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Abstract

Digital Twins (DTs) have become as valuable tools for
management, and operation of assets. A main challenge,
however, persists in the automated creation of high-quality
buildings DTs, providing both precise geometry and se-
mantics. This paper introduces a novel hybrid bottom-
up, top-down approach for the automated creation of DT
models of staircase structures using laser scanner point
cloud. The proposed workflow involves separating in-
clined staircase points, designing parametric DT models,
and model fitting through an optimization process. The
results demonstrate the effectiveness of the proposed with
an average accuracy of about 4 cm in determining the di-
mensions of the model’s elements.

Introduction

The automatic creation of DTs for the built environment
has emerged as a prominent and demanding field within
the AEC domain (Volk et al., 2014; Bosché et al., 2015;
Drobnyi et al., 2023). A DT is a virtual replica of physical
assets that facilitates real-time simulation and monitoring.
DTs offer numerous possibilities for resource and facility
management, enabling more intelligent analysis and inter-
actions (Drobnyi et al., 2023). When it comes to creating
DT models for exiting buildings with rich semantic content
and coherent geometry, an important first step is to acquire
relevant data, especially visual and spatial data. In this
regard, laser scanning technology plays a crucial role, en-
abling the meticulous collection of point cloud data and the
creation of virtual replicas for both indoor and outdoor en-
vironments (Noichl and Borrmann, 2022; Pan et al., 2023;
Abdollahi et al., 2023; Martens and Blankenbach, 2023).
This technology plays a pivotal role in advancing the do-
mains of building performance and sustainability.

In the past decade, significant progress has been achieved
in the field of point cloud processing techniques and 3D
scene understanding methodologies, with a specific em-
phasis on automatically generating accurate geometric-
semantic DT models from point cloud data. Neverthe-
less, developing a comprehensive and precise algorithm
for this purpose has encountered numerous challenges, pri-
marily arising from noise, clutter, obstructions, and the
representation of volumetric-semantic models (Ochmann
etal., 2016). Furthermore, most of the existing approaches
have primarily focused on creating 3D models of struc-
tural elements such as ceilings, floors, and walls while ne-
glecting the intricate modeling of other structural compo-

nents, notably staircases, which play a pivotal role in the
reconstruction of DTs for multi-story buildings (Nikoohe-
mat et al., 2020). This oversight can be attributed to the
inherent complexities associated with indoor scenes and
the intricacies involved in reconstructing staircase struc-
tures (Schmittwilken et al., 2009). Staircase structures as-
sume diverse shapes and configurations based on varying
specifications, making the automatic reconstruction of 3D
models a challenging task.

In the realm of urban planning and facility management,
digital staircase models are vital for optimizing pedestrian
flow and enhancing public safety. In this regard, the auto-
matic creation of digital staircase models from point cloud
data empowers facility managers and builders to conduct
virtual walkthroughs, identify potential conflicts, and re-
duce construction and maintenance costs.

In the research presented in this paper, the primary objec-
tive is to introduce an automated workflow that combines
both bottom-up and top-down approaches to extract stair-
case points within the indoor environment and generate
parametric DT models with coherent geometry. The key
contribution lies in utilizing domain knowledge to formu-
late parametric models for the building’s staircase struc-
tures and subsequently fitting the designed rough models
to point cloud data to achieve a close representation of re-
ality.

Background and related work
Digital building twin creation

With the increase in demands for the creation of DT mod-
els for the built environment, indoor digital twinning has
become an intensively researched topic in AEC domain
(Borrmann et al., 2023). In this context, laser scanners and
photogrammetry technologies are the most modern and ef-
ficient measurement tools, facilitating the acquisition of
accurate geometric and semantic information, which are
widely used in the realm of automatic creation of 3D dig-
ital models. However, despite all progress made, the au-
tomatic creation of digital building twin from point cloud
data remains only partially resolved, and most developed
methods are designed for specific types of buildings and
restricted to reconstructing specific kinds of objects based
on use cases.

