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Abstract

This paper considers the special problems of semantic
heterogeneity in a distributed system of databases con-
taining spatially referenced information. Two forms of
semantic heterogeneity are identified. Generic seman-
tic heterogeneity arises when nodes are using different
generic conceptual models of the spatial information.
Contertual semantic heterogeneity is caused by the
particular local environmental conditions at nodes. It
1s contextual heterogeneity which is especially the con-
sideration with geographic databases and to which the
paper devotes most attention. Two possible solutions
are proposed, one founded on transforming processors
between models and a second using a canonical model
which is a generalization of existing generic spatial
models.

1 Introduction

Geographic databases are characterized by very large
quantities of often complexly structured data about a
locality. This local information space might contain
multi-layered information about a restricted region of
the earth’s surface (for example, environmental data
on the Highlands of Scotland) or a stratum of infor-
mation for a larger area (for example, land use data
for the UK or census information for the US). In both
cases it would be greatly advantageous for local infor-
mation contained in a set of nodes to be linked into
a distributed spatial information system. However,
when this integration is attempted, problems are en-
countered regarding the physical and semantic hetero-
geneity of the nodal systems.

Within distributed systems, semantic heterogeneity
exists when ‘there is a disagreement about the mean-
ing, interpretation, or intended use of the same or re-
lated data’ (see [10]). This paper will discuss specific
problems of semantic heterogeneity in a distributed
spatial system. Two types of semantic heterogeneity
are identified:

e generic semantic heterogeneity;
o contextual semantic heterogeneity.

Unlike databases built on the relational model, spa-
tial databases have more complex and varied logical
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models of spatial data. Generic semantic heterogene-
ity occurs when different nodes are using different
generic models of the spatial information. For exam-
ple one may use a layer-based approach and a second
may use an object-based approach. An example is
given in [5] where the city of San Jose has a collec-
tion of data sets (e.g. road network, locations of city
features, hospitals, fire stations, police stations, etc.)
stored in vector format (i.e. using the object-based
approach?. The local university has a database of seis-
mological information used for the prediction of earth-
quakes. This information is stored using a quadtree
data structure and is based upon the layer model. The
problem arises when the city wishes to integrate the
two systems in order to answer such questions as, ‘Are
any hospitals near fault lines?’, or ‘How many fire sta-
tions are within 10 mile by major road of this fault
line?’.

Contextual semantic integrity occurs when the se-
mantics of schemas depend upon the local conditions
at particular nodes. An example will illustrate some of
the considerations here. Imagine two databases hold-
ing information on the road networks for the regions
in which they are sited. Each database will contain
relatively static information about the topology of the
networks, distances between centres, road types, tolls,
etc. But each will also hold time-dependent informa-
tion about local traffic conditions, road repairs, etc.
A global query might be ‘Plan a route between a cen-
tre in one region to a centre in the second region’.
Semantic heterogeneity of the generic type would oc-
cur if the underlying models of the two databases are
distinct. However, further semantic discrepancies will
be present if, for example, road types do not corre-
spond or units of measurement are different. It is also
possible that there will be discrepancies between the
two systems’ views of the networks at the boundary
(or region of intersection) of the regions. There are
problems integrating geographic databases modelled
in different contexts.

The remainder of this paper is structured to exam-
ine these two aspects of heterogeneity in turn. The
next section considers generic heterogeneity. After a
formal distinction is made between layer-based and
object-based approaches, we consider problems of in-
terchangeability between the two approaches, and pro-
vide the basis of possible frameworks in which such
conversions may take place. It is generic semantic
heterogeneity which is specifically the problem for ge-
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ographic databases and to which emphasis is given in
this paper. Section Three discusses contextual het-
erogeneity with reference to some examples. In the
conclusion, the paper considers whether spatial data
places any special demands on the semantic hetero-
geneity problem for distributed databases.

