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I NTRCDUCT! ON

Andr ew U. Frank1

The two articles that conmprise this technical report address a fundanental problem
for geographic information, nanely the nodeling of space, fromtwo different points of

view. In today’s @S a nunber of nethods to nbdel space are used, often w thout
sufficient theoretical analysis. |In geographical research, appropriate concepts for
nodel i ng space are used, again often without a discussion of their inplicit
sinplifications and restrictions. |In his paper, M chael Goodchild addresses this problem

by proposing a single unifying spatial concept to which nany ot her concepts can be |inked.
Andrew Frank’s article describes the building of a framework for the terns spatial
concepts, geonetric data nodel and spatial data structure, and defines theses notions and
gi ves exanpl es.

The two articles are simlar in their description of different spatial conceptua
nmet hods to nodel space and different geonetric data nodels used in GS. Goodchild
stresses the potential for these nbdels to be linked to a concept of geographic space,
seen as an infinite collection of points with a set of attributes related to each point.
Di scretization is the principal neans for the standard geonetric data structures (e.qg.
raster, networks etc) to be constructed. This conceptual unifying nodel is then useful to
connect datasets expressed in different nodels, and it also | eads the way to analytica
treatnent of error and error propagation. Frank is nore concerned with the difference
bet ween conceptual nodels - |ike the geographic space Goodchild describes - and the
geonetric data nodels, which can be used for inplenentation of G@S. A geonetric data
nodel nust be formally described and, in principle, nust be inplenentable; therefore it is
necessary a discrete structure. By analogy to the use of the termdata nodel in the
dat abase managenment systemliterature, it is proposed to use geonetric data nodel for the
reference nodel and reserve the term spatial data structure for the actual inplenentation
of a geonetric data nodel. The data npdel describes the | ogical operations and defines
their results, and the data structures show how these can be realized and address specific
per f ormance i ssues.

The two papers are closely related to the research agenda of the NCA A and bring
together the insight gained fromdifferent research efforts. M chael Goodchild | eads
research initiative 1, Accuracy of Spatial Databases, where a concern with nodeling error
and error propagation in spatial data led himto consider the spatial concept he now
proposes (Goodchild 1989). Andrew Frank as a co-leader of initiative 2, Languages of
Spatial Rel ations, focuses on the separation of conceptual and formal nobdels for space and
on the need for |inkages between the different nodels used. The articles are related to
initiative 3, Miltiple Representations, where the differences between the various
representations of the sane geographic features are often found exactly in the spatia
concepts used for nodeling. In initiative 4, Use and Val ue of Geographic Information, a
t axonony of geographic informati on was deened necessary.

O her work by researchers fromthe NCA A related to these issues can be found in:

* a book edited by Goodchild and Gopal containing the papers presented at the
Initiative 1 neeting (Accuracy of Spatial Databases Taylor and Francis, London);

* the report on the initiative 2 meeting (NCA A Technical Reports 89-2 and 89-2A)
e the report on the initiative 3 neeting (NCA A Technical Report 89-3);

e the report on the initiative 4 neeting (NCA A Technical Report 89-6);

e the report on the initiative 5 neeting (NCA A Technical Report 89-13);

The two articles in this report were originally witten for a neeting organi zed by
the M dl ands Regi onal Research Laboratory at the University of Leicester from 21-22 Mrch
1990 on the topic of G S Design Mdelsand Functionality. The neeting brought together a
nurmber of researchers and devel opers, fromuniversities and corporations in the UK and the
United States with nutual interests in the nodels underlying current and future G Ss. It
is hoped that many of the papers presented at the neeting will eventually be published in
the journal Conputers and Geosci ences.

REFERENCES
CGoodchild, MF., 1989. Mddeling error in objects and fields. In MF. Goodchild and S
Copal (eds.) Accuracy of Spatial Databases. Taylor and Francis, London: 107-14.

INational Center for Geographic Information and Anal ysis, University of Mine, Orono, ME
04469. (207) 581-2149. Email: frank@recanl. bitnet



GEOGRAPHI CAL DATA MODELI NG
M chael F. Goodchi | d2

Abstract

Data nodeling is defined as the process of discretizing spatial variation, but is
often confused with i ssues of data structure, and driven by avail abl e software rather than
by a concern for accurate representation. W reviewthe alternative data nodels comonly
avail able in spatial databases, and assess themfromthe perspective of accurate
representation of geographical reality. Extensions are discussed, particularly for three
di mensi ons and ti me dependence.

| NTRCDUCT! ON

Tsichritzis and Lochovsky (1977 p.21) define a data npdel as ‘'a set of guidelines
for the representation of the |ogical organization of the data in a data
base...(consisting) of naned |ogical units of data and the rel ati onshi ps between them'’
Wth fewif any exceptions, the world which is represented in a spatial database is not
conposed of logical units, and thus nust be abstracted, generalized or approxinated in the
process of creating a database. Data nodeling thus plays a fundanental role in spatial
dat abases, and controls the view of the world which the user ultimately receives. As the
G S industry matures, and questions of data structures, algorithns and functionality

becone standardi zed, the critical issue of data nodeling wll becone nore and nore
i nportant, both directly and indirectly through the role that it plays in such concerns as
accuracy. Utimtely, a @S will only be successful if it can present the user with an

accurate view of the world; to do so requires both efficient access to a database, and the
use of accurate data nodels. Mreover different forns of analysis and exploration of the
sane area will likely require different data nodels, depending on the form of
appr oxi mati on adopted in each

The purpose of this paper is to exam ne the issue of spatial data nodeling not from
t he perspective of alternative data structures, but as a process of representing
geographical reality. W
argue that the existence of alternative data nodels is one distinguishing feature of
spati al databases, and creates the need for this distinct perspective. Too often the
choi ces between data nodels are presented as choi ces between data structures, or specific
arrangenents of records and |linkages within the database. |f a data npdel consists of
‘“nanmed | ogical units of data’ and such logical units are abstractions or approxinmations of
geographical reality, it follows that one data npdel is not necessarily obtainable from
anot her, since each may approximate reality in different ways.

To illustrate the distinction being drawn here between data nodels and data
structures, consider a sinple raster in which each pixel has associated with it an integer
representing a census tract nunber. These census tract nunbers point to the rows of a
tabl e contai ning soci oecononmc data. W refer to this |oosely as a raster data structure.
Now suppose that a raster/vector conversion algorithmextracts the boundaries of each
tract as pol ygons conposed of vertical and horizontal pixel edges, and that each pol ygon
now points to the sane census tract table. W refer to this |oosely as a vector data
structure. Although the structure has changed, the information it contains is the sane,
as we have nerely rearranged the conponents of the data nodel, and not changed the manner
in which the nodel approximates reality. Perception of spatial variation is an inmportant
criterion in the devel opnent of data nodels for nmaps, whereas the choice of data nodels
for spatial databases is likely to be quided by very different objectives.

For the purposes of the paper we use the term geographical reality to refer to
enpirically verifiable facts about the real world. Those facts nmay not be certain; in
practice, many of the relevant definitions include substantial uncertainty, as for exanple
in the land use class ‘urban’. A data npdel is a limted representation of reality,
constrained by the finite, discrete nature of conputing devices; the term discretization
conveys nuch the sane neaning as data nodel in this context. |In many cases the
relationship between reality and database is conplicated by the interposition of a map or
anal og store with its own data nodel. Filtering then takes place both between reality and
t he anal og store, and between the anal og store and the database. The data npdels
avail able to analog maps are much nore limted, as they are constrai ned by the technol ogy
of paper and pen (Goodchild 1988b), so the double filtering which takes place nmakes it
even nore difficult to present the user with an accurate view of reality.

The paper is organized as follows. W first discuss the nature of geographica

reality, and the subsequent sections review alternative data nmodels. Extensions to three
di mensions and tinme dependence are di scussed, and the paper ends with some inplications
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with regard to data accuracy and error nodeling.

GEOGRAPHI CAL REALI TY

The fundanental el enment of geographical information is the tuple T =
<X,¥,21,Z2,...,Zn>, giving the values of a set of n spatial variables at the |ocation
(x,y). We allowthe variables z to be of any data type: binary, nom nal, ordinal
interval or ratio. For variables neasured on discrete scales, note that it is always
possible to transformto a space of binary variables, or to coll apse many vari ables to
one. W assune each z to be single-valued at any location, thus excluding over-fol ded

geol ogi cal structures, which nmust be treated as three-di nensional. W assune that the
tuple is empirically verifiable, for exanple by visiting the location (x,y). Later in the
paper we di scuss extension to the tuple <x,y,h,t,z1,29,...,zZn,> Wwhere h is the vertica

dinmension and t is tine.

