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Abstract

:

Simplification of 3D building models is an important way to improve rendering efficiency. When existing algorithms are directly applied to simplify multi-component models, generally composed of independent components with strong topological dependence, each component is simplified independently. The consequent destruction of topological dependence can cause unreasonable separation of components and even result in inconsistent conclusions of spatial analysis among different levels of details (LODs). To solve these problems, a novel simplification method, which considers the topological dependence among components as constraints, is proposed. The vertices of building models are divided into boundary vertices, hole vertices, and other ordinary vertices. For the boundary vertex, the angle between the edge and component (E–C angle), denoting the degree of component separation, is introduced to derive an error metric to limit the collapse of the edge located at adjacent areas of neighboring components. An improvement to the quadratic error metric (QEM) algorithm was developed for the hole vertex to address the unexpected error caused by the QEM’s defect. A series of experiments confirmed that the proposed method could effectively maintain the overall appearance features of building models. Compared with the traditional method, the consistency of visibility analysis among different LODs is much better.
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1. Introduction


The usage of 3D city scenes is becoming increasingly significant in urban applications because they provide more realistic experiences than 2D maps [1]. Notably, the building model plays a key role in 3D city scenes because its rendering efficiency directly affects the user’s experience during the interactive process. As the demand for detailed expression increases, the data volume of 3D building models has grown rapidly. Although the performance of computers has substantially improved recently, it is still hard to meet the demand caused by the explosive growth of the data volume, which brings considerable challenges to the real-time rendering of 3D models. In large-scale city scenes, there may be hundreds of building models in the view. If all the models are rendered at the same time, a visual delay may appear and thus result in a poor user experience. The main solution is to use the levels of details (LODs) [2,3], which can effectively reduce the amount of data needed to be rendered and thus improve the rendering efficiency. In BIM (building information modeling), LODs are also considered to improve the efficiency of a project’s design and management [4,5]. In addition, LODs can effectively improve the efficiency of spatial analysis, such as visibility analysis in large-scale city scenes [6].



The simplification algorithm of 3D models, which is the key to generate different LODs, has always been a research hotspot in computer graphics [7,8]. Although several classic simplification algorithms have been proposed, most of them are designed for free-form surface models and may not be well applicable to 3D building models. Therefore, scholars have proposed a series of simplification algorithms for 3D building models [9,10,11,12], aiming at their special geometric constraints (vertical, parallel, and coplanar relation). According to the procedural modeling process that has been widely used in architectural design in recent years, most building models are gradually established using components because of their high efficiency [13]. Although these components have strong topological dependence in real space, they are organized as independent meshes in the model modeling process (Figure 1b). There is no connection relationship between the different meshes. When the existing algorithms are directly used to simplify multi-component building models, each component would be simplified independently, leading to the destruction of topological dependence among the components. Consequently, the unreasonable separation of adjacent components (Figure 1c) and possibly inconsistent conclusions of spatial analysis among different LODs may appear. As an important expression means for building models, one of the important features of BIM is componentization. Thus, the above problems are also possible for BIM models. The existing simplification methods mostly focus on the geometric constraint. Although several researchers have begun to consider the texture and semantic relationship of building models, there are few studies that consider the topological relationship between components. Thus, a simplification method for multi-component building models that considers topological dependence needs to be further studied.



To solve the aforementioned problems, a simplification method, which considers the topological dependence among building components as constraints, is proposed. The vertices of building models are first classified into boundary vertices, hole vertices, and other ordinary vertices. For the boundary vertex, the term “angle between the edge and component” (E–C angle), denoting the degree of component separation, is introduced to derive an error metric to produce as much edge collapse occurring inside components as possible. In addition, the quadratic error metric (QEM) algorithm is improved for the hole vertex to address the unexpected error caused by the QEM’s defect. Compared with the traditional method, the proposed method effectively avoids topological inconsistency among different LODs while maintaining the overall appearance features of building models. In addition, the consistency of the visibility analysis among the different LODs is enhanced.



The remaining parts of this paper are organized as follows. We review related work in Section 2. In Section 3, we introduce the proposed simplification method in detail. The experimental results are presented and discussed in Section 4. Finally, Section 5 briefly concludes the paper.




