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Abstract

:

Underground pipe network is a critical city infrastructure, which plays an important role in smart city management. As the detailed three-dimensional (3D) scene of underground pipe networks is difficult to construct, and massive numbers of pipe points and segments are difficult to manage, a 3D pipe network modeling and organization method is explored in this study. First, the modeling parameters were parsed from the pipe network survey data. Then, the 3D pipe segment and point models were built based on parametric modeling algorithms. Finally, a heterogeneous data structure for the 3D pipe network was established through loose quadtree data organization. The proposed data structure was suitable for 3D Tiles, which was adopted by Cesium (a web-based 3D virtual globe); hence, a multitude of pipe networks can be viewed in the browser. The proposed method was validated by generating and organizing a large-scale 3D pipe network scene of Beijing. The experimental results indicate that the 3D pipe network models formed by this method can satisfy the visual effect and render the efficiency required for smart urban management.
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1. Introduction


Urban underground pipe networks are essential infrastructure and are used to supply gas, water, electricity, communications, drainage, etc. [1]. With the rapid development of cities, many types of underground pipelines have been constructed, making underground spaces more complex. Effective underground space management is considered a ‘Gordian knot’ [2]. In recent years, China has launched a national program with aims to effectively manage underground pipe networks based on comprehensive pipe network surveying data and geoinformation systems [3].



The visualization of the urban underground pipe network has been studied by many researchers, with a focus on automatic pipeline modeling and three-dimensional (3D) visualization [4,5,6]. Early technologies used in geographic information systems (GIS) and computer-aided design (CAD) software for pipeline visualization were based on two-dimensional (2D) maps consisting of points and lines [7,8]. Although the direction of the pipelines can be roughly presented, the spatial relationship of the pipelines cannot be directly described. With the development of 3D visualization technology, the visualization of underground objects in 3D form has attracted much more attention [9]. In order to avoid the gap between 3D pipeline segments, Du and Zlatanova [10] presented an approach by constructing a new pipe to connect the pipes for visualization. However, the semantic characteristics of the pipe points were not studied. Becker et al. [11] proposed a new spatial information model that considered the semantic characteristics of pipe points. This model has already been integrated into City Geography Markup Language (CityGML) [12], but the visualization of city-scale underground facility networks was not explored. Wu et al. [13] realized the 3D visualization of city-scale pipelines using the graphics processing unit (GPU)-based ray casting method, which divides data into blocks and uses a geometry shader for each pipeline. However, this approach is not flexible and does not consider the matching between the pipe segments of different diameters and pipe point models. In addition, the method was implemented based on the client program, which cannot be accessed through a browser. Although these studies above presented promising results, they do not meet the requirements of underground space planning [14]. With the development of cloud computing and web service, transforming the platform into a web browser is important for sharing and cooperation. The visualization of underground pipe networks for urban management should meet: (1) large-scale continuous visualizations in the web environment; (2) accurate descriptions of the semantic characteristics of pipe points. Accurately modeling the characteristics of the pipe point model and adopting them to the city-scale visualization of pipe networks are essential. Therefore, accurately and quickly establishing a 3D pipeline model based on raw 2D pipeline data and accurately visualizing the semantics of pipe points in a 3D web scene are vital for urban underground pipeline management [15].



Improvements in computer hardware performance and browser technology, especially WebGL development, have greatly promoted web 3D visualization [16]. Cesium [17], a cross-platform virtual earth platform based on JavaScript, has gradually been recognized by Open Geospatial Consortium (OGC). In particular, the open-source standard 3D Tiles [18] introduced in 2015 can provide streaming processes for many heterogeneous 3D geographical targets, allowing the visualization of all geographical data types possibility. The 3D Tiles specification [19] has been highly recommended by the Cesium developer community. 3D Tiles support the streaming of data such as vector, raster, model, and point cloud. Inspired by research on processing building information modeling (BIM) data into 3D Tiles [20], we selected the 3D Tiles format for pipeline visualization in the web environment. This kind of pipeline visualization has already been investigated by other researchers. Jurado et al. [21] proposed a Web-based GIS application to study the real-time visualization of underground infrastructure. Wang et al. [22] proposed a hybrid framework for the high-performance modeling of 3D pipe networks, which adopt 3D platform SuperMap and a spatial 3D model format. However, the visualization effect and efficiency of urban underground pipelines in a web environment still requires further investigation, in particular for keeping the additional semantic features through parametric modeling.



