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SUMMARY

In this paper we present how rules for geometrical and topological consistency of planar
partition can be implemented and used for on-line testing of consistency of updates in a planar
partition based transaction processing system.

Upon the reception of a set of polygons as potential new version for a designated subset of the
planar partition, the system does all the necessary geometry testing, does the on-line half-edge
topology extraction and finally tests the new version of half-edges for internal (within itself)
and external topology (the rest of the planar partition). Also, in order to prevent performance
degradation in case large area becomes the subject to change, an in-memory spatial index is
created on-line, and used for primary filtering. In case topological or geometrical errors are
detected a log describing those is created and stored so the initial creator of the transaction or
any other person can use it to correct the errors. Otherwise the transaction is either marked as
valid or executed. The benefit of such an approach is its capability to receive prepared
transactions from any software capable of producing polygonal data in a standard form and to
automatically detect errors, description of which is logged for any later usage (primarily
correcting).
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1. INTRODUCTION

Since the transactions are often, and especially in cadastre, connected with legal conditions,
I.e. their changes, clearly it is important to provide consistency under updates. Furthermore,
unlike other well-known type of transactional information systems (banking), the cadastral
information system deals with the transactions on very complex and highly structured type of
data, namely spatial data. It is therefore obvious that the rules pertaining to the consistency
preservation present a special challenge for the system, i.e. for implementation.

Traditional European parcel-based cadastres use planar partition to manage their geometry.
Planar partition is a set of non-overlapping polygons fully covering one universal polygon.

In the early years of the development of spatial data management system (mid 1980-ties), the
topologically structured data were used intensively because they made it possible to reduce
the demands for permanent storage space that used to be rather expensive then, but also
because they enabled much more efficient processing of some spatial queries that were
executed using the algorithms of computational geometry pretty intensively. The main
disadvantage of such an approach was relatively poor responsiveness, because geometrical
objects had to be created on-line out of topological data. With the prices of permanent storage
space going down (1990-ties) and with the available computational capabilities increasing, the
focus of spatial data management system users returned to simple (purely geometrical) data
structures, because they provided the processing of larger data quantity avoiding the need to
have them created out of topological data every time. The maintenance of consistency in
carrying out the changes has been shifted to computational geometry algorithms.

The discovery of practical rules for maintaining the consistency (Plimer and Groger 1996), as
well as further development of computational technology, especially spatial databases, have
opened the possibility to return to topological data structures (Oosterom et al. 2002), this time
as help, i.e. support to geometric structures and not their replacement. The return to
topological data structures has manifested itself in the market of commercial spatial data
management systems in two implementation approaches (Baars et al. 2004). Traditional
updating of topologically structured data is performed by directly updating the tables with
node/edges/faces (Oosterom 1997) provided the preconditions are fulfilled (Gréger and
Plumer 1997). The drawback of approach with direct updating is the need for highly
specialized operators and special software.

Alternatively, if there is an efficient system of conversion available between geometric and
topological data in both directions, it is possible to perform the extraction of topology from
geometry on-line, which is then used for testing of the correctness of planar partition, i.e. for
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indirect updating of tables with node/edges/faces (Hoel et al. 2003). This is especially
interesting since the majority of standard spatial data management software support the
standard form (ISO 2004b) and storage format (ISO 2004a) of Simple Features — SF, which
opens the possibility for distributed preparation of changes in standard form and for testing
the correctness automatically. Such a system can act partially or entirely automatically by
receiving the standard format data sets that present a new state of an area affected by changes,
and then by testing all the preconditions defined in advance. Afther that, the transaction can
either be executed or only stored and marked as correct for later execution. The requirement
for this is an integral and efficient implementation of tests of correctness of transaction.

The rest of the paper is organized as follows. First, there is a short presentation of the rules
needed for maintaining the consistency of planar partition, as well as the manner in which
they can be concretely implemented for the purpose of testing the changes for geometric and
topological correctness. In order to provide efficient testing even of very large changes, it is
necessary to use spatial index as primary filter of testing candidates. The theoretical premises
and the implementation of an in-memory spatial index are given hereunder together with the
presentation of concrete results of the testing done. At the end of the paper there are
conclusions and possible areas of further research offered.

2. PLANAR PARTITION

Researchers have been working on testing and searching the relation between advantages and
disadvantages of topological data structures ever since the mid 1970-ties. To start with, the
reader is referred to one of standard books on GIS or papers e.g. (Theobald 2001).

