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ABSTRACT: DBMS becomes very important for GIS asusted to handle large volume
spatial data and could ensure the stability of sitaandling. Next generation of GIS software
would highly depend on DBMS in both geometrical ity and analysis. One of the desired
components in such future software or system isggmmetric modeling that works with 3D
spatial operations. This paper presents a portioth® problems, which are 3D topological
operations for DBMS. These operations are very iaod for 3D spatial analysis. This paper
discusses implementation of a 3D data type (Polgimdand eight 3D topological relationships
between polyhedrons. The relationships are comiplith the 4-intersection model, and it
could be extended to 9-intersection model if théewor component is considered. The
implementations are tested for PostgreSQL.

1 INTRODUCTION

GIS has become a sophisticated system for handfpagjal and thematic information of real

world spatial objects. DBMS are evolving to a commponent of GIS architecture used to
maintain geographic data (Breuning and Zlatanov@)62 Zlatanova and Stoter, 2006).
Therefore we believe much GIS functionality can &age to be implemented within DBMS

environment. The DBMS then becomes an importantivmedor spatial data maintenance,

spatial operations and integration purposes (@@ dccess from different front-ends). The two
major aspects of DBMS functionality that define @=@BMS are then spatial data and spatial
operations and functions built on these data types.

Many researches have been working for providingpettpto 2D spatial data types and
operations in mainstream DBMS. In the last yearoslmall DBMS vendors implemented the
geometry models as defined by Open Geospatial Ciumso(OGC). For example, Informix
(2006) supports three basic spatial data typesitplime and polygon; Ingres (2006) supports
one more data type: circle, beside the three bgpis; Oracle Spatial (2006) not only able to
handle points, lines, polygons and circles, bub aaves further support to arc strings and
compound polygons. These DBMSs manage spatial shjgether with their 3D coordinates,
i.e. 2D objects (2D polygon + z-coordinate) are edded in 3D space (Zlatanova 2006).
Beside spatial data types, the spatial DBMS alsplément operators and functions on the
spatial data types, and thus spatial queries asiljle at DBMS level. There are also functions,
which can return list with coordinates, completesibageometric transformations, maintain
geometry validity, etc. Although coordinates in thata types can be 3D, the functions on
spatial data types are still 2D, the z-values arélly considered. Actually the lack of “true” 3D
data type (i.e. 3D tetrahedron, 3D polyhedron)Itesn the unavailability of 3D operations in
DBMS.



The ideas on OGC Abstract Specifications, which identical with ISO 19107 ‘Spatial
Schema’, consider representing 3D geometry acogrdim the well-known Boundary
Representation(Foley et al 1995). The geometry of spatial features is dbedriby a
combination of a geometry and a coordinate referesystem. The Abstract Specifications
suggest the use of other volumetric shapes asscame spheres, and even freeform shapes,
such as NURBS. The Implementation Specificatiossudis only 2D objects, however.

The first attempt of 3D spatial data type and aponding operations in a spatial DBMS has
been investigated quite successfully by Arens 2@08ns et al 2005. The basic idea is that a
3D polyhedron could be defined as a bounded suf¥ space enclosed by a finite set of flat
polygons, such that every edge of a polygon iseshhy exactly one other polygon. Here, the
polygons are in 3D space because they are repeesbptvertices, which can be 3D points in a
spatial DBMS. This research has been studied ame smncepts are taken over in the new 3D
data type implemented in Oracle Spatial 11.

Yet, another attempt to define 3D object is regbtig Penninga, 2005. The 3D object, i.e.
tetrahedron is used for representing volumetripshaThe tetrahedron is the simplest possible
geometry in 3D domain. The conceptual design ignidéd for implementation for both
geometry and topology model (Penninga et al, 2006).

Some other related research is reported by Pu [200% has created complex geometry
types, i.e. freeform curves and surfaces. Altholugbeform shapes can be simulated by tiny line
segments/triangles/polygons, it is quite unrealisind inefficient to store all these line
segments/triangles/polygons into a DBMS especialtgn shapes are rather huge or complex.
Therefore, Pu and Zlatanova (2005) stored freefsiapes directly in DBMS. Corresponding
spatial operators and functions that manage thegses are also tested.

