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Abstract: This paper presents a methodology for assessing the technical condition of historic building facades,
using the Juliusz Osterwa Theatre in Lublin as a case study. The approach is based on the integration of terrestrial
laser scanning (TLS) data and close-range photogrammetry. The comprehensive dataset enabled the generation of
a dense, metrically reliable 3D model of the building envelope as well as fagade orthophotos. These products were
used to prepare a detailed graphical inventory of damage, including surface cracking, cracks and fractures, corrosion,
plaster losses, biological growth, and damp areas. The resulting damage maps allowed the identification of zones
of advanced degradation, the prioritisation of conservation interventions, and the indication of methodological
limitations and directions for further development, confirming the high utility of the proposed methodology in
modern integrated diagnostics of historic buildings in urban environments.
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1. Introduction

Assessing the technical condition of historic buildings facades located within dense inner-city development constitutes
one of the key challenges of contemporary conservation practice. The Juliusz Osterwa Theatre in Lublin represents an
example of a building with a complex form, richly developed architectural detail, and facades that have undergone
multiple phases of modernisation. Its location in the city centre, exposure to atmospheric factors and traffic-related
pollution, as well as the history of previous renovation works, means that the building requires precise and well-doc-
umented diagnostics as a basis for rational planning of further conservation interventions.

Traditional methods based on visual inspections and two-dimensional drawing and photographic documentation
prove insufficient, both in terms of the level of detail and the possibility of objective comparison of the state of pres-
ervation over time. In this context, the present study addresses the application of integrated photogrammetric and
terrestrial laser scanning (TLS) for the assessment of the technical condition of the theatre facades. The comprehen-
sive dataset enabled the acquisition of a dense, metrically reliable point cloud and a 3D mesh model of the building,
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in which the high geometric accuracy of TLS was combined with high-resolution textures obtained from terrestrial
and UAV photogrammetry. On this basis, facade orthophotos at a constant scale were generated and used for a de-
tailed graphical inventory of defined damage categories, including networks of surface cracking, cracks and fractures,
zones of chemical corrosion of steel elements, plaster losses with exposure of the structural substrate, as well as bio-
logical growth and damp areas. The resulting damage maps made it possible not only to identify zones of advanced
degradation but also to interpret the mechanisms of deterioration spatially, in relation to the building geometry, the
arrangement of openings, corners, and architectural detail.

The rationale for undertaking this research lies in the need to introduce diagnostic procedures into conservation
practice that combine the inventory-related advantages of modern measurement techniques with the possibility of a
formalised, multi-criteria assessment of the technical condition of fagcades. The presented hybrid methodology, ver-
ified on the example of a representative historic building, demonstrates that the integration of TLS and photogram-
metry enables a transition from descriptive and drawing-based documentation to digital 3D models. These models
can be used as bases for damage annotation, prioritisation of renovation needs, monitoring of degradation processes,
and, in the longer term, integration with BIM/HBIM environments. At the same time, the analysis of limitations and
sources of inaccuracy—such as urban constraints, radiometric properties of surfaces, and the partly subjective nature
of interpretation—indicates directions for further research focused on the automation of selected forms of damage
detection and the standardisation of documentation procedures. Consequently, the subject addressed in this study is
of both scientific and practical relevance, responding to the growing demand for tools supporting the rational man-
agement of architectural heritage.

2. Object of the research

The object of the research presented in this paper is the Juliusz Osterwa Theatre. It is located in the city centre of Lu-
blin, at the intersection of Gabriela Narutowicza, Peowiakéw, and Kapucynska streets (Fig. 1).

Figure 1. Location of the building on the map of Lublin. Source: System informacji przestrzennej [2] (accessed 2025 Nov)
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Constructed between 1884 and 1886 according to the winning competition design by architect Karol Koztowski, the
building represents an eclectic architectural style (Fig. 2). From the beginning of its existence, the structure has served
a theatrical function, except for the period of the First World War, when it was temporarily converted into a military
hospital.

Frolemt Teatra w LABULLE worled M8y pléreresny nagrody,

Figure 2. Winning competition design of the The- Figure 3. Current view of the front facade. Source: Authors
atre — front facade. Source: [5] (accessed 2025 Nov)

The building mass (Fig. 3) consists of three interconnected parts shaped in accordance with the course of the sur-
rounding streets, with later extensions located on the northern side. The building is partially below ground and cov-
ered with gable roofs. The individual segments share the same overall height but differ in the number of storeys (2,
4, or 5), reflecting their varied functional uses.