2. Related Work


2.1. Simplification of 3D Building Models


A series of simplification algorithms for 3D models have been proposed—most of them are based on the following classic operations: vertex clustering [14], vertex decimation [15], edge collapse [16], and polygon collapse [17]. The key of these algorithms is to calculate the error metric of geometric primitives (vertices, lines, and faces) in 3D models and remove them sequentially according to the value of the error metric until the target of the simplification rate is reached. The error metric is an index for evaluating the impact of simplification operations on 3D models. Therefore, it is essential to determine the appropriate error metric for the final simplification results of the models. Garland and Heckbert [18] proposed a mesh simplification method based on QEM, which generates a high approximation of the original model by limiting the changes in the local curvature and volume during the simplification process. Due to its excellent performance in geometric feature maintenance, QEM has become a classic algorithm in 3D model simplification. Lindstrom and Turk [19] introduced a new framework that determines which part of the model needs to be simplified by comparing the difference between the rendered images before and after simplification. Inspired by this, Luebke and Hallen [20] developed a perception-driven simplification algorithm. This algorithm evaluates the impact of simplification operations based on psychological models and prioritizes simplification operations that are not easily detectable. Cohen-Steiner and Alliez [21] proposed a simplification method based on variational geometric partition and introduced a new error metric that considers normal deviation to generate a geometric approximation of surfaces. In addition, there are some methods for simplifying 3D models based on the mutual information of viewpoints [22,23]. However, most of the aforementioned methods aim at free-form surface models, which may destroy the geometric structure and local topology when applied to building models.



Considering the unique geometric structure of building models (windows, doors, etc.), many simplification methods have been proposed, which emphasized extracting the geometric structures of building models. Ribelles and Heckbert [9] identified and removed trivial features (protrusions, holes, decorations, etc.) based on the separation plane. Thiemann and Sester [24] improved this method by dividing a building model into several meaningful parts (roof, windows, etc.), and then simplifying the building model by removing the unimportant parts. Rau and Chen [25] defined feature resolution based on the distance between the observer and the building model and generated different LODs by removing unimportant structures at different resolutions. Li and Sun [13] divided the geometric structures of building models into three types: embedded structures, compositional structures, and connecting structures, through convex/concave analysis. Subsequently, they generated different LODs of these structures using a progressive simplification strategy. To automatically generate a simplified building model, Jarząbek-Rychard and Borkowski [26] recognized roof structures based on aerial laser scanning (ALS) data and decomposed them into predefined simple parameter structures. In addition, scholars have begun to pay attention to the semantic relationship of building models to ensure cognitive consistency before and after simplification. Fan and Meng [27] proposed a simplification method for CityGML models subject to semantics. Simultaneously, for the IFC models, Ladenhauf and Berndt [28] proposed a geometric simplification method that considers semantic constraints and expert knowledge. However, the aforementioned methods ignore the topological dependence among the components of building models, which may lead to the separation of neighboring components or distortion of adjacent areas for neighboring components. Thus, a reasonable topology-preserving simplification method for building models needs to be further explored.




2.2. Consistency of Spatial Analysis


As one of the important contents of 3D GIS, 3D spatial analysis has attracted more and more attention. Brasebin and Perret [29] illustrated the impact of 3D data geometric modeling on spatial analysis using the sky view factor. Fisher-Gewirtzman and Shashkov [30] realized visibility analysis by subdividing the urban environment volume into voxels. Ahmed and Sekar [31] showed that 3D volumetric analysis could substantially improve urban space planning and support decision-making processes. Gergelova and Kuzevicova [32] evaluated the suitability of roof surfaces’ potential and suitability for photovoltaic systems based on their geometric parameters. In recent years, BIM models have been increasingly used in spatial analysis. Kota and Haberl [33] conducted daylighting simulation and analysis based on a BIM model and developed corresponding software prototypes. Salimzadeh and Vahdatikhaki [34] developed a parametric modeling platform for the design of a surface-specific photovoltaic module layout on the entire skin of buildings using the surface properties of a BIM model.



In order to improve the accuracy of spatial analysis/simulation, scholars have explored some methods to improve the data quality of building models. Horna and Meneveaux [35] proposed a formal representation of consistency constraints to limit the reconstruction of 3D building models. Ghawana and Zlatanova [36] described the process of topologically correcting 2D features to serve as the basis to create topologically correct 3D city models. Further, Alam and Wagner [37] proposed an automated method to verify and repair the errors of the CityGML model in the aspects of its geometric and semantic consistency. In addition, LODs have been widely used to improve the efficiency of spatial analysis in large-scale city scenes [6]. However, no topological consistency exists among different LODs, which may lead to inconsistent conclusions for 3D spatial analysis (such as view factor analysis and sunshine duration analysis) [6,29]. Therefore, in the simplification process, maintaining topological consistency among different LODs becomes essential. To this end, Biljecki and Ledoux [38] analyzed the impact of different variants (geometric reference) for each LOD on spatial analysis. The research showed that the LOD1 model with a specific geometric reference might be more accurate than the LOD2 model in spatial analysis. Thus, it is better to develop a corresponding simplification strategy for each spatial analysis application. Following this principle, a specific simplification method for visibility analysis is proposed.





