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Abstract

Things in the real world, which surrounds us, do not come as singularity, rather we find
them associated. These relationships occur in various forms, for example a person and
a car owned by that very person are things associated via the ownership association.

When designing a database for an application, we have to identify and model things
pertaining to the application and their relationships. To ease this task, an object-
oriented data model offers to model identified things as objects. We model relationships
between things as attributes of the corresponding objects. So we introduce for instance
for a person and its car objects and define for the “person” object an attribute “owns”
holding an reference to the “car” object, or the other way round, i.e., the “car” object
receives an attribute holding a reference to the person object. This modelling technique
finds its limits when three or more things are associated.

In this work we give a solution to this problem by using first a data model that
directly supports relationships, namely the entity-relationship data model, and then by
translating results into an object-oriented data model. We propose a transformation
called pivoting to derive different representations from the initial translation results in
a systematic way, and we compare the different representations with respect to their
quality. To measure the quality, we give rigorous and precise quality measurements. To
do so, we need and subsequently define a formal object-oriented data model and a formal
way to tell whether two representations represent the same section of the real world.

Kurzfassung

Dinge in unserer Umwelt stehen hiufig nicht nur fiir sich allein, sondern sie stehen in
Beziehung zu anderen Dingen der Welt. Diese Beziehungen kommen in den unterschied-
lichsten Auspragungen vor, so gibt es beispielsweise Personen und Autos, die diesen
Personen gehoren.

Beim Entwurf von Informationssystemen miissen wir nun diese Dinge sowie die zu-
gehorigen Beziehungen identifizieren und modellieren. Bei einem objektorientierten Da-
tenmodell lassen sich Beziehungen als Attribute von Objekten modellieren. Auf Personen
und Autos bezogen bedeutet das, dafl wir Objekte fiir Personen und Objekte fiir Autos
modellieren und ein Personenobjekt mit einem Attribut versehen, das auf das der Person
gehorende Auto verweist. Allerdings scheitert diese Modellierungsart, wenn es sich um
Beziehungen mit mehr als drei Objekten handelt.

In dieser Arbeit stellen wir eine Losung dieses Problems vor, die darauf beruht,
ein Datenmodell zu verwenden, das Beziechungen direkt modelliert. Wir benutzen das
Entity-Relationship Datenmodell. Eine erfolgreiche Modellierung {ibersetzen wir an-
schliefend in ein objektorientiertes Datenmodell. AnschlieSend kénnen wir das Resultat
noch weiter bearbeiten und erhalten so unterschiedliche Alternativen zur Darstellung
der urspriinglichen Beziehung. Um sicher zu stellen, daf} die verschiedenen Alternativen
auch den gleichen Ausschnitt aus der realen Welt darstellen, verwenden wir einen for-
malen Aquivalenzbegriff. Weiterhin untersuchen wir die Alternativen in bezug auf ihre
Qualitét, wobei wir Qualitdt mittels formaler Indikatoren messen.
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Chapter 1

Introduction

In today’s world we are literally inundated by a data flood, which stems from various
sources. Because of this flood the data itself becomes meaningless, and therefore we
have to harness the flood. We virtually canalise the data into a data stream. In order
to gather information from this stream, we divert portions, which are sometimes mere
data trickles being distilled into information. How do we accomplish this feat? We
have to find a model representing the section in the real world under consideration. We
obtain such a model by abstracting certain aspects of facts in the reality. The process
of obtaining a model starts by analysing the relevant section in the real world.

To put the analysis on formal grounds, we need a formal language to express our
models, a data model. We call such a data model a conceptual data model or conceptual
model for short. We use the term conceptual, because we want to capture the concepts
of the section in the real world. A concrete description of a section expressed in the
data model is a schema. A schema consists of two components; one for structuring data
and one for restricting data complying with the structure description. The actual data
stored under a schema is called an extension.

Another way in dealing with the data flood is the use of computer systems. Com-
puters are very good at doing things we tell them to do very fast and accurate. So in
principle, they offer support for this task. In fact, this was realised a long time ago.
So called database management systems (DBMS) were invented. What is a database
management system? A database management system (cf. [Bis95b]) serves

e to store

e a large amount of data

persistently,

dependable,

shared, and

efficiently, i.e. supporting queries and updates.
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Usually a database management system needs a description of the data to be stored. We
need a language to express these descriptions, a data model. For this kind of data model
we use the term physical data model, physical model for short, because we give physical
specifications such as the types of access to records, indices, ordering and physical place-
ment [BLN8G|. Again we call the description a schema, a physical schema, and the data
to be stored an extension, a physical extension. An actual schema and an extension of
this schema is called a database.

There are a number of data models around, which follow different paradigms. They
are grouped according to the paradigm they follow into classes like: hierarchical data
models, relational data models, object-oriented data models [UlI88, EN94, AHV95].

Although the mainstream of research has shifted from database design to other fields,
object-oriented database design still needs more work [Kim95, ME96]. In this spirit we
want to make a contribution to object-oriented database design.

In principle, every physical model can be used in the way a conceptual model is.
Indeed, this is done extensively for object-oriented database design. Mostly a variant
is used, which drops some of the physical specification features and which is enhanced
by more conceptual features. This approach has the advantage that a mapping from
the “conceptual” model to the “physical” model is straightforward. A disadvantage of
this approach is that in the section in the real world there are entities and relationships
among them. But the object-oriented model offers only a natural solution for the repre-
sentation of binary relationships. However in reality, relationships are not only binary.
For that reason, we advocate the use of a conceptual model that offers the concept of a
relationship of greater arity than two. Then a conceptual schema expressed in the con-
ceptual model has to be mapped to the physical object-oriented model, when we design
for a DBMS following the object-oriented paradigm. As conceptual model we settle on
the entity-relationship model (ER-model) initially proposed by Chen [Che76], because
it fully meets the aforementioned requirements. The ER-model underwent many revi-
sions and enhancements [ABLV83, CL80, TYF86, KS838, NP88, STH91, GCI1, Tha93a,
HMPR93, dBL93, JOS93, Hoh93, Gog94, ON95].

This decision provokes a new problem, which we are willing to accept. We have
to map a conceptual schema to a physical schema. Therefore Biskup et.al. [BMP96]
propose a three step method to design physical object-oriented databases (cf. Fig. 1.1).

e At the first step of conceptual modelling an entity-relationship schema is con-
structed. This is done by analysing the requirements of an application, which
constitutes the section in the real world. The constructed ER-schema can then
be augmented to capture a larger section in the real world, or we can integrate
existing ER-schemas.

e At the second step of abstract logical formalisation the initial entity-relationship
schema is transformed into an abstract object-oriented schema. They use F-
logic [KLW95] as basis for the target model. The abstract object-oriented schema
can be further improved at this step, in order to exploit object-oriented features.
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Figure 1.1: A three-step method for object-oriented database design

e At the third step of concrete class declarations the intermediate abstract object-
oriented schema is expressed as concrete class declarations of an object-oriented
DBMS. We do not deal with this step in this work at all. At this step the schema
can be finely tuned and optimised for the specific features offered by the DBMS,
which is used.

The reason for the intermediate step is that we can concentrate on particular aspects of
design and screen off all disturbing elements. Working in the entity-relationship model at
the first step, a designer only has to identify which entities and relationships constitute
the application domain without having to think in terms of only binary relationships or
to think about the physical placement. She benefits from the graphical representation
of ER-schemas as ER-diagrams as well.

Given a real world application, a database designer has to find a description that
models the application. In this task she is often confronted with the problem that there
are various descriptions for the same application. To facilitate the task of selecting the
most appropriate, criteria have been developed to measure the quality of descriptions.
The measures are given in different guises; some are mere heuristics, others are for-
malised. Surely, when we want to open database design to algorithmic treatment, we
prefer the latter. Formalising measures presupposes a precise and well-founded data
model. F-logic or better a data model based on F-logic appears to be ideally qualified
to serve as formal reference model. For at least in principle all important concepts of
object-oriented data models concerning data representation and storing, data deduction,
integrity maintenance, and high-level querying can be made fully precise within an F-
logic based data model. In that way we can apply formal measures for object-oriented
data models to schemas obtained in the first step, provided we have a transformation
from the ER-model to the object-oriented model. A schema being thus produced can
be improved according to the measures.



4 CHAPTER 1. INTRODUCTION

Semantic constraints play a vital role in these improvements, because they are able to
capture the dynamics of the real world. They do so by telling which transitions between
extensions are permissible.

Often when different applications work in the same section in the real world, the
efforts of enforcing semantic constraints are duplicated in every application. Every
application has its own code for the enforcement. Fig. 1.2 depicts this situation for two
applications.

Application 1 Application 2
native native
application application
code code
enforcement enforcement
code code

DBMS
code
Figure 1.2: Duplicated enforcement code

Since the applications work on the same section in the real world, there must exist
semantic constraints that are enforced by both applications. A careful investigation,
formalisation and classification might reveal these constraints, because when the en-
forcement of semantic constraints is embedded in the application code, the same class
of semantic constraints occurs in different guises. A situation is desirable where we min-
imise or even erase the portion of code in an application responsible for the enforcement
of semantic constraints. Instead the code is placed in the database management system
(Fig. 1.3). A better option still is when the data model can enforce the constraints
through the model rather then trough the code.

We deal in this work not with a general classification of semantic constraints in
object-oriented data models. Our attention lies on semantic constraints involved in the
process of representing relationships in object-oriented data models.

We concentrate in the first step of conceptual modelling more on the structural
aspects of the application domain, i.e., we focus on determining the basic entities and
their relationships. In the second step of abstract logical formalisation we decide on
how to represent the relationships by grouping the corresponding data around objects.
This decision and how to reach it on formal grounds is the main concern of this work.
Our main means in the examination are onto constraints [Tha93a] and path functional
dependencies [Wed89, Wed92], which we combine in this work. Onto constraints can be



Application 1 Application 2
native native
application application
code code

enforcement

DBMS
code

code

Figure 1.3: Common enforcement code

seen as variants of inclusion dependencies expressed in the relational data model. The
notation of an onto constraint has been mentioned by Thalheim [Tha93a] without giving
it a name. Path functional dependencies are a generalisation of functional dependencies
in the relational data model. To work with these semantic constraints, we give inference
rules for the combination of onto constraints and path functional dependencies and show
them to be sound and complete.

One criterion to measure the quality of schemas is redundancy. This work focuses
especially on redundancy in object-oriented representations of relationships. We do not
want duplicated data that essentially holds the same information. Our idea of removing
redundancy is to introduce a new object storing the redundant data just once and
replacing the redundant data everywhere else by a handle to this object. The objects
formerly holding the redundant data share the data after this process. This process
takes place at the data level. What we want is to identify these situations at design
time, i.e. at the schema level. A schema is said to have potential redundancy if any of
its extensions contains redundant data.

A second criterion to assess the quality of a schema is the algorithmic complexity
of enforcing semantic constraints. What are the costs of performing updates on exist-
ing data and ensuring that the resulting data still is in compliance with the semantic
constraints.

We propose a transformation for object-oriented data models, called pivoting, which
has an impact on both the redundancy potential of a schema and the costs for enforcing
semantic constraints under updates. Given our formal data model, we can analyse this
impact formally.

This work is organised as follows. In Chapter 2 we lay the foundations for our formal
object-oriented data model. In that chapter we present a slight simplified version of
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F-logic [KLW95]. We show that the concept of predicate definitions used in predicate
logic can be adapted to F-logic. Having set out our basis, we introduce and discuss our
formal object-oriented data model in Chap. 3. Based on F-logic, our data model comes
with a formal syntax and semantics, which is essential for our investigations. Based
on this data model, we formally define three classes of dependencies: onto constraints,
class inclusion constraints and path functional dependencies in Chap. 4. Class inclu-
sion constraints had to be invented for technical reasons. Without them we could not
present the sound and complete axiomatisation for onto constraints and path functional
dependencies. The axiomatisation lays the foundations to make our ensuing results
amenable to algorithmic treatment. The inference rules are an extension of Weddell’s
inference rules [Wed89, Wed92|, which deal with path functional dependencies alone in
a semantic data model without inheritance. In the annex to that chapter we roughly
discuss possible extensions to this work. As we draw our attention to the representation
of relationships, we only sketch a canonical transformation from the ER-model to our
object-oriented data model and give references for further reading in Chap. 5. When
dealing with transformations in data models, the relation between input and output is
of concern. We define a framework for the comparison of schemas in Chap. 6. We do
this in our logical framework by means of molecule definitions. They enable us to define
schema and extension transformations, so called translation schemes [MR96, MR9S].
Our framework allows us to formulate formulae speaking about schema aspects. Our
revision of translation schemes offers to translate these formulae as well. That chap-
ter concludes with a comparison of different approaches to equivalence of databases in
object-oriented data models. For the comparison we define the other approaches in our
notation. Finally, Chapter 7 brings together the previous results and combines them to
define the transformation pivoting and to analyse it. We show when pivoting produces
an output equivalent to the input schema. Additionally, we investigate the impact of
pivoting on semantic constraints. Of special interest are path functional dependencies.
This investigation is coupled with an analysis of how pivoting behaves with respect to
the aforementioned quality measures. The results are then compared with the relational
model.

Before we embark on our work, we present two examples accompanying us through-
out this work. The first one is the “good” example. The second one is the “bad”
example. We do not reveal what makes the first one “good” and the second one “bad”
until Chap. 7. The examples are both given as entity-relationship diagrams, and we
assume the reader to be familiar with the entity-relationship data model. In our no-
tation rectangles ([ |) denote entity sets, diamonds (< >) denote relationship sets
and ellipses (D) denote attributes.

ExamMPLE 1.1

We start with the presentation of the “good” example. We give in Fig. 1.4 an example of
a conceptual schema an experienced designer would intuitively tend to model with smaller
relationships. The ER-diagram reflects the Assignment from Teachers and Assistants to
Courses in combination with the Date they take place at, and Rooms and Wings they
are taught in. The semantic constraints are added later in the refinement of the original



conceptual schema. They can be already declared in the conceptual schema, but we refrain
from doing so, because it would overload the diagram. For every Course there is assigned
exactly one Assistant and it takes place at only one Date. At this school each Teacher is
assigned a fired Room. Additionally, each Room s situated in only one Wing.

Figure 1.4: An ER-digram of the “good” example

And now to the “bad” example. One might consider the design below as unfit. Still
it is chosen with full purpose and is used to demonstrate how it can be improved in
Chap. 7.

EXAMPLE 1.2
Suppose a database designer, be it an experienced one or not, is given the task to model
the following scenario. In a modern office! a phone belongs to the standard equipment.
We assume in this scenario the absence of mobile phones®. At the end of each month
someone has to be charged for the accrued telecommunication costs. For simplicity we
assume further that one faculty is charged with the cost of at most one phone identified
by its phone number. To make matters more complicated, perhaps we should call at
this point for an experienced database designer, the bill is sent to the school for which
a person works. Finally, schools are grouped into departments for better handling. For
example each department is alloted a stock of phone numbers, preferably some with the
same prefix.

A first attempt to formalise this scenario is to draw a nice entity-relationship diagram,
like the one in Fig. 1.5. The diagram in Fig. 1.5 is far from being complete for various
Teasons.

e [t does not capture relationships like “a faculty is charged with the cost of at most
one phone”.

e [t does not provide for the recording of phone calls, and

o the subsequent billing.



8 CHAPTER 1. INTRODUCTION

Department

Figure 1.5: An ER-diagram of a phone administration.

Nevertheless, we are convinced that this design s a realistic one a designer will come
forward with, because she starts laying out the four entity sets Faculty, School, Phone
and Department as formalisation of the corresponding real world entities. In a next
step the stated complex (real world) relationship is modelled as relationship set Phone-
admin. Only in a second attempt this relationship is decomposed into smaller fragments
by analysing the relation between the entities. Fvery faculty member works in exactly
one school. She has at most one phone at her disposal. Fach school is integrated within
exactly one department, and finally exactly one department is responsible for the ad-
manistration of phone numbers. All these restrictions can be formalised as cardinality
constraints [Tha93b], but again we refrain from doing so until Chap. 5.

L As can be found in almost all universities.
2Remember it could be a university.



Chapter 2
F-Logic

Logic programming has had a profound impact on databases [GM92]. The theory
of logic programming has been used to provide a solid theoretical foundation for
databases. We follow this approach by using a deductive and object-oriented data
model. A number of deductive and object-oriented database languages has been pro-
posed, such as O-logic [Mai86], revised O-logic [KW89], C-logic [CW89], HiLog [CC89],
IQL [AKS89], IQL2 [Abi90], F-logic[KL89a, KLW95|, LOGRES [CCCR*90], LLO [LO90],
LOL [BM92], Datalog™ethed [ALUW93], Coral++ [SRSS93], DLT [BB93], Gulog [DT95],
Rock & Roll [BFP*95], DM logic [DTM95], Sorted HiLog [CK95] and ROL [Liu96].
From this palette we choose F-logic as the basis for our data model, because it is a
very powerful language, although it does not treat sets as first class citizens [Liu96].
This choice is motivated by the appropriate combination of expressiveness and flexibil-
ity, which F-logic offers. In particular we can base our investigations on the precise and
formal semantics. For at least in principle, all important aspects concerning data rep-
resentation and storing, data deduction, integrity maintenance and high-level querying
can be made fully precise within F-logic. So it is an ideal tool for our needs.

F-logic is a rich and powerful language that uniformly combines the highlights of
deductive and object-oriented databases. Incorporating the object-oriented paradigm,
F-logic accounts for most of the structural aspects of object-oriented languages.

e F-logic supports object identity by means of logical object identifiers.

e Objects are built from frames, so they have an internal structure and thus can
form complex objects.

e Objects with a common structure can be grouped into classes. The classes can
build a class hierarchy.

e Signatures as types of operations are inherited to subclasses.
On the side of the deductive paradigm F-logic has

e a syntax, which, among other things, allows the user to explore schema and data
using the same declarative language,
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e a model theoretic semantics, which offers a precise semantics and is supplemented
by a sound and complete proof theory, and

e a sound and complete operational semantics.

For our purposes we slim down F-logic a little bit. We will only deal with non-inheritable
data expressions.

2.1 Syntax

F-logic comes with a higher-order syntax, but the underlying semantics remains first-
order. An F-logic language is defined over an alphabet. It consists of object constructors,
which play the role of functional symbols, predicate symbols, variables, some auxiliary
symbols and the usual logical connectives and quantifiers.

DEFINITION 2.1 (ALPHABET)
The alphabet A of an F-logic language, L, consists of,
e a set of object constructors F,
e a set of predicate symbols P including the equality predicate =,
e an infinite set of variables V),
e auziliary symbols, such as, (, ), |, |, —, ==, =, =, etc., and
o usual logical connectives and quantifiers, \V, A, =, «— , V¥, 3, 371,

The set of object constructors F and the set of predicate symbols P are disjoint, F NP =
(). We denote the union FUP of the set of object constructors F and of predicate symbols
P by S.

Each object constructor has an arity — a non-negative integer that determines how
many arguments this constructor can take. Constructors of arity 0 play the role of
constant symbols; constructors of arity greater than 1 are used to construct larger terms
out of simpler ones. Such id-terms are first-order terms composed of object constructors
and variables, as in predicate calculus.

DEFINITION 2.2 (ID-TERM)
Let A be an alphabet. 1d-terms over the alphabet A are built out of object constructors
and variables.

e An object constructor c € F of arity 0 is an id-term.
o A wariable V €V is an id-term.

o If f € F is an object constructor of arity n, and Ty,...,T, are id-terms, then
f(1h,...,T,) is an id-term.
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e An id-term is called ground if it is variable-free. The set of all ground id-terms is
denoted by U(F). This set is commonly known as Herbrand Universe.

Ground id-terms play the role of logical object identifiers. They are an abstraction of
the implementational concept of physical object identity.

We have the convention for alphabets and id-terms that symbols set in sans-serif font
are ground and symbols set in italic font beginning with lower-case letters are ground
while symbols beginning with capital letters denote id-terms that may be non-ground.

EXAMPLE 2.3

The terms X, bob, alice, child(bob), child(X) are id-terms. Following the convention,
here bob, alice, child(bob) are ground id-terms and X, child(X) are non-ground id-terms,
because both contain variable X .

In predicate calculus, the atom formulae are facts. In F-logic the atom formulae are built
from molecular formulae, which state facts about objects and classes. These molecular
formulae are of different forms. Some take the form “id-term operator id-term”, so-
called is-a assertions. Some take the form of frames, where methods take the role of
slots. These are called object molecules and define the method values for objects and
their signatures. For our purposes we modify F-logic slightly. In particular, we shall
not use so-called inheritable data expressions, only non-inheritable data expressions.
Therefore we do not introduce inheritable data expressions at all. The interested reader
is referred to [KLW95] for more detail on the distinction between inheritable and non-
inheritable data expressions. As both form an orthogonal feature of F-logic, the modified
definitions do not raise any problems.

DEFINITION 2.4 (MOLECULAR FORMULA)
Let A be an alphabet. A molecule over alphabet A in F-logic is one of the following
statements:

1. An is-a assertion of the form C :: D or of the form O : C, where C, D and O are
id-terms over alphabet A.

2. An object molecule of the form O[ “;”-separated list of method expressions|, where
O is an id-term over the alphabet A. A method expression can be either a data
expression or g signature expression.

e Data expressions take one of the following two forms:

— a scalar data expression (k > 0):
Ma@y,...,Qw—1T
— a set-valued data expression (I,m > 0):
M @Ry,...,R — {S1,...,Snu} ,

where M, Q1,...,Qr, T, M', Ry,...,R;, and Sy,...,S,, are id-terms over
alphabet A.
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e Signature expressions also take two forms:

— a scalar signature expression (n,r > 0):
MavVi,...,Vy= (Ar,...,A)
— a set-valued signature expression (s,t > 0):
M @Wi,...,W,=> (B1,...,B)) .

where M, Vi,....V,, Ay,..., A, M', Wi,...., Wy, and By,...,B; are id-
terms over alphabet A.

3. A predicate molecule (abbrev. P-molecule) of the form p(Th,...,T,), where p € P
is an n-ary predicate symbol and Ty, ..., T, are id-terms over alphabet A.

Is-a assertions of the form C :: D in (1) state that class C' is a subclass of class D and
of the form O : C that object O is in the extension of class C'.

EXAMPLE 2.5

The following is-a assertion states that the object representing person Bob is in class
Faculty, thereby modelling the fact that Bob is employed as faculty. The next one states
that the object representing person Alice is in class Person. The last is-a assertion
indicates that every faculty is also a person.

bob : Faculty
alice : Person
Faculty :: Person

In object molecules in (2) the id-term O denotes an object. In data expressions, methods
are either invoked as scalar methods or set-valued methods on object O. Single headed
arrows, — and =, indicate that method M denotes a scalar function. The double headed
arrows, — and ==, indicate that the corresponding method is set-valued.

The return values of the method invocation on object O are represented by T and
S1,..., 9, for scalar and set-valued methods, respectively. In signature expressions, the
id-terms Vi,...,V, and Wy, ..., W; represent the types of the arguments a method is
invoked with. The types of the return values of the method invocation are represented
by Ai,..., A, and By,...,B;. The results returned by the respective functions must
belong to all result types.

EXAMPLE 2.6

The object molecule bob|children @ alice — {john}| contains the set-valued data ex-
pression children @ alice — {john}. The object molecule states that the invocation
of the respective function for method children on the object corresponding to id-term
bob with an argument object corresponding to alice returns at least the object corre-
sponding to id-term john. The signature for method children on class Person might be
Person|children @ Person == (Person)|. It demands that the invocation of the respec-
tive function for method children on objects of the class corresponding to id-term Person
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takes objects of the class corresponding to id-term Person and returns objects of the class
corresponding to id-term Person.

The polymorphism of F-logic allows the simultaneous declaration of object molecule
Person[children @== (Person)]. Here method children is invoked without arguments. This
declaration might be appropriate if method children without arguments is defined to return
the union of the results when the method is invoked with arqguments, thereby defining the
value.

In most cases it is possible to relax the strict syntax. We shall not define this relaz-
ations formally rather we give an example for it, to give the reader a flavour.

bob : Faculty, alice : Person, john : Person,
Faculty :: Person,

bob][children @ alice — {john}],
bob|children @—~ {john}]

s on a par with

Faculty :: Person,
bob : Faculty|children @ alice : Person — john : Person;
children — john] .

Sometimes we normalise molecules by breaking them apart into their constituent atoms.
The semantics of F-logic ensures that an object molecule is logically on a par with its
set of constituent atoms.

DEFINITION 2.7 (CONSTITUENT ATOM)
Let G be a molecule.

o [f the molecule G is an is-a assertion or P-molecule, it is a constituent atom.

o [f the molecule G is an object molecule of the form G = O[method expressions|,
the constituent atoms are:

— For every scalar data expression M @ Q1,...,Qr — T in molecule G, the
corresponding constituent atom is:

OMaQ,...,Qs — 1T .

— For every set-valued data expression M' @ Ry,..., R, — {S1,...,Sn} in
molecule G, the corresponding constituent atoms are:

OM' @Ry,...,R,—{}] , and
O[M/@Rl,...,Rl—HSZ'] fOTiE{l,...,m}.
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— For every signature expressiont M @ Vy,...,V, &> (By,...,B;) in molecule
G, the corresponding constituent atoms are:

OMaVy,...,V,= ()], and
OMaVy,...,V, = By forie{l,...,t}.

The syntactic restrictions on id-terms when they occur as results of set-valued methods
guarantee that they stand for only elements not sets of elements. The semantics of these
id-terms can be seen as being iterative and thus ensuring the first-order semantics.

In F-logic, it follows from the syntax that every logical id-term can denote either
an entity or a method, depending on the syntactic position of this id-term within the
formula. An entity in this context should be taken to mean it can either be a class or an
object. In an occurrence as a method, this id-term denotes either a scalar function or a
set-valued function. The type of the invocation can be determined by the context. This
behaviour might be appropriate for some applications. We do not need this freedom
and, consequently, impose a restriction on id-terms in Chap. 3.

With molecular formulae as ingredients, we can build larger formulae, so-called F-
formulae.

DEFINITION 2.8 (F-FORMULA)
Let A be an alphabet. F-formulae over the alphabet A are built up from simpler F-
formulae by means of logical connectives and quantifiers:

e Molecular formulae over the alphabet A are F-formulae over the alphabet A,
e oV 3, aA(, -« are F-formulae over the alphabet A, if so are o and 3, and

o (VX)a, (3Y) B, (I712) v are F-formulae over the alphabet A, if so are a, 3, v
and X,Y,Z €V are variables.

If S is the set of symbols of the alphabet A and « is an F-formula over the alphabet A,
then we say « is an S-formula. This parlance is intensively used in Sec. 2.5.

Throughout this work, we shall often use the implication connective, “+«—". In
F-logic, this connective is defined as usual. The formula o «— [ stands for a V /3.

DEFINITION 2.9 (F-LoGIC LANGUAGE)
Let A be an alphabet. The F-logic language L over the alphabet A is the set of all
F-formulae over the alphabet A.

ExaAMPLE 2.10
The construct

Plchildren — C| «— P|children @ S — (]

15 an F-formula with P, C' and S as variables and children as object constructor according
to our convention.

!The arrow ~> in the signature expression M @ Vy,...,V,, &> (By,..., B;) stands for both kinds of
arrows either = or ==. So with the signature expression above the statement is valid for both scalar
and set-valued signature expressions.
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In the sequel we deal with certain concepts, so we define abbreviations for them here.

DEFINITION 2.11 (LITERAL, F-HORN-RULE)
Let L be an F-logic language.

o A literal is either a molecular formula, called positive literal, or a negation of a
molecular formula, called negative literal.

o A formula head «— body where head is a positive literal and body is a conjunction
of positive literals is called an F-Horn-rule, corresponding to their counterpart,
Horn-rules, in classical logic.

The formula in Exam. 2.10 is an F-Horn-rule.

DEFINITION 2.12 (FREE AND BOUND OCCURRENCE OF VARIABLES)
Let o, B be F-formulae.

o [f a is a molecule, all occurrences of variables in o are free.
e Let X be a variable occurring free in o or [3.
— Variable X occurs free in aV 3, a A B3, —a, (VY)a, (3Y)a, (I7Y)a, where
X#£Y.
— Variable X occurs bound in (VX)a, (3X)a, (7' X)a.

DEFINITION 2.13 (CLOSED AND CLASSICAL F-FORMULA)
o An F-formula is a closed F-formula or sentence, if all variable occurrences in it
are bound.

o An F-formula is a classical F-formula, if all molecules occurring in it are P-
molecules.

2.2 Semantics

As mentioned before, F-logic is furnished with a first-order, model-theoretic semantics.
Semantic structures that describe the potential worlds are called F-structures. These
structures give meaning to classes, objects, methods and alike. In preparation for the
definition of F-structures, Def. 2.15, we need the following auxiliary definitions.

DEFINITION 2.14

Let U, V be a pair of sets, and <y and <y be partial orders defined on U and V,
respectively.

o The set of all total functions U — V is denoted by Total(U, V).

e Similarly, the set of all partial functions U — V is denoted by Partial(U,V').
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The expression Partial AntiMonotone,, <, (U, V') stands for the set of partial anti-
monotonic? functions.

The power-set of a set U is denoted by p(U).
o1(U) is the set of all upward-closed® subsets of U.

Given the collection of sets {S;}ien parameterised by the natural numbers, N,
[[;2, Si stands for the Cartesian product of the S;’s, i.e., the set of all infinite
tuples, (So, .- Sny.--)-

Now we are ready to define F-structures.

DEFINITION 2.15 (F-STRUCTURE)
Let L be an F-logic language. An F-structure is a tuple

Here

I = <U7 _<U7 eUa-’Z’-]-"v-’Z-Pa-’Z’—H7I-»7I:>7I:»>

U is the domain of T (sometimes denoted Z(U)),

<y 18 a partial order on U for the class hierarchy, we write a =y b if a <y b or
a=2>,

€y 1S a binary relation over U for the population of classes, such that if u €y v
and v <y w, then u €y w.

Ir is a mapping, F — Ui, Total(U*, U), for the interpretation of object construc-
tors (sometimes denoted Z(F)),

Tp(+) is a relation on U, Ip(p) C U™, for any n-ary predicate symbol p € P\{=},
and Ip(=) := {{a,a) | a € U} (sometimes denoted Z(P)),

T, is a mapping, I_,: U — []oo, Partial(U**!, U), for the interpretation of scalar
methods,

T, is a mapping, I_.: U — [[,o, Partial(U*™, o(U)), for the interpretation of
set-valued methods,

I, I, are mappings, U — [}, PartialAntiMonotoneqUHl7C(U’““, 01(U)), for
the interpretation of signatures, where <yr+1 is the extension of <y on UL with:
for any (u1, ..., ups1), (V1, ..., 0pp1) € UFTE we write

(ula R 7uk+1)-2Uk+1(U17 s 7Uk+1)

if uy <y v; forallie{1,...,k+1}.

2For the partial function p : U + V, anti-monotonic means that if u,v € U, u <y v, and p(v) is
defined, then p(u) is also defined and p(u) >v p(v).
3A subset U’ of U is upward-closed, if for all v € U’, u € U with v <y u, then v € U’.
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The domain U constitutes the universe of discourse. Its elements stand for classes,
objects and methods. The elements of U(F), ground id-terms, play the role of logical
object identifiers. They are interpreted by the elements in U via the mapping Zz: F —
Uie, Total(U*, U). This mapping interprets each k-ary object constructor by a total
function U* +— U. For k = 0, Z#(f) can be identified with an element of the domain U.

The semantic counterpart of the subclass hierarchy is put up by the ordering <y on
the domain U. An expression a <y b is interpreted as a statement that element a is a
subclass of element b. To model class memberships, we use the binary relation €; over
the domain U. An expression a €y b is interpreted as statement that element a is in the
extension of element b.

Id-terms can also denote methods. These methods are interpreted by the mappings
Z.,7.,7., 7. As methods are invoked on host objects with a list of arguments,
either as scalar methods or as set-valued methods depending on the context, an F-
structure has to attach appropriate functions to each method in order to assign meaning
to methods.

To allow the use of variables in id-terms at method positions, id-terms by themselves
are not interpreted as functions, instead the elements of U associated with these id-
terms via mapping Zr are interpreted as tuples of functions. This tuple provides exactly
one function for each arity. This is because of the polymorphism of F-logic, since each
method can have different arities.

Furthermore, F-logic does not demand that every method invocation returns a proper
value. This is formally captured by the use of partial functions.

In addition to different arities, every method can be invoked as a scalar or set-valued
function. This is achieved by interpreting the set-valued incarnations of methods sepa-
rately. The interpretation of set-valued methods returns sets instead of just elements.

The arity of the interpreting function is one greater than the arity of the correspond-
ing method because the former takes the host object as argument.

The mappings Z_. and Z_. specify the type of a method. This type is a functional
type, since methods are interpreted as functions. Therefore the allowed arguments and
results of method invocations are specified. In addition, the specification must allow for
the polymorphism. For the same reason we mentioned above, mappings relate objects
of the domain U to each other. The anti-monotonicity and upward-closeness are needed
to ensure that when the result type is specified, all its superclasses are a valid result
type as well.

The definition of an F-structure Z depends on the set of symbols § underlying the
F-logic language L. Therefore we say sometimes an F-structure Z is an S-structure.

An F-structure is an extension of a structure in classical logic. We can restrict an
F-structure to the classical components. Additionally, we can restrict an F-structure to
interpret only symbols in a subset of the original set of symbols.

DEFINITION 2.16 (RESTRICTION AND CLASSICAL RESTRICTION)
LatT =(U,<y, €, 2 2p, 2,2 _,,T_,T_.) be an §'-structure, and S C S’ be a set of
symbols.

e The restriction Z|s is defined as I except for the interpretation of Z|s(F) and
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T1s(P).

— ZIs(F)(f) :=TZx(f) for all object constructors f € S.
— I1s(P)(p) :=Ip(p) for all predicate symbols p € S.

e The classical restriction Z|s := (Z[s(U),Z[s(F),Z[s(P)) is defined as follows:

- I[s(U):=U.
— I[s(F)(f) :=Zx(f) for all object constructors f € S.
— I[s(P)(p) :==Zp(p) for all predicate symbols p € S.

In the definition of an F-structure the relationship between Z_, and Z_,, or Z_,, and Z_.,,
respectively, is not fixed. Although Z_, and Z_. specify the argument and result types,
so far this is not enforced. In Sect. 2.4 we will capture this on a meta level. Later on we
will use semantic constraints as defined in Sect. 3.1.

Now we come to the satisfaction of F-formulae by F-structures. Therefore we have to
assign variables to elements of the domain U and, subsequently, extend this assignment
over id-terms.

DEFINITION 2.17 (VARIABLE ASSIGNMENT)

Let T be an F-structure. A variable assignment v is a mapping from the set of variables
V to the domain U, v: V — U. Variable assignments extend to id-terms in the usual
way:

o v(d):=Zx(d) if d € F has arity 0, and,

o recurswely, v(f(...,T,...)) =Ze(f)(...,v(T),...).

The satisfaction of an F-formula by F-structures is defined inductively over the structure
of the formula. Therefore we define first what is meant by the satisfaction of F-molecules.
An is-a assertion C' :: D or O : C' is true if the corresponding objects v(C), v(D) and
v(O) are properly related via <y and €. An object molecule Of- - -] is satisfied by an
F-structure Z with respect to a variable assignment v, if the corresponding object v(O)
in Z has properties it says it has. A P-molecule p(17,...,T,) is satisfied if the tuple of
interpreted id-terms (v(T}),...,v(T,)) is an element of the interpretation of predicate
symbol p.

DEFINITION 2.18 (SATISFACTION OF F-MOLECULES)
Let T be an F-structure, v be a variable assignment, and G be an F-molecule. The F-

molecule G is satisfied by the F-structure I with respect to the variable assignment v,
denoted T =, G iff all of the following holds:

1. When G is an is-a assertion then:

(a) v(C) g v(D),if G=C:: D, or
(b) v(O) ey v(C), if G=0:C.
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2. When G is an object molecule of the form O[method expressions|, then for every
method expression E in G, the following conditions must hold:

(a) If E is a scalar data expression of the form M @ Q1,...,Qr — T, the element
IE (M) (v(0),v(Q1), . .., v(Qr))* must be defined and equal v(T).

(b) If E is a set-valued data expression, M' @ Ry,..., Ry — {S1,...,Sn}, the
set O (v(M")(v(0),v(Ry), ..., v(R;)) must be defined and contain the set
{v(S1),...,v(Sm)}.

(¢c) If E is a scalar signature expression, N @ Vi,....V, = (A1,..., A.), then
the set T (v(N))(v(0),v(V1), ..., v(V,)) must be defined and contain the set
{v(Ay),...,v(A,)}.

(d) If E is a set-valued signature expression, N' @ Wy, ... . Wy == (By,..., By),
then the set &) (v(N")) (v(O), v(Wh), ..., v(Wy)) must be defined and contain
the set {v(By),...,v(B:)}.

3. When G is a predicate molecule of the form p(Ty,...,T,):
<V<T1)7 s 7V(Tn)> € I’P(p)

Instead of saying G is satisfied by Z with respect to the variable assignment v, we often
say G is true under Z with respect to v.
The satisfaction of an ordinary F-formula is now defined in the standard way.

DEFINITION 2.19 (SATISFACTION OF F-FORMULAE)
Let T be an F-structure, v be a variable assignment, and ~ be an F-formula. The

formula ~ s satisfied by the F-structure T with respect to the wvariable assignment v,
denoted T =, v, iff all the following holds:

eIk, aorlE, B, ify=aVp,
e Tk, aandI =, B, ifvy=aAp,
‘I%u@;zf’YE_‘a;

o 7 |=, «a for every variable assignment p that agrees with v everywhere except
possibly on X, if v = (VX)a,

o 7 =, a for some variable assignment pu that agrees with v everywhere except
possibly on X, if v = (3X)a, or

e 7 =, a for one and only one variable assignment p that agrees with v everywhere
except possibly on X, if v = (I71X)a.

DEFINITION 2.20 (MODEL)
Let T be an F-structure, o be an F-formula, and T be a set of F-formulae.

4The expression Z*) (v(M)) denotes the k’s component in the Cartesian product Z_, (v(M)).
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o F-structure Z is a model of F-formula o, iff T |=, « for all variable assignments
v.

o [-formula « is logically implied or entailed by the set I', iff every model of T' is a
model of o, written I' = a.

For a closed F-formula «, a formula without free variable occurrences, we can omit the
variable assignment v and simply write Z |= «, since the meaning of a closed formula is
independent of the choice of variable assignments.

2.3 Herbrand Structures

For our purpose, the design of object-oriented databases, it is always of advantage if not
a fundamental prerequisite to derive knowledge from the syntactic information provided
by schemas. This is supported by so-called Herbrand structures as known from classical
logic. There is a direct correspondence between F-structures and Herbrand structures,
the details of which lie beyond the scope of this work (cf. [KLW95] for more details).
Here we only present what is absolutely necessary for the understanding of our work.

DEFINITION 2.21 (HERBRAND BASE)
Let L be an F-logic language. The Herbrand base of L, HB(F), is the set of all ground
molecules.

In classical logic a Herbrand structure is a simple subset of the Herbrand base. In F-
logic similar phenomena arise as in predicate calculus with equality. Ground molecules
may imply molecules in a non-trivial way. The source for this kind of implication is for
example the class hierarchy. For instance, the set of is-a assertions {a :: b, b :: ¢} implies
the is-a assertion a :: ¢. Because of this fact a Herbrand structure in F-logic is not only
a simple subset of the Herbrand base. It has to be closed under the logical implication,
13 ):77 .

DEFINITION 2.22 (HERBRAND STRUCTURE)

Let L be an F-logic language, and H C HB(F) be a subset of the Herbrand base. The
set H is a Herbrand structure (H-structure for short) :iff it is closed under the logical
implication, ‘="

The satisfaction and logical entailment in H-structures is defined based on the member-
ship of ground molecules, thus relying strictly on syntactic material.

DEFINITION 2.23 (SATISFACTION OF F-FORMULAE UNDER H-STRUCTURES)
Let H be an H-structure. Then:

o A ground molecule t is true in H (denoted H =) :iff t € H.
e A ground negative literal —t is true in H, H = —t, -iff t € H.

e A ground clause Ly V ---V L, is true in H :iff at least one literal, L;, is true in
H.
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o A clause C' is true in H :iff all ground instances of C are true in H.

If every clause in a set of clauses S is true in H, we say that H is a Herbrand model
(an H-model) of S.

As in classical logic, it is possible to convert all formulae into prenex normal form and
then to skolemise them. Skolemised formulae are then transformed into an equivalent
clausal form. So the satisfiability of clauses is sufficient to decide on the satisfiability of
general formulae.

2.4 Well-Typed Programmes

So far we have not defined the relationship between signature expressions and data
expressions. We do not present a detailed discussion of the concepts used, because a
thorough discussion is carried out in [KLW95]. Instead we give solely the rudimentary
definitions necessary for our expositions, especially in Sec. 3.1.

As it is done in strongly typed languages, a method should be only invoked when a
corresponding signature exists for that method. The arguments and results should then
obey the types declared by the signature expressions. The method invocation must be
covered by all its signature expressions.

