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It is well-documented in the literature that geographic data have
special characteristics that make the use of extensions to standard
modeling languages and techniques, such as the Unified Modeling
Language, attractive. Based on a real-world application from the
Danish National Survey and Cadastre, this paper presents require-
ments to geographic data modeling notations. Existing notations
are then evaluated against the requirements, and a case study is
carried out. The result is an identification of pertinent aspects of
geographic data modeling-including roles of geographic objects,
constraints on objects, and quality of data-that are not handled
satisfactorily by existing proposals.
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1. INTRODUCTION
Geographic data and Geographic Information Systems (GIS) are

being used increasingly. Along with the growing use of geographic
data, it also becomes necessary to exchange and combine heteroge-
neous data, which refers to the same phenomena, between different
authorities and systems. One example is the combination of data
about buildings from the local authority with data from the Na-
tional Register for buildings. Typically, such data are collected and
organized differently based on non-standard data models, which
are application-dependent. This makes the exchange of data a diffi-
cult or plain impossible task. Developing comprehensive, standard
data models will create a basis for making the exchange of data an
easier task. This calls for research in geographic data modeling.

The different kinds of geographic data have many common prop-
erties, such as location and extent, which are not supported in the
standard modeling languages, e.g., the Unified Modeling Language
(UML) or the Entity Relationship (ER) model.

This paper aims to identify and examine the common properties
of geographic data, and to evaluate pertinent existing models with
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respect to their ability to accommodate these properties. First, a
requirements analysis, based on interviews with users at the Danish
National Survey and Cadastre (KMS), is described. A case study
then explores how the requirements are supported by the modeling
notations considered. This study reveals that the notations fall short
in meeting all the requirements. To the authors’ best knowledge,
this is the first effort that evaluates existing work with respect to
real users’ requirements.

The paper is organized as follows. Section 2 presents require-
ments that aim to explicate the properties of geographic data that
should be considered when developing geographic data modeling
notations. Section 3 presents key existing techniques and notations
for the modeling of geographic data. Section 4 describes the case
study and the results derived from this. Section 5 summarizes and
points to research directions.

2. REQUIREMENTS ANALYSIS
The following requirements to modeling notations for geographic

data derive from interviews with employees at KMS. The require-
ments are divided into three types: aspects related to objects, as-
pects concerning the relation between objects, and aspects related
to the events of an object. The events of an object are initiated by
outer circumstances that affect the object.

2.1 Geographic Objects
The aspects that need to be considered regarding objects in geo-

graphic data models are:
Location and extent. The spatial location and extent are defined
by ~,g,  and z coordinates in a specific reference system and repre-
sented by either points, lines or polygons.
Temporal extent. It is necessary to keep record of the existence
and change in time of an object. We need to represent valid, exis-
tence, and transaction time.
Complex spatial extents. It should be possible to associate com-
plex spatial extents with objects. Thus, zero-, one-, two-, and three-
dimensional extents consisting of, e.g., points (and multi-points),
lines (and multi-lines), polygons (and multi-polygons), and rasters,
should be possible. This enables objects to consist of more ele-
ments (e.g., a building may consist of two polygons).
Thematic values. An object has several attributes that define its
properties, e.g., name, or ownership.
Fuzzy objects. The representation of a fuzzy object is related to
its location and thematic values. When supporting fuzzy objects,
it should be possible to model objects that have a location and an
extent that to a certain degree may be referred to by the coordinates
(2,  y, z) and have thematic values that to a certain degree can be
associated with a given class.
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Entity vs. field based data. In the entity-based approach, the
real world consists of fully definable disjunctive entities, such as
roads and buildings. In the field-based approach, the real world
consist of attributes assumed to vary over space as a continuous
function [S]. This would be the preferred approach when repre-
senting phenomena such as heights and depths. It is important to
be able to distinguish between entity and field based data because
they have fundamentally different characteristics. Several of the
preceding descriptions of properties only refer to entity based data.
Generalization. The generalization of an object relates to aspects
such as scale and purpose. A single object can be derived from sev-
eral objects at a larger scale, and information about derived objects
or objects to be aggregated must be accessible. Furthermore, infor-
mation about how the spatial extent depends on the scale is needed
because it is used when visualizing an object.
Constraints. It should be possible to attach constraints to an
object. An example can be that values of a certain attribute have to
be limited to an interval, e.g., the z coordinate of object class low
Ouildirzgs  is limited to l-5 meters, or the geometry of object class
windmill should be points. A categorization of different types of
constraints can be made, which would facilitate modeling process.
The constraints are related to data quality: if they are not satisfied,
this will negatively affect data quality.
Roles. An aspect, which is closely related to the representation, is
the role of an object. A geographic object can be defined differently
depending on the universe of discourse; in other words, the role or
an object is application dependent. An example can be a coastline,
which is defined by its representation on an aerial photo in a to-
pographic map, while its definition in a nautical chart is based on
the water level. So, different conceptual models describe different
roles of an object.
Object id. A unique object id is necessary for data exchange pur-
poses. When different institutions and authorities need to exchange
data, unique object id’s are a great help. A possible solution to this
is to establish an authoritative object id supplier.
Data quality. The quality describes how “good’ the data are.
Such information is important when assessing the credibility of
data and should be mandatory. The notion of data quality has
some fundamental components that can be used in defining spe-
cific, application-dependent meanings of data quality, which is also
called the “fitness for use.” The fundamental components have to
be measured against the application and the specifications, and the
result is the “fitness for use.”

