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Abstract
A global 3D geographic model and a feasible solution for its visualization and management
remains a challenging vision. The existence of a reusable platform would provide an
unprecedented potential for development of applications related to geography and facilitate
comprehension of geographic data. Unlike cartographic maps, 3D models can capture the
geometry of geographic features without flattening the environment, without cartographic
projection---can avoid geometric distortion. More interestingly, however, 3D models can
be composed into a single model spanning the whole world; it can be navigated visually in
order to access information and data in the same geometric space as we navigate ourselves
in our real environment.

This article attempts to narrow down the overhead of problems in visualization of 3D
geographic information and intends to identify fundamental issues common to other
systems in the domain. Handling entire terrain is inherently coupled with global spatial
index. This problem is overviewed and a solution is proposed. Afterwards the data
representation of the essential surface in geography is introduced. The representation deals
with the problem of LOD and is suitable for use with DBMS. Finally concepts about
alteration of terrain data in the database are addressed. The article argues for the
introduced solution and is backed with an implementation of a prototype computer system.

GLOBAL TERRAIN FOR VIRTUAL GEOGRAPHY
Centre for 3D GeoInformation, as well as many other research and development groups
around the world, is working on a system for visualization of geographic features in 3D
scene. With different proceedings, these efforts stand for an iterative approaching to a
technology referred as Digital Earth (Gore, 1998). Digital Earth aims at providing better
human user interface (Engelbart, 1962) made of geographic features, which allows a visual
navigation in order to increase the capability of a man to approach a complex problem
situation in geographic context, to gain comprehension and solution speedier with the
possibility of gaining a useful degree of comprehension. Digital Earth would allow
accessing the data representing the geographic interface itself as well as arbitrary attributed
information---georelated information.

Focusing on a method that facilitates construction and maintenance of such geographic 3D
model, terrain stands for one of the most significant components. Geometry of the digital
terrain provides a surface, which all other geographic features are related to. Put in other
words, terrain representation provides the core component in the definition of virtual
geography. Terrain is large, continuous, with complex high frequency geometry. Local
mathematical approximations of terrain are extremely complex and automated global
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observations are a challenging problem. Taking the visualization into account---global
geographic 3D model is a complex problem rooted in domains of geodesy, cartography,
Earth observation, database systems, and 3D graphics.

This article addresses particular problems of designing a data representation for terrain. A
proposal for solutions is presented along with the work in progress. The solution is
conceptually described in the three following sections, where each section deals with a
particular aspect of the terrain that is important for development of Digital Earth systems.
The main aspects considered in this article are:

1. Indexing terrain data for fast access for visualization.

2. Terrain data representation with LOD.

3. Altering data in the terrain representation.

Although the main concerns are presented separately in the corresponding sections, their
nature is interconnected and the concepts lean on each other across the sections. After
addressing the solution the implementation of the prototype is described and at the end
conclusion is made.

SPATIAL INDEXING USING GLOBAL GRIDS
Fast access is often important when processing data and it is an essential issue when
working with visualization of terrain data in a global context. Indexing, as one aspect of the
fast data access, is tightly coupled with data representation. The terrain representation
should be designed in order to exploit a certain indexing mechanism, while still providing
support for diverse data processing, e.g., for visualization or for further analysis. This
section addresses the main concepts of global grids used for spatial indexing in a global
context. A solution for indexing the terrain data based on one of these concepts is proposed
and shortly overviewed.

Quaternal triangulated mesh
QTM has been elaborated in (Dutton, 1999). It is based on a recursive hierarchical division
of faces of octahedra into triangles. The division scheme is depicted in Figure 1 on picture
1.a. QTM has many applications including geocoding, which allows to represent
geographic location on the globe together with its precision in a single code. Its application
for terrain has been elaborated in (Otoo and Zhu, 1993). An efficient use of QTM for
terrain constraints the distribution of mass points to the vertices of the triangular division
scheme. Even though QTM has been considered as a concept for spatial indexing, the
geometry of the scheme does not provide a “trivial” indexing of data points to a
corresponding node, i.e., triangle.