3. Methodology


In this research, we chose half-edge collapse as the basic simplification operation for the following reasons: (1) we do not need to calculate the coordinates of the new vertex after each collapse, thereby improving the efficiency of the proposed method; (2) for the multi-component building model, a new vertex may destroy the topological dependence. In this case, the optimal vertex coordinates are challenging to determine. The building models used in this paper are all in the form of triangular meshes by default; models of other forms (BIM, 3D point clouds, etc.) should be converted into triangular meshes prior to the simplification process. The flow of the proposed method is illustrated in Figure 2. First, we segmented the building model into different components based on whether the meshes were completely connected. Next, we classified vertices into three types: boundary, hole, and other ordinary vertices. Finally, for different vertex types, we defined different error metrics, with which the edge cost is calculated to maintain the topological dependence among building components. Edge collapse has local relevance, and its cost is affected by the adjacent triangles. Therefore, the cost of adjacent edges must be updated after each collapse. The method terminates when the simplification rate, which is defined as the number of removed triangles divided by the number of triangles in the original model, reaches a user-specified threshold.



3.1. Component Segmentation of Building Models


In recent years, most building models are established gradually using components. Nevertheless, multiple components with the same shape may be merged into an aggregate structure, which can used as the basic unit of data organization. In this condition, the model cannot meet the requirements of the proposed algorithm. Thus, we need to segment the building model into different components based on whether the meshes are actually successive.



Specifically, the segmentation of building models is based on the breadth-first search (BFS) algorithm. This segmentation can be regarded as classifying disconnected subgraphs in the graph, which is an application of the BFS algorithm. Each subgraph is an independent component. In addition, the segmentation is fully automated. The flow is detailed in Figure 3. First, we traversed all meshes of the building model, generated a vertex set P, and marked all vertices as unvisited. Then, we chose a random unvisited vertex from the set as the starting vertex. All the vertices that are directly or indirectly connected (two vertices are defined as indirectly connected when they are connected by other vertices) to it were classified into the same component and marked as visited. In the segmentation process, we created a queue as a container for vertices, and unvisited vertices belonging to the same component were continuously pushed into the queue. When the queue is empty, it indicates that all the vertices of this component are extracted. This process was repeated. When all the vertices were visited, the algorithm terminated. These results are shown in Figure 4, and the different components are marked with different colors.




3.2. Classification of Vertices


The topological dependence considered in the proposed method is defined as the topological relationship between components. Three-dimensional building models are generally organized by geometric primitives (such as vertices, edges, and triangles). Their topological relationship is mainly expressed as the spatial relationship among these geometric primitives. There are several types of topological relationships, which are connectivity, adjacency, and inclusion [39]. Nowadays, the popular componentized modeling generally divides the building model into multiple parts, and each part will be modeled independently to form different components. Similar to the above geometric primitives, these components are connected in real space and also have strong topological dependence (connectivity, adjacency, and inclusion) with each other. However, they are organized as independent meshes in the data structure. Each component is simplified independently, which may ignore its influence on other neighboring components, leading to unreasonable damage. In our study, the topological relationship of components is expressed and constrained through vertices. To maintain the topological relationship of components, the first is to classify the type of vertices.



3.2.1. Types of Vertices


As shown in Figure 5, edge a intersects with component B, and its collapse can easily cause the separation of components. It is defined as the boundary edge. There is no intersection between edge b and component B, and thus it is defined as an ordinary edge. Edge c is inside component B, and its two vertices are both inside component B. The vertex after the collapse is still in component B, which does not cause the separation of components, meaning it is also defined as the ordinary edge. The vertex, which is located inside the intersection component, in the boundary edge is defined as the boundary vertex, whereas the other is the ordinary vertex. As shown in Figure 5, for boundary edge a, vertex p1 is outside component B, which is defined as the ordinary vertex, and the other vertex p2 is inside component B, which is the boundary vertex. Both vertices of the ordinary edge are defined as ordinary vertices. The collapse of edge a can be divided into two cases:    p 1  →  p 2    and    p 2  →  p 1   . Although both operations are aimed at the same edge, their influences are completely different. To avoid confusion, we defined the collapse of the boundary vertex to an ordinary vertex as the collapse of the boundary vertex     (   p 2  →  p 1   )   . The extraction of boundary vertices is complex, as elaborated in the followed section.



In the building components, the edge with only one adjacent triangle is defined as the hole edge, and its two vertices are recorded as hole vertices. The calculation rules of the QEM allow such edges to be simplified earlier than the actual demands. Therefore, a new error metric should be introduced. The error metric of the QEM algorithm is defined as the sum of the squares of the distance from the new vertex to the adjacent surface of the original vertex. As shown in Figure 6, m is the hole edge, and q3 and q4 are the hole vertices. In terms of visual effects, the collapse of q3 to q2 causes a greater error than that of q2 to q1. However, owing to the lack of two adjacent faces at the bottom of q3, the error metric of    (   q 3  ,  q 2   )    computed by the QEM algorithm is zero, and the collapse is always preferentially executed.




