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ABSTRACT:

This research develops effective algorithms for multi-resolution representations of three-dimensional (3D) digital terrain and building
models to achieve better performance in cyber city applications. The objective is to create multiple levels of detail (LOD) of terrain
meshes and polyhedral building models so they can be used efficiently according to viewing parameters and application requirements,
while preserving critical features of the datasets. For terrain meshes, a tile-based approach is adopted. A mesh refinement algorithm
based on modified quad-tree process is developed to generate multi-resolution representations of each terrain patch. On the other
hand, a divide-and-conquer strategy is employed for the generalization of 3D building models to formulate LOD representations of
complicated buildings. The idea is to apply generalization in 2D orthographic views of original polyhedral building models and then
reconstitute simplified 3D models accordingly. Experimental results with complicated terrain and building datasets demonstrate that

the developed LOD algorithms can improve cyber city performance significantly.

1 INTRODUCTION

Terrain and building are fundamental and two of the most impor-
tant components in cyber city and other three-dimensional (3D)
Geographic Information Systems (GIS) implementations. How-
ever, the vast amount of data in a large-scale cyber city modeling
often poses a great challenge to efficient processing, analysis and
visualization, especially in real-time applications. Level of De-
tail (LOD) is a commonly adopted technique to generate multi-
resolution representations of objects in computer graphics and
visualization (Luebke et al., 2003). The OpenGIS® CityGML
(City Geography Markup Language) encoding standard proposed
by OGC (Open Geospatial Consortium) also defines five levels of
detail (LODO~LOD4) for 3D digital city implementations (Groger
et al., 2008). However, the CityGML LOD specification is de-
signed primarily based on functionality and thus may not be ade-
quate in terms of performance consideration, especially for real-
time visualization and applications. To address this issue, this pa-
per presents systematic approaches to generate multi-resolution
representations of large-scale digital terrain and building models
that can be used to improve the performance in data transmission,
processing and rendering of a cyber city system.

2 LOD FOR TERRAIN MESHES

As there are usually millions of points and polygons in a large-
scale digital terrain model, it is a practical necessity to reduce
the data amount for efficient processing and rendering. Level of
detail techniques have been proposed for multi-resolution repre-
sentation of terrain meshes, such as Bin-tree hierarchies (Blow,
2000), Bin-tree regions (Cignoni et al., 2003), geometric clipmaps
(Losasso and Hoppe, 2004) and Quad-tree based meshes refine-
ment (Tsai et al., 2006). Among them, Quad-tree based approaches
are more suitable for geo-spatial applications, because they can

better preserve critical terrain features while reduce the data amount.

A previous study suggested applying Quad-tree simplification on
terrain meshes separated into tiles and proposed an adaptive pro-
gressive mesh data structure to achieve near real-time render-
ing frame rate for complicated digital terrain models (Tsai et
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al., 2006). However, in their algorithms the thresholds for quad-
tree subdivision were determined from the difference between the
maximum and minimum elevations of a tile and may cause over-
sampling or under-sampling in areas. A new thresholding scheme
(Tsai and Chiu, 2008) based on view-dependent image-space er-
ror metric was proposed to provide better LOD generation of ter-
rain meshes. By calculating the ground sampling distance (GSD)
as illustrated in Fig. 1 and Eq. (1) and (2) under different view-
ing parameters, different thresholds of quad-tree processing can
be determined more reasonably according to “view-importance”,
thus generating more appropriate LOD datasets.
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Figure 1: Ground sampling distance (GSD)
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In addition to the thresholding scheme, a nested LOD pre-process
was also proposed (Tsai and Chiu, 2008). The idea was to gen-
erate an Outer-LOD-Set based on the coarsest level of the pri-
mary LOD terrain meshes (Core-LOD-Set). This can further in-
crease the system performance in visualization, especially during
the initializing stage of a large-scale application.
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The reason of applying tile-based approach is that it is easy to im-
plement view-dependent visualization for reducing the amount
of data to process and render. However, a disadvantage in tile-
based terrain visualization is the cracks caused by discontinuities
(T-junctions) among tile boundaries. A commonly adopted tech-
nique to compensate this artifact is applying a pseudo generic
texture layer beneath the terrain surface (Pouderoux and Marvie,
2005). Nevertheless, other than not providing true textures, this
workaround will not work if the view angle is too low. A mesh
refinement procedure was developed to address this issue. Tak-
ing Fig. 2 as an example, the procedure to remove T-junctions is
listed in Algorithm 1.
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Figure 2: T-junction removal

Algorithm 1 T-junction removal procedure

1. Starting from 7'1 and Al, because 71 = Al, they remain
unchanged.

2. Moving to the next pair, because 72 # A2, there exists a
T-junction.

3. Remove Ta and add two new triangles, A(T'1,75,A2) and
A(A2,T5,T2).

4. Continue the process from 72 and A3 and a new T-junction
is found at 7'3.

5. Replace Ac with A(A3,T3,A7) and A (A7,T3,A4).

Combining these algorithms, the proposed tile-based quad-tree
processing of terrain meshes can generate multiple LODs of large
digital terrain datasets based on different viewing parameters.
The algorithms can reduce data to process and render while pre-
serving important terrain features. In addition, the adaptive data
structure enables progressive transmission of data streams. All
together, they provide high-performance terrain visualization ca-
pability for real-time applications.

