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Abstract

The relational data model has proven to be loo restrictive for applications with spatial data,
such as Geographic Infermation Systems (GIS). In particular, the absence of techniques to form
complex objects and represent spatial objects at different abstraction levels makes it difficult to
model geographic situations propetly. The ohject-oriented approach, which has heen recently
promoted [or similar engineering applications, such as CAD/CAM, VLS! design, or molecular
madels in chemistry, szzms to overcome some of the deficiencies. By incorporating the abstrae.
tion mechanisms i e cocdizalion and agiryution, the data model gets richer and mare powerful
than the relational modsi, and the application designer is given more and better tools to model
complex situations,

Both generalization and aggregation invelve the derivation of attribute values at different
levels of detail and abstraction. Twa mathods for the derivation of praperties are introduced: (1)
ind vituner describing praperties and methods of subclasses in is_a hierarchies, and {(2) preygu-
sprdinn deriving praperties in part_of hierarchies. While inheritance acts in a top-down fashion
alang the generalization hierarchy, propagation can derive values from parts to the aggregates
(bottern-up). Frequently aggregate [unctions, such as SUM, MIN, or MAX are invalved to pass
on properties of composed objects to jts parts,

1 Introduction

The relational model upon which mest current GIS software systems are duilt has been ac-
knowledged as an insufficient mode! for applications that deal with spatial data [Frank 1984}
[Hérder 1985] [Frank 1988b]. The application of object-oriented techniques for the design of
future Geagraphic Infarmation Systems has been proposed on several stages, e.g., such as
Message-passing programing tanguage [Kjerne 1986, ohject-ariented database management sys-
tems {Egenhofer 1987). and object oriented software engineering technigues [Egenhafer 1988a)
[Egenhofer 1989b]. This paper focuses an advanced ebject-orignted technigues to model the
dependencies of properties, operations, and values in generalization- and aggregation hierar-
chies. These methods are ideal for applications with spatiat data, because they enforce natural
phenomena, such as the fact that the arca of a subdivisian is exactly the sum of the areas of
the partitions.

"This research was partially Junded by grants from NSE wnder No. IST 16-99123 and Digital Equipment
Corparation. The support fzm NSF for the NCGIA under grant number SES 88-10917 & gratefully acknowledged.
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deling, object-oriented
J. and object-oriented program-

database management systems [Dittrich 1986b] [Dittrich 1088
ming languages [OOPSLA 1986a] [OOPSLA 1986b] about various types of inhe
behavior vs, abstract implementation, single vs, multi
vs. downwards.

The paper begins with an overview of the principles of object-
GIS applications show the benefits of the abstraction mechanis
association, and aggregation, for spatial modeling. There are tw
from one objact to another. In section 3 the data model is
properties of objects in a generalization hierarchy. In section 4
the values of objects that are linked by association ar aggregation. The separation of these
two different methods is impartant; therefore, clearly distinct terms are chosen. Prapagation
is sometimes called in the literature spcard inhevitanee |Barrera 1481] {Brodie 1084a], but it
ent concepts which must nat be
mixed. The paper conciudes that inheritance and propagation are impartant for GIS applicatians
and need efficient support fram object-oriented programming languages.

ritance, such as
ple, automatic vs, on-demand, and upwards

oriented modeling. Examples of
ms classification, generalization,
@ methods for relating preperties
extended by inhreitusmer linking
propagation is introduced linking

2 Object-Oriented Model

This chapter intraduces the notation of objects and the abstraction touls available to deal with
them. A definition of ohject-arientation s that an entity of whatever complexity and structure
tan be represented by exactly one object [Dittrich 1986a). Na artificial decompesition inta sim-
pler parts should be necessary due to technical restrictions, e.g,, nermalization rules [Codd 1973].
The cbject-oriented data model is built on the four basic concepts of abstraction (Brodie 1984b]:
dlassifieation, generalization, assoctation, and aggregation,

L

2.1 Classification

Classification is the mapping of several objects (instances) to a common class, The word oljeet
is used for a single occurrence (instantiation) of data describing something that has some indi.
viduality and some ohservable behavior. The terms aliject type, sort, tupe, absteact duty fype,
or mudult refer to types of objects, depending on the context. In the object-oriented approach,
every ohject is an instance of a class, A type characterizes the behavior of its instances by
describing the operators that are the only means to manipulate thase objects [O'Brien 1926].

. ame operations. Classification js often referred te as the insianec af relationship becanse the
individuals are fiestaners of the corresponding class.
For example, the GIS model for a town may include the classes residenee, rommereing
building, and street, A single instance, such as the residence with the address ‘30 Grove Street’
it an instance of the class resiidenee, Operations an

%o for instance the class residenee may have the properties nmunder of bedrooms and atililvess
which are specific far all residences.

