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Abstract

This paper presents a new algorithm of 3D building simplification. Based on the notion of structure notion that describes the layout of building faces, this algorithm proposes to use geometrical crystallography in order to describe the symmetric elements of a 3D building (axis, centre and mirror of symmetry) and to highlight geometric specificities of building architecture such as right angles. This description gives the possibility to detect parallel and collinear faces, to merge collinear adjacent faces and to eliminate small shapes. The modification of the building shape is guided by its symmetric elements. Moreover, these symmetric elements put the emphasis on the non-representative and the asymmetric faces of the building. Thus the crystallographic description makes it easier to remove these kinds of faces and defines the most regularized shape for the 3D building to be simplified. This regularized shape, named lattice unit in crystallography, is equivalent to a 3D bounding mesh. It has the maximum number of symmetric elements. At last, when the 3D building is strongly non-convex, a subdivision in convex parts is mandatory. For each convex part, a simplification process is computed up to its 3D bounding mesh. 
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Introduction

3D geometric simplification has been well studied these last decades in computer graphics. Indeed, many algorithms (see Heckbert and Garland (1997), Puppo and Scopigno (1997) or Gobbetti, Scateni and Scopigno (2002) to have a good overview of surface simplification algorithms) have been developed to “reduce storage space, speed up network transmission, shorten geometric computations and improve rendering performance” (Kada, 2005). Useful to simplify thousands to millions of primitives like DTM, these algorithms are not well-adapted to process 3D buildings models which have, comparatively to DTM, much simpler but more constraints geometry. Indeed, collected from data like aerial images or airbone laser scanning (Kaartinen and Hyypä, 2006), they typically consist of a few hundred polygons at most. Moreover, one of the purposes of these surface simplification algorithms was to smoothen surfaces, which can bring about skewed results, in case of 3D buildings simplification where geometric characteristics like right angles are fundamentals. 

Thus, several researchers have defined simplification algorithms adapted to urban context (for an overview, refer to Mackaness et al 2007). These algorithms respect different constraints to preserve geometric specificities of building architecture like right angles (or orthogonality), parallelism and co-planarity. Kada (2002), from a work by Sester (2000) in 2D generalisation, has proposed to simplify 3D buildings by applying a set of simple rules followed by a less square adjustment. Later, Kada (2005) proposed another approach that generates different simplified versions of buildings by remodelling the object using approximating planes. An approximating plane is the result of averaging a set of polygons that have been identified to belong to the same facade, including protusions (i.e. small shapes) and other small structural elements. Because of the complexity of the roof structure, the author remodels it per fragments using approximating planes averaged from the roof polygons. Forberg (2004) developed another method based on scale-space theory. Orthogonal building structures are simplified by shifting parallel facets that have been found under a certain distance until they merge. A squaring operation is used for non-orthogonal structures such as roofs. At last, Thiemann and Sester (2004) present a segmentation algorithm adapted from the work of (Ribelles et al. 2001). The resulting partitioning of the 3D buildings model is transformed into Constructive Solid Geometry (CSG) trees. Thus, fragments of the building are either removed or aggregated depending on their importance.

Obviously, all the above-mentioned techniques depend on the building characteristics and the quality of the input models as Kada (2005) illustrates it: “If e. g; angles are close but not very exactly orthogonal, building regularities may not be found (Kada, 2002), shifted facets never merge (Forberg, 2004) or the segmentation produces too many fragments (Thiemann and Sester, 2004)”.

This paper presents a new simplification algorithm dedicated to 3D buildings. This algorithm has been developed in Cristage, a 3D package developed on the Geoxygene platform (Badard, 2004). It is based on the symmetry analysis of the building structure itself to know the layout of the object facets i.e. the description of the morphology of objects. Several simplified shapes are stemmed from the structure description.

1 - The analysis of the object structure

1.1 - The structure notion

The concept of structure is defined, in Petit Larousse (1996), like the way in which parts of a concrete or an abstract set are arranged together. In the case of a 3D building the structure is the arrangement or the organisation of the morphology of the object. As well as DNA for human features, the structure constitutes the identity card of geometric shape of a building. So, this notion is necessarily at the core of each major geometric change such as the simplification of a building shape. 

One of the well-known techniques to determine the structure of an object, and more accurately, a mineral, is  geometrical crystallography. This method is useful to describe, in the case of a convex and regular object, all the elements of symmetry such as the centre, the axis or the planes of symmetry which can be found in an object. Moreover, it gives information about building regularities like co-planarity, parallelism and orthogonality. Poupeau (2006) already put the emphasis on some inherent constraints in a 3D object (for example, its geographic location and gravity) and adapted this crystallographic method to irregular and complex 3D objects like buildings.

