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A:ally occurring in contemporary data base applications. The SDM provides a rich but

limited vocabulary of data structure types and primitive operations, striking a balance
between semantic expressibility and the control of complexity. Furthermore, facilities for
expressing derived (conceptually redundant) information are an essential part of the SDM;
derived information is as prominent in the description of an SDM data base as is primitive
data.
The SDM is designed to enhance the effectiveness and usability of data base
systems& <
1. SD
description

data bases are to a large extent self-documenting, in the sense that the

structure of a data base are expressed in terms which are close to those
used by users in ribing the application environment.
2. The SDM can support powerful user interface facilities, and can improve the user
interface effectiveness for.a variety of types of users (with varying needs and abilities).
Significantly, SDM data bases capture information in a form useful to its users, and
allow derived information helpful in new data base uses to be defined in the data base
structure. In particular, the SDM supports an incremental, interactive interface for the
"naive” nonprogrammer (an interaction formulation advisor), which guides the user
through the data base and the process of formulating a query or update request.
3. The SDM can be used as a too! in the data base design process. The SDM aids in
the identification of relevant information in a data base application environment, as well
as in organizing that information and relating it to its possible uses. This can greatly
improve the design of lower-level, conventional data bases.

The use of the SDM is not dependent on the successful implementation of a new
data base management system that directly supports it” There are many data base
management systems in use today which represent a considerable investment on the parts of
their developers and users; the SDM can be/effecuvely used in conjunction with these
existing data base systems to enhance their effectiveness and usability. , For example, a
prototype interaction formulation advisor demonstrates that the SDM can be used as a user-
oriented “frant end” to a conventional data base system; an analysis of application
modelling with the SDM illustrates its effectiveness in improving and simplifying the data
base design process.
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ABSTRACT

The conventional approaches to the structuring of data bases provided in
contemporary data base management systems are in many ways unsatisfactory for modelling
data base application environments. The features they provide are too low-level, computer-
oriented, and representational to allow the semantics of a data base to be directly expressed
in its siructure. The semantic data modcl (SDM) has been designed as a natural application
modelling mechanism that can capture and express the structure of an application
environment. The features of the SDM correspond to the principal imey{‘s_ional structures
naturally occurring in contemporary data base applications. The SDM provides a rich but
limited vocabulary of data structure types and primitive operations, striking a balance
between semantic expressibility and the control of complexity. Furthermore, facilities for
expressing derived (conceptually redundant) information are an essential part of the SDM;
derived information is as prominent in the description of an SDM data base as is primitive
data.

The SDM is designed to enhance the effectiveness and usability of data base
systems:

I. SDM data bases are to a large extent self-documenting, in the sense that the
description and structure of a data base are expressed in terms which are close to those
used by users in describing the application environment.

2. The SDM can support powerful user interface facilities, and can improve the user
interface effectiveness for a variety of types of users (with varying needs and abilities).
Significantly, SDM data bases capture information in a form useful to its users, and
allow derived information helpful in new data base uses to be defined in the data base
structure. In particular, the SDM supports an incremental, interactive interface for the
"naive” nonprogrammer (an interaction formulation advisor), which guides the user
through the data base and the process of formulating a query or update request.

3. The SDM can be used as a tool in the data base design process. The SDM aids in
the identification of relevant information in a data base application environment, as well
as in organizing that information and relating it to its possible uses. This can greatly
improve the design of lower-level, conventional data bases.

The use of the SDM is not dependent on the successful implementation of a new
data base management system that directly supports it. There are many data base
management systems in use today which represent a considerable investment on the parts of
their developers and users; the SDM can be effectively used in conjunction with these
existing data base systems to enhance their effectiveness and usability. For example, a
prototype interaction formulation advisor demonstrates that the SDM can be used as a user-
oriented “"frant end” to a conventional data base system; an analysis of application
modelling with the SDM illustrates its effectiveness in improving and simplifying the data
base design process.
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1. INTRODUCTION

Many computerized ilnformation systems are heavily oriented to the use and
management of data; such systems accomodate the storage and maintenance of large
amounts of information, and provide access to it. The computerized data banks associated
with these information systems are increasingly numerous and essential in modern society;
ready and convenient access to the data in these data banks is demanded by nearly ali
managerial, administrative, and decision making functions, in both the public and private
sectors. Typical applications in which such repositories of data are critical include
accounting systems, parts inventory, airline reservations, banking records, automobile
registration, insurance policy management, and environmental standards monitoring.
lndee.d, both government and private industry are investing more and more time, effort,
and money in the construction and maintenance of their data bases.

The term data base, in its most general interpretation, means a collection of
information. However, we adopt a more restricted definition of the term here: a data base
is a collection of "formatted” information. This means that the information is highly
structured, in that the size of the data base is significantly larger than the size of its
description. Such formatted data bases are classically organized into files of records. A file
is intended to correspond to some logical unit of information in the application. Each
record in a file has the same basic format: each record has the same flelds, but may have
different values in those fields. For example, a payroll data base might contain a file for

employees, witk: fields "Name”, "Employee Number®, "Address”, and so forth.
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The contents of a computerized data base are intended to represent a snapshot of the
state of an application syste?n, and the changes to the data base over time reflect the
sequence of events occurring in the application environment. In other words, a data base is
a model of a real world system. Therefore, it is appropriate that the structure of the data
base mirror the structure of the system that it models. A data base whose organization is
based on naturally occurring structures should be easier for a data base designer to
construct and modify than one that forces him to translate the primitives of his problem
domain into artificial specification constructs. Similarly, a data base user should find it
easier to understand and use a data base if it can be described to him in terms of concepts
with which he is already familiar.

In this thesis, we present a new data base structuring method which allows the
organization of a data base to reflect the semantics of the application environment it is
intended to model. The specific emphasis here is on the effectiveness of this mechanism in
supporting improved data base understandability and accessibility.

In the most general sense, our work is intended to make a contribution to the
development of people-centered computing systems. Specifically, we are attempting to make
some progress in providing data base users with a data base view and user interface which
is easy and natural for them to understand and utilize. The purpose of this thesis, then, is
to give meaning to these general goals, and to describe our approach to making progress

towards them.
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I.1. The Data Base Environment

In many information systems which rely heavily on data bases, the facilities for
storing, managing, and providing access to data are embedded in the software system which
supports the application. The principal responsibility for organizing and maintaining a
data base managed in this way is assigned to the programmers who wish to make use of it.
For example, many data base applications rely solely on the data management (organization,
storage, and accessing) facilities of a conventional computer file system.

The principal problem associated with this approach is the heavy burden placed on
the applications programmer in designing and maintaining a data base. Typically, the file
system he uses has very limited capabilities to perform important data management tasks,
such as supporting multiple access keys into data base records, providing the ability to select
relevant data items by an expression involving the fields of a record, and so forth. As a
consequence, the programmer has to build and maintain his own data management tools.
This implies that he must be concerned with low level detail which is not relevant to his
principal tasks: he must be aware of the details of the physical structure and representation
of a data base, and he must write programs that explicitly manipulate these physical
structures.

It is well known that serious problems of programmer productivity and software
reliability result from the failure to separate the behavior of an “abstraction™ from its
implementation. Data bases are no exception to this rule. Software developed specifically

for and tailored to a particular data base application tends to be designed and constructed

e e i e L e i bt Lo e
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in an ad hoc fashion;, this results in inefficiencies and the repeated rediscovery and
implementation of the same basic functions. These software systems often exhibit poor
modularity and are difficult to understand and modify. Finally, the data in many of these
systems is repeatedly stored; each specific application may have its own data base. This
results in the problems associated with maintaining the consistency of multiple copies of
data and of effectively sharing information among the various tasks in the application.

One of the most important ramifications of this "do it yourself" approach to data
organization is its adverse impact on user accessibility. Requests involving the retrieval of
specific information from a data base must be funnelled through programmers: a time-
consuming and costly process. This often encourages the end-user to view a data base as a
very rigid and inflexible tool. As a consequence, the information in a data base is often

greatly underutilized.

1.2. Data Base Management Systems

In response to the problems associated with embedding data management facilities in
applications software, the concept of a data base management system was developed. A data
base management system (DBMS) is intended to take on more of the responsibility for the
storage and control of data bases than conventional file systems. For example, a DBMS
may have the following kinds of capabilities:

l. support the organization of data into cohesive units, and allocate and maintain the

storage for the data,




2. provide a set of primitives and/or a language for accessing the data, and for rhaklng
changes to a data base, .

3. accomodate physical integrity control, to allow a data base to be restored after a
hardware, software, or communications failure,

4. control the access of concurrent data base users, so that they do not interfere with one
another,

5. limit thé access of particular users to certain information in a data base, thereby
allowing data protection restrictions to be imposed,

6. control the semantic integrity of the data, by attempting to prevent the entry of clearly
meaningless or erroneous information into a data base.

Most commercial and research prototype data base management systems are largely
application environment independent, in that they are capable for supporting data bases for
a variety of applications. A single DBMS is used to manage the data bases for a variety of
application environments; the generalized facilities of the DBMS are shared in all
application environments. This is in contradistinction to fully tailored, stand-alone
application systems which maintain their own internal data bases.

Data base management systems are designed to accomodate collections of information
which conform to the restricted meaning of "data base” provided above. In sum, the
important features which accentuate the nature of DBMS applications are as follows:

| 1. There is a large amount of data; these data are interconnected. This distinguishes

the DBMS environment from a conventional file system, where data interconnections are
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minimized, and structural complexities avoided.

2. The data are primarily formatted, as opposed to textual. This differentiates the
DBMS environment from information retrieval systems, such as cdmputerh.ed libraries
and text processing facilities.

3. The data base has a substantial degree of inherent ;tructure and uniformity. This
means for example that there are typically a number of data objects of each type and
that exceptions to the rule do not dominate. In particular, a DBMS does not attempt to
solve the complete "knowledge representation” problem, as defined by researchers in the
field of artificial intelligence [Bobrow 1977a, Bobrow 1977b, Brachman 1976, Szolovits
1977).

4. There is typically a spectrum of types of users requiring access to a data base. A
typical DBMS is not solely oriented to programmers, naive nonprogrammers, nor to
some specific applications program. The various users of a data base have different

needs, abilities, and levels of computer expertise, to which a DBMS must respond.

1.3. Data Models

The essential role of a DBMS is to act as an intermediary between the application

programs or end users who wish access to a data base, and the physical data. In so doing, a

DBMS provides two principal facilities:

I. The DBMS is based on a data model, which is a formalism in which the logical

structure of a data base is defined (Sibley 1977a). A data model is a collection of data
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structure types. These data structure types are instantiated to construct a schema for a
particular data base; a schema l; thus the description of the structure of a particular
data base. All information in a data base is logically organized in terms of the
structures of the data model.

Typically, data models have a very limited number of data structure types. This
is true of the most popular data models: the hierarchical model, in which the records of
a data base are organized into trees; the network modgl. in which the data is organized
into records interconnected by a graph structure; the relational model, in which a data
base is organized in terms of tables [Date 1977, Kerschberg 1976c).

The specification of a schema is described in the data description/definition
language (DDL) of a DBMS. A DDL provides the mechanism whereby the data
structure templates of a data model are used to define the structure of a specific data
base.

2. A vocabulary of general purpose data 'base retrieval and update operations is
provided. The data manipulation language (DML) of a DBMS facilitates the
invocation of these primitives, and their combination to allow the specification of user-
defined data base transactions. A DML specifically allows selected fields of selected
records to be retrieved from a data base, changes to be made to existing records (eg., by
assigning a new value to some field), new records to be added to a data base, etc.
Typically, the DML may be used as a stand-alone query and v :date language, or it may

be used in conjunction with a host general purpose programming language (such as
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COBOL, PL/l, FORTRAN, etc.).

According to the ANSI/SPARC specifications for the architecture of data base

management systems [ANSI/X3/SPARC 1975}, there are three levels at which a data
base is described:
1. At the middle level is the conceptual schema, which should capture the meaning of the
information in the data base. A conceptual schema is a specification of the data base
phrased in terms of the abstract entities and relationships in the application
environment. It is at this level that the data model of the DBMS is used.

2. On top of the conceptual schema are the external schemas, which represent the views

of various users of a data base. These external schemas are a logical reorganization
and/or reformatting of the information in a conceptual schema, and are used to tailor
the information in a conceptual schema to the needs and tastes of specific users.
External schemas are constrained to be compatible with their underlying conceptual
schema, eg., in that operations phrased in terms of an external schema must be mapped

into operations in terms of the conceptual schema.

3. The third and lowest level of data base description is the internal schema, which
describes the physical organization of a data base. At this level, the physical data
structures and access methods which are used to store and access the information in a
data base are specified.

The utility of separating the conceptual and internal schemas has been strongly

emphasized during the past several years of data base research. For the reasons noted
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above, it is important that a DBMS be oriented to providing a user interface stressing the
logical, semantic structure of data, rather than its physical organization. Recent work on
"data independence” [Codd 1974c, Date 1971a, Date 197Ib, Date 1974] has focused on isolating
the conceptual (logical) data mode! from issues of physical representation; this allows the
details of the physical storage representation to be altered without affecting the view of the
database presented to users and application programs. In a similar vein, the great
importance of separating the behavior of a "data abstraction™ from its implementation has
been noted for its impact on software quality, reliability, and verifiability [Liskov 1974,
Liskov 1977). In this work on “abstract data types”, the emphasis has been on providing
operational characterizations of data abstractions [Hammer 1976e], and on suppressing

irrelevant detail and superfluous data artifacts introduced by implementation techniques.

1.4. A "Semantic” Data Model

The conventional data models used to structure the data in contemporary data base
management systems are in many ways unsatisfactory for modelling data base application
environments. The features they provide are too low-level and computer-oriented. A user
is required to think in terms of representation rather than in terms of meaning. The
semantics of a data base that is defined in terms of these mechanisms are not readily
apparent from the schema; instead, the semantics must be separately specified by the data
base designer and consciously applied by the user.

In this thesis, we present the design of a higher level, conceptual data model, which




allows a data base designer to directly incorporate a large portion of the semantics of the
application environment in the data base schema. This semantic data model (SDM) serves
as a natural application modelling mechanism to capture and express the structure of a
problem domain. Specifically, we focus on the use of this data model in improving the
understandability and accessibility of computerized data bases.

As it is intended that the features of the SDM correspond to the principal intentional
structures naturally occurring in contemporary data base applications, the keystone of the
methodology employed in designing the SDM was tﬁe identification and classification of the
most important and frequently occurring constructs in typical data base applications. That
is, we sought to discover a set of general structures that repeatedly occurred in different
problem domains and that effectively expressed the essential meaning of each domain.
These constructs served as the bases for the features of the SDM. Mcreover, the design of
the SDM was very closely tied to a detailed analysis of the most important semantic
problems of conventional data models.

As should become clear later in this thesis, the SDM provides a rich but limited
vocabulary of data structure types and primitive operations for the manipulation of those
structures. The goal of the SDM is to provide for sufficient modelling flexibility to
naturally accomodate most data base application environments, while at the same time
limiting the number of ways a given fact can be modelled. These limitations are imposed in
order to make the task of designing an SDM data base tractable, to make it possible for a

user to readily understand the meaning of an SDM schema, and to facilitate
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h implementation. We strive in the SDM to strike a balance between semantic expressibility

and complexity.

L.5. Applications of the SDM
As noted above, the SDM is designed to enhance the efiectiveness and usability of
data base management systems in several ways:
l. An SDM description of a data base serves as a formal specification, documentati- -,
and description of a data base. It provides an accurate, concise, and comprehensive
stat.ement of a data base’s meaning. SDM data bases are to a large extent self-
documenting, in the sense that the description and structure of a data base are expressed
in terms which are close to those used by users in describing an application
environment. This makes the SDM useful as part of the permanent documentation of a
data base and as a tool for communicating the meaning of a data base among its users,
and between the users and the DBMS itself. Moreover, an SDM schema can serve as a
communications medium between an application specialist and a data base designer,
| precisely describing the system for which a data base is to be constructed. Note that
; these uses of the SDM are in some sense unrelated to the issue of computerized data

bases; we believe that the SDM can be a useful mechanism for precise interpersonal

communications about the structure of a problem domain.
2. The SDM supports powerful user interface facilities, which can accomodate users with

different needs and abilities. Such user facilities can be constructed as “front-ends” to
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existing data base management systems, or used as the basis for the design of the user
interface of new data base management systems. The principal reason the SDM can
provide these facilities is that SDM data bases capture information in a form that
stresses the meaning of data rather than its representation in the computer.

