-
tegrated with the physical environment. Depending on the context — indoors
or outdoors — AR systems employ a variety of localization techniques. Indoor
positioning relies on technologies such as visual SLAM (simultaneous localiza-
tion and mapping) [16, 18], fiducial markers, Wi-Fi [22-24, 44], Bluetooth bea-
cons [26, 27], and UWB (ultra-wideband) [28], while outdoor positioning is pri-
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marily based on satellite navigation systems such as GPS (global positioning
system), often enhanced with sensor fusion or geospatial visual data. Recent ad-
vancements have focused on hybrid solutions that leverage the strengths of mul-
tiple technologies, aiming to achieve higher accuracy, robustness, and a seamless
user experience across diverse environments [12, 38-40].

Accurate positioning technologies are key enablers for a wide range of AR
applications. From indoor navigation in complex environments like airports and
museums [1], to outdoor experiences in tourism, urban planning [2], and gam-
ing [3], the ability to precisely locate and anchor virtual objects unlocks new
forms of interaction. Positioning in AR also supports innovative solutions in
fields such as industrial maintenance [4], medical guidance and training [5, 6],
as well as education, marketing, and emergency response, where real-time spa-
tial information enhances both user engagement and operational efficiency. As
AR positioning methods continue to advance, they open the door to increasingly
immersive and practical experiences across diverse sectors.

Contemporary AR-based navigation solutions transfer the experience of hu-
man interaction with the real environment into the virtual world. Inspiring ex-
amples include Live View [36] in Google Maps, Sygic GPS Navigation [45], and
many others [46-48]. Despite achievements in AR navigation, the Cracow Uni-
versity of Technology campus lacks a dedicated navigation system based on
this technology. Therefore, this article focuses on developing an AR mobile ap-
plication that supports users in finding their way to selected destinations on
the campus and within its buildings.

The pre-development stage of the AR navigation system involved a com-
parative analysis and selection of AR development platforms, with particular
emphasis on Vuforia, Immersal, MultiSet, and Geospatial API. Considerable
attention was devoted to assessing the suitability of these systems for devel-
oping navigation applications by examining their performance, accuracy, and
interference tolerance. Experimental studies were conducted in both controlled
indoor and outdoor environments to provide a comprehensive understanding of
the capabilities and limitations of the tested solutions.

The novelty of this work lies in an end-to-end, scenario-based comparison
of four practical AR localization solutions (Vuforia, Immersal, MultiSet, and
ARCore Geospatial API) under a single, unified evaluation app and consis-
tent criteria spanning performance, accuracy, and robustness to interference.
In addition, we demonstrate a hybrid campus-scale AR navigation prototype
that performs automatic indoor-outdoor switching (Area Target vs. Geospatial
anchoring) while maintaining a consistent navigation layer (navigation mesh
(NavMesh) and points of interest (POIs)) and user experience. The resulting
recommendations are grounded in repeatable measurements across six scenarios
in both controlled and real-world environments.
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2. SOFTWARE FOR AR LOCALIZATION

Several commercial and research-driven software platforms facilitate AR po-
sitioning in both indoor and outdoor scenarios. Vuforia is a widely adopted
AR software development kit (SDK) that utilizes marker-based and marker-
less tracking for robust object registration in varying environments [7, 9, 10].
Immersal provides solutions for large-scale indoor AR experiences, integrating
visual positioning and sensor fusion for precise localization in enterprise set-
tings [8]. MultiSet offers advanced multi-sensor data integration for spatial track-
ing, supporting diverse use cases from interactive exhibitions to industrial ap-
plications [13]. These tools represent the state-of-the-art in enabling reliable
AR positioning and serve as foundations for many current and emerging AR
applications. Other commercial VPS (visual positioning system) options include
Lightship VPS by Niantic [34].

2.1. Vuforia

Vuforia Engine developed by Parametric Technology Corporation (PTC)
is a mature AR platform for Android, iOS, the Universal Windows Platform
(UWP), Unity, and headsets (HoloLens 2, Magic Leap 2). It offers robust track-
ing and recovery after brief target loss, supporting seamless AR experiences.
A key feature in this study is Area Targets, which use full 3D scans (e.g., via
Vuforia Creator and LiDAR (light detection and ranging) devices) to localize
the camera within indoor spaces [10]. This turns interiors into spatial refer-
ences for placing AR content. Area Targets are intended for indoor use; outdoor
performance is limited by lighting and occlusions. Other tracking modes include:
Image Targets — 2D images as anchors, Model Targets — 3D object detection by
geometry, VuMarks — custom markers encoding data and Ground Plane — hor-
izontal surface detection. Vuforia supports multiple simultaneous targets and
many devices. Main limitations include: no native GPS/geolocation for outdoor
navigation, performance depends on sensor quality and target preparation, and
the free license limits the number of trackables.

2.2. Immersal

The Immersal SDK provides markerless spatial mapping and 6 degrees of
freedom (DoF) localization via point cloud maps [37], with reported centimeter-
level precision [16, 17]. Mapping works on ARKit/ARCore smartphones or with
360° cameras or LiDAR capture; spatial data can be exported as meshes or
embedded for offline use. Localization runs via the cloud (online) or using on-
device maps (offline). Immersal has been used in both indoor and outdoor envi-
ronments (e.g., malls, industry, campuses). Multiple datasets can be merged to
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support building- or campus-scale navigation. Accuracy depends on careful im-
age acquisition and environmental stability (lighting, motion), but deployment
is simplified by using standard mobile cameras. Unity integration and sample
scenes speed up prototyping. A free non-commercial tier (e.g., map/image limits,
branding) is available, while larger projects require paid plans.

2.8. MultiSet

MultiSet Alis a VPS using deep learning and high-resolution 3D mapping for
6DoF localization with centimeter-level precision. It targets scales from rooms to
large facilities and processes LIDAR scans into vector representations, enabling
robust localization. Computation is primarily cloud-based, requiring internet
connectivity. A dedicated iOS app (LiDAR) generates 3D meshes for object
placement and occlusion; multiple datasets can be fused for complex sites. The
system is suitable for indoor navigation and industrial scenarios, including visu-
alization of building information modeling (BIM) and Internet of Things (IoT)
data. A basic free plan (with limits) supports commercial use, while extended
plans cater to enterprise deployments.

2.4. Geospatial API

Google’s ARCore Geospatial APT [11, 36] enables global-scale AR by com-
bining GPS, device sensors, and Google’s visual positioning. Developers place
anchors using WGS84 (latitude, longitude, altitude) on outdoor surfaces. SDKs
support Android/iOS and Unity (via AR Foundation, ARCore Extensions) with
localization performed via the cloud. The APT refines GPS using visual matches
to Street View imagery [17, 20, 40], achieving accuracy within tens of centime-
ters under favorable conditions [15, 21]. ARCore adds SLAM tracking, plane
detection, lighting estimation, depth-based occlusion [41], and Cloud Anchors
for multiuser experiences. Limitations include: unsuitability for indoor environ-
ments (GPS degradation, lack of Street View coverage) and performance de-
pends on imagery quality, lighting, and weather. Access is free within quotas,
making it effective for wide-area outdoor AR applications (navigation, tourism,
urban information).

2.5. Selecting the solutions

The examined AR platforms differ in their underlying positioning tech-
nologies, environmental adaptability, and deployment workflows, which influ-
ences their applicability in both indoor and outdoor AR, scenarios.

Vuforia is a well-established AR engine offering multiple tracking modes,
including Area Targets and Model Targets, based on preprocessed images and
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3D scans. It provides robust indoor localization on a broad range of devices
but lacks support for GPS-based positioning and is not officially intended for
outdoor use. Its performance depends heavily on the quality of input assets
and camera sensors, and the free license imposes restrictions on the number of
supported targets.

Immersal utilizes a markerless VPS that builds point cloud maps from cap-
tured images, supporting centimeter-level accuracy in both indoor and outdoor
environments. It allows for online or offline localization, and map creation can
be performed using mobile devices or dedicated scanners. Its flexibility, com-
bined with wide hardware compatibility, makes it suitable for large-scale spatial
mapping without specialized equipment.

MultiSet also operates on visual positioning principles but enhances spa-
tial understanding through deep learning and vectorized 3D representations.
It offers high accuracy and contextual scene analysis, although it currently sup-
ports only iOS devices with LiDAR for map generation. Localization requires
active internet connectivity, and cloud-based processing is central to its op-
eration.

Geospatial API combines GPS, sensor data, and Google’s visual localiza-
tion to provide outdoor positioning without prior mapping. It supports large-
scale deployment and enables fast prototyping, though performance is depen-
dent on environmental conditions and the availability of Street View imagery.
The system does not support indoor use and requires a constant internet con-
nection.

All platforms offer integration with Unity and provide tools for 3D con-
tent alignment, yet they differ in licensing terms, mapping requirements, and
environmental robustness. Immersal and MultiSet offer detailed localization in
controlled or complex spaces, while Geospatial API excels in rapid deployment
across urban outdoor environments. Vuforia remains a reliable solution for struc-
tured indoor contexts where predefined assets are available. It is worth not-
ing that some previously popular services have been discontinued (e.g., Azure
Spatial Anchors was retired in 2024) [35].

3. PREPARING THE ENVIRONMENT

3.1. Unity and libraries

To develop an AR application enabling the testing of positioning technologies
in both indoor and outdoor environments, the Unity engine was used — one of
the most widely adopted platforms for creating immersive applications.

The AR functionality was implemented using the AR Foundation pack-
age [19], which provides a unified interface for the native ARCore (Android) and
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ARKit (10S) libraries. The project also integrated the following libraries and ex-
tensions:

— ARCore extensions — enabling the use of features such as Geospatial API
and Cloud Anchors,

— ARKit plugin — providing full support for devices running iOS,

— ARCore — supporting Android devices and offering core tracking and lo-
calization functionality in AR environments,

— Vuforia Engine — the project utilized the Area Target feature, allowing for
scanning and subsequent recognition of physical spaces based on previously
generated 3D models. This solution enabled precise user positioning within
known environments, even in the absence of a GPS signal,

— Immersal SDK — leveraging visual SLAM mechanisms for localization and
spatial mapping in both indoor and outdoor environments,

— MultiSet plugin —a cloud-based AR positioning system that utilizes LIDAR
scans and deep learning to enable precise 6DoF localization in complex
indoor environments.

The source code was developed using the Visual Studio 2022 development
environment. Builds were prepared for both Android and iOS platforms, and
the application was tested on mobile devices.

The application configuration also included appropriate system permissions,
such as access to GPS and inertial sensors. When enabling advanced Wi-Fi
RTT (Wi-Fi round-trip time) features, privacy-preserving approaches should be
considered [25].

This development environment enabled efficient integration and comparison
of various positioning solutions in the context of AR applications, while main-
taining high cross-platform compatibility and operational performance.

4. POSITIONING ACCURACY

All experiments were conducted using a unified testing app built in Unity.
The primary indoor testing site was a controlled 3 m x 3 m room with standard-
ized lighting and reference markers, illustrated as in Fig. 1. Outdoor measure-
ments were conducted on a paved square at the university campus.

To prepare the AR models, 3D scans (or photos for the Immersal platform)
were created using dedicated applications (Vuforia Creator, Immersal Mapper,
MultiSet) on an iPhone 15 Pro 128GB, which is equipped with a LiDAR sen-
sor. The Unity environment views of the prepared scenes for each platform
are shown in Fig. 2. At this stage of development, the position of each cube is
correct, meaning that the base of each object aligns with the drawn reference
square.
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F1G. 1. Testing room.

Fi1c. 2. Views from Unity showing the placement of the virtual cube in the mapped space
for the AR platforms: a) Vuforia, b) Immersal, ¢) MultiSet.

4.1. Initial model accuracy

At first, we compared the accuracy of three mesh models prepared for em-
bedding virtual objects in augmented environments: Vuforia, Immersal and
MultiSet. Vuforia and MultiSet use LiDAR range measurements to obtain the
initial model of the surrounding area. Immersal, on the other hand, estab-
lishes the model based on photogrammetry [37]. The numbers of vertices ob-
tained for our indoor scene are indicated in Fig. 3. It appears that the densest
model was created using photogrammetry. In the case of LIDAR measurements,
the initial point clouds are more regular and dense, but the final mesh represen-
tation stored in the AR application is optimized [31-33].
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VtIforia MultiSet Immersal

6346 vertices 3455 vertices 24 740 vertices

Fi1G. 3. Initial meshes with their numbers of vertices.

