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Abstract. This paper proposes an algorithm for the automatic generation of 
Levels-of-Detail (LODs) for 3D polyhedral building models. In this study a 
group of connected polyhedrons is considered as “one building”, after which 
the generalization is applied to each building consecutively. The most detailed 
building models used is the polyhedral building model which allows for an 
elaborate roof structure, vertical walls and a polygonal ground plan. In the work 
the term “Pseudo-Continuous LODs” is described. The maximum 
distinguishable “feature resolution” can be estimated from the viewer distance 
to a building and is used to simplify the building structure by the polyhedron 
merging and wall collapsing with regularization processes. Experimental results 
demonstrate that the number of triangles can be reduced as a function of the 
feature resolution logarithm. Some case studies will be presented to illustrate 
the capability and feasibility of the proposed method including both regular and 
irregular shape of buildings.  
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1   Introduction 

The creation of a digital 3D city model is a generalization procedure from a complex 
world to digital geometric data that can be stored in a computer. Important spatial 
features such as roads, buildings, bridges, rivers, lakes, trees, etc. are digitized as two 
or three dimensional objects. Among them, the most important one is the 3D building 
models. From the application point of view, the more detail provided by a building 
model the greater the amount of geometrical information available for spatial analysis 
and realistic visualization. However, since the computer has limited resources for 
computation, storage and memory, the geometry of building models has to be 
generalized to reduce their complexity and increase their efficiency of demonstration 
or analysis. This means that th.e generation of different LODs of 3D building models 
for real-time visualization applications must be a compromise between structural 
detail and browser efficiency.  
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In computer graphics, the efficiency of 3D browsing is highly dependent on the 
number of triangles and textures to be rendered. Many algorithms regarding terrain 
simplification have already been developed in the field of computer vision and 
computer graphics. For example, Hoppe [1] and Garland & Heckbert [2] introduced 
an edge collapse transformation to simplify surface geometry, resulting in continuous 
LODs that can be applied for progressive meshing applications. In the case of 3D 
building models generalization, Sester [3] proposed a least squares adjustment method 
to simplify building ground plans. Kada [4] adopted a similar concept and applied it 
to 3D polyhedral building models. Based on the scale-spaces theory, Mayer [5] has 
suggested using a sequence of morphological operations to generalize 3D building 
models. However, the method is suitable for orthogonal building models only. In case 
of non-rectangular buildings they have to be squared in advance before 
generalization.  

In this paper, the concept of “Pseudo-Continuous LODs” (PCLODs) is utilized for 
the generalization of 3D polyhedral building models. The generation of Continuous 
LODs for a 3D city model is impractical for the following two reasons. The first 
reason is that the buildings are mostly separated by some distance so their geometry is 
different from a digital terrain model. The second reason is that buildings have 
vertical walls and the topology has to be maintained during geometric simplification. 
Thus in this work we treat a group of connected or contacted polyhedrons as “one 
building model” and the generalization is applied to each building model respectively. 

The idea for PCLODs comes from the digital camera. The computer screen 
corresponds to the camera's focal plane with a fixed CCD sensor size, frame area and 
focal length. In computer rendering and simulation of a virtual landscape is similar to 
the photo imaging process. A building’s structural details make it easy to recognize 
when the viewer distance is closer to the target, which is similar to rendering on the 
computer screen. On the contrary, when the viewer distance to the target gets longer, 
the smaller structure of buildings become indistinguishable they can thus be ignored 
during computer rendering. 

Here we focus on the generalization of 3D polyhedral building models. The most 
detailed “3D polyhedral building model” is generated semi-automatically based on 
the SPLIT-MERGE-SHAPE (SMS) algorithm [6]. The SMS algorithm utilizes 3D 
building structure lines that have been measured from aerial stereo-pairs. The 3D 
structure lines can be either derived from semi-automatic stereo-measurements [8] or 
extracted from high-resolution satellite images and/or aerial imagery [9]. Buildings 
with gable roofs, flat roofs, and regular or irregular ground plan can be described. 
Two neighboring buildings will not overlap due to the SPLIT process provided by the 
SMS algorithm. 