Quite some research has been competed on exchb8Benwodels. In this respect it is worth
mentioning 3D CityGML (Kolbeet al. 2006). It is an open data model and XML-based &rm
for the storage and exchange of virtual 3D city eiedlt is an application schema for the
Geography Markup Language 3 (GML3). CityGML defirtbe concept of Levels of Detall
(LOD) for real-world volumetric objects and suggeStLOD, i.e. LODO denotes 2.5D Digital
Terrain Model, LOD1 denotes the blocks model cosipg prismatic buildings with flat roofs,
LOD?2 has differentiated roof structures and thecaditi differentiated surfaces, LOD3 denotes
architectural models with detailed wall and roafustures, balconies, bays and projections.
High-resolution textures can be mapped onto thesetares. In addition, detailed vegetation
and transportation objects are components of a L@&D8el. LOD4 completes a LOD3 model
by adding interior structures for 3D objects. CiGis basically a sematic model and uses the
OGC geometry data types, but more complex georsater be considered as well..

With these efforts, the possibility of developing 8ata types in DBMS is obvious. Currently
missing are the topological operations for 3D dgfze. Current DBMS only provides 2D
operations, which the z-value is not considered. tBpological operations are also rather
limited in typical GIS software. In this paper, @us on simple but complete strategy in
creating new datatype, i.e. polyhedron. Furtherméne 3D datatype is used to test the
developed topological operations that based oni@pgit model for 3D GIS. The algorithm
fully covers the third dimension and able to beligdpin 3D situation. The 3D topological
operations are tested for PostgreSQL and can thesdhg become a part of the PostGIS.

The paper is organized in the following order: tfirshort discussion for the 3D objects
construction in three-dimension, i.e. polyhedrage(section 2). Then, the method to create new
3D datatype described in Section 3. The rule forettging 3D topological operations for
DBMS is discussed in Section 4. The experimentdisdussions are presented in Section 5 and
the research is concluded with some future workar&min Section 6.

2 CHARACTERISTIC OF POLYHEDRON

Polyhedron is a 3D equivalent of a set of polydoet bounds a solid object. It is made up by
connecting all faces, sharing a common edge betweenadjacent polygons. The most



important constraint is all the polygons that magethe polyhedron have to be flat. This means
that all points used to construct a polygon mushltee same plane. Figure 1 denotes a sample
of a planar and non-planar polygon. The charatiesisf a valid polyhedron should have the
following rules (Aguilera & Ayala (1997), Aguilei@d998)):

* Flatness — all polygons that bound a single voluheolyhedron must be flat. This
means all vertices involve in constructing a polyghould be in the same plane. The
flatness of a polygon can be verified by plane &éqoaas follow:

Ax+By+Cz+D = 0 Eq. (1)

» Polyhedron must be single volume object — a spbfgons that make up a polyhedron
should be bounded as a single volume. In ordergate a single volume of polyhedron,
some rules must be followed:

o Each edge (derived out of 2 vertices) should beeshiay only 2 polygons. This
rule will result in a simple polyhedron, i.e. outang will not touch the
boundary of the polyhedron. On the other handnikédge is shared by more
than 2 polygons, the polyhedron may consist at Raslumes.
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Figure 1: (a) Planar polygon, and (b) non-planar polygon

» Simplicity characteristic — as discussed by Ar&@08). However, this condition could
be simplified by enforcing the construction of dygon as follow:

o0 Each edge has exactly 2 vertices only.

0 The starting and ending points of a polygon is saamel will only be stored
once. E.g. a polygon consists 4 points (a, b, cthd)s the polygon will be
stored as (a, b, c, d, a), instead of (a, b, @)dalthough a = e. Any point(s)
with same location will be stored only once.

o Polygon must have an area.

o Lines from a polygon must not self-intersecting.

0 Singularity of polyhedron is not allowed, i.e. lowdimension object must not
exist in the interior of higher dimension. E.g.mowill not exist in the interior
of line or polygon or polyhedron, line will not exiin the interior of polygon or
polyhedron. However, lower dimension object mayeat the border of higher
dimension object. This rule may directly avoid pmn intersects with other
polygon(s) (see Figure 2). Any polygons that irgetswith other polygon(s)
will not be stored as a part of polyhedron.
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Figure 2: Polygon intersection causes the singularipoofts and line



3 3D TOPOLOGICAL OPERATIONS

The topological operations presented here are baselde 4-intersection model and extends to
3D. Typically, the results given by this operatiare in Boolean type, i.e. either TRUE or
FALSE. The related operations include Overlap, M&asjoint, Inside, Covers, CoveredBy,
Contain, and Equal (see Figure 4).
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Figure 4: Body and body relation (after Zlatanova, 2000)

For topological operation in geometrical model, rctimate triplet of vertex will be discussed.
Similar to computational-geometry operation froneypous section, the binary operation is
divided into base and target object. However, thdices from base object and polygons from
target object will be discussed (see Figure 5).

