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ABSTHACT

Hanagement of spatially referenced (geo-} data forms the basis of Tand information
systems. To build open-ended, reliable and efficient systems we must understand what
geo-data s and what special requirements have been posed by its management. Here we
provide a framework for conceptual definition.

The management of spatially referenced data is approached from an object-oriented
viewpaint arriving at a conceptual definition of data contents, aften called 3 data
model. From integrity and access requirements a general interface to geo-data and a
layered mpdel for implementing specific access functions and geometric structures is
ubtained. Efficiency considerations and the role of general data base management Sy5=
tems are also addressed.

INTRODUCTION

Land Information Systems (LIS}

Information systems are vital far modern organizations to manage their physical and
abstract assets. Land and related resources become scarce. Therefore, society needs
adejuate infornation for its management. The concept of a land Information System
{LIS) has been proposed to coherently bind together these impdrtant data and their
management. it embodies much of the traditicnal.function of the surveying profession
together with many related agctivities.

The fallowing definition was adopted by the International Federation of Surveyors at
its meeting in 19B81:

"A Land Information System is a tool for legal, administrative and econgmic
decision-making and an aid for planning and development, which censists, on
the vne hand, nf a data base containing spatially referenced land-related data
for a defined area and, on the other hand, of procedures and technigues for
the systematic collection, updating, processing and distribution of the data.
The base of a Land Information System is 3 uniform spatial referencing system
for the data in the system, which also facilitates the Tinking of data within
the system with other land-releted data." (FIG, 1981}

Characteristics and Problems of Spatially Referenced Data

This paper deals with dataz related to spatial objects. The data may describe the posi-
tion or other geometric properties of an object, and may also contain other informatign.
An =xample is a parcel, for which we may store its position, geometric data of its
baundaries, the name of its owner, tax-value, land use, etc.
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An pbject is called spatially referenced when its data determings its geographic loca-
tion. The set of object data is also called spatially referenced or 'geo-data' and,
in general, the prefix 'gen-' is used in a corresponding meaning,

General data base management systems (DBMS} have been developed as toois to manage
administrative data bases., What is needed is the ability to use "general geometric
knowledge" bath for defining the data (data contents, rules of integrity) and manipu-
lating it efficiently {e.g. retrieving ohjects close to a certain point}.

Without proper consideration for data definition, information in a collected set of
data may be incomplete, making it worthless for some applications. This problem is
commoa to most large data systems, but it is more difficult to avoid in a LIS becausa
af the traditionally ngn-numerical [graphical) nature of spatially referenced data
collections {i.e. maps). Existing systems often show deficiencies, due te two causes.

The most comson error is defining geographical objects solely by the graphical appear-
ance of some derived output {i.e. map). This geometry oriented approach is supported
by so-ealied interactive graphical systems {(GIS)} which have attained & high level of
user-friendliness and efficiency in interaction, producing impressive results (Kevany,
1979). However, the cost of efficiency has often been incomplete data contents; ail
input ebjects and relationships may not be automatically reconstitutable from the data
hase. Also, these systems often rely solely on interactive operation, neglecting the
possibilities of automatic inference. This is serious when data integrity is affected.

A land [nformation System may also be buitt just as an ordinary administrative data
processing application utitizing a general data base management system. Some integra-
ted systems have been designed and built in this way (SEMA, 1979; ICOREM, 1978; [BH,
1979). There are no theoretical problems in this approach; the data base contents may
easily be defined to be complete and the BBMS provides for good data protection. How-
ever, the systems are oftan large and expensive, yet offering a rather low level of
automation due te the lack of consideration given to geometric methods.

Conclusions for This Research

1t is somewhat surprising that no minimal set of concepts for geo-data seems yet to
have found general acceptance althoush some proposals have been wade {Burton, 1979
Cox, 1980}. For geo-data, we need ordinary data base mapagement facilities (auomented
by methods for treating geometric data).

End wsers and programmers should be given concepts and tools resembling those of ordi-
nary human inference on the Tocation and form of objects. Data base designers should
be able to define geographical data "as it is", detached from implementation consider-
ations. Finally, data base administrators should have tools to automatically quard
the very valuable asset formed by the data. The data base approach is a sound founda-
tion far this. However, a DBMS must be complemented with a layer containing general
concepts of geometry and geo-data. The result may be called a geo-data management

system (GDMS).