In a 3D visualization system, the viewer distance can be used to estimate the 
maximum distinguishable “feature resolution”. The feature resolution is used to detect 
small 3D features in one building model. Since the distance variation in dynamic 3D 
browsing is continuous, the corresponding PCLOD 3D building models can thus be 
generated immediately. However, in order to reduce the computational load during 
generalization, we can adopt out-of-core processing, by generating all the LODs of a 
building model before 3D visualization. Some case studies will be presented to 
illustrate the capability and feasibility of the proposed method for both regular and 
irregular type of buildings. 
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2   Methodology 

The proposed scheme for generating PCLODs for a 3D building model can be divided 
into two parts, i.e. polyhedron merging and wall collapsing with regularization. Fig. 1 
illustrates a flowchart of the proposed approach. In which we iteratively simplify the 
original detailed building model or generalized building model by enlarging the 
values of the feature resolution. The result is a sequence of different LODs of 3D 
building model from fine to coarser. The method can be used for out-of-core 
processing or real-time visualization, depending on the power of the computer, the 
number of building models to be generalized, and the required rendering frame rate. 
In the following sections, the definition of feature resolution and the two major 
procedures are described.  

2.1   Feature Resolution 

In the proposed generalization, only one parameter is adopted for geometry 
simplification, i.e. the feature resolution (R). During 3D browsing, we can calculate 
the distance between the viewer and the building. The center of a group of 
polyhedrons is used in the distance calculation to maintain consistency within a 
building. According to the perspective projection geometry, we can simulate the 
computer screen as a CCD frame or a digital camera. Using the viewer distance and 
the camera’s focal length, we can estimate the scale between the object space and the 
image plane. The feature 
resolution can thus be 
obtained using the scale and 
the CCD cell size. It is also 
similar to a ground sampling 
distance (GSD) of one pixel 
during the photo imaging 
process.  

In 3D computer graphics, 
ground features with a size 
smaller than the feature 
resolution are 
indistinguishable and may be 
eliminated in order to simplify 
the geometry and increase the 
rendering efficiency. In this 
study, the feature resolution is 
given and insignificant 
geometrical structures are 
detected and eliminated.  

2.2   Polyhedron Merging 

The polyhedron merging process includes the following three procedures, i.e. (1) the 
flattening of sloped roofs, (2) the merging of two connected polyhedrons with a small 

 
Fig. 1. The proposed generalization scheme 
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height difference, and (3) the elimination at small polyhedrons contained within a 
bigger polyhedron. The first two steps are performed only on the building’s roof 
structure. Two visual important features are considered, i.e. the length of the sloped 
roof-edge and the height difference between two neighboring flat-roofs. 

The flattening of sloped roofs is processed before the merging of two neighboring 
flat-roofs. There are many kinds of roof types, gable, hipped, tent-shaped, hexagonal, 
pyramid-shaped roofs and so on, that have to be considered as visual important 
features. In the polyhedral building model, these roof structures are constructed by 
sloped triangles with height variations which are different from those at horizontal 
rooftops. In cases when the length of the edge of a roof-triangle is smaller than the 
feature resolution, the sloped roof-triangle will be flattened. This means that their roof 
height is replaced by the average of the original ones. For example, Fig.2 (A) shows a 
building with two gable roofs and two flat roofs. Utilizing a feature resolution of 3 
meters, these two gable roofs will be flattened at first, as shown in Fig.2 (B). 

The second step is to merge two neighboring flat-roofs with an insignificant height 
difference. If their height difference is smaller than the feature resolution, the 
neighboring polyhedrons will be merged as one. As 
illustrated in Fig.2 (C), there are five polyhedrons 
that are merged into one polyhedron. The final roof-
height will be close to the roof with the larger area, 
as obtained by the weighting average of two roof-
heights via the horizontal projection area.  