As we shall see, facilities for expressing derived (conceptually redundant)
information are an essential part of the SDM; derived information is as prominent in
an SDM schema as is primitive data. Derived information in an SDM schema has an
important impact on the user: the presence of derived information in the SDM supports
multiple ways of viewing the same data (external schemas). Moreover, since the uses of
a data base often change as applications grow, a data base schema must itself adapt to
its uses. In terms of the user, this means that it is important to integrate the most
common types of retrievals (data selections) into a schema as derived information.
These pieces of derived information can then serve as building blocks for refated and
potentially also common interactions: it is likely that if a derived data item is used often,
then it may be helpful in the description of other transactions. Thus, a data base can be
made to adapt to optimize the users’ views according to current needs.

In particular, the SDM provides a basic for a high level, semantics-based data
base query and update language. Such a language, called the SDM “interaction
formalism” has been designed, and is described later in this thesis. As we shall see, this
language is intimately related to the SDM, in that it provides rich but limited set of

built-in data base operations, and allows user-defined transactions to be specified in
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terms of these primitives. The combination rules are simple, but the vocabulary of
primitives allows a good deal of flexibility in describing data base retrievals and
modifications.

A prototype interactive user interface facility based on the SDM has also been
designed and implemented. This “interaction formulation advisor” (IFA) guides a user
through a data base and the process of formulating a query or update request. It
assumes that the user is largely naive of the data base content and structure, and that
the user has very limited experience with computerized data bases. The IFA is not
merely a passive data base interrogation tool; rather, it is based on a specific structured,
stepwise methodology for expressing data base queries. It is by means of this
methodology that the IFA can assist naive users. The IFA is also closely guided by an
SDM schema for the data base with which the user is working. A prototype IFA is
currently running, and is described later in this document.

3. The SDM provides a basis for tools to aid the data base and application designer as
well as the naive user. In particular, the SDM can be used as a tool in the data base
design process. This type of SDM data base design tool would supply a data base
designer with a collection of templates, which aid in the identification of relevant
information in a data base application environment. This can serve to aid the designer
in organizing relevant information, relating it to its possible applications, and
translating it into lower-level representational structures to be implemented. An

important advantage of designing a data base in this way is that a rather precise and
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complete documentation of its contents and meaning is readily available. This is
especially useful for application programmers, who need to determine what information
is in a data base, what it means, and how it is logically organized. Furthermore, since
derived information is directly accomodated in an SDM data base, the data base’s
structural description can track the evolution of its uses.

It is important to note that the use of the SDM is not dependent on the successful
implementation of a new data base management system that directly supports it. There are
already a large number of basically satisfactory data base management systems in use today,
which represent a considerable investment by their developers and users; the SDM can be
effectively used in conjunction with such systems to enhance their effectiveness and

usability.

L1.6. Thesis Overview

The remainder of this thesis is organized into two main parts. The first part,
consisting of chapters 2 through 4, focuses on the SDM and its use as a modelling tool.
Chapter 2 describes in detail the principal semantic modelling problems associated with
conventional data models, and reviews related work. Chapter 3 then provides a detailed
description of the SDM. In chapter 4, a discussion of the modelling capabilities of the SDM
is provided, and the SDM is reviewed as a solution to many of the problems of
conventional data models described in chapter 2.

The second major portion of this thesis examines user interfaces to data base
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Management systems, and focuses on user interface tocls based on the SDM (chapters 5
through 7). In chapter 5, a powerful, semantics-based data base query and update language
for the SDM (the “interaction formalism®) is described. Chapter 6 contains a review of user
interface considerations for data base management systems; in this chapter, recent work on
improving user access to data bases is discussed and the principal unsolved user interface
problems are analyzed. Finally, in chapter 7, the details of the interaction formulation
advisor are presented. In a sense, chapter 7 is an "acid test” of the SDM, in that it shows
that the SDM provides a unique mechanism which can support a new type of data base

user interface tool.
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2. SEMANTIC PROBLEMS WITH CONVENTIONAL DATA MODELS
Before embarking on our discussion of semantic problems with conventional data
models, we must first outline the most common and popular data models used in

contemporary data base management systems.

2.1. The Network and Hierarchical Data Models

The network data model [Taylor 1976] is used by many commercial data base
management systems (e.g., IDS [Honeywell 1972], IDMS [Cullinane 1975a, Cullinane 1975b],
and TOTAL [Datapro 1972b)), and has received a good deal of attention over the past
several years. The archetypal network data model is that proposed by the Codasyl DBTG
committee tCodasyI 1971] and advocated by Bachman [Bachman 1973}

In the Codasyl DBTG network model, all information in a data base is structured in
terms of “record types” and “set types”. Record types are collections of records, each of
which is a collection of fields, whose values are character strings or numbers (or groups of
these). “Set” types interconnect record types. ("Set” here does not mean mathematical set.)
Each "set” type has an owner record type and a member record type; instances of the record
type connect an owner to its members. A given record type can have more than one owner,
so that complex interrecord network connections can be formed. Other semantic constraints
can be captured in a Codasyl schema via several additional mechanisms. For example, one
can declare the member record type R in set type S as "mandatory”, which means that once

a record Rl in R is inserted into an occurrence SI of S, Rl may not be removed from Sl




23

without actually deleting RI. Similarly, if R is declared as "automatic”, each newly created
record Rl will automatically be inserted into some set S2; the identity of S2 is determined by
a "set selection clause” provided by the designer.

The goal of the network data model is to structure data in the form of a graph.
Entities in the application environment and their attributes are captured via record types,
and set types are used to connect related records. Via set types, a network schema contains
an explicit specification of which interrecord paths make sense. Set types accomodate one-
to-many associations, and many-to-many associations can be handled by introducing a
dummy relationship record.

For historical and other reasons, the hierarchical data model [Tsichritzis 1976b) is a
very popular one; commercial implementations of hierarchical data base management
systems include IMS [IBM 1975a, IBM 1975b] and System 2000 [Datapro 1972a, MRI 1972].
In the hierarchical data model, records are organized in the form of trees; hierarchies are a
special case of networks where each record type in a data base has exactly one

superior/owner record type.

2.2. The Relational Data Model

In addition to the network and hierarchical data models, the relational data model is
increasingly popular for use in data base management systems. The relational data model
was introduced by Codd [Codd 1970). The relational model was initially most popular

among data base researchers, but is now enjoying increased acceptance in industry.
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Examples of relational data base management system implementations include: INGRES
[Held 1975a, McDonald 1974a, McDonald 1974b], MACAIMS [Goldstein 1970], PRTV
{Hitchcock 1976, Todd 1976], RDMS [Steuert 1974, RISS [McLeod 1975, System R [Astrahan
1976], and ZET A [Brodie 1975, Czarnik 1975).

A relational data base is defined to be a collection of normalized relations (relations in
first normal form [Codd 1970]), and a collection of domains. (The relations present in the
data base are specifically called base relations) A normalized relation may be viewed as a
table, wherein each row of the table corresponds to a tuple of the relation, and the entries in
a column (attribute) belong to the set of values constituting the underlying domain of that
column. An entry is the value in some particular column for a given row of a relation. The
domain underlying a column consists of precisely those values which can appear as entries
in that column; every value in the underlying domain is a plausible entry in that column.
The special value null is used to indicate that no data item is present in some column of a
tuple; a null data item means that the information is not relevant or is not known.

In most existing relational implementations, only machine-oriented domains are
- provided: integer, floating point number, varying length character string, etc.
Alternatively, a separate domain definition facility can be provided, which allows the
specification of precisely which atomic data values constitute a domain [McLeod 1977a). In
this way, it is possible to define domains specific to a given application environment, such

as names of ships, dates, geocoordinates, and so forth.

In conjunction with the data structure “relation”, a relational DBMS must provide a
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collection of operations for manipulating the relations in a data base. The operations
provided must support data base schema creation and modification, data base
query/retrieval, and data base update. Figure 2-1 contains an example set of data base
operations that might be used in a relational DBMS; the set presented therein is similar to
the relational algebra [Codd 1970). The operations shown indicate facilities for both data
definition and manipulation; when combined with rules for combination, a combined data
definition and manipulation language may be obtained. Examples of existing relational
data base data definition and manipulation languages include SEQUEL [Chamberlin 1974,
Chamberlin 1976c), QUEL [Held 1975a], and Query by Example [Zloof 1975a).

The great deal of recent work and interest in the relational data model and associated
developments serves as a metric of the increasing recognition of the importance of logical
views of data and associated high level data base interaction facilities. We shall discuss the
relational model first and in the most detail, as it is widely accepted as a major research
advance in the area of data modelling and user interfaces to data base management systems.
The relational model will thus serve as a basis for analyzing modelling and user problems
with conventional data models. Therefore, we first describe modelling with the relational
data model and its associated problems; later, we return to the network and hierarchical
data models and consider their advantages and problems vis-a-vis data modelling and user

interfaces.




2.3. An Example Application Environment

In order to provide a particular context for our detailed discussion of data modelling
and user interaction with a data base, we shall adopt a realistic example of an application
environment. This nontrivial application environment is the "tanker monitoring
Application environment” (TMAE). It invelves the control of the flow of traffic of ships,
particularly those with potentially hazardous cargoes, such as oil tankers, into and out of
U.S. coastal waters (such as might be used in the prototype "Marine Safety Information
System” being developed by the US. Coast Guard). It should be noted that our purpose
here is not provide a comprehensive solution to the problem of handling hazardous ships;
rather, we intend to use the TMAE as a rather extensive, realistic, and important data base
application environment. The TMAE will also be used later in the discussion of the SDM
and the IFA. (For variety, a few aspects of the TMAE discussed here are different from

those discussed in the context of the SDM).

2.4. A Relational Data Base for the TMAE

The relational data base we define to model the TMAE is called the “tanker
monitoring relational data base” (TMRDB). Figure 2-2 contains a description of the
TMRDB. Figure 2-2a contains a relational schema for this data base, viz, a description of
the relations. This includes the name of each relation, as well as the name of each column
of the relation. For simplicity, we have omitted the specification of the uﬁderlying domain

of each column. (Figure 2-2b contains a list of the domains for the TMRDB, for reference.)

——
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The TMRDB illustrates a number of problems with the relational data model, as
discussed below. However, it was not constructed to be a deliberately poorly designed
schema. Rather, the problems it evidences are problems inherent with the relational data
model, and these problems are not easily patched within the confines of the features of the
relational model. For example, to illustrate the fact that both data bases in third normal
form [Codd 197Ib, Codd 197ic] and those not in third normal form suffer from problems,
part of the TMRDB is in third normal form, and part of it is not. (Third normal form
relations are those which do not exhibit certain types of update and deletion anomalies,
caused by 'unctional dependencies that do not correspond to the basic structure of the
relation.)

In order to aid our subsequent analysis, we shall briefly describe the TMRDB.
Significantly, our explanation of the TMRDB is intended to be typical of the way a
relational data base designer might explain it. Thus, in addition to serving as a description
of the TMRDB, this illustrates the problems in using the relational data model as a formal
data base specification mechanism.

The following describes the TMRDB relations:

I. Relation SHIP contains a tuple for each relevant ship; it is used to keep track of the
name, type (e.g., "merchant”, "naval”, etc.), hull number, radio call sign, country,
engagement (current activity), maximum speed, and fuel type of each such ship, as well
as whether or not a medical doctor is currently on board the ship.

2. ASSIGNMENT has an entry for each assignment of a captain to a ship, and records
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all such assignments in the history of the data base. The name of the captain and ship
are recorded, as are the dates the assignment starts and ends.

3. CARGO records the quantity of cargo currently aboard a given ship; the ship is
identified by its name.

4. Relation PORT records the name, location (geocoordinate), and country of each
relevant port.

5. PORT_OF_SHIP contains a tuple for each ship recorded in relation SHIP, and
establishes the identity of the home port of that ship. The column Name contains the
name of the port, and Ship_name contains the name of the ship.

6. BANNED_SHIP contains the name and effective date of banning of each ship (in
SHIP) that has been banned from entering U.S. coastal waters. (Only the most recent
ban of a ship is recorded.)

7. Relation POSITION_REPORT contains information on each report of
position/status received from a ship. Position reports can be filed by ships or by
convoys; in the latter case, the convoy implicitly reports the position of each of its
member ships. If the position report is for a convoy, Ship_name is null, and if it is for a
ship, Convoy_name is null. The relation keeps track of the date and time of the report,
whether or not the ship or convoy is in port, and the name of the port (if the ship or
convoy is in port) or the geocoordinate of the present location of the ship or convoy (if
it is at sea).

8. REPORT_PRECISION contains further information regarding a position report. It
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logically related to POSITION_REPORT on columns Ship_name, Convoy_name, Date,
and Time, which together constitute a unique identifier for both POSITION_REPORT
and REPORT_PRECISION. Recorded here is the type of precision (circular or
elliptical), and the circular radius or the major axis, minor axis, and inclination of the
ellipse.

9. Relation SAILING_PLAN records information on the plan filed by a captain before
his ship or convoy leaves port. It contains the name of the ship or convoy (again, the
other column has a null value), and the date filed. (A single column might be used for
both cases, which can contain either the name of a ship or the name of a convoy.)

10. SAILING_PLAN_STOPS carries ﬁ]rther information on sailing plans: the name
and scheduled arrival date for each port to be visited. The relation is logically linked to
SAILING_PLAN on Ship_name or Convoy_name, and Date_filed.

1. The relation COMMERCIAL_SHIP records the name and weight of each ship that
is commercial.

12. MILITARY_SHIP records the name and displacement of each military ship. (By
convention, commercial ships have a weight and military ships have a displacement.)

13. OIL_TANKER records additional information on each ship that is an oil tanker: its
date of last inspection and its hull type (e.g., "double hull”). As for relations
COMMERCIAL_SHIP and MILITARY _SHIP, the ship name is used to uniquely
identify each tuple of OIL_TANKER; all ships are assumed to be recorded in relation

SHIP.
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14. Relation INCIDENT records all ship accidents. An incident number is established,
and the date, time, and (narrative) description of the incident are recorded.

15. INCIDENT _SHIPS is linked to INCIDENT on incident number, and contains the
name of each ship involved in the incident.

16. INSPECTION records the inspection of the named ship; the name of the inspector,
the date, the violations, and the disposition of the inspection are recorded. The
violations are recorded in textual form.

17. Relation INSPECTOR lists the names of all inspectors.

18. CONVOY s used to keep track of which ships are in which convoy. Convoys are
given a name, and the ships therein are listed by name. For example, for a convoy with
three ships,.there will be three tuples in relation CONVOY.

19. The relation SHIP_TYPE records information about the type of cargo that can be
carried on each type of ship. The type of ship is related to the type of ship indicated in
relation SHIP.

In addition to the base relations, i.e., those stored in the data base, there can be

(multiple) views. A view is a virtual relation that is derived from base relations and other

views [Astrahan 1976, Chamberlin 1975, Dale 1977b, Eswaran 1976b, Klug 1977, Stonebraker

1975b, Summers 1975b, Zaniolo 1977). Many proposed or implemented relational data base

management systems have some kind of view handling capability. Views correspond to the

"external schemas” defined in [ANSI/X3/SPARC 1975]. Views can be defined by retrieval

expressions that materialize the relation constituting the view; the definition of a view is

e

it
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thus very similar to the formulation of a query. Examples of views of the TMRDB are
given in Figure 2-3. We briefly explain these views here:
I. The view (derived relation) CURRENT_SHIP_CAPTAIN is provided in order to
associate the name of each ship with the name of the officer who is currently assigned as
its captain. The definition of this view can state that to define the view, one finds, for
each tuple in SHIP, the tuple in relation ASSIGNMENT with the most recent
Date_start that has a Date_end today or later for that ship, and then extracts the
Captain and Ship_name column values from that tuple.
2. SHIP_WITH_FLAG is exactly the same as relation SHIP, except that the column
Country in SHIP is renamed as Flag in SHIP_WITH_FLAG.

3. View CURRENT _SHIP_POSITION establishes the current location of each ship (as

recorded in relation SHIP). If it is in port, then the port is recorded and
Geo_coordinate is null, otherwise Port_name is null and Geo_coordinate contains the
location of the ship. The definition of this view is rather complex, in that we must
determine for each tuple in SHIP, whether or not that ship is in a convoy (using
relation CONVOY). If it is not, we find the most recent tuple in
POSITION_REPORT for that ship and place the Ship_name, Geo_coordinate, and
Port_name values into the view. If the ship is in a convoy, we do the same but instead
find the most recent tuple in POSITION_REPORT for the convoy in which the ship is
currently engaged.