Polygon from base object

Vertex from base object /
w - - T

Base object Target object 3D Mleet

Figure 5: Base and target object for 3D operation

This topological operation involves vertices (frdmase object) and polygon (from target
object). Therefore, the relation between thesej2atd will be examined. The location of base
vertices relative to target polygon will be eittertside, touch, or inside. The implementation
was discussed in Chen and Abdul-Rahman (2006).€Tredations will be used to determine
how these 2 polyhedrons intersect each other agrshioFigure 4. For example (see Figure 6),
vertices from base object are either touch theetgoglyhedron or located outside from target
object.
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Figure 6: Vertices (base) are located and touch the tpolygon

The following Table 1 denotes the complete relalietween base and target object.

3D topological
operations Inside Outside Touch
Equal X X v
Meet X v v
Covers v X v
CoveredBy v X v
Contains v X X
Inside v X X
Disjoint X v X
Overlap v v v

Table 1: Conditions for topological operations

The relationship of Covers and CoveredBy are difierdue to the role of base and target
objects between these two relationships are diifedéor Covers, the base object covers the
entire target object, whereas for CoveredBy, thgetaobject covers the entire base object. The
similar approach implemented between Contains asidé.

4 IMPLEMENTATION IN DBMS

Most of the commercial DBMS enable a user to createew user-defined data type and
functions. This user-defined datatype and functizars be written in C, C++ or Java. Data types
can be started also using high-level language PL/B@ usually these implementations have a
bad performance. In this research, we have uséd general, a user-defined type is defined as
a class and must always hamput and output functions. These functions determine how the
type appears in strings (for input by the user aotput to the user) and how the type is
organized in memory. The input function takes d-taxiinated character string as its argument
and returns the internal (in memory) representatibihe type. The output function takes the
internal representation of the type as argumentrandns a null-terminated character string. If
users want to do anything more with the type thamebhy store it, they must provide additional
functions to implement whatever operations theikd to have for the type.

The following three sections will illustrate hownaw data type and a new function can be
designed in C, compiled and used in PostgreSQL



4.1 Polyhedron data type

Suppose user wants to define a type complex thatsents complex numbers. A natural way to
represent a complex number in memory would bedhevwing C structure:

typedef struct {
char buf[200];
}POLYHEDRON;

As the external string representation of the typastring of the form (POLYHEDRON) is
chosen. The input and output functions are usuadly hard to write especially the output
function. But when defining the external string negentation of the type, remember that users
must eventually write a complete and robust pafeerthat representation as their input
function. For instance:

PG_FUNCTION_INFO_V1(Polyhedron_in);

Datum
Polyhedron_in(PG_FUNCTION_ARGS)
{

/I== POLYHEDRON input class ==//
}

The output function can simply be:

PG_FUNCTION_INFO_V1(Polyhedron_out);

Datum
Polyhedron_out(PG _FUNCTIONARGS)
{
/I== POLYHEDRON output class ==//
}

To define the complex data type, user needs tdectbea user-defined 1/O functions within
PostgreSQL environment before creating the type:

CREATE FUNCTION Polyhedron_in(cstring)
RETURNS POLYHEDRON
AS' fil ename'
LANGUAGE C IMMUTABLE STRICT;

CREATE FUNCTION Polyhedron_out(POLYHEDRON)
RETURNS cstring
AS' filenamne'
LANGUAGE C IMMUTABLE STRICT;

Notice that the declarations of the input and oufpuctions must reference the not-yet-
defined type. Although this is allowed, but it wdfaw warning messages that could be be
ignored. The input function must appear first. Finahe data type will be declared:

CREATE TYPE POLYHEDRON (
internallength = 100,
input = Polyhedron_in,
output = Polyhedron_out,
alignment = double

);



4.2 User-defined function/operation

There are two different calling conventions arerently used for C functions (PostgreSQL,
2006). To create new user-defined functions/opamatithe calling convention must be “version
17, due to ‘version 0" is not applicable for cremtiuser-defined functions. The version-1 calling
convention relies on macros to suppress most ofctmaplexity of passing arguments and
results. The PG_FUNCTION_INFO_V1( ) macro is usedalling for the function. Within the
function, each actual argument is fetched usingsaGETARG_xxx() macro that corresponds
to the argument’s data type, and the result issmetliusing a PG_RETURN_xxx() macro for
the return type. PG_GETARG_xxx() takes as its amguinthe number of the function argument
to fetch, where the count starts at 0. PG_RETURNM()xakes as its argument the actual value
to return. The C declaration of a version-1 funcis

PG FUNCTIONINFO_V1(OVERLAP3D);

Datum OVERLAP3D(PG_FUNCTION_ARGS)
{

int32 arg = PG _GETARGxxx(0);

//== 3D OVERLAP function class ==//

PG RETURNXxxx();

}

In addition, the macro call must appear in the samece file. (Conventionally, it's written
just before the function itself.) This macro callriot needed for internal-language functions,
since PostgreSQL assumes that all internal funstioge the version-1 convention. It is,
however, required for dynamically-loaded functions.

