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PREFACE

Data modeling, as the name suggests, is performed by making use of data models. This
dissertation introduces a semantic data model and demonstrates its viability and power
in a number of examples. Relational data models are frequently used in practice because
of the wide availability of relational database management systems. The examples
illustrate also the applicability of semantic concepts in relational environments.

Many persons have contributed to the work described in this dissertation. I would like
to thank the many students at Delft University of Technology who graduated on subjects
related to the database project. I found the discussions with the permanent members of
the Xplain project group, Bert Bakker, Rien Bos, Dolf van der Ende and Martin van der
Valk extremely stimulating. I would also like to thank Henk Wolbers for his support for
the project during all these years. Henk Sol’s constructive criticism has contributed
towards the improvement of the material on which my work has been based, and his
continuing stimulus led to the production of this dissertation. I highly appreciated Bart
de Graaf’s help in achieving this. Finally, I express my heart-felt gratitude to Incke for
her year-long patience and encouragement. It is gratifying to be in a position to thank all
these persons from here.

Voorschoten, April 1991 Johan ter Bekke
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FROM STORAGE TO SEMANTICS

1.1 Introduction

Procedural abstractions were recognized as an important research area early in the history
of computer science. Major contributions originated from E.W. Dijkstra, C.A.R. Hoare
and N. Wirth in the sixties. Before the seventies, data were viewed as subordinate to
information processes, and no comparable contributions to data abstraction dating from
this period can be cited. There was no stimulus to such research because the hardware
necessary for mass data storage was not available.

From the seventies onwards, however, hardware developments started to pave the way
for new opportunities, and the existing requirement for the integration of applications was
fulfilled; data therefore gained in importance. Data modeling had been established as an
important discipline in computer science.

Many data modeling developments have been announced in the past decades, but the
implementation roots in files and records were initially still visible. Although the
importance of data structures was generally recognized, programming expertise on the
part of the users remained essential [Bachman 73, Codasyl 78]. The problem of
navigation, especially in complex applications as exposed by Bachman, encouraged
researchers to identify a firm base: mathematics. Solutions were, however, attempted by
applying existing mathematical conventions, as demonstrated by the relational data model
[Codd 70]. On the other hand, the suitability of these mathematical concepts for data
modeling has been questioned more recently, which has in turn initiated significant
developments. It has become clear (e.g. [Kent 78], [Sowa 84]) that the concepts should
not only have a mathematical (i.e. formal) base, but should also improve the formali-
zation of the meaning (i.e. semantics) of the data.

This chapter briefly reviews the developments in data modeling during the last two
decades; these are subsequently taken as a starting point for the discussion of the most
recent developments in the discipline. An analysis of their shortcomings leads to the
introduction of a new semantic data modeling approach which is the subject of this
dissertation.
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1.2 Storage

The development of data structures in the fifties and sixties was mainly determined by
hardware limitations. Separate files were defined for each application characterized as:
individual file organization per application. There was essentially only one level of
abstraction.

file organization

Figure 1.1

Files are directly accessed by application programs. As a consequence, the file
organizations determine the structures of application programs.

The following organizations are distinguished:

° sequential
Data are processed in sequential order, which can therefore only be applied in
bulk processing.

° index sequential
Files are accessed both sequentially and randomly. Regular reorganization is
necessary.

L B-tree
Files are accessed both sequentially and randomly in a hierarchically sequential
file structure. Reorganization is part of the algorithms associated with this
organization type.

The direct application of these organizations does not encourage integration of files and

programs. They can only be modified with great difficulty because of this dependence.
The desirability of a new approach is therefore obvious.

1.3 Programming

Programming was important in the early days of data oriented approaches. Data were
structured in hierarchies or networks, with the following associated concepts:
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° record
a logical group of data, structured as a single unit;

° relation
a link between two records.

The application of the above concepts required programming expertise [Bachman 73}, and
the programmer had to be capable of following the predefined navigation paths.

A significant milestone was reached in this period: while programs hitherto contained
both specifications for data and manipulations, these were now separated and two new
languages were introduced:

° the data definition language (DDL)
for defining data, including their relationships;

] the data manipulation language (DML)
for interfacing applications with software systems.