3 MULTI-RESOLUTION 3D BUILDING MODELS

Unlike terrain data, most 3D building models used in cyber city
implementations are not in mesh format. Therefore, mesh-based
LOD schemes may not be applied to the process of building mod-
els. A few approaches have been proposed to deal with the LOD
generation of 3D building models. For example, an algorithm
based on mathematical morphology and curvature space of scale-
spaces theory was presented to generalize 3D building models
(Mayer, 1998). The algorithm was further refined by moving par-
allel facets toward each other to eliminate protrusion and close the
gaps (Forberg, 2007). Another type of approach is segmenting
building models into several structural elements and performing
generalization on individual building segments, such as applying
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half-space modeling by cell decomposition and primitive instanc-
ing (Kada, 2007) or simplifying 2D projections of 3D geometries
but only with linear and neighboring building groups (Anders,
2005).

Most of existing LOD techniques for 3D building models are
either computationally expensive or are limited to certain types
of buildings. A semi-automatic generalization approach is pro-
posed to provide better multi-resolution representation of com-
plicated building models. The idea is to apply generalization in
2D orthographic views of individual buildings and then recon-
struct simplified 3D models accordingly as illustrated in Fig. 3.
The process can be repeated with different generalization param-
eters so multiple levels of details can be created. The principle is
similar to Anders (2005), but the procedure and algorithms em-
ployed in this study is very different. Anders (2005) utilized a
program (CHANGE), which was originally designed to aggregate
two-dimensional building ground plans for the generation of to-
pographic maps, to simplify three projections of building groups
and then grue them to form 3D block models. This approach
is efficient for linear building groups but might not be adequate
for complex buildings. On the other hand, the algorithms devel-
oped in this study is a divide-and-conquer strategy that is capable
of dealing with building models with complicated structures and
shapes. In addition, the developed algorithms can also general-
ize buildings with non-orthogonal fagades, which are difficult to
handle using existing methods.
|

@ b @

Figure 3: LOD for 3D building models

(hierarchical and iterative)

Before applying the generalization process, a geometric structure
analysis is conducted to determine the complexity of each build-
ing and its number of levels to generalize. The shape complexity
is defined as Eq. (3), where N, is the number of vertices of the
roof polygon and N¢ is the number of vertices of the 3D convex
hull of all roof structures. A few examples of shape complex-
ity are demonstrated in Fig. 4. Based on calculated shape com-
plexity, necessary levels of detail for individual building models
can be determined. For instance, the most complicated model
(SC=0.72) in Fig. 4 may require four levels of generalization
while the second case (SC=0.3) may need only two levels.

N, — N¢

SC = 3
N 3
sc=0 sc=0.3 sc=0.51 sc=0.72

Figure 4: Shape complexity examples

After determining the levels to generalize, at least three ortho-
graphic projections of each building are generated and converted
into raster formats. Then, a series of morphological operations
(including dilation, point in polygon elimination, and erosion) is
applied to create raster versions of the orthographic projections
for constructing the outlines of building models as demonstrated
in Fig. 5. A topology connector, which is modified from the
Target Defined Ground Operator (TDGO) (Chen and Lee, 1992),
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is developed in this study to establish topological relationships
among projection points. The modified TDGO performs topo-
logical encoding of each pixel according to the surrounding pix-
els in a 3x3 moving window. Some examples of TDGO encoding
are listed in Fig. 6. Applying these operators to examine the
generated raster projections, their edges and corner points can be
identified correctly as displayed in Fig. 7.