The quality can be divided into quantitative and qualitative qual-
ity, where quantitative quality consists of components that are di-
rectly measurable. An example is the spatial accuracy which de-
scribes how accurate the position of an object is in comparison to a
given reference object.

In contrast, qualitative quality consists of information that can-
not be measured. Typically, this information relates to the data set
as such and not to specific objects. An example, which also re-
lates to the objects in a data set, is the origin, which describes how
objects are created. Whether this information should be attached
to an object itself, each of the geometric elements of an object, or
both depends on several aspects. If a part of an object can be up-
dated without updating the whole object, origin information should
at least be attached to the geometry elements.

2.2 Relations Among Geographic Objects
The aspects to be considered about relations among objects in

geographic models are:
Topological relationships. Topological relationships refer to the
relations and connections among objects. Examples of binary topo-

logical relationships include contains, overlaps, passes trough, and
touches [22]. In three-dimensional space, additional relations are
possible, e.g., lies under, is on top of, and passes under.
Metric relationships. Metric relationships involve distance and
depend on the absolute positions of objects relative to a given ref-
erence system [22].
Semantic relationships. These are relationships among objects,
relevant at the conceptual level, that are neither topological nor
metric. It could for example be that all land parcels have road-
access, either directly or through an allowed access via a neighbor
parcel. When representing the objects in less expressive models,
some semantic relationship may be represented as a topological re-
lationship.
Part-of relationships. An object can consist of other objects. An
example is a county consisting of municipalities.
Relationship constraints. The relationship constraints are very
important and are highly dependent on the type of relation between
objects. A constraint can be topological: for example, it is not
allowed to place a building in a lake. It is also important to be able
to state exceptions. In the above example, it is may be allowed to
build a house on pillars in a lake.

2.3 Events of Geographic Objects
‘Bvo  aspects of the events that affect objects are important.

Visualization. The visualization of objects is essential. Objects
can be visualized in different scales, e.g., a building can be visu-
alized as a polygon in one scale and as a point in another (gener-
alization). The placement of an object on a map generally relies
on the neighbor objects. For example, a hedge can be “misplaced”
if it is located next to a road that is purposefully displaced. This
means that the visualization of an object is based on the properties
and relations to other objects.
Change. As objects can change, information stating the “outer”
circumstances that may cause changes is important, as is informa-
tion about who is responsible for a change.

2.4 Interactions Among Aspects
Several of the aspects described in this section interact. For ex-

ample, relationships between objects provide constraints. Also the
notion of quality is related to constraints. When a constraint is not
satisfied by an object, this affects the object’s quality. In addition,
object roles are related to their visualization. Typically, two dif-
ferent roles of an object have different visualizations because the
purpose of a role affects the visualization. Because of these inter-
actions, when we consider one aspect, we must be prepared to also
take into account related aspects.

3. EXISTING MODELING TECHNIQUES
We proceed to survey existing proposals for the modeling of ge-

ographic data. Some of these proposals will be used in the case
study in Section 4.