Although there are more formal definitions, as the one in (Molenaar 1998) where the term
geometric partition has been used, a simple and easily understandable definition of planar
partition is given in (CGAL 2003): A partition of a polygon P is a set of polygons such that
the interiors of the polygons do not intersect and the union of the polygons is equal to the
interior of the original polygon P.

In order to retain the unambiguousness we now bring further in the text the most important
definitions for the expressions used. Polygon is a two-dimensional geometric element that is
defined as the surface closed by one external and by an arbitrary number of internal
boundaries. Each polygon’s boundary is made of continuous and closed sequence of lines
where every line element is the connection of polygon’s two successive vertices. Equivalent
topological elements are face for polygon, ring for boundary, edge for line, and node for
vertex. The realization of topology is a process of adding geometric information to the
topological elements, which leads to the creation of geometric elements. Out of the realized
geometric element the extraction of topology can be performed using computational geometry
algorithms.

The full description of the theoretical background and general guidelines for possible
implementation of planar partition are given by Pliimer and Groger (1996). Since the material
referred to is rather extensive, it will not be repeated but recommended to the readers. There
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are two facts to be mentioned as important products of the paper. First, the statement that in
the relational database the planar partition can be presented with two relations:

- geometry (Node, X, Y)
- topology (Edge, Nodel, Node2, Face).

This is correct as well as the observation that other more efficient data structures can be
derived from these simple relations, which will be described later in the chapter on
implementation. The other fact refers to seven integrity constraints for the correctness of
planar partition. The constraints are the following:

- PG1.
a) for each node in the topological relation there is a node in geometric relation and
b) no two nodes in geometry have equal coordinates (uniqueness of position),

- PG2. each node has got at least two incident edges,

- PG3. for each edge there are exactly two incident nodes at its ends,

- PG4. no two edges have common points except at the ends,

- PG5. each edge has got exactly two incident faces,

- PG6. each face has got exactly one cycle as a window,

- PG7. no edge point lies on the inner of the face.

The integrity constraints PG1-PG3 and PG5 can be easily implemented at the relational
database level, and the constraint PG6 is conditioned by correct realization of geometry from
topology depending on the data structure and the chosen algorithm. The constraints PG4 and
PG7 are tested by using computational geometry algorithms.

Finite precision in computing the algorithms of computational geometry prevents us from
using here the algorithms for testing the constraints PG4 and PG7 in a simple original form.
The solution for this problem is given by Milenkovic (1988) through the normalization of
geometric data. The normalization of data is defined as slightly changing the structure and
parameters of data, getting thus into the configuration for which the algorithms of
computational geometry always yield unambiguous results in the conditions of finite precision
of computations.

Five rules according to (Milenkovic 1988) have to be met for the polygonal regions to be
normal. If the system consists of nodes being arranged as the coordinate pairs of final
accuracy that present the points in the plane, and the edges being arranged as the node pairs
that present the oriented lines in the plane, and the tolerance value € is known, then the
conditions of correctness are as follows:

1. no two nodes are closer than ¢,

2. no node is closer than ¢ to neither of edges that it is not the end node of,

3. no two edges overlap, except in end nodes,

4. For each node, the angularly sorted list of edges containing that node alternates between
incoming edges and outgoing edges,
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5. for each point in the plane the topological winding number is 0,1 or not defined.

It should be emphasized that meeting the first two prerequisites ensures correctness of tests
based on computational geometry algorithms but it does not provide the correctness of the set
of polygons that can be created out of the set of nodes and edges.

3. TRANSACTIONS ON PLANAR PARTITION

Transaction is a set of operations initiated by the application program that are executed on one
or more data servers with ACID properties guaranteed by the run-time system of these servers
(Weikum and Vossen 2002). In the rest of the text a change on the planar partition is
considered a transaction.

3.1 Data Model and Definition of Transaction

Two basic variants of storing the topological data for planar partition are winged-edge
(Baumgart 1972) and half-edge, and they come originally from the domain of solid modeling.
The basic difference between these two data structures is revealed in the method of storage.
With winged-edge all pointers are stored together (single database row) and with half-edge
there is a row per half-edge, yielding two rows per edge. Good comparison of these two data
structures can be found in (Kettner 1998).

All topological rules refer to the edges and the edges are (and not half-edges) together with
nodes the basis of planar graph closing the faces. This is the argument in favor of using some
form of full edge data structure. However, since polygons, instead of non-structured set of
lines, are the means for managing the planar partition and polygons being an ordered
sequence of vertices from which it possible to create half-edges almost directly, makes them
convenient for this purpose. Half-edges have been therefore used as topological data structure.
The basic geometric segment of the described model are now two relations presenting the
variant of half-edge:

- geometry (Node, X, Y)
- topology (Nodel, Node2, Face, Ring, Type).