In this study, a parametric modeling approach for the 3D visualization of urban underground pipelines is proposed, and an optimized data organization suitable for 3D Tiles was presented based on Cesium. The remainder of this paper is organized as follows. The semantically parameterized 3D modeling for pipeline data and processing in Batched 3D Model (B3DM) for 3D Tiles specification is presented in Section 2. The verification and analysis of the experiment are described in Section 3, and the study is summarized and discussed in Section 4.




2. Pipeline Modeling and Organization


2.1. Workflow


The proposed method includes three key steps: (1) parsing geometric and semantic pipeline data from the database; (2) generating 3D models for pipe segments and points; (3) splitting and transforming 3D pipe models into B3DM data organized with 3D Tiles structure. The processing workflow is presented in Figure 1. In the first step, the parametric information is parsed from raw pipeline data in geographic database such as Microsoft Database (MDB). The second step consists of two parts: pipe segment modeling and pipe point modeling. Pipe segment modeling mainly includes mesh construction and texture mapping. Pipe point modeling requires the processing of special points, such as points at the connection of multiple pipe sections as well as points with special features. For better rendering efficiency, we introduced a variant of the quadtree to build the spatial index of models.




2.2. Pipe Network Data Structure


Pipe network data can be clarified into three types: pipe point, pipeline segment, and ancillary facility. The data structure of the pipe points as well as the pipeline segments are listed in Table 1 and Table 2, respectively. These tables provide the relevant fields for pipeline modeling with the method presented in Section 2.3 and Section 2.4.



The first step in pipeline modeling is to parse the properties of pipe point and pipe segment for modeling. MDB is a relational database storing data according to pipeline types. By parsing the layer data, the important characteristics of the pipe points for modeling, including coordinates, feature points, appendages, and so on, can be obtained. The information required for pipe segment modeling includes the starting and ending point IDs, depths, pipe diameters, and other key fields.




2.3. Parametric Modeling of Pipe Segment


To automatically model the pipe segments, a parametric modeling algorithm for the construction of the pipeline model based on survey data, e.g., pipe diameter and buried depth, is proposed. The automatic modeling of the pipeline mesh is the key purpose of the algorithm. Based on the data structure of the pipe segment, it is clear that each pipe segment is composed of two pipe points. According to the Chinese national pipeline standard [23], the length of each segment is typically no more than 70 m. The pipe point information contains 3D coordinates and attribute data. The spatial position of the pipe segment is determined by the coordinates of the start and end points as well as the buried depth. Furthermore, the diameter of the segment is used to describe the shape of the pipe surface as a square or circle. For example, 300 × 200 means that the pipe exhibits a square cross surface with 300 and 200 mm in width and length, respectively, whereas DN300 indicates that the cross surface is a circle with a diameter of 300 mm. Figure 2 illustrates the different types of pipe segment.



2.3.1. Pipe Segment Mesh Construction


For pipe segment modeling, the following steps are performed:




	(1)

	
Obtaining the coordinates of the start and end points as well as the diameter of the pipe segment;




	(2)

	
Calculating the coordinates of each vertex in the spatial coordinate system: three vertices are used to form a triangle, and all the triangles are spliced together to form the geometry of the pipe segment.









When the cylinder is converted into a polygonal column, the “segment number” parameter, controlling the smoothness of the pipeline, is required to subdivide the cylinder. The modeling of the curve part of the pipe segment is displayed in Figure 3.



