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UBMDP: Urban Building Mesh Decoupling
and Polygonization
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Abstract— With the development of photogrammetry, digital
city, and metaverse, the 3-D representation of urban buildings has
attracted more and more attention. As the main form of the 3-D
urban building model, the triangular mesh model has deficiencies
such as high complexity, high-data volume, and low-structural
information, which seriously restrict its application in spatial
analysis and urban planning. This article proposes a hybrid
modeling strategy geared toward the mesh model generated
from oblique images to obtain building models that are compact,
manifold, watertight, and have certain structural and semantic
information. First of all, when the planar region topology graph
has been established, a topology decoupling strategy is designed to
obtain a set of relatively independent topology subgraphs which
form a hierarchical structure. After that, to improve model qual-
ity, topology optimization of parallel planes has also been studied
systematically. Then, we adopt a divide-and-conquer strategy
to perform data-driven and model-driven building modeling for
the primary and ancillary structures. Finally, a component-level
simple polygon model combination is generated. Experiments
prove that the proposed method has excellent visual authenticity,
structural completeness advantages, and decent LoD3 ability.
As a mesh simplification method, the data is compressed to
0.11%–0.75% in a Hausdorff metric around 0.3 m, which further
proves that this method is state-of-the-art.

Index Terms— 3-D modeling, building reconstruction, mesh
simplification, polygonization, topology decoupling, topology
optimization.

I. INTRODUCTION

IN THE field of 3-D geographic information, the concise
and high-quality representation of urban building spatial

structure information is a far-reaching goal pursued diligently
[1], [2], [3], [4]. As the principal places of human activities,
urban buildings usually have tall and complex structures
and a congested measurement environment. To collect 3-D
spatial information on the building surface, laser scanning, and
oblique photogrammetry have become the leading technical
means. Compared with laser scanning technology, unmanned
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aerial vehicle (UAV) oblique photogrammetry has received
more attention for its flexibility, efficiency, and texture
authenticity [5].

The generation of the urban building mesh model has a
mature production process using UAV oblique photogram-
metry technology. Much open-source software (such as
AliceVision and OpenMVS [6], [7], [8]) and commercial
software (Agisoft Metashape, ContextCapture, and GodWork
[9], [10], [11]) can obtain buildings surface dense mesh
models directly. An alternative approach is to use the meshing
algorithm (Delaunay triangulation, Poisson reconstruction, and
marching cubes [12], [13], [14]) to process the point cloud
obtained from the above software. Using dense triangular faces
to fit the surface morphology of buildings is a normalized
feature of current 3-D urban model applications. The triangu-
lated form has high geometric fitting accuracy, especially after
texture mapping, and has a more realistic perception. However,
the surge in demand for autonomous driving, intelligent urban
management, and metaverse, frequent, and complex spatial
analysis has led to an exponential increase in the amount of
computation with the number of model surfels [15], [16], [17].
Dense triangular meshes cannot adapt to high-volume model
interactions, especially in the face of physical simulation appli-
cation scenarios, which place excessive demands on computing
power.

Building monomerization can facilitate attribute editing,
application management, and asynchronous analysis, which
has attracted the attention of many researchers [18], [19],
[20] yet is not our focus. Some individual buildings are huge
complex buildings, such as shopping malls and large office
buildings. Given the design paradigm of architectures and the
development of the demand for model interaction and analysis,
it is necessary and feasible to decompose and simplify the
building model furtherly. An independent building consists of
a complex roof surface and relatively simple façades to form
its primary structure, usually divided into several physically
closely connected building blocks for typical urban scenes.
The main structure is attached to trivial structures distributed
in islands or peninsulas, such as balconies, dormers, hang-
ing air conditioners, and chimneys. Each building block is
composed of a small number of simple polygons to form
a simple polyhedral solid of a watertight manifold. These
polygons also exhibit very significant geometric properties:
parallelism, verticality, and horizontality, which together with
the adjacency relationship constitute the topological properties
of the building.
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With a view to these characteristics of urban buildings, this
article designs a new framework to generate polygonal models
by topology decoupling, topology optimization, and hybrid-
driven modeling of building surface triangular mesh models.
Under the condition that the input data is a single-building
mesh model, we require that our method does not need go
through complex parameter adjustment or manual interaction,
even for data containing extensive nonbuilding regions or sig-
nificant noise. In addition, it is efficient to obtain structurally
informative, manifold, and watertight polyhedron models or
model combinations. The obtained model should be a simple
polyhedron model composed of simple polygons. Therefore,
we can also call the reconstruction to result in a polygon
model. The modeling process is a polyhedronization process
and also a polygonization process. Except for not representing
the window structure well, the polygon model should have
a LoD3 level of representation capability according to the
CityGML standard [21].

Our previous work [22] achieved the efficient generation of
polyhedral models and improved detailed preservation capa-
bilities by constructing the 1-ring patch and optimizing the
parapet structure. For the convenience of expression, we call
it UBMP-PaTo in this article. This article goes a step further on
this basis. Inheriting the basic flow of 1-ring patch aggregation,
plane primitive extraction, topology optimization, and polyhe-
dron model generation, this article adds topology decoupling
as a key link after plane primitive extraction. On the premise
of topology decoupling, we systematically enrich the content
of topology optimization according to the different spatial
relationships of parallel planes. Based on the merging of
approximately coplanar parallel plane regions and the topology
enhancement of inverse parallel planes, this work adds the
topology enhancement of stepped parallel planes and the angle
adjustment of continuous parallel planes. In the polyhedral
model generation phase, we instead use a divide-and-conquer
hybrid modeling strategy. The main building block obtained
by topology decoupling uses the same modeling strategy as
UBMP-PaTo, while the ancillary structures use the topology
completion base as a soft constraint. In addition, this article
is different from UBMP-PaTo in terms of regional growth
and candidate screening rules. Through these improvements,
we try to preserve more abundant structural information of the
polyhedron model.