The two-storey, five-axis front facade features lateral pseudo-risalits and rich classical detailing, with central arcad-
ed portals and elaborately designed windows and portefenétres on the upper floor. The fagade is crowned by a cornice
with modillions, a frieze bearing the date “1886,” and attics adorned with aediculae and vases. The interior retains a
representative entrance hall as well as a richly ornamented stucco decoration of the auditorium, balconies, and boxes.

The building is listed in the register of historic monuments under No. A/263, dated 10 March 1967 [1]. The struc-
ture has undergone several renovation campaigns, with the most recent works related to the external walls carried
out in 2003 [4].

3. Methodology

The primary objective of the data acquisition was to obtain a model of the external fagades of the Juliusz Osterwa
Theatre in Lublin that is as complete as possible and metrically reliable, enabling a detailed analysis of damage and
the formulation of an assessment of the building’s technical condition. An integrated approach combining close-range
photogrammetry and terrestrial laser scanning (TLS) was applied. Both techniques were used in parallel, adopting a
common reference system based on a network of control points in the form of self-adhesive markers placed on the
facades. These points were simultaneously visible in the photogrammetric images and in the TLS point clouds, which
enabled precise integration of the datasets and reduced registration errors.

3.1. Photogrammetry

Close-range photogrammetry is currently one of the most commonly used methods for acquiring spatial data in the
form of 3D models, based on standard digital photographs. The fundamental principle of photogrammetry is the pre-
cise reconstruction of an object's geometry from a set of images. A properly prepared photographic dataset should
include information on the internal camera parameters, such as sensor resolution, lens focal length, lens distortions,
and additional metadata, including the approximate location where each photograph was taken. These data form the
basis for subsequent camera model calibration and optical distortion correction.
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Equally important is the method of photographic data acquisition. In order for reconstruction algorithms to cor-
rectly reproduce the object’'s geometry, the images must exhibit appropriate coverage geometry, meaning that indi-
vidual frames should overlap by approximately 30-70%. Images acquired from varied directions and heights signifi-
cantly increase the number of detectable feature points that can be used to match successive photographs, thereby
enabling an effective spatial reconstruction.

As part of the photogrammetric survey, a comprehensive photographic documentation was carried out, covering
all accessible facades of the theatre, both from ground level and from above using a UAV. The images were record-
ed with a high-resolution digital camera equipped with a fixed-focal-length lens to reduce geometric distortions, as
well as a UAV with GPS positioning. In total, approximately 5,000 photographs were acquired (Fig. 4), including both
general views and close-up images of architectural details.

After acquisition and optional preliminary processing of the images, such as contrast enhancement or noise re-
duction, the dataset was analysed using specialised photogrammetric software. In this case, RealityCapture software
was employed. The first processing stage involved the detection and description of feature points (e.g. using SIFT,
SURF, or ORB) for each image. For every photograph, a database of descriptors was created, enabling the subsequent
identification of corresponding points across different images.

Subsequently, the software matched common features between pairs of images. This process is computationally
intensive, as the number of comparisons increases with the size of the photographic dataset. To reduce processing
time, the algorithms may utilise additional metadata, such as the image acquisition date or the GPS coordinates of the
camera. This allows the set of potential image pairs to be narrowed, significantly accelerating the analysis.

Figure 4. Photogrammetric point cloud with camera positions. Source: Authors

After establishing the mutual relationships between the detected feature points, the software determined the external
orientation of the images, corrected optical distortions, and reconstructed the initial geometric structure of the object.
A prerequisite for computing the spatial position of a point is its registration on at least two images. The result of this
stage is a sparse point cloud containing a set of 3D coordinates along with radiometric information.

The next stage involved the generation of a dense point cloud using Multi-View Stereo (MVS) methods, which
significantly increase data density and improve the level of detail of the reconstructed object. Based on this dataset,
a triangular mesh was created through point triangulation. The final step consisted of texturing the model by map-
ping colour information from the original images onto the mesh surface, resulting in a realistic representation of the
historic building.
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3.2. Terrestrial Laser Scanning (TLS)

Terrestrial laser scanning (TLS) is one of the most advanced methods of active spatial data acquisition and is currently
regarded as the most accurate implementation of LiDAR technology in engineering and conservation applications.
This technique employs a high-precision laser rangefinder that records the spatial position of points based on distance
measurements and the emission angles of the laser beam.