4. The view OIL_TANKER_MISHAP contains all information on oil tanker mishaps,
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i.e, on incidents involving ships that are oil tankers. To define this view, we find each
tuple in INCIDENT that represents an incident involving an oil tanker; this is
accomplished by finding the corresponding tuple in INCIDENT_SHIPS by matching
on incident number, taking the ship name and finding the appropriate tuple in SHIP,
and seeing if that ship is an oil tanker (by examining the value of attribute Ship_type
of SHIP). The contents of each qualifying tuple in INCIDENT are placed into
OIL_TANKER_MISHAP, along with the name of the ship (oil tanker) involved in the
incident. |

5. SHIPS_DUE_FOR_INSPECTION contains information on all ships that are
i ~ currently due for inspection. This view is defined by placing in it each tuple of SHIP
whose most recent corresponding tuple in INSPECTION has a date that differs from
the cu;‘rent date by more than the allowed amount; the appropriate tuple in 1
INSPECTION is found by matching on common value of Ship_name (for the tuple in
SHIP) and then extracting the tuple with the most recent value in column Date for that

ship.

6. The view CONVOY _SIZE contains the name and number of ships is each convoy.
It is defined by grouping the tuples in CONVOY by common value of Convoy_name
and counting the number of values of Ship_name in each group.

7. SHIP_AT _SEA contains the name of each ship currently at sea. This view is defined

by finding the corresponding tuple in view MOST_RECENT_POSITION for each

|
: ship therein; if the ship is indicated to be at sea, then the name of the ship is placed *
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into the view.

8. View DANGEROUS_SHIP contains the name and type of each ship currently
considered dangerous; a ship is termed dangerous if it currently banned from US.
coastal waters. DANGEROUS_SHIP includes the name of each ship that appears in
BANNED_SHIP; the type of the ship is also included in the view, as determined by

the appropriate tuple in relation SHIP.

2.5. Semantic Information Representation in the Relational Data Model
Having introduced the relational data model and the TMRDB, we are now in a

position to discuss the representation of semantic information in a relational data base. We
emphasize how semantic information is presented to the user via the relational data model.
There are a number of ways in which semantic information is captured in a relational data
base. Of course, the specific way selected to model a particular fact has a significant impact
on the user, both in terms (.)f his understanding of the data base and in how he accesses it.
Specificaily, the following methods of capturing information are most significant:

l. Values in the same tuple of a relation are associated. This horizontal connection

logically links the atomic data values appearing in the columns of the tuples. For

example, the TMRDB relation SHIP has columns Ship_name and Hull_number,

thereby associating the name of a ship to its hull number.

2. Tuples in a relation that share a common value in one or more columns are logically

grouped together. This vertical connection logically links together tuples that share some
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common property. For example, each group of tuples in INSPECTION that share a
common value of Ship_name represents the set of inspections for the ship with that
name.

3. If two columns from two relations share a common underlying domain, one or more
tuples in a relation are logically linked to one or more tuples in another relation; this
logical link is a join connection. The link can be one-to-one, one-to-many, or many-to-
many. For example, a ship is matched with its home port via the join of SHIP and
PORT_OF_SHIP on common value of column Ship_name. (A join can also logically
link tuples in the same relation, eg., matching a ship to its sister ship via a column
named Sister_ship_name.)

4. Semantic information is carried by the placement of a particular piece of information
in a specific relation. (residence relation selection). There is often a choice concerning in
which relation a new tuple is to be placed. For example, the creation of a new oil tanker .
may be modelled by adding a tuple to rela‘tion SHIPS, or it may be captured by adding
a tuple to relation OIL_TANKERS, or both.

5. Relation naming provides a vehicle for capturing semantic information in a relational
data base. Relation names may carry information about their conterits, e.g., the relation
named COMMERCIAL_SHIP contains precisely those SHIPS that are commercial.

6. Column naming provides yet another way to express semantic information. Columns
can be named to describe their meaning, eg., naming columns "Ship_name” and

"Port_name" instead of just "Name". Information is also carried by the identity of the
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abstract set of values from which the currént value in some column of a tuple is selected
(the underlying domain of a column). For example, the user may conclude that if two
columns have the same underlying domain, their values can be compared [McLeod
1977a), eg., the column Port_name of relation PORT and the column Name of relation

PORT_OF_SHIP can be compared because they both contain names of ports. The |

issue of which columns of relations are comparable is an important one, in that a join

? (cross link) of relations normally should be performed on comparable columns if it is to
make sense, e.g., joining SHIP and PORT on Port_name and Ship_name is almost
meaningless.

In addition to the above, there are several other ways in which semantic information
can be captured in a relational data base, if the basic relational data model is somehow
supplemented:

l. Additional "semantic integrity constraints” can be used to model additional semantic
information in an application environment. For example, subset constraints between

columns of relations, uniqueness/keyness constraints, and the like introduce capabilities

for modelling additional types of semantic information [Eswaran 1975, Hammer 1975a,
Hammer 1976d, Stonebraker 1974b).

2. Additional semantic information about a data base may be captured within

applications programs and “canned” data base transactions (transactions whose
descriptions are saved and repeatedly executed). Such transactions may for example

contain error checking routines and may perform manipulations of a data base which
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are based on additional "knowledge” of its semantic structure. For example, a
transaction may automatically insert a corresponding tuple into SHIP when a new tuple
is inserted into OIL_TANKER.

3. -Views can similarly capture semantic information; a view materialization expression
which defines a view is similar to a transaction and it therefore may capture additional
semantic information about a data base. For example, the definition of the TMAE view
CURRENT _SHIP_POSITION captures information about how the current position of
a ship is determined, ie, it captures knowledge of the meaning of “current ship
position”.

The most obvious and significant problem with capturing semantic information in
these ways is that the user has to deal with various mechanisms to free that information.
The user must be conscious of the fact that the information he wants may be obtainable via
a horizontal or vertical connection, via a join, by examining the names of relations and
columns, or by some other method. The level of the mechanisms provided is too low to be

understood and manipulated by many users.

2.6. Semantic Problems of a User View Based on the Relational Data Model

With the above indication of how semantic information is captured in a relational
data base, and with the explanation of the TMRDB, we can now proceed to identify specific
modelling problems associated with the relational data model. That is, we can examine the

shortcomings of the relational model in:
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1. making the meaning of a data base apparent to its users,
2. allowing a data base to be explained to a user in a concise, structured manner,
3. enabling a user to easily select the information he requires from a data base.
We note that there is a rather wide spectrum of problem types, that range from
general to specific in nature, as follows:

I. The relational data model, like oiher conventional data models, is based on syntactic
data structures. The data base designer and user must effect a conscious transformation
from his view of application-oriented entities to their representations. In other words,
the designer and the user are forced to think in terms of data, rather than reality; they
must deal with the representations of things (or with information about them), rather
than with the things themselves. The fact that the single, supposedly general-purpose
data structure “relation” is used to model all relevant information in an application
environment makes the user's view simple. Unfortunately, it also causes semantic
overloading, i.e, the same structure, the relation, is used for many purposes, such as:

a. to record the ;xistence of entities, eg., ships (by the existence of appropriate

tuples in relation SHIP),

b. to describe properties of an entity, e.g., the name and length of a ship (by

appropriate attributes in relation SHIP),

¢. to model associations between entities, e.g., assignments of captains to ships (via

relation ASSIGNMENT),

d. to describe collections of entities, e.g., convoys of ships (using relation




CONVOY).

This semantic overloading makes it difficult for a user to extract the meaning from a

relational schema. For example, he may find it quite hard to tell which of the above

listed uses is being made of a given relation.

2. In the relational data model, denotation by selected name plays a central role in a data

base. It is necessary to use a selected name to refer to entities in a data base. The main

implications of this on the user interface are:
a. It is necessary to cross reference explicitly from one relation to another. For
example, a user must explicitly link a tuple in SHIP to a tuple in ASSIGNMENT to
find the captain of the ship. This indirectness causes problems that are somewhat
analogous to those seen in cell-oriented programming fanguages, where data objects
are referenced through named storage locations in lieu of operating directly on the
objects themselves. The requirement for a user to do explicit cross referencing
among relations results in a heavy reliance on join connections (links across relations
on common values) in the relational data model; when combined with the problems
of semantic overloading mentioned above, this makes it hard for a user to connect
related information.
b. The distinction between changing an entity and changing a name used to denote
it is muddled, since names are actually used to represent entities. For example, when _ ?

the name of a ship is changed, an appropriate update may be made to a tuple in

relation SHIP; however, the columns of other relations which are logically
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connected to SHIP, such as POSITION_REPORT, now must also be changed.
This problem would be avoided if column Ship_name of POSITION_REPORT
has ships as values, rather than ship names; unfortunately, this is not possible in
the relational data model. These difficulties stem from a failure to recognize the
importance of the distinction between an entity and its name. It is well known to
programming language designers that failing to adequately accomodate this
distinction can be a source of much confusion.

¢. For reasons of economy, it becomes necessary to organize the data base so that all
references to an entity are made through a standard attribute (often called a “key").
For example, a major portion of the TMRDB is oriented to ship names. This
makes it difficult to refer to entities via other names. For example, it is hard to refer
to ships via hull numbers: if a user is interested in BANNED_SHIPS, it is simple
i for him to obtain the name of that ship, as it is directly recorded in the tuples of

BANNED_SHIPS; however, if he is interested in the hull numbers of banned ships,

he must reference relation SHIP (o establish the correspondence between ship names
and hull numbers.
3. The relational data model is based on atomic value sets; that is, all columns have
values that are atomic (nonhierarchic). This problem is closely related to the problem of
denotation by selected name. The nonhierarchic, nonrecursive nature of relations
simplifies the data model, but causes several significant problems:

a. It makes it difficult for 2 user to travel easily to a related entity from one he has
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in hand. A user must explicitly cross link from one relation to another by describing
an explicit join.
b. It makes it impossible to use precise semantic collections as value sets of attributes
(columns of relations). For example, we would like the underlying domain of a
column Ship of INSPECTION to be OIL_TANKER (or, at least, the names of oil
tankers); but we must use the domain SHIP_NAME as the value set here. The
problem is that“it is not possible to specify underlying domains that are related to
information in the data base, e.g., it is not possible to state that the underlying
domain of Ship_name of INSPECTION is the set of all current values in column
Ship_name of SHIP.
< It requires a nontrivial additional facility to allow the definition of abstract sets of
atomic data values [McLeod 1977a). Even if such a facility to allow the definition of
the sets of values underlying columns is provided, it is still not clear when domain
definition capabilities should be used and when relations should be used. For
example, to model the set of names of inspectors (a subset of the set of person
names), should an appropriate domain be defined or should relation INSPECTOR
be used (which, for example has one coiumn with underlying domain
PERSON_NAMEY)?

4. Only single-valued attributes are permitted in the relational data model, so that

attributes whose values can be collections of entities are difficult to handle. These

"repeating groups" are a natural structure to users, but must be expressed in the




1

relational model in one of the following ways:
a. An extra relation can be introduced. This relation accomodates the multi-valued
attribute A of relation R in the following way: it has a column by which it is
logically linked to R; it has another column which contains the values of the
(potentially repeating) values of A. The link between these two relations can be
either explicit or implicit, as the following examples indicate:
i. For sailing plans, we have relation SAILING_PLAN, plus another relation for
the repeating attribute of scheduled stops; the repeating attribute is handied by
introducing relation SAILING_PLAN_STOPS, which is implicitiy linked to
SAILING_PLAN by common value of Ship_name and Date_filed.
ii. For incidents, relation INCIDENT is linked explicitly to
INCIDENTS_SHIPS by means of introducing the attribute Incident_number.
b. A multi-valued attribute can be accomodated by simply concatenating its values.
However, this approach is quite unnatural, and it requires string manipulation
facilities to be used. Because of the consequent unnecessary manipulation
complexities, this approach is of limited practical value.
5. It has often been stressed by data base researchers that relational data bases should be
nonredundant; the has resulted in a good deal of work on relational "normalization”
{Beeri 1977, Bernstein 1975a, Bernstein 1975b, Bernstein 1975c, Bernstein 1976, Codd 1970,
Codd 197Ib, Codd 197Ic, Fagin 1976, Fagin 1977a, Fagin 1977b, Kent 1973, Sharman 1976].

The principal goal of this work is to record each fact in only a single place. Much of




R T P,

42

the motivation for normalization comes from the desire to avoid certain types of
anomalies which result when an "unnormalized” relational data base is updated [Codd
1971b, Codd 197Ic]; these anomalies involve, among other things, the necessity of side-
effects when tuples are updated or deleted.

Normalization is hinged on the concept of a functional dependency between
columns of a relation; a functional dependency exists between columns Cl and C2 of
relation R if there is at most onc value of ClI for each value of C2. Relations in “third
normal form™ (and higher order forms) conform to certain kinds of restrictions on the
functional dependencies between their columns. Relations in these normal forms are free
from certain kinds of undesirable update anomalies.

Normalization is thus intended to accomplish the following:

1. It eliminates certain types of update anomalies.

2. It increases the ability of a relational data base to capture certain types of semantic
information. (Needless to say of course, functional dependencies can capture only a
portion of the desirable semantic information [Bernstein 1975a, Bernstein 1975b,
Bernstein 1975¢, Bernstein 1976])

3. It allows a relational data base to be organized in such a way that logical redundancy
is reduced. However, normal forms eliminate only limited kinds of redundancies. In
practice, there are a tremendous number of ways in which logical redundancy can
appear in an application environment.

In consequence of the third point above, we believe that it is not feasible to eliminate
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redundancy from data bases. On the contrary, it is not even desirable for a data base user
to see a nonredundant data base. Application environments are inherently redundant, and
to accurately model the semantics of an application environment by a data base, a
redundaint schema is a great help [Bubenko 1977a, Meltzer 19761 The relational and other
conventional data models have great difficulty in integrating redundant (derived)
information into a data base schema.
6. The relational data model does accomodate redundancy and derived information to some
extent by means of superimposed views, but this information is not integrated into a data
base schema. In effect, views can serve as retrieval transactions on a data base, since they
derive information from it. For example, view CURRENT_SHIP_CAPTAIN may be
established if users commmonly need to associate a ship with its current captain. However,
there are several serious problems with superimposed views:
a. Views place semantic information outside a data base schema. This means that it
is much harder for the data base designer to balance the potentially conflicting
needs of the views. The onus is also on the user to locate a view appropriate to his
current needs. This may be quite difficult for him, just as it may be hard to find a
relevant storec transaction, or to find a relevant program in a program library.
b. Since a view is defined by a materialization expression which is essentially a data
selection transaction (query), views can accomodate only information which is
derived from data in the data base. Views cannot include additional “primitive”

information, which is to be explicitly entered by users. For example, in the TMAE
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it might be necessary to record additional information on ships at sea (as opposed to
other ships), but view SHIP_AT _SEA is derived from SHIP and can have only
derived information in it.

: c. The proposed view mechanisms for relational data bases [Astrahan 1976,
Chamberlin 1975, Dale 1977b, Eswaran 1976b, Klug 1977, Stonebraker 1975b, Summers
1975b, Zaniolo 1977] all include limited capabilities for defining derived information.
They allow derived relations to be defined as row and column subsets of the tuples
of relations the data base, and as joins of data base relations. Thus these facilities
do not focus on the different semantic ways in which derived information can be
defined. For e);ample, we should like to allow a user, given a ship, to refer to all
inspections of it. In this case, a derived attribute of ship entities is needed; the
value of this attribute is calculated by examining the attribute of inspections that
specifies the identity of the ship being inspected.

d. The facilities provided for designing views do not strongly encourage good
design. It is all too easy to define a view inappropriate to the current and future
uses of a data base. For example, view SHIP_AT_SEA has been defined to provide

the name of each ship banned from U.S. coastal waters, but it is difficult to use this

view to find the hull number of each such ship.
The important point is that derived information should be integrated into a data base
rather than superimposed on top of it.

7. The relational data model suffers from the problem of disjoint structures. Relations

AT
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and the information in them are isolated, and are not well connected. Tuples of
relations can be linked only by join connections; this severely limits the possible ways of
expressing interrelationships between entities. An important consequence of this
semantic inflexibility is that tuples are members of only one relation (the “legacy of
record technology” [Kent 1976]). This means, for example, that it is difficult to capture
the fact that a tuple in the relation for all ships and a tuple in the relation for all oil
tankers represent the same entity (ship).