3.2.2. Extraction Rules of Boundary Vertices


For multi-component building models, topological dependence is mainly represented as intersecting or attaching (components bind tightly on certain planes) among components—components have overlapping parts. The maintenance of topological dependence for building components primarily emphasizes the maintenance of overlapping parts among components. In this case, we can extract the boundary vertices through the intersection of edges and triangles. Then, the simplification of overlapping parts among components will be constrained based on these boundary vertices. Thus, the core lies in how to extract the boundary vertices of components correctly. In addition, the axis-aligned bounding boxes (AABB) of the components are constructed for pre-filtering to speed up the efficiency of intersection detection. The flow is illustrated in Figure 7.



(1) Pre-filtering



Step 1: Construct AABB of the building components and allow the intersection detection to, pair by pair, filter the non-intersecting components. The remaining pairs are recorded and marked as unvisited in set C.



Step 2: Select an unvisited pair    C i   (   C 1  ,  C 2   )    from the set and mark Ci as visited. For each edge in C1, when it intersects with the bounding box of C2, it is added to set E. As shown in Figure 8, edge b does not intersect with the bounding box of component B. It will be filtered and will not be added to set E.



Step 3: For each triangle in C2, when it intersects with the bounding box of C1, it is added to set T. As shown in Figure 8, triangles    β 1    and    β 2    do not intersect with the bounding box of component A. They are filtered and will not be added to set T. In component B, only the triangles     γ 1    and    γ 2    intersect with the bounding box of component A and participate in the next intersection detection, significantly improving the calculation efficiency.



(2) Intersection detection



For each edge in E, such as edge a in Figure 8, when it intersects with any triangle in T, such as triangles    γ 1    and    γ 2    in Figure 8, it is the boundary edge. The general idea of judging whether an edge intersects with a triangle is as follows: when the edge is parallel to the plane where the triangle is located, there is no intersection. Otherwise, we compute the coordinates of the intersection vertex and determine whether the vertex is within the triangle.



(3) Identification of boundary vertices



For each boundary edge, the boundary vertex is determined according to the angle between the edge and the normal vector of the intersection triangle. Specifically: taking Figure 8 as an example, we connect both vertices of edge a to form a vector    (     p 1   p 2   →   )    and calculate the angle between it and the normal vector of triangle    γ 1   . If the angle is acute     (  0 ≤ cos θ ≤ 1  )   , the back vertex (p1) of the vector is the boundary vertex, whereas the front vertex (p2) of the vector is the boundary vertex. In addition, when the edge passes through the component, both vertices are outside the component. The collapse of any vertex will cause the separation of components. Thus, both vertices are regarded as boundary vertices.




3.2.3. Supplementary Rules


For some special building components, the general aforementioned extraction rules cannot guarantee the accuracy of the extraction result. Therefore, we propose the following special extraction rules:




	
When a vertex has the characteristics of a boundary vertex and a hole vertex simultaneously, it will be recorded as a boundary vertex. Although the number of adjacent triangles of the edges where these vertices are located is also one (Figure 9), it is caused by modeling errors. These vertices cannot represent the holes of the building models. To prevent these boundary vertices from being simplified first, the holes formed by them will be triangulated to meet the requirements of the proposed method. The retriangulation algorithm used in our method was proposed by Weatherill and Hassan [40]. As shown in Figure 9, edge n has only one adjacent triangle, and the vertical plane where it is located is not closed. However, its vertices s1 and s2 have been recognized as boundary vertices to restrain. Therefore, they are not defined as hole vertices.













	
For multi-component building models, topological dependence is mainly represented by intersecting or attaching among components. However, there are also some special conditions, such as visual attaching. As shown in Figure 10, both components are visually attached. However, there is a small gap between them. In this case, the method based on intersection detection cannot correctly extract the boundary vertices, and the separation of components may still occur during the simplification process. To address this challenge, we temporarily extended the bounding box and the edge to a certain extent during the intersection detection based on the buffering idea, with an amplitude of 1% of the length.













	
The supplementary rule (when an edge passes through a component, such as e in Figure 11, both vertices of the edge are regarded as boundary vertices) defined in Section 3.2.2 solves the problem of interleaved components. However, when facing intersection components with an “embedded” relationship, the extraction result may be incomplete. For instance, as shown in Figure 11, the bottom quadrilateral of the roof is composed of two triangles, and its area is larger than the area of the wall, forming an “embedded” relationship. During intersection detection, the hypotenuse e intersects with the wall and passes through it. Both vertices of the edge can be identified as boundary vertices    (   w 1    and    w 3   )   . According to the rule of intersection detection, no edge intersects with the wall for the other two vertices of the bottom quadrilateral—they are recognized as ordinary vertices     (   w 2    and    w 4   )   . However, they also easily collapse during the simplification process, causing separation between the roof and the wall. To solve this kind of problem, we propose a supplementary rule: when an edge passes through a component and the normal vectors of its two adjacent triangles are parallel, the other two vertices of both triangles are also regarded as boundary vertices. The final extraction results are shown in Figure 12.