In order to compare the height difference 
between two polyhedrons, the topology of all the 
polyhedrons has to be constructed first. The 
topology of a polyhedron provides information 
regarding its neighboring polyhedrons and its 
corresponding walls. The walls can be categorized 
as either independent walls or shared walls. A 
shared wall means there is a corresponding 
neighboring wall, but this is not true for independent 
walls. 

In an island type of building, one small 
polyhedron will be contained within a bigger 
polyhedron. The third step is thus designed to 
eliminate the interior small polyhedron. If the length 
of all the walls of the interior polyhedron and the 
height difference between these two polyhedrons 
are all smaller than the feature resolution, the 
interior one will be directly removed. 

2.3   Wall Collapsing with Regularization 

Since most of buildings are composed of at least four walls, i.e. a tetrahedron, a 
building with less than six walls is not considered in the proposed generalization 
scheme. In order to preserve the principal structure of a building during 
generalization, the longest walls have to be detected and used for shape 

 

  

Fig. 2. Example of polyhedron 
merging 
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regularization. Using the independent walls as described in the previous section, we 
can construct the building’s boundaries. The principal structure analysis is applied on 
the boundary only. Adopting the concept of visual importance, the longest walls are 
considered as the principal structure of a building. Thus, all independent walls are fist 
sorted according to length so that a threshold to separate them from major and minor 
structures can thus be determined. The threshold is determined by the average length 
of the fourth and the fifth longest walls. Any wall with a horizontal length longer than 
the threshold is assigned as the principal structure of the building. In the 
simplification process, the principal structure will be maintained, in order to maintain 
the visual importance of a building between two consecutive LODs. 

The purpose of the above polyhedron merging process is mainly to generalize the 
rooftop structure. The result maintaining a detailed building ground plan, including 
intrusions or pillars located at building corners. In 1996, Hoppe [1] introduced an 
edge collapse transformation method to eliminate two neighboring triangles resulting 
in the merging of two vertices into one. This operation cannot be directly applied to 
simplify a 3D polyhedral building model. For example, Fig.3 (A) illustrates three 
connected vertical walls where each wall is composed of two triangles. If the roof-top 
edge on the middle wall is contracted by merging two corners into one, the wall 
becomes sloped and destroys the topology as a vertical wall, as shown in Fig.3 (B). In 
this paper, we adopt the same concept by contracting the whole wall not only one 
edge. The effect is illustrated in Fig.3 (C)-(D) using the same example. The purpose 
of wall collapsing is to simplify the geometric building structure by detecting and 
eliminating insignificant features. 

 

Fig. 3. Wall collapse operation for 3D building model 

Before the wall collapsing procedure, we need to detect insignificant geometric 
structures by searching for all short walls in one polyhedron. The shortest wall is 
eliminated one by one up to a certain threshold length, which is the same as in 
principal structure analysis. However, in order to retain main structure of the building, 
additional co-linear processing is necessary. During wall collapsing independent walls 
and shared walls are treated separately. 

 For a sequence of shared walls neighboring the same polyhedron has to be 
processed at the same time. A fixed point is first determined at the center of an 
insignificant wall, as shown in Fig.3 (D) denoted by the symbol “ ”. The 
endpoint of the previous wall and the starting-point of the following wall are 
merged at the fixed point. In cases where the previous wall or the following wall is 
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related to different polyhedron, the fixed point is determined by the junction point 
of the two walls which correspond to two neighboring polyhedrons. This will 
avoid a gap between them when a center location is used as a fixed point.  

For example, Fig. 4 illustrates three polyhedrons projected on the horizontal 
plane. In Fig. 4(A), the shared walls are denoted by red lines, in which E1 is the 
detected insignificant wall to be eliminated. In Fig. 4(B), if we directly extract E1 
by its center, i.e. T1, a gap will be occurred between the left polyhedron and the 
right two polyhedrons. So, during wall collapsing we choose the junction point 
T2, as indicated in Fig. 4(C), as the fixed point to avoid the gap effect. 