8. The problem of nonintegrated subtypes is a consequence of the use of disjoint
structures. It is not possible to model the fact that oil tanker is a subtype of ship. (This
is the "is a” relationship often referred to in artificial intelligence research on knowledge
representation.) Such subtype information is important to the meaning of data. One
important aspect of subtypes is the inheritance of attributes; for example, all attributes
of ships are inherited by oil tankers, since all oil tankers are ships. Aithough limited
capabilities of subtype definition can be accomplished via the introduction of semantic
integrity constraints [Hammer 1975a, Hammer 1976d), this is a somewhat ad hoc solution
to an important problem of semantics and accurate modelling of the application
environment.

9. There is a set of rigid attributes for each relation, which means that the existence of
an attribute cannot be conditional on properties of the entity it describes. For example,
in relation SHIP_POSITION, we must have both attributes Ship_name and

Convoy_name, because some position reports are for ships and some are for convoys.
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"Null"s must be used for irrelevant attributes. Alternatively, separate relations could be
introduced to accomodate position reports for ships and position reports for convoys;
however, if this approach were adopted, it would be difficult to meaningfully relate the
two types of position reports (mainly due to the problenis of disjoint structures and
nonintegrated subtypes).

10. The collection of entities in an application environment into aggregates (groups) is
handled in the relational data model by associating the values of a name for the
aggregate (aggregation by name association). No direct semantic construct is provided to
model collections of entities. Instead, aggregates are modelled by using vertical
connections within a relation; each aggregate is defined as consisting of those tuples in
a relation sharing a common value in a column. For example, convoys are modelled by
means of relation CONVOY; each convoy is given a name and the members of a
convoy are those ships that share a common value of Convoy_name. Notably, this
forces a view of aggregates that is too low in level. It may also require the introduction
of an artificial attribute; for example, Convoy_name of CONVOYS may not be a
meaningful attribute, but rather introduced only in order to allow convoys to be defined
in the data base.

1i. In the relational data model, dynamic subsets of collections of entities are described by
collecting together their names (dynamic subsets by name). A subset of a collection of
entities is often modelled by a relation that contains the names of the entities in the

subset. For example, relation BANNED_SHIP records the set of ships that are currently
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banned from U.S. coastal waters. An important semantic construct, the subset, is
handled artificially. Again, the structures a user sees are at too low a level. In the
example, the user must also cross reference to relation SHIP to find the attributes of
ships present in relation BANNED_SHIPS.

12. The relational data model lacks a capability for relating entities to their types
(artificial abstraction). For example, it is not possible to capture the fact that relation
SHIP_TYPE contains tuples that model types of ships, i.e, that tuples in SHIP_TYPE
are type abstractions, whose instances are modelled by tuples in relation SHIP.

lﬁ. The relational data model suffers from a static orientation: events, activities, and
actions [Bubenko 1977a, Bubenko 1977b, Langefors 1974, Langefors 1977) in an
application environment are not directly accomodated. For example, the event of a ship
sailing into port must be indirectly and artificially modelled by recording in a position
report that a given ship is in a particular port. And, when this fact is modelled in this
form, it may be hard for a user to find it.

I4. The lack of an adequate capability for modelling other types of events, such as those
that have a duration (as opposed to instantaneous ones) causes the need for artificial
association entities in the relational data model. It is often necessary to construct
relations whose sole purpose is to relate entities. This is reasonable if the association
among entities makes sense as an entity itself. For example, if it makes sense to talk
about assignments of cabtains to ships as entities in the TMAE, then it is not

unreasonable to use relation ASSIGNMENT for this purpose. In other cases, it is
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sometimes more semantically appropriate to model entity relationships via attributes of
those entities. In such cases, an artificial association entity must be defined in the
relational data model. If the concept of “assignment” were not relevant in the TMAE,
then relation ASSIGNMENT would introduce an artificial association entity. Even
when an association entity makes sense, it is better to view it at a higher level, eg., as a
duration event.

15. The representation of (semantic) information in relation and column names causes
some problems for users, since names are used for so many purposes. This reliance on
names is necessary because the relational data model does not provide sufficient means
for expressing important semantic information. It is sometimes difficult to name some of
the relations that must be introduced, because they do not directly model things in the
{ppliution environment. Examples include view SHIP_WITH_FLAG, and column
Name in relation PORT_OF_SHIP. Moreover, a user cannot express second order
interactions (involving relation and column names), e.g., the user cannot find all
relations that contain ships (eg., OIL_TANKER, COMMERCIAL_SHIP).

16. The relational data model incorporates an inflexible degree of binding in data
modelling. In order to capture the fact that some aspects of entities do not change, it is
necessary to distinguish “fixed" and “changeable” data. For example, it is essential to
somehow capture the fact that the length of a ship should not change (except to correct
a data recording error), while the position of a ship is normally highly changeable. The

relational data model does not accomodate this differentiation.
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17. Relational data bases tend not to be organized into relations which are natural units
for update (lack of semantic update units). For example, because multi-valued attributes
are not allowed in a relation, an update which changes that multi-valued attribute must
affect more than one relation. Many of the problems mentioned above contribute to this
lack of semantic update units. As a further example, we note that aithough the filing of
a sailing plan may be a natural unit of update activity, the information to be recorded
in this update is scattered into relations SAILING_PLAN and
SAILING_PLAN_STOPS. This makes it difficult for update transactions to be defined
and understood, and for the DBMS to automatically check that an update is
meaningful.

18. The relational data model is lacking in its ability to provide (multiple) orderings
among the data (missing ordering capabilities). Ordering of information (e.g., tuples in a
relation) is an important structuring capability, but it is not directly accomodated in the
relational data model. For example, it is important to be able to refer to "the last three
inspections of a ship”, to accomplish this kind of ordering reference in the relational
data model, the user must awkwardly nest predicates on attributes of IINSPECTION. or
he must manually define an ordering attribute by scaning through INSPECTION for
the last three tuples for each ship.

19. Much information about the structure of an application system simply cannot be
expressed in a relational schema (unexpressed semantic information). The relational data

model provides only a limited set of mechanisms with which to express information
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about the organization of the problem domain, and some of these are cumbersome to
use. Knowledge that cannot be naturally represented in these terms must either be
carried explicitly as data in the data base, or be captured by means of an external
mechanism such as semantic integrity constraints, or it will simply remain unexpressed.
We believe that the more information about the meaning and structure of a data base
that is explicitly expressed in its schema, the less the user needs to remember and keep
in his mind; user interaction with the data base then becomes sir.npler and more
reliable. The situation is analogous to the move from representation to abstraction in
data types as a means of achieving software reliability.
Having now detailed the semantic modelling problems of the relational data model,
we consider the network and hierarchical data models. In the discussion, we compare the
modelling effectiveness of the network and hierarchical models with that of the relatlona‘l

model, and examine the modelling differences among them.

2.7. Comparison with the Network and Hierarchical Data Models
Before directly addressing issues of data modelling effectiveness and semantic
expressibility for the network and hierarchical data models, we note that a good deal of
discussion has accompanied the controversy concerning which logical data model is best
[Codd 1974¢, Codd 1975b, Date 1974). There are several results of this debate:
I It is desirable for the user's view of a data base to be at a high level. This means in

particular that issues of physi]:a\ storage structures, access methods, and other
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implementation issues should not be included in the logical data base schema. In its
classical form [Codasyl 1971], the network data model includes many schema definition
features which appear to be motivated by physical implementation considerations (such
as details of the method used to store set types). Moreover, the logical structures in a
network schema are often viewed as those to be physically implemented as well. This
means for instance that the set types defined in a network schema specify the physical
access paths that will be maintained in the implementation. Thus, in the Codasyl
model, data independence has been to a large extent compromised. By contrast, it is
stressed that a relationil schema provides no detail of how ' data will actually be
stored [Codd 1970].

2. The Codasyl DBTG model is very complex. It contains a very large number of
features, whose specific utility in semantic modelling is not particularly clear. On the
other hand, the relational data model is quite simple, and its features are very easy to
understand. As we have pointed cut, this implies that the relational model suffers from
semantic overloading, i.e, that the relation is used to model many different types of
semantic information. The network model provides features which correspond to
natural constructs for modelling, such as repeating groups (multi-valued attributes), and
a specification of which logical links make sense. Unfortunately, the model is cluttered
with less useful features, and many of its features are on too low a level (e.g., the concept
of a record).

3. Data selection and modification languages for network systems tend to be oriented to
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record-at-a-time access. "Navigation™ [Bachman 1973] from one record to another is

stressed. By contrast, most of the data selection and modification languages developed

for relational data base management systems are oriented to dealing with sets of things.
Furthermore, relational languages tend to isolate the user from implementation detail,
while in network systems the user must be conscious of the physical realization of the
data base [Chamberlin 1974, Chamberlin 1976c, Held 1975a, Zloof 1975a). It should be

noted that it is certainly possible for a network data model to avoid details of physical

storage and access methods, but traditionally this is not the case. Also, it is possible for
a high level, nonprocedural, set-oriented retrieval language to be built for a network
data base management system [Fehder 1974, Held 1975b] as well as for a relational
system.

4. Another important result of the debate concerning which of the conventional data
models is most useful, is in fact that none of them is best in all cases. It is important

then to provide a data model which incorporates the best aspects of each of these
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conventional models, while at the same time raising the level of the user's view of a data

base.

We have noted that details of physical data storage and access methods tend to be
present in the network, and to a large extent the hierarchical, data models. However, if this
information is removed from the logical data model, the use of a hierarchy or network to
organize a data base has important ramifications on modelling. We will discuss these

modelling issues by comparison with the semantic problems of the relational data model
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described above. In this comparisen, we shall deal simultaneously with networks and

hierarchies: since hierarchies are a special case of networks, we stress the network model

and comment on how the issues differ for the hierarchical model, when relevant.

2.7.1. Semantic Modelling with Hierarchies and Networks
Many of the semantic problems associated with the relational data model are also

present in the network and hierarchical data models, however some differences are also

important:

1. The problem of "syntactic data structures” and its associated subproblems are present

in the network (and hierarchical) models, e.g., the “record type” data structure is
representational. However, the DBTG "set type” docs provide a better means of
modelling interconnections of entities (records). These information-bearing structures
are similar in purpose to relational "joins", but they are explicitly declared in the
schema. This has thé advantage of allowing the data base designer to specify which

interconnections make sense.

The hierarchical data model goes a step further towards imposing a strong
structure on a data base: a single tree structure is specified for each data base. The
important point here is that imposing a hierarchical structure on a data base does serve
to semantically struccure a schema. For example, placing under a given captain all the
ships he has commanded makes it easy and natural to ask about a captain’s commands.

The problem though is that of determining a single hierarchical structure that can
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accomodate many different data base uses and views, e.g., allowing a user to find all of
the captains that a given ship has had. It is this problem that makes the hierarchical
data model unattractive in many cases. (The reader is encouraged to try to design a
hierarchical data base for the TMAE.)

2. The network data model suffers from a "name orientaticn” as does the relational data
model. However, the "set type” construct does eliminate the need for some kinds of
explicit cross referencing between related records: if a “set type" connect two "record
types”, a user can travel from the owner to the member records directly. If an
appropriate "set type” is not defined, then the user may need to explicitly cross reference
between records as in the relational data model. The “set type” also relieves problem of
"disjoint structures” to some extent, in that a mechanism is provided for connecting
related records. Of course, there is only a single mechanism which must be used for
many different semantic types of connections.

3. Since multi-valued attributes are accomodated in the network model (repeating
groups), the network model does not exhibit the problem of “single-valued attributes".

4. Some "ordering capabilities” are present in the DBTG rnodel, which allow record and
set types to be ordered in limited ways. This is better than in the relational data model,
but the facilities are still too limited, e.g., a single ordering mﬁst be selected.

5. Network schemas accomodate some types of redundancy which are not commonly

present in relational data bases. For example, "automatic” insertion of a new record into

a specified set in a data base can be triggered in a network data base; the set into
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which this insertion is to be made is determined by other information in the data base.
This illustrates a form of redundant/derived information in the network model.

6. The probiem of "dynamic subset by name” is handled in a sense in the network data
model: the “set type” construct can be used to define a user controllable link between
records.

7. The problems of "atomic value sets”, "nonintegrated subtypes®, “rigid attributes”,

"aggregation by name association”, "artificial abstraction”, “static orientation”, “inflexible

degree of binding”, "lack of semantic update units", "superimposed views" and

“unexpressed semantic information” are all present in the network and hierarchical data
models. The problem of "information in relation and column names” has a counterpart

in the network model, namely concerning the naming of “record types” and “set types".

The problem of "artificial association entities” is not only present in the network model,

but the situation is even worse than in the relational model: since set types only support

one-to-many connections, many-to-many associations must be modelled by introducing a
dummy relationship record.

In summary, while the network and hierarchical models provide partial solutions to a
few of the semantic modelling problems, these models fall far short of the comprehensive
semantic data model which is desirable. The modelling degrees of freedom introduced in
the network data model are an advantage over the relational model, in that it is possible to
model things is a way appropriate to the semantics of the application environment. For

example, to model a repeating attribute, the designer has the option of selecting a relational
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type interfile (interrelation), a repeating group, or an interrecord “set type” connection. This
is an advantage, in that one can model things in a way most consistent with the semantics
of the application environment. Unfortunately, as in the relational data model, the
vocabulary of data structures and interconnections provided for modelling is on a level
significantly lower than desirable from the user's point of view: there is a poor
correspondence between the level of modelling construct needed and the facilities offered by

the DBTG model.

2.8. Extensions and Modifications of the Conventional Data Models

In response to many of the problems discovered in conventional data models, several

types of extensions of the relational data model have been proposed. In this section, we

briefly examine the proposed extensions by outlining the major thrust of recent work; we
stress the problems they do and do not solve:

. The relationai data model has been extended to include capabilities for supporting
multiple user views (as discussed above).

2. The direct extension of the relational data model to include "semantic integrity

constraints” of various types has been proposed [Eswaran 1975, Hammer 1975a, Hammer

- 1976d, McLeod 1976b, McLeod 1976e, Stonebraker 1974b). This approach basically

consists of enforcing predicates on states of a data base or transitions between data base

states. The semantic integrity constraints are stated as a part of the data base schema.

The constraints are predicates that are automatically enforced by the data base
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management system, and an appropriate action is taken if a predicate is found to be
violated. It is important to note that semantic integrity constraints are superimposed on
top of a relational data base, and that no reasonable guidelines have been developed for
guiding the design of a complete and consistent set of constraints. We believe that it is
better to integrate semantic constraints into the data model itself, viz., into the semantic
data structures of the data model.
3. Several recent efforts have focussed upon how semantic information can be captured
in the relational data model, and upon how it should (ideally) be captured in that
model:
a. Schmid and Swenson [Schmid 1975a] have investigated how semantic information
is captured in the relational data model, by classifying relations by “type”, e.g.,
relations which contain autonomous objects, those that describe repeating
characteristics of objects, and those which capture associations among objects. This
work clarifies the ways in which relations are used to model application environment
semantics. However, it does not really attack the issues from the user’s viewpoint,
and it introduces some distinctions not clearly useful to a user. In sum, this work
attempts to explain the uses of relations, but it does not attempt to extend the power
of the relational model in capturing semantic information useful to a data base's
users.
b. In a somewhat similar way, Wiederhold (Wiederhold 1977] has also analyzed

relation types. He distinguishes relations which capture entity existence, relations
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that match an entity to one of its names ("lexicons”), relations which establish
associations among entities, and relations that are used to model multi-valued entity
attributes ("nests”). Again, this work explains the ways in which relations can be
used, but does not propose guidelines for how they should be used, not does it try to
extend the ability of the relational model to capture semantic information.
¢. The "hyperrelational model” of Chang [Chang 1975] has attacked the problem of
vertical connection, by allowing subrelations to be defined, eg, defining a set of
relations for each convoy by grouping the tuples in CONVOY on common value of
Convoy_name and placing them in the relation with the value of Convoy_name as
its name. This work is closely related to the work on relational views, and has
focused on a specific extension of the relational model.
d. Smith and Smith [Smith 1977a, Smith 1977b, Smith 1977c, Smith 1978a] have
presented a design methodology for relational data bases based on the semantics of
the application environment. In particular, they propose “generalization™ (related to
"is a" relationships) and "aggregation” (collecting together attributes of an entity) as
concepts in terms of which to structure the relational data base design process.
Although their work identifies several important issues, we believe that it suffers
from two principal difficulties:

i. The semantic primitives that it provides are too limited.

ii. The work is oriented towards relations, and is couched in terms of them.