Since x and y are continuous, the nunber of tuples is infinite. Thus data nodeling
can be seen as the process of reducing the nunber of tuples required to represent reality
to sone finite set small enough to be accommpdated within the constraints of a digita
store. W refer to the infinite set of tuples as a field x and y are also continuous in
anal og map stores, but here the problemof data nmodeling is to find effective ways of
representing the variability of zq through z,. For exanple, it is desirable to find ways
of representing as many real variables as possible in a single nmapped variabl e, through
transformations f(z1,z2,...,2Zn).

The variation of zq through z, may be discrete or continuous in x and y. For
paranmeters such as topographic elevation the data nodel nmay assunme conti nuous vari ation
i.e. the absence of cliffs. However geographic surfaces typically do not have derivatives
(or tangents) which are everywhere well -defi ned.

Spatial autocorrelation (Ciff and Ord 1981) plays a key role in the task of
di scretizing spatial variation. W observe in general that the simlarity between the
variables in the tuples Tq9 = <X1,¥Y1,211,219,...,21n> and To = <X9,V¥9,291,299,...,2Z9n>
i ncreases as the locations converge. Two
general strategies for discretization enmerge fromthis observation. The sanpling strategy
exploits spatial autocorrelation by assumng that (xq,yq) and (x9,y2) nmust be nore than a
certain mninmal distance apart before the associ ated tuples are substantially different.
The piecewi se strategy assunes that the plane can be partitioned into honbgeneous,
?inply-connected regions, with variation within each region described by sone sinple

unction.

Many data nodel s are based on discrete objects |located in the plane, allow ng

spatial variation to be represented by a set of tuples <i,aq,as,...,ans Where i is an
object and a7 through am are the object’s attributes. Location is described by a set of
tuples <x,y,01,...,0i,...>, where 0o; is a binary variable indicating the presence or

absence of object i at location (x,y). The next section reviews a nunber of such object
representations. However in nbst cases objects are generalizations or approxi mations of
variation and poorly defined. For exanple a soil map shows the variation in soil type
over an area by defining a set of non-overl appi ng, space-exhausting area objects. But the
| ocations of the boundaries are not well-defined, and soil type is only approxi nately
honbgeneous within each area (Mark and Csillag 1989; Fisher 1989). Thus neither set of
tuples may be enpirically verifiable - we cannot confirmthat location (x,y) is within a
given object, or that all points within the object have the given attri butes.

O her objects such as benchmarks and buil di ngs may be conparatively well -defined.
Consider the infinite field of tuples <x,y,0> where o is a binary variable, value 1 if

(x,y) isinthe State of California, 0 otherwise. In this case the object is better
defined, but there are still locations and |evels of accuracy at which it is inpossible to
determne o without anbiguity, for exanple along the coastline. |In effect, every

representati on of geographical reality based on discrete objects is approximate to sone
degr ee.

MCDELS OF FI ELDS

In this section we exam ne the alternative data nodel s whi ch have been exploited in
spati al databases. WMst of the discussion concerns the representation of a single
variable, but nmultivariate issues are included at several points.

Pi ecewi se npodel s

Pi ecewi se nodel s partition the plane into sinply connected regions, with variation
described by a sinple mathematical function in each region. Each |ocation is assigned to
exactly one region. Furthernore there exists at | east one path between any pair of
| ocations within the sanme region which is itself wholly within the region. Regions may
therefore contain other regions, but nmay not be disconnected into islands. Many G S data



nmodel s i nplenent the concept of a conplex object, and thus allow the user to create a
super-region as a union of several sinple regions.

A nunmber of forms are assumed for the function describing variation within each
regi on:

Constant. In the sinplest case the value of the variable is constant within each region
The nunber of possible values of the variable is nowfinite, at nost equal to the nunber
of regions, and the nodel therefore places no restrictions on the variable s data type.
In sone cases the regions are defined by the variable itself, by |ocating boundaries in
areas of particularly rapid change, allow ng the nbodel to approximate what is in reality
continuous variation (Mark and Csillag 1989). |In these cases a second step of

di scretization is necessary in order to represent the conti nuous curves of the boundaries
indigital form nost often by selecting a finite set of points and connecting them by
straight lines. This formof discretization is nerely conveni ent as the object being
represented has no existence in reality.

In other cases the boundaries will have been defined by sone process which is
i ndependent of the variable itself. For exanple, nuch socioecononmic data is discretized
by using reporting zones with boundaries which follow streets, rivers, railroads etc. In

this case also the discretization of boundaries is al nbst always by nmeans of points
connected by straight |ines, although the nature of the phenonenon bei ng represented woul d
often suggest better alternatives. A nunber of systens allow arcs of circles as well as
straight |ine segments.

Const ant piecewi se approxi mati ons are commonly used to describe spatial variations
in soils, land use, |and cover and many ot her biophysical variables. The identical data
nodel is used for nmuch soci oeconom c data, although honpbgeneity within zone is | ess often
assuned in analysis of such data. In the biophysical case it is commopn for each variable
to produce a unique discretization, but in the socioeconom ¢c case the set of boundaries is
usual ly commpn to many vari abl es.

Consi der the set of biophysical variables z4q,...,z,4 each with its own associ ated
set of regions R. After discretization of variable i, each region is assigned an
attribute a; ?S; nmeasured on a discretized version of the scale of neasurement of z;, where
S; denotes the discrete domain of the ith attribute. At any point (x,y) we can identify
the attributes <aj,...,an> assigned to the regions which the point occupies in each
di scretization. The concatenated attributes at (x,y) are an elenent of the Cartesian
product S1xSox...XxSpn, and the associated regions P are the fam liar product of topol ogica
overlay of the sets of regions R, Ry, ..., Rnh.

The regions P can be obtained in two clearly distinct ways. First, each variable i
can be discretized, and the resulting regions overlaid. Alternatively we mght attenpt to
discretize the multivariate space defined by zq,z9,...,zZ, directly. 1In the space defined
by the variables z4q,...,zn the first case would result in a partitioning by hyperpl anes
perpendi cular to the axes; in the second, there would be no constraints on the geonetry of
partitioning. The ternms ITU (integrated terrain unit) and LCGAJ (| argest common
geographical unit) are associated prinarily with the first approach. As such, the debate
over whether to use | TUs or independent discretizations as the basis for multivariate
spati al databases (Burrough 1986 p.4) is essentially an issue of data structure rather
than data nodel, and its resolution depends on the conparative costs of data processing
and storage rather than on the accurate representation of reality.

Li near. Now suppose that the variation within each region is described by a plane, or

| i near function apntaix+asy. W require the scale of measurenent of z to be continuous.
The TIN nodel (Burrough 1986) is a particularly sinple formof |inear piecew se

approxi mati on where all regions are triangles, and nodes are restricted to triangl e
vertices. The major reason for adopting triangles is that it is easy to ensure continuity
of elevation across triangl e edges.

Al t hough there are many exanpl es of spatial variables measured on continuous scal es,

the TIN nodel is commonly applied only in the case of topographical elevation. Mny

| andscape-form ng processes are responsive to gradient, and tend to produce terrain with
substantial areas in which gradient is constant, although gl acial processes are a notable
exception (Mark 1979). The TIN nodel allows the sizes and positions of triangles to adapt
to the conplexity of the terrain, with smaller triangles in rugged areas. Recent versions
of TIN nodels allow the user to define TIN

vertices interactively at critical points on the surface, and to position triangle edges
al ong lines of observed discontinuity of gradient (MCull agh 1988).

H gher order functions. WMre conplex functions offer the possibility of nore accurate
representation of variation within each region. Akima (1978) has described the use of
quintic polynomals within each triangle of a TIN, with the advantage that gradi ents can
be made continuous across triangle edges. However, although this nmay be useful as a neans



of producing visually acceptable contours fromirregularly spaced point data, it is |less
so as an accurate depiction of terrain. Discontinuities of slope are commbn on rea

t opogr aphy, and can be nodeled with planar TINs by aligning triangle edges with observed
ri dges and vall eys.

