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Abstract

Database management systems (DBMS) have significantly changed in
the last several years. From a system dealing with management of admin-
istrative data they have involved to a spatial DBMS providing spatial data
types, spatial indexing and extended spatial functionality. Mainstream
DBMS support mostly a geometry model but the first natively supported
topology model is already a fact. Although the provided functionality is
limited to the second dimension, various options exist for management of
three-dimensional data. This paper discusses some of them, present current
research and outline directions for further extended management of 3D
data. The paper is limited to the geometry model, i.e. topology issues are
not covered.

Evolving to Spatial DBMS

DBMS have been traditionally used to handle large volumes of data and
to ensure the logical consistency and integrity of data, which also have be-
come major requirements in handling spatial data. For years, spatial data
used to be organized in dual architectures consisting of separated data
management for administrative data in a Relational DBMS (RDBMS) and
spatial data in a GIS. This is to say spatial data has been managed in single
files using proprietary formats. This approach could easily result in incon-
sistency of data, e.g. when deleting a record in the database no mechanism
exists to check the corresponding spatial counterpart. A solution to prob-
lems of dual architecture was a layered architecture, in which all data is
maintained in a single RDMS. Since spatial data types were at that time
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not supported at DBMS level, knowledge about spatial data types was
maintained in middle ware (Vijlbrief and van Oosterom, 1992).

Presently, most mainstream DBMS offer spatial data types and spatial
functions usually in an object-relational spatial extend to RDBMS (Zla-
tanova and Stoter, 2006). Storing spatial data and performing spatial
analysis can be completed with SQL queries. Additionally, integrated que-
ries on both spatial and non-spatial parts of features can be executed at da-
tabase level. The spatial data types and spatial operations reflect only sim-
ple two-dimensional features, though embedded in 3D space. This support
of 3D/4D coordinates allows for alternatives in management of 3D fea-
tures.

This paper elaborates on current possibilities of DBMS to maintain 3D
data. The next section discusses management and visualisation of volumet-
ric objects, 3D lines and 3D points. Then the paper reports on prototype
implementations of new data types completed at section GISt, Delft Uni-
versity of Technology, The Netherlands. Standardization activities within
Open Geospatial Consortium are briefly outlined with respect to resent
new initiatives. Last section concludes on demands and expectations to the
3D geometry model.

3D data in the DBMS using current techniques

Providing the spatial extend, DBMS have immediately been challenged
by the third dimension. A number of experiments were performed by sev-
eral researchers to investigate possibilities to store, query and visualize
features with their 3D coordinates (Arens et al 2006, Stoter and Zlatanova
2003, Pu, 2005, Zlatanova et al 2002, Zlatanova et al 2004). The good new
is: 3D data can be organized in DBMS, retrieved and rendered by front-
end applications. However, there is also a bad news: since no 3D data type
is currently supported by any DBMS, the user remains self responsible for
the validation of the objects as well as for implementing true 3D function-
ality.

These conclusions, with small variations, are consistent for all main-
stream DBMS: Oracle, IBM DB2, Informix, Ingres, PostGIS and MySQL.
All of them offer 2D data types (basically point, line, polygon) but support
3D/4D coordinates (except Ingres, which is 2D) and offer a large number
of functions more or less compliant with the Open Geospatial Consortium
(OGC) standards (see bellow). Most of the functions are only 2D dimen-
sional (except PostGIS, which supports few 3D operations), i.e. although
not reporting error, they omit the z-coordinate. A bit frustrating is the im-
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plementations of spatial functions and operations: it varies with the
DBMS. The statement: select ¢ from b where a < 100, where c,a are nu-
merical data type, can be executed in every DBMS. However if ¢ is a spa-
tial data type and a is a given distance, the SQL statement becomes de-
pended on the specific implementation. In some cases (e.g. Oracle Spatial),
even the names of the spatial data types are not that apparent. Oracle Spa-
tial has one complex data type sdo_geometry composed of several parame-
ters indicating type geometry, dimension, and an array with the x,y,z coor-
dinates. At present the geometry model of Oracle Spatial is the most
supported by GIS and Architecture, Engineering and Construction (AEC)
Systems, but there is a strong tendency for changes (e.g. PostGIS is sup-
ported by GRASS and ESRI). The text bellow discusses possible organisa-
tion of the 3D real-world features (volumetric, line, point) in current
DBMS. Note, the presented approaches are not dependent on the DBMS.
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Figure 1: Visualisation of buildings and surface, represented by simple
polygons in Oracle Spatial

3D volumetric objects

Most discussed 3D features are volumetric objects, which can be used
for modelling of man-made objects, such as buildings, and nature-made
objects, such as geological formations. To have those managed in the data-
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base, the user can choose between: 1) using DBMS data types polygon and
multipolygon or 2) creating a used-defined data type. The three candidates
for a simple volumetric object are polyhedron, triangulated polyhedron
and tetrahedron (see for definitions next section) and all three can be eas-
ily realized with provided data types. Moreover, there is no practical dif-
ference in the implementation of the polyhedron and triangulated polyhe-
dron, since a separate friangle data type does not exist. Tetrahedron would
allow for a bit simpler representation since it has only four triangles.