In this regard, Xiong et al. (2013) proposed an auto-
mated 3D reconstruction framework utilizing a voxelized
point cloud to identify patches, such as walls, ceilings,
and floors, by adhering to boundary constraints. Mon-



szpart et al. (2015) proposed the regular arrangements
of planes (RAP) technique for reconstructing indoor 3D
scenes using point cloud data. The proposed method uses
local plane-based approximations and global inter-plane
relations to simplify the arrangement of planes fitted to
the points of the environment. Ochmann et al. (2019)
proposed an innovative approach for reconstructing vol-
umetric building DT models, encompassing floor, ceiling,
and wall elements. They employed a linear optimization
framework to disjoint distinct 3D spaces and determine
the positions of common wall instances shared among
them. Tran and Khoshelham (2020) employed a reversible
jump Markov Chain Monte Carlo (rjMCMC) algorithm
to facilitate the application of shape grammar rules in
the procedural-based reconstruction of 3D indoor models
from dense point cloud data. Abdollahi et al. (2023) in-
troduced a progressive model-driven approach for the 3D
modeling of indoor spaces employing watertight prede-
fined models. This approach initially segmented spaces
into rectangular and non-rectangular regions with an even
number of sides. Subsequently, a point density occupancy
map is used to enhance the level of detail in the intru-
sion and protrusion parts of Manhattan and non-Manhattan
models.

Recent advancements in artificial intelligence (AI) and
machine learning (ML) technology provide an effective so-
Iution for accurate point cloud processing, reducing the
manual effort required in creating DTs. In this regard,
Mehranfar et al. (2022) proposed a hybrid bottom-up, top-
down method using Al semantic segmentation network to
separate the 3D space in simple and complex indoor point
cloud. Mehranfar et al. (2023) also combined domain
knowledge in construction and architectural design with
the capabilities of Al techniques in scene understanding
to create highly parameterized building models with rich
semantic and coherent geometry from dense point clouds.
The proposed method employs the parametric modeling
approach and model fitting through an optimization pro-
cess to overcome common indoor point cloud challenges,
including noise, gap, and clutter. Kellner et al. (2023) de-
veloped a multi-step data-driven algorithm enriched with
Al techniques for the 3D reconstruction of building mod-
els at Level of Development (LoD) 400. The proposed ap-
proach utilizes an Al semantic segmentation network to
separate the following classes: doors, door leaves, win-
dows, walls, ceilings, floors, and clutter. Subsequently, a
2D projection combined with a neighborhood graph struc-
ture is employed to partition 3D space within indoor envi-
ronments, followed by applying the RANSAC plane fitting
algorithm to reconstruct 3D models of walls. Ultimately,
a bounding box is fitted to the points pertaining to each
individual instance of door and window elements.

Staircase points detection and modeling

Staircase detection within point clouds and the subsequent
creation of staircase DT models is an area of research
that has received less attention compared to other applica-

tions of point cloud processing. Staircases exhibit diverse
shapes and dimensions, and their visual representation can
be influenced by different factors, such as structural design
and the quality of the point cloud data. This complexity in-
troduces challenges in developing robust and broadly ap-
plicable staircase detection algorithms. Additionally, uti-
lizing ML approaches for staircase detection heavily re-
lies on huge labeled datasets for network training pur-
poses. The scarcity of such datasets specifically for stair-
cases has impeded progress in research within this domain.
Among the little research conducted on staircase point de-
tection and digital model reconstruction, Schmittwilken
et al. (2009) introduced a low-level module based on the
random sample consensus (RANSAC) algorithm to gener-
ate planar polygonal patches for building facades and the
surrounding ground. They employed Conditional Random
Fields (CRFs) to classify patches into facade, window,
door, and staircase classes, considering local neighbor-
hood information and incorporating attribute grammar, in-
cluding object partonomy and observable geometric con-
straints.

In 2009, Schmittwilken and Pliimer (2009) proposed a top-
down approach for reconstructing symmetric and partly re-
cursive objects, such as a triple-run staircase from point
cloud data. The proposed method utilizes an attribute
grammar formulation using geometric dependencies for
the design of 3D models and subsequently employs the
random sample consensus paradigm for model selection
and extraction of the geometric parameter of each 3D ob-
ject. Sinha et al. (2014) presented a data-driven approach
that employs a minimal 3D map representation and cal-
culates step-like local features using point neighborhoods
to detect staircase points. Yang et al. (2019) employed
a bottom-up hierarchical semantic classification method,
incorporating various semantic definitions, such as pla-
narity of wall, ceiling, and floor surfaces at the geometric
primitive level, to establish relationships between the stair-
case connection space and indoor space. For the coarse
segmentation of staircase points, the height histogram of
points is used to identify the void region between the planar
surfaces of solid slabs and the connection space with stair-
cases. Subsequently, the connected component algorithm
is applied to cluster distinct pieces, planes, and clusters of
staircases. Finally, the a-shapes algorithm is employed to
construct the surface model for each step of the staircase.