A 4

Figure 5: Outline generation of raster projections (left to right:
(a) original projection; (b) dilation; (c) point-in-polygon filtering;
(d) erosion)

14 56 131 224
191 239 251 254
Figure 6: TDGO encoding examples

Figure 7: Identified edges and corners

Each orthographic projection is then generalized with convex-
concave structure generalization and edge regularization. Convex-
concave structure generalization is to detect convex and concave
structures and eliminate small structures. Edge regularization is
to eliminate short-length edges. In this step, the lengths of edges
and the angle between the neighboring edges of a vertex in ortho-
graphic views are calculated based on the topological relation-
ship of orthographic views. Concave and convex structures and
edges with short lengths are detected by calculated angles and
lengths. The areas of convex and concave structures are calcu-
lated and compared with a pre-defined threshold to remove minor
structures. Edges with lengths smaller than pre-defined thresh-
olds are also eliminated. New junction points for each eliminated
structure or edge are calculated accordingly to reshape the ortho-
graphic projections.

After generalization of orthographic projections, simplified 3D
models can be reconstructed from them as illustrated in Fig. 8.
First, according to vertical orthographic views (front and side
views), the horizontal orthographic view (top view) is segmented
into several pieces. A loop tracing technique is applied to connect
segmented pieces as polygons. After collecting all the segmented
polygons, the heights of vertices points on segmented plans are
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calculated according to vertical orthographic views. These ele-
vated points are reconnected in 3D space to shape the simplified
3D model.

(a) plan segmentation

el

(c) 3D shaping (d) result

(b) height calculation

Figure 8: 3D model reconstruction from orthographic projections

For non-planar roof structures, they are detected and segmented
in the geometric structure analysis step. As displayed in Fig. 9a,
gabled roof structures are simplified according to the generalized
plan view. When the ground plan is generalized, the topmost
polygons are updated by transformation relationship through back-
projection from ground plan to topmost polygons. For barrel
roofs, the curve-shaped roof structure is maintained by curve fit-
ting technique, as shown in Fig. 9b and placed on top of the
major facades. There are different methods to fit a curve from
points (Gallier, 2000). If there are sparse roof vertices, which is
usually the case in polyhedral building models, a simple way is
to use the two boundary vertices and the highest roof point for a
conic arc fitting as illustrated in Fig. 9b. However, the boundary
vertices need to be adjusted according to the generalization result
of facades. This way, important characteristics such as building
height and dimensions can be preserved. For complicated curves,
collecting all vertices and performing a spline fitting or by least
squares fitting (Coope, 1993) is a more appropriate approach, but
requires more computation.

(A) Gabled roof
Figure 9: Generalization of roof structures

The described generalization method is highly automated and can
deal with a variety of building models. However, in some special
cases, additional (interactive) processes may be necessary. For
example, for buildings with courtyards, the orthographic views of
their inner structures will be detected interactively and then gen-
eralized with the generalization process of orthographic views.
Another example is buildings with non-planar facades. To keep
their curved characteristics, the non-planar facades are segmented
from the original building models and generalized similar to the
barrel roofs.

4 EXPERIMENTAL RESULTS

The developed multi-resolution representation algorithms for dig-
ital terrain and building models were applied to real datasets to
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validate their performances. Figure 10 shows the LODI, 3 and 5
of a large terrain mesh and the comparison with Delaunay trian-
gulation. Both the proposed quad-tree based LOD processing and
Delaunay triangulation can effective reduce the data in different
LOD levels.
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Figure 10: Terrain LOD with proposed method (left) and Delau-
nay triangulation

Although it may appear that Delaunay has better triangulated
meshes, the proposed method can also preserve important terrain
features in different LODs. (If the meshes are textured, the dif-
ference between the two is almost indistinguishable, even in the
low resolution LOD1 as displayed in Fig. 10g and h.) More im-
portantly, the data structure of the proposed Quad-tree processing
is more organized than Delaunay and makes the rendering more
efficient. Taking T-junctions removal as an example, Delaunay
will require significantly more efforts to remove T-junctions be-
cause the triangles on tile edges are irregular. In addition, for De-
launay triangulations, it will be inefficient to use the “difference
vectors” scheme because vertices in different levels of Delaunay-
based LOD do not have an “add-on” property. Therefore, it will
be difficult, if not impossible, to achieve progressive transmission
and adaptive rendering of Delaunay-based LOD tiles and thus in-
adequate for real-time visualization applications.
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Figure 11 shows the effect of T-junction removal. From the fig-
ure, the crack at the tile boundary has been repaired with the
proposed mesh refinement algorithm and resulting in a seam-
less terrain scene. The proposed mesh refinement algorithm is
very efficient. In previous tests (Tsai and Chiu, 2008), the CPU
time used to remove T-junctions at run-time was almost negligi-
ble and caused insignificant impact to the rendering performance.
Figure 12 shows the comparison of accumulated CPU time for a
fly-through of a large terrain (originally 5022 by 9555 grids and
partitioned into 10 by 19 tiles) with and without performing T-
junction removal while rendering the terrain meshes. It is clear
that applying T-junction removal has increased very little render-
ing time, but the improvement in visual quality is significant as
demonstrated in Fig. 11.