Our work has four main contributions to the current state-
of-the-art as follows.

1) A hybrid-driven reconstruction framework is designed
to realize building mesh polygonization and solid
decomposition. Both bottom-up and top-down recon-
struction strategies are used in a divide-and-conquer
manner.

2) A new methodology of topology decoupling is proposed.
According to the spatial and topological relationship, the
building plane region is divided into blocks, islands, and
peninsula structures.

3) Furthermore, enriches the connotation of topology opti-
mization, especially the optimization of stepped parallel
planes, which dramatically improves the fidelity of poly-
gon models.

4) A topological completion library is established to restore
ancillary structures with critical topological defects.

II. RELATED WORKS

The research on 3-D building reconstruction has a broad
connotation, and many of them have inspired us or become
the basis of our work. We briefly introduce these related
researches. The data sources for 3-D modeling of urban build-
ings mainly include the image, point cloud, and mesh model
[1], [23], [24]. Depending on data sources, 3-D modeling
strategies can be divided into model-driven, data-driven, and
hybrid-driven [25].

Model-driven or parametric 3-D modeling adopts a top-
down approach, using a library of preestablished building
model primitives to match the input data and obtain the
best model or model combination by primitive selection.
Since the model-driven method was proposed at the end of
the last century [26], much research has been devoted to
improving the primitive library and the primitive selection
strategy. Lafarge et al. [27] designed a selection strategy based
on the Reversible Jump Markov Chain Monte Carlo Sam-
pler and simulated annealing algorithm for the DSM model.
Xiong et al. [28] selected the model structure by searching for
the minor cycle of the topology graph. Li and Shan [29] used
RANSAC to segment the primitives, used holistic primitive
fitting to select the model type, and subsequently used the 3-D
bool operation to complete the multiprimitive reconstruction.
Such methods can largely make up for the shortcomings of
data quality. However, the shapes of buildings are varied, and it
is difficult to express all forms with a set of primitive libraries.
At the same time, the bloated primitive library will also lead
to a sharp drop in primitive search efficiency.

Data-driven or nonparametric modeling has been the most
mainstream 3-D modeling strategy in the past two decades.
The data-driven strategy has two main characteristics. On the
one hand, structural point, structural line, or face information
are extracted directly from the original data in a bottom-up
manner without relying too much on prior knowledge. Another
one is the direct combination into a 3-D model according to
the adjacency relationship or spatial intersection relationship.
Rottensteiner and Brese [30] proposed a curvature-based roof
plane extraction strategy and combined it into a polyhedron
model. Wen et al. [31] extracted planar features from airborne
and ground point cloud data, extracted line features from
stereo images, constructed a region adjacency map using the
extracted features as mutual constraints, and finally generated a
LoD3 model. Han et al. [19] proposed a vectorized modeling
strategy. The photogrammetric mesh finally generates a single
LoD2 model after three steps of roof contour extraction,
MRF optimization, and roof plane extrusion. Reconstructing
buildings using data-driven methods is not limited by the
predefined primitive library, and the building forms are more
diversified. Still, its dependence on data quality leads to
modeling results with a faithful reflection of quality problems
or even unpredictable errors.

Applying the hypothesis-and-selection strategy in data-
driven modeling has become an attractive research topic.
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Sohn et al. [32] used implicit shape rules to generate hypo-
thetical models of roof surfaces from airborne point cloud
data. Then gradient descent was used to select polyline models
that maximize orthogonality, symmetry, and directional sim-
plicity. Li et al. [33] divided the point cloud data into several
candidate cuboids aligned with the coordinate axes under the
Manhattan assumption and selected the best subset. PolyFit,
proposed by Nan and Wonka [34], transforms the piecewise
plane model reconstruction into the binary linear programming
selection of candidate planes extracted from point clouds,
resulting in manifold, watertight, lightweight polygon models.
Liu et al. [35] recovered topological information for incom-
plete patch primitives based on line-plane relationships. They
generated a complete set of candidate planes for the target
building, reducing the data-driven approach’s dependence on
data quality. Bauchet and Lafarge [36] designed a kinetic
data structure to partition space into finite convex polyhedra,
and a watertight lightweight model was obtained by min-cut
optimization. Based on PolyFit, Xie et al. [37] used topol-
ogy and spatial prior knowledge to reduce the number of
candidates’ faces to improve reconstruction efficiency. First,
enriching candidate edges or candidate’s faces and then using
mathematical optimization formulas for model generation,
this strategy can overcome particular noise and data missing
defects. Nevertheless, for input data with distinct signal-
to-noise ratios, the quality of the obtained model depends
on parameter adjustment, and the optimization of a delicate
building model often takes a considerable amount of time.

The simplification from dense building surface meshes to
compact models is one way of data-driven modeling. Tradi-
tional mesh simplification methods, called mesh decimation,
obtain more lightweight model data by removing mesh ele-
ments, such as QEM, VSA, and SAMD [38], [39], [40],
[41], [42]. These methods starting from local optimization
can obtain a simplified model closest to the original mesh
model according to the specified compression level. Still,
obtaining a building model with a maximum compression of
useful information isn’t easy. On the premise of piecewise
planar, polygonization strategies to extract planes from mesh
models and build closed polygonal models have also been
developed recently [43], [44]. Bouzas et al. [45] extracted
candidate faces and edges from the building mesh model
and obtained the optimization results through a binary linear
programming equation. This method is referred as SABMP in
the later comparison. Our previous work, UBMP-PaTo, greatly
improved the efficiency of SABMP, alleviated its reliance on
parameter tuning, and complemented the parapet topology,
resulting in improved model quality. These global hypothesis-
and-selection strategies can overcome some data defects and
noise. With appropriate parameter settings, a globally optimal
simplified model can be obtained, yet the ability to preserve
local structures with important semantic information is still to
be improved.