As there are crevices between sections in the modeling method presented above, additional treatment is needed for crevice repairing. In order to solve the crevice problem, a smooth arc pipe segment is constructed. Figure 3a demonstrates the construction of suture for the crevice. Point S is the intersection point of the center line of the two-pipe segment, point P3 is the starting point of one pipe segment, and point P4 is the ending point of the other pipe segment. θ is the angle formed by the pipe segments SP3 as well as SP4. To determine the smooth arc segment, the center point S1 should be given first, and the 3D coordinates of S1 can be calculated as follows:


   {       x  s 1     =    x s  +  (   x  p 1   +  x  p 2   − 2  x s   )  ×   |   S P  2  |    |   S P   1   +   S P  2   |   ×  cos  − 1   ( θ / 2 )        y  s 1     =    y s  +  (   y  p 1   +  y  p 2   − 2  y s   )  ×    |  S  P 2   |     |  S  P 1  + S  P 2   |    ×  cos  − 1   ( θ / 2 )        z  s 1     =    z s  +  (   z  p 1   +  z  p 2   − 2  z s   )  ×    |  S  P 2   |     |  S  P 1  + S  P 2   |    ×  cos  − 1   ( θ / 2 )        



(1)




where    |  S  P 2   |    is the length of line segment SP2,    |  S  P 1  + S  P 2   |    is the length of the addition vector of SP1 and SP2. P1   (   x  p 1   ,  y  p 1   ,  z  p 1    )    and P2   (   x  p 2   ,  y  p 2   ,  z  p 2    )    are the perpendicular intersection points of point S1 to SP3 and SP4. Their coordinates can be calculated as follows:


   {       x  p 1     =    x s  +  (   x  p 3   −  x s   )  ×    |  S  P 1   |     |  S  P 3   |           y  p 1     =    y s  +  (   y  p 3   −  y s   )  ×    |  S  P 1   |     |  S  P 3   |           z  p 1     =    z s  +  (   z  p 3   −  z s   )  ×    |  S  P 1   |     |  S  P 3   |           



(2)






   {       x  p 2     =    x s  +  (   x  p 4   −  x s   )  ×    |  S  P 2   |     |  S  P 4   |           y  p 2     =    y s  +  (   y  p 4   −  y s   )  ×    |  S  P 2   |     |  S  P 4   |           z  p 2     =    z s  +  (   z  p 4   −  z s   )  ×    |  S  P 2   |     |  S  P 4   |           



(3)




where    |  S  P 3   |    is the length of the line SP3,    |  S  P 4   |    is the length of line SP4. P3   (   x  p 3   ,  y  p 3   ,  z  p 3    )    and P4   (   x  p 4   ,  y  p 4   ,  z  p 4    )    are the endpoints of the pipe segment, and point S   (   x s  ,  y s  ,  z s   )    is the connection point of the two pipe segments. Their coordinates can be obtained from the raw pipeline data. Similarly,    |  S  P 1   |    is the distance from point S to point P1,    |  S  P 2   |    is the distance from point S to point P2. The length (L) of    |  S  P 1   |    can be calculated as follows:


   L    =    |  S  P 1   |    =    |  S  P 2   |    =      |   S 1   P 2   |    tan ( θ / 2 )     =    (   d 2  + s  )  / tan ( θ / 2 )  



(4)




where segment, the center point S1 d is the diameter of the pipe segment, s is the vertical distance from the center point    S 1    of the torus to the pipe, and it is a variable that controls the radius of the suture. In Figure 3a, the suture is an orange diagram when s equals the pipe radius, and green when s equals the pipe diameter. For a better crevice-repairing effect, the value of s is typically slightly larger than the pipe radius. In order to link P1 and P2, an arc is drawn with point    S 1    as the center and    |   S 1   P 1   |    as the radius. Point C is the intersection point of line    S  S 1    and the arc. As the length of   | C  S 1  |   equals    |  S 1   P 1  |  , thus, the coordinates of point C can be calculated as follows:


   {       x c    =    x  s 1   +  (   x s  −  x  s 1    )  ×    |  C  S 1   |     |  S  S 1   |           y c    =    y  s 1   +  (   y s  −  y  s 1    )  ×    |  C  S 1   |     |  S  S 1   |           z c    =    z  s 1   +  (   z s  −  z  s 1    )  ×    |  C  S 1   |     |  S  S 1   |           



(5)