Two general modeling approaches to geographic data model-
ing have been adopted: the Entity Relationship approach and the
object-oriented approach [22]. So far, the Entity Relationship ap-
proach has been the predominant; but as more application systems
are becoming object-oriented (e.g., Arclnfo 8 and Oracle 8 support
some notions of objects), this may change.

We more specifically proceed to review six of the most recent
proposals for notations related to geographic and spatiotemporal
data modeling:

STER The development of a spatiotemporal extension to the ER
model, and the use of abstractions and modeling units in spa-



tiotemporal modeling [20, 211.

Perceptory The development of a spatiotemporal plugin  (within a
Case Tool) for UML [l].

Ext. UML The development of a spatiotemporal extension to UML
v71.

Patterns The use of design patterns in geographic data modeling
using Object Modeling Technique (OMT) [lo].

GeoFrame The development of analysis patterns for geographic
databases, based on UML [7].

OMT-G Spatial data integrity constraints using an extension to
OMT [3].

The different notations can be characterized by their approach. Ta-
ble 1 shows if a notation uses the object-oriented approach or the
Entity Relationship approach and whether it is an extension to ex-
isting languages or models.

Table 1: Characteristics of Notations
Model/Techniaue  E R  0 0  E x t e n s i o n

S T E R
Perceptory
Ext. UML
Patterns
GeoFrame
OMT-G

X X
X X
X X
X
X X
X X

Tryfona and Jensen [20] develop an icon-based extension to the
ER model, STER, that includes spatiotemporal entities, attributes,
and relationships. STER offers support for the spatial elements,
point, line, and regions, and for the temporal elements, existence
time (for objects), valid time (for attributes and relationships) and
transaction time (for all constructs). This notation was subsequent-
ly [21] used in the development of modeling units consisting of
modeling parts that describe common spatiotemporal characteris-
tics. Modeling units are similar to design patterns in terms of giv-
ing solutions to common design problems; however, modeling units
concern data modeling whereas design patterns are used in soft-
ware development in a broader sense [21]. No formal notation for
constraints is considered other than those constraints provided by
the spatial and temporal relationships, e.g., topological and metric
relationships.

BCdard [l] develops a spatial and temporal plug-in for UML,
which is implemented in a CASE tool called Perceptory [18]. Per-
ceptory is an extension to UML based on stereotypes (icons) and
adds support for spatiotemporal properties that are aligned with the
ISO-standards  for geographic information [4]: zero-, one- and two-
dimensional spatial properties and zero- and one-dimensional tem-
poral properties (instant, existence time (object), and valid time (at-
tribute)). The spatiotemporal properties can be defined at class and
attribute level. UML makes it possible to define constraints on ob-
jects and associations in textual form, e.g., using Object Constraint
Language (OCL) or just natural language. But this is not formal-
ized, and there are no predefined spatiotemporal operators, e.g.,
topological or metric, which makes the definition of constraints
limited. Furthermore, Perceptory has no support for field-based
data or for three-dimensional objects, and there is no support for
transaction time.

Price et al. [ 171 develop a spatiotemporal extension to UML (Ext.
UML) by adding a set of constructs that can be applied to classes,
attributes, and associations. The extension is based on spatiotem-
poral symbols, and a specification compartment is used to describe
the semantics of spatiotemporal properties.

The spatial properties consist of spatial extents, and the specifi-
cation compartment supports the specification of dimension, inter-
polation type, and the model used (i.e., entity or field). The tempo-
ral properties are specified in more detail. For these, the specifica-
tion compartment makes it possible to specify the time dimension
(existence, valid, and transaction time), the interpolation method,
the model (regular or irregular), and the unit of time used (e.g., in-
stant or interval). Thematic properties represent thematic data. All
types of properties can be used as nested properties, e.g., spatially
dependent thematic property. Furthermore, it is possible to group
attributes with the same spatiotemporal properties and to define,
e.g., attributes that depend on the existence of an object. These
properties are not considered in the other works described above.

Ext. UML provides a rich syntax covering the semantics of spa-
tiotemporal data. It does not investigate constraints on associations
or classes.