4.2. Comparison criteria

To assess the positioning capabilities of the AR technologies tested (Vuforia,
Immersal, MultiSet, and Geospatial API), a comprehensive set of evaluation cri-
teria was established and grouped into three categories: performance, accuracy,
and resistance. Most criteria were quantitative, except for two qualitative ones:
the effect of colored lighting (3.2) and tolerance to projected patterns (3.3).

1. Performance:

1.1.

1.2

1.3.

Scene recognition time: time (in seconds) from app launch to the
initial appearance of an AR object.

Battery consumption: average percentage drop in battery level per
minute of continuous use.

Memory usage: random-access memory (RAM) usage measured with
the PSS (proportional set size) metric.

2. Accuracy:

3.

2.1.

2.2.

2.3.

2.4.

3.1.

Indoor initial positioning error: mean distance between AR and real-
world marker vertices in a 20 cm reference square.

Outdoor positioning error: same as 2.1, measured against a 150 cm
reference square in an outdoor environment.

Extended tracking error: positioning error of a secondary virtual cube
located 5, 10, and 30 meters from the originally mapped scene. This
criterion evaluates the system’s ability to maintain accurate spatial
tracking despite moving through unmapped areas or losing visual con-
tact with the reference scene.

Positional drift over time: maximum deviation recorded during
a 10-minute session of continuous AR tracking in a static position.

Resistance:

Low-light threshold: maximum percentage reduction in brightness at
which the AR system still functions.
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3.2. Colored lighting impact: binary value indicating whether AR initial-
ization succeeds under colored red-green—blue (RGB) lighting condi-
tions.

3.3. Pattern robustness: binary value indicating whether the AR system
can recognize scenes under projected high-contrast black-and-white
patterns.

4.8. Measurement methodology

Six testing scenarios were defined:

Scenario I: measured scene recognition time, indoor positioning error, and po-
sitional drift. The smartphone was placed at three distinct positions (A, B,
and C), each representing a different level of marker visibility and spatial
challenge:

— position A: all reference markers were fully visible, creating optimal
tracking conditions,

— position B: approximately half of the markers were occluded, repre-
senting moderate difficulty for AR tracking,

— position C: only a few markers were visible, presenting a minimal-
information scenario and testing the boundary of reliable tracking.

Scenario II: evaluated battery and memory consumption over a 30-minute ses-
sion of uninterrupted app operation. Data were logged using diagnostic
scripts.

Scenario I1II: assessed extended tracking accuracy by placing a secondary AR
cube at 5, 10, and 30 meters from the original scene. Users moved through
these locations while maintaining line-of-sight camera input. The error was
calculated relative to a reference square at each distance. In scenario III,
extended tracking across 5m, 10 m, and 30 m relies on persistent visual lo-
calization and place recognition [17] to mitigate drift outside the originally
mapped area.

Scenario IV: determined the minimum ambient light required for successful
recognition by incrementally increasing brightness from total darkness.

Scenario V: evaluated resistance under RGB lighting and projected black-and-
white patterns. Recognition success under altered visuals was recorded.

Scenario VI: measured outdoor accuracy using a 150 cm square on the pave-
ment. Positioning error was calculated after stabilization of AR tracking
during walking.

Tests were conducted on a Samsung Galaxy S24 (Exynos 2400, 8 GB RAM,
Android 14). Each measurement was repeated ten times. The device was mounted
on a tripod for all tests except those requiring user movement.
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4.4. Performance

Performance was evaluated in terms of scene recognition time (scenario I),
battery consumption, and RAM usage (scenario II). In the recognition speed
test, both Vuforia and Immersal demonstrated rapid initialization across all po-
sitions (A-C), with mean detection times ranging from 1.65 to 2.51 seconds.
Vuforia was particularly consistent across conditions, showing minimal variance
even under reduced marker visibility. In contrast, MultiSet exhibited a consid-
erably higher and less stable recognition times, peaking at 9.90 £1.30 seconds
in position A, and only slightly improving in position C (see Table 1).

TABLE 1. Scene recognition time in seconds in scenario I.

Vuforia Immersal MultiSet
PO Nean | Standard ey, | Standard ey, | Standard
A 1.69 0.36 1.65 0.31 9.90 1.30
B 1.66 0.30 1.65 0.29 9.66 2.28
C 1.87 0.75 2.51 0.29 T7.72 0.39

Battery and memory efficiency were assessed over a 30-minute continuous
operation (scenario II). Vuforia showed the highest battery consumption at
0.45 % /min, while Immersal consumed slightly less (0.433 %/min) but used the
most RAM with 717 MB PSS. MultiSet was the most resource-efficient, con-
suming just 0.367 %/min of battery and 458 MB of memory, making it a better
choice for power-constrained or long-duration mobile AR tasks.

4.5. Accuracy

Accuracy testing spanned several scenarios and criteria, including indoor
and outdoor initial positioning, tracking drift, and extended tracking at vari-
ous distances. In scenario I (initial indoor positioning), Vuforia and Immersal
delivered stable results with positioning errors generally below 4 cm. MultiSet
matched this performance in optimal conditions (positions A and B) but de-
teriorated severely in position C, where error rose dramatically to over 61 cm,
indicating poor robustness to reduced feature visibility (see Table 2).

TABLE 2. Initial AR positioning error in indoor scenario [cm].

Vuforia Immersal MultiSet
P e | e | Mo | Gt | M | G
A 3.55 0.57 3.35 1.88 2.84 1.45
B 2.57 0.29 1.21 0.43 2.84 1.66
C 3.61 0.24 1.43 0.92 61.69 3.46
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In extended tracking (scenario III), where AR targets were located at 5m,
10m, and 30 m away from the origin, Vuforia yielded the lowest errors at short
distances, while Immersal performed better at 30 m, suggesting better spatial
persistence at scale. MultiSet showed relatively high and fluctuating errors across
all distances. These observations align with recent advances in VIO (visual-
inertial odometry) robustness and event-based fusion for odometry [29, 30].
These results are also in line with patterns observed on public benchmarks for
VO (visual odometry)/SLAM [42, 43].

In outdoor testing (scenario VI), Immersal again led with 9.4 cm average
error. Vuforia and MultiSet followed with 16.2cm and 19.1cm, respectively.
Geospatial API performed poorly due to GPS limitations, with average error
exceeding 3.2 meters [15, 21].

Drift testing over a 10-minute period confirmed the stability of Vuforia and
Immersal (maximum drift below 12 cm), while MultiSet’s error in position C
reached nearly 89 cm, reinforcing earlier findings of instability in complex envi-
ronments.

4.6. Resistance

The resistance of AR systems to environmental challenges was tested in low-
light conditions (scenario IV) and under visual interference (scenario V). In re-
duced lighting, Immersal retained functional tracking down a 92 % luminance
reduction, outperforming Vuforia (90 %) and MultiSet (82 %), indicating better
sensor robustness and image processing under poor visibility (see Table 3).

TABLE 3. Maximum luminance reduction tolerated before failure.

Platform Vuforia Immersal MultiSet
Mean Star.ldz.lrd Mean Star.ldé}rd Mean Star.ldgrd
Reduction [%] deviation deviation deviation
90 0.89 92 1.64 82 6.46

Under RGB lighting, all systems functioned correctly, demonstrating color-
independence. However, in the presence of high-contrast projected patterns, only
Vuforia was able to consistently initialize and maintain AR tracking. Immersal
and MultiSet failed under three of the four tested patterns, exposing a lower
tolerance to structured visual noise.

5. IMPLEMENTATION OF AR NAVIGATION SYSTEM

The presented application was developed as part of a master’s thesis [14]
with the goal of testing and evaluating the effectiveness of AR-based positioning
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systems in real-world educational settings. The prototype serves as a proof of
concept for a system that assists users in locating specific destinations across the
Cracow University of Technology (CUT) campus, combining indoor and outdoor
localization methods in a single interface.

The system was implemented using the Unity game engine and integrates
two complementary AR technologies. For indoor spaces, the Vuforia Engine was
used, leveraging 3D scans of building interiors to provide accurate camera track-
ing and virtual content placement. For outdoor areas, the application employs
the Google Geospatial API, which uses a combination of GPS and visual local-
ization through Street View data to estimate device position on a global scale.

Figure 4 summarizes the runtime workflow in three cooperating layers. First,
based on the current user position in the localization system, the appropriate
tracking method is selected: indoor via Vuforia Area Target or outdoor via
Geospatial API. Once localization is successful, the user position is passed to
the navigation system to compute the route on a navigation mesh (NavMesh).
Then, the user moves to another localization following turn-by-turn guidance

Localization system

Indoor module - Outdoor module -

Vuforia

STARTING POINT

4{ Determine user position ]4— { Localization successful ]7

Geospatial API

Located?

Yes Yos

User Interface Navigation system
Show navigation —( Get user position ]
guidance -
———
Select destination [Navigale to destination] [Sel destination position}f
R — |

FiG. 4. System architecture and data flow.
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provided through the user interface (UI). This separation simplifies automatic
indoor/outdoor mode switching and keeps a consistent user experience regard-
less of the underlying localization method.

Outdoor positioning, illustrated in Fig. 5, exhibited lower precision. Virtual
objects were occasionally offset from their intended locations, which affected
the clarity of spatial feedback. This behavior was most noticeable in areas with
limited satellite visibility or outdated visual data. Nevertheless, the system re-
mained functional and responsive, providing general orientation cues.

FiG. 5. Outdoor navigation map: NavMesh (green) and POIs (red markers)
on the campus grounds.

To make navigation possible, a NavMesh (Unity AI navigation) was pre-
pared to cover continuous, walkable surfaces—outdoors (walkways, plazas) and
indoors (corridors, stairwells). On top of this navigation layer, POIs are placed
as Unity objects used as destinations and reference points. Outdoors, each POI
is georeferenced with WGS84 (World Geodetic System 1984) coordinates (lati-
tude/longitude/altitude) and anchored as an ARCore Geospatial Anchor (with
heading). Indoors, POIs are defined in the local frame of the Vuforia Area Tar-
get scan (3D coordinates in model space). Mode switching is automatic: when
stable Area Target tracking is present, the app enables Indoor mode (geospatial
anchors are disabled and cleared); otherwise, if geolocation conditions are met,
Outdoor mode is activated. Examples of the outdoor and indoor configurations
of the NavMesh and POIs are shown in Figs. 5 and 6, respectively.

In practical use, the application automatically switches between indoor and
outdoor localization depending on the user’s current context. This hybrid model
enables continuous positioning across diverse spatial environments. Indoor lo-
calization was generally accurate and stable, especially in the scanned areas of
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F1G. 6. Indoor navigation map: NavMesh (green) and POIs (red markers)
inside the building (Area Target).

the WIiTCH building. As shown in Fig. 7, AR elements such as arrows and lines
were correctly positioned and maintained spatial consistency during use.

at Katedry
(WIIT)

F1G. 7. Screenshots from our AR system: a) indoor navigation, b) outdoor navigation.

Overall, testing confirmed that the application operates in accordance with
the initial design objectives. It provides a working demonstration of AR-based
positioning across both indoor and outdoor environments using off-the-shelf
technologies. While the system performs well in structured indoor spaces, its
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outdoor performance may benefit from the integration of alternative localiza-
tion methods or the use of more detailed visual mapping. The current version
offers a solid foundation for future development and practical deployment in
academic or public environments.

6. SUMMARY

In this work, we benchmarked multiple widely used AR localization tech-
nologies under unified scenarios and demonstrated a hybrid navigation pipeline
with seamless indoor—outdoor transitions implemented in Unity. Two test envi-
ronments were created as part of this work: first, an experimental environment,
enabling detailed module testing, and the other, an implementation environ-
ment, realized on the Cracow University of Technology campus. Considerable
attention was devoted to detailed testing of performance, accuracy, and resis-
tance to interference, including six test scenarios. One of these scenarios involved
outdoor GPS navigation, while the others involved indoor visual navigation.

The experiments demonstrated that the tested technologies are generally
suitable for use in navigation applications based on AR. Regarding the quality
of the initial mesh representation, there is a certain advantage of the LiDAR-
based technology providing more regular mesh structures while photogrammet-
ric technology allows for wider use on smartphones equipped only with cameras
and in outdoor environments beyond the measurement range of LiDAR sensors.