Point    C n    is in the plane formed by line   S  S 1   ,     S 1     P 2   , and    C n    are on the circumference of the circle with point    S 1    as the center. Therefore, we can obtain the coordinates of    C n   (   x n  ,  y n  ,  z n   )    with the formula below:


  {     |  S 1   P 2  |   =      (  x n  −  x  s 1   )  2  +   (  y n  −  y  s 1   )  2  +   (  z n  −  z  s 1   )  2         0 = a (  x  n   −  x  s 1   ) + b (  y  n   −  y  s 1   ) + c (  z  n   −  z  s 1   ) + t      cos ( n β ) =   (  x  n   −  x  s 1   ) (  x  p 2   −  x  s 1   ) + (  y  n   −  y  s 1   ) (  y  p 2   −  y  s 1   ) + (  z  n   −  z  s 1   ) (  z  p 2   −  z  s 1   )   |  S 1   P 1  | |  S 1   P 2  |       



(6)




where the lengths of    |   S 1   P 1   |    and    |   S 1   P 2   |    equal the radius of the suture arc,  β  is a user-defined minimum radian parameter that determines the smoothness of the suture grid, and a, b, c, and t can be obtained as the follows:


   {      a   =    (   y s  −  y  s 1    )   (   z  p 2   −  z  s 1    )  −  (   y  p 2   −  y  s 1    )   (   z s  −  z  s 1    )        b   =    (   z s  −  z  s 1    )   (   x  p 2   −  x  s 1    )  −  (   z  p 2   −  z  s 1    )   (   x s  −  x  s 1    )        c   =    (   x s  −  x  s 1    )   (   y  p 2   −  y  s 1    )  −  (   x  p 2   −  x  s 1    )   (   y s  −  y  s 1    )         



(7)






  t   =   a  x  s 1   − b  y  s 1   − c  z  s 1    



(8)




Therefore, using this series of centers    (   C 1  ,  C 2  …  C n   )   , the model of the pipeline suture can be constructed, as displays in Figure 4.



In general, the pipe segment model is determined by the start and end points as well as the properties of the pipe segment. The start and end points are 3D coordinates, and the pipe segment model coordinates are global, allowing the model to be placed in the correct position on the virtual earth.




2.3.2. Dynamic Texture Mapping


Texture mapping is a method that maps pixels from a texture to a 3D surface, and it can be interpreted as wrapping the image around the object. A dynamic texture has a spatially repetitive pattern with a time-varying visual pattern. For a better effect of the pipeline, a dynamic texture was used for texture mapping based on the pipeline mesh (Figure 5). In this subsection, the texture mapping method is presented. Dynamic texture mapping of the pipeline consists of two parts, one is the texture coordinate calculation, and the other is dynamic texture mapping [24].



(1) Texture coordinate calculation of the suture of the pipeline. Texture mapping at the pipe segment extends along the pipeline and vertical directions; however, texture mapping at the pipeline connection is more complex. According to the coordinates of the center point of the suture calculated with Equation (1), the spatial coordinates of the four corners can be obtained. The texture coordinates of the vertex P(i,j) on the mesh of suture can be calculated as follows:


   {       U   (  i , j  )      =      |   P   (  i , j  )     P   (  i + 1 , j  )     |   n  ∗ i        V   (  i , j  )      =    V   (  i − 1 , j  )    +    |   P   (  i , j  )     P   (  i , j + 1  )     |   n         



(9)




where n is the basic tile length between the two sampling points,    |   P   (  i , j  )     P   (  i + 1 , j  )     |    is the length of points    P   (  i , j  )      and    P   (  i + 1 , j  )     , and    |   P   (  i , j  )     P   (  i , j + 1  )     |    is the length of the points    P   (  i , j  )      and    P   (  i , j + 1  )     . Here, (u,v) represents the texture coordinate system, where the u axis is along the pipeline direction, and the v axis coincides with the vertical direction. The range of texture coordinates is between (0,0) and (1,1). If it exceeds the range, the texture image will be mapped by GL_REPEAT approach of OpenGL.