 
                               (A)                                   (B)                                    (C)       

Fig. 4. Prevention of gap effect during wall collapsing 

 For independent walls, we have to maintain the principal structure of a building. 
Thus, the vertices of a wall that belong to the principal structure cannot be moved 
during the wall collapsing process. This means that the fixed point is set at the 
junction of the insignificant wall and the principal wall. Since independent walls 
construct the building boundary, the visual effect will be better and the number of 
walls can be reduced further by applying co-linear processing along the principal 
structure. A piping technique is utilized to accomplish this procedure. A wall that 
belongs to the principal structure is chosen as the pipe axis. The radius of the pipe 
is the same as the feature resolution. Any wall that was contained in the pipe is 
projected onto the pipe axis, except for wall vertices that are connected to a shared 
wall, again to avoid the gap effect.  

For example, Fig.5 illustrates two polyhedrons projected on the horizontal 
plane. The red lines denote the principal structure. In Fig. 5(A), E1~E3 are three 
detected insignificant walls to be eliminate. Since T1 is a termination point 
related to the principal structure the movement is not allowed, during collapsing 
of E1 the fixed point is set at T1. The elimination of E2 has the same situation as 
eliminating E1 that T2 is set as a fixed point. However, for the extraction of E3, 
the fixed point is set at the center of E3, i.e. T3. Fig. 5(B) demonstrates the wall 
collapsing result. In the following regularization process, we choose E0 as the 
pipe’s axis. The pipe is denoted by two green dashed lines, as shown in Fig. 
5(B). Although E4 and E5 are all contained in the pipe, E4 is connected to a 
shared wall the movement is not allowed. On the other hand, E5 has to be 
projected onto the pipe’s axis to finish the co-linear process, as show in Fig. 
5(B-C) T3 has moved to T5. 
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Fig. 5. Wall collapsing with regularization 

3   Case Study 

The total number of triangles is an important index for evaluating the efficiency of 
computer graphics rendering. This is especially crucial when the viewer distance 
becomes longer that the number of buildings within the view frustum will be 
increased significantly. In this section we like to estimate the reduction rate for when 
the feature resolution (R) is getting larger, which corresponds to the viewer moving 
farther away from the target.  

In the experiment, the total number of triangles is the sum of all roofs [9] and 
walls triangles. Four complex building models are utilized as examples, as shown in 
Fig. 6. The feature resolution is changed from one meter to 35 meters, in which 
only six of 50 LODs are illustrated for demonstration. In the figure, the original 
elaborate 3D polyhedral building model is denoted by R equal to zero, while the 
other LODs are generated using a feature resolution of 2, 5, 15, 25, and 35 meters, 
respectively. The results demonstrate that the principal structure of the building is 
preserved for all LODs. In addition, two irregular shaped buildings are test in the 
experiments, i.e. case 2 and case 3, the feasibility of the proposed scheme is also 
demonstrated.  

Since the generalization result is dependent on the complexity of the building 
models two consecutive LODs may have the same geometry, i.e. same number of 
triangles. For example, the generalization results are exactly the same when using R 
equals to 15 and 25 in Case 4. In Fig.6, the maximum and minimum number of total 
triangles is also illustrated. From which, one may notice that the ratio of the 
maximum and the minimum are from 27 to 53. This means that the total number of 
triangles is reduced by more than 27 times compares to the original one. The 
implication is that during 3D visualization of a city model, more than 27 times the 
number of building models could be rendered in real-time when the viewer is at long 
distance away.  
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R Case 1 Case 2 Case 3 Case 4 

0 

2 

5 

15 

25 

35 

Max. 535 721 731 434 

Min. 10 16 19 16 

Fig. 6. Four case studies of generated PCLODs of 3D building models, where R is the feature 
resolution in meters, and Max./Min. indicate the maximum and minimum number of triangles 
for all PCLODs of 3D building models 
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Fig.7 illustrates the total number of triangles (y-axis) vs. the feature resolution (x-
axis). A logarithmic function (Ln) is chosen to fit the relation between the feature 
resolution and the total number of triangles in the building model. The fitting is 
applied only in the range between the maximum and minimum total of triangles, for 
each case respectively. The results are indicated in Fig.7 with a dashed line. The 
correlation coefficients after regression for all cases are above 0.8. This demonstrates 
that the triangle reduction rate is high especially at smaller feature resolution. 