However, the objective of separating data logically and physically was not yet achieved.
Attempts were therefore made to provide a more effective starting point for data
structuring.

1.4 Algebra

During the early seventies it became clear that the conceptual dependence on physical
data structure was standing in the way of theoretical understanding. The required firm
base for the discipline was borrowed from mathematics: the relational theory.

Data were no longer required to be linked perceivably in the relational model {Codd 70].
Two abstraction levels were distinguished (see also figure 1.2):

logical model

data independence

physical model

Figure 1.2



4 FROM STORAGE TO SEMANTICS

] the logical level
at which data were defined mathematically;

L the internal level
at which data storage was described.

The required autonomy was emphatically expressed in the phrase data independence. The
user was enabled to formulate manipulation commands in a mathematically oriented
language and was no longer required to have programming expertise, or to be familiar
with the implementation. An example of such a language is relational algebra with
following operations:

L union: R U S
a set consisting of elements occurring in at least one of the operands R or S;

L] difference: R — S
a set consisting of elements occurring in the first operand R but not in the second
operand S;

° cartesian product: R X S
a set produced by concatenating each element of R with each element of S;

L projection: P (R : A)
the projection P of R on A consists of elements of R, omitting attributes not
belonging to A;

° selection: S(R | F)
a set of elements of R satisfying condition F.

Although mathematics generally allows various interpretations of one and the same object
(e.g. sets sometimes considered as elements), data models based on the relational theory
lack this flexibility. A relation cannot be used as an attribute, so relations and attributes,
as the relevant interpretations in these data models, cannot be exchanged. These models
are therefore inadequate for practical applications: they are too rigid and flat.

1.5 Semantics

The three schema database architecture was defined in a standard [ANSI 75] in 1975.
Optimal flexibility was introduced by defining following abstraction levels, see figure 1.3:
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external model

view independence

conceptual model

data independence

internal model

Figure 1.3

the internal level
defining data implementations;

the conceptual level
defining data relationships (i.e. semantics);

the external level
defining data interpretations.

The essence of this architecture is that one conceptual data description can result in more
than one implementation and interpretation; so two types of flexibility are introduced:

[flexible implementation

Data descriptions in terms of implementations are undesirable, particularly so in
the relational approach. The associated phrase is data independence, i.e. that
modifications of data structure implementations are invisible on the conceptual
level. Data independence is consequently paramount in software maintenance.

Sflexible interpretation

Data descriptions leading to only one interpretation are undesirable. The required
flexibility cannot be achieved by the relational model and can result in new data
models. The phrase here is view independence, which accepts new interpretations
in addition to the existing ones. Existing interpretations do not require adjustment.
View independence is therefore especially useful during data modeling.
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Modern data modeling approaches make use of relational model achievements; data inde-
pendence is the essential ingredient. These methods therefore differ in the way view
independence is treated. Approaches satisfying this objective are considered as semantic.

1.6 Data models

The early approaches to data modeling were developed from experience in data storage
facilities in available computer systems. Their development was thus based on program-
ming practice; the methods in which these approaches were formalized, were only
developed after a number of implementations had been carried out.

One of the achievements of the relational model has been the introduction of the notion
of data model. Codd especially emphasized the importance of a data model in his Turing
Award Lecture [Codd 81] and stated that the relational model was the first data model
consisting of a combination of the following three components:

[ a collection of data structure types (the building blocks);

o a collection of operators or rules of inference, which can be applied to valid
instances of the data structure types;

L] a collection of general integrity rules, which implicitly or explicitly define the set
of consistent states or changes of state or both.

A database is a collection of related data. A database is called consistent according to a
certain data model if it satisfies the data structure types and general integrity rules of that
data model. A database management system (DBMS) is a software system for the use and
control of databases.

The following chapter presents an overview of some modern data modeling approaches,
with emphasis on data structure types. Not all approaches are data models in the sense
above, because of missing operators. That is probably why most approaches require a
translation into a relational equivalent for implementation. They may be useful for
information analysis, especially in the early stages of determining a preliminary informal
description for data modeling.
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MODERN APPROACHES

2.1 Introduction

E.F. Codd’s research prompted the publication of various proposals for data modeling
during the late seventies. These developments mainly concerned logical and semantic
aspects of data modeling, without questioning the basic principles of the relational model.