2 Generic semantic heterogen-
eity
2.1 Layer-based spatial models

Spatial data models fall into two main categories:
layer-based and object-based. In the former case, a
layer-based model consists of a finite collection of lay-
ers, {L; | 1 € i < n}. Assume as underlying spatial
framework a set F of spatial references. For example,
F might be the points of a regular grid. For1 < i < n,
each layer L; is a function from set F to an attribute
set A;. Two examples of attribute sets are a set of
topographical altitudes and a set of vegetation types.
A layer would then associate with each point of a grid
a topographical altitude or a type of vegetation.

Given a framework F', a neighbourhood function n :
F — P(F) may be defined, which associates with each
location z a set of locations within a specified distance
and/or bearing of z.

Given a layer L;, a zone is a subset of F, the val-
ues of whose attributes satisfy a predefined condition.
For example, with the altitude layer, the zone below
sea-level is the subset of F' consisting of those loca-
tions which have negative altitude. A zoningof Fisa
. partition of F into disjoint zones whose union is F.

The algebra of a layer-based model is specified by
giving the layers and the operations on the layers.
Such operations take as arguments existing layers and
produce a new layer. They can be of essentially three
types (see [11]):

local operations An attribute is created at location
z which depends on the attributes of z associated
with the layers which are arguments of the oper-
ation. For example, given layers of populations
and lung cancer mortalities, create a new layer of
ratios of lung cancer mortalities per unit popula-
tion.

focal operations Here, the attribute created at z
depends not only on the appropriate attributes
of z but also on the attributes in the neighbour-
hood of z. For example, from a topographical
altitude layer create a layer of gradients.

zonal operations The resultant attribute created at
location z is dependent upon the appropriate at-
tributes within the zone containing z. For exam-
ple, given a layer of temperatures and a zoning
Into regions, create a layer of average tempera-
tures for each region.

2.2 Object-based spatial models

For object-based spatial models, we assume the usual
object data model with the addition that the objects
have attributes which inherit properties from generic
spatial objects, such as point, line and polygon. Thus,
a lake will have a polygonal spatial structure for its
boundary, as well as having instance variables for its
name, depth, capacity, etc. The generic spatial objects
have been modelled as objects with their own com-
plex structure and relationships. Let the most general
spatial object type be denoted spatial. Then spatial
may lead to specialized classes depending on dimen-
sion, closure, connectness, etc. For further details, see
13].
[ }A widely used model of spatial objects embedded
in a plane is the node-arc-polygon (or the 2-D winged-
edgeE model, where an arc has a start and end node
and has polygons to its left and right (see, for example,
Much discussion has taken place in the literature
(see, for example, [9, 12]) regarding a primitive set of
spatial operations. Recent work [1] suggests that such
operations fall into the following four classes. These
classes are ordered in the sense that each Euclidean
space is a metric space; each metric space is a topo-
logical space; and so on.

set-based operations Operations which treat the
spatial objects purely as sets. The intersection of
two regions would be an example of a set-based
operation.

topological operations Operations which depend
upon the topological structure of the space. For
example, the boolean operation which determines
whether two regions are adjacent, or the boolean
operation which determines whether a region is
connected.

metric operations Operations which involve mea-
surement of length. For example, the distance
between two points.

Euclidean operations Operations which involve
measurements not only of length but also of an-
gle. For example, the bearing of one point from
another, or the area of a region with a polygonal
boundary.

2.3 Integrating the two approaches

The general distinction between layer-based and
object-based models is that a layer is a function from
a set of spatial references to an attribute set, thus pro-
viding information on global variation of the attribute
over the layer, while the object-based approach mod-
els the information structure as populated with con-
stituent objects which have as attributes references to
spatial objects. Thus the one model is, in a sense, the
inverse of the other. The issue of generic semantic het-
erogeneity arises since spatial information systems are
built using different underlying models. Some types of
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Figure 1: Transforming processor approach

spatial data are more appropriately handled in a layer-
based system (for example, spot-heights throughout a
region), while others (road networks, for example) are
more appropriately handled in an object-based sys-
tem. Some spatial operations are more efficiently per-
formed in a layer-based system. For example, given in-
formation on variation of topographical altitude and
rainfall for a region, it is possible to model this as
two layers and perform an overlay operation to make
comparisons. This is natural in a layer-based system
but cumbersome in an object-based system. On the
other hand, to compute an optimum route through a
road network, it is clear that an object-based model is
preferable. There are applications which may require
a hybrid approach. Some classes of diffusion prob-
lems fall into this category, where there is both a dis-
crete and continuous component (as in the spread of
an epidemic). Thus, any optimization strategy would
require interchangability between the two models.