3.3. Simplification Based on Cost of Edges


3.3.1. The E–C Angle


The large number of building components leads to a large number of boundary vertices, which may even exceed half of the total number of vertices in the model. If all boundary vertices are prohibited from collapsing, the simplification rate of the building model will be severely restricted. Thus, it is vital to achieve a balance between the simplification rate and the simplification quality.



The angle between the edge and component, named the “E–C angle”, is an essential indicator that determines the priority of edge collapse and also an important factor affecting the degree of component separation. There is no definition of the angle between the 2D edge and 3D component. Therefore, we introduce the definition of the collapse reference plane to replace the component to calculate the angle. In this study, the collapse reference plane is defined as the triangle intersecting the edge, such as plane C in Figure 13. When the angle is 0°, the vertex remains inside the component after the collapse, and the collapse does not cause the separation of components. As the angle increases, the crack between the components caused by the edge collapse becomes clearer. In addition, when the edge is perpendicular to the component, the destruction caused by its collapse reaches a maximum. Therefore, emphasis should be placed on limiting the edges with larger angles, whereas almost parallel edges should be less restricted or even not restricted.



The parameter  θ  in Figure 13 represents the E–C angle. When  θ  approaches 0° (  cos θ ≈ 1  ), the cost of the edge mainly depends on the component deformation caused by the edge collapse. When  θ  approaches 90° (  cos θ ≈ 0  ), the cost of the edge mainly depends on the angle. At this time, the cost is extremely high, resulting in the edge not being simplified.




3.3.2. Error metric for Simplification


The simplification of building models is achieved by reducing the number of edges, which is called edge collapse. For each collapse, the edge with the least impact on the model was selected based on the error metric. Once the error metric is determined, the simplification is performed in the order of edge costs until the corresponding simplification rate is reached. The classic method to calculate the error metric is the QEM algorithm, which uses a quadratic error as the error metric. In particular, for each triangle t of the original mesh, this method defines a quadric    Q t   ( v )   , whose value is the squared distance from a vertex   v =  (  x ,   y ,   z  )     to the plane containing the triangle t. The quadric of vertex v is the sum of the quadrics on its neighboring triangles weighted by the triangle area:


   Q v   ( v )  =   ∑   t ∋ v   a r e a  ( t )  ·  Q t   ( v )   



(1)







Additionally, the cost of    (   v 1  ,  v 2   )  →  v ¯    is defined as    Q  v ¯    (  v ¯  )  =  Q   v 1     (  v ¯  )  +  Q   v 2     (  v ¯  )   .



The QEM algorithm can maintain the geometric characteristics of building models. However, it does not consider the topological dependence among components and cannot avoid component separation for building models. To solve this problem, boundary vertices should be considered when calculating the cost of the edge. We use the E–C angle to define a new error metric, which is as follows:


  c o s t  (   v 1  ,  v 2   )  =  {       a   |  cos θ  |    * Q E M  (   v 1  ,  v 2   )                                           (   v 1    i s   t h e   b o u n d a r y   v e r t e x  )        Q E M  (   v 1  ,  v 2   )                                                             (   v 1    i s   t h e   o r d i n a r y   v e r t e x  )          Q E M    (   v 1  ,  v 2   )   *                                                                   (   v 1    i s   t h e   h o l e   v e r t e x  )           



(2)







The aforementioned   Q E M  (   v 1  ,  v 2   )    is computed as    Q   v 1     (   v 2   )  +  Q   v 2     (   v 2   )  =  Q   v 1     (   v 2   )   . The parameter a represents the basic cost ratio of the collapse—when the E–C angle is 0°, the extra cost must be paid for the collapse of the boundary vertex compared with the ordinary vertex. This ensures that the collapse is performed inside the components more, thereby better maintaining the topological dependence of building models. For each model, the optimal value of parameter a is summarized by multiple experiments combined with manual judgment. We will analyze the value of a and its influence on the simplification results of building models in Section 4.2 in detail. In addition, when two boundary vertices are located inside the same component, the E–C angle is challenging to compute. At this time, it was defined as 0°. The cost of the edge depends not only on the QEM but also on the basic cost ratio a.   Q E M    (   v 1  ,  v 2   )   *    represents the improved QEM error metric. The error metric of the hole vertices calculated by the traditional QEM algorithm was zero, which is inconsistent with reality. We used the length of the collapsed edge to replace the distance between the vertex after the collapse and the adjacent triangles of the collapsed vertex to calculate the error metric. Taking q3 in Figure 6 as an example, q3 is the hole vertex and   Q E M  (   q 3  ,  q 2   )  = 0  . We used the length of q3q2 to replace the distance between q2 and the adjacent triangles of q3. The length of q3q2 represents the maximum possible value of the distance between q2 and the adjacent triangles of q3, which increases the error metric to a certain extent and can better maintain the characteristics of building models.