We shall have a good deal more to say about this important work in chapter 4.
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4. A number of data models have recently surfaced that can be described as “entity -
property - association” models:
a. the entity relationship model of Chen [Chen 1976, Chen 1977a),
b. the work of McGee [McGee 1976),
c. and the entity - property - association model of Pirotte [Pirotte 1976, Pirotte 1977).
Chen’s entity relationship model is repreuntgt)',vé/of these three models.vand we
briefly describe it here. In this data mo%m'fa;mation is organized into entity sets and
relationship sets. An entity set is /a/t’ﬁl?e/ction of entities of a given type (eg., a ship), and
a relationship set is a ;o}leaion of associations among entities that are of the same kind
(e.g., assignments of captains to ships). The entities involved in an association play
specified roles therein, eg., captain and ship in the relationship set associating ships
~ with their current captain. The roles in an association can be constrained to satisfy
functionality constraints, e.g., each ship has at most one captain. Each entity and
relationship set has an associated collection of attributes, which are the characteristics of
that entity or relationship type. The values of attributes are taken from specified "value
sets”, which are collections of atomic data objects (eg., person name, date, etc.).
Entity and relationship sets are represented in table form: entity relations contain
one tuple for each entity, and relationship relations contain one tuple for each instance
of an association. A unique identifier ("primary key") for each such relation is selected.

In some cases the tuples of an entity or relationship relation cannot be uniquely

identified by the values of their own identifiers; in this case the participation of an
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entity or association in some relationship is used to identify it (a "weak” entity or
relationship relation). Distinguishing weak entity and relationship sets allows a certain
type of integrity constraint to be expressed, ie., deleting a relationship relation tuple
causes automatic deletion of weak entities in the relationship.
The principal problem with the entity relationship data model, as well as the
other “entity - property - association™ models are:
a. The structures of the model are too closely tied to relations. Notably, these data
models have been mainly described as extensions of the relational data model and
design aids for guiding the construction of relational data bases. (Chen has recently
examined the use of the entity relationship model to design network data bases as
well [Chen 1978a]) We believe that even a well designed relational data base cannot
naturally and effectively model a complex application domain.
b. The proposed models are also insufficiently rich and do not offer the range of
flexible modelling capabilities desirable. For example, the entity relationship model:
does not directly accomodate associations among relations [Chen 1976} does not
allow entities to be used as values of attributes (but rather forces the use of atomic
“value sets”), does not capture essential semantic differences, such as the distinction
of objects and event.
In sum, although these research efforts have contributed valuable insights into the
problem of semantic data modelling, none of them has taken an integrated approach to the

whole problem.
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2.9. Other Related Approaches
There have been a number of recent studies in the area of data base semantics that
have appeared outside the context of the relational data model. Here, we summarize the
highlights, relevant implications, and shortcomings of this work:
l. Several functional dependency based approaches have been suggested, wherein the
design of a data base is based directly upon functional dependencies between values in
it. Thus, the fundamental data structuring concept is that of relating sets of values by
means of the functional relationships between them. Examples of this approach are:
a. the functional model [Kerschberg 1976d, Sibley 1977a),
b. the synthesis approach to designing relations from a set of functlongl
dependencies [Bernstein 1975a, Bernstein 19750, Bernstein 1975c, Bernstein 1976},
c. the decomposition approach to generating a "good” set of relations from a "bad”
one, by using functional dependencies [Codd 197b, Codd 1971c],
d. extensions to multi-valued dependencies [Fagin 1977b, Paolini 1977b, Pelagatti
1977, Sharman 1976).

The principal shortcoming of this approach is that functional dependencies are

adequate to capture only limited types of semantic information.
2. Several data models that present a binary relational logical schema to users have been
proposed, most notably:

a. the entity set model [Senko 1974, Senko 1976a, Senko 1976c, Senko 1977), which is

" \C;Q-M»
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based on nonredundant, symmetric binary associations between entity sets and entity

name sets (in the DIAM II infological level),

b. the binary relational model [Bracchi 1972, Bracchi 1974, Bracchi 1976},

c. the data semantics model [Abrial 1974]
One of the main problems with binary relational data models is that it is difficult to
easily accomodate n-ary relations: (potentially artificial) association entities must be
introduced. Another problem with the three approaches described above is that, as is
the case for the “entity - property - association™ models, insufficient richness of modelling
constructs is provided.
3. The "link and selector language” [Tsichritzis 1976a] has provided a unification of
many of the advantages of the relational, network, and hierarchical data models vis-a-
vis logical data modelling. Here, record types are flat files (relations) with duplicates
and an ordering, and links are explicit joins (and do not carry information). Selectors
are used to define restrictions of record types by means of a predicate on the fields of
the record. The contribution of this data model vis-a-vis data modelling is that it has
revealed some of the commonalities of the relational and network data models, e.g., by
supporting explicit specification of which logical interrecord connections make semantic
sense.
4. The “role model” [Bachman 1977b] has bzen developed as an extension of the network
data model. Here, the roles that entities can play are emphasized, eg., persons can play

the role of captains of ships, ship inspectors, etc. This work highlights the lmpdrtance
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of distinguishing the specific semantic relationships that can exist between entities.
Each of these efforts has made important and specific observations concerning the
relevance of including certain types of semantic information in a data model. Hzwever,

none of these efforts has attempted to provide a comprehensive solution.

2.10. Knowledge Representation in Artificial Intelligence

Researchers in the field of artificial intelligence (Al) have long been concerned with
the problem of "knowledge representation”, i, with schemes for storing and accessing
knowledge in computers. The importance of the need for effective modelling capabilities to
facilitate the construction of co;'nputerized data bases that closely mirror the inherent
semantics of an application environment has been recognized by Al researchers. The work
on “semantic networks” exemplifies the concern in artificial intelligence research with
problems of data base management, such as the modelling of entities and the

interconnections among them [Bobrow 1977a, Bobrow 1977b, Fikes 1977, Hawkinson 1975,

Hayes 1977, Hendrix 1977b, Roussopoulos 1975, Szolovits 1977].

At the highest level, much of the work in Al and data base management have related
goals, namely that of usefully structuring large quantities of information. However, there
are a number of ways in which our approach differs from the work in Al knowledge
representation:

1. Although we are not settling for a very formal, extremely simple data model (like the

relational data model), we are not attempting to solve the complete problem of
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knowledge representation. That is, we are not attempting to provide a framework to
facilitate the expression of a wide variety of "general” and "common sense” knowledge.
Rather, we are focusing on capturing in a data base description the types of semantic
information useful in typical data base applications.

2. We are oriented toward providing a framework for data modelling, rather than
establishing a basis for the modelling of “intelligent” processes. For example, we are
concerned with providing a data base structure that relates the structure that models “oil
tankers” to the structure that models “ships” (i.e, that oil tankers are a special kind of
ship), rather than emphasizing that fact that "oil tanker” is a concept that is a
specialization of the concept of "ship”.

3. The embedding of information concerning the solution to application problems is not
an explicit concern in our work. We are interested in capturing data and its meaning,
but are not attempting to develop capabilities for actually accomplishing problem

solving activities in the application environment (such as scheduling actions,

automatically running factory machinery, etc.)

2.11. Conclusions
In the above analysis of semantic problems with conventional data models, we have
specifically focused on the relational data model, pointing out its many problems with

respect to semantic data modelling from the viewpoint of the data base user. We do not

intend to belittle the importance and utility of many of the ideas introduced by recent work
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on relational data base management techniques. Rather, we suggest that a new research
direction needs to be fruitfully followed: to provide a higher level semantic data model.
Thus we build upon much of the work on relational and other conventional data modelling
techniques.

Previous work in data base management which has directly or indirectly focussed on
semantic data modelling has revealed a number of important issues and has proposed useful
modelling techniques. Similar contributions have been made by the network and
hierarchical data models. We draw on this work in our approach. These efforts have
mainly focused on one or two insights into semantic modelling; these efforts for the most
part have not provided a comprehensive and integrated approach to semantic modelling.
In the next chapter we describe a new data model (data base structuring mechanism) which

attempts to provide such an integrated approach.




3. THE SEMANTIC DATA MODEL

This chapter describes the SDM (semantic data model) in detail. The emphasis in
this chapter is on providing a specification of the SDM; in chapter 4, the SDM s
discussed, as well as the effectiveness of the SDM in modelling natural structures in an

application environment.

3.1. The Basic Structure of an SDM Data Base

The SDM s designed to provide features for the natural modelling of data base
application environments. To design the SDM, we analyzed many data base applications,
assessed the shortcomings of conventional data models in capturing the semantics of these
applications, and designed strategies to handle the important problems revealed. The
design process was iterative, in that features were removed, added, and modified during
various stages of design.

The process of designing the SDM has provided a detailed data model which is
specified in this chapter. In designing the SDM, we have been guided by the following
general principles of data base organization:

I. A data base should be and is viewed as a collection of entities, which are the relevant
abstract objects in the application environment.
2. The entities in a data base are organized into classes, which are meaningful

collections of relevant abstract objects.

3. The classes of a data base are not in general independent, but rather are logically




linked via interclass connections.

4. Data base entities and classes have attributes, which describe their characteristics, and
relate them to other data base entities.

5. A spectrum of ways of defining interclass connections and attributes is provided,
corresponding to the common types of constructs appearing in data base applications. A
structured stepwise mechanism is provided to define more complicated kinds of

attributes and interclass relationships.

3.2. Classes and Entities

An SDM data base is a collection of classes. The structure and organization of an
SDM data base is specified in an SDM schema, which specifies the classes in the data base.
Figure 3-1 contains an example SDM schema for a portion of the "tanker monitoring
application environment”, defining a number of classes. Examples in this chapter are based
on this application domain, which is concerned with monitoring and controlling ships with
potentially hazardous cargoes, eg., oil tankers, as they enter US. coastal waters and ports.
A data base supporting this application would be used to keep track of ships, oil tankers,
ship names, tanker inspections, oil spills, ships that are banned from U.S. waters, and so
forth.

Each class in an SDM schema has the following features:

l. A class name identifies the class. (For notational convenience, class names are

specified by strings of upper case letters, which may be connected by the character "_".




Each class in an SDM schema has a distinct name.
2. Each class has a collection of members, which are the efitities that belong to it. The
phrases “the members of a class” and "the entities in a class” are thus synonymous. Each
class is a2 homogeneous collection of one of the following types of members (entity types):
a. Objects are concrete or abstract entities in the application environment. There
are the following types of objects:
i. A concrete object is an entity (either physical or intangible), such as a ship or a
port. In figure 3-1, classes SHIPS, OFFICERS, COUNTRIES, and
OIL_TANKERS are examples of concrete object classes. (Note that we do not
mean to ascribe any strong philosophical interpretation to the terms “concrete”
and “abstract” here.}
ii. An abstraction is a generalization of another entity; loosely, the purpose of an
abstraction is to "abstract the essence” of another kind of entity. As such,
abstractions are related to the notions of “generalization™ and "block”™ as
described by Smith and Smith [Smith 1977a, Smith 1977b, Smith 1978a). An
example of an abstraction class is SHIP_TYPES (as shown on one of the latter
pages of figure 3-).
iii. An aggregate is a (homogeneous) collection of another type of entity. For
example, a ship convoy is an aggregate of ships (see class CONVOYS in figure
3-1). (Note that the term "aggregate” is used here in a different way from the

way it is used in the related work of Smith and Smith [Smith 1977a, Smith 1977b,

i
1
J
1
g
|




Smith 1978a))

b. Events are actions or activities in the application environment in which objects
participate:
i. A point event is an event whose essential feature is its occurrence, such as a
ship accident (classes INCIDENTS and OIL_SPILLS).
ii. A duration event is one whose duration is of interest, e.g., the assignment of a
captain to a ship (class ASSIGNMENTS).
¢. Names are designators for objects or events. A name is used to stand for and
thereby replace an object or an event when the nature and structure of that object or
event are not of interest. A name is representational, in that it is a number or a
string, rather than some actual entity in the application environment. The name
classes STRINGS and NUMBERS are built into the SDM, and are used to
construct other name classes. Examples of defined name classes are SHIP_NAMES
(the set of all possible names of ships), DATES (calendar dates), and KNOTS

(speeds in knots).

Figure 3-2 contains a summary of the possible types of members an SDM class may

contain.

3. Each class has a collection of attributes which describe the members of that class or

the class as a whole. There are three types of attributes, classified according to their

applicability:

a. A member attribute describes an aspect of each member of a class, by logically
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connecting the member to one or more related entities in the same or another class.
Thus, a member attribute is used to describe each member of some class. For
example, each member of class SHIPS has attributes Name, Captain, and Engines,
which link a ship to its name, current captain, and engines (respectively). The
Name and Captain attributes are defined in figure 3-1 as member properties, while
Engines is a component member attribute (i, it models a component of a concrete
object). (A more detailed discussion of attributes is provided in section 3.3
b. An attribute of each member of a class that has the same value for all members
of that class is a class-determined attribute. Such an attribute is a member attribute,
but it is associated with the class as a whole because the attribute has the same value
for all class members. For example, to capture the fact that no oil tanker can sail
faster than some top speed, the class-determined attribute Absolute_top_speed of
class OIL_TANKERS is defined (see figure 3-1).
¢. A class attribute describes a property of a class taken as a whole. For example,
the class INSPECTIONS has the attribute Number, which gives the number of
inspections currently in the class.

4. Each class may (optionally) have a class description, which is a textual explanation of

the nature, purpose, and uses of the class. This is a documentation aid. Class SHIPS in

figure 3-1 has such a description.

5. Each class is either a base class or a nonbase class. A base class is one that is defined

independently of other classes in the data base, while a nonbase class is defined in terms
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of one or more other classes. (Nonbase classes are discussed in detail in section 3.2.1)
6. For a base class, the class member kind is explicitly specified as one of the following:

a. a concrete object class (e.g., SHIPS),

b. a point event class (eg., INCIDENTS),

c. a duration event class (e.g., ASSIGNMENTS).
7. Each base class is specified as either containing duplicates or not containing duplicates.
(The default is no duplicates) A class with duplicates models a multiset/bag of entities;
this means that some of the members of the class are indistinguishable. For example, a
multiset class can be used to model a collection of spare ship engine parts of a given
type, since they are equivalent for the purposes of repair.
8. Each base class has an associated list of groups of member attributes; each of these
groups serves as a key to uniquely identify the members of a class (identifiers). There
must be a one-to-one correspondence between the values of each identifying attribute or
attribute group and the entities in a class. For example, class SHIPS has the unique
identifier Name, as well as the (alternative) unique identifier Hull_number. Of course,
multiset classes have no unique identifiers.
9. For a nonbase class, an interclass connection is specified, whose purpose is to define
the class in terms of others. In the schema definition syntax (as in the example in figure
3-1), the existence of a derivation for a class means that it is nonbase; the derivation
specifies which interclass connection is used to related the class to other class(es) in the

data base. Each nonbase ciass thus has associated with it exactly one interclass




connection.