In TLS instruments, the distance L is measured using either the time-of-flight principle or the phase-shift measure-
ment method. A movable mirror or scanning head directs the laser beam in a controlled manner, performing scanning
in both vertical and horizontal planes. For each recorded reflected signal, the instrument determines a set of meas-
urement parameters, including the distance L, the directional angles aand f3, the return intensity, or other radiometric
parameters. Based on the known geometric parameters of the beam and the measured distance, the scanner computes
the spatial coordinates of point P in the instrument coordinate system (Fig. 5). In subsequent processing, the data are
registered and georeferenced, allowing their transformation into a global or project-specific local coordinate system.

Figure 5. Principle of operation of the laser scanner. Figure 6. Photograph from the laser scanning process
Source: Authors on the site. Source: Authors

Modern stationary laser scanners (Fig. 6) integrate additional sensors, including an inertial measurement unit (IMU), a
magnetic compass, a GNSS receiver, and RGB cameras or panoramic camera systems, which enables automatic syn-
chronisation and colourisation of the point cloud. Acquisition rates reaching several million points per second, com-
bined with variable angular resolution, allow the collection of extremely high-density data, often exceeding several
hundred points per square metre. Measurement accuracy on the order of 2-6 mm, and in high-precision instruments
even below 2 mm, makes this technology particularly suitable for applications requiring a high level of geometric de-
tail, such as structural diagnostics, architectural surveying, conservation documentation, and deformation monitoring.

Table 1. Parameters of the laser scanner used. Source: manufacturer’s datasheet

Parameter Value
Measurement range 0.6-70 m for surfaces with high reflectivity (approx. 90%, e.g. white target)

distance error approx. £1 mm (under typical conditions, after

Distance accurac . . o
y warm-up, according to FocusS series specifications)

Scanning speed Up to 976,000 points/s
Field of view approx. 300° vertical, 360° horizontal (full rotation)
Angular accuracy approx. 19" (arcsec) in both vertical and horizontal directions
Camera / images integrated colour camera up to approx. 165 Mpix (HDR 2x/3x/5x)
Laser class Class 1, wavelength ~1550 nm (eye-safe under normal operation)

Additional sensors built-in GPS/compass, height sensor, dual-axis compensator, accuracy approx. 0.019°
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A key stage in the processing of TLS data is multi-station registration, which is performed using reference targets
(spheres, coded targets) or point cloud matching methods, in particular the Iterative Closest Point (ICP) algorithm.

Figure 8. Photograph of a control
Figure 7. Layout of laser scanner stations. Source: Authors point. Source: Authors

The scanner stations (Fig. 7) were linked using a network of reference targets and adhesive markers placed on stable
facade elements, such as corners, sections of window surrounds, and cornice segments (Fig. 8). These points were used
both for multi-station registration and for subsequent integration with the photogrammetric model. The registration
process was carried out in software dedicated to the operation of the instrument, resulting in a single, unified point
cloud representing the entire building.

In the next stage, the point cloud was subjected to filtering and preliminary cleaning. Points corresponding to
moving objects (vehicles, pedestrians) were primarily removed, as well as measurement noise such as isolated reflections
from glass surfaces or strong reflections from metal elements. The cleaned point cloud was then reduced to a density
level that preserved essential geometric details while ensuring an acceptable file size and efficient further processing.

The TLS model prepared in this way served as the reference geometry in the process of integration with the
photogrammetric model. A unified coordinate system and a common network of control points enabled direct com-
parison, merging, and joint use of the datasets in subsequent analyses, including the generation of raster base maps
for damage inventory.

3.3. Limitations

The applied hybrid approach significantly reduced the typical shortcomings of individual measurement techniques;
however, it does not eliminate all sources of inaccuracy. In the case of terrestrial laser scanning, the main limiting fac-
tors included occlusions resulting from dense inner-city development, street traffic, and the presence of temporary
elements such as advertisements and parked vehicles. The upper parts of the facades, as well as elements located
above the rooflines of neighbouring buildings, required a compromise between scanning density and acquisition time,
which could locally reduce point density. Data quality was additionally affected by laser beam reflections on highly
reflective surfaces, particularly glazing, which necessitated subsequent filtering during data processing.

