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Abdgract. The topologica operaors defined in the spatid schemata of
ISO and OGC for vector geometries can aso be applied to ragter
geometries. This principle ability is investigated here for its semantic
implications. From a user’s perspective, topologica operators should
be applicable to features in any representation and any resolution with
a predictéble behavior. The conditions and requirements for
transparency are presented and discussed. At the end it becomes clear
that topological interopersbility is given across representationa
borders.

1. Introduction

11 Moaotivation

An emerging issue for spatid anadyss is the use of digtributed, heterogeneous data
sets. This issue regards for example web mapping, with applications like disaster
management  (which typicdly needs interoperability on demand), or interacting
systems of different agencies or companies, with gpplications in adminigtration or
planning. Typica Stuations are:

After a hurricane the damage shdl be visudized, eg., to coordinate
rescue. Useful data are among others satellite images, topographic data
sefs, car navigation data sets. These data sets are typicdly maintained by
different ingtitutions in different systems and in different representations.



The environmental impact of a planned factory shdl be tested. Data from
heterogeneous sources will be merged: cadastra maps, zoning plans, soil
maps, vegetation  classfication maps,  hydrologicd  maps, and
microclimate information, among others. Again, the daa sas will be
heterogeneous.

Access to remote data sets will reduce redundant locad storage of data sets, and
even buying data sets rarely or partly used will become unprofitable. Furthermore,
with open system interfaces, as specified by the OpenGIS Consortium (OGC), data
conversion becomes obsolete between proprigtary formats. The long-term god is to
hide representationd issues from the user of a geographic information system. The
user is interested in gpatial problems, not in representationa ones. Especidly, when
different representations behave differently such  differences may be extremey
confusing in combining heterogeneous data sources. Thus, one requirement for
interoperability istransparency from data representation.

1.2 Theproblem

The focus of this paper is on topologica operations (operators determining the
topological relation between two spatial features). Topologicd operations for vector
representation  (Egenhofer and Herring 1990, OGC 1998a) behave dgnificantly
different from a naive gpplication of the same operations for raster representation.
Probably for that reason, the OGC specification for raster representation (OGC
1998b) contains no topological operations. The problem is shown by three use cases:

Condder a vector data set containing weter aress, and another vector data
st containing industry areas with environmental impact. Assume the
following query: Is any lake touching an indudrid zone? The common
ingrument to answer such a query is the nineintersection mode
(Egenhofer  1989; Egenhofer and Herring 1990; Egenhofer and Franzosa
1991), which is dso pat of internationa sandards (OGC 1998s; SO
1999). The nineintersection model goes back to the intersection sets of
the interiors, the boundaries and the exteriors of two objects in concern.
Within this model, the topologica rdation touch between two regions is
defined by intersecting boundaries, with no overlgp between the interiors
(Fig- 1.

Consder now two data sets, containing the same information in raster
representation  (Fig. 2). The dbove query canot be answered with
Egenhofer's model without a concept of a (one-dimensiona) boundary,
which does not exist explicitly in raster representations. In digital
topology (Kong and Rosenfedd 1989) two-dimendond boundaries are
introduced that contradict Egenhofer's assumptions. Alternatively, one
could gpply Egenhofer’s nine-intersection method to the four existing
intersection sets between the two interiors and exteriors. However, this
smplifying gpproach dlows only sdecting non-overlgpping weter and
industry regions, where non-overlap means digunct or touch in terms of
Egenhofer operators. For simple regions, the number of possble rdations
is reduced from eight to five (Winter 1998b). — The second prominent



modd, region connection cdculus (Cohn e d. 1997), supports this
generdlized set of rdations within RCC5; RCC is basad on connection
axioms only.

Industrial Zone

Fig. 1: Two touching regions in vector representation: they share a boundary.

Nevertheless, from a user's perspective, the intention of the topologica
query is the same as for regions in vector representations. Instead of
semantic  trandaion of the query result, depending on the actud
representation of the data sets, a transparent behavior of topologicd
operations for both representations is required. In deed, it is possible to re-
interpret raster representations as regular cel complexes (Kovaevsky
1989; Winter 1995, Winter and Frank 2000), where Egenhofer’'s nine-
intersection model  is applicable without redtriction. If  both raster
representations  are  compatible  (having the same orientation and
resolution), the operator can beimplemented as a convolution.

