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Abstract

The 3D building reconstruction from point clouds
and images has significant applications in the field of
built environment. Previous studies have investigated
the methods of the indoor environment
reconstruction and other studies explored the
building fagade reconstruction. However, limited
studies have been conducted on aligningindoor and
outdoor elements from point cloud data, which is
critical for the building energy analysis and
retrofitting plan during the operation stage. This
research aims to develop a method that can
automatically align the indoor building and facade
elements from point cloud data. The results can
enable the integration of buildings through the
identified openings on both indoor and fagade. The
proposed method is validated on a real case and the
experiment results show the effectiveness of the
method. This research contributes to 3D
reconstruction of the buildings with more details for
automating building energy analysis and retrofitting
design.
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1 Introduction

Building reconstruction from point clouds and images
has significant applications in the field of built
environment, such as facility management, building
performance analysis, and retrofitting design [1, 2].
Previous studies have investigated the methods of the
indoor environment reconstruction and other studies
explored the building facade reconstruction. For example,
[3] proposed methods to reconstruct the indoor structural
elements and generate geometric digital twin models. [4]
presented method for the extraction of facade features
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from point cloud data. These methods are mainly focused
on either indoor or fagade data. Limited studies have been
conducted to link the indoor and fagade and integrate the
building point cloud data as a whole.

3D laser scanning has been leveraged to capture the
accurate as-is conditions of buildings, providing high-
resolution spatial data that supports advanced modeling
[5]. The BIM model can be then generated with
processed point cloud clusters, which is known as the
scan-to-BIM process [6]. Many studies have explored in
this field to quickly and automatically generate BIM
models from the point cloud data. For example, [7]
presents the mobile laser scanning in reconstructing the
indoor building environment and conduct semantic point
cloud segmentation to reconstruct the buildings.

Despite advances in point cloud and image processing,
as well as BIM-based workflows, detailed geometrical
representations of indoor buildings often lackconnecting
the indoor environment with building envelope
enrichment. The integration of geometrical and spatial
relationships between indoor spaces and fagades into
digital twin models remains a significant challenge.
Achieving such integration is crucial for developing a
more holistic understanding of buildings, enabling
applications such as automated building energy analysis
and retrofitting design. This research addresses this gap
by proposing a novel method to align indoor building and
facade elements from point cloud data, thereby
contributing to more detailed and interconnected 3D
building reconstructions.

2 Background

Previous studies have developed automatic methods
for reconstructing indoor environments, primarily
focusing on structural elements. For example, [3]
proposed a method for creating geometric digital twins of
buildings using a void-growing approach, which
effectively identifies walls, ceilings, windows, floors,
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and doors. Similarly, [8] reconstructed indoor
environments from point clouds collected by mobile laser
scanners. Structural elements such as doors, windows,
walls, floors, and ceilings were extracted based on
geometric and semantic features. Furthermore, [9]
presented an automatic approach for segmenting indoor
point clouds and performing parametric reconstruction of
structural elements, such as walls and floors. In summary,
the segmentation of indoor point clouds has been
extensively explored, with numerous algorithms and
approaches proposed for identifying structural elements.

Other studies have investigated building facade
reconstruction from point cloud data. For example, [4]
identified openings in facades made of reflective
materials and estimated their geometric properties and
locations. [10] introduced a large-scale 3D point cloud
dataset of building facades for semantic segmentation,
enabling the identification of fagade features.
Additionally, [11] developed a method for generating
building fagade geometry from point clouds and
implemented an automatic approach for building energy
performance simulation. In summary, previous research
has explored the extraction of building fagcades from
point cloud data, with a focus on identifying facade
openings.

The 3D reconstruction of the physical environment
into a digital format enables multiple use cases, such as
VR-based room tour, distant visualization of tourist spots
and conservation of dilapidated cultural heritage sites.
However, several challenges are faced when aligning
outdoor and indoor point cloud data (PCD). Firstly, it is
difficult to find common overlapping between indoor and
outdoor environments since they are often disconnected
[12-14]. Another challenge is the significant lighting
variations when transitioning between outdoor and
indoor environments [15, 16]. Traditionally, geometric
models are constructed by laser scanning and
photogrammetry. For example, Scianna and La Guardia
[17] re-created the 3D model of the Manfredonic Castle
of Mussomeli in Sicily leveraging the photos collected
from drones. Despite the generation of the castle in 3D
format, it focused solely on the external layout of the
castle and had not yet connected to the internal castle
features due to complexities and technical barriers.
Kaminsky, Snavely [18] presented a preliminary
algorithm that aligned indoor and outdoor structures
observed in satellite photos and floor plans. Geotags were
then assigned to the photos to match their locations.