The hybrid-driven method tries to overcome the respective
drawbacks of the above two ways so that the model can
conform to the morphological characteristics of the origi-
nal data to the greatest extent and make full use of the
prior knowledge of architecture. Approaches that claim to

be hybrid-driven commonly use a data-driven strategy to
detect features first and then use a model-driven strategy
to fit prior knowledge or primitives library. According to
predefined rules, Tian et al. [46] used ground image sequences
to extract building 3-D edges and organize them into planar
regions. A knowledge-based model-driven approach subse-
quently reconstructed these regions as airtight models. Kwak
and Habib [47] first detected the approximate boundaries of
buildings from point cloud data. They then used a boundary
matching strategy to improve model accuracy based on prior
knowledge of right-angled roofs. Fan et al. [48] extracted roof
ridgelines as the topological relationship between point cloud
planes extracted in a data-driven manner and prior knowledge
of gables’ location, angle, and size. Zheng et al. [49] used a
data-driven approach to detect roof step edges from LiDAR
nDSM data and used this as the basis for roof type selection.
Wu et al. [50] proposed a hybrid-driven method for indoor
reconstruction from point cloud data. A data-driven strategy
was used to extract feature points in the first step. In the
second step, a model-driven strategy was used to detect an
accurate layout, and the holes in the feature points were
repaired. Finally, the structured points were converted into
model data through Screened Poisson surface reconstruction.
These hybrid-driven methods are strategies for combining
prior knowledge and detection features for the whole input
data in the linear process.

Inspired by the actual construction process and appear-
ance of buildings, it is a common and practical idea to
use the divide-and-conquer strategy for building models with
complex structures. Lafarge and Mallet [51] constructed a
large-scale urban model represented by a mixture of 3-D
geometric primitives and mesh blocks. Song et al. [52] pre-
sented a primitive-based 3-D curved building reconstruction
framework that segmented the point data into metamodels and
refined the coarse primitives based on an embedded defor-
mation graph. Fang et al. [53] divided the original triangular
mesh data into structured scene mesh data and unstructured
isolated object data when reconstructing indoor scenes and
processed them separately to ensure the concise expression
of the main scene and the delicate expression of nonmain
objects simultaneously. These methods all use the divide-and-
conquer strategy for bottom-up modeling. Using differentiation
methods for building regions with diverse styles helps simplify
the modeling difficulty and retain more detailed architectural
characteristics. Still, they did not use the advantages of
model-driven models. Zhang et al. [54] constructed a primi-
tive library containing the primary roof surface model and
superstructure and used a model-driven strategy for hierarchi-
cal reconstruction, but lacked the flexibility of the data-driven
strategy. Satari et al. [55] used data-driven and model-driven
methods to reconstruct the point cloud data of the main roof
surface and dormer window region, respectively. However,
they did not involve more prominent structure types and
had poor scalability. To the authors’ knowledge, this article
is the first divide-and-conquer reconstruction method that
implements data-driven and model-driven strategies for the
different structures on the roof or façade with the mean of
building surface mesh polygonization.
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Fig. 1. Modeling results. The dashed arrow represents the close-up view of the circled area, and the solid arrows represent the corresponding UAV images.
Colors and Roman numerals label the decoupled parts of the model. For ease of understanding, the ancillary structures attached to I and II are not shown in
(c). (a) Colored mesh model. (b) Final result. (c) Details of each submodel.

Fig. 2. Flowchart of the proposed method.

III. METHODOLOGY

A. Overview
The research in this article builds on our recent work

UBMP-PaTo. Different from the data-driven method of
UBMP-PaTo, this article adopts a hybrid-driven modeling
method based on the divide-and-conquer strategy for urban
building mesh polygonization, which we refer to as urban
building mesh decoupling and polygonization (UBMDP) for
short. Fig. 1 shows the visual realism of the component-based

modeling results of UBMDP. Fig. 2 shows the pipeline of
UBMDP, including the main processes of topology graph
construction, topology decoupling, topology optimization, and
model generation. We next highlight the main contributions of
this article by contrasting it with the implementation details
of UBMP-PaTo.

Section III-B: Roughly the same as UBMP-PaTo, this step
also mainly goes through the 1-ring patch model transforming,
region growing of primitives, and establishment of plane
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region neighborhood relationships to build a plane topology
graph. UBMP-PaTo has proved the efficiency and versatility
of the 1-ring patch model, which is still adopted in this article.
To ensure a more reasonable region-growing result, this article
improves the normal calculation method of patch primitive.

Section III-C: This step is the core innovation of this
article, and it is the premise to achieve hybrid-driven modeling.
Topology decoupling, to establish a hierarchy, includes the
main structure cut by building facades and roof planes and the
island/peninsula-like structure extraction based on the Tarjan
algorithm [56]. Both processes are carried out on topology
graphs. Their commonality lies in finding one or two cut-
ting planes as key topological nodes and obtaining relatively
independent topology subgraphs through decoupling on graph
nodes. Except for expanding the neighborhood relationship of
the cutting plane in some cases, decoupling does not destroy
the original topological relationship.

Section III-D: Due to the defects of raw data quality and
the limitations of topology graph construction algorithms,
improving model quality through topology optimization is
an enduring postprocessing topic. SABMP merged nearly
coplanar planes, UBMP-PaTo complemented the topological
structure of the parapet, and this article further proposes more
comprehensive optimizations of parallel planes.

Section III-E: The structure scale selects the data-driven or
model-driven modeling strategy for the topology subgraph. For
the main structures whose reconstruction targets are mainly
facades and roofs, that is, the topological subgraphs obtained
by cutting, this article adopts a data-driven strategy to perform
the reconstruction. Although prior knowledge is also used for
topology completion, the whole process is bottom-up. Finally,
a polyhedral model is generated using the improved candidate
face selection strategy in UBMP-PaTo. This article adopts
a model-driven strategy to assist in model construction for
the island or peninsula part where the reconstruction target
is mainly a fine structure, and the detected planes are not
completed. A simple geometric structure primitive library
complements the missing subgraph nodes.