1.2 - The crystallographic method

The crystallographic method identifies all symmetries of a given shape. It is well-suited for a convex and regular building. The symmetric analysis is limited to punctual groups or orientation symmetries (translation, rotation, inversion and the product of rotations by inversion). To detect the symmetric elements of this building, a sphere S, defined by its centre O and a radius R, is computed to bound it. Then, the poles, or the intersection between S and the normals to faces of the building, passing through O, have been defined to make possible the symmetric analysis of the geographical object. From these poles, symmetric operations are computed i.e. they put the poles in coincidence with themselves. These operations are carried out for each pole by matrix computations and enable us to extract symmetric elements: axis, mirror or plane and centre of symmetry (Figure 1). The Wülff net is the stereographic projection of the building poles. It is a helpful tool to describe symmetric elements.
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Figure 1: The different steps to detect the symmetric elements of a 3D building.
First and foremost, the study of the combination of these symmetric elements allows us to discover the structure of the building and to detect as well some structure artefacts
. The description of the structure can be connected to a crystalline shape defined by one of the thirty-two punctual groups defined in crystallography. This shape belongs to a crystallographic system represented by a bounding crystalline mesh or lattice unit in the terminology of crystallography. The lattice unit, defined by three lengths (a, b, c) and three angular parameters (, , ), has the maximum number of symmetric elements and, consequently constitutes a more regular shape. The crystallographic shape and the 3D bounding mesh constitute, in less regular objects, two simplified shapes of the initial building.

Several artefacts can be noticed during the process of symmetric analysis:

· The first one is subject to geometric irregularities from data acquisition or the building itself like small protrusions or collinear faces;

· The second one is the non-symmetry of some normals. These normals have either no symmetric relation with others normals or they characterise an axis of symmetry that does not define one of thirty-two punctual groups. For example, an axis of 2* / 5 is not, currently, integrated in Cristage because this kind of symmetry degree hardly exists in nature. 

Taking into account these artefacts gives the possibility to build different simplified shapes. Thus, the normal planes are gathered each other according to a minimum distance to decrease geometric irregularities. In addition, non-symmetric normals are removed, if their areas are too small compared to the 3D building. However, a too large a ratio of non-symmetric normals compels them to be kept into the building structure.

To conclude at this stage, the structure notion and the integration of artefacts, inherent in data acquisition or building nature, give four different forms: 1/ the initial building, 2/ the building with its non-symmetric normals but without its irregularities, 3/ the structure of the building and 4/ the most regular shape, the 3D bounding mesh. The next part fully describes the 3D building simplification algorithm and presents its adaptation to non-convex objects.

2 - 3D Building simplification algorithm

We introduced the notion of structure on which the 3D building simplification algorithm is based. Well-suited to convex objects, it needs to be adapted to non-convex objects. So, the simplification of a non-convex building is carried out in three main steps:

· The detection of parallel, or “quasi-parallel”, and collinear faces. This stage allows us to merge collinear faces and eliminate small protrusions;

· The subdivision of a non-convex building into convex objects;

· The using of the symmetric properties of a building to simplify it while keeping its main geometric characteristics.

Before examining further each step of simplification, it is important to notice that each building has a topological structure (here, we use the Zlatanova’s topological structure published in Zlatanova 2000). Moreover, the building bodies are separated from their roofs thanks to criteria (orientation and tilting) computed for each face from their stereographic representation. Thus, the simplification stages are only performed on the bodies of the buildings and the topological structure ensures the propagations of the simplification process on their roof shapes.

2.1 - Parallel and collinear faces detection

To detect parallel, or quasi-parallel, and collinear faces, the stereographic representation is used. Indeed, the poles, defined previously and gathered between them depending on their closeness, create groups, named here parallel groups. These groups have parallel and collinear faces. So, they can be divided into subgroups, or collinear groups, according to their normal locations (Figure 2). 
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Figure 2: Parallel and collinear faces detection

Adjacent faces, belonging to the same “collinear group”, are merged. The merging consists of moving the shared nodes of Adjacent faces to the smallest face. The shared nodes replace the non-shared nodes of the smallest face updating their neighbourhood relations. So, the smallest face is removed from the building. The displacement of shared nodes allows us to simplify the roof appearance. 