4. Results and Discussion


To verify the capabilities of the proposed method, simplification experiments were performed on three building models: a traditional Chinese building model with complex structures (pavilion), a modern building model with simple structures (apartment), and a modern building model with complex structures (house). We begin by providing the simplification results for the three models and compare them with the results of the QEM and vertex clustering methods to demonstrate the advantages of the proposed method in terms of overall appearance preservation. Then, the influence of parameter a on the simplification results is analyzed and evaluated. Finally, the consistency of the visibility analysis among the different LODs is verified.



4.1. Simplification Effect


In this section, we compare the simplification effects of different methods under the same simplification rate. The simplification statistics for the three building models are presented in Table 1, and the specific simplification results are shown in Figure 14. Based on the results of many experiments, parameter a of the three models was determined to be 2.0, 1.5, and 5.0, respectively. We will discuss how to take the value of parameter a and its influence on the model simplification effect in detail in Section 4.2.



To demonstrate the effect of the proposed method on preserving the overall appearance features, we compared the proposed method with the QEM method [18] and an improved texture-related vertex clustering method proposed by Chen [41]. The main reasons for the formation of cracks are the collapse of tiny components and the collapse of tiny structures at the intersection of the components. As shown in Figure 14a, the deformation of the railing component caused by the QEM method corresponds to the collapse of tiny components. Although no cracks were formed, the collapse caused apparent damage to the overall appearance of the pavilion. The irregularity of the modeling process caused some components in the railing to form features similar to the hole vertex. In the QEM algorithm, these vertices have an error metric of zero and are always simplified first. To retain the characteristics of these components, a high cost is set uniformly so that the components that should be simplified earlier in Figure 14a are retained, which does not match reality. For the vertex clustering method, multiple topologically non-adjacent components in the railing are clustered together, causing huge damage to the appearance. For the proposed method, the holes formed by these vertices are retriangulated in Section 3.2.3, and the simplification result is better. Simultaneously, the separation of the base with the body for the pavilion belongs to the collapse of tiny structures at the intersection of components, forming an apparent crack. The proposed method preserves the microstructure of the base by restricting the collapse of boundary vertices, avoiding separation, and achieving a better visual effect. In contrast, although the vertex clustering method also maintains the topological relationship of the building model, it causes obvious texture distortions, resulting in poor visual effects. As shown in Figure 14b, the structure for the apartment is simple, which means the number of boundary vertices is small. Thus, a higher simplification rate can be reached. As the simplification rate increases, the tiny structures inside the components collapse, causing cracks to appear. Similar to the pavilion, although the vertex clustering method did not cause the separation of components, it causes greater texture distortion. As shown in Figure 14c, the internal connection component of the pillars for the house is removed, leading to the destruction of topological dependence. Although the component is small, it connects the different parts of the pillar. Its collapse destroys the integrity of the pillar, and its visual impact is much higher than its error metric. Additionally, fences among the pillars are removed. For the proposed method, the visual effect of the other components changes little while avoiding the collapse of connection components in the pillar and the fence. For the vertex clustering algorithm, because of the lack of texture in the house, the simplification result is good. In addition, owing to the small volume of the connecting components, the simplification rate of the house is limited to some extent while maintaining its integrity.



In order to analyze the simplification effect of the proposed method quantitatively, we organized a small-scale user study in the form of an online questionnaire. There are 235 participants in this user study, including 137 people engaged in cartography or GIS-related work (professionals) and 98 people engaged in other work (nonprofessionals). The participants’ age mainly ranges from 18 to 50. For the three models, we show the simplification results derived from different simplification methods. The users can choose the best in their perspective. After sorting out the users’ questionnaire feedback, the results of the user study are as follows (Figure 15): For the pavilion and apartment models, 76.6% and 87.8% of users thought that the proposed method offers a better experience, respectively. For the house model, due to its lack of texture, the difference between Chen’s method and our method is not obvious. A total of 63.8% of users thought the simplification effect of our method is better. In summary, we can draw the following conclusions: most users think that the simplification effect of the proposed method is better than that of the traditional method.