In a version-1 function, each actual argument tishied using a PG_GETARG_xxx() macro
that corresponds to the argument's data type, drd result is returned using a
PG_RETURN_xxx() macro for the return type. PG_GETARXx() takes as its argument the
number of the function argument to fetch, where ¢bant starts at 0. PG_RETURN_xxx()
takes as its argument the actual value to retune.CREATE FUNCTIONcommands are the
same as for the version-0 equivalents.

4.3 Compiling and Linking Dynamically-Loaded Functions

Before the implementation of PostgreSQL extensionctions written in C, they must be
compiled and linked in a special way to producdéeathat can be dynamically loaded by the
server. To be precised, ghared library needs to be created. Creating shared libraries is
generally analogous to linking executables. Fitst, source files are compiled into object files,
then the object files are linked together. The cbjiles need to be created pssition-
independent cod€¢PIC), which conceptually means that they can lzequ at an arbitrary
location in memory when they are loaded by the atadle. The dynamic loading feature
involves 2 processes:

« Dynamic loadingis what PostgreSQL does to an object file. Theedbiile is copied
into the running PostgreSQL server and the funstiamd variables within the file are
made available to the functions within the Post@e®$rocess. PostgreSQL does this
using the dynamic loading mechanism provided bydperating system. The syntax
that runs in Linux platform is to produce an obj#letcalledPolyhedron.ahat can then
be dynamically loaded into PostgreSQL.

gcc -fpic -c Polyhedron.c

- Loading and link editinds what user does to an object file in order dpice another
kind of object file (e.g., an executable programahared library). User performs this
using the link-editing program. This share libraryl be registered within PostgreSQL
environment.



gcc -shared -o Polyhedron.so Polyhedron.o

The methodology of creating user-defined datatype fanction/operation are presented in
flowchart as follows: (see Figure 3)
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Figure 3: Workflow of creating user-defined datatype/fiorcin PostgreSQL

5 EXPERIMENT AND DISCUSSIONS

As mentioned above, the 3D topological operationsrewtested within PostgreSQL
environment. A 3D data type, i.e. POLYHEDRON wasated and several 3D functions were
implemented. The methodology for the complete irmgletation is given in Figure 7.
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Figure 7: The implementation of new 3D datatype & operafionBBMS
The following SQL line denotes a sample of a potirba will be defined in PostgreSQL.:

SELECT * FROM BODYTABLE WHERE PID = 1,



1,POLYHEDRON(Polygoninfo(6,24),SumVertexList(8),Sum Polygon

List(4,4,4,4,4,4) VertexList(100.0,100.0,100.0,400. 0,100.0,
100.0,400.0,400.0,100.0,100.0,400.0,100.0,100.0,100 .0,400.0
,400.0,100.0,400.0,400.0,400.0,400.0,100.0,400.0,40 0.0),Pol
ygonList(1,2,6,5,2,3,7,6,3,4,8,7,4,1,5,8,5,6,7,8,1, 4,3,2))

1). Polygoninfo(6,24) denotes 6 polygons and 24 IDSHolygonList
2). SumVertexList(8) denotes the total vertices,
3). SumPolygonList(4,4,4,4,4,4) denotes total vertices for each of polygon (total
polygon is 6, referred to (1)),
4). VertexList() denotes the list of coordinate-values for all iced (with no
redundant), and
5). PolygonList() denotes the information about each polygon frots aEID.
The graphical representation of the sample polydredtated above is given as follows (see
Figure 8):
g
¥
Total polygons =6
Total wertices = &
Total vertices of 1% polygon=4
3 1% polygon=(1265)

1

Figure 8: Sample structure of a polyhedron

The following examples are implemented within Pos&)L environment. 2 polyhedrons are

inserted into a tableest , as follows:

INSERT INTO test(PID,POLYHEDRON) VALUES

(1,'POLYHEDRON(Polygoninfo(6,24),SumVertexList(8),S umPolygonList(4,4,4
,4,4,4),VertexList(100.0,100.0,100.0,400.0,100.0,10 0.0,400.0,400.0,100
.0,100.0,400.0,100.0,100.0,100.0,400.0,400.0,100.0, 400.0,400.0,400.0,4
00.0,100.0,400.0,400.0),PolygonList(1,2,6,5,2,3,7,6 ,3,4,8,7,4,1,5,8,5,