Fig. 2 Two touching regions in raster representation.

Condgder finally two spatia data sets, one of smple features, and one a
grid coverage. Direct evaluation of the topologicd relaion seems to be
impractical for two reasons. (1) due to the implicit nature of boundaries in
one of the representations, the step to make them explicit needs additiond
time and memory, and (2) due to the discrete and regular nature of one of
the representations, the boundary would be highly aggregeted, requiring a
lot of numerical intersection tests Therefore, to determine topologicd



relations between a smple feature and a gridded feature it could be useful
to transform ether the smple feature into a (compatible) grid, or the
gridded feature into a smple feature. As long as both is possible, it would
be dedrable to get consgent results independent of the chosen way of
converson (Fig. 3). This god can be achieved only if in both
representations the same operation is defined, which is here the nine-
intersection.

A, B —_———» rasterized A, B
T~
mixed A, B \
vectorized A, B ——» TopRe (A, B)

Fig. 3: Topological relations are transparent if the diagram commutes, i.e., if for given two
regions A and B each kind of representation shows the same behavior in operations. (Note that
no statement is made about the ‘true’ relation; the results along different paths even have not be

equd.)

With a given mathematicad approach that dlows applying the same topologicd
operations on vector and raster representations, the specia contribution of this paper
is an invedtigation semantic implications of the diagram in Fig. 3. If the operations
work for vector features and for compatible raster festures, do they work dso on non-
compatible rester festures, or on mixed cases (a vector and a ragter feature)? What are
the conditions for a commuting diagram? What does commuting mean here? It is
certainly the behavior we are interested in our argumentation; it is not the result which
have to be equd. The driving force is the question: can representational aspect be kept
transparent for the user? Firdt, the hybrid representation as basic concept is recdled.
Then a generd concept of a fedure in coverage — a geneadizetion of rager — is
introduced. With this concept semantic implications of representing a feature are
investigated. It will be argued that discreteness of representations is common for both,
vector and ragter, 0 in principle the diagram in Fig. 3 commutes. the behavior is the
same. However, due to abdraction and smplification in (independent) observations
the diagram does not commute in practical applications results adong different paths
(or aong the same path but with different data sources) are most probably different.
This is not a representational issue, so the interfaces for topologica relations between
features of any representation are a vauable extenson to exigting interoperability
specifications (OGC 1998b), with acommon, sound and intuitive semantics.

13 Approach

The OpenGIS Simple Feature Specification (OGC 1999b), covering a subset of
festures in vector representations, presents a set of interfaces for the Egenhofer
operations in IDL, the inteface definition language for CORBA (OMG 1999), such
&



Bool ean touches (in Geonetry other);

This inteface of a vector geometry tekes another vector geometry as input
parameter and checks whether both geometries touch, returning true or fase. The
proprigtary data format is hidden in the smple feature interface, i.e, systems offering
this interface should produce a result consistent to the specified modd. — Other
versions of thisimplementation specification exist for SQL, and for COM.

This st of intefaces for the Egenhofer operations is missing in the raster
specification (OGC 1999a), for some reasons. topology in raster is subgtatialy
different from point sets (Kong and Rosenfdd 1989). The hypothesis of this paper is
that, by applying a mathematicaly sound approach of unifying raster and vector
representation behavior, the interfaces for smple festures can be used as interfaces for
festures in raster representations also, and that doing so an intuitive transparent
behavior of topologica operationsis provided.

The limitation to features in raster representations concerns the genera dudity of
features (entities) and fields (Coucldis 1992): raster representations representing
fields require (semanticaly and technicaly) at least a conceptudization to features,
eg., by thresholds or by intervas, before applying topologica operations. The
consequences for generd ragter representations are investigated herein detail.

To be consistent with the notions of the specifications of OGC, we speak of smple
features for (mple) vector geometries, and of grid coverage for raster representation,
dso synonymoudy for a specific raster image. OGC uses coverage in a generic sense,
among them images, grids, irregular point sets, and triangulation networks.