Regular grids
Division of the globe using regular grids is in general suitable for data projected on plane
and interpolated in a regular grid. This provides its straightforward application to raster
datasets, e.g., airborne and satellite images, DTM or DEM. Raster grid based solutions,
elaborated for example in (Aasgaard, 2002) or in a commercial solution by GeoFusion,
requires so that geometry of the terrain is projected on 2D plane. Such projected terrain data
can exploit various methods used for terrain with LOD (Luebke et al., 2003) or any
application based on quad-tree indexing. An example of geometry used for generating
division of globe using regular grid is depicted in Figure 1.b.
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Voronoi based grids
A spherical application of Voronoi diagram (Lukatela, 1987) is conceptually based on
proximity of spatial data. Its application for terrain model based on TIN has been presented
in (Lukatela, 2000). Voronoi grid on the sphere is efficient concept for indexing geographic
data globally directly in 3D without any prior projection to a plane. Voronoi based global
grids generate more variable division schemes than the previous methods. In its specific
configuration it can provide a complementary division scheme to QTM. However recursive
division of Voronoi scheme is impossible. An example of Voronoi grid is depicted in
Figure 1.c.

Geographic index
Geographic index has been proposed as a solution for cases when concern is the geometry
of the terrain in global extent, while keeping ability to handle local variations. Geographic
index (geoindex) is based on Voronoi grid on the sphere providing multiple levels of the
division scheme. Each level of geoindex is given by set of centroids distributed semi-
regularly around unit sphere. The division scheme is composed of cells. The cells are
defined by set of points with radial distance to a particular centroid lower that to any other
centroid. In Figure 1.d is depicted the division scheme of geoindex for five different levels.
One level is depicted using all the cells and other levels are represented only by four
neighboring cells around a particular point.

Figure 1: Examples of division schemes generating global grids.

Regarding indexing of point features, geoindex provides a simpler concept than QTM.
Indexing of any point feature on arbitrary geoindex level is performed at constant time.
Unlike solutions based on regular grids, data are indexed according their position in 3D
space and thus use of any kind of cartographic projection can be eliminated. This provides a
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significant simplification of the process between acquisition of geographic data in uniform
global reference frame (Eurocontrol and IfEN, 1998) and resulting 3D model. Geoindex,
like QTM, assigns each cell a unique code, which allows its use with any DBMS with
indexing capabilities.

TERRAIN REPRESENTATION WITH LOD
Current technology in 3D computer graphics is based on triangles. Thus, using computers,
triangulation will always take a place in the process of modeling terrain surface in 3D.
From computer graphics point of view the terrain is a very high frequency surface. The goal
is to represent the surface by data in a way that yields geometrically correct surface,
efficient for visualization performance, providing multiple levels of detail, simple for
editing, while spending minimum storage space. Unfortunately several of these
requirements are in a contradiction with each other.

After narrowing requirements down the fundamental trade-off is between storing larger
amounts of pre-processed data in order to facilitate visualization performance, or store more
general data and leave more processing on the application for visualization. For sake of
clarifying the decision about terrain data representation, various aspects of different
representations used for terrain surface are compared in Table 1.

Table 1: A comparison of data representations considered for global terrain surface.
Raster Grid (DTM) TIN 3D Mesh 3D Points Contours

Height field based yes (0) yes (0) no (1) no (1) yes (0)
Geometrical flexibility low (0) high (1) high (1) high (1) high (1)
Mapping textures simple (1) fair (0.5) complex (0) complex (0) Fair (0.5)
Available data-sets many (1) some (0.5) few (0) many (1) Few (0)
Space complexity fair (0.5) fair (0.5) high (0) low (1) Fair (0.5)
Modifying part of surface fair (0.5) complex (0) complex (0) fair (0.5) complex (0)
Triangle topology known (1) stored (1) stored (1) none (0) facilitates (0.5)
Creating LOD fair (0.5) complex (0) complex (0) simple (1) Fair (0.5)
Handling in database fair (0.5) complex (0) complex (0) simple (1) complex (0)

5 3.5 3 6.5 3

Note that the evaluation is strictly oriented towards the goal representation as stated at the
beginning of this section and can be misleading in other context. Several hybrid
representations are described in Luebke et al. (2003).