The first option, i.e. defining a 3D feature as a list of polygons can be
realized by two columns in one relational table, i.e. feature ID and a col-
umn for the spatial data type (i.e. polygon). If the reality is quite complex,
leading to many 3D features with shaped polygons, the DBMS table
should be normalized. This means that the polygons have to be organized
in a separate table (containing polygon ID and a column for the spatial
data type) and the 3D feature table should contain the indices to the com-
posing polygons. Clearly, the separate relational table for volumetric ob-
jects would be simpler if the volumetric object is tetrahedron. It can be or-
ganized in a table with finite number of columns: one for the ID of the
tetrahedron and four for the composing polygons (triangles). In general,
such an organization can be seen as a partial topological model; since the
3D object is defined by references to the composing polygons. Figure 1 is
an example of a two-table, polyhedron data storage.

In the second approach, a 3D object is stored using the data type multi-
polygon, i.e. all the polygons are listed inside the data type, which is prac-
tically one record in the relational database. This case requires only one ta-
ble, which may contain only two columns: feature ID and column for the
spatial data type. Various examples of these representations can be found
in Stoter and Zlatanova, 2003.

An apparent advantage of the 3D multipolygon approach is the one-to-
one correspondence between a record and an object. Furthermore the 3D
multipolygon (compare to list of polygons) is recognized as one object by
front-end applications (GIS/CAD). For example, a 3D multypolygon is
visualised as grouped polygons in Bentley Microstation. However, in case
of editing, the group still has to be ungrouped into composing polygons
(Zlatanova et al 2002), i.e. the group is not recognised as 3D shape.

Indeed, both representations are not recognized by DBMS as a volumet-
ric object, i.e. they are still polygons and thus the 3D objects cannot be
validated. The objects can be indexed as 3D polygons but not as 3D volu-
metric objects. Spatial operations can be performed, as well, but on the
‘flattered’ polygons, i.e. the z-coordinate will not be considered. More-
over, both representations are highly inefficient in terms of storage space.
The coordinates of the points in a volumetric object are repeated at least
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three times (being part of minimum three neighbouring polygons) either in
3D multipolygon record or in the list of polygons.

User defined spatial data types can be implemented using different ap-
proaches from the simple SQL create data type statement, to more com-
plex implementations, using a Procedural Language (PL), Java, C++, etc.
The common drawback of such an implementation is impossibility to ap-
ply the native spatial functionality (operations and indexing) of DBMS.
Moreover the user-defined spatial data types cannot be stored in the same
column of the natively supported spatial data types. Visualisation in front-
end applications would be possible only by developing individual connec-
tions. User-defined spatial data types, however, are very useful for proto-
typing for approval of new concepts. Two examples of user-defined spatial
data types are discussed later in the text.
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Figure 2: 3D visualisation of pipelines, organised as lines in Oracle Spatial

3D line objects

Typical examples of 3D line objects are utility networks: pipeline and
cable networks. Utility data and systems have been always predominantly
two-dimensional. Only recently, investigations have been initiated towards
maintaining utility networks in three dimensions. Motivation for this is ex-
tended usage of underground space and therefore the apparent need of
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more sophisticated mechanisms for visualizing several networks in one
environment.

