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Chapter 1

The Worlds of Database
Systems |

Databases today are essential to every business. They are used to maintain
internal records, to present data to customers and clients on the World-Wide-
Web, and to support many other commercial processes. Databases are likewise
found at the core of many scientific investigations. They represent the data
gathered by astronomers, by investigators of the human genome, and by bio-
chemists exploring the medicinal properties of proteins, along with many other
scientists.

The power of databases comes from a body of knowledge and technology
that has developed over several decades and is embodied in specialized soft-
ware called a database management system, or DBMS, or more colloquially a
“database system.” A DBMS is a powerful tool for creating and managing large
amounts of data efficiently and allowing it to persist over long periods of time,
safely. These systems are among the most complex types of software available.
The capabilities that a DBMS provides the user are:

1. Persistent storage. Like a file system, a DBMS supports the storage of
very large amounts of data that exists independently of any processes that
are using the data. However, the DBMS goes far beyond the file system in
providing flexibility, such as data structures that support efficient access
to very large amounts of data.

2. Programming interface. A DBMS allows the user or an application pro-
gram to access and modify data through a powerful query language.
Again, the advantage of a DBMS over a file system is the flexibility to
manipulate stored data in much more complex ways than the reading and
writing of files.

3. Transaction management. A DBMS supports concurrent access to data,
i.e., simultaneous access by many distinct processes (called “transac-
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tions”) at once. To avoid some of the undesirable consequences of si-
multaneous access, the DBMS supports iselation, the appearance that
transactions execute one-at-a-time, and atomicity, the requirement that
transactions execute either completely or not at all. A DBMS also sup-
ports durability, the ability to recover from failures or errors of many

types.

1.1 The Evolution of Database Systems

What is a database? In essence a database is nothing more than a collection of
information that exists over a long period of time, often many years. In common
parlance, the term database refers to a collection of data that is managed by a
DBMS. The DBMS is expected to:

1. Allow users to create new databases and specify their schema (logical
structure of the data), using a specialized language called a data-definition
language.

2. Give users the ability to query the data (a “query” is database lingo for
a question about the data) and modify the data, using an appropriate
language, often called a query language or data-manipulation language.

3. Support the storage of very large amounts of data — many gigabytes or
more — over a long period of time, keeping it secure from accident or
unauthorized use and allowing efficient access to the data for queries and
database modifications.

4. Control access to data from many users at once, without allowing the
actions of one user to affect other users and without allowing simultaneous
accesses to corrupt the data accidentally.

1.1.1 Early Database Management Systems

The first commercial database management systems appeared in the late 1960’s.
These systems evolved from file systems, which provide some of item (3) above;
file systems store data over a long period of time, and they allow the storage of
large amounts of data. However, file systems do not generally guarantee that
data cannot be lost if it is not backed up, and they don’t support efficient access
to data items whose location in a particular file is not known.

Further, file systems do not directly support item (2), a query language for

the data in files. Their support for (1) — a schema for the data — is limited to
the creation of directory structures for files. Finally, file systems do not satisfy
(4). When they allow concurrent access to files by several users or processes,
a file system generally will not prevent situations such as two users modifying
the same file at about the same time, so the changes made by one user fail to
appear in the file.

1.1. THE EVOLUTION OF DATABASE SYSTEMS 3

The first important applications of DBMS’s were ones where data was com-
posed of many small items, and many queries or modifications were made. Here
are some of these applications.

Airline Reservations Systems

In this type of system, the items of data include:

1. Reservations by a single customer on a single flight, including such infor-
mation as assigned seat or meal preference.

2. Information about flights — the airports they fly from and to, their de-
parture and arrival times, or the aircraft flown, for example.

3. Information about ticket prices, requirements, and availability.

Typical queries ask for flights leaving around a certain time from one given
city to another, what seats are available, and at what prices. Typical data
modifications include the booking of a flight for a customer, assigning a seat, or
indicating a meal preference. Many agents will be accessing parts of the data
at any given time. The DBMS must allow such concurrent accesses, prevent
problems such as two agents assigning the same seat simultaneously, and protect
against loss of records if the system suddenly fails.

Banking Systems

Data items include names and addresses of customers, accounts, loans, and their
balances, and the connection between customers and their accounts and loans,
e.g., who has signature authority over which accounts. Queries for account
balances are common, but far more common are modifications representing a
single payment from, or deposit to, an account.