22 Generalization

Generalization Eroups several classes of obje"cts, which have some properties and operations in
£ommon, to a more general superclass [Dahl 1966] [Goldberg 1983]. The terms subrfass and
M telnss characterize generalization and refer to object types which ara related by an is.u
Telation, The canverse relation of superclass, the subelass, describes 3 specialization of the
© Wperclass, For example, the object type sesidence is a builiting; residenee is a subclass af
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hailding, while buitding is its superclass',

Generalization may have an arbitrary number of levels in which a subclass has the role ¢ -

a superclass for another, more specific class. The building] vesicle nee-generalization ean b,

extended with the class rumd mside e, White sitle e is a subclass of building, it is at thy

same time a superclass for rural n side s =

It is important 1o nate that superclass and subclass are abstractions for the same object
and do not describe two different objects. The residence with the address ‘30 Grove Straet’
for example, is at the same time an instance of the class rrsidener as well as of its superclas:
Iuiliding,

2.3 Association

Association is a form of abstraction in which 2 relationship batween similar objects is considerec
a higher level set abject [Brodie 1984L). The term ~it is used to describe the assaciation, and the
associated objecls are called sl 1s; Hence, this abstraction is refarred to a5 Lhe wre il v
relation, but is also oflen called gronping of puriitioning. For example, a subdivision divides
one parcel inta several parcels.

The details of a member object are suppressed and properties of the set object are empha-
sized. An instance of a set object can be decomposed into a set of instances of the member
object, Association applied to objects (members) produces a set data structure, An operation
over a set consists of one operation repealed for each member of the set, e.g., a FOR FACH
loap struclure, found in some modern programiming languages, such as CLU [Liskov 1981].

For example, the rity Orono and the huiltig with the address ‘30 Grove Street’ are assa-
ciated by the retationship insid

2.4 Aggregation

A similar absteaction mechanism to associalion is aggregation which models composed ohjects,
i.e., objects which consist of several other objects [Smith 1977, The termt rumpusit object
describes the higher-level ohject, while subpatrt e cotpone nt refers to the parts of the com-

posit object. The relationship among the components and the compesil object is the parfnj _
relationship, and the converse relationship is vonsists.of . For example, the class buildling is an :

aggregate of all walls, windmes, doars, and ronfs which are purt of it

When considering the 2ggregate, details of the constituent objects are suppressed. Every in-
stance of an aggregate object can be decomposed into instances of the component objects, Each
part keeps its own functionality, QOperations of ageregates are not compatible with operatiane
on parts.

Aggregation applied to objects (componenls) produces an aggregate (or record) type data
structure. An operation over an aggregate consists of a fixed number of different operations
in sequence or in paraliel, one for each component. Hence, aggregation relates to sequence or
parallel control structures.

3 Inheritance

In generalization hierarchies, the properties and methods of the subclasses depend upan the
structure and properties of the superclass{es). Inheritance is a tool 1o define a class in terms of
ane or more other, more general classes tDahl 1966). Properties which are common for superclass
and subclasses are defined only once—with the superclass—and inherited by all ohjects of the
subetass, but subclasses can have additional, specific properties and operations which are not
shared by the superclass. Inheritance is the transitive fransmission of the properties from one

'Frequenlly. the terms posvewd and ehilit 2o wsed for superclass and subelass, respectively. Thougl this
terminology is helpful 1a clarify the dependency of subclasses from superclasses, il is not accurate with respect
to the abstiraction, bacause the relationship between parent and child = nol i,
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superciass to all related subclasses. and to thejr subelasses, ete, This concept is very powerful
because it reduces information redundancy [Woelk 1987] and maintains integrity, Modularity
and consistency are supported since essential Properties of an abject are defined once and are
inherited in all relationships in which it takes part.

Operations of the superclass are zpplicable to al| objects of the subclass because each object
of the subclass js at the same time an ohject of the superclass; however, operations which are
specifically defined for 5 subclass ar= not compatible with superclass objects.