DEFINITION 2.24 (TYPED H-STRUCTURE)
Let H be an H-structure.

1. If a is a data atom of the form olm @ay, ..., a; ~> v] € H® and 3 is a signature
atom of the form c[m @by, ... by => ...], we shall say that (3 covers « if, for each
1=1,....k, we have o0 : ¢,a; : b; € H.

2. We shall say that H is a typed H-structure if the following conditions hold:

(a) Every data atom in H is covered by a signature atom in H.

(b) If a data atom o[m @ ay,...,ar ~> v] € H is covered by a signature of the
form c[m @by, ... by => w| € H, thenv:w e H.

Based on the notation of a typed H-structure, we give a generic definition for typed
canonic models [Prz88], that is models that reflect the intended semantics of a set of
F-formulae; the details of these models will be immaterial for the discussions that follow.

DEFINITION 2.25 (TYPED CANONIC MODEL)
Let T be a set of F-formulae. A typed canonic model of I' is a (usual) canonic model
for T’ that, in addition, is a typed H-structure.

Following the generic definition of typed canonic models, we define what it means that
a set of F-formulae is well-typed.

By a misuse of notation v is either a ground id-term or { } if ~> is —».
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DEFINITION 2.26 (WELL-TYPED PROGRAMME)
Let T be a set of F-formulae. This set, ', is well-typed if every canonic H-model of T’
is a typed canonic H-model. Otherwise, I' is said to be ill-typed.

A well-typed programme is a set of F-formulae such that the data expressions are re-
stricted by the signature expressions. This is certainly what we want when dealing with
databases. But the definitions above are sometimes not easy to work with. There-
fore, we use semantic constraints in Sec. 3.1 that ensure that we work with well-typed
programmes.

2.5 Molecule Definitions

In classical logic, we sometimes define new symbols based on other symbols [HB69,
HB70, EFT92, L1o87]. These definitions do not increase the expressiveness, but often
it is more convenient. We show in this section that something similar holds for F-logic
as well, i. e., we can define new predicate symbols and object constructors as before and
additionally we can define the interpretations of F-molecules.

In some cases (cf. Sec. 6.1) we want to redefine existing predicate symbols. So given
a structure that already interprets the predicate symbol we want to redefine, we aim at
constructing a structure that interprets this predicate symbol differently and chimes in
with the original structure everywhere else. The way to do so is to rename the predicate
symbol, and bestow the new symbol, in the structure at hand, with the interpretation
of the original predicate symbol. Then the original predicate symbol becomes in terms
of the modified structure a new, virginal predicate symbol and thus free to be deployed
again.

Now we can encode the semantics of is-a assertions and object molecules with pred-
icates as well. So they interpret predefined predicate symbols, which are never explicitly
mentioned. Nevertheless we sometimes intend to change these predefined predicate sym-
bols. As with already existing predicate symbols intended for re-interpretation, we must
apply a renaming, which is harder to achieve, because their interpretation is hardwired
into the definition of F-structures. To alleviate this problem, we define F-structures
based on structures of the form Z = (U,Zp), which are purely relational structures. In
doing so, we show that F-logic or better our slimmed version of F-logic can be simulated
in classical logic. A fact that is claimed by the inventors of F-logic, but to our knowledge
has not been shown in public.

When we define predefined predicate symbols, we have to keep in mind that restric-
tions are imposed on them; for example the predicate for is-a assertions has to form a
partial order. These restrictions are met by means of the set 3 of sentences that confines
the set of interpretations to those that comply with the restrictions.

In the following a formula «(V;,...,V,,) is a formula with V;,...,V,, as distinct free
variables. When we write «(77,...,T),) for such a formula, we denote the formula that
is the result of replacing every free occurrence of a variable V; by an id-term T;.

DEFINITION 2.27 (S-DEFINITION)
Let 32 be a set of classical S-sentences.
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1. Let p ¢ S be a predicate symbol with arity n, and ¢,(Vi,...,V,) be a classical
S-formula. We say that

YV YV (p(Vay .o Vo) < (Vi oo Vh)
is an S-definition of p in 3.

2. Let f ¢ S be an object constructor with arity n, and ¢(Vi,...,Vai1) be a classical
S-formula. We say that

Wi Vo (Vi Va) = Vo € 05 (Vi Vo))
1s an S-definition of f in X, of
D) ): v‘/l o '\V/Vn5|:1vn+1 Spf(‘/la s 7Vn+1) :

The sentence in the implication above ensures that the defining formula ¢ acts as
a total function, as it is required of the interpreting function assigned to an object
constructor.

3. Let ¢..(C, D) be a classical S-formula. We say that
YOYD(C::D < .(C, D))
is an S-definition of :: in X, if
T EVCe.(C.C),

Y EVCOVDVE(p..(C,D) N ¢..(D,E) = ¢.(C,E))

and
¥ = VOVD(p.(C, D) A ¢.(D,C) = C = D) .

The first sentence requires that the definition of :: is a reflexive relation. The
second requires the definition of :: to be a transitive relation. The third sentence
guarantees that the definition of :: is an anti-symmetric relation. Together, this
means the definition of :: is a partial order, as it is demanded of <y .

4. Let ¢.(0,C) and ¢.(C, D) be classical S-formulae. We say that
YOVC(0:C & ¢.(0,C))
is an S-definition of : in X, if
> = YOYCYD(.(0, C) A .(C, D) = ©,(0, D)) .

This formula captures the interplay between : and ::. So the definitions of : and ::
behave like €y and <y, respectively.
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Let o, (M,0,A,...,Apn, R) be a classical S-formula. We say that
VMYOVA; - -VAYR(O[M @ A,,...,A, — Rl < ¢ (M,0,A;,..., A, R))
is an S-definition of —,, in X, if

Y = VMVYOVA, ---VAYRVR
(o, (M,0,Ay,...,An, R) Np_, (M,0,A,,...,A,,R) = R=R) .

—, represents a mapping to partial functions. This property is enforced by the
sentence above.

Let oo (M,0,A,..., Ay) be a classical S-formula. We say that
VMYOVA; - -VA,(OIM @Ay, ..., Ay = {} & v, (M,0,A,..., A,))
is an S-definition of { }, in 3.

Let ¢_.,(M,0,A;,..., Ay, R) and ¢,_. (M,0,A;,...,A,) be classical S-
formulae. We say that

VMYOVA; - -VAVYR(OM @ Ay,...,A, — R < ¢, (M,0,A,..., A, R))
is an S-definition of —»,, in X, if

¥ = VMVYOVA, VA, VR
(p—n (M, 0, Ay, ..., Ap, R) = @5, (M,0, Ay, Ay))

Whenever the invocation of a method on some host object yields a result, the in-
vocation of the method is defined and yields also the empty set.

Let oo, (M,C, Ay, ..., Ay) and ¢..(C, D) be classical S-formulae. We say that
VMVYCVA; - VA, (CIM @ Ay,..., Ay = ()] © Qoo (M, C, Ay, ..., Ay))
is an S-definition of ()as, in X, if
> = VMVCOVA, - VA,
VOVA, - AL
(0:(C,C)Y N (A, AD) A AN (A, AL AN o, (M, CT AL LAY
=

Pom, (M, C, Ay, ... Ay))

This sentence is part of the formulae that capture the anti-monotonicity of the
definition of signatures.
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9. Let on,, (M,C, Ay, ..., Ay, R), 0.(C, D) and ¢, (M,C, A, ..., Ay,) be classical
S-formulae. We say that

VMYCVYA; - -VAVYR(CIM @A,,..., A, =~ R| < ¢, (M,C Ay, ..., Ay, R))
is an S-definition of />, in X, if

> = VYMVCVA, ---VA,YR
VONA, - YA
(0 (C,CYN @ (A, AD A A @ (A, AN e, (M, C AL ALR)
=
90§>n<M7 Ca Ala s 7An>R)) )

Y| VMVYCVA;---VAVRYR
(@@n<M7 07 A17 v 7An7 R) /\ SOZI(R7 R/) = 90?\3>n(M7 07 Al) v 7An7 R/))

and

S b VMYCVA, ---VAVR
((P@H(M,C,Al,...,An,R):>g00g>n<M,C,A1,...,An)) .

The first set of formulae captures the anti-monotonicity of signatures. The second
requires that the set of result types is upward-closed. The third guarantees whenever
a result type is given, the signature is defined.

Throughout this work we assume that the symbols {::,:} U,cn{—4 =i { }ir =i ()=
=%, ()=, } used in the definition above are never included in a set of symbols of an
alphabet, i.e., these symbols never occur as object constructors or predicate symbols.
In the following we shall assume that S is a set of symbols of an alphabet and ¥ is a
set of S-sentences. Let S® D S and A be a set of S-definitions in X such that

e for each symbol in (SA\S)U{::, -} UU,cn{—5 =i, { }io =4, ()i =4, ()=, } there
is one and only one S-definition of this symbol in 3,

e there are only S-definitions of the symbols (SA\S) u{:, ;}UUieN{_)i, —si { iy =,
()=, =>i, ()=, } in ¥ in the set A.

In classical logic a structure consists only of its universe, an interpretation for function
symbols and an interpretation for predicate symbols. We call such a structure 7 =
(Z(U),Z(F),Z(P)) a classical structure.

LEMMA 2.28
If the classical S-structure T = (Z(U),Z(F),Z(P)) is a model of X in the classical sense,
then there is one and only one S™-structure I with

T2 s=T and I° = A . (2.1)



26 CHAPTER 2. F-LOGIC

PROOF. We show the existence of such an S®-structure
1% = (UR,<§,€5.12, 15,15, 12, 15, 12,
by construction. The universe U* is identical to the universe Z(U),
U :=1(U) .

Defining the rest of the structure, we stipulate the interpretation of all symbols in
S to be identical to the interpretation of these symbols under Z.

o I2(f) :== Z(F)(f) for all object constructors f € S.
e 75(p) :=Z(P)(p) for all predicate symbols p € S.

Then we define the interpretations of all symbols (S2\S)U {::,:} U Uien{—4 =
{}is=4i, ()=, =>4, ()=, } based on the truth values of the respective defining for-
mulae under the structure Z.

o I2(f)(v(Vh),...,v(Vp)) == v(Voyr) iff Z =, p(Va, ..., Vsyq) for all object
constructors f € SA\S with arity n and variable assignments v.

o (v(V1),...,v(V,)) € I5(p) iff T =, v, (V4,...,V,) for all predicate symbols
p € SA\S with arity n and variable assignments v.

e v(C) =5 v(D) :iff T |5, ..(C, D) for all variable assignments v.

e 1(0) €5 v(0) iff T =, ¢.(0,C) for all variable assignments v.
o T8 (W(M))((0), v(Ay), . .., v(A,)) = v(R) iff 7 =
o, (M,0,A,..., Ay, R) for all S-definitions —,, in the set of S-definitions

A with defining formula ¢_. (M, O, Ay, ..., A,) and all variable assignments
V.

e For all S-definitions —-,, in the set A of S-definitions,®

72" (W(M)(W(0), v(AY), ... . v(A,))

{W(R) | ex. p=pv: T, v, (M,0,A;,...,A,,R)} ,
= fZ =, oo (M,0,A,...,A)
undefined else .

e For all S-definitions ~>,, in the set A of S-definitions,

72" (M) ((C), v(Ar), ..., v(A)

{W(R) | ex. p=pv: T E, Yo, (M,C, Ay,...,Ap, R)}
= 7 =y, @ou, (M,C Ay, ..., Ay)
undefined else .

SHere p =g v for two variable assignments i and v means that the assignment p is equal to the
assignment v except possibly for the assignment of the variable R.
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For this construction 72 we prove the following properties:

1. The construction Z2 is an F-structure.

The classical structure Z is a model of 3, which guarantees that the defining
formulae behave like the corresponding elements of an F-structure.

2. I?[s =1.
Trivial according to the construction of Z4.

3. I” = A.
Trivial according to the construction of Z2.

It remains to show that the constructed structure Z2 is unique. So let J be an
SA-structure with J = A. Then for every newly defined symbol o € (S2\S) U
{1, 3 UUsen{—=0 =0 { }io =4 )=, =i, ()=, } the defining formula ¢, uniquely
determines the interpretation of ¢ in the structure 7, which is consequently equal
to IA. O

A spin-off of the preceding lemma is that we know that we can define some F-structures
by means of classical structures. We waive the question whether all F-structures can be
defined by S-definitions until later in this chapter.

It should be intuitively clear that the introduction of newly defined symbols does not
increase the expressiveness, because it is possible to find for every formula « containing
defined symbols an equivalent formula oV without defined symbols. This is achieved by
replacing every defined symbol by its defining formula. The following theorem captures
this formally.

THEOREM 2.29 (DEFINITION ENLARGEMENT)
Let S® O S be a set of symbols, and X be a set of classical S-sentences. Every symbol in
SANSU{::, FUUien{—5 =i { Fi =i, Ozis =4, ()=, } has ezactly one S-definition, and
A be the set of these S-definitions. Then there exists for every S®-formula a(Vi, ..., V},)
a classical S-formula o¥ (V4 ..., V,,) such that:

1. If T is a classical S-structure with T |= % and uy, ..., u, € Z(U), then
I*Eyaiff T, o,

where v(V;) = u;. (The structure T2 be the uniquely determined S™-enlargement
of T with I® |= A, according to Lem. 2.28.)

2. BUA EasaY.

PROOF FOR 1. We define V: £5% — S inductively. We denote a language £ over an
alphabet A as £5 where S is the set of symbols of the alphabet A. For a € £
let Vi,... be an enumeration of all variables occurring in . Then V/,... is an
enumeration of variables not occurring in a.

We first define oV for expressions a of the form t = X, where X is a variable,
inductively over t.
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t =Y with Y is a variable:

Y=2XV:=Y=X.

V- HVA([tl ZVIIVA . At = VYA
wﬂww~V”X»

Y n’ Y

[f(tr, ... tn) = X]V = ) ﬂfefAv;,
E|V1/,.-E|VTZ([1§1:Vlf]v/\'“/\[tn:‘/nl]v/\

f . V)2 X)

itfes.

\

We define oV for remaining S®-formulae «(V, ..., V,) by induction on the struc-
ture of av. Without loss of generality we assume that all molecules are broken apart
into their constituent atoms.

1. a =t; =ty where t, is no variable:

o = 3V{([ts = V] At = V]V

HG~HMKMQJHVAWAHW;VWA
Spp(‘/lla AR | V’I’l’,)) b
' mquamxméﬂﬂVAmAﬁW%WWA

Vi VD)

\ ifpes
3. a = ti:ty:

oV = mqmg@y%WWAﬁw%WWAwAWJ@>
4. o = t:to:

o¥ = 373y (1t £ VIIT A lla 2 VIS (V1 19))
5. a=t,[]

a’ = true
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6. O =to[tm @ tay, ..., ta, » L,]:
Vi 3V 3V (e 2 VT A A, 2 VA
2 Vial” Al 2 VEI® Al 2 V]
oo (Vi Vs Vi Vi Vies))

Here » stands for —, —, = or =>.
7. a=toltym Qtoy, ... ta, = {}:
Vo= 3 3V (e 2 VT AL Al 2 VA
[t = VieialV A lto = Vgl VA
Coery Vi1 Voo Vi -, VD)

8. a =ttty Qtgyy... te, = ()]

V=3 Wt SV AL AL, 2V
[ = Vri+1] [tc = V/+2]v/\
@U»n (Vn+17 Vr:+27 V1I7 et Vr:)

9. a =0
(6% = T
Vi=-(6)Y
10. o = (/61 V 62): (ﬁv ﬁ )
1V D
11. a=3Ve:
o = 3V(8)"
12. o =3IV B
0¥ = 3V=1(5)7
13. a =VV: o VV(B)V

It is not difficult to prove 1 by the help of the definitions above. The proof is
carried out inductively. In particular, the following holds:

I8 =, (a(Va,..., V) & a¥ (W, ..., V), (2.2)
where v(V;) = u;.

PROOF FOR 2. Let Z’ be an S®-structure with Z/ = X U A and uy, ... ,u, € Z'(U). It
remains to show that 7' =, (a(V4,...,V,) & oV (V4,...,V,)) where v(V;) = u; for
i € {1,...,n}. We know that Z® = 7' for the structure Z := Z'[s by Lem. 2.28.

Therefore, the assertion follows from (2.2).
O
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A symbol set is called relational if it contains only predicate symbols. In classical logic
function symbols can be replaced by predicate symbols to obtain a relational symbol
set. The idea is to look at the graph of a function instead of the function itself. This
idea can be extended to F-logic. In the case of the restricted F-logic we use, we can even
encode is-a assertions and object molecules by means of predicate symbols. This is not
surprising since F-logic is a first-order logic.

DEFINITION 2.30

Let S be a set of symbols. py be a new predicate symbol with arity n+ 1 for every object
constructor f € & with arity n. 8" consists of the predicate symbols in S, the newly

introduced predicate symbols for object constructors, and the predicate symbols™ :2, :2,

{—i" i e N}, {—"| i € N}, {02 | i € N}, {={"°| i € N}, {0/I? | i € N},
{=7"i e N}, and {o5? | i € N},

The additional predicate symbols are meant to encode is-a assertions and object
molecules. We deliberately choose predicate symbols close to the “built-in” predicates.
Thus it should be easy for the reader to identify their counterparts. This is different for
the predicates like o_,,.. Their meaning is not self-explanatory. They are necessary to
indicate that a value of a set-valued method or of a signature is defined at all. Without
them the distinction between the case that the invocation of a method on a host object
is undefined for given arguments or is the empty set is not possible.

We relate each S-structure Z to an S"-structure Z", by replacing functions by their
graphs and the “built-in” predicates by ordinary predicates.

DEFINITION 2.31
Let T be an S-structure. The structure I := (U",I}) is the S"-structure defined as
follows:

1. U :=U;
2. for every predicate symbol p € S: I} (p) = Ip(p);

3. for every object constructor f € S with arity n:

(W1y ooy uns1) € Ip(py) ff Ze(f)(ur, .o upn) = Upsa

4. for :::

(u1,u2) € Ip(:) siff ur 2p ug ;
5. for::

(ur,u2) € Ip(:) :iff wy €v us
6. for —,:

(Ui Uoy A1, - - oy Gy 1) € L3 (—,) :z’ﬁI(j)(um)(uo, A1y .oy ly) = U ;

"We indicate the arity of these new predicate symbols by the superscript numbers.
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7. for —,:

(U Uo, A1, - .y Gy 0) € T (—=y) ciff u € I@(um)(uo, a1y, Q) ;

8. foro_,,:

Uy Uy A1y - -, p) € In(0_,, ) 1 Iﬁl) U ) (Ug, G1, . .., ay) defined ;
P n

9. for ~=>,:

(Ui Uey A1y« ooy Ay u) € Tp(R2>y,) ciff w EIg)(um)(uc,al,...,an) :

10. for o, :
(U Uey Q1 -« -y Q) € Tp(0as,) Ciff Ig)(um)(uc, ai,...,a,) defined .

Accordingly, it is possible to translate every S-formula into an S"-formula by replacing
atomar sub-formulae like f(X,Y) = Z by p;(X,Y, Z). Nested formulae are treated in
the same manner as in the proof of Theor. 2.29. A sentence « is satisfied by an S-
structure 7 if and only if o” is satisfied by the S"-structure Z”, as proven by the next
theorem. It contains the formal definition of a”.
THEOREM 2.32
For every S-formula a(Vy, ..., V,,) there exists a classical S”-formula o (Vi, ..., V,) that
does not contain object constructors, such that for all S-structures Z and all uq, ..., u, €
ZWU):

ITE, aiff T =, o (2.3)

where v(V;) = u; fori e {1,...,n}.

PRroOOF. Instead of showing this assertion directly, we can make use of Theor. 2.29. We
start by obtaining the relational structure Z" from the structure Z. Afterwards
we define the set A of S-definitions in X, also defined by us in this proof, such
that Z7"|s = Z, which is proven after the definitions of the sets ¥ and A. The
set of symbols S U S” takes on the role of S and S” the role of S according to
Theor. 2.29.

The purpose of the set of sentences X is to guarantee that the predicates used to
encode functions and the special “built-in” predicates behave properly. The rules
of conduct are set up by the definition of F-structures.

We give for every special predicate a set of sentences and explain their meaning.

.= {VVa(V,V)}
U
{VVVV NV, (:(Ve, Vi) A 2(Vy, V2) = (Ve Vo)) }
U
{VVIVi(:(Ve, V) A (Vg Ve) = Ve = Va)}
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The first sentence requires that the interpretation of :: is a reflexive relation. The
second requires the interpretation of :: to be a transitive relation. The third sen-
tence guarantees that the definition of :: is an anti-symmetric relation. Together,
this means the interpretation of :: is a partial order, as it is demanded of <.

%= (YL (Vi V) A (Vi Vi) = (Vi V) )

This formula captures the interplay between : and ::. The interpretations of : and
:: behave like €y and <y, respectively.

2.7: = {v‘/l o 'vvnEI:lvTH—l pf(‘/la s 7V7L+1) ‘ f € S}
It ensures that the interpretation of p; is a graph of a function.

S = YV, -V, YV
=0 (Vins Vo, Vars -3 Vas Vi) A =0 (Vs Vo, Vs -+ Va,, Vi) = Vi = Vo
| n € N}

—, represents a mapping to partial functions. This property is enforced by the
above sentences.

3= {VV,VVVV,, -V, YV,
(Vs Voo Vs ooV, Vi) = 0, (Vi Vou Vs o, Vi)
| n € N}

Whenever the invocation of a method on some host object gives a result, the
invocation of the method is defined. This has to be reflected by the predicates
0

Yo = {YV,VVVV,, - -VV, YV,
YV, -V,
(Ve VO N (Ve Vi) AN oA (Ve V) A
2 (Vi VLV 0V V) = 2 (Vi Ve, Vi, -, Ve, Vi) | n e N}
U
YV IV, IV, VYWV
2 (Vi Ve, Vary oo o Vs Vi) N i(Vi, V) = =, (Vi Ve, Vg oV, V)
| n € N}
U
WV IV, WV, WV,
Q>n(‘/ma ‘/ca ‘/;,17 R Vana V;“) = Uan(Vma ‘/ca ‘/;117 ety V;n>
| n € N}

The first set of formulae captures the anti-monotonicity of signatures. The sec-
ond requires that the set of result types is upward-closed. The third guarantees
whenever a result type is given, the signature is defined.

Yoo = {VV,VVVV,, ---VV,,
VYNV YV
(Ve V) AN (Va, Vi) A oA (Ve Vi) A

G (Vs VLV VY = 0 (Viny Ve Vs -, Vi) | € N}
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This sentence is still part of the formulae that capture the anti-monotonicity of
the definition of signatures.

We define
=Y. UX UZ;UZ_ UX_ UE,UX, .
and
A:= {VCVD(C:D < ::(C, D))}
U
{VOvC(0:C < :(0,C))}
U
(Vi WVois f(Viso Vo) = Vaga & pp(Va, o Vo) | f € S with anity n}
U

{VMVOVA;---VA,VR

OMaA,...,A, ~ R] & ~,(M,0,A,...,A,,R) | n € N}
U
{(VMVYOVA, ---VA,

OMaA,.. A, —{}eo., (MO,A,...,A,)]|neN}
U
{VMYCVA;---VYA,YR

C[M @A,,..., A, ~> R & a,(M,C, Ay, ..., Ay, R) | n € N}
U
{VMVCVA,---VA,

C[M@Al,...,An@ ()] <:>O'§>n(M,07A1,...,An) | TLEN} .

The set A contains for every object constructor f and every “built-in” predicate
one S"-definition in 3.

Because of Theor. 2.29 it holds for every & U S"-formula «a(Vy,...,V,) that

aV(Vi,...,V,) is a classical S"-formula not containing object constructors and
that every S”-structure Z satisfying ¥ and for all uy,...,u, € Z(U):
I8 B, aiff T, Y (2.4)

where v(V;) = u;.

For an S-formula o we define o” := aV.

It remains to show that (2.3) is true. Let Z be an S-structure. Because of its
definition Z" satisfies 3, therefore 7" = A. Because of Z™ = A exactly those
interpretations for predicate symbols, object constructors and special “built-in”
predicate symbols are added to Z" in order to obtain Z"® that were eliminated
in the transformation from Z to Z", hence I"*|s = Z. Let a(Vi,...,V,) be an
S-formula and v be a variable assignment:

1 }:V Q iﬂ‘ITArS ):1/ o
iff 772 =, a
iff 7n =, vV (24)
it 7" =, o (" =aV) .
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(Il
The converse of the above theorem is also true. It is proven similarly.
THEOREM 2.33
For every classical S8"-formula o(Vy,...,V,) there exists an S-formula a~", such that
for all S-structures T and all uy, ..., u, € Z(U):
I'E, aiff TE, o™, (2.5)

where v(V;) = u; fori e {1,...,n}.

PROOF. The proof is similar to the proof of Theor. 2.32. We stipulate S® := SUS" and
take A nearly as in the proof above. We only swap the left-hand sides and right-
hand sides of <. The resulting set does not exclusively consist of S-definitions,
because some right-hand sides are not classical S-formulae. But they do not define
special predicates. Thus we obtain an S-definition for every predicate symbol in
S™\S in the empty set of sentences. For every S-structure Z, we have Z%[s = 7",
hence by Theor. 2.29 the assertion. a



Chapter 3

An Object-Oriented Data Model

The task of a data model is to give a means to describe data and operations defined on
that data. So when we speak of data in this context, what do we really mean? Commonly
in database management systems two fundamentally different types of information are
present. First of all we store data in the traditional sense like pieces of goods or their
part lists. Other types of information are used to give the former structure. It is meta
data like the knowledge that every product has a price going along with it. The meta
data is imperative when dealing with bulk data. The reasons are manifold and stretch
over all requirements on database management systems mentioned in the introduction.
Without structuring data, it is impossible to define index structures for the efficient
evaluation of queries. Efficiently storing data without knowing the underlying structure
is simply not feasible. For these reasons we divide the data into two parts. Meta data
is data that is relatively stable over the time and describes the time-varying data. Thus
giving formats for enumerations, rules to derive knowledge and semantic constraints to
restrict the time-varying data and capture dynamic aspects.

3.1 Schema

Our data model describes two parts, a schema and an instance. The schema is meant to
describe the part of the application domain that is relatively stable over a long period of
time. It gives the structure for the application domain. The schema comprises basically
only formulae, which we group according to their nature.

Classes are a means to structure the application domain. Since that structure is
normally fixed over a long period, the subclass hierarchy and the signatures of the
classes are part of the schema. The signatures of the classes constitute the interface
of a class, defining the structural part of the objects of that class. Furthermore, the
restrictions that are imposed on the time-varying parts are an ingredient of a schema.
These restrictions can be divided into a part that is vital for technical reasons and a
part that is relevant for the application. In this section we deal only with the former.
The latter is discussed in Chap. 4.

This view of a schema is very similar to Liu’s [Liu96]. But his definition lacks the

35
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possibility to declare semantic constraints, which are important for our work. It is also
in accordance with many other object-oriented data models [Ban88, AK89, ABD*89,
Bee89, KL89b, CM90, GPvG90, ABGO93, LX93, ST93]. However, having based the
data model on F-logic, we can exploit the flexibility, expressiveness, precise syntax and
semantics, and proof theory to tailor our data model to meet our needs. These needs
are among others the potency of conceiving formulae that talk about schema aspects.

DEFINITION 3.1 (SCHEMA)
Let L be an F-logic language. A (database) schema D for L is of the form

D = (CLASSp|METHp HIER p |SIGp|SCp)
where CLASSp, METHp, HIERp, SIGp, SCp € VU S with
e a finite, non-empty set of constants, CLASSp C Fy, for class names,
e a finite set of constants, METHp C Fy, for method names,
e a finite set of ground is-a assertions,
HIERp C {a::b ] a,b € CLASSp} |,
to form the class hierarchy,

e a finite set of signatures,

SIGp C {c[m @ay,...;ap = (r1,...,7)] | ¢,a1,...,ak,71,...,7 € CLASSp,
m € METHp, k > 0,1 > 1} |,

to declare signatures for classes and methods, and

e a set of F-sentences, SCp, to restrict the set of allowed instances, which comprises
besides application-dependent constraints as introduced in Chap. 4 the following:

— the set of unique name axioms
UNAp = {# (t,t') | t,t € U(F),t #t'} ,
— the set of definedness axioms

DEFp = {VC VM
VO 3V
(OM ~> V] «— C[M =~ ()]NO:C)*
== ~o=— or ==, >=—1]

By a misuse of notation variable V may be { } if ~> is —.
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— and the set of well-typedness axioms

WTp = {VOVM VA, - VA, VYV

4C' 4B, --- 4By
(OC/\AlBl/\/\AkBk/\C[M @Bl,,Bk@<)]
-

O[M @Ay,... Ap~> V])2

|k eN and === ~>=— or>==2 ~>=—»}

U

{VOVM VA, - YA, YV

VYCVBy---VB YW

(V.w

-
C[M@Bl,...,BkQ>W]/\O[M@Al,...,AkN>V]/\
OC/\AlBl/\/\AkBk)

|EeN and rR>== r~>=— or>==3 ~>=—»} .

The sets CLASSp and METHp are disjoint, CLASSp "N METHp = (.

When the language and the schema are understood from the context, we will not mention
them explicitly in subsequent sections.

The set CLASSp serves to declare the class names used in the application domain.
The classes form a hierarchy, which is defined by the set HIERp. The structural part of
classes is defined by signatures in the set SIGp. These signatures are used for a special
kind of semantic constraints, WTp, that enforces typing in method invocations. Here
we do not follow the approach laid out in Sect. 2.4 of using special models, rather we
use the semantic constraints in W'T p, which connect method invocations and method
signatures. This relationship will be discussed later on in more detail. Due to the F-
logic semantics of ::, subclasses inherit all signatures from their superclasses, and each
element of a subclass is also an element of the corresponding superclasses.

Semantic constraints defined in the set SCp identify “meaningful schemas” and re-
strict the set of instances for the schemas. Part of the semantic constraints are unique
name axioms [Rei80] for the elements of the Herbrand universe. These ensure that dif-
ferent ground id-terms stand for different objects. The reason for this is that we want to
derive conclusions based on syntactic material, namely Herbrand bases, assuming that
syntactically different things are also semantically different. The existence of unique
name axioms has an effect on the equality theory. The equality predicate = is even
diagonal on the constants of the Herbrand universe. This entails that a schema has an
acyclic class hierarchy if we demand that the set HIERp is a model of the unique name
axioms, HIERp = UNAp, which we do throughout this work.

There are two different kinds of well-typedness axioms. The first kind is a formal-
isation of the notion that a data atom is covered by a signature expression. This has

2Again by a misuse of notation variable V may be { } if ~> is —.
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to hold for every data atom in a model of WT . Therefore the first condition 2a in
Def. 2.24 is satisfied. The second kind is a formalisation of condition 2b in Def. 2.24.
Theorem 3.9 shows the correspondence in more detail.

The set of definedness axioms is introduced to prevent the occurrence of null values,
i.e. if an object is element of some class, the method invocation for a method that is
declared for the class and takes no arguments has to return a value.

The set of semantic constraints is infinite for two reasons. The set of unique name
axioms is infinite if the Herbrand universe U(F) is infinite. The set WTp, is infinite by
definition. As we will see later in Sect. 3.2 instances of a schema may be infinite. But
this means that we cannot give an a priori upper bound for the highest possible arity of
methods.

The sets UNAp, WTp and DEFp are independent of the underlying schema D. The
sets WT'p and DEF are even independent of the underlying language. So we define
the set of axioms

AX :=UNAp UWTp UDEFp

independently of the underlying schema.

We mention above that a schema includes rules to derive further knowledge. These
rules lack in our definition of a schema. As our focus is on different aspects of database
design, we will not pursue this issue in this work. It is possible to derive a view mecha-
nism based on Def. 3.13.

It is possible to minimise the sets HIERp and SIGp, by removing redundancies. For
instance, the set {a :: b,b :: ¢,a :: ¢} can be reduced to the set {a :: b,b :: ¢} because
the is-a assertion a :: ¢ is a logical consequence of the two is-a assertions a :: b, b :: c.
Similarly, it is possible to reduce the size of the set SIGp.

EXAMPLE 3.2
The entity-relationship schema in Exam. 1.2 can be modelled as schema with the follow-
ng components:

CLASS := {Person, Phone-admin, Faculty, School, Phone, Department},
METH := {children, fac, sch, ph, dep},
HIER := {Faculty :: Person},

SIG := {Person|[children @ Person = Person],
Phone-admin[fac = Faculty; sch = School;
ph = Phone; dep = Department|} .

We added to the schema the class Person as a superclass of the class Faculty, although
this is-a relationship is not present in Fig. 1.5. The class Person has one set-valued
method, which takes as argument an object of class Person and returns a set of Persons.
This set represents the children of the Person host object.

Its “schema graph” is depicted in Fig. 3.1. Here arrows like = —=> denote that
the class at the bottom of the arrow is a subclass of the class the arrow is pointing to.
The arrows like —0—= denote signature expressions for scalar methods that take no
arquments. The class at the butt is the class the method m is declared for, and the class
at the point is a result class for that method.
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Person Phone-admin
\\ fac Sch ph ep

\
Faculty School  Phone Department

Figure 3.1: The schema graph of the F-logic schema

We used the first step of the method presented in [BMP96] to generate this schema.
The basic idea underlying this step is that entity sets are mapped onto classes and rela-
tionship sets are mapped onto classes with appropriate method declarations. Additionally
some semantic constraints are needed for the classes introduced for relationship sets. As
we present these constraints first in Chap. 4, we leave them out here.

In principle a schema D is a set of F-formulae. These formulae are classified according
to their nature. For convenience, we sometimes write D U I" for a schema D and a set
of F-formulae I' to denote the schema resulting when we include the formulae in I' into
D. The nature of the set of formulae I" is taken from the context in case of ambiguities.

Scalar methods that take no arguments play an important role in this work. We
shall call these scalar methods attributes. Sometimes it is important to guarantee that
an attribute is only defined for exactly one class. These attributes are proper attributes.

DEFINITION 3.3 (ATTRIBUTE)
Let D be a schema.

e A method m € METHp is called an attribute for class ¢ € CLASSp :iff the
following holds:
HIERp USIGp = ¢[m = ()] .

e A method m € METHp is called a proper attribute for class ¢ € CLASSp :iff all
of the following holds:

— SIGp | ¢fm = ()], and
— SIGp FEdm = ()], if c # d.

The set of attributes {m € METHp | HIERp U SIGp |= ¢[m = ()|} for a class ¢ is
denoted Attrp(c). The set of all attributes U ccpass, Attro(c) is denoted by Attrp.

Note that the polymorphism of F-logic allows a method m € METHp to occur as
attribute and as method that takes arguments.

In the preceding definition we used the logical entailment to make assertions about
properties of elements of a schema. Because of our restrictions on the material used in
a schema, it is possible to decide the implication using only simplified resolution rules.
For these the implication problem is decidable.

THEOREM 3.4
Let D be a schema. The implications HIERp |= c::d and HIERp U SIGp | ¢[m = d
are decidable.
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Proor. To prove the hypothesis, we can devise an algorithm based on the inference
rules given for F-logic. Due to the finiteness of the input HIERp and SIGp and
the form of the applicable inference rules (IS-A reflexivity, IS-A acyclivity, IS-
A transitivity, type inheritance, input restriction and output relaxation), we can
exhaustively apply the inference rules on the input and stop after a priori finitely
many steps. If the molecule to be tested is an element of the result, the implications
hold otherwise the implications do not hold.

O

3.2 Instance

Having described the part of our data model that is relatively stable over a long period
of time, we come now to the time-varying part, the instance, that comprises objects and
their method values. An instance consists of two different kinds of F-formulae. The
first kind populates classes and the second kind defines method values for these objects.
Furthermore, an instance has to obey the semantic constraints set out by its schema.
To define an instance, we start off by defining the syntactic part of an instance, the
extension.

DEFINITION 3.5 (EXTENSION)

Let D be a schema for a language L. An extension f € ext(D) of the schema D is of
the form

f= <P0Pf|0bf>
where popy,oby € VU S with

e a set of ground is-a assertions,
pop; C {o:c| o€ F\(CLASSp UMETHp),c € CLASSp}
populating classes, and
e a set of ground object molecules with data expressions,

oby C{olm @ay,...,ay~> 71| k>0 and m e METHp and
0,a1,...,a5, 7 € Fo\(CLASSp UMETHp) and
pop; = 3C3C, ---3C,L IR
(0:C Nap:Cy A+ Nag:Ci Ar:R)}
U
{ojm @ay,...,a, —{}] | k>0 and m e METHp and
0,a1,...,a; € Fo\(CLASSp UMETHp) and
pop; = 3C 3C, -+ - 3C,
(0:C Nay:Cy A Nag:Cr)}

for the definition of method values for objects.
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The extension level of a database is restricted to facts for populating elements of CLASS
and for defining the values for method invocations. We do not permit the declaration of
new classes, changes to the class hierarchy, or the introduction of new signatures. We
bound id-terms occurring in an extension to constants. This limitation conforms to the
definition of a schema, where it is not possible to deduct knowledge from the internal
structure of id-terms.

Alas, objects and classes have the same domain and are interwoven together such that
there is no clear separation of the notions of schema and extension in F-logic. Therefore,
we introduce this separation in our data model.

Next we define what can be deduced from an extension and its schema.
DEFINITION 3.6 (COMPLETION)

Let D be a schema and f be an extension of the schema D. The completion of f under
D is

complD(f) = {Oé € HB(?) | CLASSp UMETHp UHIERp U SIGp U
pop; Uoby = a} .

The definition above is somewhat sloppy since class names, the elements in CLASSp,
and method names, the elements in METHp, are not F-formulae. In this context we see
every class name ¢ € CLASSp and method name m € METH as object molecule with
no method expression, c[| and m[], respectively. The addition of all class names and
method names for the evaluation of the completion of an extension ensures that every
class name and every method name is activated in its completion.

THEOREM 3.7

Let f be an extension of a schema D. The completion of f under D is the smallest
H-model of CLASSp UMETHp U HIERp U SIGp U popy U oby with respect to the set
inclusion C.

PROOF. It is clear that the set compl,(f) is an H-structure. The set compl,(f) is a
subset of the Herbrand base, compl,(f) C HB(F), by definition and also closed
under the logical implication by definition. It is also trivial that compl,(f) is an
H-model of CLASSp UMETHp U HIERp U SIGp U pop, U oby.

Whenever there is an H-model H of CLASS, UMETHp UHIERp USIGp U pop; U
oby, every ground molecule a implied by CLASSp UMETHp UHIERp U SIGp U
pop; U ob; is element of H, a € H, by definition, and hence compl,(f) C H,
since compl,(f) comprises all implied ground molecules of CLASSp, UMETHp U
HIERp USIGp U pop; Uoby by definition.

O

An instance of a schema is an extension that obeys the semantic constraints declared in
that schema.
DEFINITION 3.8 (INSTANCE)

Let f be an extension of a schema D. Then f is called a(n) (allowed) (database) instance
of D, f € sat(D), if comply(f) is an H-model of SCp.
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The definition of method values in instances is always materialised. We do not allow in
this definition the evaluation of method values. But this is not a problem for us, because
we are especially interested in directly defined method values.

In Sect. 2.4 dealing with typing aspects in F-logic, we presented well-typed pro-
grammes. The link between well-typed programmes and instances are the completions
of the latter under the schemas of the latter.

THEOREM 3.9
Let f be an instance of a schema D. The completion compl,(f) is a typed H-structure.

PrROOF. The completion compl,(f) is an H-model of the semantic constraints SCp.
These semantic constraints include the well-typedness axioms, which ensure that
first every data atom in compl,(f) is covered by a signature and second that if
a data atom is covered by a signature the result value is of the required type.

(I

The set CLASSp UMETHp UHIER p USIGp Upop;Uoby is simply a set of F-formulae,
so an F-programme. The theorem above can now be used to make statements about
CLASSp UMETHp UHIERp USIGp Upop,; Uoby as well-typed programmes. A prereq-
uisite for that is an appropriate definition of canonic models. In this work we define the
completion of the instance f under the schema D to be the canonical model of the set
CLASSp UMETHp UHIERp USIGp Upop; Uoby, thus the completion comply,(f) is the
only typed-canonic model and therefore CLASSDUMETHDUHIERDUSIGDUpOprObf
is a well-typed programme.

ExaMPLE 3.10

An instance of the schema in Fxam. 3.2 can be composed of the following components:

pop; := {bob : Faculty, alice : Person, john : Person},

oby := {bob][children @ alice — john],
alice[children @ bob —- john|} .

The set of all objects for an extension and the set of classes an object is element of in
an extension is defined below.

DEFINITION 3.11

Let f be an extension of a schema D.

o The set of all objects for extension f is denoted obj(f) :={o | ex. c: o:c € pop;}.

e The class-label 1g(0) for an object o € obj(f) is the set of classes object o is
element of, lci(0) := {c | HIERp U pop; |= 0 : c}.
The next lemma justifies the use of only some syntactic material in the deduction of
knowledge from schemas and extensions.
LEMMA 3.12

Let f be an extension of a schema D. Then o € obj(f) and ¢ € lci(0) iff comply(f) =
o:c.