The relational model enhancements concerned the improved transparency of data models.
This was achieved by the addition of diagrams in the entity-relationship approach (section
2.2). Section 2.3 includes a case study on the consequences of adopting entity and
relationship as basic concepts. Mutual positioning of relationships improved the
transparency in semantic hierarchy models (section 2.4). Section 2.5 discusses Codd’s
comments on these developments. The influence of developments in the area of object
representation manifests itself in the data modeling approaches. From this point of view
we will describe semantic networks in section 2.6.

2.2 The entity-relationship approach

The entity-relationship approach is sometimes considered as one of the first useful
proposals on the subject of semantic data modeling. The popularity of this approach is
mainly attributable to Chen [Chen 76]. Whether we can consider this approach as a data
model in its own right is as yet unclear, as it mainly consists of various concepts
embodied in certain diagrams. Aspects like manipulation and integrity are barely covered.

Chen [Chen 86] considers the excessive dependence on database specialists in the design
process to be the most serious problem we face in data modeling today. Communication
between users and specialists is improved by the introduction of special diagrams, called
’enterprise’ schemas for certain application areas. These can be developed irrespective
of the nature of the database management system in use, followed by the transformation
of the schemas into classical database definitions (e.g relational or network).
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E-R diagrams

The entity and relationship concepts are of utmost importance in the diagrams - that is
why they are called E-R diagrams. By entity we mean something with objective reality
(e.g. a supplier or a product), while entities are connected by relationships (in e.g. 1:1,
n:1, n:m relationships). Distinctive symbols have been defined for these concepts: an
entity is indicated by a rectangle, a relationship by a diamond. Furthermore, attributes
are shown as ovals.

Suppose we wish to record information about employees and their allocated projects; the
E-R diagram in figure 2.1 shows the relevant entities and relationships.

employee

1 m
emp-# name
1

Figure 2.1

working for n project

These E-R diagrams are based on entities (employee and project) and relationships
(working for). Both entities and relationships have attributes (emp-#, name, office-ext,
home-ext, percentage, proj-# and budget), while attributes are related to domains (emp-#,
name, extension, %-manpower, proj-# and amount).

In order to meet the requirements of later developments, additional constructs have been
introduced in the above E-R diagram [Chen 86]. The need for the ability to represent
generalizations (and specializations) arose in the areas of artificial intelligence and data
modeling in the late seventies. It was satisfied by the creation of the ’is a’ relationships,
in which the connections are more closely defined by an indication of direction (the
precedence relationship), as shown in figure 2.2.
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person

man woman

Figure 2.2

Finally, constructs were created for set oriented relationships, such as union (disjunct
entity types can be combined into a new entity type) and intersection (entity types

overlap, the overlap being considered as an entity type). An example is shown in figure
2.3.

amphibious
vehicle

intersection

vehicle vessel

Figure 2.3
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People applying the E-R approach for the first time are often overly enthusiastic: data
modeling is supported by the use of diagrams as an effective means of communication
with the users. The limitations, however, emerge when more complex structures need to
be defined: problems crop up because of the entity and relationship concepts; a semantic
problem is introduced because it is difficult to interpret a relationship as an entity as well.

With view independence, the outcome of data modeling projects is independent of the
chosen development trajectory. We shall demonstrate by a simple example in the
following case study that E-R solutions are not unique; they are dependent of the chosen
development trajectory.

2.3 Case study

Description

In a club of CD (compact disc) player owners, members may borrow CD’s from each
other. CD’s are characterized by title, performer and owner. Identical CD’s may be
owned by more than one member. Recorded member data are name and address.
Property, borrowing and reservation are to be modeled.

Solution

The above description contains the items relevant to the real life situation to be modeled.
Items with relevant properties are CD, member, property, borrowing and reservation,
further defined as follows.

CD
CD is interpreted in a number of ways in the description:
° the CD type:
meaning the combination (title, performer) found on different instances, for which

we shall use the phrase CD. This is useful for modeling reservations.

o the CD instance:
meaning instances owned by the members, which therefore corresponds to
property, which is also mentioned. We shall use the phrase property.