After detecting common areas between indoor and
outdoor elements, rough estimations were computed to
match the scenes using an objective function. In order to
match the indoor and outdoor environments, Yang, Fang
[19] put forward a Semantic-Geometric Descriptor (SGD)
that utilized both semantic and spatial information
obtained from PCD. An indoor and outdoor alignment
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framework was presented after conducting empirical
experiments with their experimental PCD and public
PCD. It showcased the possibilities to align both indoor
and outdoor areas by some shared building features, such
as windows and doors which enhanced the accuracy and
speed. To tackle slow and error-prone manual generation
of as-built BIM models, Tang, Huber [20] reviewed the
state-of-the-art as-built BIM model generation methods
in recent years. Object recognition, parametric modelling
and relationship modelling are the most common
methodologies for as-built BIM automation. Although
significant works have been carried out to reconstruct the
indoor room layout inside BIM, there is still a gap to
integrate the indoor room layout into the outdoor
environment. Cohen, Schdnberger [15] exploited the
semantic information from detecting windows in various
scenes by a pre-trained classifier. Separate window
projections were computed altogether to enhance
consistency and the results were evaluated by a cost
function in their 3D reconstruction.

In conclusion, limited studies have been conducted on
aligning indoor and outdoor elements from the point
cloud data, which is critical for the building energy
analysis and retrofitting plan during the operation stage.
This research aims to develop a method that can
automatically align the indoor building and facade
elements from point cloud data.

3  Methodology

This research proposes an automatic openings
detection and align the indoor and outdoor together from
point cloud data. This alignment is based on the openings
(e.g., windows and doors) between outdoor and indoor
point clouds.

3.1  Wall Segmentation

The input of the proposed method consists of facade
point cloud data and the indoor point cloud data. The first
step is to identify the walls and separate the walls into
individual planes. The region growing and RANSAC
algorithms are adopted to segment the point cloud and
identify the walls [21]. Since there are typically more
walls in the indoor environment, the segmented facade
walls are used as a reference to select the corresponding
walls in the indoor environment PCD. The walls, after
filtering, are then used for further detection of openings.
This process is conducted for both the indoor and outdoor
data. After the processing, the input point cloud data are
processed to segmented walls with the openings.

3.2 Openings Detection

The second step is to detect the openings on the walls
for both indoor and outdoor point cloud data. Compared
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with the indoor environment, the openings on the facade
are more obvious than the openings in the indoor
environment [4]. This is because there is more furniture
in the indoor environment and can cause more occlusions
of the point cloud. This makes it more difficult to identify
openings in indoor environments.

Therefore, the proposed method starts by identifying
the openings from the facade point cloud data, after the
opening detection and the configuration of the openings
on the facade, the results will be used to assist the
refinement detection results of the openings detection in
the indoor environment. The underlying principle of the
opening detection is that openings appear as areas with
no or very sparse points. Therefore, this research uses
grid representation to detect the boundary of the openings.

To improve the accuracy of indoor environment data
processing, a key step is to identify the openings from
indoor and outdoor point cloud data. Since walls have a
certain thickness, their indoor and outdoor surfaces
represent two sides of the same structural element. The
matching of indoor and outdoor point cloud data is based
on their geometry features, such as the normal vector of
the wall, and the coordinate position [19].

3.3 Openings Alignment

The final step is to align the openings on the same
wall from indoor and outdoor point cloud data. Therefore,
the indoor and outdoor building elements can be
accurately matched. This aligned point cloud data can be
further used for the 3D building reconstruction. Figure 1
presents the pipeline of the alignment of the indoor
building and fagade elements from point cloud data.

Fagade PCD II Indoor PCD II
Segmented Segmented
indoor walls

facade walls

Geometry
features

Openings
detection

Refined openings
detection

Aligned building J—J
elements

Figure 1. Pipeline of the proposed method
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4 Experiments and Results

4.1 Case Background

The data used in this research is the point cloud data
of the house building in the European. The materials used
to build the building constructed in 1980 are concrete for
the structure and bricks for the facades combined with
windows in aluminum. The retrofitting proposed for the
building is aimed to provide renewable energy to cover
all the energy requirements from a single family, to
reduce the energy demand acting in the insulation of the
envelope and improving the air quality/heating/cooling
by including a new heating/cooling/ ventilation system in
the facade. Improved air quality and comfort in the
different spaces will be the main objectives of the
proposed. The project will retrofit completely the
envelope of the building. Apart from this, a new
ventilation/heating/cooling system will be integrated in
the fagcade and connected to the heat pumps with the
possibility to heat/cool the building depending on the
requirements. The first floor of the case is used for the
experiments to validate the effectiveness of the proposed
method.

