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Abstract. Mechanisms for overcoming semantic heterogeneity in di-
verse information sources are critical components of any interoperable
system. In the case of diverse geographic information sources, such mech-
anisms present particular difficulties since the semantic structure of ge-
ographic information cannot be considered independently of its spatial
structure. This paper develops an approach to the integration of semanti-
cally heterogeneous geographic information that is capable of addressing
the spatial and thematic aspects of geographic information in concert.
The approach is founded on an algebraic model of spatio-thematic infor-
mation layers. Variations in the thematic structure of layers are explored,
including the integration of layers with hierarchical thematic structure.
The effects of changes in the thematic granularity of layers are also con-
sidered. Finally, a case study of the integration of heterogeneous land
cover data is used to illustrate the relevance of the formal model within
a practical application.

1 Introduction

For many organizations and applications, achieving interoperation between mul-
tiple information sources that have been developed in differing contexts for a
variety of purposes is a vital capability. The issue of semantic heterogeneity of
information sources has been a challenging problem since the early days of dis-
tributed database systems. Semantic heterogeneity has been investigated as part
of all major information system architectures during the last three decades. The
terms may have changed from “semantic mismatch” [1] and “semantic inconsis-
tency” [2] to “merging ontologies” and “ontology alignment” [3], but the under-
lying problem of appropriately integrating information from different sources us-
ing different concepts, assumptions, and languages, remains. Indeed, with global
inter-connectivity, the issue is more important and intractable now than at the
outset of distributed information systems technology.

The problem of data fusion under conditions of semantic heterogeneity may
be decomposed into identification and resolution [4]. The present work addresses
both these questions in the context of geographic information sources. The pro-
cess of identification enables us to select areas where semantic issues arise (often
in the form of possible conflicts and inconsistencies). The process of resolution
enables the fusion to take place, if possible, where inconsistencies can be worked
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around or resolved. There is a growing literature on the ontological issues arising
from semantic heterogeneity amongst geographic information sources (see, for
example [5-7]).

We assume a structuring of the geographic information into spatio-thematic
layers, where each information source associates a unique attribute value with
each point in the space. Thus, a layer is similar to Berry and Tomlin’s sense of
a map algebra [8,9]. The novel aspect of this work is that we give each thematic
space a structure, which might be hierarchical, or where themes are conceived
of a regions having topological relationships in a theme space.

The approach will be constructed both formally and by means of small exam-
ples running through the formal development. Our major application has been to
the domain of land cover data. Land cover data often possess rich thematic struc-
ture, such as taxonomies, in addition to their spatial structure. Attending to both
spatial and thematic structure is important if the integration of heterogeneous
land cover data is to be successful and meaningful. A specific example, discussed
further in Section 4, addresses the integration of land cover data drawn from the
European Co-ordination of Information on the Environment (CORINE) project
and the Ordnance Survey of Great Britain (OSGB) Digital National Framework
(DNF).

2 Layer Integration

Assume throughout that the underlying spatial framework is fixed and denoted
S. Let T be a thematic space. Then a T-layer is formally a function f : S — T
Integration of layers is expressed formally through the construction of a product
layer. In general, the issue is well expressed by the configurations shown in
Fig. 1 and 2. Suppose we have two layers, a Ti-layer f; : S — T3 and a Ty-layer
f2 1 8 — T, as shown in Fig. 1. The product layer f; Q) fo is defined as:

f1®f255—>T1®T2

that makes the diagram in Fig. 2 commute. So, to construct a product layer,
we need to construct the set Ty Q) Ts, function fi Q) f2, and the two projection
functions p; and ps. In the general case, there are several ways to do this, and the
specific way depends on the underlying structure given to the thematic spaces
T1 and T5. We now examine some of these cases in more detail.

Y

T < S
bil fo

T

Fig. 1. Two spatio-thematic information sources
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Fig. 2. Two spatio-thematic information sources and their product

2.1 Case A: No Structure in the Thematic Spaces
(Unconstrained Overlay)

In this case, the usual Cartesian product construction as ordered pairs is appro-
priate. Assume given two layers, f; : S — T} and fy : S — T3, as shown in
Fig. 1. Suppose that T7 and T5 are two thematic spaces with only an underlying
set structure, so that each specific theme is just a member of 77 UT5. Then, the
product construction gives the following:

T1 ®Tg = {(t1,t2) 1t € Tl,tg S TQ}

p1:(ti,te) — t1, pa:(ti,t2) — to

[ fa: s (sf1,8f2)

and it is not difficult to check that the arrow diagram in Fig. 2 commutes under
this construction.