Figure 11: T-junction removal
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Figure 12: Cumulative rendering time comparison of T-junction
removal

The proposed terrain LOD generating algorithms were tested with
two large DEM datasets in different scenarios (Tsai and Chiu,
2008). From the tests, the frame rate of rendering can achieve
at least 24.5 FPS (frames per second) within two-pixels error on
screen display even in a very complicated mountainous terrain.
This should be adequate for real-time visualization and applica-
tions.

Figure 13 displays an example of generated multiple building
level of detail (BLOD) from a fairly complicated 3D building
model. In this example four different levels of detail were gen-
erated with the generalization algorithms described above. From
the figure, it is clear the generalization has effectively reduced
the number of polygons from 290 to 61, 19 and 7 subsequently.
Although the data (polygon) amount has been reduced signifi-
cantly in lower-resolution building models, the characteristics of
the building has been preserved.
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(a) BLOD3 (290 polygons) (b) BLOD2 (61 polygons)

Ty

(c) BLODI (19 polygons)  (d) BLODO (7 polygons)

Figure 13: Multiple LOD of building model

The example in Fig. 13 demonstrates that the proposed general-
ization algorithms and the iterative building level of detail gener-
ation procedure are effective for buildings with regular (planar)
facades regardless their complexity. Figure 14 and 15 demon-

strate generalization results of a few buildings with irregular shapes

and structures including non-planar roof structures. These exam-
ples indicate that the developed BLOD algorithms are also effec-
tive for special building models.

P

Figure 14: BLOD for special building model with barrel roof

Figure 15: BLOD for building models with special shapes and
structures

Applying the developed generalization algorithms to buildings in
a city model, multi-resolution representation of the building mod-
els can be generated effectively. Figure 16 shows four levels of
detail of a business district in Taipei. There are a couple of hun-
dreds buildings with different degrees of complexity and styles
in this area. The proposed algorithms generalize them according
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to determined shape complexity effectively. The generalization
reduce the data amount significantly (from 27% to 38% of the
original number of polygons as listed in Table 1) but still pre-
serve important geometric characteristics (features) of buildings.

(d) BLODO

Figure 16: BLOD of a business district in Taipei Taiwan

With the generated multiple levels of detail, a cyber city system
can load require building models progressively from BLODO to
BLOD3 according to different viewing parameters and system or
analysis requirements to increase the performance in visualiza-
tion and analysis.
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Table 1: Data reduction rate of BLOD

BLOD3 | BLOD2 | BLOD1 | BLODO
Points 61795 22825 17535 16110
Reduction rate 37% 28% 26%
Polygons 14045 5350 4175 3841
Reduction rate 38% 30% 27%

One thing to note is that it seems data reduction is more ag-
gressive when generalizing the models from BLOD3 to BLOD2
than the rest generalization. This might caused by inappropriate
thresholding for generalization. However, BLOD3 is the origi-
nal (most detailed) building model and consists of many minor
structures. (This can be observed from the examples presented
in previous figures.) Therefore, it is expected to have a signif-
icant reduction in terms of point and polygon numbers, but the
geometric shapes or characteristics of the models do not deform
too dramatically. In addition, the buildings are treated indepen-
dently, thus building aggregation may seem necessary. Whether
to aggregate building groups should depend on the objective of
applications. If it is necessary, aggregation should be performed
with additional merging process.

5 CONCLUSIONS

This paper presents systematic approaches to create multiple lev-
els of detail for digital terrain and building models. For terrain
meshes, a tile-based quad-tree processing with thresholds deter-
mined from ground sampling distance under different viewing pa-
rameters is suggested to generate terrain LODs. A mesh refine-
ment procedure to correct discontinuities (T-junctions) among tile
edges is also presented, which can eliminate discontinuities be-
tween adjacent tile meshes effectively and have little impact to
the overall rendering performance. For 3D building models, an
iterative procedure based on algorithms for generalization on 2D
orthographic projections and reconstructing simplified 3D mod-
els is proposed. For special structures of building models, addi-
tional processes are developed to simplify them but maintain their
characteristics. The developed algorithms are effective for indi-
vidual building models and large building groups with various
degree of complexity.

Examples demonstrated in this paper indicate that the developed
algorithms can be used for multi-resolution representation of com-
plicated terrain and building models effectively and efficiently.
All together, the proposed methods can increase the performance
of large cyber city implementation for real-time visualization and
applications. More importantly, while reducing the data amount
to transmit and process, the proposed multi-resolution represen-
tation methods can preserve important geometric and visual char-
acteristics of complicated terrain and building models
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