After this merging step, the removal of protrusions is performed. The comparison of each different “collinear group” to a “parallel group” enables us to detect the most important group named the “reference group”. The “reference group” has the biggest area. The area of the others groups are tested and if they are not enough representative (i.e., if their area is smaller than a quarter of the “reference group” area), they are moved to the faces belonging to the “reference group” or deleted. Three different cases have been counted to remove protrusions (Figure 3):

· If the face, named as “protrusion face”, has two adjacent faces belonging to the “reference group”, then these adjacent faces are packed and removed from the building in the same way as the merging step applied for “collinear groups”

· If the “protrusion face” has only one adjacent face belonging to the “reference group”, then the adjacent face is packed and removed from the building. Moreover, the non-shared nodes of the “protrusion face”, between the “protrusion face” and its packed adjacent face, are moved along a vector. This vector is the normal to the “protrusion face” and it gets through one of the non-shared nodes of the packed adjacent face;

· At last, if the “protrusion face” has no adjacent face belonging to the “reference group”, then the “protrusion face” is removed to one of its adjacent faces. This adjacent face is selected if it is associated with a symmetric element or, in case all faces are asymmetric, if it is the biggest area.
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Figure 3: The different cases of protrusion removal

After the protrusion removal, it is possible to merge again the “new collinear faces”. So, two or three simplified shapes come from the initial building (Figure 4). The next part focuses on the analysis of symmetries in the most simplified shape.
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Figure 4: An example of simplification after having merged the “collinear faces” and removed the protrusions

2.2 - Simplification from an analysis of symmetries

This last part is focused on the way to remove small protrusions and to merge collinear adjacent faces. Consequently, a non-convex building is very likely to become a convex building like the building illustrated in figure 6. In that case, the convex building is simplified according to its symmetries and the presence of non-representative faces (Figure 5).

First and foremost, all the asymmetric faces, belonging to building bodies, are tested. An asymmetric face is kept if it is a representative face regarding its adjacent faces; otherwise it is deleted. In that case, intersections between its adjacent faces are computed. Each shared node, between the asymmetric face and its adjacent faces, is moved to the closest intersection. This method is also used for non-representative symmetric faces,  except when two adjacent faces are symmetric  by a mirror. In that case, the deletion of these faces, named here as “reference faces”, can affect the roof shape. So, the shared nodes, between these two symmetric faces, are moved to the intersections between one of the adjacent faces of a “reference face” the mirror. 

At this stage, the process of simplification is very simple. Indeed, the simplified building corresponds directly to its structure, the crystallographic shape. If the structure and the 3D bounding mesh do not have the same characteristics of symmetry, a unique process of simplification is computed to obtain the most regular shape i.e. the lattice unit.
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Figure 5: Examples of 3D convex building simplification

2.3 - Convex subdivisions

As some buildings are strongly non-convex, it is necessary to subdivide them into convex parts to obtain the best results of simplification. The algorithm, developed here, relies on the principle of visibility and makes only use of the faces belonging to bodies of buildings. From a face selected, all the other surfaces are oriented to it. Then, for each surface, all the other surfaces are tested: If one of them is not located in its positive half-space, then it does not belong to the convex object of the “selected surface”. The non-eliminated poles build a convex part of the object. Sometimes, faces are too large or non-convex, such as data of buildings provided by Bati3D (Flamanc, 2003), which can alter the subdivision results. Consequently, it is important to subdivide or enlarge some faces. This step is again working.

After this subdivision into convex parts, each convex fragment is simplified according to its features (low non-convexity, irregularities or non-symmetric poles). Obviously, fragments are simplified step by step according to their level of details i.e. first of all the fragments with geometric irregularities are processed although the others are not simplified. When all the fragments have reached their simplest shape (the 3D bounding mesh), each fragment can be progressively removed, according to its volume, until it is possible to get one unique fragment: the major one.

Conclusion

A new approach based on the building structure has been presented. This notion of structure has been described by a crystallographic analysis that leads to simplify the initial building into several shapes (four shapes at the very most). Straightforward for convex buildings, the simplification process has been adapted to non-convex buildings. Indeed, a subdivision step is necessary to simplify buildings with a strong non-convexity. When a non-convex building is the result of a set of convex fragments, the simplification is carried out according to the level of simplification of each fragment. The main advantages of this algorithm depends on the notion of structure that gives a powerful description of the building and, consequently, makes easier the selection of surfaces to rebuild simpler shapes. Consequently, the building simplification preserves the building structure. The major drawbacks are the non-detection of some symmetries (for example axis of symmetry with an angle equivalent to 2*/5 or strictly superior to 2*/6) and the requirement to subdivide non-convex buildings to simplify them. 
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