Cont our s

If the scale of measurenent of z is continuous, and if the variable is strongly
spatially autocorrelated, then the set of points <x,y|z?cq,Co,...,Cqp defines a set of
contour lines. Conventionally we assune that the contoured values ¢cq,...,Ccmare evenly
spaced al ong the donmain of z. The set of points form ng each contour |ine can be further
discretized as a finite set connected by straight lines. The resulting contour |ines
partition the plane into regions, in each of which the value |ies between two consecutive
contoured val ues. However the regions produced in this way have certain distinct
characteristics inmposed by the conti nuous nature of z. The associ ated boundary network
has no nodes of valency greater than 2, and two regions can be adjacent only if the
associ ated contour intervals share a conmon val ue.

The popul arity of the contour nodel as a nmeans of depicting topography on anal og
maps suggests that it is optinmal for this particular variable and the technol ogy of
cartography. It is undoubtedly an efficient way of communi cating information on the
spatial variation of a continuous variable to the user, and is reasonably successful as a
nmeans of visualizing two variables. However as a nmeans of discretization in the
rel ati vely unconstrai ned environnment of spatial databases it has a distinct di sadvant age,
as the | evel of approximation varies dramatically across the plane, being nmaxi mum on
contour lines and m ni mum m dway between them The accuracy at any point bears no
rel ati onship to the phenonenon, being controlled entirely by the arbitrary choi ce of
contoured values. Nevertheless digitized contours continue to be a readily avail abl e
source of topographic information
whi ch is perhaps the nost convincing exanple of the filtering effects of anal og map data
nodel s on spatial databases.

Sanpl i ng

Spatial variation can be discretized by capturing the value of a variable at a
finite set of points. A raster results if the points are unifornly spaced, while
irregul ar sanpling may be nore efficient if the density of sanpling can adapt to the | oca
degree of variability. The TIN nodel provides a sinple way of interpolating between
irregul arly spaced sanple points in the case of a continuous scale of neasurement. In
general, however, sanpling inposes no constraints on scales of neasurenment or on the range
of val ues possible at each point.

PLANAR ENFORCEMENT

Thus far we have been concerned with the nodeling of one or nore variabl es whose
val ues are defined everywhere in the plane. In nmany cases it is nore convenient to view
reality as an enpty plane littered by objects, which may be points, lines or areas. Any
location (x,y) is either enpty or occupied by one or nore objects. Each object has a set
of associated attri butes which serve to differentiate it from other objects. W have
al ready conmented that the quality of definition of such geographical objects is highly
vari abl e, and al nost al ways | ess than perfect.

We use the term planar enforcenent to refer to the rules used in converting this
formof representation to a single-valued function defined everywhere. Planar enforcenent
occurs at many points in spatial data handling, and we consider three in particular, with
associ at ed exanpl es.

Consi der the task of digitizing region boundaries froma map. This operation
creates a set of line objects littering the plane, or ‘spaghetti’. |In order to create a
set of regions in which every location has a single value it is necessary to first ‘snap’
lines at junctions and renove overshoots, and then to obtain the attributes of the regi ons
thus fornmed in some consistent way. |In sone cases this latter step is achi eved by
assigning the attributes of an arbitrarily located point to the containing region, and in
ot her cases by assigning attributes attached to each side of each |ine object. The @S
i ndustry often refers to the whol e operation as ‘building topology’, and the term
‘cartographic’ is often associated with the view of the world as a plane littered by
(unrel at ed) objects.

Spatial interpolationis the termcommonly given to the task of conputing a
conpl ete, continuous surface froma set of sanple points (Lam 1983). |In this case a val ue
is obtai ned everywhere in the plane fromattributes attached to a finite set of point
objects. Spatial interpolation can be defined for any scal e of neasurenent, but is nost
often applied when the scale is continuous.

Now consi der a set of objects lying in the plane with the attribute ‘woodlot’. W
can safely assune that these objects will not overlap, but if they do there is no
particul ar problemin assigning the sane attribute to their intersection. But suppose the



obj ects represent forest fires and the attribute is date. Because a |ocation may have
burned nore than once it is not i mMmedi ately obvious how the tuple <x,y,z> m ght be defined
at each point. One alternative would be to nake z a count of fires; another would nake z
the date of npst recent fire, with a special code for unburned regions.

VARI ATI ON ON NETWORKS

Thus far we have been concerned with the representati on of variation over the plane,
whether viewed as an infinite field of tuples or as a space littered with discrete
obj ects. However neither of these views is particularly consistent with G S applications
in transportation or surface hydrology. |In these areas data nodeling requires two largely
i ndependent stages. The first npdels the network as a collection of objects enbedded in
t he two-di nensional plane. The objects are typically nodes and |inks. |In many
applications it is inportant to di stingui sh between |inks which cross geonetrically and
l'inks which intersect at a node, to allow for grade separations. |In this sense planar
enforcenent nmay be inappropriate for these networks.

The second stage nodels the variation of phenonena al ong the network. Attributes
may be associated with points, such as bridges or houses, or variation nay be nodel ed by
pi ecewi se discretization. For exanple the variation of pavenent quality over a hi ghway
networ k m ght be nodel ed by defining segnents with honbgeneous quality. Variation in
el evation of railroad networks is comonly nodel ed by defining segnents of constant
gradient. W use the termsegnent to refer to a discrete el enent of a network.

In the first stage of discretization, locations are defined in the (x,y) plane. In
t he second stage, however, |ocations are nore conveniently defined by a pair of the form
<link, offset> such as street
address, or the <route, m | epost> addressing systemused by railroads. |In summary, the
first stage requires the definition of a set of line objects; a l|ocation (x,y) may or nay
not be occupi ed by one or nbre objects. |In the second, an infinite set of tuples
<l,0,21,Z9,...,Zn> i s defined over the network, where | defines a |link and o an offset
di stance fromthe origin of the link

Just as the plane allows independent discretizations for each variable, it should be
possi bl e to define i ndependent segnentations of a network wi thout repeating the first
stage of discretization in every case. Unfortunately many current 3 S products do not
allowthis. Instead, both |evels of discretization nust be collapsed to one. Because
link objects are allowed only honbgeneous attributes in these systens, it is necessary to
create nodes wherever a change of attributes occurs, in effect forcing the equival ent of
an | TU strategy. For exanple a node nust be positioned at every point event or change of
attributes on a rail network, including stations, switches, tunnels, bridges etc., |eading
to al nbst endless proliferation of |ink objects.

In essence, transportation networks are not sets of linear objects littering the
pl ane, but one-di nensi onal addressing systens enbedded in two-di nensi onal space. The
val ues of spatial variables are defined only on the network, and not in the intervening
spaces. Simlar issues of multiple levels of discretization exist in three-dinensiona
spaces and in the tine-dependent case (see below). It is also possible to find exanples
of spatial variables whose values are defined only at points.

CLASSES OF OBJECTS

We have seen how spatial databases reflect two different views of reality - as
infinite sets of tuples approxi mated by regi ons and segnents (the field view), and as
planes littered with i ndependent objects (the object view). The concept of an object
arises in both cases, but inthe first the area and |ine objects representing regions and
segnents cannot exist independently, but instead nust partition the plane and the network
respectively, and nust be organi zed into well-defined, planar-enforced | ayers. The rules
affecting the behavior of objects in the two views are therefore different.

The term ‘object-oriented” (OO has received attention recently in the @S
literature (Egenhofer and Frank 1988a,b) as many of the conputer science concepts of
obj ect-oriented progranmm ng and dat abases have stinmul ated di scussion in a spatial context.
The OO notion of object identity is clearly
nore conpatible with the object view of reality than with the field view, and the systens
currently being marketed as ‘object-oriented’ rather than ‘layered’ seemto be ained at
those applications in which the object viewis nore acceptable. Kjerne and Dueker (1988)
have di scussed the inplications of the OO concept of inheritance in survey data, while
Arnmstrong and Densham (1989) di scuss the inplications of the OO concept of encapsul ati on
for spatial analysis and nodeling. It will be sone tinme before the full inmpact of OO on
G S becones cl ear.

In summary, we define five classes of objects in two groups:
Field view region, segnent



nject view point, line, area

The regions and segnents in the field view nust be grouped to collectively partition the
pl ane or network, but the classification of objects in the object viewis nore flexible.