As with the airline reservation system, we expect that many tellers and
customers (through ATM machines or the Web) will be querying and modifying
the bank’s data at once. It is vital that simultanecus accesses to an account not
cause the effect of a transaction to be lost. Failures cannot be tolerated. For
example, once the money has been ejected from an ATM machine, the bank
must record thé debit, even if the power immediately fails. On the other hand,
it is not permissible for the bank to record the debit and then not deliver the
money if the power fails. The proper way to handle this operation is far from
obvious and can he regarded as one of the significant achievements in DB)IS
architecture.

Corporate Records

Many early applications concerned corporate records, such as a record of each
sale, information about accounts payable and receivable, or information about
employees — their names, addresses, salary, benefit options, tax status, and
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so on. Queries include the printi.ng of reports such as accounts receivable or
employees’ weekly paychecks. Each sale, purchase, bill, receipt, employee hired,
fired, or promoted, and so on, results in a modification to the database.

The early DBMS’s, evolving from file systems, encouraged the user to visu-
alize data much as it was stored. These database systems used several different
data models for describing the structure of the information in a database, chief
among them the “hierarchical” or tree-based model and the graph-based “net-
work” model. The latter was standardized in the late 1960’s through a report
of CODASYL (Committee on Data Systems and Languages).!

A problem with these early models and systems was that they did not sup-
port high-level query languages. For example, the CODASYL query language
had statements that allowed the user to jump from data element to data ele-
ment, through a graph of pointers among these elements. There was consider-
able effort needed to write such programs, even for very simple queries.

1.1.2 Relational Database Systems

Following a famous paper written by Ted Codd in 1970,2 database systems
changed significantly. Codd proposed that database systems should present
the user with a view of data organized as tables called relations. Behind the
scenes, there might be a complex data structure that allowed rapid response to
a variety of queries. But, unlike the user of earlier database systems, the user of
a relational system would not be concerned with the storage structure. Queries
could be expressed in a very high-level language, which greatly increased the
efficiency of database programmers.

We shall cover the relational model of database systems throughout most
of this book, starting with the basic relational concepts in Chapter 3. SQL
(“Structured Query Language”), the most important query language based on
the relational model, will be covered starting in Chapter 6. However, a brief
introduction to relations will give the reader a hint of the simplicity of the
model, and an SQL sample will suggest how the relational model promotes
queries written at a very high level, avoiding details of “navigation” through
the database.

Example 1.1: Relations are tables. Their columns are headed by attributes,
which describe the entries in the column. For instance, a relation named
Accounts, recording bank accounts, their balance, and type might look like:

accountNo | balance | type

12345 1000.00 | savings
67890 2846.92 | checking

YCODASYL Data Base Task Group April 197! Report, ACM, New York.
2Codd, E. F., “A relational model for large shared data banks,” Comm. ACM, 13:6,
pp- 377-387, 1970.
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Heading the columns are the three attributes: accountNo, balance, and type.
Below the attributes are the rows, or tuples. Here we show two tuples of the
relation explicitly, and the dots below them suggest that there would be many
more tuples, one for each account at the bank. The first tuple says that account
number 12345 has a balance of one thousand dollars, and it is a savings account.
The second tuple says that account 67890 is a checking account with $2846.92.

Suppose we wanted to know the balance of account 67890. We could ask
this query in SQL as follows:

SELECT balance
FROM Accounts
WHERE accountNo = 67890;

For another example, we could ask for the savings accounts with negative bal-
ances by:

SELECT accountNo
FROM Accounts
WHERE type = ’savings’ AND balance < 0;

We do not expect that these two examples are enough to make the reader an
expert SQL programmer, but they should convey the high-level nature of the
SQL “select-from-where” statement. In principle, they ask the DBMS to

1. Examine all the tuples of the relation Accounts mentioned in the FROM
clause,

2. Pick out those tuples that satisfy some criterion indicated in the WHERE
clause, and

3. Produce as an answer certain attributes of those tuples, as indicated in
the SELECT clause.

In practice, the system must “optimize” the query and find an efficient way to
answer the query, even though the relations involved in the query may be very
large. O

By 1990, relational database systems were the norm. Yet the database field
continues to evolve, and new issues and approaches to the management of data
surface regularly. In the balance of this section, we shall consider some of the
modern trends in database systems.