4.2. Analysis of Parameter Influence


To further analyze the influence of the parameters on the simplification result, a series of experiments was performed on different models independently. The related information for these models is shown in Table 2. According to Section 3.3.2, the factors that affect the error metric include the basic cost ratio a and angle  θ .  θ  was automatically calculated. In contrast, the value of a is summarized by multiple experiments combined with manual judgment. Our experiments suggest that a is generally set in the range [1,3] for simple models and the range [2,8] for complex models. We take two typical models, the pavilion (Figure 16a) and the apartment (Figure 16b), as examples to analyze the influence of parameter a in detail. For the pavilion, when the value of parameter a is 1 (too low), the costs of boundary vertices are small, which may be smaller than those of ordinary vertices inside components. The edge collapse would tend to occur at the boundary of components, and the problem of component separation would follow. In this case, although its visual effect is improved compared with the QEM algorithm, the problem caused by the collapse of tiny structures is still not completely solved. As the value of a increases to 2, the collapse operation tends to occur inside the components, and the connection relationship among components is better preserved. The problem of component separation is solved. As a continues to increase, the collapse operation is further concentrated inside the components, which may lead to oversimplification of the pavilion. For example, when a is 4, the costs of the cornice (ordinary vertices) are smaller than those of the railing (boundary vertices). In this case, although the characteristics of the railing are better preserved, the eave is oversimplified, and the top component of the pavilion is completely removed. For the apartment, the experimental results show that the values of a have a similar influence on the simplification effect of different building models.




4.3. Consistency of Visibility Analysis among Different LODs


We performed a set of comparative experiments based on OpenSceneGraph (OSG) to determine the effectiveness of the proposed method in maintaining the consistency of visibility analysis among different LODs. The results are presented in Figure 17. The textured building models that block the view in the three scenes are the original model, the simplified model of the QEM method, and the simplified model of the proposed method (for the apartment model with an 80% simplification rate, the specific simplification effect can be seen in Section 4.1). Other buildings are used to show the conclusion of visibility analysis (the number of visible buildings under the current viewpoint). The details of these buildings have no influence on the conclusion of visibility analysis; therefore, some simple models are used instead. The viewpoints, view angles, and view distances were all the same in the three scenes. The visible buildings using the original model for visibility analysis are marked in blue, and the number of visible building models is nine. The difference in results between the model generated by the other methods and the original model is marked in red. The number of visible building models for the QEM method is 17, which is significantly different from that of the original model. In contrast, the simplified model of the proposed method yields the same results as the original model. In addition, the number of visible buildings was also nine, proving its effectiveness.



As a supplement, we find an area with LOD1~LOD3 models to prove the performance of our method. The visualization of 3D city scenes is shown in Figure 18. The view is at the street level, which is commonly used when browsing 3D city scenes. From far to near, the buildings in the scene are, respectively, LOD1~LOD3 models under different simplification rates. The CityGML standard has high requirements for the quality of building models. For example, the information such as model topology and semantics needs to be included. In addition, the simplification methods designed for the CityGML standard usually focus on the preservation of specific features and cannot set the simplification rate freely. In order to compare the simplification effect at various simplification rates, we did not use the LODs defined by the CityGML standard but defined the LODs using the simplification rate of models. We replaced the LOD3 models with models with a 0–30% simplification rate, the LOD2 models with models with a 30–70% simplification rate, and the LOD1 models with models with a 70–95% simplification rate. Figure 18a and Figure 18b represent the visualization effects of the QEM method and the proposed method, respectively. For the LOD3 models, the simplification effects of the two methods are basically the same. For the LOD2 models, the problem of component separation occurs for the models simplified by the QEM method. For example, the bottom of the water tower on the roof of the left building is completely simplified, causing the water tower to hang in the air. A semi-separation occurs in the middle of the right building, but it is not obvious in the city scene. For the LOD3 models, the problem of component separation in the QEM method is obvious, and the two distant buildings both have an obvious separation. In contrast, the proposed method avoids this problem, and the visualization effect is better.



In the small-scale user study in Section 4.1, we also conducted a questionnaire survey on the visual effects of the two scenes. The results show that 79.8% people thought that the visualization effect of our method is better.