The rel ati onshi ps between objects fall into three types:
1. t hose which are necessary for the definition of objects, e.g. the relationships
bet ween points which define a line;
2. t hose which are conputable fromthe geometry of objects, e.g. the ‘contains
rel ati onshi p between point and area, or the ‘crosses’ relationship between two |ines;
3. t hose which are not conputable, e.g. the ‘intersects’ relationship between two

r oads.

Finally, we introduce the concept of an object pair (Goodchild 1988a), a virtua
obj ect created fromthe relationship between two sinple objects, which may itself have
attributes. Mre fornmally, an object pair is the tuple <i,j,a1,as,...,an Where i and j
are two objects of the sanme or different classes and aq through an,are attri butes. The
attributes of an object pair are not normally associated with any sinple object. For
exanpl e, the relationship between a point object ‘sink’ and another point object ‘spring
can have attributes of distance, flow, flowthrough tine, etc., but has no physica
exi stence as a defined spatial object. Gbject pairs are inportant for nodeling various
forms of spatial information, and are inplenented in ESRI's ARC/| NFO, for exanple, as the
‘“turntable’ in the NETWORK nodul e.

ACCURACY
General strategies

If the purpose of a spatial data nodel is to represent an infinite nunber of rea
tuples using a finite nunber, then accuracy is clearly an inportant issue in choosing
between alternatives. Unfortunately the appropriate objective function to use in defining
accuracy depends on the use to which the database will be put. It is tenpting, for
exanpl e, to assune that the appropriate neasure for topographic elevation is the nean
absol ute difference between real and nodel ed height at a randomly chosen point, but this
nmeasure i s nmuch | ess useful than accuracy of aspect to sonmeone concerned w th nodeling
surface flow directions, which depend only on aspect.

In many cases there are several stages of discretization between reality and the
dat abase. For exanple we m ght npdel elevation by neasuring spot hei ghts
phot ogrammetrically, drawi ng snmooth contours, digitizing themand finally building a TIN
nodel fromthe digitized contours. Infornation is |ost at each step, and in sone steps
spurious information is introduced, particularly in the interpolation of snmoboth contours
and the construction of the TIN

Two general strategies seemappropriate. First, it is desirable to minimze the
|l oss of information between reality and the database, by mnimzing the nunber of
di scretizations and mani pulations. In the exanple the data is probably already
sufficiently discretized as spot heights, and the use of contours could be avoi ded
altogether. Second, it is desirable as far as possible to serve diverse needs by creating
several distinct views of the database. For exanple, the contour map coul d be derived as
a view of the (spot height) database, rather than as a step in the conpl ex input process.
The ability to create custom zed views for different purposes should be one of the nmmjor
advant ages of a database approach. |In principle, such cartographic devices as scal e and
generalization, which reflect different views rather than proper ties of reality, should
be treated as far as possible as attributes of a given view of the database, rather than
as attributes of the database itself.
bj ects vs. fields

Al though field and object views of reality are to some extent alternative
perspectives, we have arqued in this paper that the tuples of a field are enmpirically
verifiable, whereas it is only possible to confirmthe existence of an object inperfectly.
For this and rel ated reasons Goodchild (1989) has
argued that error is nore appropriately treated fromthe perspective of field rather than
object. The objects conpiled by cartographi c processes are commonly stri pped of any
informati on on which a useful nodel of error m ght be based, by processes such as | ow pass
filtering of boundaries, and deletion of small regions.

The distinction between fields and objects in nodeling error is best illustrated
with the exanple of contours. W regard a given set of contours as a single sanple froma
popul ati on of possible sets, and require that there be no difference between two sets
other than the effects of error. |t would be unacceptable, for exanple, if one set were
substantially longer or nore wiggly than the other. Then it appears to be inpossible to
wite down a stochastic process which woul d take one such sanpl e and produce anot her by
any formof distortion. For exanple, adding a Gaussian error in x and y to a randonly
chosen set of points along each contour would clearly | engthen the contours, so the two



versions would differ significantly. On the other hand, it is conparatively sinple to
take the field of elevations fromwhich the contour objects were created, add a suitably
spatially autocorrelated error field, and obtain a second set of contour objects.

THE RASTER/ VECTOR DEBATE

The di scussion to this point has deliberately avoided the ternms ‘raster’ and
‘vector’, despite the fact that these are often used to characterize two distinct classes
of G S software. The first section of the paper argued that the sane information could be
readily restructured froma formwhich would be broadly | abeled as ‘raster’ to one which
woul d be accepted as ‘vector’. This section reexam nes the raster/vector debate within
the framework of data nopdeling established in the previ ous sections.

‘Raster’ refers to a data nodel based on a regular (usually rectangular) tesselation
of the plane, in which all locational information can be inputed froma record’s
sequential position, and is therefore mssing fromthe data structure. However the
georretry of a reqgular tesselation can be used to npdel spatial variation in nunmerous ways.
First, and perhaps nost commonly, the value attached to a pixel is assuned to apply
hormogeneously to the pixel’s entire area. In this case the raster nodel is a special case
of the piecew se constant npdel s descri bed above. |In the case of a DEMthe value i s nost
often an estinate of nean elevation within the pixel, and this is al so the case
with renotely sensed images. | n other cases the pixel’'s value is the npodal or nbst commpn
class, or the class at the central point. Further anbiguity arises in the case of a DEM
since local estinmates of slope and aspect are often nmade by fitting a plane to a snal
nei ghbor hood, inplying a piecewi se |inear rather than piecew se constant nodel

The term ‘vector’ is simlarly anbiguous froma data nodeling perspective. 1t can
nmean an irregul ar polygonal tesselation, with piecew se constant variation, or a TIN, or a
set of contours, or an unstructured CAD file containing points, |lines and areas. Thus

nei ther ‘vector’ nor ‘raster’ provide unanbi guous i nformati on on how t he data nodel s
reality. A napping exists between these terns and the alternatives discussed in this
paper, but it depends on conventional usage and is very |oose. Thus the assunpti on nade
inthis paper is that ‘raster’ and ‘vector’ do not provide an adequate and sound basis for
a di scussion of data npdeling.

EXTENSI ONS TO THE MODEL
Conpl ex obj ects

Several contenporary G S designs include the possibility of defining conplex objects
as collections of sinple objects. A conplex object may have its own graphic transform -
for exanple, a collection of points nay be represented as a point - and its own
attri butes, sonme of which may be aggregations or nmeans of sinple object attributes. The
mappi ng bet ween sinple and conpl ex objects nmay be n:1 or nim The concept of a conpl ex
object is clearly inconpatible with the field view of reality.

Shared primtives

In this extension an object such as a point or line my be shared between a nunber
of objects. For exanple the compn boundary between two polygons nay follow a road: the
road and the two segnents of common boundary woul d be defined as a prinmtive shared
bet ween three objects. Any update of the shared primtive would thus nodify all three
objects. Again the role of this extension is different in the two views of reality. In
the field view all arcs are by definition shared, and it would be inefficient not to treat
themas common primtives. On the other hand sharing would not always be appropriate in
t he object view, even though the rel evant objects m ght be coincident.

I nheri tance and |i neage

The nodel contains no explicit neans for attributing accuracy or |ineage to objects,
or of propagating these attributes through G S processes. The technology to do so is at
this point very |imted.

THREE DI MENSI ONS AND Tl ME

The concepts of field and object views apply equally to three dinensional data
(Ganter 1989), where one can visualize space as occupied by a collection of objects, or by
a single-valued function. The B-rep and SCE options, which correspond roughly to vector
and raster respectively, are alternative ways of structuring information, rather than
alternative nodels. Any point in the space nay be associated with the values of one or
nore functions in the tuple <x,v,z,z1,z9,...,Zn>, or by the presence or absence of one or
nore point, line or area objects. Alternatively variation nmay be defined over a surface
or a set of |lines enbedded in the space.

Al t hough the nodeling of three-dinensional data presents no significant problens,

and is common in such fields as CAD and nedical inmaging, it differs fromthe
t wo- di nensi onal case in the |lack of analogs. There is no equivalent of the map to act as



an input nediumor filter. Consequently, although 3D data nodels exist in the digita
domain, the creation of data for them presents nuch nore of a problem and there is a
general lack of suitable data for 3D AS. Hgh priority should be given to the

devel opnent of a 3D data conpilati on workstation, which would allow a user such as a

geol ogi st to input evidence of various fornms (well |ogs, seismc data, expert know edge)
and build 3D data nodels through a variety of forns of spatial interpolation. The sane
issue is mssing in 2D because it is so easy for data conpilation to take place using the
map anal og.