Analyzing the resistance of the systems to adverse environmental conditions,
it was revealed that Vuforia performed particularly well in the presence of vi-
sual interference in the form of structured lights. On the other hand, Immersal
showed the greatest tolerance to low lighting levels, making this technology
particularly attractive for night applications or in poorly lit indoor spaces. In
terms of performance, there was a noticeable difference in the time of initializing
space tracking, because MultiSet needed significantly more time to recognize the
scene than competing solutions, while it had the lowest consumption of system
resources. Battery consumption was relatively high for all tested technologies,
which could negatively affect the comfort of practical use of AR applications.

The resulting AR application makes it possible to navigate in both indoor or
outdoor environments, adapting its navigation routines based on available scope
of data, which makes the navigation possible under all conditions considered in
this study.
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This paper presents a city-scale digital documentation and analysis workflow for cultural
heritage assets, demonstrated on the example of the UNESCO-listed historic centre and
fortress area of Zamos$¢ (Poland). The study integrates terrestrial laser scanning (TLS)
with unmanned aerial vehicle (UAV) and terrestrial photogrammetry to produce a ge-
ometrically consistent 3D dataset covering over 100 buildings and key public-space el-
ements. The processing pipeline includes scan registration, image-based reconstruction,
and cross-sensor alignment, followed by the creation of an analytical 3D model segmented
by address and parcel identifiers to enable linkage with municipal datasets.

A semantic layer is implemented by assigning a structured set of building- and
neighbourhood-level parameters and mapping them into building information modelling
(BIM)/openBIM structures (Revit shared parameters and industry foundation classes
(IFC) Property Sets), targeting a level of information adequate for conservation-oriented
diagnostics and urban-scale assessments rather than detailed component-level historic
building information modelling (HBIM). Geometric quality is verified using independent
checkpoints and registration statistics (e.g., root mean square error (RMSE) where appli-
cable), yielding a typical spatial agreement on the order of 4 cm to 5 cm for the integrated
model in representative test areas.

The resulting environment supports multi-criteria querying and visualisation, including
functional categorisation, technical condition screening (e.g., moisture-related indicators),
and energy-related attributes for prioritisation at the district scale. The main contribution
is a reproducible integration of multi-source survey data with an explicit semantic/BIM
mapping and verifiable accuracy reporting for a heritage city context, clarifying which out-
puts stem from the proposed method (data integration, segmentation, semantic schema,
and validation) versus the standard capabilities of the employed software.
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1. INTRODUCTION

In recent years, there has been a dynamic development of digital technolo-
gies applied to the protection of cultural heritage. Analyses indicate the growing
importance of digital tools in the processes of documentation, monitoring, and
conservation of historic objects [1, 2]. A prominent role is played by methods
based on the integration of laser scanning, photogrammetry, and BIM mod-
elling, which enable the precise representation and management of heritage as-
sets [3-5].

The concept of heritage building information modelling (HBIM) has become
one of the key tools in contemporary conservation practice. It allows for the
creation of semantic models that combine geometric data with information on
materials, damages, and previous conservation interventions [6-8, 11]. At the
same time, the scan-to-BIM methodology has been evolving, serving as a bridge
between spatial data acquisition and digital modelling [9]. The use of these pro-
cesses contributes to the creation of complex databases that support design and
conservation decision-making [1, 4, 10].

The integration of 3D scanning, photogrammetry, and BIM has been applied
in numerous case studies, demonstrating its effectiveness in the documentation
of heritage objects [5, 10-12]. This approach makes it possible not only to faith-
fully reproduce geometry but also to enrich models with semantic data and
structural parameters, which significantly increases their research and practical
value [1, 13]. Simultaneously, thanks to the development of visualization and
augmented reality tools, such models can also be applied in education and the
dissemination of heritage knowledge [9, 14].

In recent years, increasing attention has also been devoted to the concept of
the digital twin, which has transitioned from industry into heritage conservation.
A digital twin enables real-time monitoring, load simulations, and the analysis of
structural behavior under different scenarios [15, 16]. Methodologies for imple-
menting digital twins in the context of heritage are also being developed, taking
into account the integration of geometric, material, and environmental data [17].
Complementing traditional documentation, this approach makes it possible to
predict degradation processes and assess the impact of environmental factors on
the longevity of heritage assets [1, 16, 18].

The study addresses digital documentation at the city scale, encompassing
over 100 buildings within the historic centre of Zamos¢, including public spaces
and selected fortification elements. The dataset integrates TLS, UAV-based pho-
togrammetry, and terrestrial photogrammetry.

Another important aspect of heritage protection research is the focus on the
intangible dimension of heritage, which allows for a more comprehensive ap-
proach to its safeguarding [19]. At the same time, knowledge management in
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the context of BIM and HBIM is emphasized, leading to the creation of en-
vironments that support conservation and documentation processes [20]. The
application of BIM in the documentation of historic buildings, including mod-
ernist ones, has been highlighted in international research, which points to the
possibility of preserving architectural integrity while simultaneously using in-
novative technologies [21]. In the case of historic buildings, particular attention
is also paid to issues related to Eurocodes and the requirements concerning
masonry structures [22].

An important trend in the literature also includes emphasizing the signif-
icance of life cycle modelling of buildings based on BIM, enabling a holistic
assessment of objects in their functional and environmental aspects [23]. At the
same time, documentation and data management methods developed by inter-
national institutions, such as International Council on Monuments and Sites
(ICOMOS) and United Nations Educational, Scientific and Cultural Organiza-
tion (UNESCO), underline the necessity of integrating digital standards into
conservation processes [24].

Research examples demonstrate that the combination of HBIM and digital
twin technology may serve as the foundation for modern cultural heritage man-
agement systems. Such an approach enables predictive degradation analyses,
conservation optimisation, and the integration of energy-related aspects [2, 6, 9].
Such solutions are gaining importance, particularly in the context of integrated
approaches to conservation and adaptive planning [5, 17]. It is also noted that
the inclusion of artificial intelligence and structural simulations in digital models
may enhance their functionality and practical applicability [25]. In this context,
the growing role of life cycle analysis and sustainable development aspects is
also emphasized [26, 27].

Importantly, the development of digital technologies is also reflected in Eu-
ropean regulations and research projects, which set directions for the future of
conservation and the modernization of historic objects [28-30]. An example
of a research initiative of considerable importance is the EASEE project, which
aimed to improve the energy efficiency of multi-family buildings using modern
technological solutions [31].

In summary, contemporary approaches to cultural heritage protection are
increasingly based on digital tools that enable accurate documentation, analy-
sis, and simulation of the behaviour of historic buildings and urban spaces. The
integration of HBIM, scan-to-BIM, and digital twin methods into management
processes constitutes a development path that not only enhances the effective-
ness of heritage protection but also supports its adaptation to modern functional
and environmental needs [3, 4, 12, 16, 19-24, 26].

This article fits into this research trend by focusing on the analysis of cultural
heritage in the context of the city of Zamo$¢ and by demonstrating how modern
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digital tools can support documentation, conservation, and adaptive processes
in historic urban spaces.

The study attempts to address the research gap concerning the application
of integrated digital methods (HBIM, scan-to-BIM, and digital twin) not only
to the analysis and documentation of individual objects but also of entire urban
complexes.

In this paper, the term ‘city-scale analytical 3D model’ is used to describe
a geometrically consistent and semantically enriched representation of the his-
toric urban fabric, without implying the real-time synchronisation typically as-
sociated with a full digital twin. The study focuses on scan-to-BIM integration
at the district scale, targeting a level of information adequate for conservation-
oriented diagnostics and urban-scale assessment rather than detailed component-
level HBIM.

The aim of this article is to propose methodological and practical frameworks
for documenting and analysing the historic urban fabric of Zamos¢, enabling the
scientific systematisation and advancement of existing research in this area.

2. METHODOLOGY

2.1. Justification for the choice of location

Zamo$¢ was selected as the subject of research due to its exceptional his-
torical and architectural value, as well as the good availability of data and the
presence of active conservation and urban planning initiatives [19, 24]. The city
constitutes a coherent urban layout, enabling an analysis of the building struc-
tures and their transformations over time.

An additional advantage lies in the diversity of its building stock — ranging
from monumental structures, through compact townhouse frontages, to post-
industrial developments — which allows for a broad analysis of functions, tech-
nical condition, and energy potential. In the face of contemporary challenges
related to the use, modernization, and energy efficiency of historic buildings,
the development of a 3D model serves as a tool supporting the sustainable man-
agement of heritage resources.

The extent of the analysed area is presented in Fig. 1. The map delineates the
adopted boundary of the case-study zone, covering the historic core of Zamo$é
and the remains of the former fortress, which constituted the spatial frame for all
subsequent acquisition and modelling tasks. This scope was selected to capture
the complete set of key heritage structures together with their immediate ur-
ban context, while keeping the dataset size feasible for city-scale processing and
semantic enrichment. The same spatial extent was also used as a consistent refer-
ence for organising datasets and linking building-level records to the 3D model.
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AREA UNDER STUDY

F1c. 1. Presentation of the Old Town layout covered by our detailed study.

2.2. Spatial scope of the model

The digital model covered the central part of the Zamos¢ Fortress — the
Old Town within the boundaries of the original defensive walls, with partic-
ular emphasis on the Great Market Square and the adjoining quarters [18].
The analysis encompassed approximately 100 historic buildings of diverse func-
tions (residential, commercial, and public), supplemented by selected elements
of public spaces such as the market square surface, street network, greenery, and
fragments of former fortifications. This defined scope enabled to obtain a com-
prehensive picture of the functioning of the historic centre in urban, technical,
and conservation contexts.

2.8. Data acquisition process: photogrammetry and laser scanning

To develop a comprehensive 3D model of the historic centre of Zamo$¢, an
integrated spatial data acquisition methodology was applied, combining pho-
togrammetry techniques with TLS [3, 13, 38]. Owing to their complementary
properties, this approach made it possible to obtain detailed and precise geome-
tries of heritage buildings while preserving the fidelity of architectural details [4].
The overall workflow of the applied methodology is presented in Fig. 2.

Photogrammetry was carried out both from the ground level (terrestrial pho-
togrammetry) and from the air (aerial photogrammetry using UAVs). In total,
more than 4500 digital photographs were taken, covering the entire study area
— including roofs, front and rear fagades, arcades, and inter-building spaces.
The photographs were captured in high resolution (20 megapixels) and with ap-
proximate geolocation, facilitating the subsequent photogrammetric processing
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Fi1G. 2. Workflow of the study.

workflow. The resulting photogrammetry-based point cloud, together with the
reconstructed camera positions, is shown in Fig. 3.

Fia. 3. Photogrammetry-derived point cloud and camera network (all image positions)
generated in RealityCapture [33].

In parallel, more than 50 laser scans were performed from various static
positions, enabling the generation of a dense point cloud representing the actual
surfaces of buildings and public spaces. A geodetic-grade scanner was used,
providing measurement accuracy at the level of a few millimeters and a range of
up to 70 metres [24, 32]. Particular attention was devoted to the precise capture
of problematic areas — such as arcade recesses, stonework details, and fagade
losses — which are often overlooked in standard inventory surveys. The resulting
registered TLS point cloud is presented in Fig. 4.

The data acquired through both methods were processed using specialized
software: FARO SCENE for the registration and merging of laser scans, and
RealityCapture for generating photogrammetric models and textures. The total
computation time exceeded 150 working hours, reflecting the high complexity
and volume of the processed digital material [32-34].
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A summary of the acquisition and processing parameters for photogram-
metric and laser scanning data is presented in Table 1, including the number

TABLE 1. Summary of acquisition and processing parameters for photogrammetric and laser

scanning data.

Parameter Photogrammetry Terrestrial Laser Remarks / Quality
(UAV + terrestrial)| Scanning (TLS) assessment
Number Approx. 4500 Approx. 50 Full coverage

in cloud [million]

of images / scans photographs scanning stations of the Old Town area
Aerial photography covered
Measured surface the entire study area,
9 110000 24000 whereas scanning was
[m?] limited to main
communication routes
Number of points 420 750 -

Average
point density Approx. 3800 Approx. 31250 Combined dataset
[points/m?]
Registration . .
accuracy (RMSE) Approx. 10cm Avg. 10mm Verified ag:funst
[em /mm] control points

Coverage scope

Roofs, fagades,
streets, courtyards

Arcades, portals,
hard-to-reach zones

Complementary data

Software

RealityCapture

FARO SCENE

Integration in Revit/IFC

Total computation
time [h]

Approx. 150

Approx. 40

Multi-core workstation
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of photographs taken, scanning stations, registration accuracy, and the main
characteristics of the point clouds.