ProoOF. The assertion follows from the proof theory of F-logic.
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3.3 Queries and Views

In this section we present the first and only operation that is defined for our data model.
It is a fundamental must for databases because it allows us to retrieve information stored
in a database instance of a schema.

DEFINITION 3.13 (QUERY)
Let D be a schema. A set

QC{H«—T|H T is an F-Horn-rule}

1s a query over D.

The definition of queries is based on arbitrary F-Horn-rules. This allows to extract
information about instances as well as schemas. This is due to the great flexibility
that F-logic offers. It is credited to the uniform framework in which F-logic deals with
signatures and data. Though some condemn this flexibility (cf. [AK92]) because it
seems to come with the trade off that no strict typing is possible in earlier versions of
F-logic [Mai86, KW89, KI.89a]. In fact, that is not the case in the current version of
F-logic as presented in [KLW95].

In general we could define views based on queries, following the ideas in the work of
dos Santos [dSAD94| on views in object-oriented data models; but we refrain from doing
so, and in addition we even present only a simplified version of a semantics for queries,
which is based on the immediate consequence operator for non-recursive F-Horn-rules.
The rationale for this simplified semantics lies in that we use queries in Chap. 7 to
construct new instances. However, syntactically, the F-Horn-rules in those queries are
recursive, although their semantical nature is intended to be non-recursive.

ExAaMPLE 3.14

The set Q := {O:d <« O:d} is a query in the sense above. We use this query later in
Chap. 7 to populate the class d in a new instance based on the population of the class d in
an original instance. So in fact, although the syntactic form of the rule is recursive, we
have to read the rule for this application as O:d,e, «— O:dyq, which is non-recursive.

The following is a simple but for our needs sufficient approach to define the semantics
of queries.

DEFINITION 3.15 (EvAL)
Let f = <p0pf\obf> be an instance of a schema D, and Q) be a query over D. We define

eval(Q, f) = |J {v(H) | comply(f) E (T)} .

H—TeQ

Since compl,(f) is an H-structure and satisfies the unique name axioms, its universe
is a subset of the Herbrand universe U(F), and so v(H) and v(T') are a well-formed
ground molecules.

Because we do not need concepts like updates or transactions in this work, we do
not define these concepts.



44 CHAPTER 3. AN OBJECT-ORIENTED DATA MODEL

Sometimes we have two schemas the structures of which are nearly identical. Then
projection queries help to populate the extensions of one schema by means of the exten-
sions of the other schema.

DEFINITION 3.16 (PROJECTION QUERY)
Let C; A C Fy be two sets of constants. The query

projc 4 :={0:¢c +— O:c|c€ C}U{O[m — R| +— O[m — R| | m € A}

15 called projection query.
If C = CLASSp and A = METHp for a schema D, then idp = projc 4 is called
identity query.

The projection of an extension is an extension as is shown in the following lemma.

LEMMA 3.17
Let f be an extension of a schema D, C' C CLASSp be a set of classes, and A C METHp
be a set of attributes.

1. Then for all classes c € C

o:c € comply(f) iff o:c € eval(projc 4, f)
and for all attributes m € A
o[m — r] € comply(f) iff o[m — r] € eval(projc 4, f)
hold.

2. Then the evaluation eval(projq 4, f) is an extension of the schema D.

PROOF FOR 1.

o:c € comply(f) iff compl,(f) = o:c (Def. 2.23)
iff ex. v with v(O) = o:
complp(f) | (00
iff o:c € eval(projc 4, f) (O:¢c «— O:c € projc 4 and Def. 3.15)

olm — r| € comply(f) iff compl,(f) = o[m — 7] (Def. 2.23)
iff ex. v with v(O) =0 and v(R) = r:
comply(f) = v(Olm — R])

iff o[m — r] € eval(proje 4, f)
(Olm — R] «— O[m — R] € projc 4 and Def. 3.15)

PROOF FOR 2. If o:c,0olm — 7| € eval(projg 4, f), then, due to 1, o:c,olm — 1] €
compl,(f). Therefore the molecular formulae o:c and o[m — r] comply with the
restrictions imposed on elements of extensions of the schema D.

O
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We close this section with the observation that whenever the completions of two instances
are the same, their query results will be equal.

LEMMA 3.18 (EvAL FUNCTION)

Let f and f" be two extensions of a schema D. Whenever the completions of the instances
f and f" are equal, compl,(f) = compl,(f’), then the query evaluations under the
instances are equal, eval(Q, ) = eval(Q, f').

PrOOF. This lemma follows from the definition of a evaluation eval(Q, -).
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Chapter 4

Application-Dependent Constraints

As mentioned previously, the semantic constraints of a schema can be divided into two
parts. Both parts are necessary to identify meaningful schemas and to restrict the set of
instances of schemas such that restrictions of the application domain are reflected. In the
relational world there are a number of well understood classes of semantic constraints
(functional dependencies, multi-valued dependencies, join dependencies, inclusion de-
pendencies). They do not miss in any standard database textbook. These constraints
have been profoundly investigated. The theory of database design has benefited from
these investigations. A number of normal forms based on semantic constraints char-
acterise desirable relational database schemas. Alas, the theory of database design for
object-oriented databases lacks such clear and well-understood normal forms due to
the lack of well-understood classes of semantic constraints. We surmise that the ori-
gins of object-oriented databases from object-oriented programming led to a plethora
of database operations. This newly found freedom in expressing restrictions seduced
to burden nearly all semantic constraints on the shoulders of application programmers,
which hid these in the program logic of the applications.

In this work we want to use path functional dependencies, a class of semantic con-
straints, which can be understood as extension of functional dependencies for object-
oriented database models. Path functional dependencies were introduced by Wed-
dell [Wed89, Wed92).

We employ path functional dependencies for the design of object-oriented database
schemas where they occur among others in the output of a schema transformation called
piwoting defined in Sec. 7.1. This transformation is meant to improve object-oriented
schemas. To obtain path functional dependencies in the output of pivoting, the input
schema must contain path functional dependencies. A second kind of semantic con-
straints generated by the transformation pivoting are onto constraints. Their nature is
completely different from path functional dependencies. They are more like inclusion
dependencies as known from the relational world. The concept of an onto constraint has
been mentioned by Thalheim [Tha93a], but without naming it.

Although we motivate the existence of onto constraints and path functional depen-
dencies in their connection to pivoting, they can exist independent of this transformation.
For path functional dependencies examples are given by Weddell; they may serve various

47
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purposes like for example query optimisation.

In a given schema, we explicitly define semantic constraints. Beyond that there are
additional constraints that hold for every instance. Therefore we say a set of semantic
constraints I implies a constraint v under a schema D if and only if all instances of
the schema D satisfying the set of constraints I' satisfy the constraint . This notion
of implication is very similar to the logical implication denoted f=. Unfortunately, the
correspondence is not as close as in the relational data model. In our framework only
the following holds.

LEMmMA 4.1
Let D be a schema with minimal semantic constraints, i.e. SCp = AX, and SC and

SC' be two sets of sentences. Then sat(D U SC) C sat(D USC') if SC = SC'.

PROOF.

fesat(DUSC) iff comply(f) E AXUSC
then compl,(f) = AXUSC
iff fesat(DUSC) .

Unfortunately, the converse does not hold as demonstrated in the next example.

EXAMPLE 4.2

Let D be a schema with HIERp := {a::b}, and two sets of semantic constraints SC :=
{b::¢} and SC' := {b::d}. Additionally, let f be an extension of the schema D. When we
look at the completion of the extension f under the schema D, we observe the only non-
trivial class is-a assertion found in the completion is the molecule a::b, since there is only
one in the syntactic material of the schema D, namely the molecule a::b, and non-trivial
class is-a assertions can only be implied from class is-a assertions. Consequently, it is
clear that sat(D U SC) = sat(D U SC') = 0 holds, but neither SC = SC" nor SC' = SC
hold.

Both sets of semantic constraints SC and SC’ include assertions over the schema D,
but, unfortunately, the schema D does not supply the schema element requested by
the semantic constraints. This mismatch takes its root in that we can only define
formulae over an alphabet not over the structural part of a schema. We might think we
could exclude formulae from the semantic constraints based on our knowledge on the
structural part of a schema, because we can easily spot the discrepancy between the is-a
assertions in the class-hierarchy-giving part of the schema and the semantic constraints
in Exam. 4.2. However, problems arise when formulae are non-ground unless we want
to put serious restrictions onto the formulae employed as semantic constraints. In that
case we need a schema-relativism of the formulae, which stretches over formulae not only
domain elements.

In the relational data model it is indeed possible to define the notion of a formula over
the structural part of a schema, because the structural part of the schema constitutes the
underlying alphabet. Thus we can conclude from the relationship between sets of allowed
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instances what the relationship between the respective sets of semantic constraints in
terms of the logical entailment is, i. e., the converse of Lem. 4.1 can be established in the
relational data model. Consequently, we have to consider interpretations and formulae
over all schemas. Despite this fact, we speak about formulae over schemas indicating
that the underlying languages are identical.

Common to all schemas are unique name axioms, well-typedness axioms and defined-
ness axioms. The well-typedness axioms and definedness axioms do not even depend on
the language used.

4.1 Onto Constraints

For pivoting, the decomposing transformation studied in Sect. 7.1, we need so-called
onto constraints on grounds of technical requirements, which will become clear when
pivoting is described formally. An onto constraint guarantees that all objects of a result
class of an attribute are referred to by an object of the class the attribute is defined for.
Thus onto constraints are a special type of inclusion dependencies. They correspond to
unary inclusion dependencies, which connect only singleton sets of attributes.

EXAMPLE 4.3
We come back to Exam. 3.2 and extend the presented schema by semantic constraints
that reflect restrictions imposed on its instances. An example for an onto constraint is

Phone-admin{fac|Faculty} .

It states that every Faculty must have a phone.t

DEFINITION 4.4 (ONTO CONSTRAINT)
Let D be a database schema, and ¢ € CLASSp be a class.

Syntax: An onto constraint for ¢ over D is of the form c{m|c,,}, where m € Attrp(c)
is an attribute for ¢ and ¢, € CLASSp is a class.

Semantics: The onto constraint F-formula for an onto constraint c{m|c,,} is

YV3IO(O:cfm — V] Acm = ()] «— Viey) .

The set of onto constraint F-formulae for ¢ in SCp is denoted OCp(c). OCp denotes
the set of all onto constraint F-formulae in SCp.

Often we blur the clear distinction between syntax and semantics and write ¢{m|c,,} €
OCp(c) whenever that is appropriate.

In the definition above there is no connection between the class ¢,, and the rest of
the definition, i.e., ¢,, is not necessarily a result class of the attribute m for the class
¢ although we might expect such a connection. When we look at the inference rules
given in Def. 4.7 below, we see that inference rule “range restriction” produces onto

'Remember this is only hypothetical.
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constraints with only a weak connection between the class c,, on the one hand and the
class ¢ and the attribute m on the other hand.

We observe the similarity between definedness constraints and onto constraints when
it comes to their semantics. The scope of these constraints stretches over two classes.
The former demand that all attributes return a proper value, and the latter demand
that an object is referred to by another object.

To obtain an algorithmic decision procedure for the implication of onto constraints,
we have to conceive inference rules. However, the implication of onto constraints does
not always yield onto constraints from a given set of onto constraints.

EXAMPLE 4.5

Let D be a schema with onto constraint d{m|c} € OCp and signature atom HIERp U
SIGp [= d[m = ¢]. Then this clearly implies the formula YO(O : ¢ «—— O : ¢), because
all elements of class ¢ have to be referred to by an object of class d, which entails that
the referred object of class ¢ is also an object of class ¢ due to the signature atom and
the well-typedness axioms.

We formalise formulae as presented in the preceding example as class inclusion con-
straints.

DEFINITION 4.6 (CLASS INCLUSION CONSTRAINT)
Let D be a schema, and ¢, € CLASSp be two classes.

Syntax: A class inclusion constraint (CIC) for ¢, over D is of the form ¢ C ¢ .

Semantics: A class inclusion constraint F-formula for a class inclusion constraint ¢ C ¢
18
VOO :d «— O:c¢) .

The symbol CICp denotes the set of all class inclusion constraint F-formulae in the set
SCp of semantic constraints.

In this section we restrict the set of semantic constraints of a schema to class inclusion
constraints and onto constraints plus unique name axioms, well-typedness axioms and
definedness axioms until®> otherwise mentioned, i. e.

SCp = AXUCICp UOCp .

Since the presence of the axioms has a more technical flavour, we shall often speak
of semantic constraints meaning the constraints that are not axioms but application-
dependent constraints.

Having class inclusion constraints, we can give inference rules for class inclusion
constraints and onto constraints. The first rule incarnates the transitive nature of class
inclusion constraints. The second rule captures the influence of the class hierarchy: if a
class is a subclass of another class, each element of the subclass must be an element of
its superclass. As the class hierarchy depends solely on the underlying schema, this rule

2In Sec. 4.4.
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introduces a dependency of the inference mechanism on the underlying schema. The
next rule embodies the interplay between onto constraints and signature declarations as
shown in Exam. 4.5. Its effect is the introduction of class inclusion constraints orthogonal
to the class hierarchy. While the last three rules saw class inclusion constraints as results,
the next two rules deal with the inference of onto constraints. The first of these rules
allows a restriction of the range of an onto constraint, whereas the second grants the
relaxation of the domain of an onto constraint.

Given a set of class inclusion constraints and onto constraints over a schema the
derivation from this set is not influenced by the set of constraints in the schema itself.

DEFINITION 4.7 (INFERENCE RULES FOR CICs AND OCs)

Let Y U {v} be a set of class inclusion constraints and onto constraints over a schema
D. The constraint v is derivable from Y, written T Fp v, iff it is a member of Y or is
the result of one or more applications of the following inference rules.

C1. C-transitivity: For classes ¢, ¢’ € CLASSp, if both ¢ C ¢ and ¢ C " can be
derived, then so can ¢ C c”.

C2. Subclass inclusion: For classes ¢, € CLASSp, where HIERp = ¢ :: ¢, derive
cCc.

C3. Signature inclusion: For classes ¢, € CLASSp, if d{m|c} can be derived, where
HIERp USIGp | d[m = /], then so can ¢ C ¢.

C4. Range restriction: For classes d,c € CLASSp, if ¢ C ¢ and d{m|c'} can be derived,
then so can d{m|c}.

C5. Domain relaxation: For classes d,¢’ € CLASSp, if ¢ C ¢ and c{m|d} can be
derived, where m € Attrp(c), then so can d{m|d}.

In this definition we bring the logical entailment to bear to extract knowledge about the
class hierarchy and the signature of classes; but we have to keep in mind here that these
extractions can be algorithmically decided because of Theor. 3.4.

An example for the application of the inference rules is shown in Exam. 4.10.

The closure of a set of class inclusion constraints and onto constraints contains all
class inclusion constraints and onto constraints that can be derived from the set of class
inclusion constraints and onto constraints.

DEFINITION 4.8 (CLOSURE)

Let T be a set of class inclusion constraints and onto constraints over a schema D. The
closure of T over the schema D, written YT, is the set of all class inclusion constraints
and onto constraints v over the schema D where Y Fp v.

Although the formulae expressing the semantic constraints depend only on the under-
lying language not on the schema itself, the inference rules C1 to C5 make use of the
underlying schema. So when we show the correctness of the inference rules, we take the
underlying schema into account.
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THEOREM 4.9 (SOUNDNESS OF THE INFERENCE RULES C1 TO C5)

The inference rules C1 to C5 are sound, i.e., for a set T U {v} of class inclusion
constraints and onto constraints over a schema D: if v € Y10, then every instance of
the schema D satisfying T satisfies v, sat(D U T) C sat(D U {v}).

ProOOF. We show this by using the proof theory provided by F-logic. Admittedly, the
use of the proof theory seems exaggerated, because the correctness of the inference
rules seems to manifest itself semantically, but the proof theory helped the author
in his efforts to develop the inference rules.

The proof goes now as follows. We show for all inference rules that the antecedents
logically entail the conclusions. But the antecedents for the rules C2 (subclass
inclusion), C3 (signature inclusion) and C5 (domain relaxation) comprehend parts
of the class hierarchy giving and signature declaring components of a schema. So
we show that if the constraint v is derivable from the set T of constraints, then

DUTYT Ewv (4.1)

holds. But now every completion of an instance under the schema D U T is an
H-model of the set DU, and hence because of (4.1) an H-model of v. Therefore
every instance of the schema D U Y is also an instance of the schema D U {v}.

We need for this proof only a subset of the F-logic inference rules, namely the
rules resolution and subclass inclusion. For this reason we do not introduce all
F-logic inference rules only the two mentioned above. We merely sketch how the
two F-logic inference rules work.

The symbols L and L’ are used to denote positive literals, C' and C” denote clauses,
and P, Q, Q', R’ denote id-terms. Resolution looks very much like resolution in
classical logic.

Resolution: Let =LV C and L'V’ be a pair of clauses standardised apart (without
common variables). Then the resolution rule is
-LVC,L'VC', 6 =mgu-(L, L)
o(C v )

In this rule © is the most general unifier of the literal L into the literal L'.

Subclass inclusion: Let (P:Q)VC and (Q'::R")VC’ be a pair of clauses standardised
apart. Then the subclass inclusion rule says:

(P:Q) VvV C (QuR) V(O =mgu(Q,Q)
O((P-RYVC V)

With the F-logic inference rules at hand, we can proceed nearly as in classical
logic. Therefore we have to transform the formulae into clausal normal form. To
obtain the clausal normal form of the onto constraint formula

YV30(O :cm — V]Acm = ()] «— V :cn)
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we skolemise it. So we get
fV):iem = V]iAem= ()] — V ¢ .

Then we bring the skolemised formula into conjunctive normal form, by first re-
placing the implication with its definition as disjunction,

(f(V):elm = VIAcm= () V-V :cp ,

and then applying the distributive law and simultaneously breaking the first object
molecule into its constituent atoms,

(f(V):eVaVicn) A(f(V)m = VIVAaVicn) Alcm= )]V -V icy) .

The conjunctive normal form of class inclusion constraint formulae is similarly
obtained. It is
O:JdVv—-0:c

for a class inclusion constraint ¢ C ¢’. Inference rule “signature inclusion” contains
a signature atom in its antecedent. The way to capture this signature atom is to
make use of the well-typedness axioms. In this case it is the axiom

YOVM YV NCYW(V W «— CM = W]ANOM —-V]|ANO:C) .
Its conjunctive normal form is
V:WvVv-CM=W|V-0OM-—=V|Vv-0:C.

Now we give the refutations for all inference rules. In some refutation steps we
implicitly make the clauses standardised apart without mentioning this explicitly.

C1: i. O:dv=0:¢c fromccCd
. O:d"Vv-0:c fromcd Cc”

. -a:d” from ¢ C ¢’
iv. a:c K
v. O:"V=0:c¢ by resolving (i) and (ii)
vi. -a:c by resolving (iii) with (v);
O = {O\a}
vii,. O by resolving (iv) with (vi)
C2: i cud
ii. —a:d fromecCd
. a 7

iv. a:c by the rule of subclass inclusion,
using (i) and (iii)
v. O by resolving (ii) and (iv)
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C3: We witness in this refutation for the first time the influence of
axioms inherent in a schema. In this case it is a part of the well-
typedness axioms.

.
11.
1il.

f(V):dv=V:c
fW)[m - VvV :c
dim= ()]v-V:c

from d{m|c}

7

iv. dim= (]
v. ViWVaCM= W]V the well-typedness axiom
-OM - V]V-0:C
vi. —a:d from ¢ C ¢
vil. a:c 7
viil. V:dV=0m— V]V =0:d by resolving (iv) and (v);
© = {C\d, M\m,W\c'}
ix. Vi:dvaf(V):dv-V:c by resolving (ii) and (viii);
O ={O\/(V)}
x. V:dvaV:ec by resolving (i) and (ix)
xi. —-a:c by resolving (vi) and (x);
O = {V\a}
xii. O by resolving (vii) and (xi)
C4: i O:dVv=0:c from ¢ C ¢
. f(V):dv=V:d from d{m/|c’'}
ii. f(V)m—-V]v=aV:d 7
iv. dm=()v-V:d 7
v. =0 :dV-0lm —alV from d{m|c}
- dlm = ()] .
vii a:c
vil. a:d by resolving (i) with (vi);
© ={0\a}
viii.  f(a) : d by resolving (ii) and (vii);
© = {V\a}
ix. f(a)jm — a] by resolving (iii) and (vii);
© = {V\a}
x. dm= ()] by resolving (iv) and (vii);
© ={V\a}
xi. —f(a)lm — a]V —=dlm = ()] by resolving (v) with (viii);
O = {O\f(a)}
xii. —d[m = ()] by resolving (ix) and (xi)
xiii. O by resolving (x) and (xii)
C5: i. O:d/Vv=0:c from ¢ C ¢

11.
1il.

f(V)y:ev=aV:d
fW)m —V]jv=V.d

from c{m/|d}
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iv. ¢m=())|v-V:d 7

v. d[m = ()] from m € Attrp(c’)
vi. =0 :dV-0lm —a]V from /{m|d}
~cfm = ()]
vii. a:d K
viil.  f(a) : ¢ by resolving (ii) with (vii);
O = {V\a}
ix. f(a):c by resolving (i) with (viii);
O = {O\f(a)}
x.  f(a)[m — d by resolving (iii) with (vii);
O = {V\a}
xi. —f(a)[m — a] vV -d[m = ()] by resolving (vi) and (ix);
O = {O\f(a)}
xii. =d[m = ()] by resolving (x) and (xi)
xiii. O by resolving (v) and (xii)

We demonstrate how the inference rules work by means of an example, which serves as
a running example throughout the remainder of this section, Sections 4.2 and 4.3. The
purpose of this example is to convey an intuition for the technicalities involved in the
proof of the completeness of the inference rules for class inclusion constraints and onto
constraints, therefore we do not come up with an example that offers an interpretation
in the real world rather it uses class names and attribute names like e, ¢/, 7 and alike.

EXAMPLE 4.10

Before we demonstrate how the inference rules do their job, we present a schema and

then show how we can derive from a given set of semantic constraints, which are in this

case only onto constraints, new semantic constraints, which an instance of the given

schema has to satisfy as well due to the correctness of the inference rules (Theor. 4.9).
The schema T we use has the components

CLASSy ={e, e, f, f', f", 9, h} ,
METHr = {j, k,n,p} ,
HIERy = {e:€, f"::f'}
SIGr = {e[j = fl.€'[k = h],

f'lp = ¢,
hln = gl,
glk = hl} , and

SCr=AX .

This schema s represented in Fig. 4.1.
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6l

k

@
e
J
f/
/E\ P A/k\
f// f h\_/g

n

Figure 4.1: The schema 7" in Exam. 4.10

An instance of this schema T is

t = ({oce,o0r:f" 05:f, 0n:h,04:9} |
{Oe[j — Of; k — Oh]a
Of[p - Oe]a
on[n — o),

oglk — on]}) .

This instance t is depicted in Fig. 4.2.

0, lai(oe) = {e, €'}

j
P k
<7 lalog) = {g}
of On 0y
lar(og) = {f". 1/, f} T

lai(on) = {h}

Figure 4.2: The instance t of the schema T in Exam. 4.10

The set of semantic constraints used in this example to exhibit how the inference
rules for class inclusion constraints and onto constraints operate is the set € of onto
constraints over the schema T' with

Q = {e{jlf'}, e{k|n},
f{ple}} .

For this set Q) of onto constraints we give an example for each of the inference rules C'1
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to C5. o ) 0
ey = /
{lf) }ZT frelle . o,
f//::f'/}|_T f'// C f/

6{]|f,}} ﬁ;{ e{j‘f”}

f// C f/

e{klh} ) o

ece 3 bpe{klh}
e'lk = h]

To summarise, the set of all class inclusion constraints that can be derived from the set
Q of onto constraints under the schema T is

{feceece, f"Ccf,ffcf,fCcf,hChygCuy,
ece,ffcf.f"cf,f'cf}, and

the set of all onto constraints that can be derived from the set ) of onto constraints
under the schema T s
{e{slf'}, e{dl "},

e{k|h}, e'{k|n},

f{plet} .
The instance t of the schema T is also an instance of the schema T US), and hence due
to Theor. 4.9 an instance of the schema T U Q7.

In the sequel we often revert to the schema T' :=T U Q.

An aspect where our data model differs from the relational data model is that we allow
infinite instances. One of the reasons for the infinity is that the inference rules C'1 to
C5 are no longer complete for only finite instances (|Jobj(f)|| € N). The other reason is
discussed when we delineate the proof of the completeness.

ExAMPLE 4.11

In this example we do not resort to the schema T in Exam. 4.10 because if we had
done so, we would have over-freighted that example. Instead we use a schema D, which
includes the signature atom

clm = e] (4.2)
and use the onto constraints
c{m|d} (4.3)
and
d{fle} (4.4)

over the schema D. From (4.2) and (4.3), we derive the class inclusion constraint
d C e by the inference rule C3 (signature inclusion). From (4.4), we conclude that the
cardinality of the set of objects of the class d is greater than or equal to the cardinality
of the set of objects of the class e in every instance f of the schema D. Consequently,
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in every finite instance of the schema D, every object of the class d is also an object of
the class e and vice versa, and so the onto constraint

c{m|e} (4.5)

holds for every finite instance of the schema D.

An infinite instance of the schema D that satisfies the onto constraints (4.3) and (4.4)
but not the onto constraint (4.5) is represented in Tab. 4.6. The table merely introduces
a creation scheme and uses “syntactic sugar”. We read a “molecule” like y':c[m —
y:{d,e}]| as follows. The is-a assertion y':c retains its known meaning. The expression
y:{d, e} stands for the two is-a assertions y:d and y:e.

y'iclm — y{d, e} yd[f — z:e€]
z:elm — x:{d,e}] x:d[f — y:e
w'efm — wi{d, e} wd[f — z:e]

Table 4.6: The creation scheme for an infinite instance in Exam. 4.11

The first column in the creation scheme defines objects ({y',2',w’,...}) of the class
¢ along with their values for the attribute m ({y,x,w,...}), which are elements of the
class d as well as of the class e, thereby satisfying the well-typedness axioms activated
by the signature atom (4.2) and satisfying the onto constraint (4.3).

The second column defines objects ({y,x,w,...}) of the class d, which are already
known to be elements of the class d, and their values for the attribute f ({z,y,x,...}),
which are elements of the class e, thereby satisfying the onto constraint (4.4). We detect
in the first row and in the second column the object z, which is an element of the class
e, but which is never referenced by an object of the class ¢ via the attribute m. So the
object z is a witness that the onto constraint (4.5) does not hold in this infinite instance.

A result with respect to the inference rules C1 to C5 is that the inference rules are
complete if we regard only class inclusion constraints alone. In this case we only use the
inference rules C1 and C2 since it is not possible to derive onto constraints from a given
set of class inclusion constraints, and so the rules C3 to C5 do not apply.

LEMMA 4.12 (COMPLETENESS OF C1 TO C2 FOR CICs)

Let AU{c C '} be a set of class inclusion constraints over a schema D with only the set
AX of azioms as semantic constraints, SCp = AX. Then if the inclusion sat(D U A) C
sat(D U {c C '}) holds, we can derive the class inclusion constraint ¢ C ¢ from the set
A under the schema D, A+pcC .

PrOOF. We conduct this proof by contraposition, i.e., we assume conversely that A /p
¢ C ¢ holds and show then that there exists an extension f with f € sat(D U A)
and f & sat(D U {c C ¢'}).
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We construct the extension of the arbitrary schema D satisfying the axioms AX
and the set A of class inclusion constraints but not the class inclusion constraint
¢ C . This extension f consists of two objects o and o' where the object o is
element of all classes d, for which we can derive A Fp ¢ C d, and the object o
is element of all classes. The object ¢ is the value of object o for all attributes
declared on all classes d, for which we can derive A Fp ¢ C d, and the value of
the object o’ for all attributes for all classes, because the object o' is element of all
classes.
f=({od|AtrpccCdtU{o:d|de CLASSp}|
{olm — o] | m € Use(aiar pecay Attro(d)} U
{d[m — o] | m € Attrp})

A sketch of the extension f is outlined in Fig. 4.3.

o — OO (o) = CLASSp
lai(o) ={e, ...}

Figure 4.3: Sketch for the extension in the proof of Lem. 4.12

The extension f satisfies the unique name axioms, well-typedness axioms and
definedness axioms. So it is an instance of the schema D.

The objects o and o satisfy the set of class inclusion constraints A by definition.
Therefore the extension f is also an instance of the schema D U A.

Since the hypothesis A F/p ¢ C ¢ holds, we know due to the inference rule C2 that
HIERp [~ c::¢ holds, which means compl,,(f) F& ¢::¢ holds by the proof theory
of F-logic. But then the object o is not an element of the class ¢/. Therefore the
extension f is not an instance of the schema D U {c C ¢'}.

O

Before we conclude this section with an outline of how we prove the completeness of
the inference rules C1 to C5 when both kinds of semantic constraints, class inclusion
constraints and onto constraints, are present, we show the problem Y Fp v is decidable
for a finite set T U {v} of class inclusion constraints and onto constraints.

THEOREM 4.13 (DECIDABILITY OF THE DERIVABILITY PROBLEM FOR C1 TO C5)
Let T U {v} be a finite set of class inclusion constraints and onto constraints over a
schema D. The problem T Fp v is decidable.

PROOF. Because of the finiteness of most components in a schema our syntactic ma-

terial is restricted. Due to Theor. 3.4 the set of all non-trivially implied class
is-a assertions that can be deduced from the set HIERp, which is finite, can be
effectively computed as well as the set of all implied signature atoms that can be
deduced from the set HIERp U SIGp, which is finite again. Both deduced sets are
finite, and so the set of all constraints derivable from T by the inference rules C1
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to C5 is finite with an upper bound, which is set by the number of all class in-
clusion constraints and onto constraints over the schema D, and can be effectively
computed. O

The proof of the completeness of the inference rules for class inclusion constraints and
onto constraints when both kinds of semantic constraints are present is harder to show.
Therefore we give first an outline of how we conduct this proof. We show for a set
T U{v} of class inclusion constraints and onto constraints and for a schema D with only
the set AX of axioms as semantic constraints, SCp = AX, that if every instance of the
schema D U T is an instance of the schema D U {v}, then T Fp v can be derived. But
instead of showing this assertion directly, we conduct the proof by contraposition. So
we assume conversely that we cannot derive the constraint v from the set T, T t/p v.
Then we construct an instance f of the schema D such that f is

e an instance of the schema D U T,
e but not an instance of the schema D U {v}.

Such an instance has to be constructed with great diligence in order to meet the demands
above. The idea is to start first with an extension that satisfies at least the set AX of
axioms and later on to amend this extension to satisfy the set T of constraints by
upholding the invariant that the extension does not satisfy the constraint v. We call
such a prototype instance an S-tree (Def. 4.30).

The way to construct such an S-tree for a schema D and a set YU {v} of constraints
where v is of the form d{m/|c} or ¢ C d is to take an object r of the class ¢ in both cases
as starting point. As mentioned before we want the constructed extension to satisfy first
the set AX of axioms. Applying this insight to our extension, consisting so far only of
the object r, means that the definedness axioms DEF have to be satisfied. Thus we have
to introduce appropriate values for the attributes of the object r. According to the well-
typedness axioms, these attribute values are objects of some classes, which in turn have
signatures declared on them. So again as for the object r, we have to introduce attribute
values to satisfy the definedness axioms. This process where we always introduce new
objects to avoid conflicts with the unique name axioms has to be iterated until all axioms
are satisfied (Lem. 4.32). The outcome of this iteration has the form of a tree with the
object r as root, hence the name S-Tree. If the declaration of signatures in the schema D
contains a cycle, e. g. declarations like a[m = b] and b[n = a, the tree becomes infinite.
Therefore we allow infinite extensions and instances.

A node of this tree is an object of the extension, and an edge 0 — o with the label
m represents that the object o’ is the value for the attribute m of the object o. This
edge has been introduced, because the object o is an element of some class d, for which a
signature d[m = d'] is declared. Looking from a different perspective, we discover that
knowing the schema is sufficient to describe an attribute value path in an S-tree. For
example if a schema contains the signature atoms d[m = d’| and d'[n = g|, they might
describe the attribute value path 0 — p —— ¢ in the S-tree. We use “might” in the
preceding sentence, because the signature atoms only possess the potential to describe
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an attribute value path. If and only if the object o is element of the class d, the attribute
value path 0 — p —— ¢ must exist. Instead of using signature atoms, we condense
the imparted information of these signature atoms into the notion of a path description,
.m.n in this example. By means of this path description, we can describe the attribute
value path 0 — p — q.

Because of the definedness axioms and the scalarity of scalar methods, hence at-
tributes, a path description appropriately applied to an object describes exactly one
attribute value path, and we therefore denote path descriptions as path functions
(Def. 4.23).

Coming back to the extension, known to be an S-tree and satisfying the set AX of
axioms, we recall our immediate goal: we want to amend the S-tree in such a way that
the set T of constraints is satisfied. When an onto constraint d{m/|c} is violated in the
extension there exists an object o, element of the class ¢, that is not referenced by an
object of the class d via the attribute m. To remedy the violation, we insert a new
object o' into the extension, make the object o' an element of the class d, and stipulate
the object o as value for the attribute m of the object o'.

We soon discover we have to bestow some care making the insertion—we have to
ensure that the set AX of axioms is satisfied again. So instead of inserting only one
single object o/, we insert an S-tree with root o', which we prune by cutting off the
branch starting with the attribute in the violated constraint, which is the attribute m
in our example. We call such a pruned S-tree pruned-S-tree (Def. 4.33).

We simultaneously insert pruned-S-trees for all objects violating onto constraints and
call this operation extrev (Def. 4.37), which upholds the invariant that if an extension
satisfies the set AX of axioms, then extrev(f) satisfies the set AX of axioms (Lem. 4.39).

Applying the operation extrev on an S-tree does not yield an extension that looks
like a tree any longer. For example we assume that the root r of an S-tree does not
satisfy the onto constraint d{m|c}. To remedy this violation, we insert a new object o,
make the object o an element of the class d and insert the edge 0 — r into the S-tree.
But then we can no longer describe this edge by a path function starting at the root
r. The edge 0 — r runs in the reverse direction when we look from the perspective
of the root r. A fact that is covered by the concept of a way description (Def. 4.23),
which is an extension of the concept of a path function to capture this reverse traversal
of attribute value paths.

Iterating this process of introducing new objects produces then an extension that
satisfies the onto constraints derivable from the set T of class inclusion constraints and
onto constraints (Lem. 4.40).

To satisfy the class inclusion constraints derivable from this set but not the class
inclusion constraint v, we follow a different strategy, which ensures that the class inclu-
sion constraints are satisfied from the outset but not the class inclusion constraint v.
So when we begin with the root of the initial S-tree, we ensure that the root is element
of all classes required by the set T of constraints but of no other classes. As we do not
know at this stage whether the inference rules are complete, we obtain the knowledge
about the required class memberships by derivation using the inference rules, which are
at least correct (Theor. 4.9). The iteration process does not alter the class membership
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of any object, so all objects satisfy all class inclusion constraints derivable from the set
T of constraints.

Finally, we know that the iteration process generates an output that satisfies both
the set AX of axioms and the set T of constraints but not the constraint v, and thus we
prove the completeness of the inference rules C1 to C5 (Theor. 4.41).

4.2 Schema and Instance Navigation

As mentioned before in the proof outline, we construct an extension that satisfies all
derivable class inclusion constraints, which influence the class membership of the objects
in this extension. Our starting point in the construction is a class ¢ occurring in either
a class inclusion constraint ¢ C d or an onto constraint d{m/|c}. Our first object in
the construction, the root of the S-tree, becomes a member of this class ¢ and all other
classes ¢ with ¢ C ¢ according to what we can derive from the set T of constraints.
We denote this set of classes the folder of the class c. A folder of a class ¢ specifies all
classes an object of the class ¢ must be a member of.

DEFINITION 4.14 (FOLDER)
Let D be a schema. We define the folder of a class c € CLASSp as

Folderp(c) :={d | SCp\AX Fp cC d} .

Note that the set SCp of semantic constraints consists in this section only of axioms,
class inclusion constraints and onto constraints; but we do not make this fact explicit
in the definition because we want to reuse the definition in other sections where the
semantic constraints are not exclusively restricted to axioms, class inclusion constraints
and onto constraints.

EXAMPLE 4.15
In Exam. 4.10 the folder of the class f" is Foldery (f") = {f", f', [}

Having determined which classes the initial object has to be a member of, we have to find
out about the class memberships of other objects included in the initial extension due to
the definedness axioms and well-typedness axioms, and later on in the iterated extensions
even due to unsatisfied onto constraints. For this task we employ way descriptions, which
describe the attribute value ways in the extension. Way descriptions are an extension of
path functions [Wed89, Wed92|, which capture that we follow attribute value edges like
0 = ¢ not only in the forward direction from o to o but also in the reverse direction
from o' to 0. Syntactically, way descriptions are strings of attribute names separated
by dots or minuses, where dots signify the forward traversal while minuses signify the
backward traversal. In our first definition of (arbitrary) way descriptions, we arbitrarily
string attribute names together.

DEFINITION 4.16 ((ARBITRARY) WAY DESCRIPTION)
The set of (arbitrary) way descriptions W, (D) over a schema D consists of all finite
sequences of ‘dot or minus separated’ attribute names together with the identity way
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description denoted as .Id where Id € V U S.

Warb(D) = {7T1m1 e T My ‘ n>0 and m; € Attl"D,T('i S {., —},’l € {1, c. ,77,}}
U {1d}

The length of the way description .Id is 0, len(.Id) := 0. The length of a way description
W= mmy - TMy, 18 N, len(w) = n.
ExXAMPLE 4.17
For the schema T in Exam. 4.10 the following are arbitrary way descriptions over the
schema T':

—j—k.p—n.k—k,

Id,

J.k.pn.k,

kon,

—n—k,

—k,

—k—p .
A path function is a special way description with only dots as separating symbols, because
a path function is intended to describe attribute value paths.

DEFINITION 4.18 ((ARBITRARY) PATH FUNCTION)
The set of (arbitrary) path functions P, (D) C Wa(D) over a schema D consists of
all arbitrary way descriptions with only ‘dots’ occurring in them.
EXAMPLE 4.19
The arbitrary way descriptions
Ad,
J-k.pn.k,
k.n
are arbitrary path functions over the schema T in Exam. 4.10.

The set of arbitrary way descriptions is too large, because way descriptions describe
attribute value ways that do not appear in any instance of the underlying schema.
In addition, there are arbitrary way descriptions we are not interested in. These way
descriptions take on the form --- .m—m--- or --- —m.m - - -, which we exclude by means
of the concatenation of arbitrary way descriptions.

DEFINITION 4.20 (CONCATENATION OF ARBITRARY WAY DESCRIPTIONS)

Let wy, we € W (D) be two way descriptions over a schema D. Then the concatenation,
written wy o wsy, is defined as

(1d if w, = wy = Id, or wy = ™M, wy = M
wy if wy # 1d, we = .1d
Wy if wy = Id, we # .Id
wy 0wy =< W if w = wiTm, wy =M )
wh if wy = 7mm, wy = TMW)
whowh if wy = wimm, we = TMw)
[ wiws otherwise
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where, if T =. orm = —, then T = — or ™ = ., respectively.
EXAMPLE 4.21

We give examples for the concatenation of arbitrary way descriptions for the arbitrary
way descriptions in Exam. 4.17.

Ido . Id = .Id

—j—k.p—n.k—ko Id = —j—k.p—n.k—k
Ido—j—kp—nk—k=—j—kp—nk—k
kno—n—k=.1Id

—n—ko.kn=.1Id

kno.kn=.knkn

The concatenation of arbitrary way descriptions is associative as the next lemma indi-
cates, for instance

(.(kmo—n—k)o.kn=.Ido.kn=.kn=.knold=.kno(—n—ko.kn) .

LEMMA 4.22 (ASSOCIATIVITY OF ARBITRARY WAY DESCRIPTIONS)
Let wy, wy, w3 € W (D) be three way descriptions over a schema D. The concatenation
of way descriptions is associative,

(wlow2)0w3:wlo(wgow3) .

ProOOF. The proof of this lemma includes some technical subtleties but is obvious.
O

Our objective is to use only those way descriptions, well-formed way descriptions, that
always describe an attribute value way starting at an object in certain instances. These
instances are minimal in the sense that apart from a given set of objects they only
contain objects whose existence is demanded by the semantic constraints and they form
a directed acyclic graph. Then we intend to determine the compulsory class memberships
of the object reached by the attribute value way. In fact there is a close correspondence
between the compulsory class memberships of such an object and the definition of way
descriptions.

The definition of a well-formed way description starts with the shortest possible well-
formed way description, .Id, and then considers longer descriptions by distinguishing the
prolongation of an already existing well-formed way description by an attribute either
in the forward or the reverse direction.