3.1 Single Inheritance

The inheritance relation can be restricted to form a stric hierarchy and is then often referred to
as «inyh inheritance, Single inheritance reguires thal each class has at most a single immedjate
superciass. This restriction implies that each subclnss belongs only ta 2 single hierarchy group
and one class cannot be part of several distinct hterarchies. :
Figure 1 shows an example of inheritance along a generalization hierarchy.  Br civde ner s
the general superclass and ¢ty i e and rurnl veside nee are the specific subclassas, All
properties of the class i sidy pes are inherited to the twe subclasses. For example, v xivh i N
is 3 property of the class s widh nes which applies to gl ety nsidenres and rurnd o sidene s,
and herce is inherited to them, Likewise. all operatiang defined upon residenes | such as taring
ine a residonee, are applicable bath ta ity residences and ruval v side e g, On the other
hand, the eperations defined specifically for a subclass are not applicable for objects of the
superclasses. For example, 1y s SuhwnySiap is a property which applies anly to city residences.
The common tepresentation of hierarchies as trees is used for strict inheritance with the mast

general superclass at the top, and the most specific subclasses at the bottom. Each class is
modelled as a nade, while the j=

Figure 1: An example of inheritanca along a generalization hierarchy with the more general class
at the top and more specialized classes 3t the bottom,

@ more complex generalization hierarchy with 3 jevels of classes. The properties of a hniliting,
such as mddirss and awnry, are inherited to the subclags tesidence, and also transitively to the
stth-subclasses rural wsitd ner and iy side pee
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building

residence

city residence | |ryral residence

Figure 2; Properties are transitively inherited from a superclass 1o all jis subclasses, the
sub-subclasses, ete.

3.2 Formalism

The inheritance relatjon can be described formally in First Order Predicate Calenlus, First
Order Predicate Caleulys is a language hased upon 3 sat of primitive symbals composed of (1)
variables, constants, and predieate symbals; (2) logical connecters NOT, AND, OR, implication,
and equivalence; (3) guantifiers FOR ALL and EXISTS; apd {4) parentheses. A combination
of canstants and variables {called predicates), linked with the togical connectors, is called a
weil-formed farmula (ardl).

Subsequently, constants {or facts) are capitalized, while variable names are lower cased.
Facts and rules {axioms) will be marked by an asterisk {*) to distinguish from inquiries about
predicates {hypothesis). Each property of a class is expressed as a predicate of the form P
(s, prvuperty). Generalization is described as the is_n-predicate of the farm fua {subriass,
supi reluss), The following facts describe the model depicted in figure 2.

*p (Building, Address).
*p (Building, Owner).
*p (Residence, Resident). -

*ig_a (RuralResidence, Residance).
*ig_a (CityResidence, Residence),
*is_a (Residence, Building},

Inheritance is then defined by a predicate prope etics which recursively derives the properties
associated with a class and all its superclasses.

*pruper.tiés (class, property) IF P (class, property).
*properties (class, Property) IF is_a (class, superclass),
properties (superclase, property).

All properties of the clags eitylesidonee ean then be determined with the predicate
Properties (CityResidenca, proep).
which is fuilfilled with the follawing values for the variable preg

prep = Resident
prop = Address
Prop = Ouner

Likewise, it can be determined to which classes a certain property belongs, e.g.,
Property {class, Resident).

yields
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class = Residence
class = RuralResidence
class = CityResidence

This example showed the need far the definition of properties only once, that is with the most
general superclass. All dependent properties are derjved with the transitivity rule.

3.3 Multiple Inheritance

The structure of o strict hierarchy is an idealized model and fails frequently when applied to
real world data. Most ‘hisrarchies’ have at least a few non-hierarchical exceptions in which ane
subclass has more than a single, direct superclass, Very often more than one hierarchy of classes
axists which is used concurrently. Again, the one-superclass-per-subelass rule is violated, Thus,
pure hierarchies are not always-the adequate structure far inheritance. Instead, the esncept
of multiph inheritance [Cardelli 1984] permils Lo pass operations ar properties rom several
higher-level classes to another class. This structure is not hierarchical, because—in terms of the
parent-child refation—ene child can have several parents. Figure 3 shows the simplest case of
multiple inheritance with a subclass inheriting properties from two distinct superclasses.

superclass 1 superclass 2
subclass

Figure 3: Multiple Inheritance: The properties of 2 distinct superclasses are passed ta a comman
suibclass.

An example fram geography shows how multiple inheritance combines often two distinct
hierarchies. One hierarchy is determined by the separation of arfifirinl and naturel transporta-
tion links, whereas the other hierarchy distinghuishes wafer bodins, Classes with properties
from both hierarchies are ehonnels, that are artificial tansporinlion livks and watcr bodic s,
and mavigaflt rivers, that are rirees and ool transpurtation tinks, Other classes, such as
highway or peud belong anly to one hierarchy (Figure 4).

transportation links water body
rd Y |
artificial natural .
transportation transportation rver pond
7 4
highway channel navigable nen-navigahle

Figure 4: An example of multiple inheritance.