The presented comparison confirms the complementarity of the two meth-
ods — photogrammetry provided full coverage of roofs and facades, while TLS
enabled high accuracy in detailed areas and hard-to-reach spaces. Combined,
they allowed for the creation of a dense and precise 3D model [36]. The val-
ues in Table 1 show that the TLS dataset delivers markedly higher geometric
precision (RMSE in the millimetre range) and substantially higher local point
density, which is crucial for capturing fine architectural details and document-
ing vulnerable elements. At the same time, the photogrammetric dataset ensures
complete areal coverage of the historic complex — especially roofs and upper el-
evations — so the integrated workflow balances completeness at the city scale
with high-accuracy detail where it is most needed.

2.4. Data integration into the 3D model

The next stage consisted of integrating photogrammetric and laser scanning
data within a coherent 3D modelling environment [3, 9, 41]. The base geomet-
ric model was generated from the point cloud, which served as the foundation
for further reconstruction of building volumes, roofs, facades, and architectural
details [2, 5, 10].

The geometric quality of the integrated TLS—photogrammetry dataset was
evaluated using registration statistics available from the TLS workflow and in-
dependent checkpoints/control points used for verification of alignment. The
resulting spatial agreement for the integrated model was typically within 4 cm
to 5 cm in representative parts of the study area, which is adequate for city-scale
heritage documentation and analytical applications.

Integration of TLS and UAV /terrestrial photogrammetry data (workflow steps):

— TLS registration: individual terrestrial scans were registered into a sin-
gle coherent point cloud within the TLS workflow (target-/feature-based
registration), and its quality was verified using registration statistics and
control points,

— photogrammetry processing (UAV + terrestrial): imagery was aligned and
processed into a photogrammetry-based point cloud within the same proj-
ect coordinate context, using the embedded image geolocation as an initial
constraint,

— common reference frame: both datasets were brought into a unified spa-
tial reference by applying consistent control points/checkpoints, ensuring
direct comparability and minimising systematic offsets,

— dataset integration: the TLS and photogrammetric point clouds were merged
into a single coherent dataset, using TLS to stabilise geometry in de-
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tailed areas and photogrammetry to complement roofs and visually in-
accessible zones,

— quality control: the final alignment was evaluated by independent check-
points and by reviewing residuals and local deviations in representative
areas before exporting the integrated point cloud for subsequent modelling
steps.

The final point cloud contained approximately 680 million points, corre-
sponding to an average of about 6200 points/m? across nearly 110000m? of
the historic building complex [12]. The highest data density was obtained in the
building quarters surrounding the Great Market Square, while in peripheral ar-
eas the density was lower due to a reduced number of TLS stations and limited
photogrammetric coverage. As a result, the integration stage produced the raw
and textured 3D models, together with the consolidated point cloud used in
subsequent processing. The integrated TLS—photogrammetry result, processed
in RealityCapture, is shown in Fig. 5.

ST e — re——

F1G. 5. Integration of TLS point cloud and UAV photogrammetric model for Zamo$é Old Town
(left: raw 3D model, centre: textured 3D model, right: point cloud) visualised in RealityCapture.

2.5. Segmentation of the model according to administrative divisions

The developed 3D model was divided into logical segments corresponding
to building quarters and individual structures, in line with the existing admin-
istrative and functional divisions. Each building was assigned a unique iden-
tifier and linked to a specific spatial unit (street, address number, cadastral
parcel) [18, 21, 35]. This allowed the model to be connected with data from
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municipal resources, including building registries, heritage registers, and energy
consumption records [6, 14].

Such segmentation enables end users to easily filter, select, and compare
objects in both spatial and technical contexts. For example, it becomes possible
to identify all buildings connected to the district heating network, compare their
energy demand and thermal insulation condition, and then visualize the results
on a 3D map in real time [35]. An overview graphic of this stage is provided in
Fig. 6.

F1G. 6. Example of object selection in the segmented model — individual building elements can
be selected independently, rather than selecting the entire model as a single object.

The introduction of the administrative layer also extends the model’s applica-
tions to spatial planning, urban analyses, public consultations, and educational
activities. Moreover, the segmentation establishes a one-to-one mapping between
each geometric segment and its semantic record via a unique building identifier,
enabling automated linking of spreadsheet/database attributes to BIM objects
(Revit/IFC) in subsequent steps.

The spatial data segmented according to administrative divisions were im-
ported into a BIM environment, using software such as Autodesk Revit and
data interoperability tools (including CloudCompare and IFC Viewer). At this
stage, semantic information was assigned to each model element — both geomet-
ric (e.g., fagade area, number of floors) and functional-technical (e.g., heating
type, roof condition, thermal insulation).
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The entire dataset was saved in IFC format, ensuring compatibility with
other IT systems and enabling further processing of the model in external ana-
lytical environments [14].

Fach geometric segment created during segmentation was assigned a unique
BuildingID /ObjectID, which served as the primary key linking geometry to the
corresponding row in the attribute table. This established a one-to-one mapping
between model objects and semantic records, enabling automated parameter
assignment and reducing manual errors.

2.6. Preparation of descriptive data and preliminary analysis

In parallel with the development of the geometric model, a process was car-
ried out to collect descriptive (semantic) data for all buildings included in the
model [6, 7, 20]. This information was gathered from various sources, including:

— resources of the Department of Investment and Development of the City
of Zamosé,

— municipal building registries,
— geodetic and urban planning documentation,
— materials prepared by conservation and technical units.

The collected dataset covered more than 100 buildings, with each assigned
a set of over 10 descriptive parameters, including:

— address and functional use,

building footprint and number of storeys,
— technical condition of fagades, roofs, and joinery,

type of heating system and heat source,
— level of insulation of external partitions (walls, roof),
— presence and type of renewable energy sources,

estimated annual energy demand.

The data were standardised and entered into spreadsheets, and then im-
ported into the BIM modelling environment [21, 34]. By assigning unique iden-
tifiers to the buildings (consistent with the Revit/IFC system), it was possible
to automatically link the data to the corresponding objects in the model. The
entire process was carried out in a way that enables future data synchronisation
— for example, in the event of updates [37]. An overview graphic of this stage is
provided in Fig. 7.

In addition, a preliminary analysis of the collected data was carried out,
which made it possible to determine the typology of buildings, identify struc-
tures in poor technical condition, and highlight special cases (e.g., buildings not
connected to the district heating network, or those using heat pumps, etc.) [23].



38 M. WAc, B. SZOSTAK

COLLECTED DATA:
+  ADRESS
«  FUNCTION OF THE BUILDINGS
* BUILDINGS BORDERS

«  AREA

*  SOURCE OF HEAT

*  ENERGY CONSUMPTION

Fic. 7. Data standardisation process illustrated by a fragment of the semantic attribute table
shown in Microsoft Excel (XLSX/CSV table).

This analysis served as the starting point for the further classification of objects
into appropriate conservation and energy-related categories.

Semantic attributes were stored in structured spreadsheets (XLSX/CSV)
following a ‘one record—one building’ rule. The dataset was standardised using
controlled vocabularies, predefined units, and value ranges to reduce ambiguity
and ensure consistent querying. Prior to BIM import, the tables were validated
for completeness, data types, and uniqueness of identifiers (missing values, du-
plicates, and out-of-range entries were flagged and corrected).

2.7. Process structure and workflow organization

The overall methodology was structured as a coherent, iterative workflow
consisting of seven consecutive stages, consistent with the scheme presented
in Fig. 2. The stages were implemented with feedback loops between data ac-
quisition, processing, and validation, to ensure both geometric reliability and
semantic consistency of the analytical model [6, 9, 14]:

— setting a target (Subsec. 2.1) — defining the intended use of the model (her-
itage documentation, conservation-oriented diagnostics, and urban/energy-
related analyses), establishing the spatial extent and level of detail, and
formulating the key outputs expected from the digital twin [15, 17],
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— collecting building information (Subsec. 2.6) — compiling the base inven-
tory of buildings and public-space elements included in the study, as-
signing unique identifiers, and gathering core administrative and descrip-
tive attributes required for subsequent integration and database structur-
ing [6, 20],

— energy data (Subsec. 2.6) — collecting and standardising energy-related
attributes (e.g., heating type, estimated energy demand, insulation status,
and related indicators) as a dedicated subset of the semantic dataset, using
unified scales and controlled vocabularies to enable subsequent filtering
and comparative analyses [27, 29],

— acquiring spatial data (Subsec. 2.3) — performing UAV and terrestrial pho-
togrammetry operations and terrestrial laser scanning to capture comple-
mentary spatial datasets covering roofs, facades, streets, courtyards, and
difficult-to-reach architectural details, while maintaining consistent refer-
encing of the acquired material [11, 32, 38],

— processing (Subsec. 2.4) — registering and merging TLS scans, processing
photogrammetric imagery, integrating both sources into a coherent spatial
dataset, and generating the base geometric representation used for further
reconstruction, segmentation, and preparation for information enrichment
[3, 10, 36],

— developing a tool (Subsec. 3.3) — importing the segmented model into
the BIM environment, assigning semantic information through dedicated
parameters linked by unique identifiers, exporting structured outputs
(e.g., IFC), and implementing an interactive digital twin interface enabling
attribute-based visualisation, filtering, and reporting [1, 6, 14],

— final outcome (Subsec. 4.1) — obtaining an analytical, city-scale 3D model
integrating geometry and standardised descriptive/energy data, prepared
for multi-criteria assessments and future updates, with documented proce-
dures supporting reproducibility and transferability to other historic urban
contexts [17, 23, 25].

2.8. Methodological conclusions

The adopted approach proved both effective and scalable, allowing for the
development of a highly detailed, segmented urban model that can be expanded
and updated in subsequent stages [1, 9]. The key success factors included:

— the use of complementary technologies (laser scanning + photogram-

metry) [5),

— the application of BIM and IFC standards as a common data integration

language,
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— precise coordination of geometric and descriptive data,
— the ability to perform multi-criteria analyses of diverse object attributes.

The developed methodology can serve as a model for other cities and re-
search teams engaged in the documentation and analysis of cultural heritage in
spatial terms. In the next stages, the model’s application is planned to be ex-
tended with additional diagnostic and analytical functionalities, which will be
discussed in later sections of the article [17].

3. SEMANTIC DATA MANAGEMENT
3.1. Categories of information assigned to model segments

One of the key elements in building the analytical model of the Zamo$¢
Fortress was the development of a semantic data structure, i.e., descriptive in-
formation linked to the geometric representations of buildings [1, 20]. These
data serve as the basis for conducting technical, energy-related, functional, and
conservation analyses [11].

For each building in the model, a standardised set of parameters — organised
into logical thematic categories — was assigned, defined based on ISO 19650
principles and structured according to IFC4 Property Set logic.

Identification and location:

— address (street, number),

— cadastral parcel number,

— Revit/IFC identifier.

Functional and usage-related:

— main building function (residential, commercial, institutional),
— attic accessibility (usable/non-usable),

— number of above-ground and underground floors.

Geometric parameters:

— building footprint,

— usable floor area (if available),

— volume (for selected objects).

Technical condition:

— assessment of facade, roof, and window/door joinery condition,
— moisture level in basements,

— technical condition of sanitary installations.

Energy and environmental characteristics:

— type of heating (district heating, gas, biomass, heat pump, none),
— estimated annual energy demand [kWh/m? /year],
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— level of wall and roof insulation,
— presence of renewable energy sources (PV, collectors, heat pumps).

The parameters were defined with explicit units and data types, using consis-
tent naming conventions and controlled vocabularies where applicable, to ensure
validation, comparability, and seamless mapping to IFC4 Property Sets for in-
teroperable analysis.

This set of attributes was standardised in the form of input data tables
(spreadsheets in CSV/XLSX format) and subsequently linked to the 3D models
through unique identifiers assigned to each object. The data were categorised
in a way that enabled easy filtering and grouping of buildings according to
any criterion (e.g., all residential buildings with non-modernised roofs and gas
heating) [23].

3.2. Database structure

For the purposes of the model, a flat relational database was developed, based
on a ‘one row — one building’ scheme, with columns corresponding to descriptive
parameters [21]. The database schema was adapted to the data import format
for the BIM environment (Autodesk Revit) and for further analysis in external
tools (e.g., CloudCompare, CellBIM).
Selected features of the data structure include:
— all fields were standardised (e.g., technical condition rating scales from 1
to 5, functional codes consistent with the national statistical classification
— Gléwny Urzad Statystyczny (GUS)) [34],

— data types were clearly assigned (text, integer, floating-point number,
Boolean value),

— consistency control was introduced (range validation, no duplicates, unique-
ness of identifiers) [34].