(2) Dynamic texture mapping. To demonstrate the dynamic visualization effect in the system, the pipes for drainage and water supply are selected for the dynamic texture mapping. A dynamic Graphics Interchange Format figure was prepared in advance through an image stream to store the image sequences. The texture coordinate stays the same and refreshes the image for each frame in the rendering process, achieving a dynamic effect without re-computing the texture coordinates.





2.4. Parametric Modeling of Pipe-Point


Parametric modeling of a pipe-point is an algorithm for building a complex 3D pipe-point model based on the parameters such as pipe-point position, pipe segment direction, and pipe diameter. In the pipe-point parametric modeling algorithm, the fusion of the pipe-point prototype model and the pipe segment model is considered. The pipe-point prototype model refers to the 3D model built in advance with 3ds Max or other modeling software. Different types of models, such as water valve and flange, are prepared in the model library. In the process of the pipe point, the position translation, scaling, and rotation parameters of the pipe-point prototype model are calculated from adjacent pipeline data. The pipe point is simultaneously processed with the pipeline. Pipe-point modeling requires distinguishing between feature points and connection points. Feature points typically include water meters, valves, and inspection wells, while connection points refer to the elbow, tee, and cross. According to the diameter of each pipe and angle between pipe segments, the prototype model in the model library is automatically adjusted using the construction algorithm in order to much more effectively fuse the prototype model and pipe segment models.



2.4.1. Feature Point Processing


To improve the pipe network visualization accuracy, the prototype model library is prepared for feature points such as water meters, valves, and other pipe points. However, the orientation and diameter of each feature point in the real pipe network system are different; thus, seamlessly joining the prototype and pipe segment models according to the parameters is usually a difficulty in the modeling process. In Figure 6, the green arrow represents the initial orientation of the prototype model. In the pipe point modeling process, the rotation angle can be calculated using the relative relationship between the coordinates of the start and end point of the pipe, and the scaling factor can be obtained according to the proportion of the pipe diameter with respect to the size of the prototype model. The rotation angle is calculated as follows, where α, β, and γ represent the angles between the pipe segment and the x axis, y axis, as well as z axis, respectively:


   {      α   =     tan   − 1      y 2  −  y 1     x 2  −  x 1          β   =      tan    − 1      z 2  −  z 1     y 2  −  y 1          γ   =     tan   − 1      x 2  −  x 1     z 2  −  z 1           



(10)








2.4.2. Connection Point Processing


Adjacent pipes are typically connected by an elbow, and the connection requires special modeling. In 3D visualization, spatial transformation is required for a 3D model to be placed in an appropriate position (Figure 7). The model matrix is applied to transform the vertices from local coordinates to world coordinates. For a flange 3D model in the model library, the correct world coordinates can only be obtained by the spatial transformation of the model matrix which consists of translation, rotation and scaling. In Equation (10), Mmodelmatrix refers to the transformation matrix applied to the 3D flange model, where Mscaling is the scaling matrix, Mroatation is the rotation matrix, and Mtranslation is the translation matrix:


   M  m o d e l m a t r i x     =      M    s c a l i n g   ∗  M  r o t a t i o n      ∗ M    t r a n s l a t i o n    



(11)






   M  s c a l i n g     =    [      d /  d 1     0   0   0     0    d /  d 1     0   0     0   0    d /  d 1     0     0   0   0   1     ]   



(12)






   M  r o t a t i o n     =    [      cos α    0    sin α    0     0   1   0   0      − sin α    0    cos α    0     0   0   0   1     ]   [     1   0   0   0     0    cos β     − sin β    0     0    sin β     cos β    0     0   0   0   1     ]   [      cos γ     − sin γ    0   0      sin γ     cos γ    0   0     0   0   1   0     0   0   0   1     ]   



(13)






   M  t r a n s l a t i o n     =    [         1   0   0     x  p 1        0   1   0     y  p 1        0   0   1     z  p 1        0   0   0   1         ]   



(14)




where the scaling is   d /  d 1    with the pipe diameter d and the initial diameter of the flange    d 1   , and    α  ,  β , and    γ   represent the angles between      S 1   P 1   →    and the x, y, and z axes, respectively,     x  p 1    ,     y  p 1    ,and     z  p 1     are the x, y, and z coordinates of point P1.