1.1.3 Smaller and Smaller Systems

Originally, DBMS’s were large, expensive software systems running on large
computers. The size was necessary, because to store a gigabyte of data required
a large computer system. Today, many gigabytes fit on a single disk, and
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it is quite feasible to run a DBMS on a personal computer. Thus, database
systems based on the relational model have become available for even very small
machines, and they are beginning to appear as a common tool for computer
applications, much as spreadsheets and word processors did before them.

1.14 Bigger-and Bigger Systems

On the other hand, a gigabyte isn't much data. Corporate databases often
occupy hundreds of gigabytes. Further, as storage becomes cheaper people
find new reasons to store greater amounts of data. For example, retail chains
often store terabytes (a terabyte is 1000 gigabytes, or 1012 bytes) of information
recording the history of every sale made over a long period of time (for planning
inventory; we shall have more to say about this matter in Section 1.1.7).

Further, databases no longer focus on storing simple data items such as
integers or short character strings. They can store images, audio, video, and
many other kinds of data that take comparatively huge amounts of space. For
instance, an hour of video consumes about a gigabyte. Databases storing images
from satellites can involve petabytes (1000 terabytes, or 10'® bytes) of data.

Handling such large databases required several technological advances. For
example, databases of modest size are today stored on arrays of disks, which are
called secondary storage devices (compared to main memory, which is “primary”
storage). One could even argue that what distinguishes database systems from
other software is, more than anything else, the fact that database systems
routinely assume data is too big to fit in main memory and must be located
primarily on disk at all times. The following two trends allow database systems
to deal with larger amounts of data, faster.

Tertiary Storage

The largest databases today require more than disks. Several kinds of tertiary
storage devices have been developed. Tertiary devices, perhaps storing a tera-
byte each, require much more time to access a given item than does a disk.
While typical disks can access any item in 10-20 milliseconds, a tertiary device
may take several seconds. Tertiary storage devices involve transporting an

object, upon which the desired data item is stored, to a reading device. This

movement is performed by a robotic conveyance of some sort.

For example, compact disks (CD’s) or digital versatile disks (DVD’s) may
be the storage medium in a tertiary device. An arm mounted on a track goes
to a particular disk, picks it up, carries it to a reader, and loads the disk into
the reader.

Parallel Computing

The ability to store enormous volumes of data is important, but it would be
of little use if we could not access large amounts of that data quickly. Thus,
very large databases also require speed enhancers. One important speedup is
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through index structures, which we shall mention in Section 1.2.2 and cover
extensively in Chapter 13. Another way to process more data in a given time
is to use parallelism. This parallelism manifests itself in various ways.

For example, since the rate at which data can be read from a given disk is
fairly low, a few megabytes per second, we can speed processing if we use many
disks and read them in parallel (even if the data originates on tertiary storage,
it is “cached” on disks before being accessed by the DBMS). These disks may
be part of an organized parallel machine, or they may be components of a
distributed system, in which many machines, each responsible for a part of the
database, communicate over a high-speed network when needed.

Of course, the ability to move data quickly, like the ability to store large
amounts of data, does not by itself guarantee that queries can be answered
quickly. We still need to use algorithms that break queries up in ways that
allow parallel computers or networks of distributed computers to make effective
use of all the resources. Thus, parallel and distributed management of very large
databases remains an active area of research and development; we consider some
of its important ideas in Section 15.9.

1.1.5 Client-Server and Multi-Tier Architectures

Many varieties of modern software use a client-server architecture, in which
requests by one process (the client) are sent to another process (the server) for
execution. Database systems are no exception, and it has become increasingly
common to divide the work of a DBMS into a server process and one or more
client processes.

In the simplest client-server architecture, the entire DBMS is a server, except
for the query interfaces that interact with the user and send queries or other
commands across to the server. For example, relational systems generally use
the SQL language for representing requests from the client to the server. The
database server then sends the answer, in the form of a table or relation, back
to the client. The relationship between client and server can get more complex,
especially when answers are extremely large. We shall have more to say about
this matter in Section 1.1.6.