B. Topology Graph Construction

The topology graph is the restoration and encoding of the
adjacency relationship between the building plane structures.
Its construction needs to go through the process of primitive
abstraction from the triangulation network, 1-ring patch, and
then to the segmentation plane.

By converting the triangulation network into a set of 1-ring
neighborhood aggregates and independent triangular faces,
a more efficient expression of building surface morphology
is realized. As shown in Fig. 3(b), each 1-ring patch is dis-
tinguished by different colors, and the independent triangular
faces are labeled in black. To extract the plane primitives, our
previous work designed an efficient region growth algorithm
for 1-ring patches and used the distance and the angle included
in the normal direction between the patch and the growth
plane as indicators of the growth process. To ensure a more
reasonable region growth result, this article uses the patch
plane normal extracted by principal component analysis to

Fig. 3. Comparison of color-labeled region growing results. (a) Original
model. (b) 1-ring patch model. (c) UBMP-PaTo [22]. (d) Improved result.

replace the patch center point normal adopted in our previous
work. The improved effect is shown in Fig. 3, where the
extraction of the strip plane is more accurate. In the process
of region growing, the adjacency relation of the plane can be
determined according to that of 1-ring patches belonging to it.
Taking plane primitives as graph vertices and connecting adja-
cent vertices with topology edges, we construct the undirected
topology graph [as shown in Fig. 4(b)] which determines
the relationship configuration between plane primitives and
facilitates us to perform topology operations using the graph
theory.

C. Topology Decoupling

As shown in Fig. 1, buildings in urban scenes often consist
of the main structure (tall facades and horizontal roof datums)
and attached delicate structures. When constructing a building
polyhedron model, we generally use polygons with larger areas
to represent the main structure of the building. Smaller area
polygons are required for ancillary structures on roofs and
facades, such as balconies, dormers, and chimneys. Using
a single rule in plane extraction and topology construction
is difficult to achieve the best quality of the two structures
simultaneously. Many fine-structured planes would be lost
when using a too-large region growing threshold. At the
same time, a too-small one leads to fragmented results, which
would reduce the efficiency of subsequent processing or even
make the reconstruction fail. An obvious conclusion is that
differentiated modeling strategies should be adopted for struc-
tures with nonnegligible scale gaps, and the ancillary structure
should be distinguished from the main structure. In ancillary
structure extraction, we proposed a strategy for separating
strongly connected components of topology graphs based on
the Tarjan algorithm and obtained subgraphs of island-like and
peninsula-like regions.

In addition, the architecture paradigm and construction
mode of urban buildings determine that buildings are gen-
erally present and distributed in layers and chunks. In the
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vertical direction, the building mesh model can often be
divided into roof regions, ground regions, and other layered
regions by the horizontal plane. A building layer can also
be cut into multiple independent chunks that are closely
adjacent and relatively independent in the horizontal direction.
By dividing the building into blocks, the complexity of the
topology subgraph is reduced, and some reconstruction failures
could be avoided. This process we call building layering and
chunking.

1) Island/Peninsula Extraction: There are two primary
forms of the fine structure attached to the main structure:
1) island-like regions and 2) peninsula-like regions. The
island-liked region is only attached to the main plane and looks
like an island in the building from the geometric appearance,
so we call it an island vividly, such as the submodel VI in
Fig. 1. The characteristic is that it is only connected to the
main topology graph through one node. The peninsula-like
region is attached to two planes, at least one of which is
the major plane of the building, and looks like a peninsula
extending from the main structure, such as the submodel V
in Fig. 1. The characteristic is that it is only connected to the
main topology graph by two topology nodes or one topology
edge.

The extraction of the island/peninsula has three important
implications as follows.

1) The spatial scale differences between the fine structure
and the main structure make the degree of interference
of data defects on the modeling quality different. It is
more advantageous to deal with this issue based on the
divide-and-conquer strategy.

2) The extracted independent structures generally have spe-
cific semantic attributes, such as dormers, bay windows,
air conditioners, stacked sundries, and vegetation. The
independence of submodels facilitates future application
in editing and analysis.

3) The island/peninsula structure may introduce a ring
structure in polygonization. Such nonsimple polygons
will destroy the robustness of the geometric solution
and increase the difficulty of geometric calculation and
analysis, which should be avoided.

We adopt the Tarjan algorithm to extract island structures
from the undirected adjacency graph of plane primitives. After
the building topology graph is split at the cut point position,
we select the topology subgraph with the most significant spa-
tial scale as the main structure. The rest of the subgraphs are
island structures in an attached position. The actual meaning
of the cut point is the plane to which the island is attached,
which is the only connection plane or cut plane between the
island and the main structure. The schematic of the topological
splitting process is shown in Fig. 4.

The peninsula region can also be called a double-connected
region because of its two connection/cut planes. We restrict
that the peninsula region should be the structure with actual
semantics, and at least one of its connection planes is the build-
ing facade or roof datum plane. The building facade here refers
to the vertical plane (height > 3 m) adjacent to the ground
extracted with the aggregation method proposed in UBMP-
PaTo. The roof datum plane is not all the planes on the roof,

Fig. 4. (Yellow regions in the first row) Topological splitting of island
structure and (yellow regions in the second row) peninsula structure. The
purple planes in (a) are connection planes corresponding to the topology nodes
in (b) and (c) highlighted in the blue dot.

but the principal plane of the roof with a large enough area
(>9 m2). The above planes are called candidate connection
planes. Peninsula extraction is an iterative process. In each
iteration, we first remove the topological node and its edge
corresponding to one of the candidate connection planes and
then execute the Tarjan algorithm to obtain the corresponding
cut point and topology subgraph. After an iteration, whether
the cut point is found or not, we add the connection plane back
to the output topology graphs and continue the execution of
another candidate plane. The candidate connection planes are
removed by each search and the obtained cut-points are the two
connected planes of the peninsula. The topology subgraph with
a smaller spatial scale is the peninsula region. The schematic
of the topological separation process is shown in Fig. 4.