5. Conclusions


For multi-component building models, a novel simplification method was proposed to preserve the overall appearance features of building models while maintaining the topological dependence of components in the simplification process. In this method, the vertices of building models are classified into boundary vertices, hole vertices, and other ordinary vertices. Subsequently, the unreasonable separation of components is effectively avoided based on the constraints of collapse for the boundary vertex. Simultaneously, an improvement to the QEM algorithm was developed for hole vertices to solve the unexpected error caused by the QEM defect. The results of the user study in Section 4.1 demonstrate that most users think that the simplification effect of the proposed method is better than that of the traditional methods. In addition, the results of comparative experiments in Section 4.3 show that the conclusion of visibility analysis for the proposed method is more accurate. The proposed method emphasized the maintenance of topological consistency. However, it does not make full use of the semantic information of building models. Thus, topological synthesis for components with the same semantics could be an important goal for future research. Parameter a in this study was still manually assigned. Although the simplification results are good, it is hard to meet the efficiency requirements of large-scale city scenes. Therefore, the automated determination of parameter a for building models will be considered in our future research. In addition, the maintenance of consistency for spatial analysis is a significant challenge, and this study only focused on its small fraction. Hence, achieving better consistency for other kinds of spatial analysis among different LODs is a direction worthy of long-term exploration.
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Figure 1. Component separation occurs when existing algorithms simplify multi-component building models: (a) the model with continuous mesh; (b) the multi-component model (different colors represent different components); (c) the simplified multi-component model. 
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Figure 2. Flowchart of the proposed method. 
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Figure 3. Flowchart of segmentation for building models. 






Figure 3. Flowchart of segmentation for building models.



[image: Ijgi 10 00422 g003]







[image: Ijgi 10 00422 g004 550] 





Figure 4. Component segmentation of the building model: (a) the original model; (b) the result (different colors represent different components). 
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Figure 5. Boundary vertices of building models (A,B) (different colors represent different components; b and c are the ordinary edge; a is the boundary edge; p1 and p2 are ordinary and boundary vertices, respectively). 
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Figure 6. Hole vertices of building models (m is the hole edge, q3 and q4 are the hole vertex, and q1 and q2 are the ordinary vertex). 
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Figure 7. Flowchart of extraction for boundary vertices. 
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Figure 8. Extraction of boundary vertices (a and b are the boundary and ordinary edges, respectively; p1 and p2 are the ordinary vertex and boundary vertex, respectively; in component B, only the triangles     γ 1    and    γ 2    intersect with the bounding box of component A and participate in the next intersection detection). 
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Figure 9. Modeling error: the vertical plane where n is located is not closed (n is the boundary edge; s1 and s2 are the boundary vertices). 
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Figure 10. Small gap between components. 
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Figure 11. “Embedded” relationship between components. Edge e is the boundary edge. Both vertices of it can be identified as boundary vertices    (   w 1     and     w 3   )   . The other two vertices of the bottom quadrilateral are recognized as ordinary vertices     (   w 2    and    w 4   )    and cause errors. 
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Figure 12. Extraction result: (a) the original model; (b) the result (the red vertices are boundary vertices). 
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Figure 13. E–C angle. 
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Figure 14. Comparison of simplification results for the three building models: (a) the pavilion; (b) the apartment; (c) the house. 
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Figure 15. Results of the user study: (a) the pavilion; (b) the apartment; (c) the house. 
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Figure 16. Experiences of parameter analysis: (a) complex building (pavilion); (b) simple building (apartment). 
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Figure 17. Results of visibility analysis: (a) the original model; (b) the simplified model of the QEM method; (c) the simplified model of the proposed method. The location of the person is the viewpoint, and the light blue fan-shaped area represents the view. The visible buildings using the original model for visibility analysis are marked in blue. In addition, the difference in visible buildings between the model generated by the other methods and the original model is marked in red. 
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Figure 18. Visualization of 3D city scenes from the street perspective: (a) QEM method; (b) the proposed method. 
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Table 1. Simplification statistics for the three building models.
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Model

	
Number of Triangles

	
Number of Components

	
Number of Vertices

	
Simplification Rate

	
a




	
Original

	
Simplified

	
Original

	
Simplified (QEM/ Chen’s/Ours)

	
Original

	
Simplified (QEM /Chen’s/Ours)

	
Boundary






	
Pavilion

	
5752

	
2300

	
275

	
212/186/170

	
4060

	
2310/2218/2154

	
2510

	
60%

	
2.0




	
Apartment

	
2567

	
513

	
103

	
53/47/57

	
1647

	
620/597/644

	
294

	
80%

	
1.5




	
House

	
4428

	
2214

	
129

	
71/65/78

	
2317

	
1107/1053/1193

	
853

	
50%

	
5.0
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Table 2. The detailed model information for parameter analysis.
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	Model
	Type
	Simplification Rate
	a





	 [image: Ijgi 10 00422 i001]
	complex
	60%
	2.0



	 [image: Ijgi 10 00422 i002]
	complex
	70%
	3.8



	 [image: Ijgi 10 00422 i003]
	complex
	50%
	5.0



	 [image: Ijgi 10 00422 i004]
	simple
	80%
	1.5



	 [image: Ijgi 10 00422 i005]
	simple
	80%
	1.6



	 [image: Ijgi 10 00422 i006]
	simple
	70%
	2.6



	 [image: Ijgi 10 00422 i007]
	simple
	70%
	2.0
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