We simultaneously define the domain and the range of a well-formed way description.
The former is the set of classes from which a way description may start, i.e. a well-
formed way description always describes an attribute value way if the starting point is
an object that is element of a class in the domain of the way description. The latter is a
set of classes an end node of an attribute value way must be a member of provided the
start node is element of a class in the domain of the way description and the extension
under consideration obeys certain restrictions.
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DEFINITION 4.23 (WELL-FORMED WAY DESCRIPTION)
1. The set of well-formed way descriptions Wy¢(D) C Wa(D) over a schema D is
the smallest set such that

o .Id € Wi(D), where
— Domp(.Id) := CLASSp, and
— Ranp(c, .Id) := Folderp(c) for all c € CLASSp,
o if w € Wy(D) is a well-formed way description with a domain class ¢ €

Domp(w) such that m € Uycran, (ew) Attrn(d) for some attribute m and
len(w) < len(w o .m), then wo.m € Wy (D), where

Domp(w o.m) := {e € Domp(w) | m € U Attrp(f)} , and
f€Ranp (e,w)
Ranp(e,w o.m) := {h € Folderp(g) | ex. f: f € Ranp(e,w) and
HIERp USIGp = flm = ¢]}

for all e € Domp(wo.m) |,

o if w € Wy(D) is a well-formed way description with a domain class ¢ €
Domp(w) such that d{m|f} € (SCp\AX)*2 for some class f € Ranp(c,w),
some attribute m, and some class d, and len(w) < len(wo—m), then wo—m €
Wyt (D), where

Domp(w o —m) := {e € Domp(w) | ez. f,g: f € Ranp(e,w) and
g{m|f} € (SCp\AX)*P} , and
Ranp(e,w o —m) := {h € Folderp(g) | ex. f: f € Ranp(e,w)and
g{ml|f} € (SCp\AX) TP}
for alle € Domp(wo —m) .

2. For each class ¢ € CLASSp we write WayDesp,(c) to denote all way descriptions
w € Wye(D) where ¢ € Domp(w), i. e. all way descriptions starting at the class c.

3. The set PathFuncsp(c) € WayDesp(c) denotes the set of all well-formed path
functions starting at the class c.

When we speak in the sequel of way descriptions (path functions), we always mean
well-formed way descriptions (path functions) unless otherwise mentioned.

EXAMPLE 4.24
Some of the arbitrary way descriptions in Exam. 4.17 are well-formed way descriptions.
First of all the arbitrary way description Id is a well-formed way description with

DOmT/<.Id) = CLASST’ = {@,el,f”,f/,f, h7g} ) and
Rang(f”,.1d) = Folderr (") = {f", f', f} .

Based on this knowledge we calculate for the way descriptions .k.n and —k—p their
domains and some of their ranges.
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We begin with the way description .k.n. Therefore we show first that .k is a well-
formed way description and then determine its domain and range.

We know that the way description .Id is well-formed. Now for the class g €
Domy(.Id) the range Rany/(g,.Id) of the way description Id is Foldery/(g) = {g}.
The set Attrr(g) of attributes for the class g is {k}, hence k € Attrr(g). Finally,
the inequation len(.Id) = 0 < 1 = len(.k) = len(.Id o .k) holds, and therefore the way
description .k is well-formed with

Domy(.k) = Domg(.Id o .k)
= {CL S DOIIIT/(.Id) | k & U AttI‘T/(b)}
beRang (a,.Id)
= {67 el7 g}

and

Rang (g, .k) = Rang (g, .Id o .k)
= {c € Foldery(b) | ez. a: a € Rany (g, .1d) and
HIER U SIGp = alk = b]}

— {n} .

Now we know g € Domp(.k), h € Rang(g,.k), n € Attry/(h) and len(.k) =1 < 2 =
len(.k.n) = len(.k o .n), and thus the way description .k.n is well-formed with

Domy (.k.n) = {e,e¢',g} and
Rang (e, .k.n) = Rang (€', .k.n) = Rany/ (g, .k.n) = {g} .

We exhibit how the definition can be used with way descriptions like —k. The way
description —k is well-formed, because h € Domg/(.1d), h € Rang (h,.Id),e'{k|h} €
Qtr and len(.Id) < len(—k) holds. So the way description —k is well-formed with

Domg (—k) = {h} and
Rang/(h, —k) = {e,e'} .

When we concat two way descriptions such that the second is applicable to a class in
the range of the first, we obtain a way description again, independent of the form of
both way descriptions.

LEMMA 4.25 (CONCATENATION OF WAY DESCRIPTIONS)

Let w,w'" € Wye(D) be two way descriptions over a schema D such that there exist
classes ¢, ¢ with ¢ € Domp(w) and ¢ € Ranp(c,w) N Domp(w'). Then wow' is a
way description over the schema D, w o w' € Wye(D), with ¢ € Domp(w o w') and
Ranp(d/,w") C Ranp(c,wow').

PrOOF. We conduct the proof by induction on the length of the way description w'.
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len(w’) = 0. Then ¢ € Domp(w) = Domp(w o w’) and

P42 polderp(¢/) © Ranp (e, w) = Ranp(c,w o w') .

Ranp (¢, w")
The equation Folderp(¢’) C Ranp(c, w) holds because of the hypothesis ¢ €
Ranp(c,w), Def. 4.14 and Def. 4.23.

len(w') =n+ 1, n > 0. Then the way description w’ is of the form w” o .m or
w” o —m, and w” € Wy(D) is a way description over the schema D with
¢ € Domp(w o w”) and Ranp(¢/,w”) C Ranp(c,w o w”) according to the
inductive assumption.

w' = w” o.m. Then we distinguish two cases according to the form of the

way description w o w”.

wow” =zmy with 7 € {.,—}, y € METHp, my # —m. Becauseof ¢’ €
Domp(w'), ¢ € Domp(w”) holds, and there exists a class d €
Ranp(cd,w") with m € Attrp(d). Consequently, ¢ € Domp(w o w"),
d € Ranp(c,w o w”), m € Attrp(d) and len(w o w”) < len((w o
w"”) o.m). Then by Def. 4.23, ¢ € Domp((w o w”) o .m) and
Ranp(cd,w"” o.m) C Ranp(c, (wow”) o.m).

wow” =z—m. Then x = wow' is a way description with ¢ € Domp(x),
and Ranp(d,w") C Ran(c,x) by Def. 4.23 and by the fact that the
way description x is a prefix of the way description w o w”.

w' = w” o —m. Then we distinguish two cases according to the form of the

way description w o w”.

wow” =zmy with 7 € {.,—}, y € METHp, my # .m. Because of ¢ €
Domp(w'), ¢ € Domp(w”) holds, and there exists a class d €
Ranp(cd,w”) with e{m|d} € (SCp\AX)*P. Consequently, ¢ €
Domp(w o w”), d € Ranp(c,w o w”), e{m|d} € (SCp\AX)"»
and len(w o w”) < len((w o w”) o —m). Then by Def. 4.23, ¢ €
Domp ((wow”)o—m) and Ranp (¢, w”o—m) C Ranp(c, (wow”)o—m).

wow” =z.m. Then x = wow' is a way description with ¢ € Domp(z),
and Ranp(cd,w') C Ran(c, x) by Def. 4.23 and by the fact that the
way description x is a prefix of the way description w o w”.

O

A well-formed way description might describe several attribute value ways when starting
at the same object. Mostly we are interested in the end points of an attribute value way
described by a well-formed way description.

DEFINITION 4.26 (APPLICATION OF WAY DESCRIPTIONS)
Let f be an instance of a schema D, o € obj(f) be an object, ¢ € lgi(0) be a class,
m € Attrp be an attribute, and w € WayDesp(c) be a way description.

o [fw = Id, then o.w := {o}.
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o Ifw=.m, then o.w := {0’} with oby |=olm — 0o'].

o Ifw=—m, then o.w = {0 | obs |= o'[m — o]}.

o Ifw=w'.m, then o.w:={0" | ex. o': o € 0.w' and oby |= o'[m — 0"]}.
o I[fw=w'—m, then ow :={0" | ex. o': o/ € o.w' and oby = o"[m — J']}.

EXAMPLE 4.27
The application of way descriptions .k, .k.n, —k, —k—p and —k—p—7 to some objects
in the extension t in Exam. 4.10 yields the following results

Oc--k = {on} ,
Oc..k.n. ={o,} ,
op.—k ={0e,04} ,

op.—k—p={os} and
op.—k—p—j = {Oe} :

The instance t is definitely not an instance we are interested in, because the instance
does not form a directed acyclic graph. So the application of the way description —k
on the object oy, yields the set {o., 04}, and the object o, is not a member of one of the
classes in Rany/(h, —k).

4.3 Completeness of OCs and CICs

As mentioned in the outline of the completeness proof, we use special extensions with
certain qualities. These extensions satisfy the set AX of axioms and the set of class
inclusion constraints derivable from the given set of class inclusion constraints and onto
constraints.

There is a tight correspondence between the satisfaction of the axioms and the class
inclusion constraints. When a class inclusion constraint demands that an object o is
element of a class d, this object o delivers a value for an attribute declared on the class
d due to the definedness axioms. On the other hand if the object o is the value for
the attribute k of an object o', o'[k — o], the object o' is element of the class d’ and
the signature d'[k = d] is declared, the object o is a member of the class d due the
well-typedness axioms, and hence a member of all classes e for which we derive d C e.

Our means to observe the accordance is to adorn each object in the special extensions
with a label, a way-label. Each way-label is a way description and indicates that this
object is reachable by an attribute value way described by the way-label. The attribute
value way begins at a particular object in the extension called root, which is identical
with the root of an S-tree mentioned in the proof outline. We denote the special exten-
sions extensions with labelling, and a root® carries the way-label .Id. An extension with
labelling is parameterised with an underlying schema with only the set AX of axioms as

3We allow several roots in an extension with labelling, a feature that we exploit in Sect. 4.5.



4.3. COMPLETENESS OF OCS AND CICS 69

semantic constraints, a set of class inclusion constraints and onto constraints over the
schema and a set of classes, which stipulate the set of classes a root is a member of.

DEFINITION 4.28 (INSTANCE (EXTENSION) WITH LABELLING)

Let f be an instance (extension) of a schema D with only the set AX as semantic
constraints, SCp = AX, T be a set of class inclusion constraints and onto constraints
over the schema D, and C C CLASSp be a set of classes. The instance (extension) f is
an instance (extension) with labelling based on the sets C' and Y, if there is a way-label
lwi(o) € U.cc WayDesp iy (c) for each object o € obj(f) with the following properties

1. 101(O> = UCGCODOmDuT(IWf(O)) R‘anDUT<C7 le<O))7 and
2. for all objects o' € obj(f), if oby = o[m — 0], then lye(o) o .m = Ly (0').

We call an object o € obj(f) with lwe(o) = .Id root for the instance (extension) f. The
set of roots for f {r|r € obj(f) and lw(r) = 1d} is denoted Root(f).

This definition is well defined due to Lem. 4.12, because the definition of a range of a
way-description relies on the definition of a folder of a class, which in turn relies on the
derivation of class inclusion constraints.

We choose way-labels to be way descriptions over not only the schema D but also the
schema D U T, and thus lay the foundation for satisfying the axioms and the derivable
class inclusion constraints. Property 1 of extensions with labellings ensures that the
class membership is correctly chosen, and property 2 ensures that way-labels are not
arbitrarily chosen.

ExXAMPLE 4.29

An instance with labelling for the schema T and the set € of constraints in FExam. 4.10,
and the set {h} of classes is sketched in Fig. 4.4. The object oy, is the only root of this
instance.

The prototype extension, an S-tree, for the counterexample of the completeness proof is
an extension with labelling that contains only path functions as way-labels, because an
S-tree merely aims at satisfying the axioms and the derivable class inclusion constraints.
An S-tree is very similar to a C-Tree defined by Weddell [Wed89, Wed92], where C
stands in this case for a single class instead of a set of classes. Both kinds of trees
possess adorned objects; but each C-Tree is an S-tree with labelling based on {C'} and
the empty set of constraints.

The construction idea of an S-tree is to start with an object r, the root of the S-tree,
to make the root an element of all classes derivable from a set C' of classes and the set
T of constraints, and to introduce new objects as attribute values of the root r due to
the definedness axioms. These attribute values are made elements of classes according
to the well-typedness axioms and the set T of constraints. We iterate this process of
introducing attribute values for newly inserted objects. Instead of actually performing
this process, we use path functions, precisely those that start at the classes in the set C'.

To keep the information of why we insert an object, we adorn the object with the
corresponding path function that leads to the insertion of this object. This adornment
helps later on to prove properties of this object.
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o lailo) = {f". 1", f}
(o)) = —k—p

N

on lai(oe) = {e, €'}

/ W{k

or lalon) ={h} op lalo) =1{f}
lwf(Oh) =.Id lwf(Of) = —l{f.j

lai(og) = {g}

lwe(og) = .0
- “k
o Aoy = (n)

/
v lwe(o),) = nk
1
1
1

X Q

Figure 4.4: A sketch of the instance with labelling according to the parameters in
Exam. 4.29

DEFINITION 4.30 (S-TREE)

Let D be a schema with only the set AX as semantic constraints, SCp = AX, T be a
set of class inclusion constraints and onto constraints, and C C CLASSp be a set of
classes. An S-tree is an extension [ = <popf|obf> of the schema D with labelling based
on the sets C and Y constructed as follows.

Step 1: For each p € |J . PathFuncspur(c) take a new constant v and for all d €
Ucecnpompor ) Ra0pur(c, p) add v = d to popy, and add an additional label lys(v)
assigned p.

Step 2: For each u,v € obj(f), where p = lwe(u) and p o .m = lwe(v), add ulm — v
to oby.

EXAMPLE 4.31
An S-tree for the schema T and the set Q) of constraints in Ezam. 4.10, and the set
C = {h} of classes is outlined in Fig. 4.5.

To show that an extension as defined above is an instance of the corresponding schema,
we have to check that the completion of f under D satisfies the semantic constraints,
which consist in this case only of unique name axioms, well-typedness axioms and de-
finedness axioms. As we always take a new constant for objects and only one per path
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o, 1ai(on) ={h}
lVVf(Oh) =.1Id

lai(og) = {g}

Zg lwe(0,) = .1
g lao]) = (1)

Figure 4.5: An outline of the S-tree according to Exam. 4.31

function, a violation of unique name axioms is not an issue here. The addition of at-
tribute values is based on path functions as well. So no well-typedness and definedness
axioms are violated. The satisfaction of the set T is not an issue at this point. The next
lemma proves all as stated above.

LEMMA 4.32

Let f be an S-tree of a schema D with only the set AX of axioms as semantic constraints,
SCp = AX, based on a set C C CLASSp of classes and a set T of class inclusion
constraints and onto constraints over the schema D. Then the S-tree f is an instance
of the schema D with labelling based on the sets C' and Y.

Proor. To show that the S-tree f is an instance of the schema D, we show that all
remaining semantic constraints are satisfied, which are in this case only unique
name axioms, definedness axioms and well-typedness axioms. But before the pre-
sentation of this proof, we show that properties 1 and 2 of instances with labellings
are satisfied.

Property 1 is satisfied according to the first construction step of the S-tree f
and Lem. 4.12, because as no constraints apart from the axioms are present, the
inference rules are complete in this case; and so we observe that for each object
o € obj(f), the set of classes this object o is element of can be syntactically
determined, which is done indeed due to the fact that the right side of the equation
in property 1 relies on folders of classes.

lea(0) = U Ranpur (¢, lwi(0) (4.6)

ceCNDom puy (lwe(0))
Property 2 is satisfied due to the second construction step of the S-tree f.

UNA: The sound and complete proof theory of F-logic reveals that there are three
possible ways to introduce equality between F-logic objects:
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1. by explicitly stating the equality,
2. by is-a acyclicity, and
3. by scalarity.

The first possibility can be ruled out because of the definitions of schemas and
extensions, which simply lack this possibility. The second possibility cannot
occur, because the schema D has an acyclic class hierarchy. The third way
cannot occur, because for each path function only one object is introduced.

DEF: Let o € obj(f) be an object according to the definition of S-tree f. This
means for every attribute m € Attrpuy(¢’) for some class ¢ € (o) exists a
class ¢ € C N Dompyy(lwe(o)) such that ¢ € Ranpyr(c, lwe(0)). Therefore
lwe(0) o .m € PathFuncspuy(c) since lwe(o) is a path function. According to
the definition of S-tree f there exists then an object o' with lw(0") = lwe(0).m,
and hence oby = om — 0'].

WT: Let ob; = o[m — 0']. Then lw(0) o.m = lw(0').

1. Because the way-labels ly¢(0) and lyw(0') are path functions, there exists
a class ¢ € Ranpuy (¢, lwe(0)) for some class ¢ € CNDom puy (lwe(0)) with
HIERDU'I‘ U SIGDU'I‘ ): c’[m = ()], hence HIERp U SIGD ): c/[m = ()]
Because of (4.6) the class ¢ is an element of (o), ¢ € la(o), and
therefore ¢[m = ()] covers o|m — o].

2. Let ¢ € lg(0) be a class such that HIERp U SIGp = ¢[m = ¢/] for some
class ¢’. Due to (4.6), there exists ¢ € C'N Dompyr(lwe(0)) such that
¢ € Ranpur(¢”’, lwe(0)). Finally, this means ¢ € Ranpyy(¢”, lwe(0) o.m),
and hence ¢ € 1¢(0').

O

In general an S-tree does not satisfy onto constraints. So we modify an S-tree by adding
a new object whenever an onto constraint is violated. This object refers to the object
that gave rise to the violation via the corresponding attribute. But the addition of one
object for every violation is not sufficient. The definedness axioms call for the addition
of an S-tree for every object violating onto constraints. Then such an S-tree is pruned.
The branch that starts with the attribute of the violated onto constraint is removed,
and the object that led to the violation is grafted instead. The way-labels of the objects
of the pruned-S-tree are prolonged to adjust the relative position of the objects to the
new context.

DEFINITION 4.33 (PRUNED-S-TREE)

Let D be a schema with the set AX as semantic constraints, SCp = AX, T be a set of
class inclusion constraints and onto constraints over the schema D, C' C CLASSp be a
set of classes, m € |J .o Attrp(c) be an attribute, w € Wye(D U Y) be a way description
such that w o —m is a way description, and o be a constant. A pruned-S-tree is an
extension pst(C, o, m,w) := (poplob) of the schema D with labelling based on the sets
C and Y constructed as follows.
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Step 1: For each p € J . PathFuncspur(c)\{z € Wy (DUTY) | ez. y € Wo(D U
T): z = .my} take a new constant v and for all d € U conpomp,y (p) Rabur (€, D)
add v : d to pop, and add an additional label lyw¢(v) assigned w o —m o p.

Step 2: For each u,v € obj(pst(C, o0, m,w)), where lye(u) o.n = lwe(v), add uln — ]
to ob.

Step 3: Add o'[m — o] to ob, where o' is the object with way labelling wo—m, lw¢(0') =
wo —m, i.e, o is the object added for the path function .Id. Because of this
“historical” background we call the object o' a root as well.

Technically, pst(---) is not an extension. The addition of the data atom o'[m — o] in
the last step thwarts that, because the object o is not a member of any class. We neglect
this minor defect, because pruned-S-trees are not a “stand-alone” concept.

ExXAMPLE 4.34

When we look at the S-tree in FExam. 4.31, which was constructed for the schema T,
the set Q of constraints in Exam. 4.10 and the set C = {h} of classes, we notice that
the object oy, violates the onto constraint e{k|h}. We fix this violation by inserting the
object o, and by making the object oy, the value for the attribute k of the object o.. The
object o, is a member of the classes e and €. So the definedness axioms require that
a value for the attribute j of this object is defined, because the attribute j is declared
on the class e. Therefore we insert not only the object o, but instead the pruned-S-tree
pst({e, €'}, on, k, .1d) shown in Fig. 4.6. The parameter .Id passed for the construction
indicates where the root of the pruned-S-tree is inserted relatively to the root of the S-tree,
while the argument oy, indicates the absolute position of the pruned-S-tree.

0, lai(oe) = {e, €'}

e 1Wf(06) =—k
or lalon) ={h} o; lalog) ={f}
1Wf(0h) = .1d 1Wf(0f) = —k’.]

Figure 4.6: The pruned-S-tree pst({e, €'}, o5, k, .Id) from Exam. 4.34

We determine the set of objects that violate onto constraints. Each of these objects
should then be referred to by a root of a pruned-S-tree. It might be the case that an
object violates several onto constraints having the same attribute. In this case only one
pruned-S-tree is introduced.

DEFINITION 4.35 (UNSAT)

Let D be a schema with only the set AX of axioms as semantic constraints, SCp = AX,
T be a set of class inclusion constraints and onto constraints over the schema D, C' C
CLASSp be a set of classes, and f be an instance of the schema D with labelling based
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on the sets C and Y. The set of unsatisfied objects under YT with the violated classes
and attributes is

unsat(f, ¥) :={({d | ez. ¢:c€la(o) and d{m|c} € TT> and
for all o € obj(f): d & lai(0") or oby B o' [m — o]},
o,m) | o € obj(f) and m € Attrp} .

EXAMPLE 4.36
The set unsat(f,$2) for the S-tree f in Exam. 4.31 and the set Q of constraints in
Exam. /.10 is

unsat(f, Q) = {({e, €'}, on, k), (0, 0n,m),...} .

In Exam. 4.34 we utilised the information of the vector ({e, €'}, op, k) for the parameters
in the construction of the pruned-S-tree pst({e,e'}, o, k, .Id) where the way description
1Id is the way-label of the object oy, lwe(on) = 1d.

In the next construction step we want to ensure that violated onto constraints are
satisfied. Therefore, for every object that violates an onto constraint, we introduce
a new object referring to that particular object. But instead of creating just one object,
we insert a pruned-S-tree that has as root the inserted object.

DEFINITION 4.37 (EXTREV)

Let D be a schema with only the set AX as semantic constraints, SCp = AX, T be a set
of class inclusion constraints and onto constraints over the schema D, C' C CLASSp be
a set of classes, and f be an instance of the schema D with labelling based on the sets C
and Y. Then the extension extrevy(f) of the schema D with labelling based on the sets
C and Y s defined as

extrevy(f) == fU U pst(C, 0, m, lw(0)) ,
(C,0,m) € unsat(f,Y) and
C#0

where every object introduced in one of the pruned-S-trees does not occur in neither any
other pruned-S-tree nor the instance f.

Both the definition of unsat and the definition of extrev take instances of the underlying
schema with labelling as input, because only the initial extension is an S-tree. The
output of the operation extrev is then further used as input again. To enable this
iteration, the output has to be an instance with labelling again as we show in Lem. 4.39.

EXAMPLE 4.38

Coming back to the S-tree f in Exam. .31, we apply the operation extrev on this S-tree
with the set Q of constraints in Exam. 4.10. Since the vector ({e, €'}, on, k) is an element
of the set unsat(f,2), we add among others the pruned-S-tree pst({e, €'}, op, k, lwe(on))
as depicted in Fig. 4.6 and get the extension with labelling as shown in Fig. 4.7 as result.
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. lai(oe) = {e, €'}

P
lai(or) = {/}

lei(on) = {h}
(0] o
" lwi(on) = .Id T lwelop) = —k.j

0g lai(og) = {g}
lwf(Og =.n

Figure 4.7: Operation extrev applied on the S-tree in Fig. 4.5

LEMMA 4.39
Let D be a schema with only the set AX as semantic constraints, SCp = AX, T be a set
of class inclusion constraints and onto constraints over the schema D, C' C CLASSp be
a set of classes, and f be an instance of the schema D with labelling based on the sets
C and Y. Then extrevy(f) is an instance of the schema D with labelling based on the
sets C and Y.

PROOF. That every pruned-S-tree is nearly an instance can be proven along the same
lines of arguments as in the proof of Lem. 4.32 except for the satisfaction of the
well-typedness axioms and the definedness axioms for the pruned attribute. But
then the definedness axioms are satisfied, because the pruned attribute receives the
object violating onto constraints as value. The satisfaction of the well-typedness
axioms for the pruned attribute remains to be shown.

So we consider the root o’ of a pruned-S-tree introduced for the set of classes F,
object o and attribute m, and a € l¢i(0’) be a class with

HIERp U SIGp = a[m = b] . (4.7)

According to the definition of a pruned-S-tree and Lem. 4.12

1y (o) Del4.28 U Ranpyr(e, .Id) Del4.23 U Folderpur(e) .

e€ ENDompyy (.1d) eck

Therefore, there exists a class a’ € E with a' C a, ’{m|V'} € TTP and V' € 1¢(0).
By inference rule domain relaxation, we have

a{m|b'} € TTP . (4.8)
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Thus O/ C b follows from signature inclusion with (4.7) and (4.8). Consequently,
we have b € lg(0) and hence the satisfaction of all well-typedness axioms.

Conditions 1 and 2 of Def. 4.28 are also satisfied, because every pruned-S-tree
is nearly an instance with labelling except for the root of the pruned-S-tree and
the pruned attribute. But the root of the pruned-S-tree satisfies condition 1 by
definition as well as condition 2. a

Having the instance with labelling that violates the onto constraints in a set of con-
straints, we can fix the violations by applying the operation extrev to that instance; but
we purchase thereby new violations of onto constraints, which we fix by iterating the
application of the operation. The final outcome is then an instance of the underlying
schema D with labelling that satisfies the set of constraints as well.

LEMMA 4.40

Let D be a schema with only the set AX of azioms as set of semantic constraints,
SCp = AX, T be a set of class inclusion constraints and onto constraints over the
schema D, C' C CLASSp be a set of classes, and f be an instance of the schema D with

labelling based on the sets C and Y. Then |J,y extrevi(f) is an instance of the schema
D UTY with labelling based on the sets C and Y.

PROOF. Because of Lem. 4.39, extrevi.(f) is an instance of the schema D with labelling
based on the sets C' and T provided f is an instance of the schema D with la-
belling based on the sets C' and Y. Therefore |J,extrevi(f) is an instance of
the schema D with labelling based on the sets C' and 1. It remains to show that
the extension J;oy extrevi(f) satisfies the set T of class inclusion constraints and
onto constraints.

Due to Def. 4.30 and Lem. 4.12 each derivable class inclusion constraint is satisfied
in any extension extrevi.(f) and hence in [J, oy extrevie(f).

If object o is generated in the i-th iteration, then all onto constraints that are vio-
lated by o are satisfied in the ¢+ 1-th iteration. This continues to be so throughout
further iterations. O

Finally we are ready to prove the completeness of the inference rules for class inclusion
constraints and onto constraints. The proof will be conducted by contraposition. We
assume that we cannot derive a constraint v from the set T of constraints, T t/p v.
Then we construct an instance f of the schema D such that the extension f is

e an instance of the schema D U T,

e but not an instance of the schema D U {v}.

THEOREM 4.41

Let T U {v} be a set of class inclusion constraints and onto constraints over a schema
D with only the set AX of axioms as semantic constraints, SCp = AX, such that the
constraint v cannot be derived from the set T, T t/p v. Then there exists an instance f
of the schema D such that the extension f is
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e an instance of the schema D U T,

e but not an instance of the schema D U {v}.

PROOF. Let the constraint v be of the form ¢ C d or d{m|c}. Then let g be an S-tree
built for D, the sets {c} and T, and the object r be its root, Root(g) = {r}.
Due to Lem. 4.32 the S-tree g is an instance of the schema D with labelling, and
therefore, by Lem. 4.40, f := [J,oy extrevi(g) is an instance of the schema DU Y
with labelling based on the sets {c} and Y. It remains to show that the extension
f does not satisfy the constraint v.

We prove by contradiction that the extension f does not satisfy the constraint v,
be it a class inclusion constraint or an onto constraint. So we assume conversely
that the extension f satisfies the constraint v.

If the constraint v takes on the form ¢ C d, then the root r is a member of the
class d, d € lg(r). Due to Def. 4.28, the fact that the S-tree is constructed only
for the class ¢ and the fact that the object r is a root, ly¢(r) = .Id, the equation

lo(r) = Folderp(c) (4.9)

holds. So in contradiction to the assumption we derive ¢ C d, because d € lg(r) =

Folderp(c).

If the constraint v takes on the form d{m|c}, then there exists an object o with
obs = o[m — r|. Because of the construction of the S-tree g, the S-tree g does
not satisfy the onto constraint d{m|c}. So the object o must have been introduced
in the first application of the operation extrev on the S-tree g. This means there
exists a vector (C,r,m) € unsat(g, T) with C' # (). Consequently, there is a class
¢ € lai(r) and an onto constraint d’'{m|c'} € T2 such that d € Folderp(d'), hence
d' C d and d{m|c'} € T*P, because the onto constraint can only be satisfied if m
is an attribute declared for the class d, m € Attrp(d). Finally, (4.9) holds in this
case as well and (4.9) implies ¢ C ¢, and therefore we derive the onto constraint
d{m|c} from the set T, d{m|c} € TP, which is a contradiction.

O

Thus we have proven the completeness of the inference rules for class inclusion constraints
and onto constraints.

4.4 Path Functional Dependencies

Path functional dependencies as introduced by Weddell [Wed89, Wed92] are an extension
of functional dependencies as known in the relational data model. While functional
dependencies are defined on a relation scheme, path functional dependencies are declared
for classes and employ path functions in lieu of simple attributes in there left-hand and
right-hand sides. A path functional dependency then states if two objects in the class
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given in the dependency deliver identical results for each path function in the left side
of the dependency, the objects have to agree on the value for each path function in the
right side.

EXAMPLE 4.42

Again, we come back to Fxam. 3.2 and extend it by semantic constraints that reflect
restrictions imposed on instances of the class Phone-admin. They require that if two paths
of the form stated in the left-hand side deliver identical results, so do the corresponding
paths of the form stated in the right-hand side. In this example we have only path
functions of length 1 in the path functional dependencies. So in fact they are purely
functional dependencies. These path functional dependencies are the starting point to
perform pivoting in Exam. 7.5.

The first path functional dependency demands that for every Phone-admin object the
value for attribute fac uniquely determines the value for attribute sch. So any objects of
class Phone-admin agree on their value for the attribute sch whenever they agree on the
value for attribute fac.

Phone-admin(.fac — .sch)
Phone-admin(.fac — .ph)

Phone-admin(.sch — .dep)
Phone-admin(.ph — .dep)

In general, both sides of a path functional dependency can also contain sequences of
path functions where the pertinent conditions on each path function are understood to be
congunctively connected.

Examples 7.2 and 7.3 show how path functional dependencies with longer path func-
tions look like.

The path functions in a path functional dependency are chosen in a way that they start
all at the class the path functional dependency is declared for. In that way, we guarantee
when we apply one of these path functions to an object of the respective class, we always
obtain a defined result.

We have to bear in mind here that the set of path functions starting at a class is
influenced by class inclusion constraints and onto constraints. When we derive a class
inclusion constraints ¢ C d, every path function or better way description starting at
the class d starts also at the class c.

DEFINITION 4.43 (PATH FUNCTIONAL DEPENDENCY)
Let D be a database schema, and ¢ € CLASSp be a class.

Syntax: A path functional dependency for the class ¢ is of the form
C(p1 “ Pk =7 Pkl 'pn) )
where 0 < k < n, and where p; € PathFuncsp(c) fori e {1,...,n}.

Semantics: To define that a database instance satisfies a path functional dependency,
we construct F-formulae. We facilitate this task by using a term X|[p — Y| with

p=.my---.m] € Pu(D)\{1d}
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as a shorthand form for
(EXT - 3X (X my — XF]AXT[mE — X3TA - A X [mf — YY)

and the term X[Id — Y| as a shorthand form for X =Y.
For a path functional dependency

c(p1- Pk = Drs1 - Pn)
the path functional dependency F-formulae are

Xlp— Pl«— X :clpt = Pi;...5p — P A
Y :cpr— Pi;...;pp — Pesp— P

for cach p € {prar. .- .pa}.

The set of path functional dependencies in SCp is denoted by PFDp.

The F-formulae in the preceding definition are no longer F-Horn-rules, as they contain
existentially bound variables, but we assume that all visible variables are universally
bound. They are instead in the so-called implicative normal form. Although formally
the F-formulae above are no F-Horn-rules, we make the following observation. An
existentially bound variable in a formula

(3XT - 3X (X[ — XTIA XTIy — XA - AXT [my — YT))

depends in a sense only on the variable X and its assigned values, because the methods
are scalar methods and the presence of definedness axioms in our schemas.

From now onwards, we limit the set of semantic constraints in a schema to class
inclusion constraints, onto constraints and path functional dependencies plus unique
name axioms, well-typedness axioms and definedness axioms, i.e., a schema consists of
the following components unless otherwise said:

D = (CLASSp|METH|HIER p|SIG p|AX U CICp U OCp U PFDp)

We simply call a set of class inclusion constraints, onto constraints and path functional
dependencies a set of constraints in the remainder of this work.

4.5 Inference Rules for CICs, OCs and PFDs

Again as in the case for class inclusion constraints and onto constraints, we need inference
rules for path functional dependencies to make the decision problem of the implication
amenable to an algorithmic treatment.

To be more precise, we need inference rules for class inclusion constraints, onto con-
straints and path functional dependencies. It turns out that class inclusion constraints
and onto constraints affect the implication of path functional dependencies, but not the
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other way round. The impact of class inclusion constraints and onto constraints already
starts at the declaration of path functional dependencies, because these constraints po-
tentially enlarge the set of path functions for a class. Because of this one-way influence,
a fact that we prove later in Theor. 4.55, the inference rules C1 to C5 are even com-
plete when path functional dependencies are added to the set of semantic constraints.
Then we supplement these inference rules to capture the implication of class inclusion
constraints, onto constraints and path functional dependencies.

Weddell [Wed89, Wed92| presents five inference rules for path functional dependen-
cies alone, which we adapt to our data model as well. The first rule (A1: reflezivity)
captures the reflexivity of path functional dependencies. The second rule (A2: path
function augmentation) allows to extend both sides of a path functional dependency by
a set of path functions. The third rule (A3: transitivity) shows that path functional de-
pendencies are transitive. These three rules exist in similar forms, with only attributes
instead of path functions, for relational functional dependencies.

The next two rules simple attribution and simple prefix augmentation have no coun-
terparts in the relational data model. The rule simple attribution says that an object
uniquely determines its attribute values. While the first four rules act locally on one class
only, simple prefix augmentation includes two classes. If a path functional dependency
can be derived for a class ¢y, and this class is reachable from a class ¢; via the attribute
a, then the path functional dependency that results from prolonging each path function
in the original path functional dependency declared for the class ¢y can be derived for
the class ¢;.

The following inference rule (A6: simple prefix reduction) is the inverse of simple
prefix augmentation. Simple prefix reduction is described by Thalheim [Tha93a] under
the name reduction. Simple prefix reduction allows to telescope the path functions in a
derived path functional dependency provided the path functions have a common prefix
and an onto constraint is derivable with the common prefix as attribute. The last
rule (A7: path functional dependency inheritance) brings class inclusion constraints into
play. A path functional dependency declared for a class ¢y holds also for every subclass
of the class ¢y where we use the term subclass to denote both real subclasses and those
classes for which we can derive a corresponding class inclusion constraint. So the word
inheritance in the name of the rule is actually a misnomer.

For the inference rules C1 to C5 we use the notation Fp to denote a derivation of a
class inclusion constraint or onto constraint. Since the inference rules A1 to A7 produce
only path functional dependency and therefore no conflicts arise, we reuse this notation
even for these rules.

DEFINITION 4.44 (INFERENCE RULES)

Let = be the set of constraints in a schema D, T be a set of class inclusion constraints
and onto constraints in the schema D, and w be a path functional dependency over the
schema D. m is derivable from the set =, written = Fp w, iff it is a member of the set
= or is the result of one or more applications of the following inference rules.

A1. Reflexivity: For every class ¢ € CLASSp and for all non-empty Y C X where X
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is a finite subset of PathFuncsp(c), derive ¢(X — Y). Abbreviated

__0
XSV Al .

Path function augmentation: For every class ¢ € CLASSp and finite subsets X, Y
and Z of PathFuncsp(c), if ¢(X — Y') can be derived, then so can ¢(XZ — Y Z)
(where XZ, for example, denotes the union of all path functions in X and Z).
Abbreviated
{c(X = Y)}
o(XZ —-YZ)

A2 .

Transitivity: For every class ¢ € CLASSp and finite subsets X,Y,Z C
PathFuncsp(c), if both ¢(X — Y) and ¢(Y — Z) can be derived, then so can
(X — Z). Abbreviated

{cX = Y)Y = 2)}
(X — 2Z2)

A3 .

Simple attribution: For every class ¢ € CLASSp and attribute a € Attrp(c), derive
c(.Id — .a). Abbreviated
0

c(Id — .a) M

Simple prefix augmentation: For every class ¢ € CLASSp and attribute a €
Attrp(cy), if
CQ(pl Pm 7 Pm41 'pn>

can be derived, where co € Ranp(cq,.a), then so can

ci(.aopy-++.a0Py — .AOPyy1 .AOD,) .

Abbreviated
{c2(p1- - P = D1+ pn) } -
c1(.aopr-+ a0 Py — O Pyt .a0Py)
AG6. Simple prefix reduction: For every class ¢; € CLASSp, if

ca(.aopy-+ .o Py — WO Py .G 0 Py,)

can be derived, where ca{alc;} € TP, then so can
c1(pre Pm = Pms1- Pn) -
Abbreviated
{ca(caopr -+ .aopy, — .aopper---.aop,), ca{alei }} .

Cl(pl"'pm _>pm+1"'pn)
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A7. Path functional dependency inheritance: For every class ¢; € CLASSp, if co(X —
Y') can be derived where ¢; C cg € Y2, then so can ¢i(X — Y). Abbreviated

{e(X = Y)}
(X —=Y)

AT .

In the remainder of this section we show that the inference rules are sound and complete.
As in Sections 4.1, 4.2 and 4.3 we present a running example to illustrate the concepts
used in these proofs, but again there are too many aspects to be captured for presenting
an example that offers an interpretation in the real world. To compensate this lack,
we give an example of how some of the inference rules do their job for a variant of the
schema in Exam. 3.2.

EXAMPLE 4.45

In example 7.3 we will present a schema that is result of a transformation on the schema
in Erxam. 3.2. This schema, which is depicted in Fig. 4.8, includes path functional
dependencies and onto constraints. We assume that at least the semantic constraints

Phone-admin(.fac — .fac.sch)

and
Phone-admin{fac|Phoning-faculty }

are part of this schema. We can derive the path functional dependency
Phoning-faculty(.Id — .sch)

from these semantic constraints by “simple prefix reduction”. We can even show that
Phone-admin(.fac — .fac.sch)

is redundant. By “simple prefix augmentation”, we can derive from the trivial dependency
Phoning-faculty(.Id — .sch)

(by “simple attribution”) the dependency

Phone-admin(.fac — .fac.sch) .

EXAMPLE 4.46
For the demonstration of how the inference rules work, we declare a schema S with the
components as depicted in Fig. 4.9. The schema is graphically depicted in Fig. 4.10.
Noteworthy is in this example the path functional dependency f"(.p.j — .q), because
the path function .q in the right side is only a path function starting at the class f”
due to the fact that the class inclusion constraints f” C f holds. In this derivation we
employ the class inclusion constraint f' C [, which we derive by signature inclusion with
e{jlf'} and e[j = f]. From the set CICs U OCg UPFDg we derive the path functional
dependencies as depicted in Fig. 4.11.
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Faculty Phone-admin
AN f
N ac
N N ph
N
Phoning-faculty Phone
sch dep

School Department

Figure 4.8: An F-logic schema

CLASSs = {d,e, e, f, ', f", g, h,i} |
METHg = {j, k,n,p, q,u,v,w} ,
HIERg = {e:e', f"::f'} |
SIGs = {elj = [].€'[k = h],
fla = i;w =1,
['lp = e,
hin = g;v = d,
glu=hl},
SCg = AX
U

{elilf'}. efkln}, f"{ple}}

U
{f(q — ), f"(.pkv— pj), f"(p.g— .q¢),h(v— nu)}

Figure 4.9: The schema components for the Exam. 4.46

In the following sections we need to know which constraints, be it class inclusion con-
straints, onto constraints or path functional dependencies, we can derive from a set of
constraints in a schema by means of the inference rules C1 to C5 and the inference
rules Al to A7. In addition, we are sometimes only interested in the path functional
dependencies that we can derive from a set of constraints in a schema.

In the relational data model we can determine the set of attributes over a relational
scheme that are functionally determined by another set of attributes over this scheme.
Likewise we can determine the set of path functions starting at a class that is functionally
determined by another set of path functions starting at the same class.

DEFINITION 4.47 (CLOSURE)
Let Z be a set of constraints over a schema D.

1. The closure of the set Z, written 2P, is the set of all constraints & over the schema
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Figure 4.10: The schema for the Exam. 4.46

Al

Fs h({v,.n} — v)
h(.v — n.u) lé; h({.v,.n} — {n.u,.n})
h({v,.n} — '“)} e h(L, ) — n)

h(.v — n.u)
A4
Fs h(.Id — .n)

A5
h(.v — nu) kg e (kv — knu)

" — .p.q3)] A
;”F{.}ﬁ.ek}.v p])} I—Z e(.kv— .j)

;/(g? w)} ﬁ; f’(.q N ’w)

Figure 4.11: Examples for the application of A1 to A7

D where = Fp €.