2) Building Layering and Chunking: The facade and roof
datum planes are the principal planes for building rendering
and analysis. Using binary space partitioning to divide the
building into layers and chunks at the main planes is in
line with the actual construction law of buildings. It has
great significance for the reconstruction and model application.
In this article, layering refers to cutting a building with a
horizontal plane, and chunking refers to cutting a building
with a vertical plane.

The roof planes of buildings are sometimes discretely dis-
tributed in several building blocks that are closely connected
by the façade. Building chunking is first performed to conform
to the original topology graph. In Fig. 1, for example, block II
is first cut out by chunking, and then blocks III and IV are
separated by layering. The cutting plane of chunking is the
building facade. The building chunking is essentially a cutting
in geometric space. As a result, the model is divided into an
upper submodel and a lower submodel according to the front
and rear positional relationship between the plane regions and
the cutting plane. We divide the planes to be cut into three
categories: 1) upper planes; 2) lower planes; and 3) spanning
planes. The upper plane and the lower plane, respectively, refer
to the plane regions where all the patches are located on the
front or back of the cutting plane. These planes are absorbed
into the upper or lower subgraph, respectively. The spanning
plane refers to the plane region where the cutting plane
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Fig. 5. Hierarchical topology graph.

crosses. It cannot simply be assigned to a certain subgraph
for topological completeness. Resembling the cutting plane,
the spanning plane belongs to the upper and lower subgraphs.
The rooftop of submodels I and II in Fig. 1 is a spanning
plane, and the chunking processing would not divide it into
two planes. The discrepancy between the cutting plane and the
spanning plane is that the former establishes a new adjacency
relationship with all spanning planes. Building chunking is
carried out in the order of the area of the building façade.
If the number of topology subgraph nodes obtained by cutting
is too few (<6), the current chunking would be canceled while
the chunking of the following cutting plane continued.

Topology subgraphs obtained by building chunking continue
to be layered. Compared with the rigid standard of the cutting
façade to be adjacent to the ground, the horizontal plane on
which the building is layered is selective. Compromising the
difficulty to judge the actual floor distribution of buildings
from mesh data, the main focus of building layering is put on
the large-area horizontal cut planes with significant upper and
lower stratification. Building layering is an iterative process
from low to high. We take the bottom surface of the building
block bounding box as the reference and select the lowest hor-
izontal plane with a large area ratio (>5%) and a sufficiently
significant height difference (>3 m) as the candidate cut plane.
If the upper topology subgraph obtained by cutting has enough
nodes (>5), update the bounding box for the next round of
layering. Otherwise, select a higher plane to try layering.

As shown in Fig. 5, the result of topology decoupling is
a hierarchical topology graph. The connection plane separates
the original topology graph into subgraphs: layers, chunks, and
ancillary structures. In actual implementation, these two steps
are alternated, i.e., the ancillary structure extraction step is
interspersed before and after the iteration process of layering
and chunking.

D. Parallel Plane Topology Optimization

The accurate plane extraction result and the correct plane
relationship directly impact the modeling results. We sum-
marize the parallel properties of the extracted plane regions
into four categories: 1) noncoplanar parallel planes; 2) stepped
plane pairs; 3) normal coplanar planes; and 4) inverse coplanar
planes, as shown in Fig. 6. Parallel planes here refer to a couple
of planes whose included angle between the plane normals is
less than 10◦ or greater than 170◦. Noncoplanar parallel planes
refer to parallel planes whose plane distance exceeds the

Fig. 6. Four parallel relationships. (a) Noncoplanar. (b) Stepped. (c) Normal
coplanar. (d) Inverse coplanar.

distance threshold dis, and there is no adjacency relationship
between them. Following equation is the calculation formula
of the distance threshold dis:

dis =

n∑
i=0

li/(n ∗ c) (1)

where li is the length of edge i of the triangular network, n
is the number of edges in the triangular network, and c is the
adjustment coefficient, which defaults to 1.

For a correct topology graph, adjacency and parallelism
are not allowed to exist between two planes simultaneously.
However, due to errors in the results of region growing,
a mass of adjacent parallel planes exists. They are mainly
manifested in stepped adjacency, normal coplanarity, and
inverse coplanarity. Parallel planes coplanar means that the
distance from a plane region to its parallel plane is less than
the threshold dis. If coplanar parallel planes’ normals face
opposite directions, the pair of planes is inverse coplanar.
Coplanar parallel plane pairs with the same normal orientation
can be further subdivided into the stepped relationship and
normal coplanar relationship, where the distance between the
normal coplanar planes is less than 0.5 ∗ dis, and the distance
between the stepped plane pair is between 0.5 ∗ dis and dis.
We formulate different optimization strategies for these plane
relationships.

In our previous work UBMP-PaTo, the inverse coplanar
plane has already caught our attention. This structural property
is generally manifested as parapets, thin walls, and billboards,
in buildings. The targeted topology optimization in UBMP-
PaTo is effective, and this method continues to be used in
this article. In the case of continuous inverse coplane where
a mid-plane is adjacent to and parallel to two noncoplanar
parallel planes, we adjust the mid-plane normal to make it
45◦ to its two parallel planes, as the plum red plane shown
in Fig. 7. As the normal coplanar plane pair is essentially a
plane, we merged them as designed in UBMP-PaTo.

The optimization of stepped plane pairs is one of the most
notable contributions of this article. Normal coplanar planes
exist due to over-segmentation and a plane region is divided
into multiple ones in the setting of a relatively small growth
threshold. The stepped plane pair is induced by a fairly large
growth threshold when two parallel planes that are not adjacent
establish an adjacency relationship across their midplane.
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Fig. 7. Continuous inverse coplanar plane topology optimization. The same
plane is identified with the same color. (a) Plane extraction results. (b) Initial
plane relationship. (c) Adjusted plane. (d) Model structure.