Compared to traditional data base management systems, a GDMS ¥s aimed at Facilitating
automatic geometric inference and integrity and the use of geometric concepts in con-
nection with a fixed spatial reference for objects. By "geometric inference”, we

mean relatipaships derivable from the geometry, aand "natural geometric concepts"” meanss
pointing, intersection, inclusion, vicinity, etc. Fixed spatial reference means that
an object is situated at some well defined location. These concepts and tools will
tead ta enhanced efficiency in the construction of systems and data bases, and thus to
a higher level of integration and data integrity,
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Efficiency is crucial because the task of collecting data or transfarming old graphi-
cal maps and other archival data intg digital form is huge. [t easily costs tens of
mitlions of dollars for a City, and several orders of magnitude more for a whole
country. The data base.sizes may be of the order of 1037 and 10% willian byles res-

pectively.

This article is based on research carried put separately since 1977 at the Swiss Fed-
eral Institute of Technology, Zurich, and since 1978 at the Data Center of Helsinki
Metropolitan Area and the Technical University of Helsinki-.

DATA CONTENT DESCRIPTION
Backyround

Traditional maps present geo-data efficiently for human inference. Their high infor-
mation contents are achieved by not requiring explicit identifiers to describe spatial
relationships. Systems that canngt utilize implicit spatial relationships and identi-
figation arg bound to be less user-friendly and efficient (Weber, 19785 Erstling,
1979; IBM, 1979).

It is recognizad that a so-cailed object oriented approach is necessary. The view to
data is from objects to geometry: “Object O consists af lines Lye wois L. Hever-
theless, spatial inference often requires the basic geometric camponents of objects
to be considered as primary. In this geometric approach the view to data is botiom-
up: “Line L belongs te objects 01+ ..., Og"" Here it is imperative to recogniize
when iaaccurately Tocalized geomeLric components of objects refer to the same points
or lines.

Geo-data management should support both the above views. The first one is the most
natural for defining information systems, while the second ane is primary for pre-
serving geametric data integrity and for efficiency in many processing tasks {e.g.
map production).

Traditionally, data hase manzgement is concerned with entities described by sets of
attributes and explicitly defined relationships between the entities. Another way to
describe data is by abstract data tyges: we specify a set of entity classes {data
types) together with a set of 3llawed operations. Both description methods are use-
ful for geo-data managemant.,

. Definitions of Concepts Used

Objects are any real-life entities treated in a geo-data application. In a cadastral
system, obijects eould be buildings, parcels. blocks, etc., or in an underground net-
work information system, they could be streets, cahle 1inas and supparting construction.
The geometric aspects af objects are described by points, lines and areas. Without

loss of generality we censider nodes and Tines the primitive geometric units. A node
is a point given special meaning (e.9. the junction of three lipes).

Examples of lines are:

~ @ straight line segment
= @ palygonal lines with a variable number of points
- an arc of a circle defined by three points.

Areas, which are defined by their boundary lines, are more complex geometric units.
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Ohjeets can be classified on the basis of their data contents (the kends of attributes

a tertain cless of pbjects may possess) or on the basis of their geomelric structures
(what gepmetric properties can be assumed for an object or set of interrelated abjects).
For example, utility lines for water, clectricity or gas have & similar geometry

{Figure 1} as opposed Lo parcels, census tracts, or county subdivisions [Figure 2).

e e

Figure 1: Hetwork Figure 2: Partition (Polygon)

We call such abstract types of geamatry, together with the operations allowed on them,
Basic Geometric Struciures. For example, the gaometry of Figure 2 may he described

as a "comptete cover~ partition {polygon} and it is reasanable to ask questions such
as "Which polygon contains paint (x,y)?". The same question is not meaningful for
geometries of the type shown in Figure 1.

Abstract qeometry denotes the geometry "meant by" a possibly inprecise observed geo-
metry. Abstract geametry is an informal concept because, by observing only the data
gathered in the field, we cannot know the true geometiry meant by it. However, we as—
sume that to each observed primitive gepmetric unit there corresponds a certain unigue
"true” gecmetric entity.

Figure 3: fode uniqueness. A1l chserved nodes within a circle mean the same abstract
genmetric point, .

An observed geometry is called unambiguous i¥-each primitive geametric unit of the
abstract gepmetry corresponds to exactly one primitive geometric unit in the data
base. For nodes. this condition is called node uniquensss (Figure 3}.