Gordillo et al. [lo,  111 introduce design patterns as a concep-
tual tool for designing GIS applications using OMT. To address the
problems of static models, a design pattern, termed decorator [9],  is
used to attach additional responsibility (e.g., location) to an object
dynamically. Furthermore, new design patterns are developed to
handle GIS domain problems, including roles of objects, reference
systems, and the appearance of objects. There are several advan-
tages in the use of design patterns for geographic modeling due to
the dynamical change of properties of objects, which are essential
to a GIS. A potential exists for further developing design patterns
that handles the requirements of geographic data modeling.

Filho and Iochpe [7]  develop analysis patterns for geographic
databases, called GeoFrame, that rely on an extension to UML.
The difference between design patterns and analysis patterns is that
design patterns focus on design solutions and software implemen-
tations, whereas analysis patterns focus on the reuse of modeling
solutions and use terms from the application domain [7]. Analysis
patterns can also be characterized as modeling units, which have
been defined earlier. GeoFrame adds support for a comprehensive
list of spatial constructs for both entity-based data and field-based
data. It adds no support for temporal properties or spatiotemporal
associations. An interesting aspect of this work is the use of analy-
sis patterns, which provide a useful solution in modeling situations
where reuse is possible.

Borges et al. [3]  propose OMT-G for defining spatial data in-
tegrity constraints. OMT-G is a spatial extension to OMT support-
ing both entity-based and field-based data. To ensure integrity in
spatial databases, a number of rules (e.g., aggregation and connec-
tivity) are defined. However, only spatial (as opposed to temporal)
properties and constraints can be modeled using OMT-G.

In summary, it is noticed that all, except Borges et al. [3], offer
notations for modeling spatiotemporal properties. Only Tryfona
and Jensen [20,  211  and Price et al. [17] consider transaction time.
Several papers consider constraints on classes and associations with
spatiotemporal properties, but only Borges et al. [3] cover the issue
thoroughly, albeit only for spatial constraints. Bedard  [l] presents
briefly a prototype for specifying constraints between spatial ob-
jects, but does not provide details. Finally, only Gordillo et al. [lo,
1 l] consider other properties of geographic data than the spatiotem-
poral. Roles and appearance/visualization of objects are properties
that are relevant to consider when using GIS, and patterns can be
used to handle these issues [lo,  111.

In the case study in Section 4, an object-oriented approach using
UML is used. UML is chosen as the modeling language because it
has become widely used in both academia and industry. It is now
a standard defined by the Open Management Group (OMG) and
is also proposed as an IS0  standard (DIS19501) [13]. UML is fur-



thermore  used in the standardization work within Geographic Infor-
mation done by IS0 (IS0 TC211, http://www.statkart.no/isotc211).

The notation for UML class diagrams used in this paper is de-
picted in Figure 1. For further readings about UML see, e.g., Booth
et al. [2]  or Fowler [8].

Relationships:

i3 o-dimensional geometry (point)

q 1  -dimensional geometry (line)

q Z-dimensional geometry (polygon)

0 o-dimensional time (intantaneous)

0 1 -dimensional time (existence)

Association

O------  Aggregation

*-  Composition

4(Constraint)
aP Generalization

1,N One to many

Figure 1: The UML Notation Used in This Paper

4. CASE STUDY
The following section explores the requirements described. We

first classify the requirements with respect to their overall proper-
ties and characteristics.

l Spatiotemporal  properties include the spatial and temporal
extents, thematic values, object id, and entity- versus field-
based data.

. Roles are as described in the requirements.

l A.ssociations  include topological, metric, semantic, and part-
of relationships.

. Construirzt.s  include constraints on objects and relationships.

l Data  quality includes both qualitative and quantitative qual-
ity.

The case study focuses on the above-presented requirements, but
considers also interoperability, as this is related to requirement such
as roles of objects. Issues from the requirements not considered
here include fuzzy objects, generalization, and the object events.
Consideration of these requirements is deferred because it seems
appropriate to consider the remaining requirements initially.

The case study is based mainly on extensions to UML [1, 171
and design patterns [lo,  111,  but ideas from other works are also
considered [3,  7, 201.  The purpose of the case study is to iden-
tify aspects of geographic data modeling not supported by existing
work.