34 Inheritance in GIS }

Inheritance plays an important role for the clear and concise definition and implementation of
very large software systems,such as Geographic Information Systems. The tools to implement
such a system should be at least as powerful as the tools used for the conceptual model,

The advantages are similar ta the ones of semantic models: Complex situations can be
described concisely; consistency can be achieved by avoiding redundancy; and systems can be
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maintained easier. A specific prablem of the implementation of a GIS is the coexistence of 5
number of fairly complex tasks, such as the treatment of Eeomelry, graphical representatiop,
cancurrent sharing of data, management of history ang versions, etc,

Inheritance ean be used as a software engineering design tool to describe the structire ang
Properties of a GIS. One part of an application mode| e the definition of 5 set of classes a4
the abstraction of objects with common properties. Traditionaliy, for each class the appropriate
operations and refationships must be defined, including operations which combins objects of
different classes, For example, the class hilding has the operation insitde which checks whethg,
a building is located inside a parcel. Since fnsid, applies alsa to many other objects, such as
it s with respect to riiitin g, many similar, often highty redundant operations are defined and
implemented which make modifications difficult and yield frequently inconsistencies.

The application of inheritance Overcomes these problems. By the definition of 3 Eeneral

superclass for each specific concept, COMMon propertjes may be defined in a single high-leys .

class and inherited 1o the classes of the GIS application, Such a framework May consist of
general superclasses, such ae spurind, grapdivad, g, mperal, and dh-pe psists .

Far example, the superclass spatiol defines the geometric properties, such as location, spagjy
relatfonships, and spatial operators. A class in the user model cap be deftned as a subclass of
spatial inheriting alf its properties, Far exampie, the class huilding is 4 spatial object, Huildinng
can be described a¢ the subclass of spaiinf inheriting aft spatial properties, such as the operation

Figure 5; Creating a spatial class Inilding by inheriting the spatial properties from a superclass
sperdferd,

Other properties can be defined in similar way. For example, databgse praperties, such
as persistency, multi-user access, and transaction control, can he inherited from 2 superclass
e vsiste nt, The general datahase operations, sucl as stare, delete, retrieve, and modify, are
defined for the class e rsict ut and passed to the specific object classes, If the class buifiing
is a db-persistent class, then buildings can be stored, deleted, retrieved, and modified,

It is obvious thay this type of madeling requires multiple inheritanca [Frank 1988a). A
class can have a multitude of diverse properties to be inherited. Important properties for
GISs are ahtv-pe paiete gt providing database bahavior, spntint inheriting a COMMOoA geometrie
splay, and fempardl for the description of history of

sptiad and dh-p ysiste pr,

Figure §: Creating a class huitifing, the instances of which being both spatial and persistent.
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The population of the county i a value which is Propagated from the valuas of the population
of the assaciated settlements,

The population of 3 county is the sum of the population of the setttements. This dependancy
is expressed by the following rule, meaning the population of a specific county is the sum of the
population of all settlements which are part of it,

*propagatas (PartDf, SettlementFupulatinn. CountyPopulation, BySumming) .

The generic rule for prapagation js the following predicate. it describes the value of the property
of an aggregate in terms of the values of the components using a specific aggregation function,

*p (aggregataClass, aggregateProperty, ageregateValue} IF
Propagates (relatioen, CemponentProperty, aggregateProparty, operation),
p (componentClass, Telation, aggregateClass) ,
p (componentclass, tomponentProperty, componentValua),
p (operation, componentValua, aggregateValua).

For example, the value of the property cennaty Paputation is then evaluated with
P {County, CountyPopulatien, x).

and results in
x = 60,000

Propagation guarantees consistency because data js only stored nnce and derived from there,
Updates underlie the common rules for updates of views [Dayal 1978, i.e., no derived properties
can be updated explicitly, hut only the fundamental properties, For example, it is not allowed to
update the pepulation of the Penobscot county by asssigning the valye 65,000 to the property
el fPopdeiinn i the town population of Orang grows by'S.DDU. Instead, the population
of the settlements must be modified, e.g., #p {0rone, SettlementPopulation, 15,000),
which implicitly updates the caunty Population,

5 Conclusion

Three important conceptual differences exist hetween inheritance and propagation: (1) In-
heritance is defined in generalization (is.a) hierarchies, while propagation acts in agEregation
{part.of) or association {member_of) hierarchies. {2} Inbevitance describes properties and oper-
ations, while propagation derives values of properties. (3) Inheritance is a top-down approach

Implementations naed efficient support for these techniques, For example, programming
languages must include ohject-oriented language construets o mode! generalization and inheri-
tance; to laop over aggregation parts; and to defined propagation.
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