In the case of tine, the asynmetry between tinme and the spatial dinensions
i ntroduces further conplexity. There appear to be five major nodeling options:

1. A finite nunber of discrete tine slices, each viewed as a field.

2. Discrete tine slices, with objects identified in each slice but with no information
rel ati ng obj ects between slices.

3. Discrete tine slices, with static objects which are present or absent in each slice.
4. Discrete tine slices, with objects identified in each slice and |Iinkages between
correspondi ng objects at different tines.

5. Continuous tine, creating a three dinmensional space in which the novenent of

t wo- di mensi onal objects is represented by three-dinmensional objects (points becone |ines,
i nes becone surfaces, areas becone vol unes).

DI SCUSSI ON

In this paper we have tried to distinguish clearly between data structures and data
nodel s, defining the latter as alternative discretizations of the infinite conplexity of
spatial information. Data nodeling in spatial databases appears to adopt two alternative
vi ews, depending on whether it regards reality as occupied by a set of single-val ued
functions defined everywhere, or by a set of objects. Although the data structures used
in the two cases are often identical, they neverthel ess represent very different
perspectives on reality.

The choice of data nodel is critical in spatial data handling, because ultimately it
affects the views which the database presents to the user, and which the user judges
against enpirical truth. Unfortunately, choices are too often limted by the set of
nodel s associ ated with anal og maps, or by the set offered by the vendor. An effective
choi ce between alternatives also requires a degree of understanding of the nature of the
geogr aphi cal phenonenon bei ng represented, and the processes which created it. Finally,
choice also affects the extent to which it is possible to nodel and understand
uncertainty, and its propagation through the steps of analysis. Many of the supposed
benefits of A S technology - the ability to change scale and overl ay, and the separation
of the roles of data collection and analysis - are in sone ways its greatest weaknesses.
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SPATI AL CONCEPTS, GEOVETRI C DATA MODELS
AND DATA STRUCTURES
Andrew U. Frank

Abstract

There seens to be sone uncertainty in the AS literature regarding the use of the
terns data nodel and data structure. There is a clear understanding of these notions in
the database literature and it is possible to define analogous terns for GS. geonetric
data nodel and geonetric data structure. Geonetric data npdel is used to describe a
formal i zed abstract set of spatial object classes and the operations perforned on them
CGeonetric data structure is then the specific inplenentation of a geonetric data nodel
which fixes the storage structure, utilization and performance. Hunmans organi ze their
spatial perceptions using concepts that can be defined as spatial concepts to denote an
informal or not directly inplenentabl e conceptual structure used to understand space.
Exanpl es are given to clarify the theoretical discussion.

| NTRCDUCT! ON

Di scussions of data structures to nodel geonetry for geographic information systens
(A@S) have progressed considerably over the last 15 years. The key issue is to node
geonetric concepts describing reality using a conputer system Al though this does not
seemdifficult, research and devel opnent efforts of recent years have often contri buted
nore to an appreciation of the problemthan to a final solution. Initially, the problem
was consi dered one of optimal data structures on a very low level, close to the
organi zati on and operations of the basic conputer hardware. Discussion of this topic can
be found in Dutton (1979). Research during this tine was concerned with the conputer
ai ded treatment of cartographic data and the industry produced conputer assisted nmap
mai nt enance systens. At the sane time, there were papers discussing the anal ytica
capabilities that a geographic information systemcould offer to geography and ot her
geosci ences. These functions appeared to be extrenely attractive, but research indicated
that nodels had to contain nore than just the cartographic data.

Data structures to represent geonetric data were al so needed i n CAD/ CAM (conput er
ai ded desi gn/ conput er ai ded manufacturing) systems. These systens were initially
devel oped to facilitate the producti on of paper drawi ngs (CAD) but with the prom se of
extending further into the design and nanufacturing process. As in geographic informtion
systens, the limtations of representing geonetric concepts with the tools of traditiona
dr awi ngs becane apparent.

Understanding the linmtations of conputer assisted map mai nt enance systens pointed
the way to data structures which represent geonetry, not the map i nrage of geonetric
phenonena. Frank (1984) arqued that there should be a differentiati on between systens
that deal with data directly representing sone geonetric reality and systens that dea
with map representations. Only the fornmer can support sophisticated geonmetric anal yti cal
fﬂnf}igns, whereas the latter help human users to produce maps that can be anal yzed by
skill ed users.

The di scussion of geonetric data structures often included treatnents of the
conceptual bases and the theoretical foundations but then detailed the inplenmentation
For geographic information systens, two principal standard structures were established:
vector and raster nmethods. Peuquet (1983) even proposed a conpromi se (vaster) concept. A
very extensive literature for efficient inplenentation of raster structures using a
quadtree data structure has been presented by Sanet (1989a, b).

Efforts to establish a theoretical base for geonetric data structures cane from
different quarters. A landmark work (Corbett 1979) stressed the inportance of topology as
a basic mathenmtical concept for organi zing geonetric data. This paper, unfortunately not
published in a widely circulating journal, is otherwise typical for its tine: it contains
extensi ve di scussion of inplenentation at the hardware/ assenbly | anguage | evel, which
somewhat obscures its deep theoretical contribution. Frank (1983a) found a graph theory
based approach | acking. Peuquet (1988) used i nage processing concepts, and Chan and Wite
(1987) traced the origin of the map al gebra concept back to traditional nethods used by
ur ban pl anners.

In this context a nunber of issues relating to term nology arise. In the past,
t hese i ssues have ) ) )
been the cause of sone confusion and an attenpt to resolve themis made here. It is

notewort hy that geographers have started to read the database literature, where very
sim lar problenms have been dealt with for quite a nunber of years and terminology is well
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establ i shed. Geographic informati on system shoul d not invent new terninol ogy, but use and
extend by anal ogy, established informati on system and dat abase terni nol ogy.

This paper will concentrate on the three notions of spatial concepts, geonetric data
nodel s and geonetric data structures. It will be shown that these are three different
concepts which need to be separated. Each of the topics will be described in turn and
sone exanples will be presented. The discussion will conclude with an overvi ew of

alternative viewoints and the problens that can be resol ved adopti ng the vi ewpoi nt
present ed here.

DATA MODELS AND DATA STRUCTURES

One of the reasons for building generalized database managenent systens was the
observation that it was possible to programthe |Iow | evel data structures and the rel ated
access nechanismonly once and nmake these generally useful methods available to nany
different applications. Wrk started with concepts |ike i ndex sequential access nethods
(I SAM and general purpose sorting and nmergi ng routines and progressed to hashing and tree
structures. A conplete and authoritative survey of all these data structures is given by
Knuth (1973) for npbst ordinary (ie non-spatial) problens.

At the level of organization of data, early database nanagenent systens can be seen
as generalized packages permtting the use of sort and search nethods in an integrated
package. Anyone who has tried to use a package of subroutines - and code, for these sane
functions are readily avail able today as packages of reusable routines - is well aware
that the adaptation of such routines to a specific task is no mnor feat. |In order to
describe the functionality of the database managenent systemw thout including all details
of the data structure etc, a sinplified nodel of the data storage system was creat ed.

Most of the details of the specific data structure are inplicit in this nmodel. Indeed it
was explicitly denmanded that the data nodel should be generic and i ndependent fromthe

i mpl enentation or the specific hardware configuration in order to increase portability of
an agplication and to ensure hardware i ndependence of the application prograns (Codd
1982).

Much of the early database nanagenent system di scussion centers around the selection
of the appropriate abstraction and data nodels, with the clear understanding that there is
a trade of f between higher |evel of abstraction and nbre automatic sol utions vs | ower
| evel s of abstraction, nore adaptability and thus (npbst often) higher perfornmance.

Di fferent conpani es of fered database nanagenent systens with different interfaces, with
very significant differences in the ease of use or |evel of know edge necessary to
under st and and use the system (CODASYL 1971).