An illustrative view of the implemented database schema and example records
is shown in Fig. 8.

Fic. 8. Example of the building-attribute database used in the workflow (Subsec. 3.2), im-

plemented as a structured Microsoft Excel table following the ‘one record—one building’ rule,

with unique BuildingID and BIM linkage keys (IFC_Globalld, RevitElementld), and grouped

fields covering administrative, heritage, energy, and geometry/quality parameters for subse-
quent mapping to BIM objects and IFC Property Sets.
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The data are stored in a way that enables updating — changes in the database
can be automatically synchronised with the 3D model via assigned IDs and
corresponding family parameters (Revit Families) [20, 37].

3.8. Integration of data with the 3D model

In Autodesk Revit, semantic information was implemented as dedicated pro-
ject/shared parameters, grouped into thematic sets (administrative, heritage,
and energy-related). Parameter values were populated from the validated ta-
bles using the BuildingID /ObjectID key (semi-automated assignment), ensuring
that each BIM object inherits the correct attributes. The enriched model was
exported to IFC4, where the attributes were preserved as Property Sets linked
to the corresponding geometric elements, enabling consistent use in external
analytical environments.

The integration of semantic data with the 3D model was carried out in two
stages:

1. Import into the BIM environment (Autodesk Revit)

The spatial model was enriched with descriptive data through dedicated
project parameters. Each object was assigned fields containing information
from the input table. An overview illustration of this stage is presented in
Fig. 9.

2. Synchronisation with analytical tools (e.g., CellBIM, CloudCompare)
Data export was carried out in IFC4 format, compliant with the inter-
national standard for building information exchange [34]. This enabled
the use of the model in external environments (including CellBIM for

Street
Number 13
Function Public
Useful Area [m2] 2825

Building heating source District Heating
Heating consumption [kWh/y] 692 450,19
Electricity consumption [kWh/y] 109 550,00

Fic. 9. Integration of data with the 3D Model. The IFC model is presented in Microsoft Excel
with the CellBIM add-in, illustrating how object-level attributes are accessible as Property
Sets for analysis and verification.
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data analysis and CloudCompare for 3D data visualisation) [18]. In these
environments, the data were read as Property Sets linked to geometric
objects [34]. To demonstrate the effect of semantic enrichment, a sample
building object is shown in Fig. 10 with its assigned parameter set. The
same attributes are readable after IFC export as Property Sets, enabling
attribute-based filtering and inspection in external tools.

Purpose s =
Public utility
Service

Service-Residential

Technical condition of elevation

Good

Sufficient
Insufficient

Technical condition of woodwork (windows/doors)
Good
Sufficient
Insufficient

Technical condition of sanitary instalitans/doors

RES (Renewable Energy Sources)

F1G. 10. Synchronisation of the enriched IFC4 model with external analytical tools for querying

and visualisation. The figure presents an attribute-based inspection of Property Sets using tools

such as CellBIM (data analysis), supporting filtering and verification of semantic information
against the geometry.

The functionality of creating colour-coded attribute maps was also utilised
— for example, to graphically represent energy consumption levels, insulation
quality, or the condition of building elements [40]. This facilitates visual analysis
and the identification of problematic objects within the historic urban fabric.

4. RESULTS AND CONCLUSIONS

4.1. Assessment of the effectiveness of the approach

The effectiveness of the proposed workflow was evaluated using four crite-
ria: geometric accuracy and alignment of the integrated spatial datasets, cover-
age and scalability at the level of the historic city centre, semantic completeness
and consistency of the attribute database, and interoperability and usability of
the enriched model in external analytical environments. The resulting analytical
model covers more than 100 buildings within the historic centre and combines
city-scale geometry with standardised descriptive information [34, 36, 41].
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From a technical perspective, the following evidence was obtained:

— Geometric accuracy and alignment: the quality of the integrated TLS-
photogrammetry dataset was verified using registration statistics from the
TLS workflow and independent checkpoints/control points. In represen-
tative parts of the study area, the resultant spatial agreement after inte-
gration was typically within 4 cm to 5 cm, which is suitable for city-scale
heritage documentation and comparative analyses [36];

— Coverage and scalability: the acquisition strategy ensured complementary
coverage of roofs, fagades, streets, courtyards, and hard-to-reach zones
by combining UAV /terrestrial photogrammetry with terrestrial laser scan-
ning, enabling a coherent representation of the historic urban fabric at the
scale of the entire pilot area [41];

— Semantic completeness and consistency: a flat ‘one row — one building’
database was implemented with standardised fields, controlled vocabular-
ies and range validation, and unique identifiers used as keys for automated
linking between geometry and attributes. In the presented implementa-
tion, each building was described by a consistent core set of parameters
(e.g., function, typology, condition and selected energy indicators), en-
abling repeatable querying and future updates without breaking the ID
mapping [34];

— Interoperability and usability: the enriched model was exported in IFC4
and verified by reading the assigned Property Sets in external environ-
ments (e.g., CellBIM for attribute inspection and CloudCompare for 3D
visualization). In addition, the interactive tool was tested on the 100-
building dataset, supporting object-level selection and attribute-based ex-
ploration in a web-based context [34, 41].

Overall, the results demonstrate that the integration of heterogeneous sources
(spatial surveys and administrative/heritage/energy attributes) can be imple-
mented in a reproducible way, enabling practical heritage-management use cases
such as condition screening, multi-criteria comparisons, and identification of
modernisation potential at the scale of a historic town centre [34, 41].

4.2. Examples of applications in urban analysis

Based on the developed model, a series of thematic analyses were conducted,
the results of which can be treated as direct indicators of the tool’s usefulness.
Selected examples include:

— Functional analysis revealed that a significant share of service-oriented

buildings is concentrated around the Great Market Square, with a ten-
dency to disperse toward the eastern quarters. This finding may serve
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as a basis for the revitalisation of residential buildings and their adapta-
tion to commercial functions in line with conservation guidelines [39];

— Technical condition analysis enabled the identification of buildings requir-
ing urgent conservation interventions (e.g., structures with leaky roofing
or visible damage to joinery or facades). Such information can support the
activities of municipal heritage protection services [11, 22];

— Energy analysis made it possible to identify buildings with the highest es-
timated energy demand (above 250 kWh/m? /year), mainly in structures
with unused attics, outdated heating systems, or a lack of partition in-
sulation [26, 29, 31]. These results can serve as a foundation for planning
thermal modernisation actions.

All of the above data were presented in real time within the interactive

environment, with options for exporting reports and filtering results according
to selected criteria.

4.8. Potential for tool development

The developed digital model and analytical tool represent only the first stage
of a broader system supporting cultural heritage management in historic cities
[8, 17]. In subsequent stages, the following development directions are possible:

integration with temporal data — introducing change histories for each

building, enabling the analysis of urban space transformations over time

(e.g., renovations, functional changes, structural modifications) [37],

— real-time updating — implementing a synchronisation system with munic-
ipal cadastral databases (e.g., GESUT, EGiB, MPZP), allowing for the
automatic refreshing of the model and descriptive data [35],

— extension to additional city areas — the scalability of the method makes
it applicable not only within the boundaries of the Old Town but also in
adjacent districts, including 19th- and 20th-century heritage sites [41],

— introduction of a participatory layer — enabling residents, investors, or re-

searchers to add annotations and submit comments on individual objects,

while maintaining expert oversight and content validation.

5. FINAL SUMMARY

The conducted research confirmed that modern digital documentation tech-
nologies can be effectively used not only for inventory purposes but, above all, as
analytical tools supporting rational and sustainable cultural heritage manage-
ment. The case of the Zamos¢ Fortress demonstrated that it is possible to rec-
oncile documentation precision with practical applications in planning, energy
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management, conservation, and education. The developed model may provide
a reference model for other cities and institutions seeking to implement digital
twins in heritage protection.
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Contemporary visibility analyses, particularly relevant in environmental and landscape
studies, require the processing of very large datasets derived from point clouds. While
such data provide high accuracy, they also involve substantial computational demands
and long processing times, which limit their practical applicability. This article presents
a detailed analysis of the impact of point cloud simplification on the accuracy of viewshed.
The viewshed diagrams were generated using the ray tracing method, and the analysis
included an evaluation of discrepancies between results obtained from simplified datasets
and reference outcomes based on the complete, unprocessed dataset. In addition, the
computation time required to generate viewshed under different levels of simplification
was investigated. The findings made it possible to identify the maximum acceptable levels
of simplification as well as the potential computational gains in terms of the number of
processed points. The results demonstrate that properly selected simplification levels can
significantly enhance the efficiency of ray tracing-based visibility analyses while preserving
their practical reliability.
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1. INTRODUCTION

In contemporary expert assessments, two factors are of primary importance:
the precision of analyses and the time required for their execution. Engineers
face the challenge of achieving the highest possible accuracy of results within the
shortest feasible time. This problem concerns various fields of analysis, includ-
ing visibility assessment [1]. Determining visibility requires a range of analyses,
such as three-dimensional (3D) models, photographic documentation, or visibil-
ity diagrams [2]. Visibility analysis based on a viewshed diagram, constructed


https://cames.ippt.pan.pl/index.php/cames
https://doi.org/10.24423/cames.2025.1936
https://orcid.org/0000-0002-2069-2126
https://orcid.org/0000-0001-9256-0061
mailto:jerzy.orlof@pk.edu.pl
https://creativecommons.org/licenses/by/4.0/

52 J. ORLOF, A. WIDLAK

from a terrain model generated using point clouds [3], demands substantial com-
putational resources [4] in order to fully exploit the accuracy provided by the
point cloud. Unfortunately, the volume of data is so large that the analysis
time becomes very long and, in some cases, impossible to achieve within reason-
able limits [5]. Time is therefore a critical factor, as the generation of a single
viewshed has an exponential effect on the production of a visibility map, which
may consist of hundreds or even thousands of diagrams. Studies on the visual
protection surface (VPS) method have shown that the resolution of 3D mod-
els and the density of viewpoint sampling significantly influence the accuracy
of viewshed analysis results, while computational costs increase exponentially
with increasing data detail [6]. This highlights the need for a systematic evalu-
ation of the impact of point cloud simplification on the reliability of viewshed
analyses.

To accelerate the generation of viewshed maps, various point cloud simpli-
fication methods are applied [7]. Several approaches to point cloud simplifica-
tion can be distinguished. One group includes methods based on hierarchical
clustering, while others simplify data through the sampling of characteristic
points (feature-based sampling) [8, 9]. These methods rely on advanced, often
proprietary, computational models.

There are also random approaches [10], which are relatively simple and
widely used in various applications. Their drawback, however, is the lack of
determinism — the results may vary with each execution of the algorithm.

It is worth noting that many of the above methods are not widely available:
point cloud processing software often does not implement them, or the generated
results are not reproducible.

The most commonly used approaches, implemented for instance in Auto-
CAD and CloudCompare, are based on reducing the density of the point cloud
according to a specified minimum distance 0 between points [11]. Formally, this
process can be expressed as selecting a subset P’ C P from the original point
set P = {p1,p2, ..., pn} such that:

inllp; — gl > 6.
;gg}ﬂpz qll >

More advanced approaches rely on local curvature analysis. Other methods
employ information entropy.

In this article, the method of reducing point density according to a specified
minimum distance between points was employed as the primary technique for
simplifying the input data. Nevertheless, excessive simplification can introduce
distortions and, consequently, lead to incorrect analytical results, which is unac-
ceptable. For this reason, the simplification process was subjected to a detailed
two-stage examination.
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The first parameter of primary importance was accuracy. Since the accuracy
of results decreases as the data are simplified, the study investigated the min-
imum level of accuracy that does not cause significant distortions. The second
critical aspect considered was computation time. Here, the analysis focused on
the time required to generate viewshed diagrams at different simplification lev-
els, with the aim of identifying the shortest processing time corresponding to
the minimum acceptable accuracy of the viewsheds.

2. MATERIALS AND METHODS

2.1. Point cloud

For the analysis, publicly available LiDAR data from geoportal.gov.pl were
used (Fig. 1), derived from the national airborne laser scanning resource [12, 13].
The dataset corresponds to a digital elevation model (DEM) covering the area
marked M-34-64-D-d-4-1-2-1 in Krakéw, with an average density of 12 points/m?.
The area was scanned in 2023. Point elevations range from A, = 161.69m to
hmax = 334.12m above sea level, resulting in a total elevation difference of
Ah = 172.43m. Recorded slope values vary from 0° up to an extreme maxi-
mum of 88°. The selected area is characterized by diverse landforms, includ-
ing a prominent hill, flat surfaces, urban structures, and forested terrain, as
well as faults indicated by very steep slopes. This heterogeneity allows for the
evaluation of simplification-induced errors across different types of topographic
conditions.