3.2.1. Interclass Connections
Figure 3-3 contains a few examples of SDM classes and their interclass connections.
The meaning of these (and several other) interclass connections is explained in this section.
In all, there are seven types of interclass connections in the SDM. These seven interclass
connections are organized into two main categories:
I. The first five interclass connections allow a nonbase class (C) to be defined whose
members are of the same basic entity type as those in the class(es) to which C is related
(via the interclass connection). This type of interclass connection is used to define a
subclass or a superclass of a given class. A subclass S of a class C is a class that contains
some, but not necessarily all, of the members of C. A superclass S of a class C is a class
that contains at least all of the members of C. Note that the very same entity can thus be
a member of many classes, eg., a given ship entity may be a member of classes SHIPS,
OIL_TANKERS, and MERCHANT _SHIPS. This is distinctly different from most
data models, eg., the relational data model, wherein a tuple is a member of exactly one
relation.
The five interclass connections in this first category are as follows:
a. Restrict defines a subclass in terms of attribute(s) of a parent class. A.restrlctlon
subclass C2 contains precisely those members of Cl which satisfy some specified

predicate on the members of Cl. The very same entities that are members of the
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subclass C2 (defined by restriction on Cl) are also members of the parent class Cl. A
restriction of a class of concrete objects is obviously a class of concrete objects;
analogous statements are tru; for classes of (point and duration) events, and names.
MERCHANT_SHIPS is an example of a class defined by restriction, as shown in
figure 3-I; the restriction predicate here on members of SHIPS is "Type =
'merchant™, which requires the attribute Type to have the value "merchant”.
Similarly, class OIL_SPILLS is defined as a restriction of class INCIDENTS.
b. Subset defines a user-controllable subclass of another. A subset class C2 contains
at all times only entities that are members of Cl. However, unlike restriction, the
definition of C2 does not identify which members of Cl are in C2; rather, data base
users explicitly add to (and delete from) C2, so long as the subset limitation is
observed. For example, BANNED_SHIPS is defined as a subset of SHIPS, allowing
some authority to ban a ship from U.S. waters (and possibly later remand that ban).
An essential difference between restriction and subset subclasses is that the
members of a restriction are determined by other information in the data base, while
a subset's members are directly and explicitly identified as such by users. .A
restriction defines a permanent subclass of the parent class, in the sense that the
predicate which defines it is fixed. The members of a restriction can of course
change over time, but only when attribute values for members of the parent class are
modified (eg, MERCHANT _SHIPS will gain a new ship as a member if the value

of attribute Type is set to "merchant” for some members of SHIPS.) By contrast,
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subclasses defined as subsets are more loosely defined: users routinely add members
of the parent class to a subset (and may subsequently remove them).
€. Merge members allows a new class (C) to be defined whose members are precisely
those that exist in either of two underlying classes (Ul, U2). If the underlying classes
are sets (have no duplicates), then the "merge members” interclass connection is
equivalent to a set union. (A complete discussion of how duplicates are handled is
provided in section 3.3.4.) For example, figure 3-1 contains the class
SHIPS_TO_BE_MONITORED, which has a derivation that defines it as the
merge members of BANNED_SHIPS and
OIL_TANKERS_REQUIRING_INSPECTION. Figure 3-4a illustrates the
definition of SHIPS_TO_BE_MONITORED.

It is required that the underlying classes Ul and U2 have a common root class
(R) in the SDM schema; that is, Ul and U2 must be eventual subclasses of some
SDM class R. (Multiple levels of subclasses leading to R are acceptable) In the
example, BANNED_SHIPS is defined as a subset of SHIPS and
OIL_TANKERS_REQUIRING_INSPECTION is a subset of OIL_TANKERS
(which is in turn a restriction of SHIPS);, thus, Ul and U2 have a common root
class (namely, SHIPS). If duplicates are present in one or both of the underlying
classes, "merge members” places multiple occurrences in C equal in number to the
maximum of the number of occurrences in Ul and the number of occurrences in U2.

In addition to "merge members", the SDM provides two other multiset operator




1.

»

interclass connections: namely those corresponding to set intersection and set
difference. These three interclass connections are included in the SDM because it is
often natural for a user to think of a class as being related to others as an
intersection, union, or difference. These interclass connections are also necessary for
completeness: since user-controllable subsets are present in the SDM, the restriction
mechanism is not sufficient to permit the definition of certain types of subclasses
involving subsets. For example, class intersection rather than restriction must be
used to define class SHIPS_TO_BE_MONITORED, since BANNED_SHIPS and
OIL_TANKERS_REQUIRING_INSPECTION are subsets: there are no relevant
member attributes of either of these classes which can be used to state an
alppropriatc restriction predicate.

d. Extract common members allows two SDM classes to be intersected. For example,
the class BANNED_OIL_TANKERS is defined via "extract common members”
applied to classes OIL_TANKERS and BANNED_SHIPS (see figure 3-4b). As for
"merge members”, the underlying classes (Ul and U2) must have a common root
class. And, if duplicates are present in one or both of the underlying classes, "extract
common members” places multiple occurrences in the new class C equal in number to

the minimum number of the times that member occurs in Ul and U2.

e. Extract missing members has the effect of defining a new class that is the set.

difference of two SDM classes (Ul and U2). Figure 3-4c illustrates the definition of

class SAFE_SHIPS, as consisting of those members of SHIPS not in the class
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BANNED_SHIPS. Again, the underlying classes must have a common root class.
Also, if duplicates are present in one or both of the underlying classes, “"extract
missing members” places multiple occurrences in the new class (C) equal in number
to the difference between the number of times that the member occurs in Ul and the
number of times it occurs in U2; if the member occurs more times in U2 than in Ul,
it is not a member of C.
2. The remaining two interclass connections allow a nonbase class (C) to be defined
whose members are of a different basic entity type than those in the underlying class
(U). These two interclass connections allow higher level, abstract entities to be
constructed out of basic entities. In particular, the interclass connections that allow such
second order classes to be defined are:
a. Abstract defines a class whose members are generalizations of the members of
another class. The members of an abstraction class are called abstractions. For
example, the abstraction class SHIP_TYPES is defined by the interclass connection
"abstract” on class SHIPS (see figures 3-1 and 3-3). The members of SHIP_TYPES
are types of ships: merchant, fishing, and military (in the TMAE data base). Ships
themselves are not the members of SHIP_TYPES, but are rather instances of each
type (member of SHIP_TYPES).
To define an abstraction class, a grouping expression on the class underlying

the abstraction must be provided. This grouping expression collects the members of

the underlying class into classes that contain the instances of the corresponding




abstractions. The grouping allowed in an abstraction interclass connection is on
common value of one or more member attributes of the underlying class. For
example, the grouping expression in the definition of class SHIP_TYPES in figure
3-1 is "on common value of Type" (in SHIPS). Note that if the grouping expression
involves only a single-valued attribute, then the instances classes partition the class
underlying the abstraction (as for SHIP_TYPES), if a multi-valued attribute is
involved, then the instances classes may overlap.

The instances of a member of an abstraction class are a restriction of the class
underlying the abstraction. The grouping expression used in the specification of the
interclass connection "abstract” thus corresponds to a collection of restriction
expressions. For example, for SHIP_TYPES, the grouping expression “on common
value of Type" corresponds to the restriction predicates (on SHIPS) "Type =
'merchant™, "Type = 'fishing™, and "Type = 'military’. In fact, some or all of these
restrictions may be independently and explicitly defined in the data base. In figure
3-1, the class MERCHANT _SHIPS is defined as a restriction of SHIPS, and it is
also listed in the definition of SHIP_TYPES as an instances class that is explicitly
defined in the data base. In general, when an abstraction class is defined, a list of
the names of the instances classes that are explicitly defined in the data base should
be included in the specification of the interclass connection; the purpose of this list

is to highlight independent uses of restriction predicates that are instances of the

grouping expression.
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b. Aggregate defines a class whose members are aggregates. An aggregate is a
collection of entities of a given type. The entities that constitute an aggregate are
called its constituents, and form a subset of the members of the class underlying the
aggregation. For example, the class CONVOYS is defined in figure 3-1 as a
(primitive) aggregate of SHIPS; thus, each member of CONVOYS is a collection of
SHIPS (i.e, the constituents of a convoy are ships).

The constituents of a member of an aggregate class are a subset of the class
underlying the aggregation. This is analogous to viewing the instances of a member
of an abstraction class as a restriction of the class underlying the abstraction. An
aggregate. differs from an abstraction much as a subset differs from a restriction.
The essential difference is that the definition of an abstraction class determines the
instances of each member (abstraction), while the definition of a (primitive)
aggregate class does not determine the constituents of each aggregate.

All, some, or none of the subset classes which contain the constituents of an
aggregate may be separately and explicitly defined in the data base. A primitive
aggregate class is one for which none of the members of the aggregate class has an
existence as an independent subset class, separately defined in the schema. For
example, it may well be the case that the class CONVOYS is to exist as an
aggregate of SHIPS, but the individual convoys themselves are not separately
defined as data base classes (subsets of SHIPS). This type of aggregate class is

defined by the interclass connection primitive aggregate, which requires only the
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specification of the class underlying the aggregate (eg., class CONVOYS in figure
3-1). Alternatively, a derived aggregate class is one for which all of the subsets that
correspond to the constituents of the members of the aggregate class are explicitly
defined in the data base. For example, the classes CONVOY_05301,
CONVOY_4341l, and CONVOY_42343 might be independently and explicitly
defined as subsets of class SHIPS. Here, the interclass connection derived aggregate
is used, and the names of the constituents classes are listed in the definition of the
aggregate class. A mixed aggregate class is one for which some of the constituents
classes are explicitly defined in the data base and some are nct. The interclass
connection mixed aggregate requires that the names of the constituents classes
defined in the data base be listed, and that the underlying class from which the
remaining aggregates are to be formed be specified. Observe that in the case of a
derived or mixed aggregate, the aggregate definition declares relationships between
independently defined classes that would otherwise be hidden.

A summary of the interclass connections in the SDM is provided in figure 3-5.

3.2.2. Name Classes

Entities are abstract concepts which are directly modelled in an SDM schema. In the
real world, abstract entities can be denoted in a number of ways, eg.a ship can be
referenced by its name, its hull number, a picture of it, or by pointing one’s finger at the

ship itself. Since abstract ship entities are captured in an SDM data base, the SDM user
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needs some way of referring to these internal entities. In order that it be possible for
information in a data base to be communicated to the outside world (users), the data must at
some point be entered and displayed on existing computer terminals. This is achieved in
the SDM via "names".

As stated above, a name class is a collection of numbers or strings. A class is defined
as a name class when its members are best thought of as numbers or strings, and when the
details of the entities it models are not of interest. By "name”, we mean anything that is a
string or a number. We do not insist that names are thought of as proper identifiers of
objects or events; in the SDM, dates, colors, and last names of persons may all be
considered names.

Aside from the base name classes STRINGS and NUMBERS, which are built into
the SDM, application environment specific name classes can be defined. These user-defined
name classes are similar to the user-defined domains proposed for the relational data model
[McLeod 1977a), in that they are abstract sets of atomic data values. An SDM name class is
defined as a subclass of either STRINGS or NUMBERS. Specifically, a name class is
defined using one of the following interclass connections: “restrict”, "subset”, "merge
members”, "extract common members”, and “extract missing members". All name classes are
thus ultimately defined as subclasses of STRINGS or NUMBERS; a name class can be
defined as a subclass of a name class which is itself defined as a subclass of STRING§ or
NUMBERS, etc. By definition, name classes do not have duplicates.

To use “restrict™ to define a subclass, one specifies a name class restriction predicate,
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which allows a pattern to be specified that a member of the parent class must satisfy in
order for it to be a member of the class being defined. Figure 3-6 contains two examples of
name class definitions using this approach. Classes ENGINE_SERIAL_NUMBERS and
DATES are shown in figure 3-6, and are defined as restrictions of NUMBERS and
STRINGS, respectively. In essence, the restrict predicate provides a "format™ which
describes a subclass of STRINGS or NUMBERS. The "ordering™ specification in the
definition of class DATES means that the data values are ordered by the sub-units named

(e.g., so that the ">", ">=", "<", and "<=" operations work correctly).

Note that a "format” specification is strictly local, in the sense that there are no
references therein to other information in the data base. Name classes are intended to be
underlying sets of names, rather than being derived in some complicated way from the data
base. Note for example, that this rules out defining the name class
NAMES_OF_US_BASED_SHIPS as the restriction of SHIPS where Home_port satisfies
the appropriate predicate. In the example, the names of all ships based in the US. would
be obtained by extracting the value of the name attribute for each ship based in the U.S.

In .the example in figure 3-6, "suk. 2t” is used to define a name class which can be
readily enumerated. For instance, COUNTRY_NAMES is a class whose members are

enumerated, eg., by typing them into the data base. The members of a subset name class

can be dynamically altered by users.

Further details of name class definition are presented in [McLeod 1977al.
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3.3. Attributes
As indicated above, each class has a collection of attributes associated with it. Each
attribute has the following aspects:
l. An atrribute name identifies the attribute. (For notational convenience, attribute
names appear as one upper case letter followed by lower case letters and the charac.er
"_", eg., Home_port for class SHIPS in figure 3-1) Attribute names are unique within a
class.
2. Attributes may be hierarchically organized. For example, the members of the class
SHIPS have the attribute Size, which in turn consists of attributes Length and Draft.
The purpose of this hierarchic scheme is to allow related attributes to be grouped
together; this is strictly a notational convenience to aid in the organization of the
attributes of a class.
3. Each attribute has a value. The value of an attribute is either an entity in the data
base (a member of some data base class), or a class of such entities. The value of an

attribute can also be unknown; this special type of value is treated like any other with

respect to restrictions and abstractions, e.g., a member of class SHIPS with a Cargo_type
"unknown” is not a member of the restriction class OIL_TANKERS.

4. Each attribute has a specified semantic kind, which identifies the type of relationship
the value of the attribute has with the entity. Each member attribute is identified as
being of one of the following kinds:

a. A member attribute which is not of a more specific semantic kind (as discussed

e
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immediately below) is called a (member) property. For example, class SHIPS has the
member properties Hull_number, Country_of_registry, and Captain.
b. A member attribute of a concrete object class that models a constituent part of

that object is called a component. Only concrete objects can have component

attributes. For example, SHIPS has the component member attribute Engines.
¢. A member attribute which models an entity which plays a role [Bachman 1977b]
in an event is called a participant of the event entity. Only even: classes can have

member participant attributes. For example, class INCIDENTS has the participant

attribute Involved_ship.

d. A class-determined attribute is similarly specified as a class-determined property, a
class-determined component, or class-determined participant. These kinds are similar
in meaning to the corresponding kinds of member attributes, except that the
attribute has the same value for each member of the class. Figure 3-1 shows the
class-determined property Absolute_top_speed of OIL_TANKERS.

e. A class attribute that models some aspect of a class taken as a whole is called a

class property, eg., class property Number_of_ports of class PORTS (in figure 3-1).
These distinctions of attribute types are useful in capturing the nature of the
relationship between a class member and the. value of its attributes.

A more extensive vocabulary of semantic attribute kinds could be provided, eg.,

by distinguishing the source of information about an event, the occurrence time of a

point event, the duration of a duration event, etc. However, such a case grammar
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analysis [Schank 1973] conflicts with the SDM goal of attempting to support important
semantic distinctions while avoiding undue complexity. A large number of special
features would be required in such an approach, and their adequacy would be difficult
to verify in any event.

5. An attribute description is optionally provided, which explains in textual form the
nature, role, and use of the attribute.

6. Each attribute is either primitive or derived. A primitive attribute is one whose value
is supplied by a user. A derived attribute is one whose value is calculated from other
information in the data base.

7. Each primitive attribute has a specified underlying value class, which is the class from
which the value of the attribute must be selected. Any class in the schema is a
candidate for the value class of an attribute; for example, the value class of member
attribute (property) Captain of SHIPS is the concrete object class OFI_-'ICERS.

8. Each primitive attribute is either single-valued or multi-valued. The value of a
single-valued attribute is a member of the value class of the attribute, while multi-

valued attributes have a value which is a subclass of it. Thus a multi-valued attribute

is itself a class, ie, a collectloﬁ of entities. In figure 3-1, the class OIL_TANKERS has

the single-valued member property Hull_type, the multi-valued member property
Inspections, and the single-valued class-determined property Absolute_top_speed.
9. A primitive attribute is specified as mandatory if it cannot have an unknown value.

Any attribute can be declared mandatory. Unique identifiers are automatically
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mandatory, and event participants are normally declared as mandatory.

10. Each primitive attribute has an associated degree of binding, which is either "fixed”
or "changeable”. Fixed attributes have values which do not change during the lifetime
of an entity or class, except to correct a data recording error.

1. Each derived attribute has a derivation specification, which describes how the value

of the attribute is calculated from other data in the data base.

3.3.1. Attribute Derivation Specifications
The SDM provides a vocabulary of semantic types of attribute derivation

specifications, which intends to capture the most common types of derived information.
These special cases are the attribute derivation types. The vocabulary of derivation types is
important: that each type performs a different type of meaningful data manipulation,
resulting in a value for a derived attribute. A stepwise approach is taken to the definition
of derived attributes that are more complicated than those directly accommodated in the
vocabulary. That is, complex derived attributes are defined by:

I. describing related attributes,

2. applying one of the types of manipulations accomodated in the vocabufary to yield

the desired attribute.
This procedure can be repeated for the related attributes, so t.hat an arbitrarily complex
attribute derivation specification can be developed.

There are three main categories of attribute derivation types which allow a derived
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attribute to be defined for a class (C) (these are detailed in sections 33.1.2, 3313, and 33.14.):
I. A member attribute is defined by a member-specific derivation. This category of
derivation tfpes allows various kinds of derived member attributes to be defined which
specify the value of a derived attribute of C in terms of the relationships of a member
of C with other information in the data base.

2. A class attribute is defined by a class-specific derivation; this kind of derivation is
used to describe a derived property of C taken as a whole by specifying its value in
terms of aspects of the members of C.