The purpose of a Geo-Data Management System {GDMS) is to mansge data describing abject
geometries and related attributes facilitating the cvaluatiaon of geoweiric relation-
ships. Especially important geometric relationships are the so-calied elementary
topolegical relationships {Figure 4), which are datermined by lines sharing a comman
node or objects sharing a common primitive geometric wnit.
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fhe ynometry of a planar object cam be described by a set of linps and nodes.  |n
abstract geometry, all direct negighborhood relationships are determined by olbjects
Dwhing common primitive geometric wnits. The geamalric relationships hetween objects
can be derived from this set assuming knowledge of the corresponding hasgic neomeLric
structure. This “part-of" refationship suffices tp coempletely describe the peome Lric
contents of a data base 4nd forms tLhe foundation of the data nodet in the following

paragraph. [f the abserved geometry is unambiguous, a1l elementary topological re-

lationships can be correctly derived from the version of the geometry stored in the
data base,
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Figure 4: Object & {continugus line) and 8 (dashed 1ine) are elemgntary topolagical
neighbars by having line 1 in camngn. Lines 1 and 2 are aisp elementary
topological neighbars at node 1.

Data Model

A data model is a set of concepts and a related formalism which describes a part of
the real world, Traditionally, data models areg related to the static aspects {data
contents} of datz bases. Various data models given in the literature can be used 1o
describe a data hase or, as here, the data aof an application area. He have chosen

the pntity relationship diagram (Ullman, 1980} for the most general definition of
9eegraphical data (Figure 5;. .

: entitles (here mainly objects and primitive
geometric units)

(:::::::::::::) : attributes describing the entities

: relationships between entities

Figure 5: Dasic foncepts of the Ertity Belationship Diagram

He present a general entity relationshis diagean for gen-datd in W interconnected
finures {Figures & and 7) corresponding 2o the obiject amd jeomg Ly oriented view men-
Lionad above. Because we are not consicering 5 simple data base, we nust usc Lhe
Sysholtsm of Figure 5 For zeneric clasees of entities. atiributes and relationships.



In thes form the data wodel helps ys define the relevant aspects of yeo-data contents
in general for the rest of this paper. |t i5s applied to specific data bases by re-
placing each generic entity by one or more entities having homogeneaus data contents,
and by deleting unnocessary parts {Figure B).
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{Cannection to Figure 7}

Figure 6: Entity Relationship Diagram of the Object Oriented View to
Geomptry.

Explanations:
1. Object: A primitive entity of the application.

2. Object class: A classification of objects determining all
aspects relevant to the data descriptiaon.

4. QObject-node: A node considered as part of an object.
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10.
15
12.

13.

14.

15.

6.
7.

Object-line: A line considered as part of an object.
Belongs to: An abject belongs to an object class.

Belongs to: An object-node belongs directly to the object.
Is a: An object-node means an abstract node.

Belongs to: An object-line belongs to the object.

I[s a: An object 1ine means an abstract line.

Object attributes: Attributes functionally determined by
“object” {a.g. object identifier).

Object-mode attributes: Attributes functionally determined
by “ohject-noda",

Chject-line attributes: Attributes functionally determined
by "ebject-line” {e.g. an attribute
indicating whether the line is a
right/left/center line of a road}.

Dbject relationships: #Hon-gemmetric relationships between
objects, not considered further here.

Abstract node: See Figure 7.

Abstract 1ine: See Figure 7.
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Figure 7: Entity-Rel

stionship Diagram of the Abstract Geemetrry View to Point

and Line Geametry

Explanationss

4..5.
8..%.

16.

17.

18.
19.

Object node, Object line: See Figure 6.
Is a: See Figure 6.

Ahstract node: A gesmetric point which has been named
a node.

Abstract line: A geometrig line {a fne dimensional
point set].

Geametry: A collectian of nodes and line.

Hode class: A classification of nodes determining all
aspects refevant to the data description.
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0. Line class: A classification of lines detrrmaining all relevant
data description aspects and yoomelric type (e.g.
straight line or line with internal points}).

21. Abstract node attributes: Attributes functionally determined
hy “abstract node” (o.g. precision,
coordinates).

22, Abstract line attributess: Attributes functionally determined
by "abstract line" {e.g. precisign
or parametric definition of the line.

23. End: An abstract line is specified to have two end nodes.

24. Incident: An abstract node may have many lines ending
{incident) at ir.
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Figure B: An example of applying the data mode] to a specific radastral
application, where street units and parcels have common straight
border lines and tegether form a partition {compiete cover).