2. The PFD-closure of the set Z, written 292, is the set of all path functional depen-
dencies ™ over the schema D where Z Fp .

3. The closure of a finite, non-empty set of path functions X C PathFuncsp(c)
for some class ¢ € CLASSp, written XtPe, s the set of all path functions
p € PathFuncsp(c) where ZFp ¢(X — p).

As for the inference rules C1 to C5, showing the correctness of the inference rules Al to
A7 is the easier part.
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THEOREM 4.48 (SOUNDNESS OF THE INFERENCE RULES Al TO A7)

The inference rules A1 to A7 are sound, i. e., for the set = of constraints in a schema D
and a path functional dependency m over the schema D: if 1 € 2P, then every instance
of the schema D satisfies the path functional dependency 7, sat(D) C sat(D U {r}).

PRrROOF. Showing the correctness of the inference rules is straightforward. It is possible
to use theorem proving for this task. a

When we want to show the completeness of the inference rules A1 to A7, we have to show
the completeness of the inference rules C1 to C5 under class inclusion constraints, onto
constraints and path functional dependencies first. Proving this completeness should
follow the lines of the completeness proof of the inference rules C1 to C5 under only
class inclusion constraints and onto constraints. The prerequisite is that the extension
U,y extrevi(f) is an instance of a schema D with path functional dependencies. Un-
fortunately, this is not true in general, although every S-tree satisfies all path functional
dependencies trivially, because only one object is introduced for every path function.
The problem arises when we want to remedy violations of onto constraints, because
then we can no longer guarantee that a way description occurs only once as way-label.
For example, when we consider a schema with the following components

HIERp = {c"::c}
SIGp ={clg = e;h = ¢],d[h= f]} , and
SCp = AX
U
{c(.g — .h),c{gle}} , and

we build the S-tree for the schema (D\SCp) U AX and the sets {c} and {¢/{g|e}}, the
resulting S-tree ¢ (Fig. 4.12(a)) satisfies the path functional dependency ¢(.g — .h). Alas,
applying the operation extrevy. (43} to this S-tree results in an extension (Fig. 4.12(b))
that does not satisfy the path functional dependency ¢(.g — .h) because of the objects
0. and 0.

If we want to cure this violation, we might think of tampering with the class mem-
berships of the object o. instead of introducing a new object, i.e., we might be tempted
to make the object o, a member of the class ¢’. But this is not a good idea, because then
the resulting extension satisfies semantic constraints the original S-tree does not satisfy.
A different solution might be to stipulate the object o, as value for the attribute h of
the object 0. But again we have to tamper with the class memberships this time of the
object o] because of the signature ¢'[h = f] and incur the same problems as before.

We take more drastic precautions by simply not allowing such situations in that
we demand that whenever an onto constraint d{m|c} over a schema is declared, this
attribute m is a proper attribute for the class d.

DEFINITION 4.49 (PROPER CONSTRAINTS)

Let = be a set of constraints over a schema D. The set = of constraints is a proper set of
constraints if for each onto constraint d{m|c} € Z the attribute m is a proper attribute
for the class d.
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0, la(oc) ={c}

].Wf(Oc) =.1Id
g h
laioe) = {e} o, o la(oc) = {e}
lwe(oe) = .9 “ lwi(o)) = .h

(a) An S-tree satis-
fying path functional
dependencies

101 —{C C} O Oc 101 OC —{C}
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o, loler) = e}

lai(of {6 f} o
le . lCl Oe {6} h
lwe(oe) = .9

(b) A changed S-tree violating path
functional dependencies

Figure 4.12: Reasons for the restriction on onto constraints

The next lemma shows that when we restrict the set of constraints to proper sets of
constraints, situations as mentioned above, i.e. the violation of path functional depen-
dencies, do not occur. This is because whenever an object o is referenced by an object
via an attribute m, the reparation of violations of onto constraints never introduces
another object referencing the object o via the attribute m.

LEMMA 4.50

Let f be an instance of a schema D. Let = be a set of proper constraints over the schema
D. Whenever oby |= o'[m — o], ¢ € lgi(0) and ¢/{m|c} € Z*P holds, then ¢’ € 1¢;(0).

PRrROOF. The onto constraint ¢’{m|c} € Zt2 can only be derived by the inference rules

C4 and C5 when an onto constraint d’'{m|d} € = exists such that d' C ¢’ and ¢ C d
can be derived from the set = of constraints. But then the attribute m is a proper
attribute for the class d’, SIGp | d'[m = ()]. Because of the well-typedness
axioms there exists a signature atom HIERp U SIGp | e[m = ()] that covers
o'[m — o], hence e € 1(0'), and therefore, because of the fact that the attribute
m is a proper attribute for the class d’, the class e is a subclass of the class d’,
HIERp [ e:d. Then we derive e C d’, and hence e C ¢ by transitivity, which
implies due to the correctness of the inference rules ¢ € lg (o).

O
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In the sequel we deal only with proper sets of constraints without saying this explicitly.
The next corollary draws the connection between the preceding lemma and the op-

eration extrev, which can be reused because the operation unsat can be applied to a set

of constraints as well.

COROLLARY 4.51

Let f be an instance of a schema D. Let = be a set of proper constraints over the schema

D. If (C,0,m) € unsat(f,Z) and oby |= o'[m — o], then the set C is empty, C' = 0.

To show the completeness of the inference rules C1 to C5 under class inclusion con-
straints, onto constraints and path functional dependencies, we exploit a property of
extensions with labelling, which is in a sense a generalisation of property 2 of extensions
with labelling for attribute value paths.

LEMMA 4.52

Let f be an instance of a schema D with only the set AX as semantic constraints,
SCp = AX, with labelling based on a set C C CLASSp of classes and a set T of class
inclusion constraints and onto constraints over the schema D. Let o € obj(f) be an
object, ¢ € lai(0) be a class, and p € PathFuncspyy(c) be a path function. Then there
exists an object 0" € obj(f) with o.p = {0"} and lwt(0) o p = lw(0”).

Proor. We show this by induction on the length of the path function p.

len(p) = 0. Then o0.p = {0} according to Def. 4.26, and lw¢(0) o .Id = lyw¢(0).

len(p) > 0. Then the path function p is of the form p = p’ o .m, and o.p = {0’}
according to the inductive assumption. Since f is an instance with labelling
based on the sets C' and T,

c €lg(o) = U Ranpur (¢, lwe(o)) ,

c¢’eCnDompyu (Iwe (o))

and hence there exists a class ¢ € C N Dompyr(lwe(o)) with ¢ €
Ranpuy (¢, lwe(0)). Since p € PathFuncspyy(c) is a path function, there
exist classes g and 7 such that i € Ranpyy(c,p’) and HIER puy U SIGpuy
ilm = g|. So ¢ € CNDompyr(lwe(o) op') with ¢ € Ranpuy (¢, lwe(o) o p’) by
Lem. 4.25, and consequently due to the inductive assumption (lwg(o) o p’ =
lwe(0")) ¢ € C N Dompyr(lwe(o)) with @ € Ranpyry (¢, lwe(0')), which means
i € 1a1(0'), because f is an instance with labelling based on the sets C' and
Y. Since HIER puy U SIGpuy | i[m = ¢ holds, HIERp U SIGp = i[m = ¢]
holds as well. This signature atom demands due to the unique name axioms
and to the definedness axioms the existence of exactly one object o” with

obs = o' [m — 0" | (4.10)

which leads to the conclusion o.p = {0"}. Additionally, (4.10) implies lyw¢(0")o
.m = lwe(0”) by property 2 of way-labellings. Finally, we have ly¢(0) o p =
lwe(0) o (p o.m) = (lwe(0) o p’) o .m = lw(0') o .m = Ly (0”).
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An immediate consequence of this lemma is presented in the next corollary.

COROLLARY 4.53

Let f be an instance of a schema D with only the set AX of axioms as semantic con-
straints, SCp = AX, with labelling based on a set C C CLASSp of classes and a set T
of class inclusion constraints and onto constraints over the schema D. For all objects
0,0 € obj(f), and for all classes ¢ € lc1(0) Nl (0') if o.p = o' .p for p € PathFuncspuy(c),
then lwe(o) = lwe(0).

Finally, we are ready to show that the extension |,y extrevi () for an S-tree ¢ satisfies
even the path functional dependencies in a schema and therefore is the counterexample
needed to prove the completeness of the inference rules C1 to C5 under class inclusion
constraints, onto constraints and path functional dependencies.

LEMMA 4.54

Let D be a schema, = := CICp U OCp U PFDp be the set of constraints in the schema
D, and t be an S-tree of the schema D\Z based on a set C' C CLASSp of classes and
the set T := CICp U OCp. Then |J;oy extrevie(t) is an instance of the schema D.

PROOF. From Lem. 4.40, we know that f := [J;cyextrevi(¢) is an instance of the
schema D\PFDp. So we deal now with the satisfaction of the path functional
dependencies in the set PFDp.

Let ¢ € CLASSp be a class and 0,0’ € obj(f) be two objects such that ¢ € lg(0)
and ¢ € lg(0'), and o.p = o'.p for some path function p € PathFuncsp\prp, (c).
According to Cor. 4.53 it follows that lw(0) = lwe(0'). The generation of the S-tree
t produces only one object for each way-label, and the operation extrevy retains
this invariant due to Cor. 4.51, hence o = o'. Therefore every path functional
dependency in the set PFDp is trivially satisfied.

(Il

Now we can prove the completeness of the inference rules C1 to C5 under class inclusion
constraints, onto constraints and path functional dependencies. The proof will be con-
ducted by contraposition. We assume that we cannot derive a class inclusion constraint
v or onto constraint v from the set = of constraints in a schema D, = I/p v. Then we
construct an instance of the schema D that is not an instance of the schema D U {v}.

THEOREM 4.55 (COMPLETENESS OF C1 TO C5 UNDER CICs, OCs aAND PFDs)
Let D be a schema, and v be a class inclusion constraint or onto constraint over the
schema D such that v cannot be derived from the set = := CICp U OCp U PFDp of
constraints in the schema D, Z t/p v. Then there exists an instance f of the schema D
such that f is not an instance of the schema D U {v}.

PrRoOOF. The proof of Theor. 4.41 can be used nearly unchanged. We only revert to
Lem. 4.54 instead of Lem. 4.40. O
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Knowing that the inference rules C1 to C5 are even complete under class inclusion
constraints, onto constraints and path functional dependencies, we give an outline of
how we prove the completeness of the inference rules A1 to A7. The basic idea is to
show the completeness by contraposition. So instead of showing for a path functional
dependency c¢(X — Y) that if every instance of a schema D is an instance of the
schema D U{c¢(X — Y)}, then the path functional dependency is derivable from the set
CICp UOCp UPFDp, we construct an instance of the schema D not satisfying the path
functional dependency ¢(X — Y), if the dependency ¢(X — Y') is not derivable from
the set CICD U OCD U PFDD

In principle, the construction of the counterexample exploits two ideas. The core of
the counterexample generalises the well-known Armstrong construction for similar proofs
in the relational data model, using two tuples agreeing exactly on the closure of a set of
attributes X. In our case we use two objects of the class c¢. But, in general, two objects
are not sufficient, so we take two S-trees with their roots being members of the class c.
Then these roots have to agree exactly on their values for path functions in the closure
XTpe because we want the roots to violate the path functional dependency ¢(X — Y).
Thus we merge the two S-trees by removing some nodes, exactly those whose way-labels
appear in the closure X*2.< from one of the S-trees and afterwards by inserting missing
attribute values for objects in the S-tree whose nodes got removed. These attribute
values are objects of the S-tree that is still intact and carry the corresponding way-labels
as the removed objects. The result, called Two-S-graph, satisfies the path functional
dependencies in the schema D, but not the path functional dependency ¢(X — Y)
(Lem. 4.64) and thus forms the prototype of the counterexample.

A Two-S-graph looks like a “Siamese twin”: the roots are the heads and the objects
with way-labels in the closure X ™. are the limbs that are grown together.

The satisfaction of class inclusion constraints is reached by carefully choosing the
class memberships of the objects in the Two-S-graph.

Again we face the problem that a Two-S-graph does not satisfy onto constraints
and simply applying the operation extrev on a Two-S-graph does not suffice, because,
in general, the outcome does not satisfy the derivable path functional dependencies.
For that we have to merge objects being inserted in different pruned-S-trees. Looking
only at the newly inserted objects suffices, because once two objects satisfy the path
functional dependencies, the objects reachable from these objects by path functions
remain unchanged (Lem. 4.67). We call the operation that first performs the operation
extrev and then merges objects, merge (Def. 4.65).

As with the operation extrev, applying the operation merge leads to new violations
of onto constraints, thus we iterate the process over and over again. The final outcome
is then the counterexample we are looking for: It is an instance of the schema D but
does not satisfy the path functional dependency ¢(X — Y).

The outcome of the iteration has still some similarity with the initial Two-S-graph,
which looks like a “Siamese twin”. First of all it is possible to reach every object by
following the object’s way-label starting from one of the roots. We call this property
root-reachability (Def. 4.56). Secondly, there are only two roots, and, thirdly, if we reach
one object by applying the object’s way-label to one of the roots, there exists another
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object reachable from the other root by applying the first object’s way-label to this other
root. This property is called root-isomorphism (Def. 4.59). These two properties are
exploited later on.

We begin with the definition of root-reachability, which is a property of instances
with labelling being invariant under the transformation merge.

DEFINITION 4.56 (ROOT-REACHABILITY)

Let D be a schema, and f be an instance of the schema D\(CICp UOCp UPFDp) with
labelling based on a set C' C CLASSp of classes and the set CICp UOCp. The instance
f is root-reachable, if for all objects o € obj(f) there exists a root r € Root(f) such
that rlwe(o) = {o}.

A root-reachable instance has the property that whenever we apply an appropriate way
description to a root, we get at most one object as result. But before we show this
property, we prove whenever an object in an instance with labelling is reachable from a
root by an appropriate way description, this very way description is the object’s way-
label.

LEMMA 4.57

Let f be an instance of a schema D with only the set AX of axioms as semantic con-
straints, SCp = AX, with labelling based on a set C C CLASSp of classes and a set T
of class inclusion constraints and onto constraints over the schema D. We have that for
all objects o € obj(f), for all roots r € Root(f), for all classes ¢ € 1ai(r), and for all
way descriptions w € WayDesp, v (c), if o € raw, then lwe(o) = w.

Proor. We show this by induction on the length of way description w.

len(w) = 0. This means that w = .Id and therefore lyws(r) = .Id.

len(w) > 0. This means w is of the form w' o mm where 7 € {.,—} and m €
METHp. Let o € rw. We distinguish two cases according to the structure
of m:

7 = ., then there exists o’ € r.w’ with oby = o'[m — o] and lw¢(0’) = w' by
the inductive hypothesis. Additionally, we know that w’ does not end
in —m, because w is a well-formed way description and is of the form
w = w'.m. Then lw¢(0) = lwe(0') o .m = w’ o.m = w'.m = w because of
Def. 4.28.

7 = —, then there exists o' € r.w’ with oby = om — 0] and lyw(0') = w’
by the inductive hypothesis. Additionally, we know that w’ does not end
in .m, because w is a well-formed way description and is of the form
w = w'—m. Now we assume two cases:

lwi(0) = y—m, then y =y o(—mo.m) = (yo—m)o.m=y—mo.m=

lwe(0) o .m Def_#.28 lwe(0") = w' and therefore ly(o) = w'—m = w.
lwi(o) = yr'm/, 7" € {., =}, m" € METHp, n'm’ # —m, then we know
the following w’ = ly¢(0') Dof .28 lwt(0)o.m = yr'm/o.m = yr'm’.m,

which is a contradiction, because w’ does not end in .m.
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LEMMA 4.58

Let D be a schema, and f be a root-reachable instance of the schema D\(CICpUOCpU
PEDp) with labelling based on a set C C CLASSp of classes and the set CICp U OCp.
Then for all roots r € Root(f), for all classes ¢ € 1ai(r), and for all way descriptions
w € WayDesp(c): |r.w| < 1.

Proor. We show this by induction on the length of way description w.

len(w) =

len(w) =

0. Trivial.

1. This means that w is of the form mm where 7 € {.,—} and m €

METHp. We consider two cases.

m =

m =

., then |r.m| = |{o}| =1 for the object o with ob; = r[m — o].

—, then we assume 01,09 € r.—m with 0, # 0s. We know lyw(01) =
lwe(02) = —m because of Lem. 4.57. Because of the root-reachability
there exists 7’ € Root(f) with '.—m = {o0;}. Since {01,02} C r.—m and
01 # 09, T and 1’ are different objects, r # r’. So we know o; € r.—m
and o; € r’.—m as in Fig. 4.13. But then ob; |= 01[m — 7] Aoy[m — 1],
which is a contradiction to the scalarity of m. This means |r.—m| < 1.

AN A

Figure 4.13: The situation that cannot arise in the case len(w) =1 and 7 = —

len(w) =

n+1,n>0. So w is of the form w'mm where 7 € {.,—} and m €

METHp, and |r.w’| < 1 by the induction hypothesis. If |r.w’| = 0, then we
know that |r.w| = 0. So the case that |r.w’| = 1 needs to be investigated. We
consider two cases according to the structure of 7.

m =

m =

.y then |r.w’| =1, say r.w’ = {o}, and |r.w| = |o..m| = 1.

—, then |r.w'| = 1, say rw' = {o}, and lw¢(0) b5y We assume

now 01,09 € r.w with 0 # 09. Again we know lw(0o1) = lwe(o2) = w
because of Lem. 4.57, and obs = o1[m — o] A oo[m — o]. Then there
exists a root ' € Root(f) such that r".w = {o;} because of the root-
reachability of the instance f. Since {01,092} C r.w and o0y # 0y, r and r’
are different objects, » # r’. Now o & r’.w’, because if we assume that
o € r'.w' as in Fig. 4.14(a), then {01, 02} € ".w, which is a contradiction.
Then there exists o) with o] € 7w as in Fig. 4.14(b), and therefore
obs = o1lm — 0] A o1[m — o], which is a contradiction to the scalarity
of m. This means |r.w| < 1.
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Figure 4.14: Situations that cannot arise in the case len(w) =n+1 and 7 = —
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As mentioned previously, the extensions obtained during the construction of the coun-
terexample look the same which ever root we assume as vista point. This feature is
captured by the property root-isomorphism. Again this property is invariant under the
transformation merge.

DEFINITION 4.59 (ROOT-ISOMORPHISM )
Let D be a schema, and f be a root-reachable instance of the schema D\(CICpUOCpU
PEDp) with labelling based on a set C' C CLASSp of classes and the set CICp U OCp.

The instance f is root-isomorphic f
e the instance f has at most two roots, |Root(f)| < 2, and

e for all roots r € Root(f), for all objects o € obj(f) with r.lws(o) = {0}, and for
all roots r' € Root(f) there exists an object o' € obj(f) such that v’ lwe(o) = {o'}.

The prototype for the counterexample is a Two-S-graph, which we compose out of
two S-trees, hence the name Two-S-graph. From one of these trees we remove objects
and create links to the other S-tree by inserting objects of the other S-tree for missing
attribute values.

DEFINITION 4.60 (Two-S-GRAPH)

Let D be a schema, and = := CICL,UOCpUPFDp be the set of constraints in the schema
D. A Two-S-graph for the schema D and a path functional dependency ¢(X —Y') over
the schema D is an extension [ = <popf|obf> of the schema D\Z with labelling based
on the sets {c} and CICp U OCp constructed as follows.

Step 1: Construct two S-trees fi := (pop;|oby) and fo := (pop,|obs) of the schema D\=
with labelling based on the sets {c} and CICpUOCp such that obj(fi)Nobj(f2) = 0.
Let Ry, Ry denote the single element in Root(f1), Root(f2), respectively.

Step 2: Remove any v : ¢, € popy and u[m — v] € oby whenever lys(v) € X TP,
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Step 3: pop; := pop; U pop, and oby := ob; U ob,.

Step 4: Foreachu : ¢, € pop; and m € Attrp(c,) where due to Step 2 oby [= u[m — w]
for all w € obj(f), add ulm — Ry.lwe(u).m] to oby.

EXAMPLE 4.61

The Two-S-graph (Fig. 4.15(b)) built for the schema in Exam. 4.46 and the path func-
tional dependency h(.v — .n) is composed out of two S-trees (Fig. 4.15(a)). The closure
of the set {.v} contains the path function .v, therefore we remove the object x4 and insert
the object o4 as attribute value for the object xy,. Because of the path functional depen-
dency h(.v — .n.u) the path function .n.u is an element of the closure {.w}tsh hence
the removal of the object x;, and all objects reachable from the object via path functions.

A Two-S-graph constructed for a schema satisfies at least the set AX of axioms.

LEMMA 4.62

Let g be a Two-S-graph for a schema D and a path functional dependency ¢(X — Y)
over the schema D. The Two-S-graph g is an instance of the schema D\(CICp, UOCpU
PFDp).

PROOF. The two S-trees needed for the construction of the Two-S-graph ¢ are instances
of the schema D\(CICp U OCp UPFDp) according to Lem. 4.32. Because of the
congruence replacing some objects of one S-tree by objects of the other S-tree
does not lead to a violation of the unique name axioms, well-typedness axioms or
definedness axioms. a

The construction of a Two-S-graph ensures that only those objects are removed whose
way-labels are elements of the closure of the corresponding set of path functions.

COROLLARY 4.63

Let g be a Two-S-graph for a schema D and a path functional dependency ¢(X — YY)
over the schema D. Then for all objects o € obj(g), Rilwi(o) = Rolwt(o) = o iff
lwf(O) € XDe,

A Two-S-graph is indeed a prototype of the counterexample in that a Two-S-graph po-
tentially satisfies the derivable path functional dependencies but not the path functional
dependency the Two-S-graph is constructed for. Additionally, a Two-S-graph looks like
a “Siamese twin”, i.e., it is root-isomorphic.

LEMMA 4.64

Let D be a schema, = := CICp U OCp UPFDp be the set of constraints in the schema
D, ¢(X = Y) &= be a path functional dependency not derivable from the set Z. Let
g be a Two-S-graph for the schema D and the path functional dependency ¢(X —Y').

1. The Two-S-graph g is root-isomorphic.

2. (a) The Two-S-graph g is an instance of the schema (D\Z) U Z%P,
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lai(on) = {h} on, xp lai(zn) = {h}
lwe(on) 7 \ / Yxh =.Id
1C Og - {g} Oqg Tg 101 o {g}
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lwf(Od) = .V lwf(l’d) = .V
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(a) The two S-trees for the Two-S-graph

1@1 Oh = {h} T 1Cl xh - {h}
lwe(on) 7 \ / %\xh = .1d
lai(og) = {9} z, lalzg) = {9}
lwf Og =.Nn u 101 Od {d} u 1Wf(33g) .n

].Wf(Od) = .v

(b) The Two-S-graph

Figure 4.15: How to construct the Two-S-graph in Exam. 4.61

(b) The Two-S-graph g is not an instance of the schema (D\Z)UZ%? U {c(X —

Y)}.

ProOOF. 1. The Two-S-graph is an instance of the schema D\Z according to
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Lem. 4.62.

For each object o inserted in one of the S-trees f; or f> during the construction
of the Two-S-graph g, we know that the way-label ly¢(0) is a path function.
Without loss of generality, we assume that o has been inserted into the S-tree

f1. Then there exists an object o' with Ry.lwe(o) = {0’} and lws(0')

Lem.4.57

lwe(R1) o lwe(o) = .Id o lwe(0) = lwe(0); but only one object is introduced for
each S-tree and path function, and therefore o = o/. The removal of nodes
and edges from one of the S-trees and the addition of missing links does not
mar this property, and thus the Two-S-graph is root-reachable.

A similar argumentation holds for the property root-isomorphism. The in-
troduction of objects in the S-trees f; and fy; during the construction of the
Two-S-graph g is executed according to the set of path functions starting at
the class ¢. So whenever an object is reachable from a root of the Two-S-
graph g either this object is reachable by the other root as well or the object
with the same way-label. Therefore the Two-S-graph ¢ is root-isomorphic,
because the Two-S-graph g contains only the roots Ry and Ry by definition.

2. (a) Let

c/<p1"'pm_>pm+l"'pn> €E+D (411)

be a path functional dependency, o, 0" € obj(g) be two objects such that
d e 101(0) N 101(0/), and

o.p;=0.p; forall ie{l,...,m} . (4.12)

Then w := lw(0) = lwe(0") because of Cor. 4.53. We consider two cases:

1.

ii.

There exists a root € Root(g) such that 0,0’ € r.w. Then o = o
because g is root-reachable, and therefore |r.w| < 1 (Lem. 4.58).

There does not exist a root r € Root(g) such that o,0" € r.w. Then
there are roots r,7" € Root(g) with r.w = 0 # o = r".w. Because of
d € lg(o) and g is an extension with labelling, ¢ € Ranp(c, w), and
therefore we can derive

c(wopy - WOoPy, — WO Py WOP,) (4.13)

from (4.11) by simple prefix augmentation. Because of (4.12) r.w o
pi =r'.wop; fori € {1,...,m}. By Cor. 4.63, it follows that w o
pi € Xtpe for i € {1,...,m}. This means w o p; € X0« for
Jj € {m+1,...,n} because of (4.13). Consequently, r.wop,; = r’.wop;
for j € {m+1,...,n}, and hence o0.p; = o'.p; for j € {m+1,...,n},
which means (4.11) is satisfied.

(b) The Two-S-graph g does not satisfy ¢(X — Y') because ¢(X — Y) & =11,
and therefore there is p € Y\ X P hence Ry.p # Rs.p by Cor. 4.63.

O
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Having the prototype of the counterexample, we deal with the satisfaction of onto con-
straints. The basic idea is to insert a pruned-S-tree whenever an object violates an onto
constraint. Unfortunately, this insertion entails in general a violation of path functional
dependencies, which we cure by removing objects from except from one all of the inserted
pruned-S-trees and adding missing links.

DEFINITION 4.65 (MERGE)

Let D be a schema, = := CICp U OCp UPFDp be the set of constraints in the schema
D, and T := CICp U OCp be the set of class inclusion constraints and onto constraints
in the schema D. Let f be a root-isomorphic instance of the schema D\E with labelling
based on a set C' C CLASSp of classes and the set Y. The transformation mergep(f)
1s defined as the outcome of the following steps.

Let r € Root(f) be an arbitrary root. We define

close = {u € obj(f) | ex. ' € Root(f)\{r}: rlwe(u) =r"lwe(u)} .

For every object 1" that is the root of a pruned-S-tree pst(C’, 0, m,lwe(0))
newly inserted in extrevy(f), and that is reachable from " € Root(f)\{r}
(r" € r' 1w (r") ) and not reachable from r (r" & rlwe(r")), we define

n(r'")y={pe€ U PathFuncsp(d) | r".p C close}

dElCl(T”)

and

H(T”) = U U N+D,d

delai(r’”) \0#NCr(r")NPathFuncsp(d) and |[N|EN

Then we apply the following steps to f' := extrevy(f).

1. For each p € TI(r")\m(r") remove the object u with r".p = {u} and any
incident edge into u from f'.

2. For each remaining object o, class d € lg(0'), and attribute n €
Attrp(d) where due to the first step oby = o' [n — 0"] for all remaining
objects 0" add o'[n — r.lwe(0") o .m].

We designate extensions satisfying the derivable path functional dependencies as input
for the operation merge. As the set X of path functions was taken in the construction
of a Two-S-graph to determine which objects had to be removed, the set 7(r") for the
root " of a newly inserted pruned-S-tree is used for this job as well. Applying a path
function from the set w(r”) to the root r” yields an object that is a member of the set
close, which comprises all objects reachable from all roots.

EXAMPLE 4.66

The Two-S-graph in Exam. 4.61 violates the onto constraint e{k|h} for two objects, oy,
and xp,. So we insert for both of them a pruned-S-tree, but this extension (Fig. 4.16(a))
violates the path functional dependency e(.k.v — .j) derivable from the set of constraints
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in the schema S. We remedy this violation by removing the object x; and stipulating the
object oy as value for the attribute j of the object x. (Fig. 4.16(b)).

The extension in Fig. 4.16(b) does not satisfy the onto constraint f"{ple}, which leads
to another application of the operation merge on the outcome. In this application two
objects oy and x'y are introduced, which violate the path functional dependency f"(.p.j —
.q). But this violation is repaired due to the fact that o € close and hence .p.j € m(x%),
and so, finally, .q € ﬂ(x’f)JrSvf”.

The removal of objects in the operation merge leaves the objects in the original instance
untouched.

LEMMA 4.67

Let D be a schema, = := CICp U OCp UPFDp be the set of constraints in the schema
D, and Y := CICp U OCp be the set of class inclusion constraints and onto constraints
in the schema D. Let f be a root-isomorphic instance of the schema D\E with labelling
based on a set C' C CLASSp of classes and the set T, and an instance of the schema
(D\Z)UZ®P. In the construction process of mergep,(f) no object o € obj(f) is removed,
i. e. for all objects o € obj(f), o € obj(mergep(f)).

PrOOF. We show Upel_[(r”)\ﬂ(r”) r".pNobj(f) = 0 for the root 7" of any pruned-S-tree

pst(C’, 0,m, lwe(0)) newly inserted in extrevy(f). Let ' # r be a root of the
extension f’ in Def. 4.65 with 7/ 1w (r”) = {r"}.

Let us conversely assume v € 7”’.p N obj(f) for a p € II(r")\n(r"). Then v & close
by definition. Because of r'.lws(r"”) o p = {v} and the root-isomorphism there
exists v € r.lwe(r") o p Nobj(f) distinct from v, v # v'. Every path function in
7(r") has got the prefix .m due to its definition. The path function p has got the
prefix .m since v € obj(f). p € II(r") and therefore d(N — p) € E*> for a class
d € laa(r") with m € Attrp(d) and some finite, non-empty set of path functions
N C w(r")NPathFuncsp(d). The root r” was added because of d’{m/|d'} € TP for
some class d” with d” C d and for some class d' € lgi(0). Then d’(N — p) € =P
holds by path functional dependency inheritance. Due to simple prefix reduction,
this entails d'(a(.m, N) — a(.m,{p})) € ET2 with «(P,S) := {t | Pt € S}. But
then o and r.lw¢ (o) violate this path functional dependency, because o # r.lwe(0),
0.q = rlwe(0) o g for each ¢ € a(.m,N) and o.p' = v # v/ = rlwe(o) o p’ for
{P'} = a(.m,{p}), which is a contradiction to the fact that f is an instance of
(D\Z) UE®>D, O

A Two-S-graph forms the prototype for the counterexample, i.e., the Two-S-graph is
a “Siamese twin”, and satisfies the derivable path functional dependencies but not the
path functional dependency it is constructed for. The operation merge treats these
properties as invariants.

LEMMA 4.68

Let D be a schema, = := CICp U OCp UPFDp be the set of constraints in the schema
D, T := CICp UOCp be the set of class inclusion constraints and onto constraints in
the schema D, and ¢(X — Y) & Z'P be a path functional dependency. Let f be a



98

CHAPTER 4. APPLICATION-DEPENDENT CONSTRAINTS

lei(oe) = {e e'} . _]éo 1(31 ) = {e e'}

hwe(oe) = —k Lo Of ={/} f(xe
wi(op) = —k.j

101 {h} on Cl xh - {h} l’
lwf Oh Id 1wf LCh =.1Id ICI — {f}
/ \ / \ IWf( ) = —k.j
lor = {9}
lwf 09 lCl Od {d} 1wf(£Cg) .n
lwf(Od) = .V
> ;L 101 Oh {h}
/ YO}L N
(a) First applying the operation extrev, ...
lai(oe) = {e, €'} o:f G-y, la(ze) ={e €'}
lwe(0e) = —Fk k 101(0f) = " lwi(ze) = —k
we(of) = —k.j
101 Oh = {h} Ty, 101 {L‘h = {h}

lwe(on) 7 \ / Y\ajh = .1d

c(og) _{g} , la(zg) = {9}

le (0g) = .n u laoa) = {d}

lwf(a:g) =n

u
lwf(Od) = .V

RS O;L 101 Oh —{h}
/ &Oh = .n.u

(b) ..., then merging objects

Figure 4.16: Applying the operation merge on the Two-S-graph in Fig. 4.15(b)
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root-isomorphic instance of the schema D\Z with labelling based on the sets {c} and T,

such that the instance f is an instance of the schema (D\Z) UZ%? and not an instance
of the schema (D\Z) UZE®2 U {c(X — Y)}.

1. The extension mergep(f) is root-isomorphic.

2. The extension mergep,(f) is an instance of (D\Z) U Z90,

3. The extension mergep,(f) is not an instance of (D\Z) UE®> U {c(X — Y)}.

PROOF.

1. We show first that the extension mergep,(f) is root-reachable. Because
of Lem. 4.67 and the root-reachability of the instance f, for each object
o € obj(f), there exists a root r € Root(mergep(f)) such that rlwe(o) = {o}.

So we consider now objects added in the construction of merge,(f). Let
o € obj(f) be an object for which a pruned-S-tree pst(C’, 0, m,lwe(0)) has
been introduced. Then the only access to an object in the pruned-S-tree is
via the object o. But then there exists a root r € Root(merge,(f)) with
rlwe(o) = {o}. The root o’ of the pruned-S-tree has ly¢(0) o —m as way-label
and lw(0) does not end in .m due to Cor. 4.51. This implies .lwe(0) = {0},
and therefore r.lwe(0"”) = {0"} for each object 0" in the pruned-S-tree, because
lwe(0") = lwe(0") op for some path function p. The removal of nodes and edges
from pruned-S-trees and the addition of missing links does not impair this
property, and thus the extension merge,(f) is root-reachable.

The same lines of arguments can be followed when proving the property root-
isomorphism.

. The construction process for merge,(f) does not lead to a violation of AX.

So we have to look at the path functional dependencies in =92,
By contradiction. Let
d(p1- pm — D) (4.14)

be a path functional dependency derivable from = and o, 0’ € obj(merge(f))
be two distinct objects violating this path functional dependency (0.p; = o'.p;
for ¢ € {1,...,m} implies lwi(0) = lwe(0") by Cor. 4.53, and o.p # o'.p).
Because of the root-isomorphism and lwe(o) = lwe(0'), the objects o and o
are either both old objects, 0,0’ € obj(f), or newly inserted objects, 0,0 €
obj(mergep(f))\obj(f). Since f is an instance of (D\Z) U Z®2 and because
of Lem. 4.67 two objects in obj(f) cannot violate (4.14), and so both objects
must have been newly added in two distinct pruned-S-trees. Distinct because
way-labels are unique in pruned-S-trees.

Let u,u’ be the corresponding roots of the pruned-S-trees involved. Let
¢{ald"} be an onto constraint that gave rise to the introduction of the root
u. The onto constraint €'{a|d"} is derivable from a proper onto constraint
d'{ald"} with YTp - d' C ¢ and, by Lem. 4.50, gave rise to the introduc-
tion of the root u. Then the onto constraint d’'{a|d”} gave also rise to the
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introduction of the root u’ because of o.p; = o'.p; for i € {1,...,m} and the
root-isomorphism of the extension f.

Since all onto constraints are proper and lei(u) = Ranp\zyur(c, we(uw)),
YT*+p b5 d C e holds for all classes e € lg(u). Then there exists a unique
¢ € Ugeigy) PathFuncsp(d) with u.qg = {o} and v'.¢ = {0'}. As a conse-
quence u and u’ violate

d'(qopi---qopm — qop) (4.15)

for the class d’, which can be derived from (4.14) by iterated application of
simple prefix augmentation.

Since u # ' and the root-reachability of mergep(f), there are distinct roots
r,r’" € Root(mergep(f)) such that rlwe(u) = {u} and 7" lwe(u) = {u'}.
Without loss of generality let r be the root chosen in the construction of
merge,(f). Then {qgopi,...,qopyn} C I(u), because if g o p; & II(u'),
then neither u'.q o p; € close nor u'.q o p; is removed in the first step of the
construction of merge,(f) and therefore o.p; = u.qop; # u'.qop; = o.p;,
which contradicts o.p; = o'.p;.

Since there exist a finite, non-empty set of path-functions N C 7(u') N
PathFuncsp(d') such that g o p; € N*tp.@ and the path functional depen-
dency (4.15), gop € N*tp.@ holds.

If we assume that
e gop € w(u), then u.qop =1u'.q op by definition of 7(u) and
e gop € N oa'\w(u), then u'.q o p is removed in the first step of the
construction of merge,,(f), and therefore by the second step of the con-
struction u.q o p = u'.q o p.
The equality u.q o p = u'.q o p contradicts that the path functional depen-
dency (4.15) is violated. Therefore (4.14) cannot have been violated.

3. According to Lem. 4.67, the construction process does not touch the set v €
obj(f) of objects. Therefore the pair 0,0’ € obj(f) of objects that violates
c¢(X —Y)in f still violates ¢(X — Y') in merge,(f).

O

Finally, we show the completeness of the inference rules A1 to A7 by contraposition. So
we assume conversely that we cannot derive a path functional dependency ¢(X — Y)
from the set of constraints in a schema D. Then we construct an instance of the schema
D that does not satisfy the dependency ¢(X — Y).

THEOREM 4.69 (COMPLETENESS OF Al TO A7 UNDER CICs, OCs AND PFDs)
Let D be a schema, = := CICHLUOCpUPFDp be the set of constraints in the schema D,
T := CICp UOCp be the set of class inclusion constraints and onto constraints in the
schema D, and ¢(X —Y) € 22 be a path functional dependency over the schema D.
Then there exists an instance f of the schema D that is not an instance of the schema
DuU{e(X —Y)}.
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PRrROOF. Let g be a Two-S-graph for the schema D and the path functional dependency
c(X — Y). As proven in Lem. 4.64, the Two-S-graph g is a root-isomorphic
instance of the schema (D\Z) UZ%2 but not an instance of the schema (D\Z) U
=90 U{c(X — Y)}. From Lem. 4.68, we know that the operation merge,, leaves

these properties untouched such that f := (J, oy merget(g) is an instance of the
schema (D\Z) UZ=®P but does not satisfy the path functional dependency ¢(X —
Y).

Due to Def. 4.28 and Lem. 4.12 each derivable class inclusion constraint is satisfied
in every extension merge’,(g) and hence f.

If object o is generated in the ¢-th iteration, then all onto constraints violated by o
are satisfied in the ¢ + 1-th iteration. This continues throughout further iterations.

Therefore the extension f is an extension of the schema D that does not satisfy
the path functional dependency ¢(X — Y).
O

4.6 Possible Extensions

Certainly, there are numerous possibilities to extend the presented semantic constraints.
First of all, the flexibility of F-logic offers the possibility to conceive completely different
constraints. Therefore we want to confine our attention to extensions that are based on
the constraints we presented so far.

Innate to all presented constraints is the restriction that they are based on scalar
attributes. A possible extension is therefore to use set-valued attributes whenever we
employed scalar attributes.

Without going into detail, we want to discuss the problems connected with these
extensions. We start with allowing even set-valued attributes in the definition of onto
constraints. The semantics can even be left unaltered except that we have F-formulae
with scalar or set-valued attributes. We surmise that the inference rules for onto con-
straints and class inclusion constraints remain the same. Matters get more complicated
when we bring path functional dependencies into play. But the analysis of the conse-
quences is not within the scope of this work.

The next suggested change deals with onto constraints again. It is possible to replace
the simple attribute by a full path function or perhaps with a way description. Again
we will not pursue this extension any further.

Possible modifications of path functional dependencies include the use of set-valued
attributes in path functions or the use of way descriptions. A similar modification is the
use of schema subgraphs instead of path functions. To generalise these ideas, we make the
following observation. The principal idea of general functional dependencies is that some-
thing uniquely determines something other. These somethings are somehow semantically
connected things. The semantic connection can be seen at functional dependencies in the
relational data model as attribute values of tuples or sets of path functions as in our ap-
proach. The work of Klein and Rasch [KR97] tries to build up a framework to investigate
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these considerations in more depth. They also give a broad overview over the existing
approaches. A crucial point in the generalisation in an object-oriented data model is the
identification of objects based on values [AK89, BT98, Kim95, AVdB95, ST93].



Chapter 5

From Conceptual to
Object-Oriented Models

The ER-model and other conceptual models, which are not object-oriented, have received
much interest as starting point for database design transformations. A survey is given by
Fahrner and Vossen [F'V95]. This survey does not include object-oriented data models as
target model. Some work has been done in that direction [NCB92, Get92, HG92, NN.J93,
PTCL93, GHC'93, EN94, Bar95, KS95, MGG95, BMP96, ME96, ME98]. A detailed
analysis and comparison of these approaches lie beyond the scope of this work. Instead
we present the method of Biskup et. al. [BMP96] in this work by means of examples.

For the design of object-oriented databases, entity sets are simply formalised as
(entity) classes whose basic types are determined by the pertinent properties of entities.
In order to formalise a relationship set, we can always canonically simulate the relational
approach [NCB92, Get92, HG92, GHC"93, NNJ93, EN94, BMP96, Rum87].