3. An attribute of C is defined in terms of the values of other attributes of C. This kind
of derivation type is called an inter-attribute derivation. There are three specific
possibilities: a member attribute is defined in terms of other member attributes, a class-
determined attribute is defined in terms of other class-determined attributes, and a class
attribute is defined in terms of other class attributes. As we shall see, the mixing of
attributes by applicability is not allowed in inter-attribute derivation (e.g., combining the
values of a member attribute and a class attribute); the meaningful manipulations
which involve attributes of different applicability are handled by class derivations.

Note that there are no class-determined-specific derivation types; as should become clear

later, this is because there are no meaningful manipulations that yield derived class-

determined attributes, other than those allowed by inter-attribute derivations.
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3.3.1.1. Mappings

Before discussing the attribute derivation types, it is important to describe the concept
of a mapping. A mapping is an expression which evaluates to a collection of entities. The
purpose of mappings is to allow a user to directly reference the value of the value of an
attribute (recursively). For example, suppose that the mapping "Captain.Name" is stated for
class SHIPS. The value of this mapping, for each member S of SHIPS, is the value of
attribute Name for a member O of OFFICERS, where O is the value of Captain for S. In
this example, the attributes Captain of SHIPS and Name of OFFICERS are single-valued.
In general however, this need not be the case. For example, consider the mapping for
SHIPS "EnginesSerial_number”. = Attribute Engines is multi-valued, which means that
"Engines.Serial_number” may also be multi-valued. This mapping thus evaluates to the
serial numbers of the engines of a ship. |

An arbitrary number of levels are allowed in a mapping. Thus a mapping is written,
in general, as a series of attribute names separated by ".". For example, the mapping for
SHIPS "Captain.Superiors.Name" evaluates to the names of all of the superiors of the
captain of a ship. A mapping such as this one is multi-valued, since at least one of the
steps in the mapping involves a multi-valued attribute. The value of a mapping "X.Y.Z",
where X, Y, and Z are multi-valued attributes is the class containing each value of Z which
is a value of Y for some value of X. In this case, a "merge of members” is performed at
each step in the mapping.

As we shall see, mappings are useful in attribute derivation specifications and
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restriction predicates. They are particularly necessary because SDM entities stand for

themselves as attribute values.

3.3.1.2. Member-Specific Derivations

A member-specific derivation allows an attribute Al of class Cl to be defined in terms

of the relationships of a member Ml of Cl with other information in the data base:

1. Al is defined as an ordering attribute. In this case, Al is a derived member property
formed by assigning to each member M1 of Cl a value for Al that denotes the sequential
position of M1 in Cl when ordered by one or more other specified (single-valued)-
member attributes (or mappings) of Cl. Ordering is by decreasing or increasing value.
For example, the attribute Seniority of OFFICERS is defined as "order by
Date_commissioned” (decreasing order, by default). Ordering within groups is also
possible: "order by A2 within A3" specifies that Al is to be equal to the sequential
position of M1 within the group formed by common value of A3, according to the value
of A2. For example, in figure 3-1 the attribute Order_for_tanker of INSPECTIONS is
defined as "order by decreasing Date within Tanker", which orders the inspections for
each tanker. (Mappings are permitted for A2 and A3)

2. Attribute Al is specified as an inversion attribute, in which case it is defined by
inverting class C2 on attribute A2. The value of Al for M1 is the class of those members

of C2 whose value of A2 is M1. For example, member attribute Ships_registered_here of

COUNTRIES has the derivation "invert Country_of_registry of SHIPS".
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3. A matching attribute is defined as follows; for each member M1 of Cl:

a. A corresponding member M2 of another class C2 is found which has Ml as its

value of member attribute A2.

b. The value of member attribute A3 for M2 is used as the value of Al for M1,
For example, as shown in figure 3-l, attribute Captain of class SHIPS has the derivation
"Officer of match to ASSIGNMENTS on Ship”. Here, the value of the derived
property Captain of each member S of SHIPS is determined by matching S to a
member C of ASSIGNMENTS that has S as its value of attribute Ship; the value of
Captain for S is the value of Officer of C. The "merge members” form of match is used
when it is necessary to match S to multiple members of C2. For example, if a ship could
have multiple captains, one would use "merge members in Officer of match to
ASSIGNMENTS on Ship”™. In a sense, a match is a kind of high level "join" [Codd
1970].
4. Attribute Al is given a boolean value for M1 that is "yes” (true) if M1 is a member of
some other specified class C2, and "no” (faise) otherwise. For example, OIL_TANKERS
has the derived property Is_tanker_banned?, with derivation "if exists in
BANNED_SHIPS".
5. The value of attribute Al is defined as the result of merging the members of
recursively tracing the values of some attribute A2. For instance, attribute Superiors of

OFFICERS is defined by the derivation "merge members in repeat over Commander®;

the value of the attribute includes the immediate commander of the officer, that
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commander's superiors, and so on. Note that Commander has OFFICERS as its value
class; this must be true for this kind of attribute derivation to make sense.
Two special kinds of derived attributes are automatically defined in the SDM:

l. When an abstraction class is defined, the derived, multi-valued member property
Instances is automatically defined. The value of this attribute for a member of the
abstraction is the class of members (of the class underlying the abstraction) that are
instances of that member. For example, each member of the abstraction class
SHIP_TYPES has as the value of its attribute Instances the class of all ships of that
type.

2. Similar to Instances of an abstraction class, each aggregate class has a Constituents
member property, the value of which is the class consisting of all the entities (members
of the class underlying the aggregation) that constitute the aggregate entity. For
example, the value for each member of CONVOYS of attribute Constituents is a class

including precisely those members of SHIPS that currently constitute the convoy.

3.3.1.3. Class-Specific Derivations
There are two kinds of attribute derivations which allow attributes of a class taken as
a whole to be defined:
I. An attribute is defined whose value is equal to the number of (unique) members in the
class it modifies. For example, attribute Number of OIL_TANKERS has the derivation

"number of members in this class”.
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2. An attribute is defined whose value is a function of a numeric member attribute of a

class; the functions supported are "maximum”, "minimum®, "average”, and “"sum” taken

over a member attribute. The computation of the function is made over the members of
the class. For example, one might define the class attribute Total_spilled of

OIL_SPILLS as "sum of Amount_spilled over members of this class".

3.3.1.4. Inter-Attribute Derivations
Inter-attribute derivations accomodate the common ways in which new attributes are
defined in terms of the values of other attributes associated with the same class. The
following kinds of inter-attribute derivations are supported:
I. The value of an attribute is specified as equal to the value as some other attribute or
mapping. For instance, in figure 3-1, attribute Date_last_examined of OIL_TANKERS
has the derivation specification "same as Last_inspection.Date”, i.e., the value of

Date_last_examined is equal to the value of the member of class INSPECTIONS which

is the current value of attribute Last_inspection of OIL_TANKERS)
2. An attribute has a derivation specification which states that the value of that

attribute is defined by some arithmetic expression involving the values of other

attributes or mappings. The involved attributes must have numeric values, ie., they
must have value classes that are (possibly recursive) subclasses of NUMBERS. The

arithmetic operators allowed are addition ("+"), subtraction ("-*), multiplication ("),

division ("/"), and exponentiation ("!"). For example, attribute
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Top_speed_in_miles_per_hour of OIL_TANKERS has the derivation specification "=
Absolute_top_speed / LI1".

3. "Extract common members” is used on mappings of attributes which are multi-valued,
to intersect the members constituting their values. For example, the new attribute
Related officers of OFFICERS is defined by the derivation specification “extract
common members in Superiors and Subordinates”.

4. Similar to case 3, “merge members” is used in a derivation specification.

5. Also, similar to case 3, "extract missing members" is allowed.

6. The operators "maximum”, "minimum”, "average"”, "sum” are applied to an attribute
name or mapping, that is multi-valued; the value class of the attributes involved must
be a (possibly recursive) subclass of NUMBERS. The maximum, minimum, average, or
sum is taken over the collection of entities that comprise the current values of the
attribute or mapping.

7. An attribute is defined to have its value equal to the number of members in a multi-
valued attribute or mapping. For example, attribute Number_of_instances of
SHIP_TYPES has the derivation specification "number of members in Instances”. (The
special way in which the Instances attribute of an abstraction class is discussed below.)
"Number of unique members"” is used similarly. "Number of members™ and "number of
unique members” act differently only when duplicates are present in the multi-valued

attribute involved.

8. A multi-valued attribute is defined to have a value that is the restriction of the value
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of another attribute. For example, attribute Oil-burning_engines of SHIPS is defined
via the derivation specification “restrict Engines where Kind_of_engine = 'oil burning™;
the value of attribute Oil-burning_engines consists of the values of multi-valued
attribute Engines which are oil Lurning. Mappings are not allowed in restrictions.
Other means are available for this purpose, and mappings in restrictions would
introduce unnecessary complexity, if such a restriction is required, an auxiliary attribute
is defined using "same as” on the mapping, and the restriction predicate stated in terms

of the auxiliary attribute.

3.3.2. Restriction Predicates

As stated earlier, a restriction is specified by providing a predicate on the members of
the class underlying the restriction. The types of restriction predicates that are allowed are
limited, but provide very flexible facilities when used in combination with derived
attributes.

A restriction predicate is a boolean combination of simple predicates, or merely a
simple predicate; the operators used to form such a boolean combination are "and", “or",
"not”, and "()". A simple predicate has one of the following forms:

MAPPING SCALAR_COMPARATOR CONSTANT
MAPPING SCALAR_COMPARATOR MAPPING

MAPPING SET_COMPARATOR CONSTANT

MAPPING SET_COMPARATOR CLASS_NAME
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MAPPING SET_COMPARATOR MAPPING

is a value of ATTRIBUTE_NAME of CLASS_NAME
Here, MAPPING is any mapping; SCALAR_COMPARATOR is one of "=", "~a", ">,
">=", "<". and "<="; CONSTANT is a string or number constant; SET_COMPARATOR
is one of "is in", "properly is in", “contains”, and "properly contains”; CLASS_NAME is the
name of some other class defined in the schema; ATTRIBUTE_NAME is the name of an
attribute.

For illustration, an example of each of these six forms is provided below along with

an indication of its meaning; the first two predicates and the last predicate define

restrictions of class OFFICERS, while the third, fourth, and fifth apply to class SHIPS:

Country_of_license = 'Panama’
(officers licensed in Panama)

Commander.Date_commissioned > Date_commissioned
(officers commissioned before their commander)

Cargo_types contains 'oil’
(ships that can carry oil)

Captain is in RISKY_CAPTAINS
(ships whose captain in the class containing officers that are bad risks)

Captain.Country_of_license is in Captain.Superior.Country_of_license
(ships commanded by an officer who has a superior who is licensed in the
same country as he)

is a value of Involved_captain of INCIDENTS
(officers who were involved in some incident)

Note that the first five predicate types are predicates on the attributes of members o
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class underlying the restriction. The last type of predicate means that a member of the class
underlying a restriction is to be a member of the restriction class if and only if that member
is the value of the specified attribute of the specified class; this is the only restriction
predicate type which refers to an attribute of a class other than the one underlying the

restriction.

3.3.3. Attribute Inheritance

As noted earlier, it is often the case that some entity in an SDM data base belongs to
more than one class. SDM classes can and frequently do share members, eg., a member of
OIL_TANKERS is also a member of SHIPS; a member of OIL_SPILLS is also in
INCIDENTS. As a member of a class C, a given entity E has values for each member
attribute associated with C. But in addition, when viewed as a member of C, E may have
additional attributes which are not directly associated with C, but which are are inAerited
from other classes. For example, since all oil tankers are ships, each member T of the class
OIL_TANKERS inherits all member attributes of SHIPS. T has the attributes Hull_type,
Is_tanker_banned, Inspections, Number_of_times_inspected, Last_inspection,
Last_two_inspections, and Date_last_examined, which are locally defined member attributes
of OIL_.TANKERS. T also has the attributes Name, Hull_number, Type, etc,, which are
not mentioned in the definition of OIL_TANKERS, but which are inherited from SHIPS
(a superclass of OIL_TANKERS). The value of each inherited attribute of tanker T is

simply the value of the attributes of T when viewed as a member of SHIPS; the very same
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ship entity that belongs to OIL_TANKERS belongs also to SHIPS, so that the value of

each inherited attribute is well-defined.
The following specific rules of attribute inheritance are applied:

l. A class C defined as a restriction or subset of a class U inherits from U all of its

member attributes as well as all of its class-detgrmlned attributes. For example, since

LIBERIAN_OIL_TANKERS is defined as a restriction of OIL_TANKERS,

LIBERIAN_OIL_TANKERS inherits all of the member attributes of OIL_TANKERS;

in turn members of OIL_TANKERS inherit all of the member attributes of SHIPS.

Note, of course, that members of LIBERIAN_OIL_TANKERS also have an additional

attribute which ships and oil tankers do not (Oil_spills_involved_in). Similarly,

LIBERIAN_OIL_TANKERS inherits all of the class-determined attributes of

OIL_T ANKERS, which in turn inherits all of the class-determined attributes of SHIPS.

In this case, two attributes are inherited: Absolute_top_speed and

Top_speed_in_miles_per_hour.

Class attributes describe properties of a class taken as a whole, so they are not

F inherited by a subciass. In order for an attribute to be inherited from class Cl by class

C2, both its meaning and its value must be the same for Cl and C2. this is not true in

general for class attributes. For example, aithough a subclass may have a similar

attribute to one defined for its parent class, eg., Number_of_members, their values are
not necessarily equal. )

2. A class C defined by “extract common members” on the classes Ul and U2 inherits all
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of the member attributes of Ul and all of the member attributes of U2. For example, the
class BANNED_OIL_TANKERS, defined as containing the common members of
BANNED_SHIPS and OIL_TANKERS, inherits all attributes of BANNED_SHIPS as
well as all of the attributes of OIL_TANKERS. The reason for this is that, by
definition, each member of BANNED_OIL_TANKERS is both an oil tanker and a
banned ship. Class-determined attributes are not inherited because class-determined
attributes of the same name defined for both Ul and U2 may have different values for
Ul and U2

3. A class C defined by "merge members”™ on the classes Ul and U2 inherits all of the
member attributes shared by Ul and U2, i.e, all of the attributes of Ul that are also
attributes of U2. For example, the class SHIPS_TO_BE_MONITORED has the
derivation "merge members in BANNED_SHIPS and
OIL_TANKERS_REQUIRING_INSPECTION"; thus all attributes shared by
BANNED_SHIPS and OIL_TANKERS_REQUIRING_INSPECTION are inherited.
In this case, precisely the member attributes of SHIPS are inherited. Only shared
attributes are inherited, because C is in effect extracting the commonality of classes Ul
and U2. Class-determined attributes are not inherited for the same reasons given in case
2 above.

4. A class C defined as the “extract missing members” in Ul but not in U2 inherits all of
the member attributes and class-determined attributes of Ul. This case is similar to |,

since C is a subclass of Ul

B
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5. A class C defined as the abstraction of U inherits a member attribute for each class-
determined attribute shared by every defined instances class of U (classes conulning the
instances of each member of the abstraction class). For example, if
MERCHANT_SHIPS and FISHING_SHIPS were defined instances classes of
abstraction class SHIP_TYPES, and each had a class-determined attribute
Absolute_top_speed, C would inherit a member attribute Absolute_top_speed, whose
value for a member T of SHIP_TYPES is the value of the class-determined attribute
Absolute_top_speed of the class containing the instances of T.

6. Analogous to case 4, a class C defined as the aggregation of U inherits a member
attribute for each class-determined attribute shared by all of the defined constituents
classes of U.

The inheritance rules described above cover all of the kinds of interclass connections
permitted in the SDM. The point of making these rules explicit is to capture the
meaningful logical connections between classes via-a-vis attributes. These rules are
considered an integral part of the SDM, in the sense that users need not be aware of them.
This means, for éxample, that when a user asks for all of the attributes of a class C,
inherited attributes are automatically included.

It would in theory be possible to include other types of rules such as the above
lnherl;ance rules. For example, we might include complex rules to support the
determination of the refationship of a restriction predicate with the attributes of the subclass

it defines. For example, consider the restriction predicate in the class derivation

R RIRERREE  ar




9

specification of OIL_SPILLS: “restricc INCIDENTS where Description = ‘oil spill”™. We
could formulate a rule that captures the fact that the inherited attribute Description of

OIL_SPILLS must have the value "oil spill”. However, such predicate analysis is, in the

general case, very difficult. Such complexities are beyond the scope of the SDM, and

L’ counter to its goals of avoiding the general knowledge representation problem.