Figuras 6 and 7 heip define the twd main approaches to geo-data management. In the
object oriented data bases. the data description often contains only Figure 6. Such
data bases are simple to implenent, because recognition of primitive geometric units,
comvian to several abjects, is not direcily addressed. The main requiroment is that
Vings be efficiently representable as a primitive data type and that geometric opera-
tions (e.g. intersection} can be used {Cox, 1980). CGeomelric inteyrity is the respon-
sibility of the users.
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The ralevance of the classification of objects to object classes has been established
by cartographic practice {i.e. in defining which real-world objects are presented by
which cartographic notation). In various countries (Brlggemann, 197%; ISOK. 1980;
USGS. 1980; AS, 1981} an effort has been made to standardize cartographic file transfer
(including the meaning of the data) by establishing standard transfer file formats and
phject code catalogues classifying objects.

These code-systems, hecause they have been conceived in the context of the geometry
ariented approach and are intended for data transfer as sequential files, are limited
in expressing relationships. Often they do not clearly separats encoding of attributes
related to conceptually different data types. For instance, the code attribute of a
{ine in such a system may simultaneously refer to an ohject, indicate an object-to-
object relationship and line attributes. A data madel with more strecture, such as
that of Figures 6 and 7, should be used for defining geo-data and, as a corollary,
geo-data exchange standards.

The data model gives a means of describing geographical entities and their attributes
at a conceptual level separated from implementation aspects. It enforces a distinction
of ghjects {application specific entities) from geometry {mare universai}, and produces
a classification of attributes by so-called functional dependencies {U1Tman, 1980Q).
This aids in avoiding the ambiguity that may be caused hy attaching attributes directly
ta geometric units.

The data model is minimal; classifying general attributes of an binary relationships
batween nodes, }ines and objects reguires at least this mmber of concepts. However,
it is, in a way. also complete; the abstract geometry and attributes of any collection
of objects may be described by Tt.

fmplementing Geo-Data Systems using Available Ganeralized Data Base Management Systems

For most computers, software for data base management is available. Such systems are
based on different data modeis: hierarchical, network or relational.

The logjcal data model elaborated on in Figures 6 and 7 can be easily adapted to tha
network or relational data model. Available software gan and prabably should be used
in these cases.

in order to implement a geo-data system, a number of representational details have to
be fixed. These decisions influence mainly performance but this is often crucial to
the success of a project. There are semetimes alternatives for siorage; instead of
staring a data value, it may be computed from the values of other data on each access.
For example, the surface area of a parcel can be stored or recomputed each time the
user wishes to know it. A similar decision has to be made regarding access paths. It
makes an enormous practical difference if we find 2 data element within a couple of
disk accesses {response time 1 second) or if we have to search sequentially the whole
data base {response time some hours perhaps}).

Each relationship in Figures 6 and 7 is a potential access path. Implementation of a
conceptual data model consists largely of choosing the best representations {implicit
or explicit) for each relationship.

REQUIREMENTS FOR A GEO-DATA BASE MANAGEMENT SYSTEM

{ntegrity Constraints

An integrity constraint is a logical proposition that the data base contents must
satisfy. GCeometric integrity constraints are perfiaps the mast typical and demanding
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aspect of yeo-data management. These arg geomelric progosilicns, e, "Na linps ho-
loaging to a certain object type meet except at end nodes”. furming one of the main
ways of enhancing data quality. They also largely delermine the intermal access re-
quirements of 4 geo-data management.

Structural integrity constraints describe a certain basic geonelric structura and
should hold for any observed or abstract geametry known to be of that type, irrespec-
tive of the actual coordinate values measured. For instance, an area must have a
tlosing horder. The purpose of empirical integrity constraints i3 to define when we
mzan the same abstract primitive geometric unity for two observed ones. For instance,
two nodes may be taken to mean a single one if they are too close to each other,

In a geographic data base, structural integrity constraints should override the oh-
served geometry, As a result, ohjects that are known to satisfy the constraints of a
certdin geometric structure may always be retrieved by access functions specific to
that structure. A main purpose of geometric integrity constraints is to make elemen-
tary topology derivable -from geemetry.

Figura 9 illustrates some typical integrity constraints. which are enforced by empiri-
cal parameters and structural invariants {e.g. the requirement thai a line in an area
partition be the border of two areas}).

Nagde uniqueness Line uniqueness

Tree-like line natwark Argd partition

Figure 9: Geometrical Integrity Constraints
A geometric fntegrity check between an object and the data base is usually composed

of chgcks on ¢ach primitive geometric unit af the object. Each partial check can be
described as follows.

Procedure 'Geometric Integrity Check*

1. Retrigve from the data base all arimivive geametric units relevant to jud-
ging the integsity of the new gra., e.y. retrieve all nodes within a certain
distance from 4 node 1o be insertad.
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2. If the new primitive geometric unit is certainly acceptahle, authorize
the intended operation. [f it is incorrect, inhibit the operation.