For example, consider the locational space S shown in Fig. 3. In set-theoretic
terms, S = {s1, $2, 83, S4}. Suppose we have two thematic classifications, into
nations USA (U) and Canada (C), and into land cover types heathland (H)
and woodland (W). Then T1 = {U,C} and T, = {H, W}. Then the integrated
thematic space is given by:

Ty ®T2 = {(U’ H)? (Ua W)’ (07 H)a (C7 W)}

and the layer is as shown in Fig. 4. Because of the way in which the layers are
spatially structured, every element of 71 &) 75 occurs in the product layer.

2.2 Case B: Partition Structure in the Thematic Spaces

Case A provides the simplest possible case, where the themes were all atomic
and independent of each other. In this next case, themes are modeled as non-
empty sets; blocks of a partition, rather than individuals. Assume that there is
an underlying space U of “atomic” themes, and each of the thematic spaces T;
and T, is a granulation of U. Note, that this assumption of a common underlying
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Fig. 3.

Canada Heath

us Woodland

Woodland

Fig. 4. The product of two layers with unstructured thematic spaces

space is a simplifying assumption that sidesteps some difficult issues in thematic
integration. Formally, a granulation of U is a partition of U into disjoint subsets
whose union is U.

To model the integration in this case, we must note that the integrated theme
associated with a spatial location must contain the atomic elements of each of
the constituent themes. So, the product construction gives:

T1®T2={t1 Nty :t ETl,tQ ETQ,tl ﬂtQ#@}
P1 1t ﬂtg’—>t1, pg:tl Nt —> 1o

f1®f218%8f1 Nsfa

The condition that t; Nts # () is interesting, in that it constrains the possibil-
ities for integration into a combined spatio-thematic layer. This leads to a major
difference between our first two cases. In the first case, the integrated layer is
always guaranteed to exist, but in the second case, the integrated layer will only
exist if the two constituent layers are consistent, in a sense now to be defined.
Two layers f1 : S — 11 and a fy : S — T5, to be consistent if and only if for
all locations s € S, sf1 Nsfa # 0. It is not difficult to show that if two layers
fi:S— Ty and a fy : S — Ty are consistent, then the product construction
given above is well-defined and yields a unique integrated layer that ensures that
the arrow diagram in Fig. 2 commutes.

For example, consider the following collection of land cover types: conifer
woodland (C), broad-leaved woodland (B), natural grassland (N), moorland (M),
heathland (H), orchard (O), pasture (P), and arable land (A). (While this typol-
ogy is only an example, many land cover data sets, such as CORINE discussed in
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Fig. 5. The product of two layers with partition-based thematic spaces
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Fig. 6. Inconsistent layers with partition-based thematic spaces

section 4, contain similar classes and structure.) So, U = {C, B, N, M, H, O, P,
A}. Thematic space Ty consists of the partition into agricultural (orchard, pas-
ture, arable land) and forest/semi-natural types (conifer woodland, broad-leaved
woodland, natural grassland, moorland, heathland). Thematic space T» consists
of the partition into herbaceous plant cover (natural grassland, pasture, arable
land), shrubs (moorland, heathland), and trees (conifer woodland, broad-leaved
woodland, orchard). So:

Ty ={{P,A0},{C,B,N,M,H}}

T, ={{P,A,N},{M,H},{C,B,0}}

In this case, the integrated thematic space, consisting of all non-empty inter-
sections of blocks in T} and T5, is:

T ®T2 = {{P,A}v {0}7 {N}v {M7 H}7 {073}}

Taking the spatial framework as in Fig. 3, Fig. 5 shows two thematic layers
and their product, while Fig. 6 shows two inconsistent layers. The inconsis-
tency, represented by “#” results from classifications of the same location as
agricultural and shrubs, and at least in this typology, such classifications are
inconsistent.

2.3 Case C: Hierarchical Structure in the Thematic Spaces

The partition-based thematic structure in Case B is essentially “flat,” with all
blocks of the partition at the same level, and two blocks either being disjoint or
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Fig. 7. Two hierarchical thematic spaces

equal. In Case C, we provide some hierarchical structure to the themes, without
allowing the full generality of a partially ordered set. As with the other cases,
we assume a set of “atomic” themes, which will form the basis of the hierarchy.
Formally, assume throughout a set U of themes, called atoms. The power set
p(U) is the set of all subsets of U.