The point cloud data is collected by using the Leica
BLK360 imaging scanner [22]. The registration of point
clouds collected from multiple stations was done with the
Leica Cyclone REGISTER 360 PLUS [23].

4.2  Indoor Wall Segmentation

After the region growing and RANSAC algorithms,
the walls in the indoor environment PCD and fagade PCD
are segmented into individual and separate point clusters,
which represent the walls of the building. The results of
the segmented walls for the two PCD datasets are
presented in the Figure 2. Figure 2a presents the original
point cloud data of the ground floor. Figure 2b shows the
segmentation results of the fagade walls while Figure 2c
shows the results of the indoor walls after segmentation.
For the indoor environment PCD, there are more walls
than the facade datasets. After the filtering process, the
filtered walls that are connected to the fagade are
presented in Figure 2d.
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point cloud data

(d) Filtered indoor walls

Figure 2. Segmented walls. (a). Original point
cloud data, (b). Segmented facade walls, (c)
segmented indoor walls, (d) Filtered indoor walls.

The results of the point cloud segmentation show that
the indoor segmentation resulted in more walls as it has
more rooms inside while the facade was an envelope of
the building point cloud. By comparing the normal
vectors of the wall clusters using RANSAC [24], the
walls with similar normal vectors will be grouped as the
same wall and will be remained. Therefore, the rest walls
were filtered and removed. Only the walls that can match
with the fagade point cloud were further processed for the
opening detection.

4.3 Facade Openings Detection

After the wall identification, the openings of the
facade are detected using the opening detection method.
The results of the opening detection of the facade are
given in figure 3. Figure 3a presents the point cloud data
for opening detection. Figure 3b shows the results of the
detected openings. Figure 3c presents the geometry and
the position of the openings. The results are obtained in
the rectangle format, which contain the four corner
coordinates of the openings. Therefore, the location and
the geometry information can be computed with the
rectangle information representing the openings.
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(a) Openings etection
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b) Coordinates of openings

(c) Detected openings
Figure 3. Facade openings detection

4.4  Indoor Openings Detection

Similarly, the openings on the indoor point cloud can
be obtained. The results of the opening detection of the
fagade are given in figure 4. Figure 4a presents the point
cloud data for opening detection. Figure 4b shows the
results of the detected openings. Figure 4c presents the
geometry and the position of the openings.

a) Openings detection

(c) Detected openings

Figure 4. Indoor openings detection

4.5  Aligned Building Elements

The last step is to align the results of the openings on
the indoor openings detection with the detection results
of facade point cloud. Figure 5 shows the alignment
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results of the openings on both point cloud. The detected
openings are aligned based on their coordinates of the
rectangles representing the openings. The red points
represent openings detected in the facade point cloud,
and white points correspond to openings identified in the
indoor point cloud. The alignment is performed based on
the similarity of detected openings, considering both the
least distance between corresponding openings and their
overall layout. By matching openings with minimal
spatial deviation and maintaining consistency in their
distribution, the method ensures accurate geometric
integration of indoor and fagade elements.

Figure 5. Aligned openings in indoor and facade
point clouds

4.6 Discussions

The detection results presented in Figures 3 and 4
highlight key issues that contribute to errors and reduced
accuracy. Notably, in Figure 4c, the largest rectangle
detected is not a window. This error is attributed to
occlusion in the point cloud, which occurred during data
collection in the indoor environment. Occlusion is a
common challenge in such settings, as furniture and other
building elements obstruct the view of certain features,
leading to incomplete or misinterpreted data
[25].Improved noise filtering techniques, such as
adaptive thresholding or advanced denoising algorithms,
can help retain useful points while minimizing the impact
of noise [26]. Additionally, data augmentation methods,
including multi-view point cloud merging and the
integration of photogrammetry with LiDAR, can enhance
the reconstruction of occluded areas [27].

Another significant issue arises from the reflection
points of glass in windows. These reflections create
ambiguities in the data and are almost unavoidable when
capturing point cloud data of windows. The reflective
surfaces interfere with accurate feature extraction and
increase detection errors. Machine learning-based
segmentation methods could be trained to differentiate
between real structural features and reflection artifacts in
windows [28].

In addition, the inherent noise within the point cloud
data further impacts detection accuracy. While
algorithms designed to filter out noise can enhance
overall data quality, they may inadvertently remove some
useful points. This, in turn, affects the detection of
openings and reduces the geometric accuracy of
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identified features. It is challenging to preserve essential
data while removing noise.