Fi1G. 1. Comparison of the point cloud (a) and the resulting viewshed (b). The observation
point is marked with a red dot.
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The point cloud was acquired using airborne LiDAR, where z, y coordinates
were determined from GPS positioning and the z coordinate was calculated from
the return time of a laser pulse emitted vertically toward the ground [14-16].
Each point is represented by spatial coordinates (z, y, z) and additional at-
tributes such as RGB color values or point classification [17]. The dataset used
in this study was provided in LAZ format [18], which allows efficient compression
of large point clouds while preserving their accuracy.

2.2. Viewshed vs. visibility analysis

The term viewshed, introduced several decades ago by TANDY [19] and later
developed by BENEDIKT [20], can be defined as a graphical representation of
visible and non-visible areas from a specific observation point with coordinates
(z, y, z) [1] (Fig. 1b). Such a diagram allows for the straightforward identifica-
tion of areas obscured by terrain or other structures and those visible from the
observer’s position. In computational applications, viewshed analysis is typically
performed using line-of-sight calculations based on digital terrain models or 3D
spatial representations. Viewshed diagrams are highly versatile; for instance,
they are widely used in spatial planning to evaluate whether new constructions
interfere with the surrounding environment or landscape. They are also ap-
plied in tourism development, where viewsheds help identify optimal viewpoints
along planned trails, thereby enhancing their attractiveness to visitors.

In contrast, visibility analysis (also referred to as visibility mapping) is
a broader concept. A visibility map [2] can be understood as a composite
structure consisting of multiple viewsheds generated from different observation
points. The distribution and density of observation points strongly influence
the resulting visibility map, affecting both its spatial resolution and analytical
reliability. This integrated visualization enables the identification of panoramic
routes and the assessment of cumulative visibility across an area. As a result,
visibility analysis provides a more comprehensive perspective, supporting urban
design, landscape management, and the development of recreational infrastruc-
ture.

2.8. Generating viewsheds based on point clouds

In order to generate a viewshed [1], different types of elevation data repre-
sentations can be used. One approach involves creating a surface from the point
cloud, for example in the form of a regular grid or a triangulated irregular net-
work (TIN) [4] (Fig. 2). The TIN surface, based on the Delaunay triangulation
algorithm, provides high precision and is frequently employed in visibility stud-
ies. Alternatively, many popular GIS tools, such as QGIS, allow viewsheds to
be generated directly from digital elevation models (DEMs) or digital terrain
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F1G. 2. Tin surface for the area analysed in the study

models (DTMs/DSMs) in raster form — but viewshed charts are not as highly
accurate as those based on point clouds.

Regardless of the chosen method, the process involves placing an observation
point at a given location and analyzing terrain obstruction along the line of sight.
The result is a graphical representation of visible and non-visible areas, typically
encoded in binary form (e.g., visible areas shown in white and non-visible areas

in black).

2.4. Computing machine parameters

The calculations were executed on a high-performance workstation featur-
ing an Intel(R) Core(TM) i9-14900K processor (3.20 GHz), 64 GB RAM, and
a 64-bit operating system on x64 architecture.

2.5. Point cloud simplification method

The method applied for point cloud simplification was increasing the mini-
mum distance between points. This approach is implemented in software such
as AutoCAD Civil 3D or CloudCompare. It is based on an iterative traversal
of the points and checking the distance between a given point and the others.
Although the intermediate results may vary depending on the order of point eval-
uation, the final outcome is always the same, since the initial and final points
are fixed [21]. The organization of the point cloud does not change, as points are
only removed rather than restructured. However, the surface generated from the
simplified point cloud in the form of a TIN differs from the original, since it is
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constructed without the deleted points. As a result, the generated surface pro-
duces different outcomes in the viewshed diagram.
Formally, let the original point cloud be defined as:

P = {p17p27-~-7pn}7 Di S R3-

The goal of simplification is to select a subset P’ C P such that the minimum
Euclidean distance between any two points in P’ is not smaller than a predefined
threshold o:

/ . . L
P ={p,eP: qelrjr/{gl#m lpi — ¢l > 0}.

Here, ¢ is the simplification threshold that determines the minimum allowed
spacing between points.

For point clouds with densities of 4 to 20 points per square meter, the average
spacing between points is typically on the order of several tens of centimeters.
This spacing depends on the scanning geometry during data acquisition and it
is not constant. Within a single square meter, distances between neighboring
points can range from as little as 1 cm to as much as 70 cm [22]. The spacing is
further influenced by the specific LIDAR sensor model employed. For the dataset
used in this study, analysis showed that the minimum spacing between points
was 4 cm, corresponding to an average density of 12 points per square meter.

During the simplification process, points closer to each other than a specified
threshold § were removed. Seven thresholds were defined:

0 € {10 cm, 20 cm, 30 cm, 50 cm, 80 cm, 100 cm, 200 cm}.

For each of the simplified point clouds, a viewshed diagram was generated
and compared against the reference diagram derived from the full, non-simplified
dataset. The differences between them were analyzed. In addition, the com-
putation times were recorded, including both the simplification stage and the
viewshed diagram generation stage.

Increasing the minimum distance between points plays a central role in the
simplification of point clouds. The specified distance thresholds allow control
over the degree of simplification and its adaptation to the needs of the analysis.
Higher thresholds result in sparser point clouds, which reduce detail but at the
same time accelerate the generation of viewshed diagrams. Comparing viewshed
diagrams obtained from different levels of simplification enables an evaluation
of the effect of simplification on the accuracy of visibility analysis. Furthermore,
incorporating the time required for point cloud simplification makes it possible
to optimize the overall workflow of viewshed diagram generation with respect to
both computational efficiency and analytical accuracy.
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To evaluate the accuracy of the viewshed diagrams, three indicators were
applied. The first one is the error rate, which measures the difference between
the simplified and the reference (non-simplified) diagram. It is calculated by
comparing individual pixels of both diagrams and expressed as the percentage
of differing pixels relative to the total number of pixels in the image.

The second indicator concerns the magnitude of a single error. It quan-
tifies the size of the area affected by an error, forming a contiguous patch.
The larger the value of a single error, the greater its significance for the overall
result, as it indicates a stronger influence on the analysis.

The third indicator covers an author-based visual-analytical assessment focusing
on the visual interpretability of differences between the simplified and reference
diagrams. The analysis was conducted by the authors and evaluated whether
simplification-induced changes affected key visibility patterns, the spatial conti-
nuity of visible areas, and the presence or absence of critical occlusions relevant
to viewshed interpretation. This analysis examined the extent to which these dif-
ferences affect the correctness and interpretation of the results. In particular, it
assessed whether changes introduced by simplification could distort or influence
the understanding of spatial relationships visible in the reference diagram.

Together, these three indicators provide a more comprehensive evaluation of
the quality of the simplified diagrams. The percentage error offers an objective
measure of the differences, while the qualitative analysis addresses their potential
impact on result interpretation.

3. RESULTS

To evaluate the impact of point cloud simplification on visibility analysis,
seven thresholds of minimum point spacing were tested: 10 cm, 20 cm, 30 cm,
50 cm, 80 cm, 100 cm, and 200 cm. The corresponding figures illustrate how the
viewshed diagram changes depending on the adopted minimum distance between
points. For each threshold, three key elements are presented:

— viewshed diagram: illustrates the simplified diagram at a given minimum
point spacing,

— differences relative to the non-simplified diagram: highlights discrepancies
between the simplified and the original, full-resolution diagram,

— significant differences marked in red: indicates differences with a substan-
tial impact on the quality and accuracy of the diagram. These are high-
lighted in red for clarity.

Figure 3 shows the relationship between the error of viewshed diagrams and

the adopted minimum distance between points. As the simplification threshold
increases, the error systematically grows — from values close to zero for the full
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F1G. 3. Relationship between the percentage error in viewshed diagrams and the minimum
distance threshold applied during point cloud simplification.

dataset up to more than 7.55% for the 200 cm threshold. This demonstrates
that excessive simplification leads to noticeable distortions in visibility analysis.

Figure 4 illustrates the number of points remaining in the cloud after apply-
ing different simplification thresholds. A sharp decrease can be observed — from
nearly 80 million points without simplification to fewer than 1 million points at
the 200 cm threshold. These results clearly confirm that the method effectively
reduces the complexity of the point cloud.
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Figure 5 presents the computation time required to generate viewshed di-
agrams depending on the degree of simplification. The results indicate that
simplification significantly shortens computation time — from approximately
10000 seconds for the full cloud to below 1000 seconds for the highest threshold.
This means that reducing the number of points substantially improves compu-
tational efficiency, though at the cost of accuracy.

10000 -

8000 +

6000 +

Total time [sec]

4000 4

2000 -

ao® o
9\\’\\&‘ 20
@
s\
‘\U

mﬂd{\ ﬁod{\
Minimum distance between points

F1c. 5. Computation time required to generate a viewshed diagram as a function of the mini-
mum distance between points in the point cloud, excluding the time needed for simplification
and surface generation.

A summary of the numerical values is provided in Table 1, which lists the
times of individual stages of viewshed diagram generation, the number of points

TABLE 1. Results of point cloud simplification for different minimum distances.

Minimum distance Simplification Surface generation Number Simplification
[cm)] time [s] time [s] of points [%]
No simplification 0 71 79477954 100.00
20 41 42 33435357 42.07
30 43 21 21370480 26.89
40 50 15 15000000 18.90
50 58 10 10236 052 12.88
80 48 4 2398782 3.02
100 45 4 3327330 4.19
200 18 0 854 506 1.08
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for different minimum distance thresholds, and their percentages relative to the
original point cloud.

Table 2 presents a comparison of visibility differences resulting from the level
of point cloud simplification. It can be observed that the greater the degree of
simplification, the more significant the differences in the results become. This
leads to a reduction in the consistency of the visibility map compared to the
reference map, which was generated from the full, non-simplified point cloud.

TABLE 2. Difference in visibility results as a function of the minimum distance threshold.

Minimum distance Difference in visibility
between points [cm] (%]
No simplification 0.00
20 2.16
30 2.66
40 3.00
50 3.30
80 4.55
100 5.00
200 7.55

Reducing the minimum distance between points to 20 cm (Fig. 6) had only
a minor effect on the accuracy of the viewshed diagram. The analysis showed that
most areas remained unchanged, with the only noticeable differences occurring
in regions of local forest density. This affected visibility only in a small portion
of the area and had no significant impact on the overall quality of the diagram.

a) o b) 9

F1G. 6. Comparison of visibility analysis results for the 20 cm simplification threshold: a) view-

shed diagram generated with a 20 cm minimum point spacing, b) differences compared to the

reference (non-simplified) diagram shown as absolute visibility changes, c¢) significant differ-
ences highlighted in red.
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A more detailed error analysis revealed that the difference amounted to only
2.16 % (Table 2) compared to the diagram generated from the full point cloud.
Such a small discrepancy can be considered acceptable in the context of main-
taining result precision.

In the following section, the analysis is based on absolute differences in visibil-
ity and is discussed using three complementary images. The first image presents
the viewshed result generated with a given simplification threshold, the second
shows absolute differences with respect to the reference (non-simplified) model,
and the third provides the differences highlighted in red. These red markings are
manual annotations made by the authors based on visual inspection and serve
illustrative purposes. Their aim is to help the reader identify the most visually
apparent discrepancies between the images. The markings do not result from
automatic detection, and no magnitude threshold was applied.

The most substantial benefit of applying the 20 cm simplification threshold
was the considerable improvement in computational efficiency. The computation
time was reduced to 3042 seconds (Fig. 5), representing a significant accelera-
tion compared to processing the full point cloud. This reduction enables faster
generation of viewshed diagrams, which is particularly important in practical
applications where data processing time is a critical factor.

Reducing the minimum distance between points to 30 cm (Fig. 7) resulted
in a greater number of differences compared to the original chart. These differ-
ences were more noticeable; however, their impact on the overall quality and
interpretation of the data remained minimal. Nevertheless, from the standpoint
of accuracy and reliability of the data, it is recommended to carry out a detailed
verification of these differences to ensure that they do not negatively affect the
key conclusions drawn from the charts.