Definition 1. H is a U-hierarchy if it satisfies the following conditions:

1. H is a labeled subset of p(U)
2. H contains all the singleton sets {u} for w € U, with each {u} labeled by u.
8. H does not contain the empty set.

A hierarchy induces a structure on its labels, where labels are the names of
themes in our applications. Let T be the set of labels of H and, for each ¢t € T,
let ta be the set of atoms in U that is labeled by ¢. (Note that by property 2
above, ua = {u}). A partial ordering < of labels is induced on T, where ¢ < ¢’ if
ta C t'«. The intuition is that ¢ < ¢’ if and only if the type corresponding to t’
subsumes the type corresponding to t. Note that T is not necessarily a lattice,
as it may not be closed with respect to lattice join and meet. However, we may
define the lattice meet operation as follows:

tAt =t <= tanta=t"a

If later on, we construct a non-bottom meet of themes that does not exist in the
hierarchy, then we will need to construct a new label for the new theme.

Fig. 7 shows two thematic hierarchies that we will use as an example of the
constructions developed in this section. The single letter symbols in the bottom
level of the hierarchy refer to the land cover classes used in the example for Case
B, and the thematic labels are shown rather than the underlying subsets.

We are now ready to make the construction that formalizes the integration
of two thematic hierarchies. Given two thematic hierarchies 77 and T on the
same set U of atoms, make the following construction:

T1©T2 :{tl Nty ity €Th,ts € To, 11 Ao #L}
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Fig. 8. The product of the hierarchical thematic spaces in Fig. 7

woodland

Fig. 8 shows the integration of the two thematic hierarchies in Fig. 7. Note the
existence of a newly constructed theme, “pasture/arable, ” needed because the
meet of themes “herbaceous” and “agricultural” is not in the original hierarchies
as a label.

A different symbol (&) has been used for the integration construction, because
it is not necessarily a product. The projection functions

pr:iti At —— 11, p2:iti ANtg— 12

are not in general well-defined. Problems occur when there is multiple inheritance
in the constituent hierarchy, that is when a node has more than one direct
ancestor. In cases when each node has a unique ancestor, the projection functions
are well-defined, and in that case we have the product construction, as in the
other cases.

The next step is to construct the integration layer. Firstly, as in Case B, we
note that this layer may not always exist. Define two layers f; : S — 77 and
f2 1S — Ty, to be consistent if and only if for all locations s € S, sfiAsfo # L.

Assume given two consistent layers, f; : S — T7 and fy : S — To. We
have already shown how to construct the integrated theme space 77 () Tz. The
integrated layer function is constructed are as follows:
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Fig. 9. The product of two layers with hierarchically structured thematic spaces

f1®f218}—>8f1 /\ng

As in case B, it is not difficult to show that if two layers f; : S — T}
and a fy : S — T3 are consistent, and the two thematic hierarchies 77 and T5
have only single inheritance, then the product construction is well-defined and
yields a unique integrated layer that ensures that the arrow diagram in Fig. 2
commutes.

Fig. 9 shows an example of the integration of two consistent layers, where
the thematic hierarchies and their meet are given in Fig. 7 and 8.

3 Granularity Issues

Previous work has provided a formal framework for spatial and thematic reso-
lution separately [10,11]. For a multi-resolution model, an understanding of the
relationship between integration and coarsening is required. Ideally, we would
like these operations to commute, so that if we coarsen two layers and then inte-
grate them, we will achieve the same as if we integrated first and then coarsened
the merged layer. This is achieved when the arrow diagram in Fig. 10 commutes.
We examine this issue in the context of Case C, with respect to thematic gran-
ularity. In Case C, suppose we have two thematic hierarchies 77 and T, on the
same set U of atoms. A granulation of U can be expressed as a (many-to-one)
function v : U — U’. This granulation induces a coarsening of each hierarchy,
using the construction:
v =T,

~* 1t t' where t' is the unique element such that at’ = tay

For example, suppose we coarsen our land cover classes as follows: v : B
WC—VH—-VM—XN—XO0O—Y P—Y A— Z. Then apart from
atoms and the top class, the hierarchy on the left of fig 7 has classes (given in
extensional form) {W,V}, {V, X}, {Y, Z}, and {W,V, X}, while the hierarchy on
the right has classes (given in extensional form) {W,V,Y}, {V, X}, {X,Y, Z},
and {W,V, X, Y}. Integrating these hierarchies gives a hierarchy with classes,
(W.V}, (V. X}, {2}, {W,V, X}, (W, V. Y}, {X.Y, Z}, and {W, V, X, Y}. This
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Fig. 10. Coarsening and integration working together

is the same result as integrating first, as in Fig. 9, and then coarsening. How-
ever, in general a weaker result holds between an integrated coarsening and a
coarsened integral.