For every entity we create an object. The properties of the entity are modelled
by attributes whose result classes are the classes corresponding to the data types of the
properties. Because F-logic is purely object-oriented, values like Ints have to be modelled
as objects without internal structure. For every individual relationship we construct an
object that is counterpart to the corresponding tuple in the relational approach. Then
these objects are understood as instances of a (relationship) class. As objects correspond
in this case to tuples, we also need canonical semantic constraints to ensure that they
behave as such. These constructs require that the attribute values of a relationship
object uniquely represent the relationship, i. e., there is at most one object for any value
combination. This kind of constraint is formalised as key functional dependency for the
class. The construct usually accommodates all attributes of this class.

From the ER-schema in Fig. 1.4, we can derive the schema Assignment. Its com-
ponents are depicted in Fig. 5.1 and the schema graph in Fig. 5.2.  All entity sets
are mapped onto corresponding classes, for example the entity set Course onto the class
Course. The property title is formalised in the object-oriented data model as the at-
tribute title with result class String. The only relationship set Assignment is mapped
onto the (relationship) class Assignment. Its attributes are determined by the entity
sets participating in the relationship. Every entity set is formalised as an attribute

103
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CLASS := {String, Int, Assignment, Course, Teacher, Assistant, Date, Room, Wing}
METH := {course, teacher, assistant, room, wing, title, te_name, as_name, ro_name,
date, year, month, day, size, address}
HIER := 0
SIG := {Course[title = String],
Teacher|te_name = String],
Assistant[as_name = String],
Date|year = Int; month = Int; day = Int],
Room[size = Int; ro_name = String],
Wing|address = String],
Assignment|course = Course;
assistant = Assistant;
date = Date;
teacher = Teacher;

room = Room;

wing = Wing|}
SC = AX U
{Assignment(.course — .assistant .date),
Assignment(.teacher — .room),
Assignment(.room — .wing),
Assignment(.course .teacher — .Id)}

Figure 5.1: An object-oriented schema for the “good” example

with the class corresponding to the entity set as result class. Therefore the attribute
course with result class Course models the entity set Course. The semantic constraints
declared for the class Assignment are of main interest. For every Course there is exactly
one Assistant and it takes place at only one Date. The path functional dependency
Assignment(.course — .assistant .date) enforces that this restriction is met. Imagine
that in the application at hand a Teacher is assigned a fixed Room, then the path
functional dependency Assignment(.teacher — .room) ensures just this requirement. Ad-
ditionally, the constraint that a Room is situated in only one Wing is reflected in the
path functional dependency Assignment(.room — .wing).

The method of Biskup et. al. requires the declaration of two kinds of canonical se-
mantic constraints for the enforcement of:

e complete representation of relationships, and
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Int
month
day year i address .
Int <——— Date —— Int Wing ——= String
date wing
title course teacher te_name

String <= Course <+———Assignment ———— Teacher ——— String

/SSiStant \

as_name ro_name size

String <= Assistant String <=———Room —— Int

Figure 5.2: The schema graph for the “good” example

e unique representation of relationships.

The former ensures that for every (relationship) object all attribute values stemming
from the formalisation of the relationship are defined. These constraints are covered by
the definedness axioms. The latter, for the unique representation of relationships, are
present to ensure that every object of a relationship class behaves as a tuple. These
constraints can be expressed in our data model as key functional dependencies. In the
example a formalisation of the unique representation of relationships is enforced by the
key functional dependency

Assignment(.course .teacher .assistant .date .room .wing — .Id) . (5.1)

We can reduce the canonical semantic constraint (5.1), which is necessary to make each
Assignment-object to simulate a tuple. For the reduction we exploit the path functional
dependencies in SC and get the key path functional dependency

Assignment(.course .teacher — .Id) |,

by applying the inference rules path function augmentation and transitivity.

From the ER-schema in Fig. 1.5, we can derive the components of a schema in our
F-logic based data model Phone-Admin = (CLASS|METH|HIER |SIG|SC) as shown in
Fig. 5.3. We used the method presented above to generate this schema. Its seman-
tic constraints stem from the formalisation of the restrictions imposed on its instances.
The path functional dependency Phone-admin(.fac — .sch) reflects the restriction that
a Faculty is affiliated at most to one School. The Faculty is charged with the cost of
at most one Phone, hence the path functional dependency Phone-admin(.fac — ph).
That a School is accommodated by one Department is formalised by the path functional
dependency Phone-admin(.sch — .dep). Finally, the prefix of a Phone number deter-
mines the Department. This relationship is captured by the path functional dependency
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CLASS := {Phone-admin, Faculty, School, Phone, Department}
METH := {fac, sch, ph,dep}
HIER := (),

SIG := {Phone-admin[fac = Faculty; sch = School;
ph = Phone; dep = Department|}
SC := AX U
{Phone-admin(.fac — .sch),
Phone-admin(.fac — .ph),
.sch — .dep),
Phone-admin(.

(
(
Phone-admin(
(.ph — .dep),
(

Phone-admin(.fac .sch .ph .dep — .Id)}

Figure 5.3: An object-oriented schema for the “bad” example

Phone-admin(.ph — .dep). Again the unique representation of relationships is captured
as key functional dependency,

Phone-admin(.fac .sch .ph .dep — .Id) .



Chapter 6

Equivalence of Databases

When designing databases, we are often faced with the fact that the same data is struc-
tured in various ways. This issue is called data “relativism”. It is central to database
design. It arises in sundry situations like view construction, view integration, transfor-
mations between different data models and interoperable databases. A survey is given
in [Hul86, DT93, MIR93|. In our work we concentrate on equivalence of databases given
in one data model.

An approach to equivalence of database schemas is to compare their sets of in-
stances. Prominent exponents of this approach are the works of Hull [Hul86] and Biskup
et. al. [BR88]. These are the high ends of this kind of work, which are based on the work
of Codd [Cod72]. Kohlrausch [Koh96] presents a comparison of these works. The idea
underlying these approaches is to consider mappings between sets of instances of two
schemas and properties of these mappings. The symmetric conception schema equiva-
lence is based on the asymmetric conception dominance, which captures the idea that
one schema has the capacity to contain at least as much information as the other. If
two schemas dominate each other, they are equivalent.

Unfortunately, the test for dominance, and therefore for equivalence, is not decidable
for arbitrary schemas [BR88, MIR94]. Miller et.al. [MIR94] offer an alternative to
remedy the dilemma. They develop several tests that serve as sufficient conditions
for information capacity dominance or equivalence. Simple schema transformations are
introduced. For these transformations the relation with respect to equivalence between
input and output schema is known. The composition of simple schema transformations
is used to check whether one schema dominates another. The test succeeds if and only
if a sequence of simple transformations exists such that one schema can be transformed
into the other. Alas, the data model used by Miller et.al., schema intension graphs
(SIG), is inheritly data centric. In this data model it is impossible to express constraints
on the structure of individual entities, i.e., (path) functional dependencies cannot be
expressed.

An approach to equivalence of hierarchical data models is the work of Abiteboul
and Hull [AHS88|. Their data model allows to define types using tuple, set and union
constructors. On objects of this data model rewrite operations are defined, which allow
to transform objects of one type into objects of a different type. A class of rewrite oper-
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ations is the class of simple rewrite operations. This class is closed under composition.
Then transformations on types are presented, called capacity preserving transformations.
Connected to type transformations are restructuring functions, which can be represented
as families of simple rewrite rules. That type transformations are capacity preserving
indeed — as the name indicates — is illustrated under the equivalence notion absolute
dominance [Hul86]. This approach relates the semantic requirement of schema equiv-
alence formalised as dominance to a syntactic property, the presence of simple rewrite
operations. However, the data model does not contain object identity.

A different approach to schema equivalence is taken by Qian [Qia96] and Makowsky
et.al. [MR96, MR9S8|. Their works are founded on signature interpretations or trans-
lation schemes, respectively. The central idea is to define the mapping connecting the
schemas in a way that it is possible to transform both schemas or at least important
schema elements, and instances. Common to both approaches is that a schema de-
fines structure and semantic constraints for its data. It is now possible to translate
besides instances arbitrary formulae in the respective data models, and thus semantic
constraints. With these means at hand schema equivalence is defined. Unfortunately,
the approach of Qian runs into the same undecidability problems as previous works,
because the advantage gained due to the ability to transform semantic constraints is
neither sufficiently investigated nor exploited. In contrast, Makowsky and Ravve build
up an entire framework and accordingly gain a rich harvest from their efforts. They
can give syntactic criteria for the test for schema equivalence. Thus they connect the
semantic requirement schema equivalence with a syntactic property.

6.1 Translation Schemes

Although the work of Makowsky and Ravve has been carried out in the context of the
relational data model, it can be transferred to our data model as well. This is possible
because the work is based on first-order logic. It is grounded on the atomar elements
of formulae, positive literals, likewise it is possible to ground it on the atomar elements
of F-logic, namely is-a assertions, object molecules and P-molecules, as it was shown in
Sect. 2.5 about molecule definitions.

Despite the similarity of using predicate definitions or molecule definitions, there
is one fundamental difference between the use of predicate definitions in the relational
framework and the use of molecule definitions in F-logic. This difference is rooted in
the variance of the conception of a schema. In the relational model a schema can be
understood as the declaration of a set of symbols in contrast to the complex declaration
of a schema in F-logic. Instead of simply defining a new set of symbols, the values of
“built-in” predicates are defined. So we define even the structure of a schema by means
of molecule definitions. This is also of advantage, because formulae in F-logic may range
over structural aspects such as signatures or the class hierarchy. Having defined schemas
by molecule definitions, we have defined the class hierarchy and signatures by molecule
definitions. So it becomes possible to translate arbitrary F-formulae. Before we go into
detail, we give some definitions.
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The transformation pivoting, which lies in the focus of our interest, deals with at-
tributes only. For this reason we restrict our attention to schemas and formulae that
involve attributes as only methods.

DEFINITION 6.1 (SIMPLE STRUCTURE, SIMPLE FORMULA, SIMPLE SCHEMA )
o Let T be an F-structure. It is called a simple F-structure if

— 7. is a mapping Z_.: U — Partial(U,U) and everywhere else undefined,
— the mapping Z_., is undefined everywhere,

— I, is a mapping U — PartialAntiMonotone(U, p;(U)) and everywhere else
undefined, and

— the mapping I, is undefined everywhere.

o Let o be a formula. It is called a simple formula if in every data expression and
every signature expression no arguments occur.

e Let D be a schema. It is a simple schema if it contains only simple formulae.

In the sequel we assume that we deal with simple formulae and simple schemas only. In
principle it is possible to extend the following definitions to range over ordinary formulae
and ordinary schemas though.

A transformation for schemas comes hand in hand with the transformation for their
extensions. A translation scheme should accordingly contain definitions for all “built-in”
predicates. Additionally, a schema consists of a set of classes and methods. We declare
for these “defining formulae” as well. The following definition defines a set of formulae
as pre-translation scheme. At first we do not couple this set with any schema.

DEFINITION 6.2 (PRE-TRANSLATION SCHEME)
A set of formulae

o= {CbCLASS(C)» ¢METH(M)7 ¢::(C’ D)v ¢:>(M> C’ R)> ¢:(O> 0)7 ¢—>(M7 O’ R)}

1s called a pre-translation scheme.

Having a schema D and a pre-translation scheme ®, we define a mapping ®* for schemas.
It uses the defining formulae in the pre-translation scheme to deduce a new schema from
the input schema. For the elements CLASSg-(p), METHg-(p), HIERg+(p) and SIGg«(p)
we take the constants, which are plugged into the respective formulae, such that the
respective ground formulae are logically implied by the structural part of the schema.
The set SCg+(py is simply the set of formulae at least contained by definition.

DEFINITION 6.3
Let D be a schema, and ® be a pre-translation scheme.

CD*(D) = <CLASS¢*(D) ’METH@*(D)‘HIER@*(D)‘SIGq)*(D) ’SC¢*(D)>

is defined as follows:
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CLASSs+(py := {c | c € Fo and D\SCp |= pcrass(c)}, where

¢crass(C) = ¢crass(C) A =onern(C)

METHg«py := {m | m € Fy and D\SCp = omera(m)}, where

omeTH (M) = dmpra (M) A ~dcrass (M)

HIERg-(py := {c:d | ¢,d € Fy and D\SCp = ¢..(c,d)}, where

¢.(C,D) = ¢.(C, D) AN pcrass(C) A pcrass(D)

SIGg+(p) == {c[m = r] | m,c,r € Fy and D\SCp = o= (m,c,r)}, where

0= (M,C, R) = ¢ (M, C, R) N oyera (M) A pcrass(C) A porass(R)
and
o SCq+(p) := AX.

In general, ®*(D) is not a schema according to Def. 3.1. We call pre-translation schemes
translation schemes from a schema if the outcome produces a schema. First of all the
syntactic criteria imposed on the sets CLASSg+(py, METHg-(p), HIERg-(p) and SI1Gg«(p)
must be satisfied. In addition, we want the formulae to define their output independent
from extensions of the input schema. This is impossible for the definition of the class hi-
erarchy, because of the fact that VX X:: X is a tautology, which means that the definition
of :: depends on the extension. For that reason, we want the definition of the class hier-
archy at least to be independent for non-trivial cases, i.e. when there are two different
objects on the left-hand side and right-hand side of ::. Since we redefine “built-in” pred-
icates, the defining formulae must form a set of S-definitions. The redefinition is done
by first renaming the “built-in” predicates and then defining them again. The renaming
is plainly done by translating arbitrary formulae into their relational counterpart.

DEFINITION 6.4 (TRANSLATION SCHEME)
Let ® be a pre-translation scheme, and D be a schema. ® is a translation scheme from

D, if all of the following holds:
1. CLASSs«(py is finite and non-empty,
2. METHg-(p) is finite,
3. HIERg«(py is finite,
4. SIGg-(p) is finite,

5. for all constants ¢ € Fy and all extensions f € ext(D) of D:

D\SCp |= pcrass(c) iff comply(f) = pcrLass(c)
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6. for all constants m € Fy and all extensions f € ext(D) of D:
D\SCp [ pnmrn(m) iff comply(f) = ovmra(m) |
7. for all constants c,d € Fy and all extensions f € ext(D) of D:
D\SCp = ¢.(c,d) iff complp(f) k= ¢u(c,d)
8. for all constants m,c,r € Fy and all extensions f € ext(D) of D:
D\SCp = ¢ (m, c,r) iff comply(f) = = (m,c.r)
9. for all extensions f € ext(D) of D:

COHIplD(f) }: VOVD(QS(C, D) NC % D= SOCLASS(O) A PCLASS (D))

and

10. the set A® with

A? .= {VCVD(C::D & (¢..(C,D))"),

VMYCVYR(C[M = R] < (¢ (M,C,R))"),
VMVC(CM = ()] & (3R = (M,C, R))"),
YOVC(0:C < (¢.(0,C))),
VMYOVR(O[M — R] < (¢_.(M,0, R))")}

U

VL YV (F VA, V) = Vi & pr(Va, oo, Vi)

| f €8 with arity n}

is a set of S-definitions in the set of sentences as chosen in the proof of Theor. 2.52.
We redefine object constructors by giving them their original values.

We have to write ¢.. in the S-definition of :: in the set of S-definitions A®, because
.. 15 too restrictive. The “built-in” predicate is reflexive on all elements of the
domain including objects.

It is obvious that a translation scheme from a schema produces a schema as shown in
the next lemma.

LEMMA 6.5

Let ® be a translation scheme from a schema D. The transformation result ®*(D) is a
schema.

Proor. The sets CLASSg+(py, METHg-(py, HIERg+(py and SIGg«(p) are finite by the
definition of translation schemes. The formulae in the definition of ®* are chosen
to reflect the restrictions imposed on schemas and S-definitions.

O
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Schemas that are results of the application of a translation scheme are special, because
the sets HIER and SIG are nearly logically closed. The set of class declarations HIER
violates this because it does not satisfy the tautology VX X::X. The set of signature
declarations SIG is not logically closed because it does not contain formulae of the form
c[m = ()] although they are implied by formulae of the form c¢[m = r].

In general, a schema with

HIER; = {a:b, b::c}

and a schema with
HIER, = {a::a, b::b, c:ic, a::b, b::c, a::c}

are equivalent with respect to their class hierarchy. It is apparent that HIER; H HIERs;.
Similar considerations can be made for the set SIG. We extend this idea of equivalence
to schemas. In the following definition we see schemas simply as sets of formulae.

DEFINITION 6.6
Let D and D’ be two schemas. D is equivalent to D', written D ~ D', if

D\SCD H D/\SCD/ and SCD ):| SCD/ .

It is easy to prove that a schema D that is equivalent to a schema D’ in the sense above
can be used interchangeably with it.

We split a schema into its structure giving part and its semantic constraints, because
semantic constraints may come in the same form as formulae in the structure giving
part.

This property is in particular of interest in the case of schemas that are equivalent
to the image of some translation scheme. Therefore we give the following definition,
because it enlarges the set of images of a translation scheme substantially.

DEFINITION 6.7
Let D and D' be two schemas, and ® be a translation scheme from D. ® is a translation
scheme from D to D', if

(D)~ D" .

Note that D’ has only semantic constraints with the following property, SCp H AX.
Since that is clear, we sometimes give schemas without any semantic constraints not
even axioms rather assume that these are automatically added.

The same mechanism that is used to define ®* on a schema can be employed when
it comes to extensions. The defining formulae in the translation scheme ® are used to
deduct the elements pop and ob of an extension. Again there are restrictions imposed
on extensions, which have to be obeyed by the formulae.

DEFINITION 6.8
Let f be an extension of a schema D, and ® be a translation scheme from D.

*(f) := (POPg(py|0ba=(s))

is defined as follows:
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® DOPg-(f) := {0:c | 0,c € Fy and comply(f) = ¢.(0,¢)}, where
©:(0,C) = ¢.(0,C) A =pcrass(0) A —pmeri(0) A perass (C)
and
o oban(g) i= {olm — 1] | m, 0,1 € Fy and comply(f) k= . (m,0,1)}, where

o_.(M,0,R) = ¢_.(M,0, R) N oniera (M) A =¢pcrass(0) A =omern (0) A
—pcrass(R) A ~omera(R) -

LEMMA 6.9

Let f be an extension of a schema D, and ® be a translation scheme from D. The
outcome ®*(f) of applying the mapping ®* to the extension f is an extension of the
schema ®*(D).

PRrROOF. The formulae in the definition of ® are chosen to reflect the restrictions imposed
on extensions. From that the assertion follows.
O

Makowsky and Ravve [MR96, MR9S8| define with the help of translation schemes a way
to translate formulae. As input they use formulae over the image of the input schema.
The output are formulae over the input schema. We can do a similar thing. But as
we redefine molecules, we have no such conception of “a formula over a schema”. The
redefinition is carried out by first renaming the “built-in” predicates and then redefining
them based on the renamed predicates. The renaming is simply performed by translating
the formulae into their relational counterparts.

DEFINITION 6.10

Let ® be a translation scheme from a schema D. The transformation ®% translates
formulae into formulae as follows:

d#(a) :==aV ",

where o s a simple formula and A == A®.

As already mentioned before the sets HIERg+(py and SIGg-«(p) are nearly logically closed.
This property holds also for the components POPg+ () and obe«(s) of a translated exten-
sion ®*(f). Lem. 6.11 captures this behaviour formally.

LEMMA 6.11
Let f be an extension of a schema D, and ® be a translation scheme from D.

1. c¢::d € HIERg+(py or ¢ = d € comply(f) iff cid € complg:(py (P*(f)).
2. clm = 1] € SIGe~(p) iff c[m = 1] € comply.(p)(®*(f)).

3. 0:C € pOpg«(yy iff 0:c € cornplq,*(D)(cI)*(f)).
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4. o[m — 1] € obg=(s) iff o[m — r] € comple.p)(P*(f)).

PROOF. The definitions of HIERg«(p), SIGe=(p), POPg-(f) and obg-« () are based on for-
mulae that are S-definitions. These are defined in a way that they are “logically

closed” as complg. p)(®*(f)). O
Because of Theor. 2.29, Theor. 2.33 and Def. 6.10 a formula oV ~"(V4,...,V,) exists for
every formula «(V1, ..., V},) such that for every simple structure Z and uy, . . ., u,, € Z(U):

Tk, oV i TN =, oV iff A E, a

where v(V;) = u;.
Moreover compl,(f) is the smallest H-model of D\SCp U f and a simple structure,
and so

comply(f) = oV~ iff compl,(f)" = oV iff compl,(f)™ £« .
A schema D and an instance f span an H-model namely compl,(f). We are interested
in the H-model comply. p)(®*(f)) spanned by ®*(D) and ®*(f). What is its relation
to comply(f)™*? It turns out that comply. ) (®*(f)) is the restriction of comply(f)™*
to the set F U {=} of symbols.

LEMMA 6.12
Let f be an extension of a schema D, and ® be a translation scheme from D.

1. comply(f)™2 = c:d iff comply. py(®*(f)) b= ciid.

2. complp(£)™ = clm = 1] iff comply.(p)(®*(f)) k= cfm = 1],

3. complp(£)" b= efm = ()] iff comply. () (®*(f)) k= clm = ()].

4. complp(f)"™ b= 0 : ¢ iff comply. () (®*(f)) = o c.

5. complp ()™ = om — 1] iff comply.(p)(®*(f)) = olm — 1],
yra

Ea=b iff complg. ) (®*(f)) F a = b.

PROOF. In this proof we make not such a big fuss about translating the formulae as we
do in the proof of Theor. 2.29. We have only ground formulae in this case. So the
translation boils down to simple replacements.

6. comply(f

For 1.

comply (f)™2 = cid iff  comply(f)” E (c::d)Y by Theor. 2.29
iff - complp(f)" = ¢.(c, d)”

by Def. oV (Proof of Theor. 2.29)
iff  compl,(f) | ¢..(c,d) by Theor. 2.32
iff D\SCp |= ¢..(c,d) or compl,(f) = c=d

by Def. 6.4 (7, 9, 10)
iff cid € HIERg+(p) or comply,(f) Ec=d

by Def. 6.3

iff  comply. p)(®*(f)) = cd by Lem. 6.12.
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For 2.

comply(f)™ = c[m = 1] iff comply(f)” = (c[m = 1])¥
it complp(f) = o (m, e,
it comply(f) = ¢ (1, c, 7)
ifft D\SCp | v=(m,c,r) by Def. 6.4 (8)
iff c[m = T’] € SIG@*(D)
iff complg.py(®*(f)) F c[m = 7]

FOR 3. Because of its definition comply,(f)™® [ c[m = ()] if there exists r € Fy such
that comply(f)™® = c[m = r]. According to 2 we know complg-(p)(®*(f))
c[m = r], hence comply. p)(®*(f)) = c[m = ()]. The same line of argumentation
can be followed when we show the reverse direction of the proof.

For 4.

comply, ()2 = o:c iff  comply(f)" = (0:c)Y
iff - comply, (f)" = ¢:(0,¢)"

iff - complp(f) = :(0, )
it o:¢c € popg«(y by Def. 6.8

iff  comply.p)(P*(f)) = o:c

FoRr 5.

comply, (f)™2 = o[m — r] iff compl,(f
iff  compl,(f o_.(m,o,r)"
it compl,(/) . (m,o0,7)
iff o[m — r] € obg-() by Def. 6.8
iff  complg.p)(®*(f)) FEolm — 1] .

v

"= (olm — 7))

)" =
)" =

For 6.
compl, (f)™® Ea=0b iff comply(f) =
iff compl,(f) Ea=b
iff  complp(f)
iff  complg.p)(P*(f)) Fa =b

We summarise the results of the preceding pages.

THEOREM 6.13
Let ® be a translation scheme from a schema D, and a(Vi,...,V,) be a formula. Then
for all extensions f € ext(D) of D and all uy,...,u, € comply(f)(U):

comply(f) Ey @7 (o) iff comply. () (P*(f)) v o

where v(V;) = u;.
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PrRoOOF. By Theor. 2.33 and Theor. 2.29 we have

comply(f) E, ¥~ iff comply(f) oV
iff compl,(f)™ =, a .

By induction on the structure of o, we can show that

complp ()™ |, a iff complg-(p) (P*(f)) Foa

For atomar formulae we make use of Lem. 6.12. The rest is then straightforward.
O

In [MROS8] this is called the fundamental property of translation schemes. It shows that
the mappings ®* and ®# are dual to each other. By its help we are enabled to relate
semantic requirements desirable for database design to syntactic properties [Bis95a].

DEFINITION 6.14 (WEAK REDUCTION AND REDUCTION)

Let @ be a translation scheme from D, Kr C ext(D) be a set of extensions of D, and
Kg C ext(®*(D)) be a set of extensions of ®*(D). The translation scheme ® is a weak
reduction (reduction) from Kg to Kg if for every extension f € Kgr implies that (iff)
(I)*(f) € Kg.

In this work we are interested in families Kr and Kg such that Kz = sat(D) and
Kg = sat(D’) for a translation scheme ® from D to D'\SCp.

The definition of a translation scheme does not touch semantic constraints of the
original schema. Theorem 6.15 shows the relation between the semantic constraints of
the original schema and an arbitrary set of semantic constraints for the output schema
with respect to properties underlying translation schemes, namely weak reduction and
reduction.

THEOREM 6.15
Let ® be a translation scheme from D, and SC be a set of sentences.

1. The translation scheme @ is a weak reduction from sat(D) to sat(®*(D) U SC) iff
sat(D) C sat(D\SCp U ®#(AX U SC)).!

2. The translation scheme ® is a reduction from sat(D) to sat(®*(D) U SC) iff
sat(D) = sat(D\SCp U ®#(AX U SC)).

PROOF FOR 1. —:

f €sat(D) then &*(f) € sat(d*(D)USC) (® weak reduction)
iff  complg.p)(®*(f)) F AXUSC
iff  compl,(f) E ®*(AX USC) (6.13)

iff fesat(D\SCp U ®#(AXUSC)) .

1Originally, we define the set of instances sat only for schemas. The “schema” D\SCp U ®#(AX U
SC) might not be a proper schema according to Def. 3.1, because it is not guaranteed that AX C
®#(AX USC) or at least ®#(AX U SC) = AX. However, the set sat of instances is well defined for
D\SCp U ®#(AX USC). Therefore we use it even in this context.



6.1. TRANSLATION SCHEMES 117

f €sat(D) then f € sat(D\SCpU ®#(AXUSC)) (by hypothesis)
iff  comply(f) E ®#(AXUSC)
iff  comple.p)(®*(f)) FAXUSC  (6.13)
iff  ®*(f) € sat(P*(D)USC) .

PROOF FOR 2. —:

f €sat(D) iff ®*(f) € sat(®*(D)USC) (® reduction)
iff complg.p)(®*(f)) E AXUSC
iff compl,(f) E ®#(AX USC) (6.13)

iff f e sat(D\SCp U d#(AX USC))

f €sat(D) iff fesat(D\SCpU®#(AXUSC)) (by hypothesis)
iff compl,(f) E ®#(AX USC)
iff comply.(p)(®*(f)) F AXUSC
iff ®*(f) € sat(d*(D)USC)

O

In [MRO8] it is shown that this result is equivalent to syntactic properties. In this case the
syntactic properties deal with the implication of semantic constraints. In our framework
we cannot transfer their result directly. The difficulty stems from the difference that we
redefine “built-in” predicates whereas they solely define new predicates. Lemma 4.1 and
Exam. 4.2 shed more light on this issue.

Now we put translation schemes to work.

When we deal with database transformations, it is one objective that we can recover
the original instances from the transformed instances. In other words we need the
left inverse for the instance transformation. This means the database transformation
must be information preserving. Information preservation is also called losslessness,
in particular, in literature about relational normal forms[UII88, Dat94, EN94, AHV95].
There it appears in the context of decomposing relational schemas to obtain relational
normal forms.

DEFINITION 6.16 (INFORMATION PRESERVATION)

Let D be a schema, ® be a translation scheme from D, and ¥ be a translation scheme
from ®*(D) to D\SCp. The translation scheme ® is information preserving on schema
D with left inverse U, if for every instance f € sat(D) of D:

complp(f) = complq,*(q)*(D))(\I/*(<I>*(f))) :

If a translation scheme ® from schema S to schema T\ SCr is information preserving on .S
and a weak reduction from sat(S) to sat(T"), we say in the notation of Hull [Hul86] 7" dom-
inates S. It is known [ABMS80] that this notion is equivalent to query-dominance [Cod72].
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When we try to draw the connection between this semantic requirement and syntactic
properties, we discover the following. The syntactic property is based on the logical
implication.

THEOREM 6.17
Let D be a schema, ® be a translation scheme from D, and ¥ be a translation scheme

from ®*(D) to D\SCp. The translation scheme ® is information preserving on schema
D with left inverse W if for every formula a we have SCp [ (a & &% (¥#(a))).

PROOF. Let § be an element of compl,(f) for an instance f € sat(D) of D. Because
of f € sat(D), we know that compl,(f) is an model of SCp. We take compl(f)
now in its role as H-model of §, compl,(f) | d. Then under the assumption
SCp = (¢ & 7 (V#(p))) we get comply(f) E ®#(¥#(4)). Using Theor. 6.13
twice, once for ® and once for W, we get comply. g«p) (¥*(®*(f))) [ d, and
therefore comply(f) C comply.(g-(py (Y (®*(f))). The proof of the inclusion

complp(f) D comply.g-(py) (P*(®*(f))) follows the same lines of argumentation.
O

Unfortunately, this theorem is not as strong as the corresponding one in [MR98]. In
their framework the equivalence holds. The reason is that the notion of a schema in their
framework only gives a set of symbols. Therefore, their extensions are logical structures
and vice versa, that is every S-structure where S is a set of symbols given by a schema
declaration is an extension. Our notion of a schema is different. Therefore, we have to
speak about the completion of an extension under a schema. Though every completion of
an extension under a schema is an H-structure, not every F-structure is a completion of
some extension under some schema. Even, when it satisfies the semantic constraints. We
conjecture that exactly that is possible when we take a different definition of a schema.
Essentially the definition is the same. The only difference is that all restrictions are
expressed by semantic constraints. Although this approach seems promising, it lies
beyond the scope of this work.

Besides the desire to recover every original database instance, we want that the trans-
formed schema does not allow to store inconsistent data from the point of view of the
original schema. In order to achieve that goal, the semantic constraints of the original
schema must be preserved in the transformed schema. Makowsky and Ravve [MR98] dis-
cuss several alternatives to define dependency preservation in their framework. Because
of the similarity of our work to their work we will not repeat this discussion. Instead we
decide to take what they call the most natural choice for the definition of dependency
preservation (Option (B)).

DEFINITION 6.18 (DEPENDENCY PRESERVATION)

Let T and S be two schemas, and ¥ be a translation scheme from T to S\SCg. The
translation scheme VU is dependency preserving on S if SCy = ¥#(SCyg).

In the definition above we deviate slightly from the original definition. The rationale for
that is that their definition is given in a setting where three alternatives are discussed.
This setting comes with an overhead, which we discard in our context.
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By aid of these two definitions we define translation-refinement and translation-
equivalence. Note that the hypotheses information preservation and weak reduction
correspond to the notion of dominance as defined by Hull [Hul86].

DEFINITION 6.19 (TRANSLATION REFINEMENT AND EQUIVALENCE)
Let S and T be two schemas.

o We say that T is a translation refinement of S if there is a translation scheme
O from S to T\SCr that is a weak reduction from sat(S) to sat(T), information
preserving on S with left inverse W, and V is dependency preserving on S.

o We say that schemas S and T are translation equivalent if S is a translation
refinement of T and T s a translation refinement of S.

Before we embark on a comparison of these definitions with the definitions of Qian, we
point out that a translation refinement has an impact on the accompanying translation
schemes.

LEMMA 6.20

Let T and S be two schemas, and ¥ be a translation scheme from T to S\SCg that is
dependency preserving on S. Then the translation scheme V is a weak reduction from
sat(T) to sat(S).

PROOF. By the hypothesis we have SCr [ U¥#(SCg). This implies sat(T) C
sat(T\SCr U ¥#(SCg)) by Lem. 4.1. This inclusion entails the assertion by
Theor. 6.15. O

With the lemma above we can then prove that a translation scheme ® as in Def. 6.19 is
a reduction from sat(.S) to sat(T).

THEOREM 6.21

Let S and T be two schemas such that T is a translation refinement of S, and ® and ¥
be the corresponding translation schemes. Then the translation scheme ® is a reduction
from sat(S) to sat(T).

PROOF. Because of the hypothesis, translation scheme @ is a weak reduction from sat(.5)
to sat(7’). And so it is sufficient to show for all extensions f € ext(S) of S if
O*(f) € sat(T), then f € sat(S).

If ®*(f) € sat(T) for an extension f € ext(S) of S, then U*(d*(f)) € sat(95)
because V¥ is a weak reduction from sat(T") to sat(S). By the hypothesis that the
translation scheme @ is information preserving with left inverse ¥, we know that

complp(f) = comply.g«(py) (P*(P*(f))), hence f € sat(S).
O
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6.2 Signature Interpretations

We compare the definitions above with the definitions of Qian [Qia96]. His notion of
a signature interpretation o corresponds to an induced mapping ®#. From this he
derives an induced mapping M, that corresponds to ®*. So this correspondence renders
it possible to compare the definitions in our framework. We do so by restating his
definitions. We begin with his definition of a constraint-preserving transformation.

DEFINITION 6.22 (CONSTRAINT-PRESERVING TRANSFORMATION)
Let S and T be two schemas, and ® be a translation scheme from S to T\SCr. We say
that ® is a constraint-preserving transformation from S to T if

SCs = @#(SCy) .

We observe that the preceding definition is identical to our Definition “Dependency
Preservation”. (Notice that we have to swap the schemas.) This in turn means that @
is a weak reduction from sat(S) to sat(7") by Lem. 6.20.

The next definition in [Qia96] is that of an instance-preserving transformation.

DEFINITION 6.23 (INSTANCE-PRESERVING TRANSFORMATION)

Let S and T be two schemas, and ® be a translation scheme from the schema S to the
schema T\SCr. We say that ® is an instance-preserving transformation from S to T
if, for every instance fr € sat(T') of the schema T, there is an instance fs € sat(S) of
the schema S such that comply(®*(fs)) = comply(fr).

This definition finds no direct counterpart in our framework. But in combination with
Def. 6.22 (Constraint-Preserving Transformation) Qian defines information-preserving
transformations. For these we are able to give the correspondence in our framework.

DEFINITION 6.24 (INFORMATION-PRESERVING TRANSFORMATION)

Let S and T be two schemas, and ® be a translation scheme. We say that ® is an
information-preserving transformation from S to 7' if it is both a constraint-preserving
and instance-preserving transformation from S to T

Note that although the definitions of dependency preservation and constraint-preserving

transformations are identical, Qian uses a constraint-preserving transformation from S

to T in the preceding definition and we use a dependency preserving translation scheme

in the reverse direction, namely from 7" to S in the definition of translation refinements.
If we have a translation scheme that is an information-preserving transformation,

then the translation scheme is a reduction.

LEMMA 6.25

Let S and T be two schemas, and ® be an information-preserving transformation from

S to T. The translation scheme ® is a reduction from sat(S) to sat(T).

PROOF. As indicated before ® being a constraint-preserving transformation from S to
T implies that ® is a weak reduction from sat(S) to sat(7). It is even a reduction
from sat(S) to sat(7), because it is an instance-preserving transformation from S
to T O
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6.3 View Instance Support

We give now the definition of view instance support from Biskup [Bis95a]. His stance is
that all aspects of the original schema have to be supported by the transformed schema as
a view. The definition we use here deviates slightly from the original definition, because
we work on saturated instances. In this context, we use on the one hand queries over a
schema, whose semantics we comprehend not only in the narrow sense of Def. 3.15, on
the other hand the result of a query should deliver only sets conforming to extensions.

DEFINITION 6.26 (VIEW INSTANCE SUPPORT)

o A schema S provides view instance support for a schema T if there exists a query
Q over S such that

{comply(fr) | fr € sat(T)} C {comply(eval(Q, fs)) | fs € sat(S)} -

o [f we have equality, the view instance support is called faithful.

e [f additionally the supporting query is injective on the saturated elements of sat(S),
i.e., if eval(Q, f) = eval(Q, f), then complg(f) = complg(f’), the view instance
support is called unique.

A property of view instance support that we need in the following sections is that view
instance support is transitive.

LEMMA 6.27 (TRANSITIVITY OF (FAITHFUL, UNIQUE) VIEW INSTANCE SUPPORT)
Let S, T, V be schemas such that the schema T provides (faithful, unique) view instance
support for the schema S with supporting query QQr_s and such that the schema V
provides (faithful, unique) view instance support for the schema T with supporting query
Qv_r. Then the schema V provides (faithful, unique) view instance support for the
schema S with supporting query Qr_s o Qv _r.

PrOOF. We have to prove the subset relation

{complg(fs) | fs € sat(S)} C
{complg(evalr(Qr_g,evaly (Qv_r, fv))) | fv €sat(V)} . (6.1)

Now be fg € sat(S) an instance of the schema S, then due to the view instance
support of the schema T for the schema S, there exists an instance fr € sat(T) of
the schema 7', such that

complg(fs) = complg(evalr(Qr—s, fr)) (6.2)

holds. Likewise there exists an instance fy € sat(V') of the schema V such that

comply(fr) = comply(evaly (Qv_r, fv))

holds. By Lem. 3.18, this equality entails

evalp(Qr_s, fr) = evalp(Qr_g, evaly (Qv_r, fv)) .
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Replacing evaly(Qr_s, fr) in (6.2) with evalp(Qr_s, evaly (Qv_r, fv)), we get

complg(fs) = complg(evalr (Qr_s, evaly (Qv_r, fv))) -

Hence, the schema V' provides view instance support for the schema S with sup-
porting query Qr_.s 0 Qv_r.

Analogous, we can show that the schema V' provides faithful view instance support
for the schema S with supporting query Qr_.s o Qv _r.

Since the concatenation of two injective functions is an injective function again, the
schema V' provides unique view instance support for the schema S with supporting

query QT—>S o QV—>T~ O

6.4 Comparison

We want to compare all approaches. In order to do so, we observe that the mapping ®*
induced by a translation scheme ® from a schema S to the schema T ~ ®*(S) can be
taken as a query over S. So in that respect we can abstract from the actual definitions
and see them merely as abstract mappings on instances. For the comparison we iden-
tify the following properties of these mappings and relate them to already introduced
properties.

We start off with translation schemes. Their properties are based on the proper-
ties information preservation and dependency preservation. In Figure 6.1(a) we indi-
cate that every instance fg € sat(S) of schema S can be mapped onto an extension
O*(fs) € ext(T') of schema T'. The left inverse ¥ maps ®*(fs) back onto fs. Actually
U*(@*(fs)) is in general not equal to fs. Only comply. g py) (¥ (®*(fs))) = complp(fs)
is guaranteed. Nevertheless, we continue with this sloppiness.

The property that & is a weak reduction implies that every image ®*(fs) of an
instance fg € sat(S) of S is an instance of T, ®*(fs) € sat(T). Figure 6.1(b) shows
this situation. The rectangle drawn with dashed lines on the left side of the diagram
represents sat(S). This rectangle is mapped by ® or better its induced mapping ®* onto
the rectangle with dashed boundaries on the right side. It lies completely in the dotted
rectangle. The latter rectangle depicts sat(7).

The property dependency preservation implies that U is a weak reduction. So every
image U*(fr) of an instance fr € sat(7) of T is an instance of S, U*(fr) € sat(95).
Figure 6.1(c) shows this situation. The rectangle drawn with dotted lines on the right
side of the diagram represents sat(7"). This rectangle is mapped by W or better its
induced mapping U* onto the rectangle with dotted boundaries on the left side. It lies
completely in the dashed rectangle. The latter rectangle depicts sat(S).

In Figure 6.1(d) we draw the situation for translation refinements. We obtain this
diagram by thinking of Figures 6.1(a) and 6.1(b) as transparent slides and laying these
slides one over the other.? Again the translation scheme ® has translation scheme ¥ as
left inverse.

2The order is irrelevant.
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Figure 6.1: Translation schemes
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For every instance fg of the schema S, the translation scheme W is the left inverse
such that comply. g« (p)) (¥*(®*(fs))) = complg(fs). Additionally, we know that every
instance fr € sat(T'), be it an image of any instance fg € sat(S) or not, is mapped onto
an instance of sat(S) by mapping ¥*. This knowledge is acquired from the property
that W is a weak reduction from sat(7") to sat(S). The phrase “or not” in the sentence
preceding the last sentence is captured by the lower most arrow labelled W.

Next we discuss Qian’s approach. We can graphically represent the property
for information-preserving transformations as follows. If a translation scheme is a
constraint-preserving transformation every instance fg € sat(S) is mapped onto an
instance of T, ®*(fs) € sat(7T'), (cf. Fig. 6.2(a)). The big dashed rectangle on the left
side is mapped onto the small one on the right side. The small rectangle lies in the rect-
angle with the dotted boundaries, which represents sat(7’), because the set of images of
sat(S) is a subset of sat(T").