The first three values are pointers to referenced objects and the other two are number and type
of the ring in the face (internal/external). The initial state for further considerations makes a
set of polygons of planar partition stored in the correct condition in the form of geometry and
topology (of half-edges and nodes).

Semantic definition of transactions in planar partition needed in this consideration is the
transition from the current state into the new state of data set that determine the polygons of
planar partition (geometry and topology) placed within the boundaries of the involved area.
The polygon corresponding to the union of all polygons affected by the transaction in the
current state will be called involved area. It can also be defined as: each polygon of the set of
polygons making the current state of the involved area must be in IDISJOINT (not disjoint)
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relation with at least one polygon of the same set. Furthermore, apart from the contents of the
involved area that will be changed, the boundary of the involved area can also be changed
indirectly. The boundary of the involved area is in the topological sense a set of half-edges
whose faces are not a part of the involved area, and whose complementary half-edges are part
of the involved area (Fig. 1).
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Fig. 1 Involved area and its boundary for the change on parcels 101 and 102

One transaction is a set of delete/insert operations related to topology by which all half-edges
are deleted within the involved area and by which new half-edges of the involved area are
inserted. Also, the half-edges on the boundary of the involved area that are split because of
the changes of half-edges complementary to them must be additionally taken into
consideration. Now, a set of prerequisites needs to be found which would ensure that after
replacing the polygons (i.e. the derived half-edges and nodes) for the involved area the planar
partition would remain in correct state.

3.2 Consistency Rules and Half-edges

Let us presume at the beginning that a set of data presenting future state of the involved area
that is a part of topologically and geometrically correct planar partition, and consisting of new
polygons and points, has been tested to meet the following prerequisites:

- no new node is located at the distance smaller than chosen tolerance from any existing or
any other new node (identically PG1),

- all nodes are of the order >1 (identically PG2),

- all half-edges have got the existing nodes or the nodes that are to be created via this
transaction as their ends (PG3),

- all polygons realized from new topology (half-edges) are simple (PG6),

- all new half-edges are extracted from new polygons (M1).

For this set of prerequisites we shall use further on the expression first order rules for the sake
of simplicity. Readers are invited to notice that PG5 and PG7 have not been fulfilled, and that
PG4 has been indirectly fulfilled through the polygon simplicity condition. To continue, let us
introduce the expression of complementary half-edge:
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A half-edge is complementary to the other half-edge if its first node is identical to the second
node of the other half-edge, and if its second node is identical to the first node of the other
half-edge.

Furthermore, it is obvious that, if a half-edge a is complementary to the half-edge b then b is
also complementary to a. Let us now have the complementarity rule for half-edges valid:

The involved area (half-edges, nodes and faces that they make) is correct after the
change/transaction if the prerequisites PG (1,2,3,6) and M1 are met and if for each new half-
edge there is one complementary half-edge.

In order to prove that, we show that it is not possible to have half-edge appear for which there
is no complementary half-edge, and to retain the prerequisites from the presumption at the
same time. To start with, let us consider a simple change/transaction of two polygons making
involved area which gets rearranged by a transaction (Fig. 2).

Fig 2. Involved area before and after the correct transaction

Let us consider now the situation on half-edges as a result of a simple irregularity on new
node h. If the vertex of the polygon 201 moves from h to h' (Fig. 3) then the polygon 201
moves away from 202 and empty space appears between them which disrupts one of the basic
conditions of planar partition, a complete coverage, i.e. formally PG5. The other case, when
the vertex of the polygon 201 moves from h to h", the other basic condition of the planar
partition is disrupted, the non-existence of polygon overlapping, i.e. PG7.
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Fig 3. Two types of incorrectness after the transaction

Important here is the fact that in both cases, although the first order rules are met, the
transactions have resulted in incorrect state in which for the half-edges eh' and h'b of the face
201, i.e. for the half-edges bh and he of the face 202 there are no complementary half-edges.
It is now obvious that if any vertex of any polygon creating a new state of the involved area
should move from the node participating in any other polygon, although the first order rules
are met, the complementarity rule of half-edges is not met.

Finally, it is to be concluded from the previous argumentation that the new state of the
involved area is correct after the transaction if the first order rules are met and if the
complementarity rule of half-edges is met.

