International Core Journal of Engineering Volume 11 Issue 3, 2025
ISSN: 2414-1895 DOI: 10.6919/ICJE.202503_11(3).0017

Study on Topological Relationship Construction and Automated
3D Modeling of Rainwater Pipe Network

Wanggiang Xu*

School of Geomatics and Urban Spatial Informatics, Beijing University of Civil Engineering and
Architecture, Beijing, China

*Corresponding Author: Wanggiang Xu (2108160322005@stu.bucea.edu.cn)

Abstract

Underground pipe network is an important infrastructure of the city. At present, there
are problems in the three-dimensional pipeline modeling, such as chaotic pipeline
topological relationship and imprecise pipeline model. For example, rainwater pipes are
all at the same horizontal position, and do not have slopes like real pipelines. Therefore,
this paper focuses on the construction of point-line topological relationship of rainwater
pipe network, and the rapid realization of the automatic construction of three-
dimensional rainwater pipe model with slope. This study uses the two-dimensional
pipeline data shapefile as the data source, and names the pipe segment and pipe point
with unique values as the primary key; and creates a method to quickly add the starting
point name and the end point name of the pipe segment in the pipeline attribute table as
the pipeline table, so as to achieve the purpose of quickly establishing topological
relationship for a large amount of pipeline data. Then, based on the Feature Manipulate
Engine (FME) platform, the two-dimensional pipe network data with completed pipe
network topological relationship construction is parametrically modeled according to
the attributes of the pipe network. Taking the Shangqiu ancient city data as an example,
the construction of 614 pipelines and 621 pipe well models was completed within 5.3s,
and the pipelines all have real slopes. This shows that the method proposed in this paper
effectively improves the accuracy of the model and is superior in efficiency, and can play
an important role in smart city management.
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1. Introduction

Urban underground pipelines are an indispensable infrastructure in urban construction, and they
provide an important guarantee for the normal operation of the city[1]. Underground pipelines are
large in scale, diverse in types, widely distributed, and complex[2]. Knowing the exact number and
spatial layout of underground pipelines is the basis of urban management and planning, and is also
an important means to prevent disasters and reduce pipeline accidents[3]. In addition to providing
necessary infrastructure support for citizens' lives, the construction and management of underground
pipelines are also directly related to the future development of the city.

Traditional underground pipelines are mainly expressed with CAD and Shapefile, which makes it
difficult to effectively describe and express a large amount of pipeline information[4]. With the
continuous advancement of 3D visualization technology, 3D visualization of underground pipelines
has gradually become the focus of attention[5]. Through 3D visualization, the geometric shape,
location and spatial relationship between underground pipelines can be presented intuitively and
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clearly, providing strong information support for the planning, design and management of
underground pipelines[6, 7].

Ren Lifu[8] used Bentley software to build a model based on survey data, achieving the visualization
and information management functions of the pipeline network model. Tang Xiaoli et al. [9]
successfully implemented automatic pipeline modeling based on the SuperMap platform. Zihe Hu et
al.[10] extracted modeling parameters from pipeline network survey data and constructed three-
dimensional pipeline segment and pipeline point models using parametric modeling algorithms.

At present, three-dimensional pipeline modeling faces the problems of unclear pipeline topological
relationship and insufficient pipeline model accuracy. Therefore, this study uses the two-dimensional
pipeline data shapefile as the data source and proposes a method to quickly add the start and end point
names of the pipeline segment in the pipeline attribute table, so as to quickly establish the topological
relationship between the pipeline point and the pipeline for a large amount of pipeline data. Using the
FME platform, the two-dimensional pipeline network data is parametrically modeled through the
pipeline network attributes, and the construction of the pipeline network topological relationship is
completed. The underground rainwater pipeline data of Shangqiu Ancient City was successfully
applied as an example.

2. Materials and Methods

2.1 Pipeline Network Original Data Structure

If the original data of the pipe network is in CAD format, the CAD data is first converted into shapefile
format using FME software, and the missing attributes of the pipe points and lines need to be
supplemented. The pipe network data can be clearly divided into two categories: pipe wells and pipe
sections. The attribute tables of pipe points and pipe segments are shown in Table 1 and Table 2
respectively.