Thus. the (spatial} query for relevant primitive geometric units i5 a central part of
an integrity constraint. This largely determines the access functions and structure

of the system. [t is shawn that integrity checking may make insertion in a gen-data

base twa orders of magnitude mare expensive than retrieval (IBM, 1979).

Gengraphical Daga Independence

The pursuit of data independence is, perhaps, the main driving force in data base re-
search. Data independence means the separation of conceptual contents from impiemen-
lation details. Programs should not need to be changed when the representation of
data is changed or new types of data are brought in.

Geometric integrity constraints (e.g9. node uniqueness) should be maintained by the
system automatically. A tentative informal definitign of geographical data indepen-
dence summarizes this.

A geo-data base is data independent i€

1. It satisfies the ordinary criteria of data indepandence hy alTowing attri-
bute representation and internal access paths betwsen entities ta be
changed without affecting application programs.

2. It supplies a "small", wall-dafined set of external functions through which
all applications access geometric data.

3. The external access functions are independent of the internal method of
gbject retrieval and ara capable of accessing an ohject as a whote.

4. The external access functions are independent of any auxiliary data base
units {e.g. ceils} ar auxiliary identifiers (e.g. line numbers}.

5-  Geometric integrity constraints arg, as far as possible, defined below the
external interface.

Geograpghical data independence leads naturally to the concept of geo-data types. The
three abstract data types defined by Cox {ie. point, iine and area) do not, however,
seem sufficient from the point of view of integrity.

ACCESS TO GEQ-DATA
A Layer Model .

The different functions within a gee-data base management System should be grouped in-
to layers. The functions in each layer should use the services of the functions of the
underiying layers and each layer should form &-reasenable abstraction of a part of the
whole task,
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Figure 10
1.

1 '
L User interface

Pt

2
Treatment of
user abjects
3
Treatment of basic
gEametric structures
) I

Spatial queries

Spatial storage and
aceess - algorizhris

1

-]
Data base

Figure 10: Part of a Layer Model for Geographical Data Management
describes the layer structure that we recommend for 2 GDMS (Frank, 1981a).

The user accesses the data base either using a specialized application
i “} or a qeneral gag-

The treatment of application specific objects containing a geometry plus
ather attributes and relationships is sccompiished by a specific layer.
Each object class is implementad as an abstract data type defined by its
bperations. Part of this is ordinary application programming, while the
most difficult part is supplied by access functions and integrity conm-
straints of the Towar layers.

Each basic geometric Structura is implemented as an abstract data type by
defining the allawed operations {including integrity constraints). A basic
geomeLric structure may be implemented using the operaticns of another,
mare primitive one. The lowast Tevel implementatian onsists of spatial
dccess to sets of lines and nodes in the data base. Alsg, integrity con-
straints are based on simitar access capahilities.

Spatial Sttridge and accoss alsorithms implemant {efficiently) access 1o a
defined grometric {spatial queries) g topological {"yive neighbor area™)
vicinity. A spatial UBry is a retripyal aperation of the type “Find alt
data base objocts whose geometry intersects the point sei determined by a
window"”. They supply the sos: natural and general interface and basis for
structuring geo-data. Dependisg on tho DEKS dvailetle, tne implementation

142



of spatial queries relies either directly on set-retrievel {relatiopal 0BMS )
or on navigation according to the explicit relationships stored in the data
base (CODASYL DBMS}.

5. The data bagse is physically organized as low-level data representations,
such as records and links between them either wusing a general DBMS or a
tailor-made file system, Only at this Tevel should these general {appli-
cation independent) data processing concepts be reached.

The above layer model achieves geographical data independently by Tocalizing all DEMS-
specific functions in the implementation of Layer 4 and all machine-dependent aspects

in Layer 5. The approach has been shown feasible and efficient enough by implementing
it pn & commercial available CODASYL DBMS {Frank, 1981b).

User Interfage
The user may converse with a Land Information System in different ways:
For an application where the interaction between the user and the LIS can be
standardized. an application progranmer will prepare a procedure simple to use.
Exampte: Retrieval of the owner of a parcel.
In same appiications, for instance in town planning, the information oeeds of the user
are difficult to know in advance. There the user is given a query language which per-
mits him ta state questions in a form understandable to the computer.

Example:  "List all buildings with more than five floors in the Sunny Hill arga"
could be formulated as {Framk., 1982):

LIST

All buildings (GIVE street-name, house-number)
WHERE number-of-fleors GREATER 5

oF

THE area WHERE name = ‘Sunny Hill'.