2. PreviousWork

A mathematica approach to unified topological behavior of vector and raster was
developed in other work (Kovdevsky 1989; Winter 1995; Winter 1998a Winter and
Frank 2000). This approach shall be investigated from a usar’'s perspective, and is
presented herein short.

A grid coverage representing sets of festures is considered to partition space into
square pixes, and pixels are atached to features by a vector of nomind attribute
vaues (Stevens 1946). In a coverage, a feature a is sdected by conddering al pixes
with an atribute value a as part of the feature, and al other pixels as exterior of a. In
this interpretation of a grid coverage, pixes are consdered as (two-dimensiond)
surfaces.

Condder the grid coverage of nomind scde as a regular cdl complex: esch pixd is
encdosed by four nodes and four edges of unitdength. In this gpproach, pixels ill
belong to the interior or to the exterior of a feature, but in addition edges and nodes
can beong to its boundary. An intersection of two compatible regular cell complexes
yidds nine intersection sats; the behavior is exactly the same as in irregular cel
complexes like smple features. For that reason we spesk of a unifying approach. An
interesting aspect of this approach is that it is not necessary to store edges and nodes:



they can be deteemined on-thefly during the intersection (Winter and Frank 2000).
Thecdl complex isonly another interpretation of the grid coverage.

Fig. 4: Part of araster representation, completed to a cell complex. In black: boundary.

3. Formal definition of cover age features

In this section the nominad scde of a grid coverage function, the surface view on a
grid coverage, and compatibility of two coverages ae formdly defined. These
definitions underlie the mathematical concept of the unifying approach but were not
made explicit before. They determine the semantics of aragter festure.

The structure of a two-dimensond grid is defined by a function p= o+ au+ by,
where p, 0, u, v are vectors in a reference system, and a and b are integers. The vector
0 is the origin of the grid, and u and v span the badis of the grid. We ddimit oursdves
tofinite grids, and furthermore to rectangular grids with the ranges:

range(@ =[0... n1]
range(b) =[0... m1]

with podtive integers n and m Then the vector (n, m) is the size of the
(rectangular) grid.

A covarage is a festure represented by a two-dimensiona continuous function
which is generdly unknown. A grid coverage is an approximation of a coverage; it is
represented by a function with points in a grid structure as domain, and with vectors
of coverage vaues as range (indead of a vector-vaued function one can imagine a
vector of elementary functions). The vectors of vaues must have a constant
dimenson, and homogeneous types dl over the grid In contrast to coverage
functions, grid coverage functions are observable (countable finite). However, not al
coverage vaues nead to be observed in the red world; there may be dso eementary
coverage functions deriving new vdues from obsarved vaues (es, eg., derivates or
intersections).

The discrete function of a grid coverage can be supplemented by an interpolation
function. Domain of the interpolation function is the continuous space, and the
coverage vaues are its boundary vaues.

Definition: An dementary grid coverage function is of nominal scde if the
interpolation function for the coverage vaues is the nearest neighborhood function
(nomind coverage).

The nomind coverage has one interesting property: the single grid coverage vaue
holdsfor asurface that is called pixd inimages. This surface s coversthe areax

s=[o+(@12u + (b-/2)v ... o+ (at+tl/2u + (b+1/2)v]



A specid case of anomind coverageisabinary coverage.

Definition: A nomind coverage is binary if the domain of coverage vdues consgsts
of exactly two eements.

The binary coverage is a suited representation for single festures feature sdection
or feature extraction labelsthe interior and the exterior by the two vaues.

Definition. A feature in a nomind coverage is the st of pixds with a common
coverage vaue (grid feature).

A grid feature is dways two-dimensiond. The definition alows features consisting
of unconnected components. However, it is guaranteed that raster features — or the
topological hull of them — are smple features in the sense of OGC. Given two grid
features, the topologicad reation will be determined by intersecting the two gid
coverages. Such an operation is reduced to a convolution if the two grid coverages are
compatible.

Definition: Two grid coverages are cdled compatible, if they have the same
common discrete spatia reference system.