Utility networks (represented as lines with 3D coordinates) can be read-
ily managed in DBMS using the supported spatial data types line or multi-
line. If required by an application, some point objects (valves, connectors,
etc.) can be separately organized as points. The only trouble of 3D lines is
the visualisation in 3D scenes. It is often recommended 3D lines to be sub-
stituted with tiny cylinders when rendered. Indeed, such a substitution can
not be justified only for visualisation purposes. Therefore Du and Zla-
tanova 2006 suggest keeping the original data as 3D lines and creating 3D
cylinders on the fly only for the visualization (Figure 2).
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Figure 3: 3D visualisation of point clouds, managed as points in DBMS

3D point clouds

Until recently, 3D point objects were relatively rare in real-world data
sets and a little attention was given on them. But, with the advances of
sensor technology, laser scanning techniques become available, which
produce large amounts of very specific 3D point data. Theoretically, these
points can also be organised in DBMS by either 1) using the supported
spatial data types point (Figure 3) and multipoint or 2) creating a user-
defined type. Depending on the type of data (row or processed data), the
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user might decide for either of the representations. Usually the most com-
mon format of processed laser scan data consist of seven parameters: x,y,z-
coordinates, intensity and colour represented by 7,g,b-values. The advan-
tage of point data types is possibility to manage all these attributes for each
individual point. The major disadvantage refers data storage and indexing,
which are very expensive (one record per point). The multipoint data type
can be efficiently indexed, but the points lose their identification, which
might be important for modelling purposes (Meijers et al 2005). Further-
more, the number of points in one multipoint has to be carefully considered
for an acceptable performance (Hoefsloot, 2006). Depending on the point
distribution and size of the point cloud, the operations can become time
consuming an thus difficult to handle.

New 3D spatial data types

As shown above, 3D real-world feature can be stored and indexed in
DBMS and retrieved for visualisation and editing in front-end application
but they can be analysed only as 2D features. A true 3D geometry data
type (polyhedron and/or tetrahedron) and corresponding 3D spatial opera-
tions (validation, volume, length, intersection, etc.) are missing in all
DBMS. Furthermore, the simple 3D volumetric data type would be still in-
sufficient for handling many shapes (cone, sphere) available in AEC/CAD
applications.

The sections bellow will briefly present two implementations of new 3D
data types, i.e. polyhedron and NURBS surface.

3D polyhedron

A 3D spatial data type is the first most important development to be
made by DBMS. A simple 3D object can be represented basically in three
different ways as a polyhedron (consisting of arbitrary number of planar
polygons which have arbitrary number of points), triangulated polyhedron
(consisting of an arbitrary number of triangles) or tetrahedron (coposed of
four triangles). All the three representations have advantages and disad-
vantages (Zlatanova et al 2004). Tetrahedron is the simplest 3D object
consisting of a finite number of points and triangles. While advantageous
for computations and consistency check (Peninga, 2005), tetrahedrons are
less appropriate for modelling of man-made objects such as buildings,
bridges, tunnels, etc., because the interior would require a subdivision into
tetrahedrons (which should be omitted for visualisation). However, tetra-
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hedrons are widely used in modelling geological formations (Breunig and
Zlatanova, 2006). The polyhedron is the most appropriate representation
for man-made objects, but its validation is quite complex (Arens et al,
2005). Triangulated polyhedron is compromise between the two ensuring
at least the simplicity of the polygons.

Figure 4: 3D polyhedron (Arens 2003)

Arens 2003, and Arens et al 2005, have selected a polyhedron for im-
plementation, since it is the most complex data type requiring strict valida-
tion rules. A polyhedron is defined as a bounded subset of space, enclosed
by a finite set of planar polygons (not self-intersecting) such that every
edge of a polygon is shared by exactly one other polygon. The polyhedron
bounds a single volume, i.e. from every point on the boundary, every other
point on the boundary can be reached via the interior. The polyhedron has
clearly defined inside/outside space, i.e. it is orientable. The polyhedron
defined in this way can have also cavities (Figure 4). The polyhedron data
type is implemented in Oracle Spatial object-oriented data model, but the
formalism is generic. To avoid duplications of point coordinates (As men-
tioned above), the description has two sections: 1) a list of all the point co-
ordinates and 2) a sequence of polygons, each composed of a list with in-
dices to the point coordinates of the first section. The validity of the new
data type is controlled by a specially designed function, which checks the
definition rules. Several tests were performed on the new data type and the
results were positive.

In very short terms, a tetrahedron data type will be prototyped following
the formalism and implementation considerations as described in Peninga
et al 2006.
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3D freeform curves and surfaces

Freeform curves and surfaces such as Bezier, B-spline and NURBS, are
becoming progressively important for modelling of buildings, towers, tun-
nels, etc. Very often these models need to be integrated with 3D GIS for
investigations and adjustment of the construction (e.g. for wind resistance).
One option for such an integrated environment can be DBMS. Therefore
we have initiated a research aiming at developing data types that can be
used by AEC applications. Among the large amount of mathematical rep-
resentations of 3D space (used in CAD and AEC worlds), NURBS is the
first candidate to be considered. Some of the most important NURBS
characteristics are (Piegl and Tiller, 1997):

e NURBS offer a common mathematical form for both, standard
analytical shapes (e.g. cone, sphere) and free form shapes,

e The shapes described by NURBS can be evaluated reasonably
fast by numerically stable and accurate algorithms,

e Important characteristic for modelling real-world objects is that
they are invariant under affine as well as perspective transfor-
mations.