2.3.1 Transforming processor approach

Above, we have described the structures of the layer-
based and object-based approaches. It is possible to
move between these two models by using a transform-
ing processor (see [10] and Figure 1). In this case,
there must be a mechanism for the transformation of
the data representations between the two models. Use
of zoning within layers and aggregation of attributes
into objects provides a strategy for moving from lay-
ers to objects. A layer of variation of soil type may be
transformed into a set of areal objects, one of whose at-
tributes will be soil type. However, difficulties remain;
for example, identification of lineal features and error
considerations. Errors constitute a most important
issue in geographic databases since errors proliferate
much more quickly (and unpredictably) than in tra-
ditional numerical applications. With regard to lineal
features, algorithms for layer to lineal object trans-
formation exist (see, for example, [8]). Thus layer-
based seismic information, which is functional from a

set of locations to seismic levels, may be inverted into
fault lines, as may topographical altitude variations
into contour lines.

Movement from objects to layers is accomplished
by forming single layers from common attributes of
objects. Thus all objects of type ‘road’ would have
their spatial references amalgamated into the general
frame for the layer-based model. Again, there are dif-
ficulties, not the least of which are error considerations
and the efficiency of such transformations.

There is also the problem of translating constraints
from one model to the other. An example of a layer-
based constraint is the imposition of an upper and
lower bound upon the gradient of a layer function.
Using the notation of Section 2.1,

Vp. kl S VL(p) S k2

where L is a layer (assumed to be a field for this exam-
ple) and k1, ks are scalar values and p is an element of
the underlying spatial framework. An example of an
object-based constraint is a pair of bounds on one or
more dimensions of the spatial references of objects of
a given type. Let O be an object class and s be the
spatial reference attributed to . Then, the example
constraint is given by,

YO€O. k1 <0.5<k,.

In neither case is it natural to express the constraint
using the other model.

The above examples lead one to the conclusion that
both models have their advantages with geographic
databases. To force all geographic information into
one of the generic models is to lose the modelling and
representational power of the other. Thus most single
node systems at present, while concentrating on one
or other of the models, provide some of the function-
ality of the other. An example of a prototype sys-
tem where both models are given equal status is Rela-

tional Image-Based Geographical Information System
(RIGIS) [14].

2.3.2 Canonical model approach

Another approach to the integration of the two models
is to create a model which is a generalization of both
layer-based and object-based models. Such a cross-
representational algebra or canonical model (see [10]
and Figure 2) has been proposed as a long-term goa,
in [4] where it is suggested that point-set topology
might provide a sufficiently general model.

Such a structure would provide a general integra-
tion of heterogeneous components and is a current
topic for research. This paper briefly considers the
role that simplicial complexes (objects in the realm of
algebraic topology) might have in a general model. As-
sume for simplicity that the underlying spatial frame-
work is the Euclidean plane. Thus, the constructions
performed in this subsection are all planar, but the
ideas can easily be generalized to higher dimensional
structures.
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Figure 2: Canonical model approach

0-simplex A 0-simplez is a set consisting of a single
point in the Euclidean plane.

1-simplex A I-simplez is a set consisting of all the
points on a straight line between two distinct
points in the Euclidean plane, including the end
points.

2-simplex A 2-simpler is a set consisting of all the
points on the boundary and in the interior of a
triangle with vertices three non-collinear points.

Thus an n-simplex is the convex hull of n + 1 linearly
independent points. The number n is the dimension of
the simplex. The boundary of a simplex S, 85, is the
union of all the lower dimensional simplexes contained
within it.

Simplexes are the building blocks of simplicial com-
plexes. A simplicial complez C is a finite set of sim-
plexes satisfying the properties:

o A face of a simplex in C is also in C.

o The intersection of two simplexes in C is either
empty or is also in C.