Addressing these issues requires enhanced data
preprocessing methods, improved algorithms for
handling occlusions in point cloud data, and techniques
to minimize the impact of reflective surfaces during data
acquisition [29]. Deep learning techniques, such as
convolutional neural networks and transformer-based
segmentation models, have shown promising results in
point cloud processing. Examples such as KPConv [30]
and Point Net [31] have been widely used for point cloud
segmentation and feature extraction.

The point cloud data used in this study were collected
using a terrestrial laser scanner, which provides higher
data quality and accuracy and is recommended for data
collection when applying this method. However, while
this study successfully demonstrates the feasibility of
detecting openings using point cloud data, the facade
surface area analyzed is relatively small and lacks
significant geometric variations. Since the proposed
method focuses on identifying the presence of openings
rather than reconstructing their precise shape, it has the
potential to be extended to a wider range of building
structures. To ensure its generalizability, further
validation across diverse building types, including those
with complex facade geometries and irregular opening
configurations, is necessary.

Although the case study validates the proposed
method’s feasibility, the lack of a quantitative
comparison with existing point cloud alignment methods
remains a limitation. A systematic performance
evaluation would provide a more comprehensive
assessment of the method’s effectiveness. Future
research will address this by incorporating quantitative
evaluations, specifically assessing accuracy and
computational efficiency, to strengthen the validation
and facilitate comparisons with alternative approaches.
Additionally, expanding the range of case studies will be
essential to evaluate the method’s scalability and
reliability = under  different  architectural  and
environmental conditions, further enhancing its
applicability to real-world scenarios.

5 Conclusions

This research introduces a method for automatically
aligning indoor building elements with fagade features
using point cloud data. The approach emphasizes the
identification and integration of openings, such as
windows and doors, to seamlessly connect indoor and
outdoor geometries. The validation conducted through a
real-world case study highlights the effectiveness of the
proposed method.

The results demonstrate that facade point cloud data
effectively improves indoor opening detection and
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achieves accurate alignment, significantly contributing to
detailed 3D building reconstruction. This enhanced
reconstruction not only improves the representation of
building geometry but also supports advanced
applications such as automated building energy analysis
and retrofitting design.

However, there are still some limitations, including
occlusions, noises, and reflective surfaces, which are
common challenges in indoor point cloud data collection
and processing. Future work will focus on refining the
algorithms to better handle noise and occlusions,
particularly in complex indoor environments, and further
minimizing the impact of reflective surfaces during data
acquisition.  Additionally, integrating  advanced
preprocessing techniques could enhance detection
accuracy and expand the applicability of the method to a
wider range of building scenarios.

6 Acknowledgement

The authors acknowledge the funding received from
the European Union's Horizon Europe research and
innovation program under grant agreement No
101079961 (AEGIR project), and the Marie Sklodowska-
Curie grant agreement No 101034337.

References

[1] Hamidreza, A., et al.,, Enhancing Building
Maintenance Efficiency Through BIM-LIiDAR
Integration, in Proceedings of the 2024 European
Conference on Computing in Construction. 2024,
European Council on Computing in Construction.

[2] Sanzana, M.R., et al., Application of deep learning
in facility management and maintenance for heating,
ventilation, and air conditioning. Automation in
Construction, 2022. 141: p. 104445.

[3] Yuandong, P., et al., 3D deep-learning-enhanced
void-growing approach in creating geometric
digital twins of buildings. Proceedings of the
Institution of Civil Engineers - Smart Infrastructure
and Construction, 2023. 176(1): p. 24-40.

[4] Mudan, W., etal., Automatic Extraction of Building
Features for Building Facades Based on Laser
Scanning Technology, in Proceedings of the 2024
European  Conference on  Computing in
Construction. 2024, European Council on
Computing in Construction.

[5] Wang, M, et al., A Systematic Review of Digital
Technology Adoption in Off-Site Construction:
Current Status and Future Direction towards
Industry 4.0. Buildings, 2020. 10(11): p. 204.

[6] Wang, Q., J. Guo, and M.-K. Kim, An Application
Oriented  Scan-to-BIM  Framework. Remote
Sensing, 2019. 11(3): p. 365.

1406

[71 Hu, D., VJ.L. Gan, and C. Yin, Robot-assisted
mobile scanning for automated 3D reconstruction
and point cloud semantic segmentation of building
interiors. Automation in Construction, 2023. 152: p.
104949.

[8] Cui, Y., et al., Automatic 3-D Reconstruction of
Indoor Environment With Mobile Laser Scanning
Point Clouds. IEEE Journal of Selected Topics in
Applied Earth Observations and Remote Sensing,
2019. 12(8): p. 3117-3130.