In conclusion, the automatic creation of digital building
twins using point cloud data is a research field constantly
facing challenges such as complex space layouts, clutter,
obstructions, and the need to provide methods for repre-
senting volumetric semantic models. The challenges be-
come even more complex for elements such as staircases,
which can have varying appearances based on their de-
sign. In the research presented in this paper, we aim to
develop a hybrid bottom-up, top-down method for the au-
tomatic creation of a DT model for staircase structures us-
ing point cloud data. The proposed method leverages do-
main knowledge in construction and design to create para-
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Figure 1: The proposed workflow for creating the DT model of the staircase.

metric models that can consider semantic relationships be-
tween components, allowing to overcome challenges such
as noise and obstructions.

Methodology

As shown in Figure 1, the proposed workflow for the au-
tomatic creation of the DT model for staircase elements
consists of three major steps, including 1) staircase points
separation, 2) designing the parametric model of the stair-
case, and 3) model fitting using an optimization process.
The details of the steps are given in the following subsec-
tions.

Staircase points separation

Staircase structures are typically inclined and constructed
with a specific slope. Various factors, such as building reg-
ulations, architectural preferences, and the intended pur-
pose of the staircases determine the inclination angle of a
staircase. In residential and educational buildings, stair-
cases are often designed with a relatively gentle incline
to provide comfort and ease of use, such as for the con-
venience of (elderly) occupants. In the proposed method,
the Verticality geometric feature is employed to distinguish
inclined staircase points from other structural elements
within the point cloud space, including vertically oriented
walls and horizontally oriented ceilings and floors (Figure
2b).

To calculate the Verticality feature for each point in the
point cloud space, the equation 1 is used with a neighbor-
hood of 25 cm (Grilli et al., 2019). The selected neighbor-
hood radius value ensure the presence of a minimum num-
ber of neighboring points for accurate estimation of Verti-
cality features for the main structural elements, as well as
small furniture objects.

Verticality = 1 —nz, €))]

where nz is the normal vector value toward the Z axis,
which is calculated by the covariance matrix and eigenvec-
tor values of the nearest neighboring points using equation
2 (Grilli et al., 2019):
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where k is the number of neighboring points, pi and p also
refer to the 3D coordinates of the points being considered.
Additionally, the eigenvalues and eigenvectors are deter-
mined by equation 3 where A and V are eigenvalues and
eigenvectors respectively (Grilli et al., 2019):

C.\_;j = )uj.\jj, j€e {0, 1,2} 3)

Points associated with entirely horizontal elements are as-
signed a Verticality value of zero, while points pertaining
to completely vertical elements are assigned a Verticality
value of one. In this case, a confidence interval of 45%,
characterized by approximate slopes ranging from 0.05%
to0 0.5%, is considered to extract the inclined points (Figure
2¢).

The output of this process includes inclined staircase
points, edge points of walls and ceilings, floor elements,
noise points, and clutter. To extract points specific to each
staircase instances, we adopt a two-step approach. Ini-
tially, the Linearity feature of the points is leveraged using
equation 4 to eliminate the edge points of wall and ceiling
elements (Figure 2e). Subsequently, the Connected Com-
ponent Segmentation (CCS) algorithm is employed to seg-
ment points into distinct groups based on their connectiv-
ity, effectively isolating small segments that often appear
as clutter within the point cloud space (Figure 2f) Trevor
etal. (2013).
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As shown in Figure 3a, the extracted staircase lacks points
corresponding to the horizontal planes of the staircase
landing tread. This omission is due to the exclusion of hor-
izontal points in the filtering process of the previous step.
However, this information gap proves advantageous in sub-
sequent steps for separating staircase components and their
configuration analysis.
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Figure 2: Staircase points separation: (a) original point cloud, (b) Verticality feature calculation, and removal of empty cells from the
initial 2D bounding box model, (c) filtering the points with the Verticality feature between 0.05 to 0.5, (d) Linearity feature calculation
to filter noise and unwanted furniture points, (e) staircase points after noise removal, (f) applying the CCS method to segment staircase
points.

Design the parametric model of staircase

The structural configuration of interconnecting staircases
between building levels frequently comprises multiple
stair tread parts and incorporates two or more landing
treads. The design and structural morphology of these
staircases is inherently influenced by factors such as the
flow of ingress and egress and the placement of landing
treads. To quantify the number of landings and determine
their direction, the central portion of the staircase points
is examined using 3D point density analysis (Figure 3b).
This analysis reveals that the extracted staircase element
comprises three flows and two landing treads that run from
left to right, top to down, and right to left, respectively
(Figure 3c). This information serves as valuable input for
subsequent steps, particularly within the parametric design
of the staircase structure.