Case 1 : y = -131.85Ln(x) + 531.36

R
2
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Case 2 : y = -170.95Ln(x) + 557
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2
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Fig. 7. Total number of triangles vs. feature resolution R for each case. The logarithmic 
function and its fitting results are indicated by a dashed line with a corresponding correlation 
coefficient (R2). 

4   Conclusions  

This paper presents an automatic generalization approach for 3D polyhedral building 
models where only one parameter, i.e. the feature resolution, is used. Since a 
continuous generalization is not applicable to 3D building models, we propose to 
generate Pseudo-Continuous LODs by changing the feature resolution. The feature 
resolution can be estimated from the image scale and the virtual CCD size. The 
number of triangles for a complex building can be significantly reduced as a function 
of the feature resolution logarithm. As well, the principal structure of the building can 
be preserved, avoiding the popping effect produced when the LOD is changed. The 
proposed algorithm can be applied for the generalization of irregular shaped 
buildings. The experimental results demonstrate that the proposed algorithm is 
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effective in terms of reducing the number of triangles needed and also maintaining the 
principal structure of a building. A greater than 27 time reduction rate can be achieved 
for complex building models. The result is applicable for 3D real-time visualization 
applications of a digital city model. The proposed algorithm can also be used for out-
of-core processing or real-time visualization depending on the power of the computer 
and the number of building models to be generalized. However, the method is not 
designed for view-dependent generalization or the aggregation of two non-connected 
buildings. The combination of aggregation in the generalization for adjacent buildings 
is necessary for future research to further reduce the amount of geometric data. As 
well, the automatic generation of multi-resolution facade texture from the 
corresponding building models LOD is necessary for photo-realistic visualization 
applications.  

Acknowledgment 

This paper is partially supported by the National Science Council under project 
numbers NSC 89-2211-E-008-086, NSC 93-2211-E-008-026 and the NCU-ITRI 
Union Research and Developing Center under project number NCU-ITRI950304. 

References 

1. Hoope, H., 1996,”Progressive meshes”, Proceedings of ACM SIGGRAPH 96, pp.325-334. 
2. Garland, M., Heckbert, P., 1997,”Surface simplification using quadric error metrics”. In: 

Proceedings of ACM SIGGRAPH 97, pp.206-216, 1997. 
3. Sester, M., 2000, “Generalization based on least squares adjustment”, International 

Archives of Photogrammetry and Remote Sensing, Amsterdam, Netherlands, Vol. XXXIII, 
Part B4, pp.931-938. 

4. Kada, M., 2002,”Automatic generalisation of 3D building models”. International Archives 
of the Photogrammetry, Remote Sensing and Spatial Information Services, Volume 
XXXIV, Part 4, pp.243-248. 

5. Mayer, H., 2005,”Scale-spaces for generalization of 3D building”, International Journal of 
Geographical Information Science, Vol.19, No.8-9, Sep.-Oct. 2005, pp.975-997.  

6. Rau, J. Y., and Chen, L. C., 2003, “Robust reconstruction of building models from three-
dimensional line segments”, Photogrammetric Engineering and Remote Sensing, Vol. 
69.No.2, pp. 181-188. 

7. Rau, J. Y., Chen, L. C., and Wang, G. H., 2004, “An Interactive Scheme for Building 
Modeling Using the Split-Merge-Shape Algorithm”, International Archives of 
Photogrammetry and Remote Sensing, Vol. 35, No. B3, pp. 584-589. 

8. Chen, L. C., Teo, T. A., Shao, Y. C., Lai, Y. C., and Rau, J. Y., 2004, “Fusion of LIDAR 
Data and Optical Imagery for Building Modeling”, International Archives of 
Photogrammetry and Remote Sensing, Vol. 35, No. B4, pp. 732-737. 

9. Ratcliff, J. W., 2006,”Efficient Polygon Triangulation”, Available: 
      http://www.flipcode. com/files/code/triangulate.cpp. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