Treatment of User Qbjects

If an abject-type is declared to have a geometry of a certain basic geometric struc-
ture, it inherits all the operations of the corresponding abstract data type.

The application prograsmer of Layer 2 should, therefore, only need to Tearn that a
certain object has a geomstry a5 depicted in Figure 1 or 2 and not be concerned about
the relatively complex rules regarding integrity constraints for operations on this
geometry, all operations being already abstractly defined in Layer 3. The sole con-
cern is the meaningful application gf specific uperations.

Basic Geomgtric Structures
The set of basic geometric structures of a geo-data base management system should be

open-ended so that the new onas may be defingd as needed. We have, on purpose,
separated the concept of a basic geometric structure from that of an object:
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- A bnsig geomelric strocture incorparates geguetric aspects only.
- The ohject refers to the geometry. but containg also attribute vaiues.

By this separation, pasic geometric sLructures may be made in embody “universal gea-

metric reasaning”. We do not try Lo present an exhaustive set of operations en basic
gecmetric structures, but list some typical ones in Table 1.

Tabie 1: Some Typical Operations of Basic Genmetric Structures

Basic Geemetric Units Dperations Dascription

ling-network check~1ine Checks whether a new [ine-segment may be
inserted {e.g. whether it is connected to
the netwark).

snap-line Modi fies the end nodes pf a line if necces-
sary to connect it to the network.
area-partitien divide An area in a partition iz divided into two
. separate areas.
unite Two adjacent areas of a partition are
jained; the superfluous border-1ina may
be dropped.
get-area Retrieves the area in which a given paint
lies.
neighbor Ratrieves the left or right neighbor area
of a line.

The following is an example of using this concept for input of buildings. e admit a
general rule ambodied in the basic geometric unit, i.e. that no building may cross @
border-line of a parcel.

S—

[ e

-

—_—

Figure 11: Streset, parcel and Building

This rule may be implemented with a spatial query "Ratrieve all parce] border 1ines
within the area given by the building®. Uf there is no such line, the building may
be stored. IFf there is such & line, the building must be rejected because it would’
violate the admitted rule.

We have hardly touched on operators for the most primitive data Lypes. lines and areas.

A comprehensive discussion of these is contained in {Burton, 1979;: Cox. 1980} .
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EFFICIENT [MPLEMENTAT{DN

The efficient implementation of a GOMS requires that the data representation mirror,
as closely as possible, the main access type. The structure of the data base shuu]d
therefore, correspond as closely as possible to the geographical structure (i.e.
Jocation en the parth's surface} of the ohjects represented.  Decause geographical
space is iwo-dimensional. but data representations are one~dimensional (basically
bit-strings}, this is not a trivial probiem.

Hain Access Type

The access method which is most important in a ges-data system is hased on the spatia]
tocation of abjects. The best example is a query te retriave 281l objects of certain
Lypas in order (o draw a map on the screen of 3 display terminal. Such a query is of
the form:

"Show all {houses, streets, parcals)

within window
{512 < x < 614,
414 < y < 478):"

This type of sparial query can be used both by the user at his terminal and in inter-
nal rouvtines of 2 geo-data system; an example was given in tha algorithm in the pre-
vious section.

Qur solution consists of two parts: A spatial directory logically connects abjects
and primitive geometric units to geographical access units. These are usvally taken
to form a uniform or varying grid of cells (Figure 12} with the logical connections
described by Figure 13.  The spatial dIrectory helps 1imit the search for objects
satisfying a spatiai Query to those that intersect the same cells as the query window.
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Figure 12: Cells of a Spatial Directory
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Figure 13: Entity-Relationship Diagram of Geo-Data as Related to the Auxiliary
Grid Cell Concept. This concept is often needed because there may
be no other natural {or efficient) method of aggregating primitive
geometric units for storage and access purposes.

1. Cells: Arbitrary geometric areas (usually rectangles) covering to-
gether the geographical area considered,

2. Object: 5ee Figure 6.

3. S0U: Spatial query unit {windnw} a free area definition (i.e. not

necessarily contained in the data base) utilized in formulating
spatial queries.

4.5, Abstract node, abstract line: See Figure 7.

6..,7. Intersects: An object or.a window geometrically intersects one or
more cells.

a. Belongs to: The geometry of an object may/is required to 1ie com-
pletely within a cell.

9. . Contains: When a window totally contains a cell, this may lead to

& special relationship,

10. Belongs to: If the cells form a partition, nodes belong to unigue
cells.

11. Intersects: An abstract line geometrically intersects one or more
cells.

12. Belongs to: An absiract line may be completely included in a cell:

this is often even reguired and attained by dividing
lines into cell-intersection units {I1 and 12 are alter-
natives).