The staircase structure typically consists of distinct pri-
mary components such as step riser, step tread, railing etc.
The differences between staircases primarily pertain to the
number and dimensions of the primary components (e.g.
number of steps, width, length, depth of steps, and landing
treads) as well as the specific modes of flow rotation and
positioning of the landing tread. Specifically, we consider
four possible rotation types, denoted by numerical identi-
fiers 1, 2, 3, and 4, corresponding to left-to-right, right-
to-left, bottom-to-top, and top-to-bottom orientations, re-
spectively (Figure 4a). For instance, the primary configu-
ration of the extracted staircase is represented by the array
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7142 (Figure 4b). This signifies that the staircase in ques-
tion consists of three flows and two landing treads, each
being successively positioned from left to right, top to bot-
tom, and right to left. Consequently, a library of paramet-
ric models is systematically generated based on the number
of landing treads and flow patterns.

Model fitting using optimization process

The designed parametric model has low geometric accu-
racy but a consistent semantic topology. To determine
the optimal geometric values of the DT model’s compo-
nents, the optimization process is used to fit the designed
parametric model to the extracted staircase points. The
Nelder-Mead optimization algorithm fits the initial para-
metric model to points (Nelder and Mead, 1965). Within
this context, the objective function employed during the
model-to-point fitting process is defined as follows (5) :

F
Obj = min(G + 1—0) 3)

The term G refers to the distance between the points and
the step planes, which is a critical factor for the vertical
alignment of the parametric model toward the staircase
points (6) (Figure 5):
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where the p; is the staircase point i, plane; is the jth plane
of parametric model, pyirs is the number staircase points
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Figure 4: Determining the type of staircase based on the number of flows and the number of landing treads: (a) possible rotation
directions, (b) design the configuration of the parametric model for the staircase instance with two landing treads and flow’s ID array
[14 2], (c) highly parameterized DT model of the staircase.

and p;, is the number staircase points inside the step box
of staircase model.

Figure 5: Fitting parametric model of staircase to points;
Vertical alignment of the parametric model toward the staircase
points (term G).

The term F is related to the number of steps present within
each flow connecting the landing treads, as well as the
placement of the parametric model planes on the staircase
points on the X-Y plane (7) (Figure 6):

steps

F= |pstairs - Z pin| @)
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where the pyirs is the number of staircase points and p;,
is the number of staircase points inside the step box of the
staircase model. To enhance the process of fitting a model
to the points, in each iteration, the 3D points inside each
box of the model are extracted and used in the optimization

process. This includes the points on the landing treads that
were omited during the staircase points separation step.

Figure 6: Fitting parametric model of staircase to points;
placement of the parametric model planes on the staircase
points (term F).

During the model fitting process, the points inside each
box of the DT models are extracted and appended to the
previously extracted staircase points to improve the model
fitting, specifically in the parts of landing treads. In be-
tween, adding excessive steps may not change the overall
distance value between the staircase points and the model
planes. To address this challenge, a penalty factor is in-
corporated into the objective function. Specifically, if an
additional step does not encompass any points within the
2D X-Y plane, a penalty value of 10000 is appended to the
final value of the objective function (8):

F
ifpin==0 then Obj= min(G+ E) +10000 (8)



Result

To evaluate the proposed method, the dense point cloud
dataset is used that has been captured by the authors at
the City campus of the Technical University of Munich
(TUM). The TUM building in question (Building 1) is a
multi-story structure comprising four floors. The point
cloud data was captured using NavVis laser scanner with
a spatial resolution of 0.1 cm (https://www.navvis.com/).
Figure 7 illustrates an overview of the data.

Experimental results on staircase points separation

To extract the staircase points within each floor’s point
cloud, first, the Verticality feature is calculated for the
points in each floor by considering the neighborhood ra-
dius of 0.25 cm. Next, the inclined points of staircases are
extracted from the point cloud space considering a confi-
dence interval of 45%, which encompasses the points with
the Verticality feature between 0.05 to 0.5. As mentioned
in Section 2, the result of this step contains noise and clut-
ter. In this regard, the linearity feature is calculated for
each point considering the neighborhood radius of 0.50 cm
to detect the noise and boundary points between the ceil-
ing, floor, and wall elements. Finally, the CCS method is
employed to segment the points belonging to each staircase
instance. In this case, the distance threshold for connect-
ing the points in each segment is considered as 25 cm and
the minimum number of points to segment each staircase
instance is specified equal to 5000. Figure 8 shows the re-
sult of staircase point separation for different floors of the
TUM Building 1 dataset.