Figure 6.2(b) captures the situation when ® is an instance-preserving transformation.
Every instance fr € sat(7') is an image of an instance fg € sat(S) of S, fr = ®*(fs).
This means graphically that the image of the smaller dashed rectangle on the left side
spans the big one on the right side, which represents sat(7).

Having an information-preserving transformation, we can describe the situation as
in Fig. 6.2(c). We inflate the small dashed rectangles in Figures 6.2(a) and 6.2(b) to the
size of the respective surrounding dotted rectangles. Technically, ®* is a total and onto
mapping from sat(S) to sat(7).

Finally, we capture the properties for view instance support in Fig. 6.3(a). A schema
S provides view instance support if the set of images of instances fg € sat(S) of S
includes the set of instances sat(7T") of T'. Therefore the dashed rectangle representing
the images of instances of sat(S) surrounds the set of instances sat(7"). The arrow is
labelled with Q®. This notation indicates that the induced mapping ®* of a translation
scheme ® can be regarded as query over schema S.

At this stage we commence a comparison between the three approaches, although we
have not completely described view instance support. The comparison is appropriate
at this point, because matters are simple. Comparing Fig. 6.2(b) and Fig. 6.3(a), we
discover that the description can be restated such that it is equivalent to the property of
being an instance-preserving transformation. When we deflate the right dashed rectangle
to the size of the dotted rectangle in Fig. 6.3(a), the deflation is accompanied by deflating
the dashed rectangle on the left-hand side. The side-effect is that a dotted rectangle
appears again to represent sat(S). The equality of both notations signifies that if ® is an
instance-preserving transformation, then S supports T with supporting query Q®. The
converse does not hold since not every query can be expressed as a translation scheme,
provided the query language is sufficiently powerful.

The case that S supports T faithfully is depicted in Fig. 6.3(b). In graphical terms
that means that the dotted rectangle for sat(7') is increased up to its boundaries, which
are set by the rectangle drawn with dashed lines. Comparing this time Figures 6.2(c)
and 6.3(b), we see they are identical. This identity means that if ® is an information-
preserving transformation from S to T', S provides faithful view instance support for
T.
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ext(S) ext(T)
_sat(§). _ 4o --- S| sau(T)
TAL L

(a) Constraint-preserving transformation (Def. 6.22)

ext(S) D ext(T)
-osat(S).., - X sat(T0)- -

(b) Instance-preserving transformation (Def. 6.23)

ext(S) . D ext(T)
_sat(§)__-7[ ~al sat(T)-

(¢) Information-preserving transformation (Def. 6.24)

Figure 6.2: Signature Interpretations

When S provides even unique view instance support the supporting query is injec-
tive. Again thinking of the figures as slides, we can employ our overlay technique using
Figures 6.1(a) and 6.3(b), and end up with Fig. 6.3(c). This case can be expressed
neither in our framework nor in the notation of Qian. Figure 6.1(d) reveals that the
notion translation refinement comes close to unique view instance support. If we require
that every instance of T is an image of some instance of S, Figures 6.1(d) and 6.3(c) are
identical. We reach exactly this goal when we revert to the notation of Qian. When a
translation scheme ® is additionally an instance-preserving transformation, the schema
S provides unique view instance support for schema 7.
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ext(S) _Q* ext(T)
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(a) View instance support

ext(S) _Q* ext(T)
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(¢) Unique view instance support

Figure 6.3: View instance support (Def. 6.26)

When we collate our notation and Qian’s notation, we spot the similarity of de-
pendency preservation and constraint-preserving transformations. This similarity is in
effect equality. The difference lies in the application. While dependency preservation
is used in the definition of translation refinements in the direction from 7' to S, a
constraint-preserving transformation is used in the definition of information-preserving
transformations from S to 7.

We can conceive schemas S and T such that there is an information-preserving
transformation from S to 7', but we never find a translation scheme to show that 7" is a
translation refinement of S. The idea is that we need schemas S and T whose transition
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from S to T involves an unrecoverable loss of information. So let S be a schema with
HIERg := {c:d} and ® be a translation scheme with ¢mr(C,D) := C = D and
Ppop(0,C) == O:C N C = d. So the class hierarchy is flat. Formula ¢pugg(C, D) is
deliberately chosen in a way such that C' and D are free variables but the formula is
only true for assignments v such that v(C') = v(D). Formula ¢, (O, C) populates only
the class d with the objects that were an element of class d in the original extension.
The translation scheme & is a translation scheme from S to a schema T such that
HIER7 = (). The translation scheme suppresses the information that some objects of
class d are also objects of class ¢. We assume further that S and T do not contain
application-dependent semantic constraints. We can see that the translation scheme ®
is a constraint-preserving and instance-preserving transformation from S to 7', but the
translation scheme ® is not a witness for the fact that the schema T is a refinement
of schema S. We can even find no way to define @, more specific ¢y, (O, C) such that
there is a left inverse on sat(S). We can construe every instance of 7" as instance of S.
But still the set of instances of S is larger than the set of instances of T', because there
are instances that are identical to instances of 1" with respect to the population of class
d. They differ in the population of class c.

We conclude this section by showing that we can track down two schemas S and
T such that the schema T is a translation refinement of the schema S, but there is no
information-preserving transformation from the schema S to the schema 7". This time we
choose a schema T whose information capacity is higher than the information capacity
of the schema S. So let S be a schema with SIGg := {c[z = ¢|} and T be a schema
with SIGr := {c[r = ¢;y = ¢|}. For these schemas the translation scheme ® with
¢~ (M,C,R) :=(M =2xVM=y)ANC =cAR=cand ¢_(M,O,R) :== (M =2V M=
y) AO:c[x — R] and with the left inverse ¥ with ¢ (M,C,R) :== M = 2AC = cAR =c
and with ¢¥_(M,0,R) :== M = x A O:clr — R] are witness that the schema T is a
translation refinement of the schema S. In this case it is impossible to stumble upon a
translation scheme that is instance-preserving. The number of instances of the schema
T is the number of instances of the schema S to the power of 2.
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Chapter 7

Pivoting: A Database
Transformation

Having defined our data model and knowing how to obtain a schema in this data model,
we want this schema to possess some nice properties. We derive these properties from
properties required of data management systems. We mention the latter properties
in the introduction. A database schema should not structure redundant data, and
should support cheap insertion, deletion and update operations on its instances. In
this chapter we propose a database transformation that has the potential to improve
database schemas along with their instances. An improvement means that the resulting
schema exhibits more “nice properties” than the original schema. We call this database
transformation attribute pivoting. A variant of it has been introduced in [BMPS96] under
the name property pivoting. We altered the name to attribute pivoting, because what
is called a property in [BMPS96] is called an attribute in this work. Attribute pivoting
as well as property pivoting are special cases of the transformation pivoting presented
in [BMP96]. Since we do not refer to (general) pivoting in this work, we use the term
pivoting meaning attribute pivoting.

Our entry point to achieving nice properties are formalisations of relationships. The
features of object-oriented data models offer a wide range of possibilities to formalise
relationships between entities of the real world. The algorithm in Chap. 5 formalises
entity sets simply as (entity) classes the basic types of which are determined by the
pertinent properties of the entities. In order to formalise a relationship set, the relational
approach is simulated. For every individual relationship an object that is counterpart
to the corresponding tuple in the relational approach is constructed. Then these objects
are understood as instances of a (relationship) class.

One goal is to identify redundancy in instances of (relationship) classes at design time.
We use application-dependent semantic constraints for the identification of potential
redundancy. Our objective is to eliminate the potential redundancy by decomposing a
(relationship) class into smaller fragments. Roughly speaking, we transplant attributes
from one class to another class. The classes chosen to receive new attributes are called
pivot classes.

Pivoting is guided by application-dependent semantic constraints. The effect of the
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transformation is not automatically redundancy removing. We resume this issue later
again.

A second effect of pivoting is its impact on semantic constraints. We see in Sec-
tions 7.4 and 7.5 that pivoting is capable to transform certain schemas with onto con-
straints and path functional dependencies into schemas with only onto constraints.

In the remainder of this chapter, we assume that the set SCp of semantic constraints
consists only of proper onto constraints and path functional dependencies.

7.1 Pivoting

Now we define pivoting in detail, i. e., we define how we can obtain the target schema and
the view instance supporting query for a given source schema. The effect of pivoting is
concentrated on two classes and their attributes. Above we talked about transplanting
attributes to the pivot class. This is not quite correct. Instead we introduce a new
subclass of the pivot class and perform all operations on this subclass. The introduction
of the new subclass enables a smoother treatment of pivoting in connection with onto
constraints, and we often use the term pivot class for both the original pivot class and
the newly introduced subclass.

DEFINITION 7.1 (PIVOTING)

Let S = (CLASSg|METHg|HIERs|SIGs|SCs) be a schema, p be a constant symbol not
used elsewhere, ¢ € CLASSg be a class, Ml C Attrg(c) be a non-empty set of proper
attributes for ¢, and m, € (Attrg(c)\M) be a proper attribute for c, called pivot attribute,
with the unique result class c,, called pivot class.

We assume that c{m,|c,} ¢ OCELS otherwise we will not have to introduce the class
p. Then the pivoted schema T := (CLASSy|METH7|HIERy|SIG7|SCr) is obtained as
follows:

e For introducing a new subclass, we add the constant symbol p to the set of classes,
CLASSy := CLASSg U {p} ,
and we make the new class p a subclass of the pivot class cp,

HIERy := HIERs U {p :: ¢,} .

e [or transplanting attributes, we introduce new attributes and remove the obsoles-
cent ones. The constant symbols for denoting these new attributes are chosen in a
way that it is possible to keep track of the transformation process and avoid name
clashes with already existing symbols,

METHy := (METHg\M) U {c.m,-m | m € M} ,

and we add appropriate signatures plc-my,-m = ¢,,] for all attributes m € M and
for their result classes ¢y,

{plec-mp-m = ¢,,,) | m € M and SIGg = c¢[m = ¢}
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and, accordingly, we remove the obsolescent signatures for class ¢ of the form
clm = ¢ for all attributes m € MU {m,} and their result classes ¢,

SIGs\{c[m = ¢p| | m e MU {m,} and ¢,, € CLASSg} .

Finally we add the signature c[m, = p| in order to enable navigation to the new
subclass p, and further onto the pivoted attributes, from the class c,

{c[mp = pl} -
Thus the new signatures are summarised as
SIGr = {plcmy-m = ¢,,] | m € M and SIGg = ¢[m = ¢y} U
SIGs\{c[m = ¢p] | m e MU {m,} and ¢,, € CLASSg} U
{c[mp = pl} -
o For adjusting the semantic constraints, we replace the obsolescent attributes m € M

by the new navigational paths m,.com,-m wherever they occur in the set of path
functional dependencies,

PFDy := PFDg[m,.ccm,-m/m | m € M] .

Correspondingly, for an onto constraint of the form c{m|c,,} with an obsolescent
attribute m, we replace c by the new subclass p and m by the new attribute com,_-m.
We add the onto constraint c{my,|p} as a means to ensure the equivalence of both
schemas,

OCr = {p{c-m,-m|c,,} | m € M and ¢{m|c,,} € OCg} U
{d{m|c,,} € OCg | m & M} U
{c{mplp}}
For treating the original schema S as a view on the pivoted schema T, we define a query
Qr_s that collapses a new navigational path my,.com,-m to the obsolescent attribute m,

for m € M, and suppresses objects of the new subclass p, while leaving the rest of an
instance unchanged,

Qr_s = {0:d+«— O:d|de CLASSs} U (7.1)
{O[m — R] «— O[m — R] | m € (METHs\M)} U (7.2)

{Olm — R| «— O:¢m, — P] A P:plccm,-m — R] |m € M} . (7.3)

For treating the pivoted schema T as a view on the original schema S, we define a
query Qs_r that retains the class population and the values for most attributes. The
obsolescent attributes and their values are transplanted to the pivot class p and its objects,

respectively. This class is populated with objects of class c, that are referenced by an
object of class ¢ via the pivot attribute m,,.

Qs—r = {0:d+— O:d|d e CLASSs} U :
{Om — R] «— O[m — R] | m € (METHs\M)} U (7.5)
{P:plcomp-m — R] «— O:¢/m, — P;m — R] | m € M} (7.6)
Finally, we define the tuple piv(S, p,c,M,m,) := (T, Qr—s, Qs—r).
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To give an impression of how pivoting works, we perform pivoting on the examples that
have been accompanying us throughout this work. First comes the “good” example.

EXAMPLE 7.2

We perform pivoting on the schema in Fig. 5.1. To get a smoother exposition, we
dispense with the introduction of cryptic method names. We stick to the original method
names instead. This is possible, because no name clashes can occur in this example.
Additionally, we include four onto constraints.

Assignment{teacher|Teacher}
Assignment{course|Course }
Assignment{room|Room}

Assignment{wing|Wing}
These onto constraints are formalisations of the restrictions that
e cvery Teacher has to give a Course,
e if there is a Course, we have some information about it,
e cvery Room is occupied,
e we have a Teacher in every Wing.

We perform pivoting with the pivot attribute course and the pivoted attributes assistant
and date. Since we assume the presence of the onto constraint

Assignment{course|Course} |,

the introduction of the subclass becomes unnecessary. (Example 7.8 shows how that is
done.) Therefore we keep the set of classes and the class hierarchy unchanged.

CLASS := {String, Int, Assignment, Course, Teacher, Assistant, Date, Room, Wing}
HIER := ()

Next we consider the set of attributes. We refrain from the introduction of new cryptic
method names, therefore even the set of methods remains unaltered.

METH := {course, teacher, assistant, room, wing, title, te_ name, as_name, ro_name,

date, year, month, day, size, address}

When we look at the set of signatures, we have to declare the signatures for the attributes
assistant and date on the pivot class Course.

Course[assistant = Assistant;
date = Date]
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Int
A
month
day year i address .
Int <——— Date —— Int Wing ——= String
A
date wing
. title course i teacher te_name .
String <= Course <————Assignment ——— Teacher —— String
assistant room
y :
i as_name . i ro_name size
String <= Assistant String <=———Room ———= Int

Figure 7.1: First applying pivoting with course as pivoted attribute

The old declarations for these attributes are obliterated. Finally, the redirection of result
classes of the pivot attribute course is unnecessary, because we do not introduce a subclass
of the pivot class. The resulting schema graph is shown in Fig. 7.1.

SIG := {Course[title = String;
assistant = Assistant;
date = Date],
Teacher|te_name = String],
Assistant[as_name = String],
Date[year = Int; month = Int; day = Int],
Room([size = Int; ro_name = String],
Wing[address = String],
Assignment|course = Course;
teacher = Teacher;
room = Room;
wing = Wing]}

For adjusting the semantic constraints, we replace the attributes assistant and date oc-
curring in path functional dependencies by the “path functions” course.assistant and
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course.date, respectively. The onto constraints remain unchanged.

SC :=AXU
{Assignment(.course — .course.assistant .course.date),

Assignment(.teacher — .room),
Assignment(.room — .wing),
Assignment(.course .teacher — .Id),
Assignment{teacher|Teacher},
Assignment{course|Course},
Assignment{room|Room},
Assignment{wing|Wing} }

The view instance supporting query Qr_.g 1S

Qr_s := {O:String «— O:String, O:Int «—— O:Int,
O:Assignment «— O:Assignment, O:Course «— O:Course,
O:Teacher «—— O:Teacher, O:Assistant «— (O:Assistant,
O:Date «— O:Date, O:Room «— O:Room, O:Wing «— O:Wing}
U
{O|course — R] «— Olcourse — R], O[teacher — R| «— Oj|teacher — R]
[room — R| «— O[room — R], O[wing — R] «— Olwing — R],
title — R| «— Oftitle — R],O[te_-name — R| «— Olte_.name — R},
las_-name — R| «— O[as_-name — R},
[ro_name — R| «— O[ro_name — R},
lyear — R] «— Olyear — R], O[month — R] «— O[month — R},
[day — R] «— Olday — R],Ol[size — R] «— Olsize — R,
laddress — R| «— O[address — R|}
U
{OlJassistant — R| «— O:Assignment[course — P] A P : Course[assistant — R],
Oldate — R] «— O:Assignment[course — P| A P : Course[date — R|} ,

O
O
O
@)
O
O
O
O

where S is the schema Assignment and T' the pivoted schema.

Now comes the “bad” example from the introduction.

EXAMPLE 7.3
To demonstrate pivoting, we perform it on class Phone-admin of the schema in Fig. 5.3
We reduce the left side of the key path functional dependency

Phone-admin(.fac .sch .ph .dep — .Id)
to .fac and get the key path functional dependency
Phone-admin(.fac — .Id) .

The reduction is possible, because the attribute fac determines all other attributes func-
tionally.
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The pivot class is the class Faculty. As pivoted attributes we choose the attributes sch
and dep. To render the example more readable, we do not introduce the cryptic names
of attributes. Instead we use the original names. As subclass for the pivot class Faculty
we introduce the class Phoning-faculty. It is populated with the objects that are referenced
by Phone-admin-objects via attribute fac.

The outcome 18 then the schema Phone-Admin-Piv =
(CLASS|METH [HIER [SIG|SC) with

CLASS := {Phone-admin, Faculty, Phoning-faculty, School, Phone, Department }
METH := {fac, sch, ph, dep}
HIER := {Phoning-faculty::Faculty}
SIG := {Phone-admin|[fac = Phoning-faculty; ph = Phone],
Phoning-faculty[sch = School; dep = Department] }
SC := AX U
{Phone-admin(.fac — .fac.sch),
Phone-admin(.fac — .ph),
Phone-admin(.fac.sch — .fac.dep),
Phone-admin(.ph — .fac.dep),
Phone-admin(.fac — .Id),
Phone-admin{fac|Phoning-faculty} } .

The transformation pivoting removes in the class Phone-admin the declarations for the
attributes sch and dep. These declarations occur again as declarations for the class
Phoning-faculty. This change in the signature declarations has to be reflected by the path
functional dependencies. For example, whenever the path function .sch appears in a path
functional dependency, we replace it by the path function .fac.sch. This replacement is
done for the path functional dependency

Phone-admin(.fac — .sch)
and leads to the path functional dependency
Phone-admin(.fac — .fac.sch) .

We do not have to change any onto constraints in this example, because there is no onto
constraint in the original schema. But we have to introduce the onto constraint

Phone-admin{fac|Phoning-faculty} .
The schema graph for the pivoted schema Phone-Admin-Piv can be found in Fig. 7.2.

7.2 Pivoting and Equivalence

The next theorem gives us the answer to the question of when a pivoted schema captures
as much information as the original schema, i.e., when it provides unique view instance
support, in the sense of Def. 6.26, and vice versa.
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Faculty Phone-admin
A
. fac oh
Phonin\g-faculty Phone
sch dep

School Department

Figure 7.2: Schema graph of the pivoted schema

THEOREM 7.4
Let S be a schema, and the vector (T, Qr—s, Qs—r) := piv(S, p, ¢, M, m,) be the outcome
of pivoting the schema S. Then the following statements are equivalent.

1. The schema T provides unique view instance support for the schema S with sup-
porting query Qr_.s.

2. The schema S provides unique view instance support for the schema T with sup-
porting query Qs_r.

3. All pivoted attributes are elements of the closure of the pivot attribute, M C

{mp}Tse.

PROOF FOR 1 = 2. Since the schema T provides unique view instance support for
the schema S with query Qr_ g, the equation

{compls(fs) | fs € sat(S)} = {complg(evaly(Qr—s, fr)) | fr € sat(T)}  (7.7)

holds and the query Qr_s is injective on the saturated elements of sat(S). We
have to show that the equation

{compl,(evals(Qs_1, fs)) | fs € sat(S)} = {compl,(fr) | fr € sat(T)} (7.8)

holds and the query Qs_r is injective on the saturated elements of sat(T").

We show first that the query QQs_r is the inverse of the query Q)r_s on the
saturated elements of sat(T).

To show that the query QQs_r is the inverse of the query Q7_g on the saturated
elements of sat(7"), we have to prove the following equation

comply(fr) = comply(evalg(Qs_7r, evalr(Qr_s, fr))) ,

and that the chaining of the query evaluations is well-defined.
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The rules in (7.1), (7.2) and (7.4), (7.5) are equal and constitute the projection
query on the schema T and S, respectively. By Lem. 3.17, these rules ensure for
all classes d € CLASSg

o:d € comply(fr) iff 0:d € evalr(Qr—_s, fr)

and o € Fy\(CLASSs UMETHjg), and for all attributes m € METHg\M
olm — r] € compl,(fr) iff ojm — r] € evalp(Qr_s, fr)

and o, € Fy\(CLASSs UMETHg), i.e. the restrictions on molecular formulae in
an extension of the schema S are met.

If o,:plc-my,-m — 1] € comply(fr) for an attribute m € M, then, due to the fact
that fr is an instance of the schema T satisfying the onto constraint c{m,|p},
there exists an object o, element of the class ¢ referencing the object o, via the
attribute m, in the completion of the instance fr, o.:clm, — o,] € compl,(fr).
Then the instantiation of the body of a rule in (7.3),

oc:clmy — 0p] A opipleomy,-m — 1],

is satisfied by the completion comply(fr), and thus o.Jm — r| € evalr(Qr_s, fr)
and o.,r € F\(CLASSg U METHg) hold. The fact that o.clm, — o, €
comply(fr) entails that o.:c[m, — o, € evalp(Qr_g, fr) since ¢ € CLASSg
and m, € METHg\M. Hence the instantiation of the body of a rule in (7.6)
oc:c[my, — 0,3 m — 1] is satisfied by evaly(Qr—s, fr) and therefore o,:p[c-m,-m —
T] S evals(Qs_q“,eValT<QT_>S, fT)) holds.

If o,:plcomy-m — 1] € evalg(Qs—r, evalp(Qr_s, fr)), then an instantiation of a
rule in (7.6) must exist with o.:c[m, — o,;m — r| satisfied by evalr(Qr_s, fr).
This satisfaction entails that an instantiation of a rule in (7.3) must exist with
op:ple-my-m — 1] € comply(fr).

Having established proof that the query QQs_r is the inverse of the query Qr_.g
on the saturated elements of sat(7T), we prove for any two instances fg €
sat(S) and fr € sat(T), if complg(fs) = complg(evalr(Qr—s, fr)) holds, then
comply(evalg(Qgs—r, fs)) = comply(fr) holds as well.

Now if we assume complg(fs) = complg(evalr(Qr—s, fr)), then, by Lem. 3.18 this

equality implies the equality evals(Qs_r, fs) = evalg(Qs_r,evalr(Qr_s, fr)).
Since the query QQs_.r is the inverse of the query (Q7_s on the saturated elements,
the equality

comply(evals(Qs—r, evaly (Qr—s, fr))) = comply(fr)
holds, and hence the equality

comply(evalg(Qs_r, fs)) = comply(evalg(Qs_r, evalr(Qr_s, fr)))

= comply(fr) - 9
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Finally, we are ready to proof (7.8). For each instance fr € sat(T") of the schema
T, there exists due to (7.7) and (7.9) an instance fs € sat(S) of the schema S such
that

comply(evals(Qsr, fs)) = comply(fr) -

Likewise for each instance fg € sat(S) of the schema S, there exists due to (7.7)
and (7.9) an instance fr € sat(7T’) of the schema T such that

comply(evals(Qs 1, fs)) = comply(fr) -

What remains is to show that the query (Qs_r is injective on the saturated elements
of sat(T"). This can be done by showing that the query Qr_ 5 is the inverse of the
query Qg7 on the saturated elements of sat(S), which follows the same line of
reasoning as showing the query (QQs_r is the inverse of the query Q)7_s on the
saturated elements of sat(7") as done above.

PROOF FOR 2 = 3. Since the schema S provides unique view instance support

for the schema T with supporting query Qs_p, (7.8) holds. This means
comply(evals(Qs_r, fs)) satisfies the unique name axioms of the schema T'. There-
fore for any o,:p € evalg(Qs—7, fs) only one r exists with op[com,-m — 1| €
evalg(Qs—r, fs), because o,:p and oy[c-m,-m — r] can only be results of (7.6).
This means the path functional dependency c(.m, — .m) is satisfied by the in-
stance fs.

Since all instances in sat(S) satisfy the path functional dependency c¢(.m, — M)
and the fact that compl,(f) is a minimal model, M C {.m,,} < holds by definition.

PROOF FOR 3 = 1. We have to show that the equation

{complg(fs) | fs € sat(S)} = {complg(evalr (Qr_s, fr) | fr € sat(T)} (7.10)

holds and the query (Q7_ s is injective on the saturated instances.

Let fs € sat(S) be an instance of the schema S. We construct for the in-
stance fs an instance fr of the schema T such that the equality complg(fs) =

complg(evalr(Qr_g, fr)) inures. We define fr as fr := evals(Qs—r, fs)-

First of all we show that fr is an extension of the schema T'. Due to rules (7.4)
and (7.5) and Lem. 3.17, we have for all classes d € CLASSg

o:d € complg(fs) iff 0:d € fr (7.11)
and o € Fy\(CLASSs UMETHj), and for all attributes m € METHg\M
olm — r| € complg(fs) iff ojm — r| € fr (7.12)

and o € fo\(CLASSS U METHS)

Due to rule (7.6) and the fact that fs is an instance, we have for all attributes
m € M
oc[m — r] € complg(fs) iff o,:p[com,-m — 1] € fr (7.13)
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and o,,7 € Fy\(CLASSg U METHg). The proof goes along the same line of
reasoning as showing the query Qs_.r is the inverse of the query Qr_.s as done in
1= 2.

The next steps to show that fr is an instance of the schema T is to show that fr
satisfies the unique name axioms, the definedness axioms and the well-typedness
axioms.

Due to the nature of the rules in (7.4), (7.5) and (7.6) and the inference rules for
F-logic, the only way to introduce a violation of the unique name axioms is by the
rules (7.5) and (7.6) because of scalarity. But because of (7.12) and the fact that
fs is an instance the rules in (7.5) do not introduce a violation of the unique name
axioms.

A rule in (7.6) could introduce a violation of the unique name axioms, if there
existed

0c:clmy, — 0,3 m — 1], 0l:clmy, — 0,5 m — 1] € complg(fs) -

But this is impossible because M C {.m,}*5< holds and fg is an instance of the
schema S.

Due to the similarity of the schemas S and 7', and (7.11), (7.12) and (7.13) a
violation of the remaining axioms cannot occur.

Then we prove that all semantic constraints in the schema, i. e. all onto constraints
and path functional dependencies, are satisfied by the extension fr.

Since the extensions fg and fr agree on the parts that are relevant for the satis-
faction of the semantic constraints present in both schemas S and 7" and since fg
is an instance of the schema S, the extension satisfies these semantic constraints.

We consider an onto constraint p{c_m,_-m|c,,} € OCr newly added to the semantic
constraints in the schema T because of the onto constraint ¢{mlc,,} € OCg. Let
r be an object of the class ¢,,, r:¢,, € comply(fr). By the construction of the ex-
tension fr and Lem. 3.17, r:¢,, € fr holds. Then due to (7.11) r:¢,, € complg(fs)
holds. But then because of the onto constraint ¢{m|c,,} € OCg and the fact that
fs is an instance of the schema S, there exists o.[m — 7] € complg(fs), which
entails o,:p[c.m,-m — r] € fr by (7.13). Thus the onto constraint p{c_m,_-m|c,,}
is satisfied by the extension fr.

When considering a path functional dependency tampered with by the transforma-
tion pivoting, we focus on the path-functions in the path functional dependency.
We will show that any path described by such a path-function has the same end
node as the original path. Therefore we consider an edge o[m — r] € complg(fs).
If m € METHg\M, this edge is not changed on the modified extension. If m € M,
then o[m, — o0,], 0,[c-m,-m — r| € compl,(fr) by (7.11), (7.12) and (7.13). These
edges are exactly described by the replacement my,.c.m,_m for the attribute m in
the original path-function. Hence all path functional dependencies in PFDy are
satisfied, because fg satisfies PFDg.
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Similarly, we can show that for each instance fr € sat(T') of the schema T that
evalr(Qr_s, fr) is an instance of the schema S, and finally,

comply(evalg(Qs—r, evalr(Qr—s, fr))) = comply(fr) .

Thus the query Q7_ g is injective with the inverse Qg_ .

7.3 Pivoting and Translation Schemes

Up to now we favoured the approach of Biskup (view instance support) and gave the
definition of pivoting in his notation. We continue this bias in this work. An in-depth
discussion of pivoting under translation schemes lies beyond the scope of this work. Nev-
ertheless, we make a short detour and define pivoting by means of translation schemes.

Firstly, we give the translation scheme ® from the original schema to the pivoted
schema. In the definition the terms class(C') and meth(M) are abbreviations for the

expressions (\/CGCL asss C = c) and <\/m€METHS M = m), respectively. The set of piv-

oted attributes M is {my,...,m,}. Table 7.1 shows how we define pivoting by means
of translation schemes. At first glance there seems to be no similarity between the view
instance supporting query QQs_r given in Def. 7.1 and the formulae in the translation
scheme. But when we compare the components carefully, we detect that there are simi-
larities. The similarities are hidden behind the different concepts used by view support
and translation schemes.

We start the comparison with the schema components. In Definition 7.1 we employ
an ad-hoc schema transformation by describing how we change schema components.
With translation schemes we can put these descriptions on solid grounds. The “S-
definition”! ¢crpass(C) binds a variable to the already existing set of classes by the first
term in the disjunction. In Definition 7.1 this is expressed by placing the set of classes
CLASSg of the original schema into the union. The right side of the disjunction C' = p
allows the variable C' to range over p as well if the formula is true. The correspondence
in the definition of CLASSy is the singleton {p} in the union.

The same correspondence can be found when we look at the “S-definition”
¢mer(M).  The addition of new methods is captured in the disjunction (M =
c-my-my) V ---. The removal of the obsolescent methods m € M is embodied in the
conjunction M # mq A ---. The succession to the remaining methods is expressed by
the factor meth(M).

The real S-definition of :: follows the same principles. The same applies to the
formula ¢_. (M,C, R) only that the formulae become more complex. The first three
lines in the defining formula ¢_, correspond to the first line in the definition of SIG7 in
Def. 7.1. They introduce the new signature declarations for the newly created attributes.
These declarations are not completely independent from the signature declarations of the

!The formula ¢crass(C) is not an S-definition in the formal sense, but it defines the set of classes
in the same spirit, hence this misuse of notation.
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dcrass(C) == class(C) vV C = p
v (M) = (meth(M)AM #my A--- AM #my,) V
(M = cm,mi) V-V (M= cm,m,)
¢.(C,D) := (C::D)V (C=pA D =c,)
(M = cm, mi AC =pAc[m = R))
VeV
(M = cm, m, NC =pAclm, = R])V

(C[M = R A—((M
(M

miAC =¢)V
my A C = c) V

[lo I

(M =m, ANC =c)V
(Mémp/\C’éc))) Y
(M Zm,NC=cAR=p)
$.(0,C) := (0:0) V (C = p A 3O(O:c A Oc[m, — O)))
¢ (M,O,R) = (O[M — RIAM #£myA---AM #m,)V
(M = comyomyq A 30.(O.my, — O] A O Jmy — R)))
V.V
(M - c-my-my A 30.(O.[m, — O] A O.m,, — R]))

Table 7.1: A translation scheme for pivoting

obsolescent attributes. The new attributes take over the result classes of the respective
old attributes. Then we carry over the attributes defined in the original schema except
for the attributes in the set MU {m,,}. Finally, we add the declaration of the signature
c[m, = p.

The population of classes is done based on the old population as indicated in the left
side of the disjunction of ¢.(O,C'). The right side expresses that whenever an object O
is referenced by an object of class ¢ via attribute m,, the object O is a member of the
pivot class p. The formula ¢. is reflected in Def. 7.1 in the supporting query Qs_.r. We
find the effect of ¢. at two places in Qg_r; once in the set {O :d «— O :d | ---} and
in the set {P : plcomy-m — M| «— ---}.

The S-definition of —( defines first the values for all old attributes without the
pivoted attributes and then for all new attributes.
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What remains is to show that we really have a translation scheme. So we have to
check whether the restrictions in Def. 6.4 are met, but here we merely give an outline
of the proof: The finiteness follows from the finiteness of the original schema and the
independence from the extension from the syntactic form of the defining formulae.

Secondly, the left inverse W of the translation scheme ® in Table 7.1 is defined in
Table 7.2. The inverse nature becomes apparent when comparing the formulae one by
one with the respective ones of the translation scheme ®.

Yerass (C) = class(C) A C # p

tyvera (M) := (meth(M) A M ;é cmy,my A+ A M 7‘2 c-mymy) V
(M =my) V-V (M=m,)

Y..(C, D) = C’::D/\—(C’ép/\DéC)
V- (M,C,R) == (M =my AC = ¢ Aplem, m; = R])
VIR,

(M =m, ANC = cAplcm, m, = R])V
(M=m,N\C=cAR=c,)V
<C[M:>R]/\ﬂ((Mémp/\Céc/\Rép)v

(M = c.m, m; AC = p)
VeV

(M = cm, m, NC = p)))
.(0,0) :=0:CNC #p
Y (M,0,R) := (O[M — R|AM # cmymy A+ ANM # cm, m,) V
(M = my A3P(O[m, — P] A Plcom,-m; — R]))
V.-V
(M = m, A3P(O[m, — P] A Plc.m,-m,, — R]))

Table 7.2: An inverse translation scheme for pivoting

Before we carry on our work in the notation of Biskup, we sketch the impact of the
translation schemes ® and ¥ for pivoting on path functional dependencies. We start
with a path functional dependency declared in the original schema S. The dependency
is of the form

c(pr- Pk — Dky1* Pn) -
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The corresponding path functional dependency F-formulae are

X[p—Pl— X :cpr = Pri;...;p — P A
Y:clpr— Pi;...;pp — Pi;p — P

for each p € {pr11,...,pn}. A term X[p — Y] where p = .mY--- .ml' € Pyy(D)\{.1d} is
an abbreviation for
(BXT -+ 3X (X[ — XT]AXT[ms — X3] A - AX S [m) — YT))

What does pivoting make of any of these XP[m!, ; — X7 ,]7 We can supply the answer

to this question, when we explore U#(X?[m?,, — X7 |]). The relevant part of ¥ in this

case is ¥ (M, O, R). An analysis of ¢_, reveals that

\P#(Xf[me - szﬂ]) = Xﬂm}z’oﬂ - sz+1]
if m{ ; ¢ M and
\I/#(Xp[mﬁ-l - X?ﬂ]) = EIP(XZP[mp — P]A P[C—mp—mgﬂ - szﬂ])

(2

if m,; € M. Therefore the application of U# on path functional dependency F-formulae
yields path functional dependency F-formulae. In particular exactly those that are
obtained, when pivoting is performed in the standard way.

7.4 Semantic Constraints under Pivoting

Apart from the redundancy removing effect of pivoting, we can observe the following
behaviour. Looking at the semantic constraints exposed in Exam. 7.3 reveals that the
path functional dependency

Phone-admin(.fac — .fac.sch) (7.14)

is redundant as well. As already shown in Exam. 4.45, (7.14) can be derived from the
trivial path functional dependency

Phoning-faculty(.Id — .sch) ,
which in turn can be derived from (7.14) and the onto constraint
Phone-admin{fac|Phoning-faculty }

by “simple prefix reduction”. In fact, each path functional dependency in the original
schema of the form
Phone-admin(.fac — .m)

with m a pivoted attribute is transformed into a path functional dependency

Phone-admin(.fac — .fac.m) ,
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which is redundant in the pivoted schema.

This behaviour is called in [BMPS96] natural enforcement of dependencies, because
this kind of path functional dependencies is enforced due to a feature of object-oriented
data models, namely by the fact that

Phoning-faculty(.Id — .m)

is a trivial path functional dependency in the pivoted schema. This natural enforcement
can be compared with multi-valued dependencies that trivially hold in any unfolding of
a nested relation scheme, but are not part of a nested relational schema.

The following theorem captures this behaviour formally. We show that we can remove
a path functional dependency in the pivoted schema when the original path functional
dependency is of the form

(L — R)

where L comprises the pivot attribute m,,, .m, € L, and apart from that the sets L and R
consist only of pivoted attributes, (L\{.m,})UR C M. In addition we can simplify some
path functional dependencies in the pivoted schema, namely those whose corresponding
path functions in the original schema contain only pivoted attributes as path functions.
So if a path functional dependency ¢(L — R) with only pivoted attributes as path
functions, L U R C M, exists in the original schema, we substitute the path functional
dependency p(L — R) for the corresponding path functional dependency in the pivoted
schema.

Formally, this is done in the theorem by removing all path functional dependencies
(the set (7.15)) whose corresponding original path functional dependencies are of the
form ¢(L — R) with L C {.m,} UM and R C M and then adding the set (7.16) of path
functional dependencies of the form p(L — R) with L U R C M.

To obtain from an original path functional dependency its pivoted counterpart, we
introduce the operation P.,,,. This operation performs the same substitution for pivoted
attributes as was applied in Def. 7.1. The simplified forms are gained by means of the
operation R.,,,, which replaces a pivoted attribute by its “cryptic” counterpart.

We blur the clear distinction between attributes and path functions of length 1 in
the following expositions.

DEFINITION 7.5 (SIMPLIFICATION)
Let S be a schema, and the vector (T, Qr—s, Qs—r) := piv(S, p, ¢, M, m,) be the outcome
of pivoting the schema S.

o The set Py, (M) for a set M C Attrg(c) of attributes for the class c is

{m | m' = .mp.comp-m, if meMNM, and
m =.m if me M\M} .

o The set Reym,(M) for a set M C Attrg(c) of attributes for the class c is

{eemp-m |me M} .
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o The schema sim(S, p, c, M, m,) is defined

— by removing path functional dependencies that stem from path functional de-
pendencies of the form ¢(L — R) where {.m,} C L C {.m,} UM and R C M,
because these are naturally supported, and

— by stmplifying path functional dependencies that stem from path functional
dependencies of the form ¢(L — R) where L U R C M, because they can be
simplified.

sim (S, p, ¢, M, m,,) :=
(T\{C(PC,mP(L) — Pom,(R)) | ¢(L — R) € PFDg and (7.15)
Lc{m,} UM andRCM})
U
{p(Rem, (L) = Rem (R)) | ¢(L — R) € PFDg and LU R C M} (7.16)

Theorem 7.4 gave conditions under which the original schema and the pivoted schema
were equivalent with respect to view instance support. As it turns out, these conditions
are sufficient to ensure the equivalence between the pivoted schema and its simplifica-
tions.

LEMMA 7.6 (EQUIVALENCE OF SIMPLIFIED SCHEMAS)

Let S be a schema, and the vector (T, Qr—s, Qs—r) := piv(S, p, ¢, M, m,) be the outcome
of pivoting the schema S where M C {.my,}*sc. Then the schema T provides unique
view instance support for the schema sim(S,p,c, M, m,) with supporting query idy and
vice Versa.

PROOF. (7.15) and (7.16) merely change the semantic constraints of the schema 7. We
will show that despite these changes the semantic constraints of the schemas 7" and
sim(S, p, ¢, M, m,) are equivalent, and therefore the schemas are equivalent with
respect to view instance support.

If (L — R) € PFDg is a path functional dependency with {.m,} C L C
{m,} UM and R C M, then c¢(Pem,(L) — Pem,(R)) is removed in the
schema sim(S, p, ¢, M, m,,). Now due to reflexivity, the path functional dependency
p(IdURm, (L\{.m;}) — .Id) is trivially valid in the schema sim(S, p, ¢, M, m,,) as
well as, by simple attribution, the path functional dependency p(.Id — R, (R)).
By simple prefix augmentation with the prefix .m,, these dependencies imply
c(Peym, (L) — .myp) and c(.m, — Pem,(R)), respectively. By transitivity, we get
c(Pe,m, (L) — Peym,(R)), which was removed from the schema 7" but still holds in
the schema sim(S, p, ¢, M, m,,).

If (L — R) € PFDg is a path functional dependency with L U R C M, then
c(Pem, (L) — Pem,(R)) is in the schema T. Then due to the onto constraint
c{myp|p} € SCr added to the schema 7" and simple prefix reduction, p(Rem, (L) —
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Rem,(R)) € SC;T holds, which was added to schema sim(S, p, ¢, M, m,,) for the
path functional dependency ¢(L — R).
O

The lemma above shows that it is safe to remove some kind of constraints and to replace
others by simpler forms. An interesting question is what happens if we have as input
schema one with proper and purely functional dependencies, i.e. we have a proper
schema.

DEFINITION 7.7 (PROPER SCHEMA)

Let D be a schema. The schema D is said to be proper :iff

e all onto constraints in OCp are proper, i.e., if c{m|d} € OCp is an onto con-
straint, then the attribute m is a proper attribute for class c.

e all path functional dependencies in PFDp are functional, i.e., if ¢(L — R) €
PEDp is a path functional dependency, all path-functions in L U R have length 1,
and

e all functional dependencies in PFDp are proper, i.e., if ¢(L — R) € PFDp is a
functional dependency, all attributes in L U R are proper attributes for class c.