348



Que tu Lhe characteristics of present-day esternal storage wedia, & spatial directory
does nol suffice for satisfactory performance.

Mass storage systems for data bases have average access times of 30 milliseconds. In
order Lo retrieve pver 1000 records in less than 30 seconds {a typical query), each
access to the disk should not only retrieve one but many records. As the typical
query is based on placement in space [vicinity), records should he placed on the disk
in a manner corresponding to the vicinity of the objects represented {Figure 14).

scattered storage clusterad storage

%

S\ \g

Figure 14: Locality of Access

The above two concepts suffice for efficient access independentTy of the implementa-
tion method. A GDMS canngt be efficiently implemented on a DBMS that daes not offer
tools to direct {approximately) the physical placement of data. The results are en-
couraging and show that a transparent structure with simpie access algorithms may be
achieved. The structures adjust to the configuration of objects without requiring
the user to explicitly define the cells or refer to them in queries. This is one
campanent of geographical data independence of the implementation either on a CODASYL
DATG type D8MS (Frank, 1981a) or a relational DAMS or a tailor-made file system
(Tamminen, 1981).

PRACTICAL APPLICATIDNS

An Existing Land Information System

Several existing municipal information systems integrate a complete geometric des-
cription of parcels, streets, etc., with administrative data. Besides automatic pro-
duction of a unified serigs of wMaps, such systems heip achieve maximum consistancy
and automation in surveying and cadastral functions {Kevany. 1979).

Mast of the integrated systems usa a general data hase management system at least for
the administrative data. Some include an interactive graphical system as a more or
less sel f-contained camponent.

Asoan example, we present a system typical of the most advanced. Amgng existing sys-
tems B ondas achioved a very high level of integration and has been successfully used
daily for several years (Messmer, 1977). {this is not very comman; wany ambitious
arojects mave Tailed.) Other intgresting systems are reported in {uoKs, 1981).
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Scope of the systew:

Basel-Stadt. @ canton of Switzeriand, covers the city of Oasel and a few surrounding
suburban municipatities {37 kw2 with a population of 200,000).

The administrative information system is concerned with:

- data about residents and enterprises

- financial data of the canton and the municipalities (1axes, wages for
emplayees, etc.)

- data describing land and buildings (ownership, use, etc.)

This is a large appiicatian of the administrative type which has built up since 1970,
using [BM hardware and the data base management system {[MS). 1t gradually became
operational and is now successfully used in most departments of the administration.
It can be used for scheduled processing of large amounts of data {batch mode). The
interactive query and update operations at numerous terminals in many offices of the
administration are important for the permanent updating of the data. It is now used
for the preparation of reports and statistics for planning.

Geo-data processing system. © From the very beginning, it was clear that the geome-
trical properties of objects should be included in the system, but it was not deemed
practical to do this within the central computer system designed mainly for adminis-
trative tasks.

Therefore, an independent system, specially suited for the manipulation of geometric
data, was built.

Geo - data processing

Central ERP systerm
residents and digitizer high precision
enterprises plotier

data DEEC
exchanga minicomputer

financial data

buildings and graphical
land use workstation

IBM mainlrame
with IM5 Infarmation
Management Sysicm

Figure 13:

348



This system is connected to the central data processing unit {Figure 15). The Clumis
software {Clumis} has been built by the hardware vendor for this system. Hasically,
two different types of data sets are currently maintained:

- for the property map in scales from 1:50 up to 1:2500.
- for the town map featuring streets and street mames for use by the general
public {scales from 1:2500 up to 1:75000).

There are plans for inclusion of the existing utility lina map (featuring water,
sewage, gas, electricity and telephone 1ines) in the same scale as the property map.

Pracessing is not limited to the geometry oriented approach. The object concept is
partially included as well. As an example: The area of a parcel may be computed
using the stored geometry and transmitted to the central administrative data base.
The parcel is recognized as an cbject in both systems, using the same identifiers.
Other objects are streets, utility lines, etc.

Most of the attributes of the objects, whose geametry is stored in the specialized
system, are stored in the central administrative data hase. The geo-data system sup-
ports the following basic geometric and graphical units:

- paints with coordinate values based on the natieral grid
- straight lines and arcs of circles

- map symbols

- lext

For each geometric object a minimal number of attributes {main identification key and
objeet classification) are included.

Access is through identifiers, location or interactive painting on the graphical work
station. To speed up spatial access, all data is divided intg map sheets. The moment
data within a sheet shoeld be accessed, all data of the sheet is brought from the ex~
ternal compressed form to the internal form which is especfally suited for spatial
queries.