The soatid reference system enforces the same resolution and the same orientation
of the base vectors, and discreteness of the system enforces corresponding grid point
postions. Remaining differences in origin or sze can be adjused by (virtualy)
extending both covered rectangles to thdr common bounding box. The extended part
of each coverage contains only exterior of a festure. — For features in non-compatible
grid coverages, one of the grid coverages can be trandformed into the system,
orientation and resolution of the other. The transformation is practicaly done into the
system of the higher resolution, to keep the details. The transformation includes re-
sampling of coverage values.

4. Semantic | ssues

In this section we invedigate the semantic consequences of the forma
requirements, especidly the term ‘feature in a (grid) coverage. This is the main
contribution of this paper, a necessary prerequisite to discuss the use of the
(mathematicdly sound) unifying approach in Sect. 2. The draegy of this
investigation ams a deducing the semantics of topologicd propertties of raster
features from the properties of vector features. This is reasonable since the Egenhofer
operators (on vector features) have been proven to be cognitive sdient (Mark and
Egenhofer 1994; Mak & d. 1995, Shaiff et a. 1998). Therefore a transparent
behavior should be based on vector behavior. Thus the semantics of topologica
relationsin general needs not to be discussed here again.

4.1 Radger Features

One of the remaining problems is the semantics of features in grid coverage. The
generic form of coverage is a function (Sect. 3). It is determined by a sat of locations
(points or higher-dimensond geometries), and a vector of coverage vdues a each
location. The range of the coverage function may be of any type of scde (Stevens



1946). coverage represents properties of locations, but not properties of features
(Couddis1992).

What is conceived as afeature in atwo-dimensiona function, depends on

- the specific domain and context of a user's query. The user belongs to an
information community agreeing in a gpecific conceptudization of the
world into a set of features (classes, not instances).
the ability to observe the user’s concept in the signa of the function. This
item regards the fitness for use of the data set, and concerns precision.

In principle, carving out a festure from a two-dimensond sgnd means a mapping
from (at lesst) an ordind domain to a nomind range, where the nomind scde
represents the st of identities. The nomind scale can contain a null vaue (symbol)
aso, to represent locations that do not belong to afeature in the requested context.

The mapping to nomind range may condst of severd functions, ataching severa
nomind ettributes to locations. A vector of nominal values a a location alows that
the locetion refers to severd features, or: festures may overlap. An example is the
aea of a hurricane and the aea of a cty in two dementay nomina coverage
functions: they may exist at a point of time (partly) on the same location. However, a
single nominal coverage function always represents a partition of space.

Typicd mapping functions are linear condraints on coverage vaues v(X) or on
derivations of coverage vd ues.

- The dmplet case regards a nomina coverage (eg., a map), where a
feature (eg., fores) may be determined by sdecting al pixds of a unique
value (‘green’). Thelinear condraint is

‘forest’ = {x| v(X) = ‘green’}
Thisexample works on ordinal scales dso.
Ancther example regards an ordind coverage, eg., a remote sensng
image, where a fedure (eg., fores) may be determined by sdecting al
pixesinaninterva of vdues

‘foret’ = {x| 127 < v(x) < 135}
or, using avector of loca vaues:

“forest’ = {x| r(x) < 100 Ug(x)<150 U b(x)<100}
A third example regards an ordind coverage, eg., a height image, where a
feature (eg., plain area) may be determined by derivatives of the
coverage values, in this case by dope vaues:

‘plainarea’ = {x| Mx) < 0.1}.

However, mapping functions may be arbitrarily complex, and they may use vectors
of covarage vaues They have in common that they exploit homogeneity of location
dtributes by some means. This mapping is often caled feature sdection, image
classfication, or feature extraction. The result is often not a feature instance, but
merdly a feature class, because the nomind vadue chaacterizes locations of
homogeneous properties, not feature identities. To identify single features further
processing is needed; maybe by identifying connected components, by form criteria,
by aggregation or disaggregation, or Smilar techniques.