2.4.3. Multi-Directional Point Processing


When multiple pipe segments intersect in a point, they are usually connected by a pipe joint, such as a tee-junction and cross-junction. For this complex situation, we use the parametric modeling method to adjust the model elements, including the pipe diameter and angle, to fit the pipe segments. Then, we combine multiple model elements to form a multi-pass structure. Figure 8 illustrates the composition of the multi-pass structure in top and oblique views.



The multi-pass modeling method involves two parts: (1) selecting the maximum diameter of multiple connected pipes as the standard for modeling the middle part; (2) build a cone between the larger and smaller pipe segments to realize a transition effect, as illustrated in Figure 8b. The parameters used here include the diameter of each pipe segment and adjustable transition length at the connection.





2.5. City-Scale Pipe Model Organization


As a city contains large amounts of pipe networks, the 3D scene cannot load and display all contents simultaneously; hence, block loading is required [25]. 3D Tiles is an open specification for streaming and rendering massive amounts of 3D geospatial content such as photogrammetry, 3D buildings, BIM/CAD, enhanced features, and point clouds. It defines a hierarchical data structure and a set of tile formats that delivers renderable content. 3D Tiles is built based on the GL Transmission Format, which is recommended by the Open Geospatial Consortium [26,27]. This specification is supported by 3D engines such as Open Scene Graph (OSG) and Cesium. The pipeline model partitioning principle should consider that pipe segments should not be segmented. Therefore, pipelines should be partitioned at pipe points to avoid cutting the pipe segment. To achieve this goal, we improved upon the common quadtree partition rules, in such a way that child tiles overlap but spatial coherence is still preserved, a parent tile encloses all of its children, and the tiles at the same level of the tree can have different sizes. This is a variation of quadtree, named loose quadtree in this study. The approach is useful for pipe network visualization to avoid splitting pipe segments and pipe-point models.



2.5.1. Data Organization for Pipe Model in 3D Tiles


For pipeline model creation, the model data are organized according to the 3D Tiles specification. The core element of 3D Tiles is a tileset file. A tileset is a set of tiles organized in a hierarchical structure. The tileset is described in JavaScript Object Notation (JSON), which is a lightweight data-interchange format. Figure 9 displays a simple example of a tileset to show its most important concepts and elements. To maintain a balance between visualization effectiveness and efficiency, level of detail (LOD) technology is adopted to construct models with different details at various levels. The pipe model generated by the parametric modeling algorithm is adopted in the tileset as a batched 3D model. The prototype models constituting the pipe point model are the same, but the corresponding spatial positions vary. For example, the water valve adopts the same model in the model library in the pipe point modeling process; to avoid being loaded multiple times during rendering, it is loaded as an instanced 3D model. Regardless of how many references there are, only one copy is stored in memory.




2.5.2. Splitting Pipe Models into 3D Tiles


3D Tiles incorporate the hierarchical LOD(HLOD) concept to optimally render spatial data [28]. A tileset of 3D Tiles is a set of tiles, which are organized as a hierarchical data structure. The tileset itself contains the root tile, and each tile may have child tiles. The conventional quadtree organization method cannot meet the demands of pipeline division [29]; hence, we adopted a loose quadtree division method. For loose quadtree, the model will be completely split into the tile if the pipe-point model is at the boundary of the tile (Figure 10). At the same time, it will be marked that the model has been counted, and it will not be considered in the calculation of adjacent tiles. Hence, the tile size will be recalculated based on all models included, and finally a quadtree with loose structure will be formed.



For fast rendering, pipe segments and points can be split into tiles using the loose quadtree organization method. During the data conversion process, the format conversion function is integrated to transform the model data from the scattered OSG binary (OSGB) format to quadtree tiles, and then it is loaded into a 3D visualization engine for rendering.