Table 1. Pipe point attribute table.

Ground Well-bottom Node Geometry
N I elevation elevation shape Node Types Size
Ul |y - 100 9 columnar/ Inspection well/ Diameter/
' Square Rainwater well | 1 ength«Width

Table 2. Pipeline attribute table

1)) pipeline Types Length Geometry Size
1 Circular Tube 2.0 Diameter
2.2 Methods

2.2.1 Topological Relationship Construction of Pipeline Points and Pipelines

First, the pipe points need to be named with unique values. The naming rule is MP plus OBJECTID
value. Since OBJECTID is a unique value, the point name is also a unique value, and the point name
is used as the primary key of the pipe point attribute table. Similarly, the naming rule for the pipe
segment is: use the Python expression "ML!OBJECTID!" in the calculation field of ArcGIS Pro
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software to name it as ML plus OBJECTID value, that is, the line name is also used as the primary
key of the pipeline. The advantage of this naming is that it is efficient and unique.

This study adds the starting point name and the end point name of the pipe segment in the line table
as the foreign key of the pipeline table to achieve the purpose of establishing a topological relationship.
Due to the large number of pipelines, how to quickly and automatically add the starting point and end
point names of the pipe segment becomes a problem? The starting point of the pipe segment can be
intuitively seen from the vector diagram of the pipe network point line, as shown in Figure 1.

Figure 1. Pipeline network point and line local vector diagram

The attributes of the point names at both ends of the pipe segment can be added twice by applying
the spatial connection under Toolbox/Geoprocessing/Analysis Tools in ArcGIS Pro. For the first
merge, select the first merge rule, and for the second merge, select the second merge rule. This ensures
that the two connection points are exactly the two ends of the pipe segment.

The starting point name and the end point name of the pipe section are obtained, but the order of the
starting point name and the end point name may be incorrect, so it is necessary to correct it according
to the size of the bottom elevation of the two ends of the pipe section. Since rainwater drainage mainly
relies on gravity flow, the starting elevation of the bottom of the pipe section is greater than the end
point elevation of the pipe section. That is, if the starting point elevation is greater than the end point
elevation, then the order of the starting point name and the end point name is correct, otherwise the
starting point name and the end point name need to be swapped. The method to correct the starting
point and the end point is as follows: first, assume that the point matched for the first time is the
starting point, the field is renamed S, and the elevation of the starting point of the pipe section (the
elevation of the bottom of the pipe well) is SH; the point matched for the second time is the end point,
the field is renamed E, and the elevation of the end point of the pipe section is EH; create a new field
called "starting point name", and use the custom change function in the calculation field to get the
real starting point. The change function is defined as:

def change (SH, EH, S, E):
if SH<EH:
return E
else:
return S

It is also necessary to create a "field for the end point name" whose change function definition is
exactly the opposite of that of the starting point. By deleting the redundant fields in the pipeline
attribute table, you can get the attribute table with the name information of the starting and ending
points of the pipeline added, thus establishing the topological relationship between the pipeline point
and the pipeline.
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2.2.2 Parametric Modeling of Stormwater Pipelines Based on FME
(1) Construction of 2D Lines in 3D Space

According to the topological relationship between the pipe points and the pipelines, a complete
pipeline attribute table is formed. The complete pipeline attribute table includes the information of
the three-dimensional coordinates (X, Y, H) of the starting point and the end point. Then the two-
dimensional pipeline in the three-dimensional space is generated using the complete pipeline attribute
table. The entire workflow of the parametric modeling of the rainwater pipeline based on FME is
shown in Figure 2.
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Figure 2. Pipeline Network Modeling Workflow in FME

Specifically, the FeatureJoiner transformer is first applied to match the point name attributes twice,
and the attribute matching of the start point and the end point is connected to the pipeline table. Then,
the VertexCreator transformer is used to divide the start point and the end point of the pipeline
segment twice, and the LineBuilder transformer is used to generate a two-dimensional pipeline in
three-dimensional space. The slope of the pipeline is then calculated using the slope formula.