Grid based datasets, e.g., DTM or DEM, have advantage in their “raster nature” that makes
them suitable for processing. Their data structure is practically identical with image data,
which allows straightforward combination of terrain and images. On the other hand,
representing terrain using mass-points excels in capturing geometric details and its
flexibility in data management. Considering choice of geoindex from the prior section the
natural choice appears to be storing mass-points as a terrain representation.

LOD construction
Building a terrain data set with multiple level of detail is a necessary requirement for global
terrain model. Using mass-points as a terrain representation offers a simple and general
solution. The most significant mass-points of the terrain geometry constitute the coarsest
LOD. New mass-points are added locally in order to provide more detail when approaching
the target point. Geoindex in combination with mass-points naturally implements this
concept. Each level of geoindex can correspond to a particular LOD and reflect a spatial
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scope of LOD at the same time. Proposed LOD does not store any duplicate data since the
most significant mass-points can be reused in all finer LOD.

The main concern in creating particular LOD is selecting the set of the significant mass-
points. For this purpose a decimation algorithm based on Schroeder et al. (1992) is used.
The goal of the decimation algorithm is to reduce the total number of vertices in a triangle
mesh of the terrain surface, while preserving original vertex coordinates, the original
topology and a good approximation to the original geometry. The quality of approximation
is defined by decimation error specifying, which is given by the bound on distance to the
original surface. The steps in the construction LOD are:

1. Triangulate all mass points available in order to create a reference surface (RS) for
decimation.

2. Decimate RS with the maximum decimation error acceptable for the coarsest LOD.

3. Assign all the significant mass points to the coarsest LOD.

4. Decimate RS with decreased error corresponding to finer LOD.

5. Store only the new significant mass points.

6. Continue at step 4 until all the mass points are assigned to LOD, or finer LOD is not
required.

The resulting data set is organized so that geometrically significant mass points are kept in
a geoindex level with the coarse division scheme, i.e., in cells with a large extent. More
detailed geometry is obtained locally by adding new mass points from levels with smaller
cells. Since geoindex divides spatial data according to their proximity to the centroids, its
application is efficient for visualization purposes, because higher detail is necessary for
near features only.

Consistency of terrain across boundaries of indexing scheme
Terrain is coherent and continuous over the globe. However, providing coherence and
continuity of the terrain representation remains a challenging problem when data spans
across several units of an indexing scheme. This problem is also present when dealing with
the alignment of geometries along boundaries between different LOD. Consistency across
boundaries is a common concern for all the indexing approaches introduced in the prior
section. To my knowledge, solutions of systems existing today such as Virtual Globe,
TerraVision and commercial Keyhole, ArcGlobe or Evans & Sutherland are based on raster
grid indexing scheme, which makes them excellent for visualization of aerial and satellite
imagery and other raster graphics on the globe.

One of the major reasons for choosing 3D points as terrain data representation is its
advantageous property that actually eliminates the boundary problem. A single point cannot
span over several units of the indexing scheme, and since the surface topology is not stored
– the problem is not present at database level.

On the other hand, at a given position in space a point cloud is obtained from the database
as the only resource for visualization. The point cloud would follow the viewer’s position
providing high density of points close to the viewer and less points far from the viewer.
This implies that, in order to display the terrain surface, a certain surface reconstruction,
e.g., triangulation has to be performed at runtime before the rendering.
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In Figure 2 are presented four perspectives on the status of terrain geometry given by the
position of the viewer as depicted by picture 2.a. Visualized is only a single LOD without
performing any decimation of mass-points. The rest of the globe is a default surface that is
not terrain. The default surface can be an arbitrary surface. In Figure 2 it is given by
vertices of geoindex scheme projected on the sphere. The default surface is included only in
order to provide a global context for the distant perspectives on 2.b, 2.c and 2.d. The shown
terrain LOD is spanning over four cells of the corresponding geoindex level. 2D Delaunay
triangulation (Watson, 1981) is used at runtime as a surface reconstruction method for this
case.