[9] Martens, J. and J. Blankenbach, VOX2BIM+ - A
Fast and Robust Approach for Automated Indoor
Point Cloud Segmentation and Building Model
Generation. PFG — Journal of Photogrammetry,
Remote Sensing and Geoinformation Science, 2023.
91(4): p. 273-294.

[10] Su, Y., et al., DLA-Net: Learning dual local
attention features for semantic segmentation of
large-scale building facade point clouds. Pattern
Recognition, 2022. 123: p. 108372.

[11] O’Donnell, J., et al., LIDAR point-cloud mapping
of Dbuilding facades for building energy
performance simulation. Automation in
Construction, 2019. 107: p. 102905.

[12] Le, S., et al., Door and Window Detection in 3D
Point Cloud of Indoor Scenes. Journal of Computer-
Aided Design & Computer Graphics, 2019. 31(9):
p. 1494-1501.

[13] Lu, T., et al., A novel methodology for the path
alignment of visual SLAM in indoor construction
inspection. Automation in Construction, 2021. 127:
p. 103723-103723.

[14] Zhang, R. and A. Zakhor. Automatic identification
of window regions on indoor point clouds using
LiDAR and cameras. 2014. WACV 2014.

[15] Cohen, A., etal. Indoor-Outdoor 3D Reconstruction
Alignment. in Computer Vision — ECCV 2016.
2016. Cham: Springer International Publishing.

[16] Ochmann, S., et al., Automatic reconstruction of
parametric building models from indoor point
clouds. Computers & Graphics, 2016. 54: p. 94-103.

[17] Scianna, A. and M. La Guardia, Survey and
Photogrammetric  Restitution of Monumental
Complexes: Issues and Solutions—The Case of the
Manfredonic Castle of Mussomeli. Heritage, 2019.
2(1): p. 774-786.

[18] Kaminsky, R.S., etal. Alignment of 3D point clouds
to overhead images. 2010.

[19] Yang, Y., et al., Indoor-Outdoor Point Cloud
Alignment Using Semantic—Geometric Descriptor.
Remote Sensing, 2022. 14(20): p. 51109.

[20] Tang, P., et al., Automatic reconstruction of as-built
building information models from laser-scanned
point clouds: A review of related techniques.
Automation in Construction, 2010. 19(7): p. 829-



42nd International Symposium on Automation and Robotics in Construction (ISARC 2025)

843.

[21] Wang, M., et al., Onsite Quality Check for
Installation of Prefabricated Wall Panels Using
Laser Scanning. Buildings, 2021. 11(9): p. 412.

[22] Leica BLK360 Imaging Laser Scanner. Leica
BLK360 Imaging Laser Scanner. [cited 2024 07
MayT; Available from: https://leica-
geosystems.com/products/laser-
scanners/scanners/blk360.

[23] Leica Geosystems. Leica Cyclone REGISTER 360
PLUS - 3D Laser Scanning Point Cloud
Registration Software,. [cited 2024 07 May];
Available from: https://leica-
geosystems.com/products/laser-
scanners/software/leica-cyclone/leica-cyclone-
register-360.

[24] Wang, M., et al., A Streamlined Laser Scanning
Verticality Check Method for Installation of
Prefabricated Wall Panels. Journal of Construction
Engineering and Management, 2024. 150(11): p.
04024159.

[25] Park, J., etal., Deep Learning—Based Automation of
Scan-to-BIM  with  Modeling Objects from
Occluded Point Clouds. Journal of Management in
Engineering, 2022. 38(4): p. 04022025.

[26] Ding, S., etal., A noise-reduction algorithm for raw
3D point cloud data of asphalt pavement surface
texture. Scientific Reports, 2024. 14(1): p. 16633.

[27] Zhang, J. and X. Lin, Advances in fusion of optical
imagery and LiDAR point cloud applied to
photogrammetry and remote sensing. International
Journal of Image and Data Fusion, 2017. 8(1): p. 1-
31

[28] Pan, Z., et al.,, Image-based surface scratch
detection on architectural glass panels using deep
learning approach. Construction and Building
Materials, 2021. 282: p. 122717.

[29] Berger, M., et al, A Survey of Surface
Reconstruction from Point Clouds. Computer
Graphics Forum, 2017. 36(1): p. 301-329.

[30] Thomas, H., et al. Kpconv: Flexible and deformable
convolution for point clouds. in Proceedings of the
IEEE/CVF international conference on computer
vision. 2019.

[31] Qi, C., et al.,, PointNet++: Deep Hierarchical
Feature Learning on, in NIPS’17: Proceedings of
the 31st International Conference on Neural
Information Processing Systems. 2017. p. 5105-
5114,

1407