We can see this in the case of the partitions introduced in Case B. The set
of partitions of an underlying thematic space U may be made into a poset by
introducing the following partial order relation. For partitions 77 and T5, define
Ty < T if and only if Vx € T13y € To.x C y. The set of partitions of U may be
made into a lattice by defining meet and join operations. For partitions 77 and
To, T\ ATy ={zNylz € T1,y € To,zNy # O}, and there is a similar but slightly
more complex construction for the join of two partitions. Further details may be
found in [11].

A thematic coarsening operation on a partition may be viewed as a many-one
function on the underlying thematic space. Let ¢ : U — V be a thematic coars-
ening operation. Function ¢ induces a partition II. on U, where two elements
belong to the same block of II. if they have the same image under c. For any
partition T" of U, the coarsening c of U induces the coarsening II. VT of T. For
the diagram in Fig. 10 to commute, we must have:

IV (Ty (D) Te) = (v Ty) (DU V Ty)

But, 71 (O T3 is just T1 A T in the lattice of partitions of U, so we have the
following:

o.v (T ANTy) = (II.VTy) A (. vV T3)
as a condition for a commutative diagram in in Fig. 10. Now, this is just the

distributive property of lattices, and it is easy to find examples of partition
spaces that form non-distributive lattices. However, the weaker property:

IV (T ATy) < (IT,VTY) A (IT,V T)

does hold. This expresses formally the intuition that it is better to integrate first
then coarsen, rather than the other way round.
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4 Case Study

The CORINE project, started in 1985, provides a framework for coordinating
the collection of consistent land cover data across the European Community.
Data sets concerning the 44 different CORINE land cover classes now exist for
more than 20 European countries, including Britain. A CORINE data set maps
land cover units with a minimum spatial granularity of 25ha based on 44 land
cover classes arranged in a 3-tier taxonomy [12]. CORINE data is commonly
used within a variety environmental applications, such as environmental impact
assessment, monitoring environmental change and management of biodiversity.

By updating legacy cartographic mapping products, the Ordnance Survey
of Great Britain (OSGB) has recently developed the Digital National Frame-
work (DNF), which aims to provide a consistent national framework for digital
mapping in GB. Marketed as MasterMap, the “definitive” digital map database,
the DNF comprises large scale general purpose geographic data [13]. DNF data
is specifically designed to be integrated with other digital data using unique
persistent digital identification numbers, called topographic object identifiers
(TOIDs). Since DNF data is derived from older cartographic data, the feature
classifications, including land cover classifications, are essentially those described
by Harley [14].

The two data sets, CORINE and DNF data, provide an interesting contrast.
The former is a relatively specialized land cover map, whilst the latter is a
general purpose mapping product aimed specifically at integration with other
spatial data products. CORINE provides detailed thematic information based
on a hierarchy of land cover classes, while DNF data uses a relatively coarse
land cover taxonomy. At the same time, the large scale DNF data provide much
greater spatial detail than is available in CORINE data. The two data sets
provide different, but potentially complementary information. The ability to
successfully integrate such data set could, therefore, be beneficial in a variety of
environmental applications: indeed the automated integration of CORINE data
with other land cover data sets has already been addressed in the literature (see,
for example [15]).

To illustrate the usefulness of the layer-based approach for integrating spatio-
thematic information, the remainder of this section describes the integration of
CORINE and DNF data for a small region in GB using prototype software that
implements the layer integration techniques described in previous sections.

4.1 Software Prototype

Using Java, a prototype data integration application was developed and tested
with example data from the CORINE and DNF land cover data sets. The proto-
type enables heterogeneous data to be integrated using the layer-based approach
as described in section 2.3. The user interface for the prototype consists of two
linked windows allowing manipulation of the spatial and thematic aspects of
the data respectively. The spatial window, illustrated in Fig. 11 with example
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DNF data, provides users with limited spatial manipulation capabilities, such as
zooming, panning, and simple spatial queries.