In photogrammetry, the primary limitation was related to the radiometric properties of the documented sur-
faces. Uniformly coloured, smooth plaster areas and extensive surfaces painted in a single colour generated a limited
number of distinctive features, which hindered stable image matching and geometric reconstruction. Strongly shaded
areas and highly glossy surfaces, where light reflections occurred, also proved problematic. In such zones, the photo-
grammetric model exhibited lower levels of detail or local data gaps.

Despite these limitations, the combined TLS and photogrammetric dataset ensured continuous coverage of all
facades and a resolution sufficient for detailed mapping of surface damage. The hybrid methodology thus enabled
both a reliable reconstruction of the building geometry and the preparation of high-quality graphical base materials,
which form the basis for the analyses presented in the subsequent sections of this paper.
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4. Results

The outcome of the conducted work was the development of an integrated three-dimensional model of the external
facades of the Juliusz Osterwa Theatre in Lublin, based on the combined use of photogrammetric and TLS data. The
integration of both techniques enabled the creation of a continuous geometric representation of the building in the
form of a dense point cloud and a mesh model with high-quality textures, allowing for detailed identification and
mapping of surface damage to plaster layers and architectural details.

4.1. Geometric Model and Processing Parameters

The integrated point cloud covering all accessible facades was characterised by high spatial density, enabling a clear
representation of both the main architectural divisions and fine-detail elements. Based on this dataset, a continuous
mesh model of the building was generated, with a surface composed of approximately 380 million triangular elements.
Such a high level of detail allowed for a reliable representation of the complex building geometry as well as local ir-
regularities resulting from deformations and previous repair works.

Model texturing was carried out using the complete set of photogrammetric images. This resulted in a realistic
reproduction of surface colour and texture, enabling visual identification of discolouration, streaking, soiling, and other
traces of material degradation. The quality of the textures proved sufficient for their further use as base materials in
manual and semi-automatic damage mapping at the scale of architectural detail. Below, two example facade models
are presented: the front facade (Fig. 9) and a side facade (Fig. 10).

Figure 9. Point cloud of the front
(south-eastern) facade. Source:
Authors

Figure 10. Point cloud of the
southern facade. Source: Authors

4.2. Facade Orthophotos and Analytical Base Materials

Based on the 3D model, orthophoto representations of the individual facades were generated (Figs. 11 and 12), form-
ing a set of two-dimensional base materials in orthogonal projections. Each base covered the full height of the fagade
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while maintaining metric accuracy and a constant scale, which enabled direct geometric analysis as well as the graph-
ical inventory of damage.

Figure 11. Orthophoto of the
southern facade. Source: Authors

Figure 12. Orthophoto of the
south-eastern facade. Source:
Authors

4.3. Graphical Inventory of Facade Damage

A detailed graphical inventory of damage was carried out on the orthophotos of the individual fagcades (Figs. 13 and
14). For the purposes of the study, a set of damage categories corresponding to the applied cartographic legend was
defined, including:

B surface cracking;

cracks and fractures;

corrosion of elements;

plaster losses / exposure of the structural substrate;

biological corrosion / damp areas.

Each category was marked on the inventory drawings using a distinct graphical symbol, which enabled both qualita-
tive and quantitative analysis of the spatial distribution of damage. The mapping results revealed a clear differentia-
tion in the state of preservation between the individual fagades. The highest concentration of damage was recorded:

B in the plinth zone, where dampness and associated biological corrosion as well as plaster losses predominated;

B in areas of architectural detail (cornices, window surrounds, attics), which are particularly exposed to rainfall and
temperature fluctuations and where numerous instances of surface cracking, cracks, and corrosion of metal el-
ements were observed;
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B in corner zones and around openings, where oblique and vertical cracks and fractures accumulated, potentially
related to structural behaviour or previous repair interventions.