F1G. 7. Comparison of visibility analysis results for the 30 cm simplification threshold: a) view-

shed diagram generated with a 30 cm minimum point spacing, b) differences compared to the

reference (non-simplified) diagram shown as absolute visibility changes, c¢) significant differ-
ences highlighted in red.
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An error of 2.66 % (Table 2) in relation to the original chart is higher than
the previous 2.16 %, but it still falls within acceptable limits. This level of error
is particularly permissible in the case of generating more extensive charts, where
data processing speed may take precedence over absolute precision.

Reducing the distance between points to 30 cm also has a significant impact
on computational performance. In practice, this means that the time required to
generate the chart is just under 840 seconds (14 minutes) (Fig. 5), which is con-
siderably shorter compared to the original 9660 seconds (161 minutes) (Fig. 5).
As a result, despite the slightly higher error, this method can be effectively ap-
plied in scenarios where processing time is a key factor and minor deviations
from ideal accuracy are acceptable.

In the case of a minimum distance of 40cm (Fig. 8), the results begin to
deviate dangerously from the original. In practice, this means that the accuracy
of the generated data deteriorates significantly, resulting in an error exceeding
3% (Table 2). Such a deviation may lead to incorrect conclusions and decisions
based on these data.

F1G. 8. Comparison of visibility analysis results for the 40 cm simplification threshold: a) view-

shed diagram generated with a 40 cm minimum point spacing, b) differences compared to the

reference (non-simplified) diagram shown as absolute visibility changes, c¢) significant differ-
ences highlighted in red.

Although the difference between 2.66 % and 3.0 % is small, exceeding the
3% threshold causes noticeable changes in the nature of errors larger clusters
of differences begin to appear (Figs. 7 and 8), leading to increased ambiguity
in the interpretation of results. Based on this, it can be estimated that the
acceptable error threshold is approximately 3 %, because above this value we
observe a significant deterioration in the quality of the analysis.

Therefore, it is recommended that charts created using this distance be
treated only as auxiliary charts supporting the main analysis, but not as the pri-
mary result. Auxiliary charts may be useful for quickly estimating trends or
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general tendencies, but due to the higher level of error, they should not be used
for making critical decisions. In cases where precision is crucial, methods with
smaller point spacing should be relied upon, as they ensure greater accuracy.

Reducing the minimum distance between points to 50 cm (Fig. 9) caused
a significant decrease in the number of points, reducing them to only 12 % of
the initial amount. Such a loss of data has serious consequences for the quality
of the chart. On the viewshed chart, an increasing number of differences ap-
peared in comparison to the original chart, which resulted in an error of 3.3 %
(Table 2).

_

F1G. 9. Comparison of visibility analysis results for the 50 cm simplification threshold: a) view-

shed diagram generated with a 50 cm minimum point spacing, b) differences compared to the

reference (non-simplified) diagram shown as absolute visibility changes, c¢) significant differ-
ences highlighted in red.

An error level of 3.3% indicates considerable deviations from the actual
state of the analysis. Such a large discrepancy may distort the results and lead
to incorrect conclusions; therefore, the chart obtained with this level of point
reduction should be treated only as a supporting tool. It cannot be used as an
accurate representation of the actual state of the analysis due to the substantial
loss of information and potential interpretative errors.

Using a chart based on such a significantly reduced number of points may
only be justified in situations where quick orientation in the data is required
or where other methods are not feasible. However, for precise and reliable ana-
lyses, it is necessary to retain a larger number of points to ensure an accurate
representation of the actual state of the analyzed objects or phenomena.

Reducing the minimum distance between points to 80 cm (Fig. 10) drastically
shortens the time required to generate the viewshed chart. Compared to the full
dataset, this time becomes almost negligible, which can be a major advantage
in situations requiring rapid data processing. However, this substantial gain in
performance comes with serious compromises in accuracy.
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F1G. 10. Comparison of visibility analysis results for the 80 cm simplification threshold: a) view-

shed diagram generated with a 80 cm minimum point spacing, b) differences compared to the

reference (non-simplified) diagram shown as absolute visibility changes, ¢) significant differ-
ences highlighted in red.

An error exceeding 4.55% (Table 2) means that the simplified chart di-
verges significantly from the chart based on the full dataset. In practice, this
indicates that the differences between the simplified chart and the original are
numerous and may lead to incorrect conclusions. Such a level of inaccuracy can
introduce substantial distortions in data interpretation, which in turn may affect
decisions made based on these charts.

Therefore, viewshed charts generated with a minimum point spacing of 80 cm
should be regarded as quick, preliminary analytical tools. They can be useful for
gaining a rapid overview of the data and guiding subsequent steps of analysis
by highlighting areas that require closer examination. However, for precise and
reliable analyses, it is necessary to create more detailed charts with smaller
minimum point spacing to ensure full consistency with the original and to avoid
significant errors.

Reducing the minimum distance between points to 100 cm (Fig. 11) signifi-
cantly shortened the time required to generate the viewshed chart, reducing it
to just 65 seconds (Fig. 5). Although this result is highly advantageous in terms
of performance, it comes with serious compromises in data accuracy.

An error level of 5% (Table 2) indicates a substantial deviation from the
chart based on the full dataset. The numerous differences between the simpli-
fied chart and the original may lead to incorrect conclusions and distortions in
data interpretation. Such a level of error is too high for the chart to be considered
reliable for precise analysis.

In practice, this means that charts generated with a minimum point spacing
of 100 cm may only be useful in situations requiring rapid data orientation or
as supporting tools. They can serve for preliminary analysis and for identifying
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Fic. 11. Comparison of visibility analysis results for the 100 cm simplification threshold:

a) viewshed diagram generated with a 100 cm minimum point spacing, b) differences compared

to the reference (non-simplified) diagram shown as absolute visibility changes, ¢) significant
differences highlighted in red.

areas that require closer examination, but they should not be used as the primary
tool for drawing conclusions.

To ensure accuracy and reliability of analyses, it is necessary to use charts
with smaller minimum point spacing. Only then can significant errors be avoided
and results guaranteed to be sufficiently precise and representative of the actual
state of the analyzed data.

Reducing the minimum distance between points to 200cm (Fig. 12) leads
to extremely fast generation of the viewshed diagram, taking only 12 seconds
(Fig. 5). While such a short processing time may seem appealing, it comes with
serious compromises in terms of data accuracy and reliability.

a) b) 9

Fic. 12. Comparison of visibility analysis results for the 200 cm simplification threshold:

a) viewshed diagram generated with a 200 cm minimum point spacing, b) differences compared

to the reference (non-simplified) diagram shown as absolute visibility changes, c¢) significant
differences highlighted in red.
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An error level of 7.55 % (Table 2) relative to the reference chart is significant
and indicates severe deviations from the actual state. The missing elements on
the chart, marked in red, show which data areas were omitted or distorted.
This drastically reduces the quality of the presented results, rendering the chart
unreliable and unsuitable for analysis.

The absence of visible objects on this chart means that many essential pieces
of information are missing, which disqualifies it as an analytical tool. In the
context of any precise work, where accuracy and data completeness are critical,
such a chart fails to meet the basic requirements.

4. CONCLUSIONS

The conducted research demonstrated that the degree of point cloud sim-
plification, achieved by increasing the minimum distance between points, has
a direct and measurable impact on both the accuracy of viewshed diagrams and
the time required for their generation. The obtained results allow for identify-
ing clear thresholds of analytical usability. For small simplification parameters
(6 =20cm to 30 cm), differences compared to the reference diagram do not ex-
ceed 2.16 % to 2.66 %, while the number of points is reduced to approximately
27 % to 42 % of the original dataset and computation time decreases from about
9600 s to a range of 840 s to 3000 s. This range represents an optimal compromise
between accuracy and computational efficiency and can be recommended for re-
liable visibility analyses. Further increasing the simplification level (6 = 40 cm
to 50cm) leads to errors exceeding 3% and the emergence of noticeable spa-
tial clusters of differences, which limits the interpretability of results. In such
cases, diagrams may serve only as auxiliary or indicative tools. Simplifications of
d > 80 cm result in significant distortions (errors of 4.55 % to 7.55 %) and should
not be applied in analyses requiring high reliability. Future research should ex-
tend the analysis to other point cloud reduction methods, including adaptive
approaches that locally decrease point density in areas of lesser importance for
visibility while preserving detail in critical zones. Such solutions could enable
further reduction of computation time without substantial loss of result quality.
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Possibilities for Obtaining Terrain Models,
Orthophoto Maps, and Point Clouds
with the Use of a Multirotor UAV
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In this paper, a method for acquiring spatial data using unmanned aerial vehicles (UAVs)
is presented. In this work, the UAV is a hexacopter equipped with a high-end camera
capable of recording 4K video and capturing high-resolution photographs.

The first step in data acquisition involves conducting a flight over the analyzed object,
which can be either a land area or a construction site. During the flight, a series of
photographs or video footage is recorded. In a later stage, these recordings are processed
with the use of appropriate software. This processing consists of several steps. First, the
recorded photos are arranged according to their location of capture and then properly
stitched together. Based on this, a dense point cloud is created, from which it is possible
to build a mesh with an adjustable number of vertices. In addition, the polygons’ textures
are extracted from the photographs taken.

According to this approach, it is possible to obtain high-quality data for both terrain
and architectural objects. The resulting point cloud can serve as a starting point for
performing a variety of analyses or inventories, provide the basis for high-precision models
or supplement existing lower-density point clouds.

Keywords: landscape architecture, terrain modeling, orthophoto map, point cloud, mul-
tirotor.
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1. INTRODUCTION

In the era of geographic information systems (GIS), building information
models (BIMs), and computer integration of manufacturing (CIM), which are
used to carry out various spatial analyses, spatial planning, architectural and
urban design, or landscape architecture, adequate quality and quantity data
are required. Modern computers and workstations are capable of processing
large datasets, although specialized software rarely takes full advantage of these
capabilities.
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There are many research programs aimed at acquiring spatial data, which
has made it possible to create terrain models, represent land coverage, indi-
vidual objects, vegetation, or even individual trees. These data are obtained
using satellites, planes, drones, or terrestrial scanners. Thanks to the existence
of programs such as Copernicus [1] and Sentinel [2], which collect data by using
satellites, vast amounts of information have been accumulated that can be used,
e.g., to measure building subsidence in areas affected by mining activity. These
datasets are very accurate and can be updated continuously. However, the men-
tioned programs are carried out with considerable resources, and so far their
effects have not been used to the extent that would justify the investment. The
environment of landscape architects, professionals involved in spatial planning,
and urban planners should make full use of these data.

In the databases of geodesy and cartography centers, there are spatial data
available at different densities. These data concern both terrain models and
land coverage. For many data formats, such as systematic point grids, point
clouds are obtained using various remote sensing methods. Landscape files that
are interesting for landscape architects are LAS files containing point clouds
acquired using LIDAR [3]. Simply put, these files contain sets of points spec-
ified by z, y, and z coordinates, along with color information in the additive
red, green, and blue (RGB) model [4]. In addition, the points in these files
are classified into four layers: ground, building, water, and high vegetation. As
part of the Informatyczny System Oslony Kraju (ISOK — National Protection
Information System) project [5], a surface scan of Poland was carried out, re-
sulting in a point cloud in two density standards covering 93 % of the country’s
area. These data, however, age and become outdated. Relatively often, there
is a need to supplement them. In such cases, spatial scanning technology can be
useful, especially when using a multirotor UAV equipped with a high-precision
camera.

2. TECHNOLOGY

Filling in gaps or updating spatial data should be performed with the use
of native formats that are appropriate for the given environment. Point clouds
should be supplemented with sets of points included in this structure. Therefore,
it is necessary to obtain such a set by scanning limited areas or specific objects.
Each point should have coordinates in the correct layout and standard color
information. This type of structure can be obtained using photogrammetric
technology. In this technology, while eye-level photographs can be used, more
complete information is obtained through the use of drones. To capture precise
images from specific points in space, multirotors are used, as they can hover
anywhere in the air and fly at very low speeds.
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In this research, a hexacopter equipped with a Lumix GH-4 mirrorless camera
is used. This camera is mounted on a 3-axis brushless gimbal (a stabilizer that en-
ables the camera to rotate independently of the carrier’s movements; in this case,
the carrier is the multirotor), which ensures perfect stabilization of the recorded
image. The camera can record photos up to 4608 x 3456 pixels and videos in
4096 x 2160 pixels (4K standard) at 25 fps. The hexacopter and gimbal are con-
trolled separately using radio equipment. Although this separation of the aircraft
operator and camera operator functions allows for greater precision in flight and
camera control, it involves the need for two operators to control it. According
to Polish law, flights performed with UAVs for purposes other than recreational
require operators to have a qualification certificate issued by the Civil Aviation
Office. It is also necessary to review the airspace layout in the area of planned
flights. In some zones, it is necessary to obtain consent from the administra-
tor of the given space, e.g., in areas near airports, strategic industrial facilities,
or national parks.