To maintain the data integrity across sheet boundaries, special tests are periedically
performed.

The separation into two computer systems excludes a generally available interactive
graphical gquery facility. The predominant use of the graphical system is the mainte-
nance of maps.

Reasons for success. The most important points making this endeavor successful are

only remotely related to the topics of this paper:

- a comprehensive plan for realization of EDP applications within the adminis-
tration, based on data base principles.

~ minimal redendancy -

- a plece of data i5 stored only once and can be used for different applications.

- data security

- data protection (including the geometric aspects of reality as well)

A clear organization for the different functions of data collection and processing,
especially concerning the operatians for property surveying and measuring of utility
lines is needed; the surveying department performs measurement operations in the
terrain and maintains the data base.

In retrospect, it seems that during the development, sound theoretical concepts have
been used. It could be concluded that the surveying practitioner, with his long ex-
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perience of using geometric data, has had, all the time and partially unconsciously.
the relevant concepts for describing the functions of a geo-data system.

Practical Advantages of the Methodology

A GDMS of the type proposed in the secton on efficient implementation would have
brought the following advantages to the application described above:

1. The data base approach makes it possible to integrate gegmetbric data with
any other data. At the present, gegmetry is aften confingd to a separate
graphical system )imiting interconnections.

2. Data base administration would become pussible with the data base adminis-
trator having conceptually suitable tools to enforce data quality.

3. With an unambiguous. complete geometry and procedures for easily evaluating
implicit relationships, data base structure may be simplified. Maintenance
ic more automatic because less explicit relationships need to be updated.

4. A generally accepted conceptual framework would make the development of
application systems easier. AL the present time, each organization de-
fines its own versions of the geometr®c concepts.

5. A good gquery language would make it possible for end-users to program sim-
ple applications themsglves, thus increasing data usage.

6. Programming application systems would become much cheaper.

7. Because program development would be easier, the data collection and
checking programs would be made more automatic with large potential savings
and better data quality.

FURTHER RESEARCH
Despite the universality of geo-data management, its problens are surprisingly dif-
Ficuit and much research is needed to reach a consensus on @ minimal set of concepts
necessary for a wide-spread application of the methodology.
The fellowing seem the most relevant probiems to study:

1. The connection of the abstract data type and data base approaches into
one data definition tanguage

2.  Definition of a <omplete set of basic geometric structures and formali-
zation of the related integrity constraints

1. Formalization nf the concept of geosgraphical data independence

4., pefinition of a general geo-query language

5. Efficient access to geo-data
Of course, the most pressing task is to test the concepts of the present article by
applying them to as many Land Information Systems as possible. He advocate the con-
structive approach to this field of research. The proposed tools should be imple-

rented as ap operational GDMS and utilized in various applications. We believe that
a realistic data description language can be developed only after this effort.
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’ Actually, we proposed that the system structure of Figure 10 be built and tested
“botion-up"s

[. A DBMS should be used as a basis {Layer 5).

2. Next, a minimal set of structures and access functions for objects composed
of nodes and 1ines should he implemented together with a spatial directory,
locality of access and spatial queries {Layer 4).

3. Based on Layer 4, basic geometric structures may first be implemented as
ordinary application programs. After gaining sufficient experience they
can be formalized inte a data description language as part of the GOMS
{Layer 3).

4, The handling of application dependent objects is developed similarly to
Layer 3 but might never attain the same level of formalization {Layer 2}.

CONCLUSICHS

1. Both the object and geometry oriented views of ges-data are essential. and gen-
- data poses special requirements on ¢ata management. Completeness of data con-
tents is the most impartant requirement for application dasign.

2. Figures b and 7 form a nmatural data model for conceptuzlly defining gen-data
contents and for indicating the various roles of geametry-related attributes.

3. Geographical data independence is a central requirement of a GDMS, be it tailor-
made or built upon a DBMS,

4. Geometric integrity assurance is a main design objective for a gen-data manage-
mant system.

5. The GOMS should be specified with a clear layer structure defined by the access
functions of each Tevel. 0One layer should correspond to basic gegmetrical
structures.

6. A general query language for interactive data selection and representation is
needed.

7. Geographical data types are natural to use and are needed as primitives in a
GOM5. Separate points, lines and areas do not suffice as the only data types.
More compl icated aggregates, together with appropriate access functions, should
be freely definable as basic geometric structures.

B. Spatial directories and logality of access are necessary for efficient perfor-
mance.
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