Figure 13. Graphical inven-
tory of damage on the front
(south-eastern) facade. Source:
Authors

Figure 14. Graphical inventory
of damage on the southern
facade. Source: Authors

A comparison of the results obtained for the two fagcades analysed in detail showed that the facade more exposed
to direct atmospheric influences and traffic-related pollution is characterised by more advanced degradation of the
plaster layer, a higher proportion of plaster losses, and more intensive biological corrosion. In contrast, the less ex-
posed facades exhibit a lower degree of damage while retaining a relatively better condition of the architectural detail.

4.4. Summary of Results

The conducted study demonstrated that an integrated 3D model based on the combination of TLS and photogram-
metric data enables both a highly detailed representation of facade geometry and the preparation of high-quality
raster base materials for damage inventory. The developed orthophotos and cartographic drawings allowed for the
unambiguous identification of the main forms of degradation and the determination of zones of their concentration,
providing a basis for further assessment of the building’s technical condition and for planning conservation measures.
The applied approach confirmed the usefulness of photogrammetric methods and laser scanning as tools supporting
decision-making processes related to the maintenance and protection of historic facades.

5. Discussion

The presented results allow an assessment of the quality of the obtained 3D model and the developed damage maps,
but also for a broader reflection on the usefulness of the applied hybrid method in conservation practice. In this sec-
tion, the research outcomes are compared with experiences reported in the literature and with traditional approach-
es, highlighting both the strengths of combining photogrammetry and laser scanning as well as its limitations and
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potential sources of uncertainty. The discussion also addresses the implications of the obtained results for the plan-
ning of interventions on historic facades and outlines possible directions for further development of the methodology.

5.1. Assessment of the Applicability of the Photogrammetry-TLS Hybrid Method

The applied hybrid approach confirmed the high suitability of combining photogrammetry and terrestrial laser scan-
ning for the diagnostics of fagades of a historic building with complex geometry. TLS provided a reliable geomet-
ric representation of the theatre’'s massing, including elements that are difficult to access and located at significant
heights. Photogrammetry, owing to dense image coverage and high radiometric resolution, enabled the acquisition
of textures of a quality sufficient for the unambiguous identification of fine forms of degradation.

The key outcome of integrating both techniques was the creation of a coherent 3D model in which compre-
hensive geometric information was linked with high-quality surface imagery. This made it possible to move from a
purely documentary stage to an analytical stage, encompassing detailed damage inventory and spatial interpretation.
In conservation practice, this represents a significant added value compared to the use of individual methods, as it
allows simultaneous interpretation of information related to the form, scale, and contextual occurrence of damage.

5.2. Reference to Traditional Approaches and the Literature

Compared to classical methods of facade condition assessment based on on-site visual inspections and two-dimen-
sional photographic and drawing documentation, the presented approach allows for a significant increase in the level
of detail and objectivity of the results. The 3D model and facade orthophotos eliminate the problem of perspective
distortions and enable damage analysis at a constant scale, regardless of the observation distance. In addition, the
possibility of revisiting the same parts of the model at any time allows for verification of conclusions and comparison
of different interpretations.

The literature on heritage documentation indicates that photogrammetry and TLS are increasingly being applied
as tools supporting conservation works. The presented case study fits within this research trend, extending it through
the consistent use of geometric and radiometric data to create a systematic, multi-criteria damage map. In contrast
to many studies focused solely on the inventory aspect, this work emphasises the integration of documentation with
technical condition assessment and the identification of zones critical to the safety and durability of the building.

5.3. Method Limitations and Sources of Uncertainty

The analysis of the results also indicates a number of limitations that must be taken into account when interpreting
the model and the developed damage maps. In the case of TLS, the most significant issues are occlusions resulting
from urban constraints, such as narrow streets, adjacent buildings, and temporary infrastructure, which limit the pos-
sibilities for flexible scanner placement. This leads to local data gaps and necessitates a reduction in scanning density
in order to maintain a reasonable acquisition time. Additional sources of inaccuracy include optical effects associated
with laser beam reflections from glass and highly reflective surfaces.

In photogrammetry, the main challenge remains extensive, uniformly coloured plaster surfaces, which gener-
ate a limited number of distinctive features and hinder the automatic image matching process. When combined with
shaded areas and zones with strong reflections, this results in a local reduction in texture quality or the occurrence of
areas with limited radiometric reliability.