6,7,8,1,4,3,2)));

INSERT INTO test(PID,POLYHEDRON) VALUES

(2,'POLYHEDRON(Polygoninfo(6,24),SumVertexList(8),S umPolygonList(4,4,4
,4,4,4),VertexList(300.0,300.0,300.0,600.0,300.0,30 0.0,600.0,600.0,300
.0,300.0,600.0,300.0,300.0,300.0,600.0,600.0,300.0, 600.0,600.0,600.0,6
00.0,300.0,600.0,600.0),PolygonList(1,2,6,5,2,3,7,6 ,3,4,8,7,4,1,5,8,5,

6,7,8,1,4,3,2)));

The following SQL statement runs the 3D Overlag Bgure 9):

SELECT GMOVERLAP3D(a.POLYHEDRON,b.POLYHEDRON) AS
GM_OVERLAP3D FROM test a, test b where a.PID=1
and b.PID=2;

The result:



GM_OVERLAP3D

(TRUE)

For visualization purposes, ArcGIS’s extension, Bbalyst is used to verify the result.
Although PostGIS provides a function pgsql2shp dgport to shape files, it cannot be used
since it works only with the natively supported alaypes of PostGIS. Therefore we have
implemented our own function. The integration betw®ostgreSQL and ArcGIS is beyond the
scope of this paper. ArcGIS is used here onlyltstilate the implementation of the new data
type and the corresponding functions (Figure 9X)d
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Figure 9: 3D Overlap

The same implementation was done for the rest ofd@blogical operations, i.e. 3D Meet, 3D
Disjoint, 3D Inside/Contains, 3D Covers/CoveredByd 3D Equal (see Figure 10a to 10e).
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Figure 10: (a) 3D Meet, (b) 3D Disjoint, (c) 3D Inside/Comsai(d) 3D Covers/CoveredBy, and (e) 3D
Equal

6 CONCLUDING REMARKS

We have implemented an approach for 3D topologiparations of geometrical model in
Geo-DBMS. The results have shown that implemematb a 3D data type and functions
allowing 3D GIS analysis are possible. Our conseps$ tested within PostgreSQL computing
environment and has provided a promising outcontie kespect to the developed algorithms.

The 3D topological operations for DBMS could be iempented using different approaches
such as using other programming language, i.e. ®&@®L, PL/TCL, PL/Perl, and SQL within
PostgreSQL environment. However, since the Pos@re#as developed mostly using C
language, an implementation using procedural lagesi@ould result in less efficiency and low
performances.

New data types can also be implemented in other BB#dlg. Oracle Spatial, similar to the
work by Pu (2005) that had been done using freobjects. The reason of using PostgreSQL
in this research is that PostgreSQL follows thec#jgations of Open GIS Consortium (OGC,
2006). The most important for user is the commersisues, which it is an open source
technology and suitable for educational purposesnesof the comparisons among DBMSs
could be found at Konraet al (2006).

The test data set consists currently of very siropjects as it can be seen from the example,
but some more experiments with real data setslarmed and will be completed soon. It is also
interesting to compare our implementation with ghertly coming implementation of Oracle
Spatial 11.

Currently, 3D topological operation between onlylypedron and polyhedron where
implemented. Next important step will be the impégrtation of 3D spatial operations between
polyhedron and polygon, polyhedron and line ang/tpadiron and point. As polygon, line and
point data types the existing data types of Postatsbe used.



Future research will concentrate on computatioealrgetry operations such as 3D
intersection, 3D difference, and etc. A very impattissue still need to be addressed is
visualization of the result of 3D queries. Apprepei graphical visualization is especially
important for 3D in order to get a better percapitd the result of the query. Some topics to be
considered are: 1) direct access to the new dp&aftpm GIS, avoiding first export to a shape
file, 2) direct connection with CAD/CAM software.ge Microstation and Autodesk Map 3D to
be able not only to visualize but also edit, 3)rudefined environment, where user develops
display tool that manage to retrieve and visuatiaea from DBMS, or 4) access via Internet,
using e.g. WFS.

We believe this research effort towards realizirfgly 3D spatial analysis tools within Geo
DBMS environment would be beneficial to 3D GIS @sh community. This is because major
GIS task involves DBMS (except 3D visualizationg, idataset handling, spatial operations, etc.
It is our aim to move further in addressing thisuis of spatial data modeling and geometrical
modeling for 3D GIS.
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