Data acquisition consists of performing a flight over the object while simul-
taneously taking photographs. Attention should be paid to the aspects of proper
recording parameters — sensor sensitivity, white balance, focus point, aperture
value, and exposure time for each frame. The type of flight depends on the type
of object being surveyed. An architectural object should be registered from a low
altitude with the camera set horizontally or at a slight angle of inclination rela-
tive to the object. On the other hand, terrain should be recorded from a higher
altitude with the camera pointing vertically downward. The specific flight alti-
tude also depends on the type of airspace in which the flight is performed.

During the flight, a series of photographs is taken, which should be made in
such a way that neighboring shots contain a common fragment of the pho-
tographed object. This requires the multirotor to pause in places suitable for tak-
ing each picture. Another approach is to record the footage continuously through-
out the whole flight. The recorded sequence should be divided into individual
frames, as they are the starting point for further processing. Neighboring frames,
as in the case of a series of photographs, should contain a common fragment of
the analyzed object and also be correctly registered. This applies in particular
to avoid the blur effect, which often occurs during flights at excessive speed.
Thanks to the high-quality gimbal used on the multirotor, it is possible to min-
imize distortions of photographs caused by the unstable flight of the aircraft.
The stabilization of the gimbal, combined with the stabilization of the lens
in the camera, almost completely reduces vibrations associated with flight, even
under adverse weather conditions such as gusts of wind.

In this study, the second method is employed — the recording of video ma-
terial. The recorded video is then automatically divided into individual frames,
from which some of them are selected for further processing. Frame selection
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for further processing can be carried out by the operator, assisted by an initial
automatic selection of frames at regular intervals (e.g., every 25 frames, corre-
sponding to 1 second of video). The criteria for selecting frames are discussed
in the final part of this article.

3. MODEL GENERATION PROCEDURE

The Agisoft Metashape software was used to create the point cloud and 3D
model. The first step in the creation procedure is to import the previously pre-
pared frames. These frames are then analyzed to ensure that sufficient EXIF
(exchangeable image file format — a metadata standard used for storing in-
formation about image and sound files, including camera settings, date, time,
and location) data, such as the focal length of the camera, are available. When
this data is not available, the program assumes that the photo was taken using
an equivalent focal length of 50 mm. The imported photos must then be aligned.
During this phase, common points appearing in the analyzed pictures are iden-
tified, and the position and spatial orientation of the camera are determined
based on these matches. The result is a set of reconstructed positions of each
photograph taken and a sparse point cloud, usually containing tens or hundreds
of thousands of points (Fig. 1). Although this is a relatively small number of
points and limits its usability, the sparse cloud can be exported to external
programs and further processed at this stage.

Fic. 1. Example of a sparse point cloud (containing 130000 points) with visible designated
camera positions.

The next stage of the procedure is the construction of a dense point cloud
(Fig. 2). In this phase, the software calculates depth information based on the
information obtained from the estimated shooting position. It is possible to
generate a very dense cloud containing tens of millions of points. Such a cloud
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Fic. 2. Example of a dense point cloud containing over 53 million points.

may already form a basis for further editing or analysis. It is also possible to
classify the points in the generated cloud, e.g., based on color information.

Both dense and sparse point clouds can become starting points for creating
a 3D mesh. The number of polygons in this mesh can be defined automatically
as a fraction of the number of points in the cloud or can be arbitrarily deter-
mined by the user. Thanks to properly calibrated photographs, it is possible to
capture the geometric structure of the model but also the color information of
individual polygons, which can be saved in the form of texture.

4. CASE STUDIES

During the research, attempts were made to obtain data for three different
facilities — an open area, a built-up area, and a detached building. Each of these
cases required an individually tailored approach to data acquisition.

4.1. Case 1 — open area

As an example of an unbuilt area, a fragment of the open area near Skotnicka
Street in Krakéw was chosen. This area is a small hill covered with grass on the
ridge and bushes and trees on the slopes. For this case, the acquisition of data
involved flights at an altitude of 100 m above ground level (AGL) — the maximum
available height in the given area. The camera of the UAV was directed vertically
downward, and three flights were conducted along parallel strips of space, several
meters apart (Fig. 3).
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This method of acquisition allowed the registration of both the terrain de-

tails and its coverage (Fig. 4). The accuracy of vegetation registration, however,
depends on the way it is spatially arranged. Shrubs growing close to each other,
forming coppices, were recorded correctly, while vegetation elements growing as
individual objects often contained blank spaces. This limitation is associated
with the acquisition method used.

F1G. 4. Fragment of a dense point cloud of the open area (about 5 million points).
The illustration clearly shows blank spaces.

If it is necessary to fill these blank spaces, it is essential to accurately photo-

graph the given object, especially from the side where the gaps occur (Fig. 5).

Fi1c. 5. Filling in the gaps of a single object.
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Based on stitched photos, it is also possible to obtain a highly detailed or-
thophoto map. If the map is georeferenced, it can be used as a GIS layer (Fig. 6).

Fic. 6. Fragment of an orthophoto map generated from stitched photos.

4.2. Case 2 — built-up area

As a case study, the built-up area of the University of Agriculture in Krakéw
was selected. The campus is located a short distance north of Krakdéw’s city cen-
ter and comprises research and teaching facilities, student dormitories, a sports
hall, and specialized infrastructure such as a greenhouse and crop plots. The
architectural ensemble dates to the second half of the 20th century and reflects
a modernist style, characterized by simple geometric forms and minimal deco-
rative elements. Data acquisition using a multirotor in built-up areas requires
detailed knowledge of the specific characteristics of the area being analyzed.
First of all, as already mentioned, legal restrictions regarding flights in the given
airspace must be taken into account. It is also necessary to analyze the distribu-
tion of all types of terrain and construction obstacles, such as trees, tall buildings,
overhead transmission lines, chimneys, or construction cranes. Data acquisition
in the analyzed case involved flights at an altitude of about 50 m AGL, which
was determined by weather conditions prevailing at the time. The camera was
directed vertically downward, similar to the data acquisition procedure in the
open area. Video recording took place along parallel strips of space.
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The obtained point cloud was characterized by great detail of all elements
of the terrain, clearly visible directly from above, such as roofs, the ground or
parked cars. However, the surfaces of building walls were reproduced very poorly
or not captured at all (Fig. 7). Again, this limitation is related to the chosen
acquisition method. Supplementing data for building walls would require a dif-
ferent approach, described in the next section. Certain inaccuracies were also
observed for objects largely covered with transparent material, such as green-
houses.

F1G. 7. Fragment of a dense point cloud of the built-up area (about 23 million points).

4.3. Case 3 — detached building

The Houston teaching and administration building, located on Warszawska
Street and forming part of Cracow University of Technology (CUT), was se-
lected as the representative detached structure. It accommodates the dean’s
offices, laboratories, and lecture halls, making it a significant component of the
CUT campus. Obtaining data on the whole structure of a single architectural
object requires a slightly different approach than those presented in the pre-
vious two cases. Although a flight directly above the object with the camera
pointing downward is necessary to record the details of the roof of the object, it
is more important to collect information about the building’s walls. In addition
to the hazards described in the previous cases, another important element to
be taken into account during the flight is the proximity of surrounding build-
ings. Their location can significantly hinder or even prevent proper data acquisi-
tion. The construction of the multirotor and its control system necessitates the
use of a camera with a fixed focal length. The only way to change the cropping,
in this case, is to change the position of the camera, and thus reposition the
multirotor itself. Consequently, the registration method required flying around
the analyzed object with the camera directed towards its walls. Correct regis-
tration of the roof edge requires framing that simultaneously captures both the
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roof and the part of the wall beneath it. This forces a diagonal orientation of
the camera relative to the object (Fig. 8).
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Fic. 8. Data acquisition of an architectural object.

In the case of an architectural object, one of the main requirements is to
obtain the highest possible level of detail in reproduction. The problem, in this
case, is the presence of relatively small elements (in relation to the whole build-
ing size) protruding from the main structure, such as antennas, chimneys, or
air-conditioning installations. While the overall shape of the building was repro-
duced satisfactorily, the above-mentioned details were not captured consistently
in all cases (Fig. 9).

F1G. 9. Fragment of a dense point cloud of an architectural object (about 7 million points).

From each point cloud, a polygon mesh can be obtained as well. This mesh
may be based on either a sparse or a dense cloud, and the number of polygons
it consists of can be determined arbitrarily (Fig. 10).

Transforming a point cloud into a polygon mesh reveals further issues that
are not always clearly visible. While during point cloud inspection, most surfaces
appear to be uniform, the polygon mesh model exposes significant surface irreg-
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Fic. 10. Polygon mesh generated based on a dense cloud with an arbitrarily defined number
of polygons.

ularities, located mainly in areas where transparent surfaces such as windows
are present (Fig. 11).
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F1G. 11. Problems observed when processing objects that contain transparent
and reflective surfaces.

5. SUPPLEMENTING POINT CLOUDS

The presented methods were used to supplement a point cloud containing
scanned data obtained as part of the ISOK project. As an example, a fragment
of the building of the Royal Palace in Lobzéw was selected. After the procedures
described in the previous paragraphs were carried out, a dense point cloud of
one of the facades was obtained, containing over 2 million points (Fig. 12).

The resulting cloud was then scaled using a reference section and aligned
through rotations with the existing point cloud containing data on the sur-
rounding areas. After completing this alignment, both clouds were merged and
can function as a single data structure (Fig. 13).
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F1G. 12. Dense point cloud of the facade of the Royal Palace in Lobzéw.

F1a. 13. Original (top) and supplemented (bottom) point cloud of the neighborhood
of the Royal Palace in f.obzéw.
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The supplemented point cloud is denser than the original dataset, which is
most evident in close-up views (Fig. 14).

F1G. 14. Close-up view of the point cloud of the neighborhood of the Royal Palace in Lobzéw.

6. DISCUSSION

This article presented a method for acquiring spatial data using UAVs. The
presented procedure shows the process of building a point cloud without using
ground control points or a predefined flight path. Using the presented methods,
it is possible to supplement point clouds acquired using remote sensing meth-
ods with detailed data for smaller areas. The workflow enables the creation of
both sparse and dense point clouds, polygon meshes with appropriate textures,
as well as orthophoto maps.

The methods presented in the paper are not devoid of imperfections. During
the processing of data obtained during the flight over the open area, there was
a certain amount of blank spaces associated with the chosen acquisition method.
These gaps required additional supplementation using another method, which
in turn necessitated an additional field visit, as such errors only become appar-
ent during data processing. In the case of architectural objects, errors related to
the structure itself were visible, including reduced accuracy in the registration of
small, angular elements, and problems in generating polygon meshes for trans-
parent and reflective surfaces.

The procedure for recording video and photographic material also matters.
Proper exposure of individual frames has a very large impact on the final qual-
ity of the generated point cloud. At present, research is underway to assess the
impact of initial processing of input images on the final quality of the generated
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models. In the presented work, video frames were chosen arbitrarily at inter-
vals of 25 frames (corresponding to 1 second of flight). It seems necessary to
develop a method for the automatic selection of appropriate frames in order
to generate point clouds of optimal quality. One potential indicator that could
be used for this purpose is the Tanimoto coefficient. Its application, along with
comparisons to other methods of non-systematic frame selection are described
in [6]. Such a procedure would also have to assess the suitability of specific
photographs in terms of both exposure and focus, based on objective measures.

In this study, the merging of two point clouds was performed manually.
In order to make the most of possibilities of supplementing existing datasets,
a procedure should be devised to allow an automated alignment and merging.
This would require having spatial coordinates for the newly created cloud, which
is not trivial when the cloud is created from video material.

Spatial data in the form of point clouds is updated as part of the ISOK
program and also through initiatives undertaken by local spatial management
authorities. However, these updates do not keep pace with rapid changes of ur-
ban space, particularly in big cities. In addition, the purpose of such projects
is usually to obtain data about the area for flood protection purposes. In the
case of projects with a limited spatial extent, e.g., a single building or an ur-
ban square, higher-density data may be very useful. The method described in
this article allows to supplement and harmonize the data available in geodetic
institutions, and supports their use in precise context-specific design.
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