A further important source of uncertainty is the manual stage of damage mapping. Although the use of ortho-
photos at a constant scale minimises dimensional errors, the interpretation of the type and extent of damage remains
to some degree subjective and dependent on the experience of the operator. In the future, it appears justified to de-
velop procedures for automatic or semi-automatic classification of selected forms of degradation, while maintaining
expert control over the final interpretation.

5.4. Implications for Conservation Practice and Heritage Management

Despite the identified limitations, the obtained results demonstrate that a hybrid photogrammetric—laser scanning
model can serve as an effective tool supporting the planning and execution of interventions on historic facades. The
developed damage maps enable the prioritisation of conservation needs by indicating zones with the highest degree
of degradation and potentially the greatest risk to user safety.
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For building managers and designers of renovation works, the ability to link information on the type of damage
with its precise location and structural context is particularly important. The 3D model allows the analysis of crack
and fracture patterns in relation to the arrangement of openings, corners, changes in building geometry, or material
junctions, which facilitates the identification of mechanisms responsible for the observed degradation. Moreover, the
digital record of the fagade condition at a given point in time provides a reference for future measurement campaigns,
enabling monitoring of deterioration processes and assessment of the effectiveness of repair measures.

5.5. Perspectives for Further Research

Presented results indicate the need for further development of integrated methods for documentation and technical
condition analysis of historic buildings. In the authors’ opinion, the following directions appear justified in subsequent
stages of research:

B extending the analysis by linking identified damage with the results of material testing as well as moisture and
salt content measurements;

B developing procedures for automatic or semi-automatic detection of selected forms of degradation based on
texture and colour features of photogrammetric textures;

B integrating the resulting model with BIM/HBIM environments in order to link geometric and material informa-
tion with archival documentation, renovation design, and building maintenance plans;

B conducting comparative analyses for other buildings of different scales and structural characteristics, which would
allow for a better determination of the applicability range of the proposed method.

The application of the described procedure to the Juliusz Osterwa Theatre in Lublin demonstrates that modern meas-
urement techniques, when properly integrated and oriented towards conservation needs, can significantly improve
the quality and reliability of technical condition assessments of historic buildings, thereby supporting decision-making
processes related to their protection and use.

6. Conclusions

The aim of this study was to develop and verify a methodology for assessing the technical condition of the facades of
a historic building, using the Juliusz Osterwa Theatre in Lublin as a case study, based on integrated photogrammetric
data and terrestrial laser scanning. The conducted measurement campaign and subsequent processing resulted in a
detailed 3D model of the building and a set of facade orthophotos, which formed the basis for a graphical inventory
of damage.

The key conclusions drawn from the study can be summarised as follows:

1. The integration of TLS and photogrammetric data enabled the generation of a dense, metrically reliable point
cloud and a highly detailed mesh model, while maintaining very high texture quality. The integrated model pro-
vided continuous coverage of all accessible fagades and a reliable representation of both geometry and surface
variability.

2. The generated fagade orthophotos proved to be an effective tool for graphical inventory. The constant scale and
elimination of perspective distortions enabled precise damage mapping and unambiguous determination of the
extent and location of deterioration.

3. The defined system of damage categories allowed for the organisation and systematisation of the observed
forms of degradation. The developed damage maps revealed a clear concentration of adverse phenomena in
the plinth zone, in areas of architectural detail, and in corner zones and areas around openings.

4. The applied methodology provided information useful from the perspective of conservation practice. The abil-
ity to link the type of damage with its precise spatial location facilitates the prioritisation of renovation needs,
the identification of critical zones, and the planning of the scope and sequence of repair measures. The digital
3D model and accompanying materials can also be used as a reference for future inspections and comparative
measurement campaigns.
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5. The identified limitations of the method result mainly from urban constraints, the radiometric properties of the
documented surfaces, and, to some extent, the necessity of manual damage interpretation. These limitations do
not undermine the usefulness of the hybrid approach but indicate areas requiring further refinement.

In conclusion, the presented methodology combining photogrammetry and terrestrial laser scanning proved to be
an effective tool supporting the assessment of the technical condition of the facades of the Juliusz Osterwa Theatre.
The obtained results confirm that modern measurement techniques, when properly integrated and oriented towards
conservation needs, can significantly improve the accuracy and reliability of diagnostics and thus support rational
planning of conservation actions for historic buildings.
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