3.3.4. Mulitisets and Duplicates

~ As specified above, an SDM class is either a set or a multiset: it may or may not
contain duplicates. If a class has unique identifiers, then it obviously cannot have
duplicates. If unique identifiers are not present, then the default is that duplicates are not
allowed. However, a class can be explicitly defined with “duplicates allowed”. Duplicates
may also be present in attribute values, since attribute derivation specifications and
mappings can produce attributes with duplicates.

In point of fact, the existence or nonexistence of duplicates is only of importance when

considering the number of members in a class or the size of a multi-valued attribute. On
all other occasions, the user need not be concerned whether or not duplicates are present.
Consequently, the only SDM primitives that are affected by duplicates are those that

concern the number of members in a class, and the size of an attribute. Specificaily, the

interclass connections deal with duplicates as follows:
i 1. "Restrict” and “subset” propagate duplicates from the parent class to the subclass.

2. The multiset operator interclass connections deal with duplicates as described in

B
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section 3.21.

3. If the class underlying an abstraction has duplicates, the defined instances classes and
the values of the Instances attribute of the abstraction class have duplicates.
4. Aggregate classes may have duplicates in their constituents classes and their values of
the Constituents attribute.

Attribute derivation specifications deal with duplicates as follows:
I. Mappings propagate duplicates (see section 33.1.1). A mapping "X.Y" contains
duplicates if either X or Y contains duplicates. For example, suppose an attribute of
SHIPS is defined with the derivation specification
"Captain.Superiors.Country_of_license”. The value of this attribute will contain
duplicates if Captain, Superiors of OFFICERS, or Country_of_License of OFFICERS
contains duplicates.
2. The “same as” inter-attribute derivation propagates duplicates from one attribute to
another.
3. Duplicates are not permitted to exist for any attribute used in an inter-attribute
derivation expression which is an arithmetic expression, since such expressions are
always single-valued.
4. The inter-attribute derivations “restrict®, "extract common members”, “merge
members”, and “extract missing members” (for multi-valued attributes) handle duplicates
in the same way as their corresponding type of interclass connection. For example,
“restrict” propogates duplicates from the parent attribute to the subclass attribute (eg. of
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Engines of SHIPS has dup\lcates. then so does Oil_burning engines, which is defined
by “restrict Engines where Kind_of_engine = ‘oil burning"™).

5. The inter-attribute derivations defining an attribute as the maximum, minimum,
average, or sum of another multi-valued 2ttribute include duplicates in the computations
they perform.

6. The inter-attribute derivations that compute the number of members and the number
of>unique members in the value of a multi-valued attribute include and ignore
duplicates, respectively.

7. The member-specific derivation which defines a derived member attribute by
computing an ordering number, does so based on the value of one or more other single-
valued attributes; no duplicates are involved.

8. The value of a multi-valued member attribute defined as the inversion of a member
attribute of some other class in the data base has duplicates if that other class has
duplicates.

9. The value of a multi-valued member attribute defined by matching contains
duplicates if the value of the member attribute of the class to which the matching is
done contains duplicates.

10. Existence member attributes have the value “yes" or the value "no”, so there are no
relevant issues regarding duplicates.

. A multi-valued member attribute defined as the result of merging the members of

recursively tracing a member attribute value contains duplicates if the attribute involved




contains duplicates.
12. A class-specific attribute derivation that is used to define a class attribute whose
value is the number of members in the class or the number of unique members in the
class, includes and ignores duplicates, respectively.
13. The class-specific attribute derivations defining a class attribute as the maximum,
minimum, average, or sum of the value of a member attribute of the class include
duplicates in the computations they perform.

These rules for handling duplicates in the SDM cover all of the interclass connections and

attribute derivation specification types. 3

3.4. The SDM Data Definition Language

In this section, we describe a specific data definition language (DDL) for the SDM.
This DDL allows an SDM schema to be constructed for particular application
environments. In the foregoing description of the SDM, we have not relied on a specific
DDL syntax, although the discussion has proceeded through many examples which use an
example DDL syntax. Although there are many forms of DDL syntax which could be used
to describe SDM schemas, we put forth a specific syntax here. The purpose of detailing
this specific syntax is to make the specification of the SDM precise. We also believe this
syntax is a good one for data base designers to use, and it is used by the interaction
formulation advisor prototype (see chapter 7).

The syntax of the SDM DDL is presented in figure 3-7 (which extends over several
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pages). The notation there is in a Backus-Naur Form style; the particular conventions we
use are described at the beginning of the figure. For the most part, the syntax description

is self-explanatory; however, the fellowing points are of note:

I. Syntactic categories are capiialized (with no interspersed spaces, but possibly connected
by "_"). AIll lower-case strings are in the language itself, except those enclosed in “s".
The latter are descriptions of syntactic categories whose details are obvious (eg.
character strings need not be formally specified).

2. Indentation is an essential part of the SDM DDL syntax. Thus in figure 3-7, the first
level of indentation is used for presentation, while all others indicate indentation in the
syntax itself. For example, MEMBER_ATTRIBUTE is defined as consisting of an
ATTRIBUTE_NAME, followed by ATTRIBUTE_FEATURES (placed vertically
below ATTRIBUTE_NAME). ' :

3. Many rules which constrain the set of legal SDM schemas are not accomodated in the

syntax shown in the figure. As for any BNF style language description, a variety of

context sensitive language features cannot be expressed (as in a programming language

where it is not possible to require a variable to be declared prior to its use). For

u : example, in the SDM:
a. The rule that attributes of different applicability (member attribute, class-

determined attributes, and class attributes) must not be mixed is not accom:nuted in

r
o+ Mty o

the syntax, as its incorporation therein would be too cumbersome.

b. A similar statement can be made for the rules that arithmetic expressions must be {

T
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computed on-attributes whose values are numbers, that 2 common root class must

exist for classes defined by multiset operator interclass connections, and so forth.

4. Various defaults are not described in the syntax:

a. A class is indicated as a nonbase class by the presence of a derivation; otherwise
the class is a base class.

b. The default class kind is “"concrete object".

_c. The default is that a class cannot have duplicates; "duplicates-aliowed” must be
explicitly stated.

d. An attribute is indicated as derived by the presence of a derivation; otherwise
the attribute is primitive, and must have a specified value class.

e. The default attribute kind is "property”.

f. An attribute is single-valued by default; if it is multi-valued, it must be explicitly
declared as such.

g An atiribute is optional by default; if it is mandatory this must be explicitly
stated.

h. The default is that an attribute is changeable; fixed attributes are explicitly

declared as "fixed".

The reader is ericouraged to examine the example schema description in figure 3-, as it was

constructed to conform to the DDL syntax rules.
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3.5. Operations on an SDM Data Base

An important part of any data model is the set of operations that can be performed
on it. The operations defined for the SDM allow a user to derive information from a data
base, to update a data base (adding new information to it or correcting information in it),
and to include new structural information in it (change the SDM schema).

There is a vocabulary of SDM "base” operations, which are application environment
independent and pre-defined. The set of permissible operations is designed to permit only
semantically meaningful manipulations of an SDM data base. User-Jefined operations can
be constructe& using the primitives. A detailed specification of the SDM operation facilities

is provided in chapter 5.

3.6. Summary of the SDM

To summarize the principal features of the SDM, we note that at the coarsest level of
detail, an SDM data base is a collection of classes. Each such class is defined in the SDM
schema for a given SDM data base. Classes have members, which are entities of one of the
following entity types: (concrete) object, (point and duration) event, abstraction, aggregate,
and name. A given entity in an SDM data base can be a member of more than one class.
Each class has a specified name (unique over all classes in a schema), and an optional

description (for documentation purposes). A class is specified as either containing cuplicates

or not containing duplicates.

SDM classes can be divided into two groups: base classes and derived classes. Base
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SDM classes are those that are defined independently, while nonbase classes are those that
are defined in terms of other classes. A nonbase SDM class has an associated derivation
specification, which consists of an interclass connection. The types of interclass connections

provided are: “restrici”, to describe a subclass of some class by stating a constraint on its

attributes; "subset”, for a user-controllable subclass; "extract common member:”, “extract

missing members”, and "merge members”, for defining a class via a (multi)set operator;
"abstract”, to define a class whose members are abstractions of the membcri\of some other
class; and "aggregate”, for specifying a class whose members are collecuon; of the members
of some other class.

Each class has a group of attributes associated with it. Like classes, attributes have a
name (unique over all attributes of the class), and an optional description. An attribute may
describe an aspect of each member of a class (a "member attribute”), an aspect of each
member of a class that has the same value for all class members (a "class-determined
attribute”), or an aspect of a class taken as a whole (a “class attribute”). A “component”
attribute is one which describes some part of a concrete object; a participant attribute
logically links an event to participant(s) in that event; a “property” is a general sort of
attribute, which is not of one of the preceding two specific types.

A primitive attribute is explicitly given values by a user. Each primitive attribute
has a specified value class, which is the class defined in the schema from which values of
the attribute must be selected. An attribute is specified as either single-valued or muiti-

valued. Each primitive attribute is specified as mandatory if it may not have an "unknown"
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value, and optional otherwise. Similarly, each primitive attribute is defined as fixed if its
value cannot change over the lifetime of the entity or class it modifies, and changeable
otherwise.

A derived attribute is one whose value is calculated from information in a data base
via an attribute derivation specification. The permitted derivation specifications for
member attributes allow an attribute to be defined by: “ordering™ on other attribute(s);
"inversion” of an attribute of some class; "matching” to the members of some class;
"existence” of the entity in another class; "merging members recursively” over an attribute;
"instances” (the instances of the members of an abstraction class); “constituents” (the
constituents of the members of an aggregate class). There are two types of derivation
specifications for class attributes: the value of the attribute is the number of (unique)
members in the class; the attribute’s value is the maximum, minimum, sum, or average of
the values of some numeric member attribute taken over the class. To define the value of
an attribute in terms of the value of other attributes of the same class and applicability,
several inter-attribute derivation specification types are supported which specify an
attribute’s value as: equal to the value of some other attribute; an arithmetic combination
of other attributes; "extract common members”, "extract missing members®, or "merge
members” applied to two or more multi-valued attributes; the maximum, minimum, sum, or
average of a multi-valued numeric attribute; the number of (unique) members in a multi-
valued attribute; the restriction of the class of values for a multi-valued attribute. In

attribute derivation specifications, mappings are used to reference an attribute of the entity
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which is the value of an attribute, and so forth.
In addition to the attributes listed in the definition of a class, that class may inherit
additional attributes from other data base classes to which it is related via interclass

connections. An attribute is inherited if and only if the meaning and value of that attribute

is the same in the class from which it is being inherited and the class by which it is being

inherited.
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4. APPLICATION MODELLING WITH THE SDM

In the preceding chapter, a detailed specification of the SDM was provided. In the
present chapter, we examine the use of the SDM as a data base application environment
modelling tool. We have asserted that the SDM is useful in several ways:

1. It can be used as a formal specification mechanism and data base documentation
device. A formal description expressed in terms of the SDM can serve as a
communications medium between an application specialist and a data base designer,
precisely describing the system for which a data base is to be constructed. It can also be
included in the permanent documentation of the data base, to provide a meaningful and
unambiguous guide to it. .

2. It provides a basis for effective user interface tools, which allow a user to focus on the
meaning of the information, and to understand the logical organization of a data base.
3. An application description couched in terms of the SDM is useful to the data base
designer as a guide for constructing a conventional data base schema, i.e, one based on
a conventional data model.

Specifically, this chapter stresses how the SDM captures the semantic information
needed to support each of these applications, and how one models an application
environment with the SDM:

I. We examine the ways in which the SDM modelling facilities can be used, and
describe how the features of the SDM address the problems of convennional data models

(as outlined in chapter 2). The unique aspects of the SDM are stressed.




2. Several important aspects of the SDM as a modelling tool are discussed in detail, viz.,
the use of derived information and the management of the degrees of the modelling
freedom provided in the SDM.

3. We examine the ways in which an SDM data base for a given application
environment should be designed. A specific methodology for the design of SDM

schemas is presented, and an example data base is included to illustrate its use.

4.1. The Motivation for the SDM Features
Each feature in the SDM is designed to respond to one or more of the observed data
modelling problems of conventional data models, as described in chapter 2. In this section,
we explain how the motivation for the various SDM features, and analyze how they solve
problems with conventional data models:
I. SDM classes are used to model the existence of entities of a given type. Various types
of entities are distinguished: (concrete) objects, (point and duration) events, abstractions,
aggregates, and names; a distinct kind of.class is used to model each of the types of
entities that commonly appear in an application environments. The class structure is
used to model only the existence of entities. The SDM thus attacks the problems of
syntactic data structures and semantic overloading exhibited by conventional data
models, in that it allows high level structures to be directly modelled in a schema.
2. Through the mechanism of “event”, the SDM allows a data base schema to capture

the dynamics as well as the statics of an application environment (in response to the
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problem of static orientation). The potentially important semantic differences between
objects and events can thus be expressed in a data base's schema.
3. An entity can be a member of more than one class: SDM interclass connections allow
nonbase classes to be defined by relating them to others in the schema. For example, a
given oil tanker may be a member of SHIPS, OIL_TANKERS, and
LIBERIAN_OIL_TANKERS. By supporting the specification of logical interclass
relationships, the SDM addresses the problem of disjoint structures exhibited by
conventional data models.
4. The notion of a class that contains some of the members of another is important in
the SDM. There are several specific ways in which an SDM subclass can be defined:
a. "Restrict” allows a subclass of a parent class to be defined whose constitution is
specified by a predicate on the members of the parent class. This greatly alleviates
the problem of nonintegrated subtypes exhibited by conventional data models.
b. “Subset” allows user-controllable subclasses to be defined, avoiding the
conventional problem of dynamic subsets by name.
c. "Extract common members”, “extract missing members", and "merge members" are
used to define subclasses in terms of multiset operations on underlying classes.
5. "Second order” entities, i.e, those that are collections (aggregates) or abstractions of
others are accomodated in the SDM via the interclass connections "aggregate” and
“abstract™. In this way information about collections of collections of entities can be

captured in a data base schema. The ability to define aggregate and abstraction classes
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! addresses the conventional data model problems of aggregation by name association and
artificial abstraction, respectively. The logical connection between an abstraction and its
instances and between an aggregate and its constituents is accomodated via:
a. the “Instances”™ member attribute of an abstraction class (eg., the SHIPS that are
instances of a given member of SHIP_TYPES),

b. the "Constituents” attribute of an aggregate class (eg., the SHIPS that are the

constituents of scme member of CONVOYS),

c. a specification in the definition of an abstraction class of the instances classes that
are explicitly defined in the schema as restrictions (e.g, MERCHANT_SHIPS
contains the instances of a member of SHIP_TYPES),

d. a specification in the definition of an derived or mixed aggregate class of the
constituents classes that are explicitly defined in the schema as subsets)

6. Entity attributes are directly accomodated in the SDM: artificial association entities

need not be defined as in conventional data models [Chen 1976, Pirotte 1976). For

I —

example, it is not necessary to introduce an entity to relate ships to their country of

registry; rather, this association is captured by the primitive attribute
Country_of _registry of SHIPS, and its inversion Ships_registered_here of
COUNTRIES. |

7. The value class of an attribute can be any class defined in the schema. This avoids
the problems of atomic value sets and denotation be selected name. For example, the

value class of attribute Captain of class SHIPS is OFFICERS, rather than a class
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containing, say, names of officers. By contrast, in the relational and network data
models, attribute value classes are required to be atomic "domains”, which are atomic
sets of data values. It is conventionally assumed that the definition of such domains
cannot involve information in a data base, but rather is strictly a data formatting

process [McLeod 1977a). For example, in the relational data model it is possible to state

that the value class of a Date attribute is WEEKDAYS, where the members of
WEEKDAYS are the sirings that stand for working days. However, it is not possible to
state that the value of an attribute Tanker is OIL_TANKER_NAMES, where
OIL_TANKERS names is required to be those members of SHIP_NAMES that are

names of members of OIL_TANKERS. The SDM avoids this problem by allowing the

values of attribute Tanker to be members of OIL_TANKER itself.
8. In the SDM, explicit cross referencing across data structures is not necessary as it is in
the relational data model; given an entity, a user can directly travel to the entities that

* are the values of its attributes. For example, the SDM user does not have to cross link

ships to their captains by matching on ship name, but rather can directly travel to an
officer entity itself via the value of attribute Captain of SHIPS.

9. An SDM data base designer does not need to select a key name around which the
data base is to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>