Data nodel s thus evolved froman effort to find the common functionality and provide
an abstract nodel of typical inplenmentations. [In 1970 E.F. Codd defined a data nodel from
a top-down perspective. He defined a conceptually sinple data structure with an
appropriate set of operations: the relational data nbdel (Codd 1970). The stress on a
data nodel thus focussed on a conceptually sinple construction - which can be inpl enented
in nmore than one way - and whi ch expl ai ns the database managenment system behavior. From a
dat abase admi nistrator’s point of view, the data nodel defines the interface fromthe
dat abase managenent system It can thus be said, that ‘the data nodel defines the tools
avail able to structure the data’ (Zehnder 1981) which will be stored in the database.

This is essentially the same as the definition of the data nodel as ‘a set of quidelines
for the representation of the | ogical organization of the data in a database’ (Tsichritzis
and Lochovsky 1977 p.21).

From a nmodern point of view, it should be stressed that a data nodel is a set of
objects with the appropriate operations and integrity rules formally defined (U Il nman 1988;
Date 1986). This is essentially the definition for an algebra and it is therefore
appropriate to speak of a relational algebra. The specific object types are sel ected such
that they can be used to explain or define the structure in data, and there is often a
specific data description |anguage defined. The concepts are selected so that they can be
i npl emrent ed.

The dat abase conmunity uses the notions of a data structure, which is a generic or
specific set of nethods or prograns to access data stored in a specific way, and data
nodel , which is a generic, highly abstract set of concepts with which a database
adm ni strator can describe the data and their relationships. W propose to use the sane
concepts for geographic information systens, arquing that geographic infornmation systens
face essentially the sane problens and are constructed simlarly
to other information systens.

A data nodel is inplenmented by selecting a data structure which provides the
operations defined for the data nodel and then establishing a mapping fromthe conceptual
operations of the data nodel to specific prograns that carry out the required operations.

DATA MODELS | N SPATI AL DATA:  TWD EXAMPLES



I n geographic informati on systemresearch there have been numerous di scussi ons of
data structures which could be used to represent spatial data and provide a useful set of
operations; in a recent set of books (Sanet 1989a,b) a | arge nunber of such structures are
surveyed. There is also a need for nore abstract concepts to describe geonetric data and
t he appropriate operations, which are i ndependent froma specific inplenentation
(Goodchild 1990; Frank and Mark 1991).

To clarify the notions of data nodel and data structure as applied to spatia
probl ens, two maj or exanples will be presented, nanely the so-called raster and
t opol ogi cal (vector) data nmodels and their underlying data structures.
Rast er data nodel

Thi s popul ar data nodel is based on a raster which divides space in regularly shaped
and sized pieces. For each of these pieces one then records attribute val ues, either as
averages or the values at some specific points. There are a (small) nunber of variants in
the raster data nodel, as we nay use any of a nunber of reqular tessellations to subdivide
space (Diaz and Bell 1986). Typical operations on the raster data nodel conbine the data
fromone raster cell (using the values for different properties) to conpute a new data
value for the sane cell. This is a formof spatial overlay, which conpares well with the
practice of planners (Chan and Wiite 1987).

There are a nultitude of data structures which inplenment the raster data nodel, from
t he obvi ous use of a FORTRAN array, through run | ength encodi ng and quadtrees - as
surveyed by Sanet (1989a). The use of a regular square raster to represent geonetric
values is a geonetric data nodel, for which we can define an appropriate set of operations
i ndependent of the specifics of an inplenentation - as was first done in map al gebra by
Dana Tom in (1983, 1989). There are several nethods to inplement this geonetric data
nodel with its operations; quadtrees, with their specific
variants of inplenentation, being among the nost effective ones (Sanet 1988).
Topol ogi cal data node

Anot her frequently used data nmodel is based on a subdivision of space into
irregul arly shaped regions (often called cells) wth their boundaries, fornmed by |ines
called arcs or segnents which link points (called nodes). This nodel is based on
mat hemati cal topol ogy (Al exandroff 1961) and includes operations to find the boundary of a
gi ven object etc. For geographic information systens use one needs further an operation
to overlay one partition with another one and to determine the intersection areas. Such
an operation obviously uses netric properties to calculate the points of intersection
bet ween boundaries etc. Thus, the data npdel is not purely topological

A standard i npl ementati on uses records for nodes (with their position expressed as
coordinate pairs), records for areas with their values for the interesting properties, and
records for arcs, which contain links to the start and end nodes for each arc and links to
the area to the left and the right of the arc, as shown below There are other
i npl ement ati on concepts that provide the sane functionality, e.g. TIGRI S (Herring 1990) or
the geo-relational algebra (Gueting 1988).

Nodes: <node-id, x, y>

Areas: <area-id, property-valuel, property-value2,...>
Arcs: <arc-id, id of start-node, id of end-node, id of left-area, id of right-area>

In principle, results fromoperations on the sane data, represented by different
i npl emrented data structures, should be the sane. There were thus conplaints when a
federal agency tested geographic information systens which inplenented nore than one
t opol ogi cal data npdel and found that the results from operations vielded substantially
different results

SPATI AL CONCEPTS

The data nodel s of the database nanagenent system di scussion were useful in
representing a specific perception of the world, as represented by the data sets. This
was often assuned as given, as these data represented artifacts (e.qg. bank accounts,

i nsurance policies, stock in warehouse) which

were defined in an operative manner through the business practice. Wen software started
to nodel real systens, i.e. a systemwhich had an observabl e real counterpart, software
engi neers realized that there was an additional problem of how humans conceptualize
reality. This is not a problemin nobst adm nistrative applications as the business
practice, rules and regul ati ons define how things ought to be understood. But the problem
is especially inportant with geographic information systenms as humans seemto use severa

di fferent nethods to conceptualize space (Mark, Frank et al. 1989): we seemto use an



essentially Euclidian geometry when we reason about the spatial arrangenents on our table
or other small areas, but use a network-topology view when we plan a trip or navigate a
car, etc. It is not that reality changes but the concepts utilized to structure our
perception of the situation may vary (Neisser 1976; Lakoff 1987). |In order to cope with
the conplexity of a real situation we have to abstract fromdetails and concentrate on the
aspects that are inportant for the task at hand (Mark 1989; Frank and Mark 1990).

The concepts used to understand space are often based on notions which cannot
directly be inplenmented, either for lack of formal definition or for |ack of
di scretization. The inmaging schemata (Lakoff and Johnson 1980), which are basic for
spatial cognition, and include such fundanental spatial relations as inside, across etc.,
are explained in linguistic ternms (Herskovits 1987) but not formally defined such that
they could be inmplenented. Mst often an infinitely dense collection of points, as in
poi nt set topology or in Euclidian geonetry, is assuned. Goodchild (1990) proposes a
‘geographic reality’ based on points and values for properties of interest at these
points. |Inplementations can only deal with explicit representations for a finite nunber
of objects, thus a discretization is necessary to reach an inpl enentabl e data nodel

We therefore reach the following intermediate conclusion, nanely to differentiate
bet ween three notions:
« Data structures (specifically geonetric and spatial data structures):

Detailed and | ow | evel descriptions of storage structures (traditional data
structures) and the pertinent operations, with details of how the desired effects

are achieved. They will not only provide a specific function (i.e. fulfill the
conditions of an operation) but also are fixed in terns of performance, storage
utilization etc. - they are a specific solution for a generic problem

« Data nmodels (specifically geonetric data nodel s):
A conprehensi ve set of conceptual tools to be used to structure data. They are
defined formally and are constructed such that they can be inpl enented.

» Concepts (specifically spatial concepts and geonetry):
| deas, notions and rel ati ons between them which are used by humans to organi ze
and structure their perception of reality. They differ depending on the task at
hand, the circunstances and the experience of the persons. They are either
informal, i.e. not formally defined or not (currently) definable, or formally
defined but not inplenentable, due to the fundanental restrictions of conputer
systens (e.qg. the fact that they are finite machines).

EXAMPLES OF SPATI AL CONCEPTS

In the past (Frank 1987) we have attenpted in theoretical studies to define the data
t hat describe the non geonetric properties of geographic information. It is sufficient to
abstract all attribute data to a vector of values of unspecified type, and no further
i nteractions between specific operations on this vector and the spatial data need to be
consi dered (geonetric and non-geonetric data in Gueting, 1988). This provides a base
| evel description of spatial data.