Fig. 8. Stepped structure topology optimization. The green circle means the
mid-plane. (a) Raw growth result. (b) Midplane merging. (c) Model structure.

The two cases are not distinguished in UBMP-PaTo, which
leads to the result of plane under-segmentation. More seri-
ously, the coplanar plane merging is an iterative update
process of the plane equation, and the continuous merging of
continuously stepped planes will lead to an increasing error
accumulation.

To eliminate the error accumulation phenomenon and obtain
a finer planar structure, we remove the adjacency of two par-
allel planes and restore the mid-plane structure. The so-called
mid-plane refers to the connecting plane region between
two parallel planes, usually presenting an elongated strip-
shaped structure. The initial extraction results of the mid-plane
obtained by region growing are easily affected by the noise
and exhibit broken and incomplete structures. We have formu-
lated the following topology optimization rules in a targeted
manner.

1) Robustly merge these broken mid-planes using a loose
criterion to support the stepped structure with the fewest
mid-planes, as shown in Fig. 8.

2) For the mid-plane with an unstable neighborhood struc-
ture (neighborhoods < 4), traverse other mid-plane
regions, calculate the nearest distance from this plane
region to the traversed plane, and select the plane with
the smallest distance to join the neighborhoods.

3) Cancel the neighborhood relationship between two par-
allel planes.

TABLE I
ANCILLARY STRUCTURE PRIMITIVE MODEL LIBRARY

E. Hybrid-Driven Modeling

The hybrid-driven modeling strategy is the most significant
difference between UBMDP and other mesh polygonization
methods. That is to say, both data-driven and model-driven
ideas are used in the modeling process to overcome their
respective shortcomings.

1) Model-Driven Island/Peninsula Modeling: Due to the
smaller spatial scale of the ancillary structures of buildings,
the topological quality of islands and peninsulas under the
same growth threshold is relatively poor, and it is difficult to
obtain satisfactory modeling quality directly with data-driven
methods. Therefore, on the premise that these fine structures
have been decoupled, we have the opportunity to use a model-
driven method to make up for data defects.

Considering the difficulty of defining all fine structures
with a set of primitive libraries and the ubiquity of simple
ancillary structures in buildings, island/peninsula structures
with too many topology nodes (>5) are still reconstructed
using the data-driven approach in the actual implementation
process. Other simple ancillary structures, such as dormers,
and balconies, are most likely to fail to obtain a closed model
due to missing topology or inaccurate plane extraction. The
loss of plane topology caused by under-segmentation and
the plane distortion caused by inaccurate segmentation make
model-driven methods more suitable. Thus, we constructed a
simple geometry primitive library for ancillary structures of
buildings in Table I.

As can be seen from Table I, our primitive library is quite
simple, covering only the most common building ancillary
structures: cuboids and triangular prisms. The primitive library
does not contain slightly more complex geometries (such
as pentagonal prisms) or even quadrangular and triangular
pyramids with fewer facets. The pentagonal prism structure
can be reconstructed in a data-driven manner without going
through a model-driven process. In addition, the detected
pyramid structures are often prisms missing a top face, and
the reconstruction of actual pyramid structures as prisms
would not lose too much information. In conclusion, the most
critical purpose of the model-driven strategy is to ensure legal
topology and watertight geometry, and the loss of details is
unavoidable.



YAN et al.: URBAN BUILDING MESH DECOUPLING AND POLYGONIZATION 5613216

Fig. 9. Stepped structure topology optimization. The green circle means the
mid-plane.

As shown in Fig. 9, we set some judgment rules to fit the
primitive library model, such as the number of planes, the
direction of connection planes, and the parallel relationship
of nonconnection planes. Corresponding model fitting rules
are designed for belongings of the facade, flat roof, and
sloping roof. The model fitting process adopts the means of
soft constraints that only the incomplete part of the original
structure is complemented, and other parts are not required to
comply with matching primitive. The specific fitting rules are
straightforward and trivial, and it is not necessary to elaborate
on them. It should be noted that the above rules are designed
for prominent structures. For the concave island/peninsula
structure below the roof, we use the Boolean operation to
dig a hole in the main structure is referred to as the digging
algorithm.

2) Data-Driven Model Generation: For the main structure
and the ancillary structure with more than five planes, this
article adopts the data-driven polygon model generation strat-
egy in UBMP-PaTo. Some targeted improvements are made
to cope with the special properties engendered by topology
decoupling.

Polyhedral model generation mainly includes two steps:
structural feature extraction and candidate face optimization.
The structural features include structure points generated by
the intersection of three adjacent proxy planes and structure
lines generated by two adjoining proxy planes. As each
independent model is a further subdivision of the original
building space, the bounding boxes of the independent model
replace that of the whole building to constrain the structural
points and structural lines. This improvement can further avoid
the appearance of illegal spikes in the model.

The candidate’s face is a polygon representing a plane
region formed by feature points and feature lines through pro-
jection and arrangement processes. To eliminate the influence
of topology errors on the water-tightness and manifoldness of
the simplified model, we adopted the binary linear program-
ming method in SABMP to optimize the candidate faces. Since
the cutting planes belong to the upper and lower subgraphs at
the same time after layering and chunking, and the adjacency
relationship with the spanning planes is additionally estab-
lished, topology problems arise spontaneously, which may
directly lead to the failure of model construction. As shown in
Fig. 10(d), the annular region is incorrect due to the redundant

Fig. 10. Significance of screening candidate faces for cutting planes. The
red circle is the building block to be reconstructed, and the yellow circle is
the cutting plane. UBMDP is the abbreviation of our method. (a) Reference
image. (b) Original mesh. (c) UBMDP model. (d) No screening.

presence of the cutting plane. Only by deleting the unnecessary
candidate face of the cutting plane in advance (yellow circle
in Fig. 10) the modeling result can conform to the actual
building structure [Fig. 10(c)]. The deletion conditions we add
to constrain the cutting plane are shown as follows:

Area
(

Ma
i

)
> 0.6 ∗ Area( fi ), fiϵFlow. (2)

In this formula, fi represents the candidate face, M rep-
resents the simplified model, Ma

i represents the part covered
by the original mesh, Flow represents the candidate face set
formed by the subgraph on the cutting plane, and 0.6 is the
empirical parameter.