4.1 The Example
The examples are based on objects maintained by the Danish Na-

tional Survey and Cadastre and consist of the following: road, lot,
and building. These objects are chosen to illustrate some of the is-
sues when modeling the requirements from above. Interoperability
is an issue because the objects appear in two of the main databases
at KMS (the topographic and cadastral databases), and road even
exists in both as two different object classes and with no associa-
tion other than that their references to the same real-world objects.
To ease update and maintenance, it should be possible to handle,
e.g., road as one object with different roles and visualizations.

4.2 Spatiotemporal Properties
As mentioned earlier, existing notations for modeling geographic

data include several means of modeling spatiotemporal properties.
An example of modeling the spatiotemporal properties of a road

Figure 2: A Spatiotemporal Road and the Icons in Perceptory

using Perceptory [l,  181 is seen in Figure 2, where also the basic
icons are explained.

These basic icons can be combined to obtain more advanced ge-
ometries. The combination of two (or more) icons separated by a
line, as in the road object in Figure 2, means that the object (road)
is represented of one or the other geometry (here, as either line
segments or polygons). Another example is that if two (or more)
icons are combined without a separating line, this indicates a com-
plex geometry, i.e., multiple elements constitutes the geometry of
an object.

As indicated in the figure, Perceptory supports zero-, one- and
two-dimensional spatial extents, as well as only instantaneous and
durable temporal elements. There is no immediate support for
transaction time, which then must be added if needed; and there
is no support for field-based data. The spatial data types can be
specified in Perceptory, e.g., as Oracle Spatial geometry types 1
(point), 2 (line segment), or 3 (polygon), or as IS0 geometries such
as point and multi-point. Likewise, temporal data type can be spec-
ified, such as date or the IS0 specified temporal data types, instant
and period.

Support for transaction time is found in Ext. UML [17], which
is more flexible than Perceptory. Ext. UML also it gives the pos-
sibility to specify whether data are entity-based or field-based. An
example is seen in Figure 3.

I Specif ications:

existence, transaction
TimeUnit  [existence]‘=

~meUnlt[transactoin]:=

SpaceModel.=(Z,Z):

Figure 3: Ext. UML Using Road as an Example

Here, road is a temporally dependent spatial object-the spatial
extent of road across time is recorded. Further, road is specified as
a two-dimensional spatial object. In Ext. UML, it is not possible
to define that an object is represented as, e.g., multi-points. This
is possible in Perceptory, and in order to meet the requirements of
the ISO-standards,  this is necessary. Furthermore, Ext. UML seems
less intuitive than Perceptory.
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4.3 Object Roles for spatiotemporal associations. A lot is owned by an owner as
seen in Figure 6, where lot is temporally dependent on owner; anThe object road has two different roles, and these are stored in

two databases at KMS, the topographic database and the cadastral
database. It is a well-known problem that two or more different
objects in the database actually refer to the same real-world object.
One means of modeling the object road is to use subclasses, as
indicated in Figure 4.

I

Figure 4: Road and Its Two Subclasses

However, there is a need to be able to include several types of
the same object instance, which this solution does not allow. Fur-
thermore it is important, to enable interoperability, that each type
of road instance has the same global unique identifier-this makes
it possible to relate information from both types of the same object.

One solution is to use the concept of roles, which is well-known
in object orientation [16, 191.  Specifically, Gordillo et al. [lo,  111
uses OMT and the role concept to model multiple roles of geo-
graphic objects.

In our example, a role design pattern can be added to the road
object, which then can have a juridical and a topographic role. The
role design pattern can be modeled as shown in Figure 5.

I I

I 1 I I
A

4
I

Figure 5: Road and Its Two Roles

The advantage of this solution is that an object can have associ-
ated more than one role, thereby enabling different information to
be attached to the object. Like design patterns, modeling units [21]
or analysis patterns [7]  can also be used.

4.4 Associations
Associations represent relationships between objects, and differ-

ent types exist. This section only considers simple associations, not
aggregations and compositions.