Intuitively, a simplicial complex is a union of simplexes
which do not impinge on each others’ interiors.
Simplicial complexes define a set of connected re-
gions, lines and points in the plane. They have the
advantage of simplicity and yet contain a complete
specification of the spatial object which they repre-
sent. They enable efficient computation of spatial op-
erations upon them (for example, it is a straightfor-
ward matter to calculate the boundary of a complex).
Non-spatial attributes can be associated with simpli-
cial complexes or with their component simplexes.
Collections of simplicial complexes, together with
their associated attributes (at both simplex and com-
plex levels), may be used as the foundation for both
layer-based and object-based models. In the layer-
based approach, the spatial framework, F, is itself a
simplicial complex. Each layer is an association of at-
tributes with individual simplexes over the entire com-
plex. In the object-based approach, objects have spa-
tial references which are sub-complexes of F. A great

advantage here is that lineal objects are themeselves
complexes, and therefore sub-complexes of F. There-
fore, there is no need to approximate lines by areas, as
there was in the conversion processes in the preceding
section. Simplicial complexes were first considered as
a data model for geographic databases in [3].

A disadvantage of the canonical model approach is
the potentially high data volumes ensuing. How seri-
ous this disadvantage is will be determined by ongoing
research.

3 Contextual semantic hetero-
geneity

By contextual semantic heterogeneity is meant local
differences in nodal conceptual schemas which are de-
pendent upon the environment in which the node is
placed and from which it takes its data. Distributed
geographic databases inherit all the problems that
any distributed database system might have in this
respect. Thus, problems of different semantics for
names, scale, units, etc. at different nodes must be
resolved as for general distributed database systems.
Such matters are considered by Deen et alin [2]).

To illustrate the special flavour of contextual se-
mantic heterogeneity in geographic systems, we con-
sider areal spatial units. Information is often refer-
enced with respect to an areal unit (for example, pop-
ulation density and morbidity ratio). However, the
areal unit depends upon the context. In the UK there
are local government administrative units, postcode
units, health authority units, and others [6]. The
global conceptual schema should be a coherent picture
in which all these units are integrated. Sometimes, the
units nest into each other, in which case it is easy to
aggregate data from smaller units to larger. For exam-
ple, counties are partitioned into districts, which are
themselves partitioned into wards. Clearly, there is
no problem in calculating the populations of counties
if we are given data on ward populations. However,
in most cases this simple nesting does not occur and
approximate conversions have to be found. To illus-
trate with a simple example, one of the authors’ work
on a medical application has involved the integration
of a hospital database where spatial references are to
postcode sectors with a database of census informa-
tion where spatial references are to administrative ar-
eas. Thus to calculate ratios per unit population it is
necessary to disaggregate data referenced to one set of
units and aggregate to the second. The transforma-
tion module is only approximate.

Such examples point to a general problem within all
databases, but particularly with geographic systems.
The general consideration is that the information is
within the context of the local space. With regard to
spatial units, conversions based upon overlay, point-in-
polygon, or aggregation/disaggregation are required,
along with estimations of accuracy. It has not been
found feasible to construct a canonical model in this
case (although the UK government has at times en-
couraged data collectors to use postcode sectors as
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a standard areal unit). Thus, we have built conver-
sion factors and estimates of accuracy into an interface
schema, which is associated with the local schema to
give a component schema (see [10]).

4 Conclusions

The aim of this short paper has to been to examine
the problems of semantic heterogeneity in the context
of geographic databases. We have found that two ma-
jor sources of such heterogeneity arise; one caused by
the dichotomy of underlying model for geographic sys-
tems and the other arising from local contexts. Both
sources of semantic heterogeneity cause real problems
for the geographic database community. The solution
to the former is still a major topic for research, and
the paper has indicated a promising direction using
a canonical model based upon simplicial complexes,
while the latter may be solved in specific cases by
adding interface units to local schemas, thus forming
component schemas.

The paper has concentrated upon the problems of
generic semantic heterogeneity because it 1s more sug-
gestive of the types of issues that researchers in the
area of geographic databases face. Future work will
formally define the canonical model and its transfor-
mation to layer-based and object-based models.
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