The only drawback of NURBS is the extra storage needed to define tra-
ditional shapes (e.g. circles). Using NURBS data types, a circle can be rep-
resented in different ways but the complexity is much higher compared to
its mathematical definition (i.e. radius and centre point).

The definition a NURBS curve consists of several quite complex equa-
tions, which can be found elsewhere in the literature. Based on these equa-
tions, the parameters to be included in the data type are specified as: con-
trol points, their weights, knots sequence and a degree value. These
parameters double in case of surface (Pu, 2005). A NURBS curve requires
fulfilment of a number of conditions such as the degree > 1, the number of
control points >3, Degree = Number of knots - Number of control points —
1, he number of weight values is equal to the number of control points, ach
weight value > 0, knot vector is non-decreasing and has more than 1 knot.

The new data type has been prototyped for Oracle Spatial, but outside
the Oracle Spatial SDO_GEOMETRY model, which means it can be read-
ily used for any spatial DBMS (PostGIS, MySQL, Informix, etc.). Besides
the validation function, few simple spatial functions (rotation, translation,
scale and distance) were developed. Since the data type is much more
complex compared to the 3D polyhedron data type, a special care was
taken for the visualisation in AEC software, i.e. an engine was developed
to map the NURBS data type to the internal representation of Microstation
and AutoCAD (Figure 5). Two NURBS models were tested with the de-
veloped data type for retrieval, editing and posting.
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Figure 5: NURBS building retrieved from DBMS

Tests have convincingly demonstrated that appropriate data types for ef-
ficient management of freeform curves and surfaces can be created at
DBMS level. The design is compliant with OGC Abstract Specifications
(see bellow). But the spatial functionality provided for NURBS data type
has to be very carefully considered. Mathematics behind many NURBS
operations might appear to complex for implementation at a DBMS level.

Standardization initiatives: Open Geospatial Consortium

With respect to spatial data management and interoperability, several
standardization initiatives have been set off, e.g. ISO, IAI, Web3D, etc.
The Open Geospatial Consortium will be mentioned here, because its ac-
tivities has largely motivated the spatial developments in RDBMS.

The mission of the OGC, founded in 1994, is to enable interoperability
of geo-services. OGC produces Abstract Specifications and Implementa-
tion Specifications (OGC, 2001). The aim of Abstract Specifications is to
create and document a conceptual model sufficient to create the Implemen-
tation Specifications. The Abstract Specifications are subdivided into Top-
ics, each of them related to different aspects of geo-spatial services. Topic
1 (identical to ISO 19107) is the most important one discussing the spatial
schema for representing features. It should be noticed that the Abstract
Specifications discuss a wide range primitives (also those used in CAD
domain) such as cone, sphere, triangulated surfaces and freeform shapes
such as B-splines and NURBS. Applying this framework it should be no
real problem representing real world in 3D, using even different represen-
tations.

However, the Abstract Specifications provide only the general concep-
tual semantics. The way these can be implemented at different platforms
(based on CORBA, OLE/COM and SQL) is described in three different
Implementation Specifications. The Implementation specifications of in-
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terest for DBMS are the Simple Feature Specifications for SQL. Those
provide guidance for implementing data types and spatial functions in
DBMS. These specifications have greatly contributed to standardizing the
implementing spatial functionality in DBMS. However, they are only 2D,
i.e. limited to simple primitives such as points, lines and polygons (sur-
faces) and cannot meet the three-dimensional demands.

OGC has already started numerous new initiatives to meet the chal-
lenges. Currently 36 projects (working groups) are discussing various as-
pects of data integration and exchange only in the Specification Program
and almost all of them attempt to handle the third dimension. The most
relevant is the work of CAD-GIS working group (Case, 2005). The mis-
sion of this group is spanning a bridge between CAD, AEC systems and
GIS by finding opportunities to improve interoperability of geospatial data
and services across these domains. Incompatibilities at various levels (se-
mantic, geometry, topology) contribute to the complexity of the problem
(Zlatanova&Prosperi, 2006).