To illustrate associations, the object owner is included, and Ext.
UML is used in the example because Perceptory has no extension

I
IdIArea

Is  ownec  by 1 k
4Ownsl..N

OWNER

N a m e

t

Address
CPR

Figure 6: The Association Between Lot and Owner

owner can sell a lot, but it should be possible to go back in time to
see information about previous owners. In Ext. UML, it is possi-
ble to define spatiotemporal dependencies and other types of rela-
tionships, e.g., the part-of relationship, between objects. However,
there is no support for specifying the constraints considered in the
next section.

4.5 Constraints
Constraints are important when modeling the world to be de-

scribed. Most model elements inherently imply constraints, es-
pecially associations (e.g., the cardinality) and attributes (e.g., the
type), however they cannot express all constraints of interest. Con-
sider the example of associations between geographic objects. These
associated objects are spatially related, and topological constraints
are needed to describe the associations thoroughly. As stated ear-
her, there is the possibility of using OCL in UML when modeling
constraints, and these can be attached to classes, attributes, opera-
tions, and associations between classes.

Ditt et al. [6] classify constraints according to the data involved
in the constraints:

1. Constraints referring to an attribute of a single object.
2. Constraints referring to at least two attributes of a single ob-

ject (a single tuple in a relational database).
3. Constraints referring to all objects of a single class.
4. Constraints referring to an object and its associated objects

of various classes.

Constraints referring to operations of objects are not mentioned in
this classification, but also need to be considered. Only Borges et
al. [3] investigate constraints that are not inherent in the model el-
ements. They focus on items 3 and 4 above and define constraints
for certain spatial properties and associations. An example is the bi-
nary association containment which is defined as: (i) the geometry
of the containing object must encompass the geometry of the con-
tained objects, and (ii) the boundaries of no contained object can
exceed the boundaries of the containing object [3]. Borges et al.
do not consider temporal types such as synchronization. Further-
more, the solution is based on predefined textual rules and there is
no formal language in which new constraints can be specified.

When modeling geographic data, all types of constraints have to
be considered for the geographic properties. This is not considered
in any of the related work. We consider next a brief example of
modeling data including constraints using a formal language, like
OCL. In this example, two classes, building and lot, their associa-
tion, and their constraints are described.
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However the problem is that there are no spatiotemporal opera-
tors defined within OCL, e.g., is-inside. In Figure 7, the asso-
ciation between building and lot is illustrated using OCL notation
for constraints and Perceptory notation for the spatiotemporal prop-
erties.

Figure 7: Association and Constraints Between Building and
Lot

The constraint is-inside attached to the association is not
valid within standard OCL and has to be defined as a user-defined
extension to OCL, as do other relationships such as touches, over-
laps, intersect, and distance relationships.

The constraint on the attribute Number-of-floors demands
that a building has at least one floor. Area requires that the area
of a building should be at least 25m’.  These constraints can be
termed thematic constraints, and they use a standard operator (a)
supported by OCL. However, it is not logical that area is a thematic
property of the object; instead, it should be considered as a property
of the object’s geometry and thus use a constraint like: context
Building inv: self.geometry.area  > 25.

A research direction is to define these geographic types and op-
erations in a user-defined extension within OCL, that then can be
used when modeling geographic data.

4.6 Quality
Quality aspects are important for all types of data, including ge-

ographic, and it is important to have access to this information, as
data always approximate the real world. The aspects of quality in
geographic data modeling are not investigated in previous work but,
e.g., a systematic approach of using patterns or modeling units [7,
11,211 can be used.

An important aspect of quality is that it cannot be assessed with-
out taking into account the application of the data. It implies two
parts of quality assessment: the identification of fundamental com-
ponents in quality and the assessment of quality taking the applica-
tion into account. The inclusion of quality in geographic data mod-
eling only concerns the first part. This is a difficult endeavor, due
to the large number of involved aspects. In this paper we choose to
define quality as consisting of the following fundamental compo-
nents:

l Completeness (omission and commission). Are some objects
missing from the data set or are there objects in the data set
that are not found in “reality”?

l Thematic accuracy (quantitative and qualitative). Is the clas-
sification of an object correct (qualitative) and are the mea-
sured values correct (quantitative)?

l Temporal accuracy (measurement, consistency, and validity).
Are the data valid, and are the time measurements consistent?

. Spatial accuracy (absolute and relative). Are some objects
misplaced?

l Logical consistency (domain, topological, and format). Is the
topology consistent (e.g., lines shall intersect in a node) and
do the data obey the domains specified for them?