4. IMPLEMENTATION CONSIDERATIONS

Further in the text there is the description of the implementation given, that is based on the
above presented theoretical considerations. In concrete case there has been Oraclel0g
SDBMS (Spatial Database Management System) used, the entire business logic has been
coded in PL/SQL and is executed on the database server. In order to avoid frequent usage of
many orders of magnitude slower permanent storage subsystem (HDD) during the execution
of transaction testing, all the data to be tested if first loaded into in-memory copies and all
algorithms are executed on that data. For the purpose of in-memory data storage the PL/SQL
tables (index-by tables) have been used that provide direct access to data via index value. For
the purpose of presenting the orders of magnitude, the tests have been executed on a database
engine installed on a PC with one Intel dual core processor working on 2GHz clock speed and
with 1GB RAM and a SATA HDD. The Digital Cadastral Map maintenance transaction
processing system called Vektoria@DKP using the described engine for testing the
transactions is currently being implemented on sites in Croatia and Bosnia and Herzegovina.

4.1 Algorithms Needed for Implementation
The implementation receives a set of polygons and possibly a set of new points (geometry) as

input data and the following needs to be executed. Uniqueness of points position test, the
extraction of topology (half-edges) out of geometry together with the normalization of data,
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checking of the simplicity of polygons and finally checking of the correctness of the set of
derived topological data (half-edges) within itself, and on the edge of the involved area.

Two algorithms of computational geometry needed for this are calculation of the Euclidian
distance between two points in the plane and determination of the distance of a point from a
line (Morrison 1991, Paeth 1990).

Extraction of topology is an operation yielding a set of half-edges out of a set of polygons and
nodes. The procedure is rather trivial and consists of spatially querying the set of points
(nodes) for each vertex of the polygon in order to find the one that is spatially identical to the
vertex (within the tolerance). Node pairs for successive polygon vertices together with the
data for the current ring of the polygon make records for consecutive half-edges of the face of
this polygon. The realization of polygon from the face is again a trivial procedure, and it
consists of directly acquiring the node coordinates and storing them in a predefined format
(SF) according to the sequence from the face record using the identification of nodes from
half-edges. There is no spatial querying here.

4.2 Optimizing of Spatial Tests (Spatial Indexing)

In order to execute primary filtering of possible pairs during testing of a spatial relationship, a
spatial index is used with spatial databases. However, the functionality of spatial index is lost
with in-memory calculation. With smaller input data set it is of no importance, but if the input
data set is large, the usage of spatial index considerably improves the performance.

Therefore, the approach with spatial indexing of in-memory data is used here. In order to
perform tests for the distance between points, a very simple procedure is described by (Zalik
1999). In brief, all points are stored into the memory (into the collection with the possibility
of direct access by using an identifier), this is so called geometry data structure — GDS. For
the entire area (here involved area) an imaginary division into fields of identical dimensions is
created that cover the whole area, which was called by the author a uniform planar
subdivision — UPS. When being entered into GDS it is defined for each point in which field of
UPS it is placed and this information is stored. In order to obtain a good storage demand and
obtained efficiency ratio, index structure can be organized in such a way that there is a record
together with the indicator of the first point of GDS in this field. In GDS each record contains
a pointer for the next record (the pointer for the first record is in UPS) for each field in which
there is at least one point (Fig. 4).
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Fig. 4. Relationship between UPS and GDS (modified from Zalik 1999)

When filtering the candidates for testing, after the position has been calculated, i.e. the filed in
which the test point is located, it is sufficient to take the record of the first GDS element from
UPS and perform testing for it and for all the others (obtained by means of the pointer from
the previous one). Additionally, the tolerance for distance tests needs to be regarded for the
points near or at the edge of the field. The easiest way to deal with this is to copy the
reference for the point near or at the edge of the field to the neighboring field which ensures it
will be tested with points from this field also.

With indexed linear elements Zalik (1999) used already created UPS by determining for each
line in which fields UPS is located (through which it passes). Now that a set of lines for
separation testing is to be checked, it is sufficient to check for each UPS field which lines go
through it. In order to avoid multiple testing of the same line pairs they are marked as tested.
This, of course would require a calculation of algorithm for finding fields through which lines
pass, which would unnecessary complicate initialization of the indexing subsystem.