The difference between a two-dimensional pipeline in three-dimensional space and a two-
dimensional pipeline in a two-dimensional plane is that the two-dimensional pipeline in three-
dimensional space expresses the elevation of the pipeline segment, rather than just expressing the
elevation in the form of attributes, which paves the way for the pipeline segment model to have a real
slope. With the two-dimensional pipeline in the three-dimensional pipeline, parametric modeling can
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be performed based on the semantic information (geometry, location and other attributes) of the
pipeline.
(2) Parametric Modeling

The modeling of the pipe segment is done by using the PipeReplacer transformer to make a cylindrical
surface with a radius along the 2D pipeline in the 3D pipeline as the axis, as a circular pipe model.
Since the 2D pipeline in the 3D space is already in the correct spatial position, its model inherits this
point. The elevation of the pipeline refers to the elevation of the bottom of the pipeline. If the elevation
of the pipeline after modeling is less than the height of the radius length of the pipe segment, the
Offsetter transformer can be used to lift the radius length upward for correction.

Pipe wells can be divided into rainwater wells and inspection wells by type; pipe wells can be divided
into round wells and square wells by shape. Rainwater wells are all square wells, and inspection wells
are square wells and round wells.

Circular well modeling: First, you need to import the pipe point data in shapefile format in FME, and
filter out the pipe points with the pipe point type as circular pipe wells through conditional judgment
statements. Use the 2DEllipseReplacer transformer to make a plane circle with the pipe point as the
center and the diameter of the well as the size, and then use the Extruder converter to longitudinally
stretch the height of the well to obtain the circular well model.

Square well modeling: The modeling of square wells is similar to that of circular wells, except that
the pipe point data in shapefile format needs to be used to construct a rectangle with the pipe point as
the center according to the length and width of the well through the 2DBoxReplacer transformer, and
then the Extruder converter is also used to perform longitudinal stretching according to the height of
the well.

In addition, the difference is that square wells have a direction distinction, while circular wells do not.
The direction of the square well should be perpendicular to the direction of the pipeline so that the
pipeline is orthogonal to the pipe well. The NeighborFinder transformer can be used to find the nearest
pipe (Base port) to each pipe well. This transformer also adds the angle of the candidate to the base
feature. Once we build a three-dimensional model of the square well, we can use this angle plus 90°
as the parameter of the Rotator transformer to rotate the model so that the square well is orthogonal
to the pipeline.

3. Results

This study applied the 3D pipeline modeling process designed based on the FME platform to model
the underground rainwater pipelines in the ancient city of Shangqiu. The construction of 614 pipelines
and 621 pipe well models was completed within 5.3 seconds. The pipeline models all have real slopes.
The comparison before and after 3D modeling is shown in Figure 3, and the modeling operation is
shown in Figure 4.

~{

(a) (b)
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(c)
Figure 3. Before and after comparison of 3D pipeline modeling. (a) Two-dimensional pipe
network; (b) Macroscopic view of 3D pipe network modeling results; (c) Microscopic view of 3D
pipe network modeling results

nodel 621
node table 621
pipeline table 614
Total Features Read 1856

- Feature caches have been recorded at every stage of the translation. ~=
= To inspect the recorded features, ~=

— click the feature cache icons next to the ports. ~=

Translaticon was SUCCESSFUL with 8 warning(s) (0 feature(s) output)
FME Session Duration: 5.3 seconds. (CPU: 2.1s user, 0.5s system)
END — ProcessID: 25472, peak process memory usage: 157524 kB, current process memory usage: 116328 kB

Translation was SUCCESSEFUL

Figure 4. Summary of FME program operation

4. Conclusion

This study proposes a method to quickly construct point-line topological relationships, and uses the
FME platform to design an automated 3D modeling workflow for underground rainwater pipelines.
The underground rainwater pipeline network data of Shangqiu Ancient City is applied to this process,
which can quickly parameterize the 2D pipeline and pipe point data according to the attribute
information of the pipeline network. It effectively overcomes the problems of no slope in the pipeline
model and disordered topological relationships between the pipe point and pipeline model.

At present, the 3D modeling of the pipeline network in this study only stays on the surface of the
pipeline network, and fails to realize the visualization and analysis of the inside of the pipeline
network, such as the inside of the pipe well. In the development of smart cities, detailed pipeline
network models are crucial for urban emergency response.
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