If we structure the data in entities, there may be sone additional structure between
the entities (e.g. sets of all parcels belonging to a person, an ordered |ist of al
schools in a district according to their capacity etc.). These are non-spatial aspects
and have to be dealt with with the regular tools of the (non-geonetric) data nodel. W
wll see that it is sonetines useful to base a geonetric data nmodel on a generic one (e.qg.
efforts have been nade to nodel a cell based geometric data nodel using the rel ationa
gata nogel (Gueting 1988) and to map geonetric operations to operations on the generic

at a nodel .

A tentative set of spatial concepts are discussed in the next subsections. This
list is not yet conplete, and it is not even clear if a conplete list is possible. There
are other inportant spatial concepts, which are not included for various reasons; chief
among themis a | ack of clear
understanding. A traditional viewis to differenti ate between an entity based view -
space is constructed fromobjects that fill space - and a space oriented view, where each
point in space has sone properties. This viewis philosophically well established - it
can be considered to go back to Kant on the one hand and to Descartes on the other. This
is avery inportant, theoretical as well as practical differentiation, which |eads to a
nunber of different concepts and differences in the operations applicabl e.

Sets of points

Space is thought of as a collection of an infinite nunber of dinensionless points
whi ch forma continuum Each point is identified by a coordi nate val ue (mathematically



this is equal to R x R for 2 dinensional space) and this nodel assunes that the space is
continuous and that the distribution of points is dense overall. For each point - at

| east theoretically - there exists a vector of attribute values that describe its
properties. This is essentially the spatial concept that Goodchild nentions as
‘geographic reality’ (Goodchild 1990).

Thematic | ayers, surfaces

An attribute associated with space can be thought of as a continuous surface (with a
single value of the attribute per point in space). This concept is used primarily for the
t opogr aphi ¢ surface of the world but can be applied to other data. W may or nay not
assune that the surface is smooth and continuously differentiable, or the values change at
some boundaries abruptly.

Eucli di an geomnetry

Euclidi an geonetry is an entity oriented spatial concept. The objects it deals with
are points and infinite |lines, and the operations on them are explained by a set of
axions. There exists a mappi ng to coordi nate space, with al gebraic expression
substituting for the Euclidean constructions with ruler and conpass. FEach point is
represented by a pair of real nunbers and fornul ae that correspond to geonetric operations
are given. The basic foundation of this nodel is thus very simlar to the point set
nodel , but Euclidean geonetry structures space into discrete entities.

Partitions

A division of space in areas, such that all the areas sumup to the whole and no two
overlap (i.e. they are pairwise disjoint) is often used. Subdivision of land into
ownership parcels is thought
of inthis way, but also soils classifications are constructed followi ng this concept.

Mat hematical ly, such a construction is known as partition. Practically, we find
partitions that are constructed based on attribute values, i.e. the (connected) set of al
points with a given attribute value (or a value in an interval, or set of values) and this
leads to disjoint areas. These partitions are called ‘categorical coverages’' (Beard
1988). ©On the other hand, one often uses choropleth maps, which are partitions which were
previously constructed, e.g. followi ng political boundaries, for reporting census and
simlar statistical values (Robinson et al. 1984).

Delimted spatial entities

In lieu of partitions, one may just define spatial units, each with its boundari es,
wi t hout enforcing that they be disjoint (i.e. without ‘planar enforcenent’, Goodchild
1990). This concept is nore of inportance for conceptual reasons than for actual data
coll ection, where the denand for conpl eteness of data collection (one of the attributes of
data quality, Robinson and Frank 1984) forces automatically a partition concept.

Cel | topol ogy

Cell topology is another, mathematically based concept, related to the continuous
space concept. In cell topology, we deal with cells, of dinension O (points, so called
O-cells), of dinmension 1 (arcs, so called 1-cells), dinension 2 (areas, so called 2-cells)
etc. W are primarily concerned with rel ati ons between these objects, the boundary and
co-boundary relations: an arc bounds an area, an area is bounded by (co-bounds) an arc;
the sane for arcs, which are bounded by points. |[|In pure topol ogy, the exact spati al
| ocation of nodes and arcs is not inportant, solely the spatial nei ghborhood is rel evant.
Thus configurations may be changed, as long as no cutting, hole puncturing etc. occurs.

G aphs

Graphs are built fromtwo sets of objects, nodes and arcs and the connections
between them called adjacency. Variants of graphs have ‘directed arcs’. G aphs need not
be planar (i.e. arcs may cross w thout being connected). There is a substantial set of
al gorithns known to conpute properties of graphs. G aphs seemto be a good approxi mation
to the concepts used for navigation with cars (where we have to follow roads, which forma
graph) and other transportati on probl ens, where a network of possible connections is
given. A variant of great practical inportance is the network,
wher e individual points on the arcs can be addressed (for exanple by distance from one of
t he nodes, CGoodchild 1990).

Cogni tive spaces
It is - so far - not clear what are the exact properties of the cognitive concepts

peopl e use to deal with space. Gbserving problens with extendi ng concepts gathered from
‘smal | scal e spaces’ to other situations, Zubin proposed tentatively a set of spaces



(Mark, Frank et al. 1989), which reach froma nore Euclidian view to a nore graph oriented
one:

Omi perspective: The small space one can perceive, where the mind' s eye sees the object
(e.g. a cup on a table) fromall sides, even if only one side is actually visible.

Mbnoper specti ve:. The case where a view of a space is collected fromvarious gl ances and

t he connected view of space is constructed in the mind (e.g. a room

Scene: Single perspective, where one sees only one side of an object and cannot infer its
other sides (e.g. the perception of a building fromthe street curb).

Territory: The navigational concept, where one forns a concept of space by conbi ning
various views and experiences frominteraction with the space (e.g. a town).

| magi ng schema
Johnson provides a clear statenment of how an i mage-schenat a- based nodel of cognition
woul d oper at e:
"...Mich of the structure, value, and purposi veness we take for granted as built
into our world consists chiefly of interwoven and superinposed schemata... M chi ef
poi nt has been to show that these i nage schemata are pervasive, well-defined, and
full of sufficient internal structure to constrain our understandi ng and reasoni ng.
To give sone idea of the extent of the inmage-schematic structuring of our
understanding (...), consider the following partial |list of schemata, which includes
t hose previously discussed:

Cont ai ner Bal ance Compul si on Bl ockage Counterforce
Restrai nt Renoval Enabl enment Attraction Mass- Count

Pat h Li nk Cent er - Peri phery Cycle

Near - Far Scal e Part - whol e Merging Splitting
Ful | -empty Mat chi ng Superinposition Ilteration

Cont act Process Surface bject Col | ecti on

This brief list is highly selective, but it includes what | take to be nost of the
i nportant inmage-schenmata. |f one understands ‘schenma’ nore |oosely than | do, it
m ght be possible to extend this list at length." (Johnson 1987 p. 126).

GEOVETRI C DATA MODELS

The spatial concepts are typically not directly inplenmentable, because they are
assunmng an infinite set of points (or another formof the sanme conti nuum assunption) and
nust be discretized. Discretization as the major npdelling step i s conmonpl ace in
geogr aphy (Goodchild 1990), but it is often just thought of as sanpling and averagi ng over
regular raster cells. Another |limtation of spatial concepts is that sone of them are not
formalized, but just |oosely described in terns of cognitive processes and experinents.

A geonetric data nodel must have a well defined set of objects and operations on
t hese objects. This fulfills the ‘formal definition' requirenment. The set of object
(i nstances) nust be finite, in order for the nodel to be inplenentable on a finite
conputer system The behavior of the nbdel is stated in terns of the effects of the
defi ned (change) operations, which are observable with the given (observed) operations
(Guttag, Horowitz et al. 1978).

To illustrate, there follows a short |ist of geonetric data nodels and their
characteristics as found in a geographic informati on system

Regul ar tessell ati ons of space (raster)

We can nodel continuous space by a finite set of small, regular shaped areas that
tessellate it. This is a sinple and useful nethod to discretize space, either by requl ar
sampl i ng, which determ nes the value for a specific |ocation, or by averagi ng over the
area invol ved

Poi nt sets using interpolation

We can record the value of an attribute at specific points, either regularly spaced
on agrid or irregularly distributed and then provide an interpol ati on net hod whi ch
determ nes value for all internediate points. There are a |arge nunber of variations on
this thene, depending on what arrangenent of points is pernmtted and what interpol ation
nmet hods are assuned.