3. Experiment and Analysis


To verify the proposed method, the pipe network data of a certain region in Beijing, China were selected for verification. As OSGB is a wildly used 3D model data format [30], an OSG-based tool was developed for parsing the MDB data and constructing pipe network models, and then the processed 3D Tiles data were loaded into Cesium to verify the visualization effect of the algorithm. The experimental environment was a 64-bit Windows 10 Professional operating system. The Central Processing Unit (CPU) was a 1.8 GHz eight-core Intel Core i7-8565U CPU with 16 GB of Random Access Memory (RAM), and the graphics card was an NVIDIA GeForce MX 150 with 2 GB of RAM. The screen resolution was 1920 × 1080 pixels, and the browser was Chrome 78.0.3904.108.



3.1. Experimental Data


In the experiment, integrated pipeline data were archived in a personal geodatabase using the MDB format. The pipeline data were divided into two parts. One contained four types of pipes with large diameters, i.e., water, drainage, gas, and heat supply in the urban area. The other part included the detailed pipeline information of a residential area. This experiment included seven types of pipelines. Table 3 displays the pipeline data statistics.




3.2. Performance


Based on the method proposed in this study, the pipeline data were first parsed. Then, the geometric model of the pipe network was generated by applying the parametric modeling method. Finally, the model data was formatted into 3D Tiles data according to the loose quadtree organization.



Table 4 displays the storage and time consumed by different experimental pipeline data types. The total storage of the standard model data (OSGB) is 1436 MB, and the total storage of the final 3D Tiles data (B3DM) is 1051 MB. As each line model type is independent, multithreaded parallel computing can be used [31]. The time consumed for the final model generation was 213 s, and the time for converting OSGB to 3D Tiles was 182 s.



Figure 11 displays the parametric modeling results for several essential pipe points. Figure 11a presents the visual effect of the elbow of the water supply pipeline. Figure 11b illustrates the visualization effect of the hand-hole well model and communication pipeline. Figure 11c visualizes the tee point of the rainwater pipeline, including the rainwater well and grate. Figure 11d displays the cross of the gas pipeline in a residential area.



Figure 12 shows the visualization of large-scale pipe networks. The distribution of pipe networks in a large area can be rendered in the pipeline visualization system through the loose quadtree organizational structure. Figure 12a is a top view that demonstrates the rendering effect of the pipe network on a large scale. With the application of LOD technology, the pipeline model precision can be more effectively controlled, and the unnecessary consumption of computing resources can be avoided. Figure 12b displays the pipeline distribution at the road level, and the spatial distributions of different pipe networks can be observed. The combined rendering effect of the pipe network and buildings is presented in Figure 12c. Using a semi-transparent surface treatment and terrain-cutting algorithm, we can investigate the spatial distribution of the underground pipe network (Figure 12d).



Figure 13 illustrates the pipeline section analysis, where the pipe diameters of underground pipe networks and the horizontal as well as vertical relationships between pipes are shown. The circle connected by a dotted line at the lower part of the figure indicates that the pipeline is round, and the corresponding surface elevation, buried depth, pipeline type, pipe diameter and distance between adjacent pipelines are shown at the bottom of the figure. At any two points on the map, the cross-section of the pipeline can be obtained. Through the section diagram, the buried depth of each pipeline and the distance between the pipelines can be clearly presented. For urban management, the distribution of pipe networks can be visualized before ground excavation [32] to avoid pipe networks breaking during the construction process.





4. Conclusions and Future Work


This study presents a pipe modeling and organization method for city-scale pipe visualization based on Cesium. The characteristics of pipe segment and point are considered to adopt a loose quadtree structure, making it possible to view a large range of pipeline data on a web browser. A 3D pipeline model can be quickly built using the parametric modeling method, and the pipeline connection can be constructed using the method mentioned in Section 2.3.1 to avoid cracks between pipeline segments. Different pipe point models were considered and processed, and the prototype model was automatically matched based on feature points. The pipe-point component model was generated based on the parameterized construction algorithm. For complex pipe points formed by several pipes with different diameters, the algorithm combined the flange model with a triangular mesh. After pipe network modeling, for quick browsing in Cesium, a format transformation from the original OSGB format to the B3DM format was performed, and the model data were organized into the 3D Tiles format through loose quadtree structure. Finally, a web-based 3D visualization system of pipeline networks was established, and the data modeling and processing workflows of different pipelines were validated. The approach has the following characteristics:




	(1)

	
Pipe GIS data, including pipe segments and points, can be quickly and automatically processed into a 3D pipe model;




	(2)

	
The pipe model is organized as a loose quadtree structure that can satisfy the visualization of city-scale underground pipe networks on a virtual globe.