CD may be interpreted as an entity with the attributes title and performer. Property will
be defined separately.
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Member

Members own, reserve and borrow, and it is therefore obvious to model member as an
entity with the attributes name and address.

Reservation

CD’s are linked to members as requesters for reservations. We therefore model
reservation as a relationship, enabling us to record the attribute 'required period’.

Property

Similarly to reservation, property indicates a relationship between CD’s and members (as
owners). Additional attributes need not be defined.

Borrowing

Borrowing links member (as borrower) to property. We must now consider the way these
two were modeled: member was in an earlier stage defined as an entity and property as
a relationship. Borrowing can therefore not simply be regarded as a relationship.

A number of solutions can be applied to this problem:

] introduce a new entity, related 1:1 to the relationship property;

] change the interpretation of property into an entity; additional relationships with
member and CD have to be introduced to obtain a valid model;

. regard borrowing as an entity; the interpretation of property remains unchanged,
but, likewise, a relationship with member must be added.

As the above example demonstrates, the E-R approach solution is ambiguous because of
the interpretations of entity and relationship.

Conclusion
Problems were encountered in this case when borrowing was to be modeled, requiring
entities and relationships which had been modeled at an earlier stage. The inflexibility of

the structuring concepts presented a problem.

Entities and relationships are unsuitable to solve this problem unambiguously. A possibly
better approach would be to use only one fundamental structuring concept and consider
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entities and relationships as its exchangeable interpretations, as will be demonstrated in
the following chapters.

2.4 The semantic hierarchy model

A disadvantage of the relational model is its inadequate treatment of semantics, which has
been pointed out especially by J.M. Smith and D.C.P. Smith [Smith 77a, 77b, 78a, 83].
The phrase database abstractions was also coined because abstractions play such a
dominant role in their approach. Many other researchers have studied database abstrac-
tions: Codd was strongly influenced by these developments as well, as can be seen from
his publication on the extended relational model [Codd 79], of which we shall explain the
most important properties later on in this chapter.

Abstraction can be defined as ’the omission of all details, other than the characteristics
relevant to sound understanding’, in other words, ’the omission of all details, excluding
the characteristics relevant to the information needs’.

Smith and Smith specify several abstractions, two of which are:

° aggregation which abstracts a relationship between several objects to a higher
level aggregate object;

] generalization which abstracts a number of common characteristics of a collection
of objects to a higher level generalized object.

These abstractions will be illustrated by the following examples.
Aggregation
Aggregation is often used in natural language to simplify complex relationships. Smith
and Smith use the following example based on an American university system, where
enrollment is carried out for each course:
*Student ST achieves grade G in a class of a course numbered C#, consisting of CH
credit hours, and a description D, by lecturer L during the semester S, in lecture room
LR’.
The following relation looks acceptable:

relation R (ST, G, C#, CH, D, L, S, LR).

We cannot, however, define the meaning of this relation as a noun. A more detailed
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analysis shows that aggregation was used twice in above sentence. The noun course (CO)
is an aggregate of the relationship between C#, CH and D. The noun class (CL) is an
aggregate of CO, L, S and LR.

The eightfold relation can therefore be reduced to a threefold relation containing class
CL, student ST and grade G. This relation can be abstracted to the aggregate object of
enrollment.

Thus we see following aggregate objects [Smith 77a]:

type enrollment =  record
ST : student
CL : class
G : grade
end

type class = record
CO : course
S : semester
L : lecturer
LR : lecture room
end

type course = record
C# : number
CH : credit hours
D : description
end

The resulting objects can be represented in the structure shown in figure 2.4.
It will be obvious that aggregation results in a hierarchy of defined objects, which leads
to a better understanding of the data models. For an insight into the enrollment object,

for instance, the exact nature of the subordinate object class is irrelevant.

Having defined the objects, we can proceed to allocating primary keys. For example,
course is uniquely identified by course number C#.

Smith and Smith show that normalization is independent of many semantic aspects of
aggregation, by the following example:

*Student ST has been enrolled in class C and climbed mountain M’.