To assess the effectiveness of the staircase points separa-
tion step, the manually annotated point cloud and the ex-
tracted staircase points are compared, and the results are
reported in Table 3 based on Equations (9-11). In this re-
gard, an overall accuracy of about 95% for separating stair-
case points from other elements in the point cloud space
highlights the performance of the proposed workflow for
separating staircase points, which significantly influences
the quality of the model fitting steps.

TP
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Figure 8: The result of staircage)points separation for the TUM
Building 1 dataset: (a) floor-2, (b) floor-3, and (c) floor-4.
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Experimental results on creation parametric model of
staircase

First, the central parts of the extracted staircase points are
examined to design the parametric DT model for the ex-
tracted staircase instances. In this regard, the structure of
staircase instances in the point cloud of the second to third
floor is determined by array 142. This means the corre-
sponding staircase structure consists of two landing treads
and three flows formed from left to right, up to down, and
right to left, respectively. Also, the staircase structure ex-
tracted in the point cloud floor fourth is determined by ar-
ray 32, meaning that this staircase consists of one landing
tread element and two flows, which are formed from bot-
tom to top and from right to left.

Subsequently, parametric DT models are designed based



Table 1: Accuracy evaluation of staircase points separation.

Dataset F(Q) F(3) F 4)
Precision 0.75 0.60 0.70
Recall 0.80 0.73 0.85
F-Score 0.77 0.64 0.75

Overall accuracy = 0.95

on the provided information for each staircase instance.
These models incorporate various parameters and consider
their relation, including the number of steps between land-
ing treads and dimensional values of geometric proper-
ties such as width, depth, and height, which, in addition
to maintaining the semantic relation between the staircase
components, also promotes geometric integrity. Follow-
ing this, the designed parametric models are fitted to the
extracted staircase points to estimate optimal values for
the parameters of the created DT models. As discussed
earlier, the Nelder-Mead optimization method and the ob-
jective function are employed to fit the model to the points
and extract optimal parameters for the designed DT mod-
els, ensuring that the models closely resemble real-world
structures.

C
Figure 9: The result of stairc(as)e points separation for TUM
Building 1 dataset: (a) floor-2, (b) floor-3, and (c) floor-4.

To evaluate the proposed method for the automatic cre-
ation of the staircase DT model, the differences between
distances and dimensional values of the staircase compo-
nents in the reference DT models and the generated mod-
els are calculated. For each dataset, the standard metric of
mean error is presented in Table 4. Furthermore, the dis-

tance between the model and the extracted staircase points
is measured for each dataset, indicating the closeness of
the created model to the captured point cloud. The overall
mean accuracy of about 0.04 m highlights the performance
and effectiveness of the proposed method for the automatic
creation of DT models for staircase structures in the built
environment.

Table 2: Accuracy evaluation of staircase DT creation.

Dataset F(2) F(3) F4)
Flights:

Width 0.04 0.05 0.04
Depth 0.03 0.04 0.04
Height 0.02 0.03 0.03
Number of Steps 100% 97% 93%
Landing treads:

Width 0.04 0.05 0.04
Depth 0.03 0.04 0.05
Height 0.02 0.03 0.04
Overall accuracy 0.03 0.04 0.04
Points to Model 0.08 0.11 0.07

Conclusion

This research presents a novel hybrid bottom-up, top-down
method to create the highly parameterized DT model of a
staircase structure. The proposed method aligns existing
knowledge in the design and construction of building ele-
ments with the parametric modeling framework, allowing
us to consider different degrees of freedom to model a wide
range of staircase models in the real world. By considering
semantic relationships between staircase components, the
presented approach provides solutions to overcome chal-
lenges such as point cloud obstruction, noise, and com-
plexity in the representation of 3D geometric models. In
this regard, an overall mean error of about 0.04 m in creat-
ing a highly parameterized DT model for a staircase struc-
ture with different shapes and designs promises significant
progress in the field of ”Scan-to-BIM” that ultimately pro-
vides high-quality DTs with rich semantics and coherent
geometry. Despite diligent considerations, the proposed
method has inherent limitations in creating digital mod-
els of round staircases with non-Manhattan designs, which
will be addressed in future works.
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