As the pipe model is constructed using a geometric surface, internal pipe visualization and analysis are difficult to achieve. In smart city development, a detailed pipe model is essential for the urban emergency response. In the future, the internal and external integration of 3D pipe galleries should be investigated.
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Figure 1. Flowchart of the pipeline data processing. 
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Figure 2. Illustration of underground pipelines using two pipe points: (a) cylinder pipe segment; and (b) rectangular pipe segment. 






Figure 2. Illustration of underground pipelines using two pipe points: (a) cylinder pipe segment; and (b) rectangular pipe segment.



[image: Ijgi 09 00623 g002]







[image: Ijgi 09 00623 g003 550] 





Figure 3. Connection of two pipe segments: (a) construction of suture for the crevice; (b) section of the suture. 
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Figure 4. Three-dimensional (3D) suture of two pipe segments. 
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Figure 5. Texture mapping of the pipeline suture. 
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Figure 6. Rotation diagram of pipe point model. 
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Figure 7. Flange on a pipeline elbow. 
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Figure 8. Multi-pass structure with four different diameter segments: (a) top view and (b) oblique view. 
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Figure 9. Pipe model data organization in 3D Tiles format. 
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Figure 10. Loose quadtree tile structure. 
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Figure 11. Visualizations of different pipeline connection types: (a) elbow; (b) hand-hole well; (c) rainwater well with water grate; and (d) pipeline cross. 
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Figure 12. Visualizations of the pipe network: (a) top view; (b) road-level view; (c) pipe network with buildings; and (d) semi-transparent surface. 
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Figure 13. Cross-section analysis of pipe network: the upper part shows the visualization of the cross-section in the 3D scene, and the lower part is the result of the cross-section analysis. 
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Table 1. Data fields for pipe point.






Table 1. Data fields for pipe point.











	ID
	Field Name
	Meaning
	Comment





	1
	Exp_No
	No. of pipe point
	



	2
	X
	X coordinate
	Surveying coordinate systems



	3
	Y
	Y coordinate
	Surveying coordinate systems



	4
	Surf_H
	Ground elevation
	



	5
	Feature
	Feature of pipe point
	



	6
	Subsid
	Subsidiary type of pipe point
	



	7
	Angle
	Rotate angle of subsidiary
	



	8
	Offset
	Offset of eccentric well
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Table 2. Data fields for Pipe segment fields.
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	ID
	Field Name
	Meaning
	Comment





	1
	S_Point
	No. of start point
	



	2
	E_Point
	No. of end point
	



	3
	S_Deep
	Depth of start point
	



	4
	E_Deep
	Depth of end point
	



	5
	D_S
	Diameter of segment
	Like D300 or 300 * 600



	6
	Material
	Material of pipe segment
	Like polyethylene or nodular cast iron
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Table 3. Pipeline statistics.
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	Type
	Water Supply
	Drainage
	Gas
	Heating
	Communications
	Television
	Electricity





	Number of pipe points
	55,295
	15,777
	20,793
	15,491
	1032
	128
	1196



	Length of pipeline (km)
	1191.9
	459.3
	472.2
	976.2
	23.4
	4.4
	22.9
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Table 4. Data conversion time and storage space.
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	Pipeline Type
	OSGB Size
	B3DM Size
	Generation Time
	Conversion Time





	Water supply
	787 MB
	508 MB
	213 s
	182 s



	Drainage
	149 MB
	136 MB
	45 s
	37 s



	Gas
	146 MB
	126 MB
	42 s
	35 s



	Heating
	273 MB
	213 MB
	89 s
	58 s



	Communications
	10 MB
	17 MB
	4 s
	5 s



	Television
	6 MB
	5 MB
	2 s
	4 s



	Electricity
	65 MB
	46 MB
	23 s
	21 s
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