When we have a proper schema, it is sufficient to know the proper functional depen-
dencies defined for a class to determine all implied proper functional dependencies for
that class as the next lemma shows. In this case even the inference rules reflexivity,
augmentation and transitivity as known from the relational data model are complete.
This means many results from the relational data model can be applied in this case.

LEMMA 7.8 (COMPLETENESS OF PROPER INFERENCE)

Let D be a proper schema. All derivable proper functional dependencies for a class can
be derived using only the inference rules reflexivity, augmentation and transitivity, i. e.
if the inclusion sat(D) C sat(D U {c(X — Y)}) for a non-trivial proper functional
dependency ¢(X — Y') over the schema D holds, we can derive the proper functional
dependency by only using the inference rules reflexivity, augmentation and transitivity.

ProOF. We conduct this proof by contraposition, i.e. we assume conversely that we
cannot derive the non-trivial, proper functional dependency ¢(X — Y') by only
using the inference rules reflexivity, augmentation and transitivity and show then
that there exists an extension f with f € sat(D) and f ¢ sat(D U {c¢(X — Y)}).

We define the closure L*S< for a set L of proper attributes for a class d in a
schema S as the set of proper attributes [ for the class d where the proper func-
tional dependency ¢(L — .1) can be derived by using the inference rules reflexivity,
augmentation and transitivity.

We construct the extension f of the schema D satisfying the axioms AX and the
semantic constraints SCp of the schema D but not the proper functional depen-
dency ¢(X — Y). The extension f consists of infinitely many objects o0, 0y, 01, . .

*)



7.4. SEMANTIC CONSTRAINTS UNDER PIVOTING 147

but we are particularly interested in the objects o and oy, because they agree on
their values for attributes in the closure X*Pe,

f={({qd]|qe {o}U{o;|ie N} and d € CLASSp}|
{olm — o | m € Ugecrass, Attro(d)} U{oo[m — of [ m € X*P<} U
{0i11lm — 0;] | i € Nand m € X*P<} U
{oilm — o] | i € N and m € Uyecpass, Attrp(d)\X P} )

Fig. 7.3 renders how the extension f looks like. An arrow signifies that for the
object at the butt the values of the attributes in the label are the object at the
point.

Uaecrass, Attrp(@\X"P< Uyeccnass, Attrp(d)\ X P UdeCLAE&;%ttrD(d)

X*D’C X*D,c X*D,c
01 0o o

Figure 7.3: Sketch for the extension in the proof of Lem. 7.8

The extension f satisfies the axioms AX and all onto constraints by definition.

We observe that if any two objects ¢,r € pop, agree with their values for an
attribute m, pop; Uobs = 30(q[m — O] Ar[m — O]), then {q,7} = {0,00} and
m € X*P< hold.

Let ¢(L — R) € PFDp be a proper functional dependency for the class ¢ €
CLASSp\{c}. Then the set L is a proper set of attributes for the class ¢’. Therefore
LNX*p.c = () holds, which entails that the proper functional dependency ¢/(L — R)
is satisfied.

Let ¢(L — R) € PFDp be a proper functional dependency for the class ¢ and
¢, be two objects such that they agree on their values for all attributes in L. As
observed above, {q,r} = {0,090} and L C X*P- hold. Since ¢(L — R) € PFDp
holds, R C X*P- is implied. Thus according to the construction of the extension
f, the objects ¢ and r agree on their values for attributes in the set R, which means
the proper functional dependency ¢(L — R) is satisfied.

Therefore, the extension f is an instance of the schema D, f € sat(D).

According to the construction of the extension f, the objects o and oy agree on
their values for attributes in the set X, but there exists an attribute y € Y\ X*P-
such that the objects 0o and oy do not agree on their values for the attribute y.

O

To achieve some of the results we are striving for, we have to normalise the syntactical
form of proper functional dependencies further. We want their left-hand and right-hand
sides to be as small as possible.
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DEFINITION 7.9 (L-MINIMUM AND CANONICAL)

o A set of functional dependencies Il over a proper schema D is L-minimum, if for
every (X —Y) in II and for all ) # X' € X we have DUIL £ ¢(X' = Y).

o A set of functional dependencies I1 over a proper schema D is canonical, if the set
IT is L-minimum and the right-hand side of each dependency consists of just one
path-function.

A canonical set I equivalent to a set II' is a canonical cover of the set II'. Such cover
can be always found [MR92], when dealing with (traditional) functional dependencies.
[MR92] contains algorithms to compute such a cover. Due to Lem. 7.8, we can use these
algorithms in our setting, when we consider the proper functional dependencies for one
class only.

When we have a proper schema with canonical functional dependencies, we can give
necessary and sufficient conditions to ensure that the simplified pivoted schema is proper.
These conditions can be found in a theorem in [BMPS96]. There the conditions were
used to ensure the equivalence of the original and the pivoted schema. Since in our
setting we have path functional dependencies at our disposal, the choice of the set of
pivoted attributes Ml = {.m, }*s<\{.m,} is sufficient to ensure the equivalence.

LEMMA 7.10 (RETAINING FUNCTIONAL DEPENDENCIES)
Let S be a proper schema where PFDg is canonical, T' be the schema sim(S, p, ¢, M, m,,)
where Ml = {.my,}*s<\{.m,}. Then the following statements are equivalent:

1. for all subsets M C Prg(c) the conditions 1a, 1b and 1c hold:
() Mrse = (M\M)*se U (M 0 M)*se,
(b) (M\M)*se "M =0 or .m, € (M\M)*s<, and
(¢c) (M AM)sen (Prs(c)\M) = 0;

2. the schema T is proper.

PROOF FOR 1 = 2. The set of functional dependencies PFDg(c) in the schema S can
be partitioned into five sets.

{¢(L — .r) € PFDg | L C Prg(c)\M and r € Prg(c)\M} , (7.17)
{¢(L — .r) € PFDg | L ¢ Prg(c)\M and r € Prg(c)\M} , (7.18)
{c(L— .r) e PFDg | L Cc M and r € M} , (7.19)

{c(L — .r) € PFDg | {m,} # L ¢ M and r € M} and (7.20)

)

{¢(L — .r) € PFDg | L = {.m,} and r € M} . (7.21

We regard the sets (7.17) - (7.21) and show that the sets (7.18) and (7.20) are
empty in the schema S.

So we consider a functional dependency ¢(L — .r) € (7.18), which means .r € L*S-e
holds. Therefore, due to condition la, .r € (L\M)*Se or .r € (L N M)*Se must
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hold. By condition lc, .r & (LNM)*Sc can be implied, hence .r € (L\M)*s-. This
entails ¢(L\M — .r) € SC7?, contrary to the fact that PFDg is canonical.

Now we consider the functional dependency ¢(L — .r) € (7.20). We distinguish
two cases.

(L\M)*s= "M = (): By condition la, .r € (L N M)*se follows. In this case, we
consider two cases.

LNM = (: Then, by definition, (L N M)*s= = () holds, in contradiction to
condition 1la.

LNM #(: Then ¢(LNM — .r) € PFDg(c)*s< can be inferred. But since
LNM C L holds, the set PFDg(c) is not canonical, in contradiction to
the hypothesis.

(L\M)*s= "M # (: By condition 1b, .m, € (L\M)*s< holds, thereby ¢(L\M —
.m,) € PFDg(c)*s-.
Because of r € M and the choice of the set M, ¢(.m, — .r) € PFDg(c)*s¢
holds. By transitivity, ¢(L\M — .r) € PFDg(c)*s holds, in contradiction to
the fact that PFDg is canonical.

Consequently, the functional dependencies of the schema S are of type (7.17),
(7.19) and (7.21).

Dependencies of type (7.17) are not changed by the transformation sim. A depen-
dency ¢(L — .r) of type (7.19) is transformed into a proper functional dependency
P(Rem, (L) = Rem, ({-7})). Dependencies of type (7.21) are removed by transfor-
mation sim. All onto constraints remain proper. Hence, the schema T is proper.

PROOF FOR 2 = 1. Since the schema T is proper, all path functional dependencies
are functional dependencies. Any functional dependency ¢(L — .r) of type (7.18)
or (7.20) with L € {.m,} UM in the schema S would have resulted in a non-
functional dependency that would not have been removed by the transformation
sim. A functional dependency ¢(L — .r) of type (7.20) with L C {im,} UM
cannot exist because the set PFDg(c) is canonical. Therefore all path functional
dependencies in the schema S must be of type (7.17), (7.19) or (7.21).

Due to Lem. 7.8, the closure X*P.4 of any set X of proper attributes can be
determined by exhaustively applying the inference rules reflexivity, augmentation
and transitivity, i.e., whenever the left-hand sides of the antecedents are subsets
of the so far calculated set, the right-hand sides are added to this set.

Since the dependencies in PFDg(c) are either of type (7.17), (7.19) or (7.21), any
derivation sequence can be ordered by first using all dependencies of type (7.17),
then of type (7.21) and finally of type (7.19).

If we regard an attribute a € M*Se<, then we can consider two cases.
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1. The attribute a occurs in the ordered derivation sequence after all applications
of dependencies of type (7.17). In this case only attributes in (M \M)*s-< have
been used as left-hand sides of dependencies, therefore .a € (M\M)*S-.

2. The attribute a does not occur in the ordered derivation sequence after all
applications of dependencies of type (7.17). Again, we consider two cases.

(a) The pivot attribute .m, occurs in the derivation sequence after all ap-
plications of dependencies of type (7.17). Then .m, € (M\M)*sc and
because of M C {.m,}*S<, .a € (M\M)*Se.

(b) The pivot attribute .m, does not occur in the derivation sequence after
all applications of dependencies of type (7.17). Then only attributes in
(M NM)*s have been used as left-hand sides of dependencies, therefore
a € (M N M)*se,

Hence, condition la is satisfied by the schema S. Likewise we can show that
conditions 1b and 1c are satisfied by the schema S.
O

7.5 Naturally Enforced Functional Dependencies

Our goal is to transform a schema such that all original functional dependencies are nat-
urally enforced. In order to reach this objective, we have to consider two things. Firstly,
it is in general impossible to discard all functional dependencies in one transformation
step. Secondly, not all kinds of functional dependencies can be naturally enforced.

EXAMPLE 7.11
The first observation leads for example to a recursive application of the transformation
as shown in Fig. 7.4 on the schema shown in Fig. 5.2.

We first choose teacher as pivot attribute with room and wing as pivoted attributes,
which leads to the schema graph in Fig. 7.5. Then we perform pivoting on the resulting
schema with pivot attribute room and pivoted attribute wing (Fig. 7.4).

We get the same outcome (Fig. 7.4) if we take first room as pivot attribute and
wing as piwoted attribute (Fig. 7.6) and afterwards choose teacher as pivot attribute and
room as only pivoted attribute. This example indicates that the outcome of pivoting is
in a sense independent of the order in which single pivot steps are performed when we
consider only transformations that lead to purely functional dependencies.

In this example we perform pivoting with transformation sim. So we remove some of
the path functional dependencies. When we perform pivoting according to the instruc-
tions above, we obtain the schema in Fig. 7.7.

Note that we can discard all functional dependencies and that two onto constraints

Teacher{room|Room}
Room{wing|Wing}

wandered from the class Assignment to other classes.
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Int

date
. title course i teacher te_name .
String = Course = Assignment — = Teacher ——= String
assistant room
i as_name . i ro_name size
String = Assistant String <= Room —= Int
wing

address

Wing — = String

Figure 7.4: Applying recursive pivoting

Int
month
day year i address .
Int <——— Date —— Int Wing ——= String
A
date wing
title course teacher te_name

String <= Course <———Assignment ———— Teacher ——= String

assistant room
i as_name . i ro_name size
String <= Assistant String <=———Room ———= Int

Figure 7.5: First applying pivoting with teacher as pivot attribute

The schema graph for the schema above is shown in Fig. 7.8.

Noteworthy is that the two branches starting at the node representing the class
Assignment with arrows labelled course and teacher are totally independent from each
other. This independence is a result of the natural enforcement of all functional de-

pendencies. Updates in one branch do not incur any look-ups or changes in the other
branch.
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Int

date

. title course . teacher te_name i
String = Course = Assignment — = Teacher — = String

/SSiStant \

. as_name i . ro_name size
String = Assistant String =———Room — = Int
wing

. address .
Wing — = String

Figure 7.6: First applying pivoting with room as pivot attribute

We can even dismiss the class Assignment. The class represents a binary relationship
between Courses and Teachers, which can be modelled by a set-valued method, which takes
no arguments, either declared for the class Course or the class Teacher. The binary
relationship is substantiated by the key path functional dependency

Assignment(.course .teacher — .Id) .

When we decide to model the relationship as a set-valued attribute for the class Teacher,
we get the signature declaration

Teacher|course == Course|

and can abolish the class Assignment. We do not pursue this aspect in this work, because
general pivoting [BMP96] subsumes it.

As said above not all kinds of functional dependencies can be naturally enforced. Natural
enforcement of functional dependencies works only for those the left-hand side of which
is a singleton, because pivoting can be applied only with at most one pivot attribute.
Functional dependencies of this form are called unary functional dependencies [MR89].
We follow this notation and call path functional dependencies the left-hand side of which
are singletons unary functional dependencies.

DEFINITION 7.12 (UNARY PATH FUNCTIONAL DEPENDENCY)
A path functional dependency w is called a unary path functional dependency, if the
left-hand side of the path functional dependency m is a singleton.
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CLASS := {String, Int, Assignment, Course, Teacher, Assistant, Date, Room, Wing}

METH := {course, teacher, assistant, room, wing, title, te_name, as_name, ro_name,
date, year, month, day, size, address}

HIER =0

SIG := {Course][title = String;
assistant = Assistant;
date = Date|,
Teacher[te_name = String;
room = Room],
Assistant[as_name = String],
Datelyear = Int; month = Int; day = Int],
Room|size = Int; ro_name = String; wing = Wing],
Wing|address = String],
Assignment|course = Course;
teacher = Teacher|}

SC := AX U
{Assignment(.course .teacher — .1d),
Assignment{teacher| Teacher},
Assignment{course|Course},
Teacher{room|Room},

Room{wing|Wing} }

Figure 7.7: Multiple pivoted schema

Unfortunately, the restriction to unary functional dependencies is not sufficient in order
to eliminate all functional dependencies by recursive pivoting. To achieve this, we further
have to make the set of pivoted attributes comprise all attributes in the closure of
the pivot attribute in each transformation step. If we select as pivoted attributes all
attributes in the closure of the pivot attribute without the pivot attribute itself, we call
the underlying pivoting mazimal pivoting.

DEFINITION 7.13 (MAXIMAL PIVOTING)
Pivoting a schema D with sim(D, p,c, M, m,) is called maximal pivoting, if the set of
pivoted attributes Ml comprises the closure of the pivot attribute except the pivot attribute

itself, Ml = {.m,, }*P<\{.m,}.

Now what thwarts maximal pivoting? The obstacle is a possible violation of the condi-
tions given in Theor. 7.10. We will analyse these conditions in more depth.

Condition la is satisfied since we limit the use to unary functional dependencies.
For having only sets of unary functional dependencies means that their closures are
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Int
A
month
day year
Int = Date ——= Int
A
date
. title course . teacher te_name i
String = Course = Assignment — = Teacher — = String
assistant room
V .
. as_name i . ro_name size
String = Assistant String =———Room — = Int
wing

. address .
Wing — = String

Figure 7.8: Applying recursive pivoting

topological [DLM92|. Therefore the equation

xrse = | J{a}rse (7.22)

aeX

holds in a proper schema S, ensuing the fulfilment of condition 1a.

Condition 1b is harder to deal with. Here we consider a selection of a pivot attribute
m, with a corresponding set M of pivoted attributes such that the selection violates
condition 1b. This means there is a set of attributes or to be more precise due to (7.22)
an attribute m € Attr(c)\M such that {m}*se "M # 0 and .m, ¢ {.m}*se. To
describe this situation in a better way, we build a dependency graph for the set PFD(c)
of functional dependencies.

The set of vertices of the graph is the set of attributes occurring in PFD(c). For
each L — Ry---R, € PFD(c) we add the edges (L, R;) to the graph. An example
for this graph can be found in Fig. 7.9, which uses the functional dependencies in class
Assignment in Fig. 5.1.

The graph describing the situation with the violation of condition 1b above is as
depicted in Fig. 7.10. There is a path from m to an attribute m’ € M. Due to the
fact that m’ € M, there is a path from m, to m’. In addition there is neither a path
from m to m, nor vice versa. This kind of structure can be forbidden if we say that
the graph has to form a forest, i.e., whenever there is one vertex reachable from two
different nodes, one of these must be reachable by the other. Formally, we capture this
without explicitly building the graph. Subordination expresses that any two attributes
may not be simultaneously elements in their mutual closures.



7.5. NATURALLY ENFORCED FUNCTIONAL DEPENDENCIES 155

course teacher
assistant date room
wing

Figure 7.9: A dependency graph

\/

Figure 7.10: No forest

DEFINITION 7.14 (SUBORDINATION)

Let D be a schema, ¢ € CLASSp be a class, and m,m' € Prp(c) be two proper attributes.
The attributes m and m' are subordinate if either is an element of the closure of the
other, .m € {.m'}*P= or .m’ € {m}*2< but not both.

DEFINITION 7.15 (FOREST)

Let D be a proper schema, ¢ € CLASSp be a class. The set PFDp(c) of functional
dependencies forms a forest if for all proper attributes m,m’ € Prp(c) for the class c,
m and m' must be subordinate if their closures contain common elements, {.m}*P- N
{m'}oe £0.

Condition 1c is nearly satisfied since we take nearly all attributes in the closure as
pivoted attributes. So condition lc can only be violated if .m, € M*Sc holds. Which
means since we are having only unary functional dependencies that .m,, € {.m}*$< holds
for some attribute m € M. Due to subordination condition 1c is satisfied, because if we
require that any pairs of attributes in a schema are subordinate, .m, ¢ {.m}*s< holds
for any attribute m € M.

We can give conditions under which we achieve a full natural enforcement for all
functional dependencies of a class. One of the criteria is to use maximal sets of pivoted
attributes, i.e. all attributes in the closure of a pivot attribute without the pivot at-
tribute itself. We call recursive pivoting recursive maximal pivoting if at each stage of
the transformation the set of pivoted attributes is maximal in the sense above. Finally,
we get the following equivalence.

THEOREM 7.16 (FULL NATURAL ENFORCEMENT OF FUNCTIONAL DEPENDENCIES)
Let D be a proper schema such that

e PFDp = PFDp(c) for some class ¢ € CLASSp, and

e PFDp(c) is canonical.
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Then the following is equivalent:
1. PFDp(c) is a set of unary functional dependencies and forms a forest.

2. Recursive maximal pivoting gives a proper schema without path functional depen-
dencies.

PROOF FOR 1 = 2. Let Sy, Sy,...,Ss be a sequence of schemas performed for recur-
sive maximal pivoting with Sy := D and S;41 = sim(S;, p;, ¢i, M, my,,).

By induction on the length s of the transformation sequence, we show that

e cach onto constraint in OCg, is proper, and

e for each class d € CLASSg,, the set of path functional dependencies PFDg_(d)
is canonical and a set of proper, unary functional dependencies, and forms a
forest.

s = 0. The schema Sy = D fulfils these properties by the hypotheses.

s — s+ 1. Since PFDg,_(cs) is unary, the equation

X *Ssses — U{_a}*ss,cs (7.23)

aceX

holds for any set of attributes X C Prg,(cs) [DLM92].
From (7.23) it immediately follows that condition la of Theor. 7.10 holds.

Let M C Prg,(cs) be a set of attributes. If an attribute o' exists with
a € (M\Mg)*sses N My, then there exists an attribute a € M\M, with
a' € {.a}rsses by (7.23). Since PFDg, (¢s) forms a forest and My =
{.my, }5ses\{.m,,}, the attributes a and m,, must be subordinate. So ei-
ther .a € {.my, }*Sse or .m,, € {.a}*Ss< holds but not both. But since
a € M\M; holds, .m,, € {.a}*5s must hold, which means condition 1b of
Theor. 7.10 is satisfied.

Let M C Prg,(cs) be a set of attributes. If an attribute a' exists with
a € (M N M;)*sses N (Prg,(cs)\Ms), then there exists an attribute a €
M N Mg with .o’ € {.a}*Sse by (7.23). Then due to the definition of
M, = {.my, }*ssoes\{.m,,}, @’ = m,, and .a € {.m,, }*Sss hold. Thus both
my, € {.a}*Sses and .a € {.m,, }*Sss hold, in contradiction to the induc-
tive assumption that PFDg_(¢;) forms a forest, which means condition 1c of
Theor. 7.10 is satisfied.

Since conditions la, 1b and lc of Theor. 7.10 are satisfied for the proper
schema S where the set PFDg, is canonical, the application of transformation
sim produces, by Theor. 7.10, a proper schema S;..

If either sets PFDg,,, (cs) and PFDg,, (ps) were not canonical, the cor-
responding derivations could be lifted into the schema Ss. Thus the set
PFDg, (cs) would not be canonical.
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Since PFDg_(¢s) contains only unary functional dependencies, the transfor-
mation sim does not introduce non-unary functional dependencies, hence the
sets PFDg_,,(¢;) and PFDg_,, (ps) contain only unary functional dependen-
cies.

Because all functional dependencies are proper, the functional dependen-
cies in PFDg, (d) do not contain any attribute in My for all classes d €
CLASSgs, \{cs}, and hence are not changed by the transformation sim. No
path functional dependency is added to PFDg_,,(d). Therefore for each class
d € CLASSg,\{cs}, the set of path functional dependencies PFDg_, ,(d) re-
mains canonical and a set of unary functional dependencies, and forms a
forest.

Let m,m' € Prg,_, (cs) be two attributes such that their closures are not
disjunct, {.m}*Ss+ies 0 {om/}*Ss+1:¢s 2L (). We observe that removing func-
tional dependencies from a set of functional dependencies makes its closure
smaller. Therefore {.m}*ss.es N {.m/}*Sses £ () holds. Since the set PFDg,_(c5)
forms a forest, we assume w.l.o.g. .m € {im/}*Sses. As was shown in the
proof of Theor. 7.10 (2 = 1) .m € {.m/}*Sses can be derived by an ordered
derivation sequence using only functional dependencies of type (7.17). Since
these functional dependencies are not changed by the transformation sim,
m € {.m/} s+ can be derived using the same sequence. Thus PFDg,_, (cs)
forms a forest.

The proof that PFDg_,, (ps) forms a forest follows the same line of reasoning
except that dependencies of type (7.19) are employed.

Now let d(.m — .m') € PFDg,(cp) be a functional dependency. Due to the nature
of the transformation sim and the properties of the schemas S; proven above, this
functional dependency is either left unchanged, removed or altered into a different
functional dependency in a transformation step. But the alteration just changes
the class name and the attribute names. So this functional dependency can be
traced throughout the transformation process. When the transformation uses the
class d, possibly renamed, as pivot class and the attribute m, possibly renamed
as well, as pivot attribute, then the attribute m/, again possible renamed, will
be a pivoted attribute, since maximal pivoting is performed. Consequently, the
functional dependency d(.m — .m’) is removed in that very pivot step.

PROOF FOR 2 =—> 1. Let Sy, S1,...,5s be a sequence of schemas performed for re-
cursive maximal pivoting with Sy be the final schema without path functional
dependencies and S;_1 = sim(S;, p;, ¢;, M;, my,).

We show that PFDg, (c) is a set of unary functional dependencies by contradiction.
We assume there exists a functional dependency ¢(L — .r) € PFDg, (c) with L =
{.m,.m'}. Since the schema Sy does not contain any path functional dependencies,
the functional dependency ¢(L — .r) or a variant of it must have been removed
and not simplified in a maximal pivot step i. Hence, {.m,,} C L C {.m,,} UM,
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and we assume w.l.o.g. m, = m. Then the functional dependency ¢;(.m —
.m') € PFDg,(¢;)*si holds. A derivation sequence that witnesses this fact can be
lifted into schema S for the functional dependency c¢(.m — .m’) € PFDg, (c)*Ss=,
in contradiction to the fact that PFDg_(c) is canonical.

Following the same line of reasoning, we can prove that every set PFDg, is canon-
ical.

By induction on the length s of the transformation sequence, we show that

e cach onto constraint in OCg, is proper, and

e for each class d € CLASSg,, the set of path functional dependencies PFDg_(d)
is a set of proper functional dependencies and forms a forest.

s = 0. The schema Sy fulfils these properties by the hypotheses.

s — s+ 1. Any onto constraint in OCg, is proper. Since the transformation sim
does not make an onto constraint proper that has not been proper previously,
any onto constraint in OCg_,, is proper.

The transformation sim adds only proper functional dependencies. Since all

path functional dependencies in schema S are proper, all path functional

dependencies in the schema S, ,; must have been proper.

Since the set PFDg, (d) for a class d € CLASSg,,,\{cs} forms a forest and

this set remains unchanged, the set PFDg_,(d) forms a forest as well.

As was shown in the proof of Theor. 7.10 (2 = 1), the set PFDg_,(cs) can
be partitioned into the sets (7.17), (7.19) and (7.21).

We assume now for two attributes m, m’ € Prg_,, (cs) that their closures are
not disjunct, {.m}*Ss+ves 0 {m/}Sst1es 2£ (), and distinguish four cases.

m,m’ € Prg, (c5). If {m} Sstves n{im/}Sst1¢s MM # (), then, by Theor. 7.10,
my € {m}Sstves 0 {im/}Series - Therefore .a € {im}Ss+res N
{.m/}*Ss+1es exists and a derivation sequence of functional dependen-
cies of type (7.17). Since these functional dependencies also exist in
PFDg, (¢cs), .a € {.m}*Sses M {.m/}*Sses holds. This means the attributes
m and m’ must be subordinate under the schema Ss. The corresponding
derivation sequence can be reused under schema S, .

If we assume .m € {.m/}*Ss+ves and .m/ € {im}™Ss+1e we can show, as
above, that .m € {.m/}*Ss<s and .m’ € {.m}*Ss:es holds, which contradicts
the fact that PFDg, (cs) forms a forest.

m,m' € M. Analogous with functional dependencies of type (7.19).

m € Prg.(cs), m" € M. Due to condition lc of Theor. 7.10, {.m/}*Ss+1es C
M; holds, which entails {.m}*Ssties 0 {im/}S+1es € My and .m ¢
{.m/}*Ss+1es. By condition 1b of Theor. 7.10 and since maximal pivoting
is performed, .m’' € {.m}*s+1 follows.

m € Mg, m’ € Prg_(cs). As above.
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Hence, PFDg_,, (c,) forms a forest.

O

The prerequisites in the theorem above appear to be very strict. But in fact we have
to remember that for every set of functional dependencies there is a cover that is and
canonical. Additionally, it is possible to relax the restrictions slightly. We propose two
ways to do it without being formal.

The first relaxation is that we want to permit path functional dependencies that are
of the form ¢(A — .Id). These are called key path functional dependencies [Wed92]. In
doing so, we can handle the case where the sets of attributes in the closure of two pivot
attributes are identical. If we include either of them into the set of pivot attributes
of the other, let us say the pivot attribute m;, into the set of pivoted attributes M of
pivot attribute m,, we obtain ¢(.my.c.m, m; — .m,) in the output schema. This path
functional dependency is implied by p(.c.m,-m;, — .Id). Alternatively, if we really insist
on functional dependencies, we tamper with the definition of maximal. We denote the
set of attributes in the closure of the pivot attribute as maximal if it does not contain
attributes that determine the pivot attribute functionally.

The next approach to relax the prerequisites benefits from a supplementary trans-
formation. It is aimed at functional dependencies that cannot be expressed as unary
functional dependencies. We assume that we have a functional dependency ¢(A — B),
which is not unary, and no unary cover exists for it. We excise the set A of attributes from
class ¢ and introduce a new class ¢4 with attributes A. We replace the set A of attributes
by an attribute my4 in ¢. The path functional dependency ¢(A — B) is then mutated
into ¢(.ma.A — B). This path functional dependency is implied by ¢(.m4 — B) because
ca(.Id — A) holds by successive application of “simple attribution”. By “simple prefix
augmentation”, we can derive ¢(.ma — .my4.A). Due to transitivity, we get c¢(.m4 — B)
as claimed.

7.6 Pivoting and Redundancy

In the introduction to this chapter we mention that a schema should possess nice prop-
erties. It is of importance in database design that theses properties find their way into
rigorous definitions. If we fail to provide precise characterisations, we fail to prove that a
schema possesses these properties. Mok et. al. [MNE96] show in their work what dangers
arise, when a rigorous syntactic justification exists without a rigorous semantic justifica-
tion. They carry out their work on database normalisation theory. They illustrate that
when examples are provided instead of a rigorous semantic justification, these examples
may be misleading.

As nice properties we mention in the introduction to this chapter that a schema
should not structure redundant data. In order to give a rigorous semantic justification
for this nice property, we pose the question, “What is redundant data?” Certainly,
redundant data is not simply data that occurs literally at different locations in an in-
stance. The fact that two persons have the same last name does not mean that their
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last names are redundant. But, when we know that both are husband and wife, it is
very likely that they have the same last name. Let us put this observation more exactly.
Data is redundant if we can reconstruct it from the remaining data and perhaps further
knowledge over the application domain.

Our notation of redundancy is based on the idea that an attribute value is redundant
if we can erase it, and from what remains and a single path functional dependency
determine what the attribute value must have been before.

DEFINITION 7.17 (REDUNDANCY-AFFLICTED ATTRIBUTE)

Let D be a schema, ¢(X — Y) € (OCp UPFDp)*P be a path functional dependency
such that X, Y C Attrp(c) and X NY = (. Let f be an instance of D, 0,0 € obj(f)
be two distinct objects, comply(f) = o # o, of class ¢, ¢ € lci(0) and ¢ € 1ey(0'). If
the implication comply,(f) = o[m — o] A o'[m — oy] holds for all attributes m € X,
then the set of attributes Y is redundancy-afflicted in the instance f caused by the path
functional dependency ¢(X —Y).

EXAMPLE 7.18
In the instance f of the schema in Fig. 5.3 with

compl,(f) = o[fac — bob;sch — cs; ph — 42;dep — engin| A
o'[fac — john;sch — cs; ph — 43;dep — engin| .

The attribute dep is redundancy-afflicted caused by the path functional dependency
Phone-admin(.sch — .dep) .

The definition above is defined on the instance level. If a schema D may have redundant
instances, the schema has potential redundancy.

DEFINITION 7.19 (POTENTIAL REDUNDANCY)
A schema D is said to have potential redundancy if there exists a redundancy-afflicted

set of attributes in any instance of D caused by a path functional dependency implied by
OCp UPFDp.

Having a rigorous definition of redundancy, we continue by showing that pivoting reduces
the redundancy potential of a schema. We conduct this examination on a rather informal
level. We focus our attention on the instance in Exam. 7.18. We select the attribute
sch in the left-hand side of the path functional dependency Phone-admin(.sch — .dep)
as pivot attribute. The right-hand side is the candidate pivoted attribute. The output
schema is sketched as follows:

Phone-admin[fac = Faculty;sch = School; ph = Phone]
School[dep = Department]| .

We assume in this example that every School is associated with a Department. This
association can only spring from the relationship modelled by the (relationship) class
Phone-admin, and can be formalised as onto constraint Phone-admin{sch|School}. With
this onto constraint the introduction of a subclass of the pivot class becomes superfluous.
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Transforming the instance from Exam. 7.18 yields

compl,(f) = o[fac — bob;sch — cs; ph — 42] A
o'[fac — john;sch — cs; ph — 43] A
cs[dep — engin] .

The redundancy-afflicted attribute dep is removed from class Phone-admin. So the re-
dundancy potential with respect to the class Phone-admin is reduced. However, we do
not increase the potential with respect to any other class. This reduction is no magical
trick. It uses a feature of object-oriented data models, namely sharing. Two objects, in
this case o and o', may reference the same value, cs. They share this value. Figure 7.11
gives an impression of how the situation looks like when we draw the instance. Objects
are rectangles labelled with their oid. Their attributes are indicated by dividing the
rectangles into drawers. The attribute name is written on the drawer and the arrow
starting from it points to the attribute value. We contrast this digram with the diagram

Y cS o
sch > dep [ sch
Y
engin

Figure 7.11: A redundancy-free, pivoted instance

representing the original situation before performing pivoting in Fig. 7.12. In this case
both objects o and o' have a drawer for the attribute dep. Whereas the transformed
instance has the attribute transplanted to the object cs.

0 cs o
sch - - sch
dep \ dep

engin

Figure 7.12: A “redundant” instance

The tight connection between redundancy and constraint enforcement becomes evi-
dent in the discussion above. By choosing the left-hand side of a path functional depen-
dency causing redundancy, we can remove redundancy-afflicted attributes caused by this
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very path functional dependency. So the effect of pivoting is twofold. It decreases the
redundancy potential and it increases the number of naturally enforced dependencies.
Again we can make this point clearer by comparing Fig. 7.12 with Fig. 7.11. If the
attribute value dep for object o changes, we have to look up objects agreeing with object
o on their value for attribute sch. If none exists, we are done. But if we encounter such
an object, we have a violation of the path functional dependency

Phone-admin(.sch — .dep) .

There are then several possibilities to deal with the situation

e rejecting the update,
e asking the originator of the update for her opinion,

e changing the value.

In the relational world this problem comes under the name update anomalies. There
are normal forms for relational schemes to avoid these update anomalies and decompo-
sitions of relation schemas into these normal forms [MR92]. (Confer Sec. 7.7 which gives
a broader perspective on this issue.) We can even make the observation that maximal
recursive pivoting with the transformation sim on an input schema obeying the restric-
tions given in Theor. 7.16 leads to a schema without potential redundancy. This result
is not surprising since all path functional dependencies are naturally enforced and onto
constraints alone do not imply non-trivial path functional dependencies.

We do not conceal that these advantages have a price. The reduction of the re-
dundancy potential and the easier enforcement of some path functional dependencies
increase the costs for the enforcement of others. Pivoting changes the purely functional
dependency

Phone-admin(.ph — .dep)

into the path functional dependency
Phone-admin(.ph — .sch.dep) |,

which cannot be further simplified, at least according to our current knowledge about
pivoting. The attributes sch and dep are not comparable although their closures inter-
sect. So there is a trade off between the removal of redundancy and natural enforcement
of dependencies and the prolongation of path functions in path functional dependencies.

Now we disclose why we call Exam. 1.1 the “good” example and Exam. 1.2 the
“bad” example. As we see in Fig. 7.9, the set of path functional dependencies for the
class Assignment forms a forest. Therefore maximal recursive pivoting yields a schema
as in Fig. 7.8 without any path functional dependency. Whereas the path functional
dependencies for Exam. 1.2 do not form a forest. Performing pivoting with that example
always comes with both:

e the removal of potential redundancy and natural enforcement of dependencies, and

e the prolongation of path functional dependencies.
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7.7 Relational Normal Forms

Comparing pivoting with the restriction that we are confined to functional dependencies
with the decomposition into Boyce-Codd normal form based on the work of Delobel
and Casey [DCT73|, we find a strong resemblance between both transformations. This
is not surprising as both transformations consider mainly sets of attributes and sets of
functional dependencies. In fact we can even simulate pivoting in the relational model.
Then it comes really close to the decomposition into Boyce-Codd normal form. In this
case we use foreign keys in relations that represent relationship sets in order to access
represented entities participating in a relationship. A subtle difference between both
transformations is that pivoting uses object identificators for the reference mechanism
whereas the relational model uses foreign keys, which are value oriented. Often in the
modelling process using the relational model, keys are introduced that comprise only
one attribute, e.g. a student number uniquely identifies a student. This can be seen
as an attempt to simulate object identificators. Using this approach throughout the
modelling process shifts pivoting even closer to the decomposition into Boyce-Codd
normal form. Theorem 7.16 underlines the importance of unary functional dependencies
as these dependencies can be naturally enforced. As a by-product, we know that if
a set of functional dependencies consists only of unary functional dependencies, the
corresponding Armstrong relation can be found in polynomial time [MR&9].

When we allow the introduction of path functional dependencies in the output
schemas, we can transform arbitrary schemas and still obtain an information-preserving
and dependency-preserving transformation. In this respect pivoting is closed for path
functional dependencies. This is in contrast to Boyce-Codd normal form. We cannot
guarantee the preservation of dependencies, because the set of functional dependencies
is not closed under the decomposition into Boyce-Codd normal form. Makowsky and
Ravve [MRO8| show there exist a translation refinement for a schema such that the
following holds.

e The semantic constraints of the translation refinement comprises functional de-
pendencies and inclusion dependencies.

e The translation schemes ® and ¥ that constitute the translation refinement are
compositions of projections and joins, but the left inverse W uses vectorisation.

e The translation refinement is in Boyce-Codd normal form with respect to its im-
plied functional dependencies.

Vectorisation becomes necessary, because they propose a solution by splitting attributes.

Looking at the dependency graph spanned by a set of functional dependencies in the
case when it forms a forest, we see that this forest is a set of scheme trees. For a scheme
tree T, MVD(T') denotes the union of all the multi-valued dependencies represented by
the edges in 7" [MNE96]. Let F' be a set of functional dependencies that corresponds to
a tree T' in a forest, i. e. a maximal connected subgraph. The tree T is also a scheme tree
and the set of multi-valued dependencies implied by F' is equal to the set of multi-valued
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dependencies MVD(T'). This result is obtained due to the definitions of a tree 7" and
the set MVD(T"). Thus we establish the relationship between Vincent et. al. [VS93] and
Mok et. al. [MNE96], which investigate redundancies and normal forms.

Johnson and Fernandez [JF97] show that the normalisation process from relational
database design remains useful in its object-oriented counterpart. They examine how
relational normal forms including 3NF and BCNF can be used in re-engineering a rela-
tional schema into an object-oriented schema. Their work is carried out on an informal
level. For instance, they bring an example that violates 3NF, and its synthesis into 3NF
and an object-oriented schema reflecting this decomposition. But this object-oriented
schema can be obtained using pivoting. In essence, they show how relationships that are
broken into smaller components due to normal forms in the relational framework can be
represented in an object-oriented framework.



Chapter 8

Conclusion

In this work we have investigated how to represent relationships in object-oriented data
models. Our aim has been to put these investigations onto solid grounds, and our starting
point for these investigations have been application-dependent semantic constraints,
namely class inclusion constraints, onto constraints and path functional dependencies.
In order to accomplish this task, we have devised a formal object-oriented data model
that incorporates those semantic constraints.

We have analysed different representations of the same relationship with respect to
constraint enforcement and redundancy. To obviate problems, we have delivered rigorous
definitions for both constraint enforcement and redundancy. Because if we lack rigorous
definitions, we fail to prove that schemas possess these properties.

We have obtained different representations by means of the database transformation
pivoting, which breaks relationships represented as (relationship) classes into smaller
components. The starting point for pivoting is a canonical representation of the rela-
tionship, which is later on decomposed. Instead of creating completely new classes as
it is done in the relational data model, these components become subclasses of already
existing classes.

Pivoting realises two principles: abstraction and sharing. Abstraction [VdB93] means
the identification of information that can represent concepts in its own right, independent
of its surroundings. To put the abstracted information to use, we extract the informa-
tion from all sources and merge it. Finally, we establish references to the extracted
information in the sources, i.e., the sources share the common information afterwards.

As 3NF and BCNF and their respective decompositions have found their way into
practise, we conjecture that it is possible to devise a normal form for object-oriented
schemas and use pivoting as decomposition. Accordingly, these results may find their
way into practise as well, providing guidance in object-oriented database design. The
closeness of pivoting to 3NF and BCNF is especially interesting in the field of reverse
engineering of relational schemas. The potential normal form we have in mind is based
on Theor. 7.16, but the details lay beyond the ken of this work.

To pave the path for pivoting to find its way into practise, we need the capability to
syntactically manipulate semantic constraints. An issue which we have partly solved for
class inclusion constraints, onto constraints and path functional dependencies. For the
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combination of these constraints, we have presented a sound and complete axiomatisa-
tion for our object-oriented data model, which includes inheritance and multiple class
membership. However, the decision problem of the implication is still an open problem
for the combination of class inclusion constraints, onto constraints and path functional
dependencies. The problem is solved positively for the case where only path functional
dependencies are allowed in a semantic data model [IW94, vBW94]. We surmise that
when all onto constraints are acyclic, the decision procedure of Ito and Weddell can be
used.

As our investigations have been based on different representations of the same re-
lationship, the issue of whether these representations are really equivalent was part of
the problem. To solve this problem, i.e., to compare the information capacity of an
original schema and its transformed schemas, we have introduced translation schemes
in our object-oriented data model. Translation schemes enable us to compare even the
semantic constraints of schemas. These semantic constraints may stretch over formu-
lae that deal with schema aspects, a capability not found in the relational data model.
The application fields for translation schemes can be all areas of schema integration and
translation [MIR93]. In particular, translation schemes offer a way to mediate between
the relational data model and our object-oriented data model. This is because our def-
inition of an object-oriented data model encompasses predicates, i.e. relations as first
class citizens.

Still an open point is an investigation into the trade off between natural enforcement
of semantic constraints and the prolongation of path functions in path functional de-
pendencies. A cost model, in which we can measure the enforcement and update costs,
is indispensable at this point.
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