Fig. 11. Spatial window with example DNF data

The thematic window, illustrated in Fig. 12, enables users to build a “the-
matic map” of the relationship between the classifications used in different data
sets. Performing the actual data integration is effectively a process of defin-
ing a suitable set of thematic atoms, and specifying the relationships between
those atoms and the thematic classes in each data set, in this case CORINE
and DNF. The metadata and documentation available for CORINE and DNF
define the hierarchy of different thematic classes used in each data set, as well
as providing adequate descriptions of the different classes to help in deciding
on suitable atoms (see [12,13]). The prototype software assists users in building
the thematic map in several ways, described in more detail in section 4.2: by
automatically restructuring thematic maps; by making thematic maps persis-
tent; by providing dynamic consistency maps (identification of inconsistencies);
as well as performing the actual data integration (resolution of inconsistencies).
It is important to note that the process of actually relating atoms and thematic
classes in different data sets, for example identifying synonymous and homony-
mous land use classes, remains primarily a human activity, although future work
alms to automate more of this process.
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4.2 Software Prototype Features

The software can help with structuring the thematic space by automatically
inserting new thematic classes where necessary within the hierarchy to ensure
every non-bottom meet of themes exists in the hierarchy (as done with the
“pasture/arable” class in section 2.3). The software also allows a thematic map
to be saved in a persistent format, in a database or data file. The thematic
map in Fig. 12 is not derived from the complete set of classes for DNF and
CORINE data, only those classes that are represented within the spatial extents
of the example data sets. However, it would be possible, to share a general
purpose thematic map between different specific applications. For example, were
a complete thematic map for the relationship between DNF and CORINE data
to be constructed, it might subsequently be used for integrating any DNF and
CORINE data automatically.

The software can be used for both identification and resolution of inconsisten-
cies. Before completing data integration, the prototype enables users to produce
an intermediate “consistency map,” identifying the locations of inconsistencies
(as defined in section 2.3, those locations whose themes have no meet). Fig. 13
shows a consistency map for the partially completed integration of the exam-
ple CORINE and DNF data sets. The hatched areas are not consistent. The
consistency map is useful as it gives an impression of the spatial extents and
distributions of inconsistencies. While the two data sets are broadly consistent
for the predominately rural areas shown in Fig. 13 (relatively few hatched areas),
some regions of inconsistency persist. Zooming in on some of the detail in the
bottom left hand corner of the map shows that this predominately urban area
has much higher levels of inconsistency, as shown in Fig. 14, indicating either a
problem with the structure of the thematic map or an underlying misclassifica-
tion in one or both of the data sets.

Using such intermediate consistency maps to identify inconsistencies can help
inform users as to amendments to the structure of the thematic hierarchy that
may be needed. When users are satisfied with the structure of their thematic
map, the data integration proceeds for consistent locations in the normal way,
by finding the meet of their themes. Inevitably, some inconsistencies will always
remain. In this prototype, a very simple mechanism is used to resolve such in-
consistencies. If the themes associated with two locations have no meet, the join
of themes is used instead. The rationale for this is that the join represents a
coarsening of two inconsistent themes to their consistent least upper bound. For
example, while DNF class 1205 (artificial impermeable surfaces) and CORINE
class 142 (sports and leisure facilities) have no meet, the join of these classes
(built-up area) can be used as a coarser consistent theme where inconsistencies
arise between these two classes. Using the join of two themes is a simple but
effective mechanism for consistency resolution. Other work by the authors is
currently investigating more sophisticated rule-based mechanisms for resolving
these inconsistencies when they arise.
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5 Conclusions

This paper constructs a formal framework in which the integration of structured
thematic layers may be discussed. The approach taken is to think of integration
as essentially a product operation, and thereby incorporate some formal ma-
chinery on product constructions from universal algebra. The thematic spaces
considered are given increasing amounts of structure, from straight sets to blocks
in a partition to taxonomic hierarchies. We show that in these cases the product
construction does have something useful to contribute, and note how basic prob-
lems of semantic mismatch have a direct correspondence to breakdowns in the
structured products. The work is explained using some small examples, and then
applied to a significant issue of relating CORINE and DNF thematic data types.
The issue of the interplay between changing resolution (e.g., thematic coarsen-
ing) and resolving inconsistencies is also discussed, but the details of that remain
to be worked out more fully in a later paper.

Whereas most work in this field concentrates on issues of spatial integration,
this paper has redressed the balance by focusing on the thematic aspects of the
problem. A fuller theory would develop both sides in tandem. Another issue that
is sidestepped in this work is the question of relationships between “atoms” in
cases B and C. We have assumed a common set of atoms, and heterogeneity
provided by different groupings (partitions or hierarchies) of the atoms. In gen-
eral the issue of relating atoms from different thematic classification is a difficult
one, and the subject of further work.
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