IV. RESULTS

The UBMDP method has been implemented based on
UBMP-PaTo, and the programming language used was C++.
The topological operations (such as the Tarjan algorithm)
involved in this article were done using the Boost library [57],
and the CGAL library [58] was mainly used for geometric
calculations. In addition, we used easy3D [59] for polygon
model rendering. Through qualitative and quantitative analysis
of different experimental data, the UBMDP method validated
its advantages over other relevant methods.

A. Qualitative Analysis

The UBMDP method is suitable for polygonizing single-
building mesh models containing ground regions and can be
directly applied to monomer buildings extracted manually or
automatically. In Fig. 11, we conducted experiments with eight
photogrammetric mesh models containing various forms of
noise distributed on the ground and building regions. The
Poisson Reconstruction method generated the mesh model a),
b), g), and h) from the dense point cloud. Model g) and
h) were derived from the same piece of point cloud data,
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TABLE II
REASONS FOR MODEL QUALITY IMPROVEMENT

TABLE III
ADJUSTABLE PARAMETERS USED IN THE THREE METHODS

while h) with greater reconstruction density. Model f) was
generated from images using ContextCapture, while GodWork
generated the mesh model of Fig. 1. Models c), d), and e) were
from the open-source dataset. The UBMDP method results in
multiple independent submodels, including the main structure
and island/peninsula models. Each submodel is a polygonal
model with an excellent compression ratio and guarantees
water-tightness and manifoldness, which is different from
the classical mesh decimation method (such as the QEM
method in Fig. 11). The submodels are closely combined
by connection planes to form a building model with high
structural integrity.

The model results in Fig. 11 shows that the UBMDP method
has more detailed structural information than the other mesh
polygonization methods, such as SABMP and UBMP-PaTo.
Topology decoupling plays a significant role in improving
model quality. The quality improvement of model a) is mainly
due to the digging algorithm, and the modeling of prominent
structures improves the quality of model e). The quality
improvement of model c) is primarily due to the topology
optimization of the stepped parallel planes. The sets of close-
ups in Fig. 12 highlight where the quality improvement occurs.
Table II detailed the reasons for the improved quality of each
model. By comparing with the reference image, we can find
that the models generated by UBMDP are closer to the actual
building shape. This conclusion applies to the sloped roof
building d) and the flat roof building h), high noise data e)
and low noise data f), low-rise buildings c) and high-rise
buildings b).

The UBMDP method has an adjustable parameter c. The
smaller the coefficient c, the larger the growth threshold, and
the rougher the final result, which is the same as UBMP-PaTo.
SABMP tunes two thresholds to get the best modeling results:
a distance threshold cd that determines the region growing step
and an area threshold ca that screens the plane. The thresholds
used in the eight groups of data are shown in Table III.
It can be seen that UBMDP is less dependent on parameter
adjustment.

B. Quantitative Analysis

The ability to compress the data file is an important index to
evaluate the performance of the mesh simplification algorithm.
Table IV shows that the file compression ratio of UBMDP is
roughly between 0.11% and 0.75%, depending on the quality

of the original data and the actual complexity of the building
structure. The corresponding face contraction ratio is between
0.06% and 0.37%. The file compression ratio of the other two
methods is smaller than that of UBMDP, a tradeoff that must
be made to preserve the important structural characteristics of
the building.

Hausdorff distance is a standard index to evaluate the
similarity of two geometric models [61]. This article used the
original model as a sampling/reference mesh. The Hausdorff
distance to the simplified model was calculated to evaluate the
ability to preserve the structure of the original model. When
the sampling points of the original model can find neighbor-
ing points with smaller distances on the simplified model,
which means a superior ability to maintain the structure, the
algorithm manifests a lower root mean square (rms) value of
the Hausdorff metric. Since polygonization methods focus on
the lightweight representation of building regions, we roughly
removed the nonbuilding region data of the original model
before quality evaluation, as shown in Fig. 13.

This article compares the structure retention ability of
six methods aimed at simplifying the representation of the
building surface. Fig. 14 visualizes the Hausdorff distance and
the overall rms index of the model. The first and second small
rms values are highlighted in bold. QEM, VSA, and SAMD are
all classical mesh decimation methods. Inferior to polyhedron
methods such as SABMP, UBMP-PaTo, and UBMDP, they
cannot guarantee manifoldness and water-tightness.

As shown in Fig. 15, compared to the polyhedron method’s
remarkable feature representation ability and realism, the
results of the mesh decimation method, aiming at local opti-
mization, were full of fragmentary information, which cannot
well reflect the real structure. For fairness, we used these
three methods to reduce the input data to the same degree
as the number of vertices in the UBMDP result. Through the
quantitative analysis of the modeling quality, we found that
the UBMDP method has excellent modeling quality, and the
top six models have achieved the first or second ranking. The
rms value of UBMDP is slightly inferior to that of QEM and
SAMD only when dealing with large-area simple flat-roofed
buildings under the same vertex contraction target. The cause
is that the main structure of the building f) needs relatively few
feature points. Using the traditional mesh decimation method
will not lead to too much loss of structural information but
can better preserve the unstructured surface. When faced with
buildings with complex geometric structures, the rms values
obtained by the UBMDP method are the smallest among the
six methods, such as models a)–d). Compared with other poly-
hedral methods, UBMDP consistently achieves the best rms
value, the same as the previous analysis results. Further con-
sidering the simplified results’ manifoldness, water-tightness,
and polygonization, we believe UBMDP to achieve state-of-
the-art performance in the structure-aware reconstruction of
building mesh data.