4.2 Granularity of representations

The user is in regponsibility to define the mapping function for the features she is
interested in. Thisis critical for some reasons:
the real world is complex and of high variability,
the red world is continuous and by no means of regular structure,
the red world is dynamic,
the concept of the user isvague,
the mathematical formulation is distinct from the concept the user has in
mind,
the formulation by constraints requires clear cuts (thresholds).

Consder for example a hurricane. Such a meteorologica phenomenon is as far a
feature as it is given a name by people. But it is dso a locd maximum in a continuous
wind fidd, and it is difficult to decide where a a time t the hurricane begins and ends
in the fidd. Furthermore, different information communities could have a different
concept of the hurricane. Thresholds are chosen with some abitrariness. The
hurricane is an extreme example of the vagueness of human concepts Exact
knowledge of the location of features is possble in principle for some fiat objects
crested in the mind only (Smith 1995), with the problem not being observable
physicaly. A lack of definition of a festure continues in indeterminate boundaries of
its location (Burrough and Frank 1996, Bittner 1999). A second component of
uncertainty is due to error in observing the coverage vadues. Among different error
components, a leest noise is inevitable. There is a lot of research in modeing error,
uncertainty, or imprecison, proposing rough sets (Pawlak 1982), fuzzy sets (Zadeh
1965), or stochastic methods (Koch 1999). None of these methods are consdered in
interoperability standards up to now. However, observing two festures independently
may disturb their topological relation under these circumstances.

Therefore, features teken or derived from coverage functions ae discrete
goproximations of red world features. Features taken or derived from grid coverage
functions are regular discrete approximations. But features observed by measurement
and put in vector representation suffer from al the same factors. They ae dso
discrete gpproximations of red world features. Granularity (level of detail) influences
topological operations since divers may occur, either of regular (raster) or of irregular
shape (vector)). That means tha effects from granularity are not specific to raster
representation, but concern any representation in the same way. Transparency can be
guaranteed only with respect to the behavior of the operators, not to the results for
two featuresin any representation.

4.3 Discreteness of representations

The desred commutability of Figure 3 cannot be guaranteed generdly, due to the
fact that each representation of a feaure is an approximation. Independent
agpproximations disturb topologica dependencies between the features. Nevertheless,
here is pointed out that this is a problem of generaization, not of the (kind of)
representation.



Representation of rea numbers in finite computers is finite. In CAD systems it is
even common using integers to define coordinate space. Thus vector and raster
representation have the same coordinate space, a grid. The difference between vector
and raster representetion is mainly in the redization of implicit eements: lines are
generated by (by default linear) interpolation functions. In vector representation, lines
may connect any two points, in raster representation, lines may connect only (four-)
neighbored grid points (Fig. 4).

For the nineintersection mode in vector representation, dgorithms exploit (1)
coincidence of points, (2) coincidence of point and line, and (3) intersection of lines.
Accepting the finite nature of vector represertation, the latter two require
agoproximations of line points on the grid of the coordinate space (Glting and
Schneider 1993; Hdlbling et d. 1998). For the nine-intersection mode in compatible
raster representations, an agorithm profits from pixe-wise correspondence of area
dements, points and lines can be inferred. Intersections of eements in al three
dimensons are exact, having each grid cdl represented explicitly. In comparison, the
nine-intersection model  exploits in both represmtations only information a grid
points, and inferstherest.

It is cdear then tha a a conceptud level the nine-intersection model works
identical on both representations: the diagram of Figure 3 commutes a the dementary
orid levd. With regard to discreteness, trangparency of topologica operators can be
guaranteed.

5. Conclusonsand Further Work

This paper bridges the gap between the results of formal research and applicability.
In a thorough invesigation we show that the mahematicdly sound approach
presented elsewhere is a useful addition to existing interoperability standards, with an
intuitive semantics.

In detail it is shown that the user's concepts of topologicd behavior can be
preserved by transparent behavior of topological operations on vector and raster
representations. The value of this demondration even increases considering that types
of coverages other than grids such as triangles, Thiessen polygons (OGC 1998h), or
quadtrees, fit to the surface view and can be interpreted topologicaly as cell
complexes. Coverages with a spaid domain of irregular point sets can be treated in
the same manner: neares neighborhood interpolation maps the domain to Thiessen
polygons.
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