Spaghet t

Spatial concepts may represented by sinple lines - usually this nodel is connected
to a cartographi ¢ nodelization, which represents reality as a map and the data nodel is
then used to represent the map (and thus indirectly reality). The lines thenselves nay be
nodel ed by a sequence of points, thought of as connected by straight |lines, or nore
sophi sticated i nterpol ati on nethods may be sel ect ed.

G aph

The graph concept can inmediately be translated in a data nodel. |In order to
sinmplify inplenmentation, restrictions are often i nposed, which may include planarity of
t he graph.
The concept can al so be extended:

» the edges are directed;

* Jlocations on the edges are possible w thout introduci ng new nodes;

e connections on the nodes are not all equal (i.e. there is an internal graph in
t he nodes, which need not be planar - so called turn tables); The connecti ons between the
arcs can be thought of as straight or nmay have detailed and determ ned form (again nore or
| ess restricted, depending on the inplenentation).

Topol ogi cal data node

Thi s nodel includes the topol ogical concepts as well the partition concepts, as it
appears difficult to inplenment a partition structure wi thout the use of topologica
relations. The nodel is often restricted with limtations on

 the formof the edges (often just straight, or approximated by arc of circle or
splines);
« the nunber of nodes per cell

e permission to create islands in cells or not.
Restricting the nodel to forma cell conplex elimnates isolated nodes and edges which do
not separate areas. The definition of operations on cells becomes nmuch sinpler if we
demand that the cells formtriangles formng sinplicial conplexes (in lieu of the nore
general cell complex) (Frank and Kuhn 1986).

Future research

W& see that the data nodels, even if they can be reduced to a small nunber of
typi cal ones, differ between inplenentations, because details of the inplenentation are
allowed to ‘show at the conceptual user interface. This is usually justified by better
performance. However, these small differences are costly, as they hinder transfer of data
bet ween systens and general ly conmuni cati on between systens and their users. The proposed
geogr aphi ¢ data exchange standard (Moellering 1987) informally defines a nunber of
concepts which can be used to forma geonetric data nodel (i.e. terns |ike node, arc,
polyline), but the exact neaning of these terns cannot be given without the franmework of a
formal, algebraic definition using operations.

It is an attractive and inportant research plan to define these geonetric data
nodel s formally, i.e. as al gebraic specifications (Goguen 1989). Fromsuch a definition
it can be shown how the concepts relate to each other. It is essential that we define
mappi ngs between these al gebras, i.e. nmorphisns with map objects and operati ons (see
Herring 1990; Mark, Frank et al. 1989). To a certain extent, Goodchild (1990) attenpts to
show how obj ects of one npdel can be deduced from another one - inplicitly proposing the
poi nt set concept as general

GEOVETRI C DATA STRUCTURES

There exists a | arge nunber of data structures, defined in nore or |less detail, to
i npl emrent the geonetric data nodel. Indeed, in the past it often seened that one found
first a geonetric data structure which then inplicitly defined a geonetric data nodel
The geonetric data npdel however should be the abstract view of the geonetric data
structure, not the other way round.

In order to see the difference between data nodel and data structure, one can sinply
observe that:

e data structure is concerned with performance, storage utilization and other
i mpl enent ati on detail s;
e the data nodel is concerned with function

If we formally describe the geonetric data nodel, it is possible to test to what degree a
data structure inplenents a nodel. |In principle, one should not need to know t he
i mpl enentation details,



and one inplenentation should be exchangeabl e for another one. The data structure should
export exactly the operations defined in the nodel

In the following we will only cite a few of the major data structures, wthout
details as there exist an enornous nunber of variants for each of them

Raster data structures

These inpl ement the regul ar tessellation nodels. Inplenmentation can be as straight
array data structure; nethods applicable to sparse arrays nmay work but best results are
generally attained with nethods to exploit spatial autocorrelation. The best known
met hods are run | ength encodi ng and hi erarchi cal storage schenes, known as quadtrees
(Sanmet 1989b). Hol royd (1990) di scusses the problens of conpression nethods extensively.

Poi nt sets

Data structures to store individual points can use either a tabular structure (and
possi bly sone i ndexi ng nmethods for access) or exploit regularity in the distribution of
the points in space, such that the location of a point can be inferred fromthe identifier
(which often is directly mapped to a storage |location and only inplicitly represented).

I mpl enentation of interpolation nmethods differs widely and there is extensive literature
on different interpolation nethods and how they are best carried out. The choice
evidently depends also on the field of application, as sone nethods are better able to
deal with certain special situations.

Topol ogi cal data structures

The basics of inplenmenting a topol ogical data structure are well understood, but
there are consi derabl e differences between them They differ in the exact data nodel used
and in the details of the inplenmentation. There is considerable literature on the subject
in CAD CAM but a definite text is |acking.

GEOVETRI C DATA STRUCTURES USED FOR | NDEXI NG

In nost applications that store spatial data, access to the data is not only based
on identifiers (e.qg. parcel nunbers, nanes of towns etc.) but also on spatial |ocation.
One needs to answer questions such as ‘what is at location x,y?" or ‘find all objects
inside a window . The data nodel for this problemconsists of data objects for which a
spatial location and extent is defined in a coordi nate system and access operations
retrieve all objects within a window, or finds the closest nei ghbor object to a given
object (Frank 1981; Frank 1983b; Frank and Barrera 1989).

A large nunber of geonetric data structures were devel oped specifically for this
i ndexi ng purpose and a nunber of the data structures included above can be used as well

Buchmann, Guenther et al. (1990) give an updated overview of this interesting field; it is
not the primary concern of this article, because the indexing structure as such does not

participate in the nodeling of reality. |t contributes a performance gain over an
operation which could be, in principle at |east, executed w thout use of the indexing
structure. It is possible to find all objects within a wi ndow just by sequentia

i nspection of all stored geonetric data objects. This is clearly inpractical for nost

| arger data collections, but this is only a performance i ssue, not a nodeling one. Froma
practical point of view, it was found that a geographic information system should use a
spatial indexing structure, but results fromconparison of different data structures are
difficult to generalize.

CONCLUSI ONS
Thi s paper began with an exam nation of the use of the terms ‘data nodel’ and ‘data
structure’ in the conputer science oriented database |literature. ‘Data npdel’ neans a set
of conceptual tools to describe the |ogical or conceptual structure of the data, whereas
‘data structure’ is used to describe a specific inplenentation of a data nodel. A data
nodel descri bes on the abstract | evel objects and their behavior, but only the data
structures fix performance aspects |ike storage utilization and response tinme. |t was

found that simlar concepts apply to nodeling the geonetric aspects in a geographic
informati on systemand it was proposed that the term ‘geonetric data nodel’ should be used
to descri be an abstract view of geonetry and geonetric properties of objects. It is
recomrended that this be formalized using an object-oriented viewoint as an al gebraic
structure with a set of objects, operations to construct, change and observe these objects
and axions (rules) which explain the result of the operations in terns of other

operations. Geonetric data nodels nust be fornmally defined and it nust be possible to

i npl ement themon a current conputer system Geonetric data structures are then specific
i npl emrent ati ons which provide the operation demanded in a geometric data npdel, using
specific storage structures and algorithns. Data structures exhibit specific perfornance



properties, storage utilization and speed of operations being the nost inportant ones.
They are optim zed for certain cases and yet may not be suitable for other applications.

Unli ke admi nistrative applications of databases, geographic information systens
nodel reality, or the elenents of reality humans perceive. |In order to understand and
structure their spatial perceptions, hunans seemto use nore than a single concept of
space, and these concepts often are either not fornmally defined or not able to be
i mpl enented. The term ‘spatial concept’ is used to describe these notions, which are then
formalized and often discretized to forma geonetric data nodel

A conmpr ehensi ve description and conparison of geonetric data structures is the next
major goal. It is hoped that the | arge nunber of data npdels which are heavily driven by
i npl erentation, can be reduced to a smaller number of fundanentally necessary traits, for
whi ch i npl enentations can be found. This would nake conparison of actual systens,
communi cati on between geographic informati on systemusers and transfer of data between
systens nuch easier as one can then use the reference data nodel and not be concerned with
the conceptually irrelevant differences in the inplenentations.
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