V. DISCUSSION

A. LoD3 Reconstruction Capability

Benefiting from the ability of topology decoupling to model
the ancillary structures separately, the UBMDP algorithm has
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Fig. 11. (a)–(h) Comparison of modeling results. From left to right are the original mesh model, QEM [38] result, SABMP [45] result, UBMP-PaTo result,
and our UBMDP result. Colors distinguish the submodels in the UBMDP results.
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TABLE IV
FILE COMPRESSION RATIO

Fig. 12. Close-up of the dramatic increase in model quality. The image
source in the second and third columns are provided by Nan [60]. (a) Image
source. (b) Origin mesh. (c) SABMP. (d) UBMP-PaTo. (e) UBMDP.

Fig. 13. Reference mesh with only the building region. (a) Origin mesh
model. (b) Reference mesh.

a certain LoD3 reconstruction ability. The LoD3 model refers
to the building model including detailed architecture, while the
LoD2 model only has a complex roof and simple facade. The
LoD3 reconstruction capability refers to the function of recon-
structing the building’s detailed structure such as windows,
balconies, and chimneys. UBMDP constructs a hierarchy
topology graph and determines the level of details according
to whether to output the ancillary submodel. Fig. 16(a) is a
part of the LoD2 model of data d), Fig. 16(b) is the LoD3

model, including the detailed structure of the roof surface such
as dormers and chimneys, and Fig. 16(c) is the LoD2 model
of the bottom part of data e). Fig. 16(d) is the LoD3 model
containing the detailed structure of the facade. At present, the
representation of doors and windows is not covered by our
method.

B. Efficiency

The efficiency of mesh simplification is an essential factor
in evaluating the practicability of the algorithm. Fig. 17 counts
the time spent by the six methods mentioned above to obtain
the results shown in Fig. 14. The experiment platform is a
mobile workstation with a 2.30 GHz Intel1 Core2 i9-9880H
CPU and 64 GB RAM. Comprehensive analysis shows that
QEM has the highest efficiency as a classical mesh deci-
mation algorithm. SABMP and SAMD have much higher
running times than other algorithms due to their structure-
aware properties and are an order of magnitude slower than
QEM. The running time of VSA and UBMP-PaTo are slightly
higher than QEM, basically at a comparable level. Due to
the complexity of topology processing and the enrichment of
geometric structures, the processing time required by UBMDP
is roughly two to three times that of QEM, which is still
in the same order of magnitude and has apparent advantages
over SABMP and SAMD. The efficiency of UBMDP is about
half that of UBMP-PaTo, which is a reasonable tradeoff for
better polyhedral model results. The efficient performance of
UBMDP reflects its competitiveness and applicability.

C. Limitation

Limited by the quality of the data itself and the targeted
algorithm design, although the UBMDP method has taken a
big step in the polygonization of building mesh data consid-
ering structural recovery, there are still some shortcomings.
On the one hand, UBMDP is only applicable to reconstructing
a single building. For simple composite building regions such
as model a) and model d), the result of the monolithic model
we obtained is ideal. However, for larger-scale building groups,
more complex plane primitive relationships and exponentially
increasing spatial computation are unpredictable for the cur-
rent UBMDP method. Faced with this kind of data, the
preextraction step of building singulation is necessary. On the
other hand, the fixed-threshold plane extraction strategy and

1Registered trademark.
2Trademarked.
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Fig. 14. Comparison of building structural retention capability.
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Fig. 15. Comparison of (b)–(d) polyhedron and (f)–(h) nonpolyhedron
methods. (a) Reference image. (b) SABMP. (c) UBMP-PaTo. (d) UBMDP.
(e) Origin mesh model. (f) VSA. (g) QEM. (h) SAMD.

Fig. 16. LoD2 and LoD3 modeling results for UBMDP.

Fig. 17. Running time comparison.

Fig. 18. Unstructured mesh data modeling results. (a) Origin mesh. (b) Model
result.

the topology optimization rules for segmented plane structures
make UBMDP unpredictable when faced with unstructured
surface reconstruction. As shown in the complex structure in
the red circle in Fig. 17, its mesh model shows an irregular

surface shape, and the modeling result in this area is not
satisfactory.

VI. CONCLUSION

We propose a hybrid-driven reconstruction strategy capable
of topology decoupling and polygonization based on urban
building mesh models. Topology decoupling involves building
layering, chunking, and ancillary structure separation, resulting
in relatively independent topology subgraphs that maintain
spatial adjacency through connection planes. A data-driven
modeling strategy is implemented after topology optimization
of the main structure, especially its parallel planes. A model-
driven modeling strategy is implemented for the ancillary
structure based on the topology completion library. The pri-
mary function of topology decoupling is to select appropriate
modeling rules according to the characteristics of submodels.
The final result of our method is a set of submodels, and each
of them is a lightweight polyhedron model with watertight
and manifold properties. Using the obtained model set and
its affiliation, we can choose to output the LoD2 model or
the LoD3 model as needed, providing a flexible and efficient
data type for tasks such as 3-D geometric calculation, spatial
analysis, and scene interaction. In terms of building structure
retention ability, UBMDP outperforms other polyhedron meth-
ods. Its consistency with the original mesh is also first-class
compared with nonpolyhedron methods. In terms of efficiency,
UBMDP is competitive, and its slightly higher processing time
than QEM would not limit its practicality. Our research is
meaningful for promoting real 3-D city model reconstruction
and enriching model applications.

Our research has many possibilities waiting to be discov-
ered. In terms of model-driven strategies, we can consider
adding a primitive library of parametric models to deal with
curve surface regions, such as cylinders and cones. Moreover,
incorporating a learning-based approach in our research is
also expected to improve modeling performance. For example,
graph neural network-based topology optimization and convo-
lutional neural network-based window extraction are all work
we hope to complete in the future.
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