In order to make the approach as simple as possible, i.e. the initialization of index, in our
approach only one more level of UPS has been introduced for indexing linear elements. The
fields of this level (further UPS1) are obtained by grouping, i.e. joining the fields of already
created UPS for the points (further UPS0). The information in which UPS1 field the UPSO
field actually belongs is not physically stored, but determined on-demand. The creation of
index for the lines (UPS1) is now reduced to calculating the position of both end points on the
line in UPSO and to checking whether both points are in the same UPS1 field. The lines that
are not sorted in either of the UPS1 fields, hence, those whose both end points are not located
in the same UPSL1 field remain to be tested with each test line (or points, according to the test

type) (Fig. 5).
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When using that kind of approach to spatial indexing, it is important to choose the size of the
field of both UPS levels properly. Due to the nature of cadastral data, very low level of
grouping of points can be expected at smaller distances. Not to lose a positive effect, it is also
not desirable to create the division with to small field (smaller dimensions of individual fields
result in larger total number of fields).

Determination of UPSL1 field size is more complex. The field with to small dimensions will
cause a large quantity of lines that are not classified and that need to be always tested. The
field with to large dimensions will result in classifying large quantities of lines into individual
field, which causes the loss of efficiency because the effect of filtering is reduced.

4.3 Performance Testing

In order to perform the index efficiency testing, it is necessary to define the sizes of fields on
both levels. Therefore, UPSO field size of 2 meters (2x2 meters) has been chosen. The
reduction of field size could result in even less points being classified into individual field, but
it would bring no significant effect, because the number of tests for each new point from the
total number of points in the involved area has been reduced anyway to as much as it can be
expected in the area of 2x2 meters. For the size of UPS1 field the value of double average
length of all edges in the cadastral municipality has been chosen empirically.

For the purpose of testing two transactions have been prepared. One transaction is average
size that can be expected in everyday operation of the system, and the other one is actually the
creation of an average cadastral municipality (about 4000 parcels). (Fig. 6). Furthermore, the
information about 12211 new points and 33816 half-edges (.i.e. as much polygon vertices) is
more important than the number polygons (parcels) themselves.
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Fig. 6. The test transactions

On both transactions there has been the testing executed without using any indexing level, and
as expected, because of a very large data set, the time for the big transaction to be executed
was not acceptable (almost 9 hours) (table 1). After that, the testing of both transactions has
been made, first by using only UPSO (indexed points) and then also UPS1 (indexed lines).

Table 1.
Transaction | No indexing | UPSO used | UPSO+UPS1 used
Big 08:46:50 00:01:50 00:01:21
Small 00:00:03 00:00:02 00:00:02

The results of the test show that with smaller transactions to be most frequently tested there is
no significant profit in using UPSL1. It has been expected because the quantity of data to be
tested is small, hence, much slower permanent storage (HDD) subsystem more significantly
influences performance. Nevertheless, the increase of performance is obvious in a transfer
from the situation without index to the usage of UPSO, i.e. to the indexed points.

With large transaction the differences are much more significant. Using UPSO the time of
testing drops from unacceptable 9 hours to not more than 2 minutes, i.e. about half a minute
less when using UPS1. This is logical, too, because the usage of index has made it possible to
avoid unnecessary distance calculation for a large quantity of data pairs.

Let us consider again the results when changing from UPSO to UPS1 with both transactions.
For smaller transaction at smaller involved area the lines will not be shorter, but they will fall
into a few fields of UPS1 only, or the most of them will remain unclassified, which causes a
small to none performance gain. Large involved area of large transaction profits on the other
hand from UPS1 because a lot of point/line pairs need not be tested. Furthermore, natively
implemented mechanism of Oracle SDBMS (validate_geometry with_context) that is
extremely efficient has been used in the implementation to test the simplicity of polygon. If
this was not available, the benefit of using UPS1 would be higher even with smaller
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transactions because its usage would provide the elimination of some of computationally very
expensive line-crossing tests.

5. CONCLUSIONS AND FURTHER RESEARCH

This paper has illustrated that it is possible to implement the system for fully automatic testing
and executing the transactions in planar partition with explicitly stored topology in the form
of half-edges. The tests are based on provable theoretic assumptions, and the usage of
innovative approach to in-memory spatial indexing makes it possible to test for correctness
the changes that include very large data sets in acceptable time.

Within the scope of this research the effect of index field size change on performance has not
been systematically inspected, but there was an empirical conclusion derived from concrete
testing that a good ratio of performance between large and small transactions can be achieved
by selecting the size of the field for indexing linear data that is twice as large as the average
length of all edges in the planar partition. Further research can be aimed to finding exact
values for optimal size of indexing fields for both point and linear data.
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