To suggest an appropriate schema for exchange of 3D spatial data, this
group will consider several on-going developments, i.e. LandXML (for
land survey and construction initiated in 1999 by Autodesk and EAS-E
members), LandGML, CityGML (GML for city models), aecXML (for
AEC including information about projects, documents, materials, parts,
organizations, professionals, etc.), TransXML (a project aiming at XML
schemas for exchange of transportation data), IFC (the Industry Founda-
tion Classes used to define architectural and construction-related CAD
graphic data as 3D real-world objects), OpenFlight (an industry standard
real-time 3D scene description format), 3D ShapeFile (ESRI), X3D, etc.
There is a firm believe the work of this group will contribute to extension
of the Implementation Specifications toward real 3D data management.

Concluding remarks

In the last five years DBMS made a large step toward maintenance of
geometries as GIS used to manage them. The support of 2D objects with
3D coordinates is adopted by all mainstream DBMS. The offered functions
and operations are predominantly in the 2D domain. The DBMS spatial
schemas have to be extended to fully represent the third dimension (first
with simple volumetric object and later with more complex 3D data types).
Concepts for 3D objects and prototype implementations are already re-
ported, DBMS have to make the next step and natively support them. 3D
operations and functions have to be developed not only for the volumetric
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object but also for all other objects embedded in 3D space. 3D functional-
ity is next to be considered. It should be remembered that Spatial DBMS is
a place for storage and management, and less intended for extensive analy-
ses. The 3D functionality should not be completely taken away from front-
end applications such as GIS and CAD/AEC. 3D Spatial DBMS should
provide the basic (generic) 3D functions, such as computing volumes and
finding neighbours. Complex analyses have to be attributed to the applica-
tions.

Some existing data types are clearly not sufficient for the purpose of
some applications. A very typical example is the mutypoint. It was defi-
nitely not designed for large amounts of points as from laser scanning.
DBMS fail to handle efficiently such amounts of data until now. Such
points need a special treatment. On the one hand, with the progress of data
collection techniques, the amounts of points will only increase. Many la-
ser-scanning companies are increasingly getting concerned about the man-
agement of such data. On the other hand, the advances in 3D modelling
would require more intelligent management of both row and processed
data. Clearly a new spatial data type with internal structure and index has
to be developed.

Triangle (or TIN) data type is also quite demanded. It is likely that TIN
will continue to be widely used for all kinds of complex surface represen-
tations in GIS. Most of the terrain representations presently maintained in
GIS as well as many CAD designs (meshes) are TIN representations. TINs
can be stored in DBMS using the polygon data type. This data type is gen-
erally assumed for multiple vertices and thus over-attributed. Thus a sim-
pler adapted data type is required.

Maintenance of multiple representations to be used as Level-Of-Details
is another critical aspect of large three-dimensional models. Still the man-
agement of multiple representations is far from formalized. A very promis-
ing initiative is CityGML, which concepts can further be incorporated in
the Spatial Schema and later incorporated in Implementation Specifica-
tions.

Management of texture and mechanism for texture mapping and texture
draping is critical for management of realistic 3D City models. 3D objects
usually need more attributes for visualisation compared to 2D objects.
Moreover, very often 3D objects are textured with images from real world.
As AEC and GIS applications come together the question of linking tex-
tures to geometries will appeal. Textures can be understood as ‘presenta-
tion” attributes of 3D objects an also decoded in the data types.

As mentioned above, the update of the OGC Implementations Specifica-
tions is very critical. Standardized vision on 3D objects and functions on
them will stimulate DBMS toward 3D implementations. The first exten-
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sion should be the volumetric object. To be able to provide a stronger man-
agement of objects from AEC and GIS, the Implementation Specifications
have to be extended with other more complex 3D objects such as paramet-
ric shapes, freeform curves and surfaces. The 3D spatial functionality re-
garding those complex 3D spatial data types has to be further defined.
Note, the Abstract Specifications provide only the Spatial Schema and do
not discuss intended functionality.

3D Spatial DBMS has to offer an appropriate 3D user interface. To date,
3D user interfaces has not yet been exhaustively examined. Future 3D
query interfaces should support the formulation of complex SQL-like
mixed spatial and non-spatial database queries as well as 3D graphical in-
put supporting the intuitive graphical formulation of 3D queries. Only few
CAD/AEC interfaces (e.g. Bentley, Autodesk with respect to Oracle Spa-
tial) are flexible enough to support the manipulation and database update
of 3D objects. Further extended 3D solutions are expected primarily from
the coupling of AEC software with Spatial DBMS. AEC applications offer
a rich set of 3D modelling and visualisations tools that can be further ex-
tended toward specifying 3D spatial (SQL) queries.
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