Figure 2: Terrain of Himalays from approximately 15 kilometers above surface (target location 28° E, 87° N).

ALTERING TERRAIN DATABASE
A situation when only a part of the terrain dataset requires alteration is a practical issue that
has to be solved in order to build and maintain a global terrain gradually in time. This
section proposes shortly a method for testing the feasibility of updating old data and a
method for selecting data being replaced with the new data.

The feature that allows alteration to terrain dataset is often omitted in other works dealing
with irregular terrain representation with LOD, e.g., Hoppe (1996) or Wu and Amaratunga
(2003). In these cases the resulting terrain datasets are considered as a final product. If
alteration is required the whole dataset is re-build.

In order to test whether new data should replace the mass-points stored in the database the
candidates for replacement has to be identified. Only those areas where the quality of
terrain representation will increase can be updated. A measure of quality is not covered in
this article; however it is always derived from characteristics of geometric accuracy of the
data. Mass-points within areas with potential increase of quality are replaced, and new data
are inserted using the process described in sub-section “LOD construction”.  Dealing with
areas, the minimum amount of three mass-points is necessary in order to commit an update.
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IMPLEMENTATION
A prototype implementation of the introduced solution consists of geoindex, simple viewer,
data loader for GTOPO30 dataset, communication interface with DBMS and simple GUI
for demonstrating the system. Concepts from the prior section have not been implemented.
The code has been written in Java and Python. PostgreSQL ORDBMS has been used for
data storage. Communication with the database is made through JDBC via TCP/IP. VTK
library has been used in order to implement the viewer, a surface reconstruction and
partially for decimation processing. All the technologies and the terrain data are freely
available on the Internet.

The maximum resolution of geoindex division scheme using 64-bit float numbers is 2
centimeters near the Earth surface; the maximum precision for mass-point near the Earth
surface is sub-micrometer. In the database has been allocated 24 bytes per mess-point, i.e.,
approximately 42 mass-points per 1kB. Data for a particular LOD reside in their own
relation in DBMS.

A technological problem has been encountered in rendering of the 3D scene since current
3D hardware support 32-bit float numbers only. The newest 3D accelerators claim
hardware support for 128-bit precision.

CONCLUSIONS AND FUTURE WORK
This article addressed the main issues about global terrain representation in a computerized
system dealing with 3D visualization. The proposed solution is based on storing mass-
points coordinates as data representing the terrain. In order to deal with possibly huge
amount of terrain data with multiple LOD, geoindex is used as a solution for indexing.
Finally, a concept for alterations of the terrain database has been proposed. A solution
presented in the article has been implemented in a system exploiting PostgreSQL, Java and
VTK technologies, and GTOPO30 datasets.

Flexibility is an advantage of presented approach over other existing systems dealing with
global terrain representation. By term flexibility is meant ability to capture local variations
in geometry efficiently and accurately. Flexibility also refers to an advantageous data
management property that allows constructing and altering the global model gradually. This
feature also provides a promising potential for solutions in distributed environments. The
presented solution also completely eliminated a need for any cartographic projection. This
offers a direct compatibility with use of global positioning systems.

A disadvantage of the method when only mass-points are stored is that the surface
reconstruction has to be performed at run-time. This is an arguable performance overhead
in comparison to existing solutions; however advances in computer hardware and
achievements of surface reconstruction algorithms draw optimistic vistas. Also behavior of
the prototype using currently available technology proved a near-real time visualization
performance. Other drawback of the solution is its repugnancy to raster image data caused
by general geometric incompatibility of the two representations.

The problem of inconsistency with image data is left as one issue for the future research.
Nevertheless, the results of presented work provide whole spectrum of other challenges
including: merging and adjustment of surface data based on quality control, representation
of diverse linear and polygonal features, e.g., buildings, roads or trees, optimization of
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surface reconstruction algorithms, optimization of the process for LOD construction,
framework for distributed system. For the nearest future however, work will be focused on
introducing break lines in terrain representation. Priority is also assigned to visualization
query processing in order to support navigation in the 3D scene.
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