. Qualitative quality (lineage, origin, and usage). How are data
created and what is the intended use?

Here, we consider those that are most relevant to the modeling pro-
cess. For a thorough study see, e.g., Guptill and Morrison [12] or
the standardization work done by IS0 within data quality in geo-
graphic information [14, 151.

The internal or the external approach can be used when assess-
ing quality. The external approach checks the data against some
kind reference, e.g., to see if an object in a given data set also exists
in the reality. The internal approach is to check data for consis-
tency using an internal test, e.g., to check if a topological rule is
observed; for example, two lines have to intersect in a node. The
quality components can be classified according to the assessment
approach. For example, the external approach has to be used when
assessing completeness and spatial accuracy, whereas logical con-
sistency can be assessed using the internal approach.

The different quality components are related to different geo-
graphic model elements. For example:

. Completeness is related to object instances.

. Thematic accuracy is related to attributes.

. Spatial accuracy is related to the geometry properties of an
object (likewise temporal accuracy is related to temporal prop-
erties).

l Logical consistency is related to attributes and associations.

. Qualitative quality is additional metadata.

So the quality components can be seen as additional properties to
objects, attributes, and associations, but they are also related to con-
straints, e.g., consistency is related to a domain constraint on an
attribute.

5. CONCLUSIONS AND RESEARCH
DIRECTIONS

This section summarizes and briefly discusses the findings from
the case study. Specifically, the strengths and weaknesses of the
models incorporating patterns/modeling units or standard object-
oriented concepts are considered, as they offer the most promising
outsets for future work.

Table 2 characterizes STER [20], Extended spatiotemporal UML
(Ext. UML) [17], Design patterns for geographic applications (Pat-
terns) [lo],  GeoFrame  [7], Perceptory [18] and OMT-G [3]  ac-
cording to their support for spatiotemporal properties, associations,
roles, constraints, and quality. The category “constraints” indicates
those constraints that are specified explicitly, not those that are im-
plicit, e.g., in associations.

In the table, Yes indicates either complete fulfillment or that only
small modifications are needed to fulfill a requirement. Next, Par-
tial denotes partial fulfillment, meaning that certain elements are
not possible to encompass in the model. Finally, No indicates that
a requirement is not fulfilled.

None of the models satisfy all of the requirements considered,
and additional research is needed to investigate aspects such as
quality, roles, and constraints. All the object-oriented approaches
can be used when modeling roles of geographic objects, but only
Gordillo et al. [lo,  111 consider the topic thoroughly. However
several aspects about roles need to be investigated further. Such



Table 2: Fulfillment of Requirements
Model Properties Assoc. Roles Constraints Quality

S T E R Yes Yes No No No

Ext. UML Yes Yes Partial No No

Patterns Partial No Y e s / P a r t i a l  N o No

GeoFrame Partial Partial Partial No No

Perceptory Yes/Partial Partial Partial Partial No

OMT-G Partial Partial Partial Partial No

aspects include the questions of what defines a role (e.g., differ-
ent semantics or purpose), how roles can be used in a distributed
environment, and a specific notation for roles.

Most of the work involving constraints, except that by Borges
et al. [3], is limited to the constraints implicit in associations and
attributes. A development of an extension to UML that handles ge-
ographic data types and operators is needed because it is important
to thoroughly specify objects to avoid inconsistency and ambiguity.

Most of the models address spatiotemporal properties and as
sociations. Very different approaches have been taken, and not
all models satisfy all requirements. For example, Perceptory has
no formal specifications of spatiotemporal associations, as has Ext.
UML.

It is important that there is a balance between the comprehensive-
ness and ease of use of a notation, Perceptory is very intuitive and
easy to use, but, e.g., does not support some aspects of the tempo-
ral dimension. Ext. UML covers most aspects, but is less intuitive
and more difficult to use. The challenge is to balance the two or to
improve both simultaneously.

The study reported in this paper indicates that future research
should be directed towards aspects such as object roles, constraints,
and quality. Also areas not considered in the case study, including
generalization and fuzzy objects, are important research directions.
When considering interoperability of geographic data, it is an ad-
vantage to have standard modeling notations and implementations
for all these aspects.
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