There is also a trend to put more work in the client, since the server will
be a bottleneck if there are many simultaneous database users. In the recent
proliferation of system architectures in which databases are used to provide
dynamically-generated content for Web sites, the two-tier (client-server) archi-
tecture gives way to three (or even more) tiers. The DBMS continues to act
as a server, but its client is typically an application server, which manages
connections to the database, transactions, authorization, and other aspects.
Application servers in turn have clients such as Web servers, which support
end-users or other applications.
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1.1.6 Multimedia Data

Another important trend in database systems is the inclusion of multimedia
data. By “multimedia” we mean information that represents a signal of some
sort. Common forms of multimedia data include video, audio, radar signals,
satellite images, and documents or pictures in various encodings. These forms
have in common that they are much larger than the earlier forms of data —
integers, character strings of fixed length, and so on — and of vastly varying
sizes. :

The storage of multimedia data has forced DBMS’s to expand in several
ways. For example, the operations that one performs on multimedia data are
not the simple ones suitable for traditional data forms. Thus, while one might
search a bank database for accounts that have a negative balance, comparing
each balance with the real number 0.0, it is not feasible to search a database of
pictures for those that show a face that “looks like” a particular image.

To allow users to create and use complex data operations such as image-
processing, DBMS’s have had to incorporate the ability of users to introduce
functions of their own choosing. Often, the object-oriented approach is used
for such extensions, even in relational systems, which are then dubbed “object-
relational.” We shall take up object-oriented database programming in various
places, including Chapters 4 and 9.

The size of multimedia objects also forces the DBMS to modify the storage
manager so that objects or tuples of a gigabyte or more can be accommodated.
Among the many problems that such large elements present is the delivery of
answers to queries. In a conventional, relational database, an answer is a set of
tuples. These tuples would be delivered to the client by the database server as
a whole.

However, suppose the answer to a query is a video clip a gigabyte long. It is
not feasible for the server to deliver the gigabyte to the client as a whole. For
one reason it takes too long and will prevent the server from handling other
requests. For another, the client may want only a small part of the film clip,
but doesn’t have a way to ask for exactly what it wants without seeing the
initial portion of the clip. For a third reason, even if the client wants the whole
clip, perhaps in order to play it on a screen, it is sufficient to deliver the clip at
a fixed rate over the course of an hour (the amount of time it takes to play a
gigabyte of compressed video). Thus, the storage system of a DBMS supporting
multimedia data has to be prepared to deliver answers in an interactive mode,
passing a piece of the answer to the client on request or at a fixed rate.

1.1.7 Information Integration

As information becomes ever more essential in our work and play, we find that
existing information resources are being used in many new ways. For instance,
consider a company that wants to provide on-line catalogs for all its products, so
that people can use the World Wide Web to browse its products and place on-
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line orders. A large company has many divisions. Each division may have built
its own database of products independently of other divisions. These divisions
may use different DBMS’s, different structures for information, perhaps even
different terms to mean the same thing or the same term to mean different
things.

Example 1.2: Imagine a company with several divisions that manufacture
disks. One division’s catalog might represent rotation rate in revolutions per
second, another in revolutions per minute. Another might have neglected to
represent rotation speed at all. A division manufacturing floppy disks might
refer to them as “disks,” while a division manufacturing hard disks might call
them “disks” as well. The number of tracks on a disk might be referred to as
“tracks” in one division, but “cylinders” in another. O

Central control is not always the answer. Divisions may have invested large
amounts of money in their database long before information integration across
divisions was recognized as a problem. A division may have been an inde-
pendent company, recently acquired. For these or other reasons, these so-called
legacy databases cannot be replaced easily. Thus, the company must build some
structure on top of the legacy databases to present to customers a unified view
of products across the company.

One popular approach is the creation of data warehouses, where information
from many legacy databases is copied, with the appropriate translation, to a
central database. As the legacy databases change, the warehouse is updated,
but not necessarily instantaneously updated. A common scheme is for the
warehouse to be reconstructed each night, when the legacy databases are likely
to be less busy.

The legacy databases are thus able to continue serving the purposes for
which they were created. New functions, such as providing an on-line catalog
service through the Web, are done at the data warehouse. We also see data
warehouses serving needs for planning and analysis. For example, company an-
alysts may run queries against the warehouse looking for sales trends, in order
to better plan inventory and production. Data mining, the search for interest-
ing and unusual patterns in data, has also been enabled by the construction
of data warehouses. and there are claims of enhanced sales through exploita-
tion of patterns discovered in this way. These and other issues of information
integration are discussed in Chapter 20.

1.2 Overview of a Database Management
System

In Fig. 1.1 we see an outline of a complete DBAIS. Single boxes represent system
components, while double boxes represent in-memory data structures. The solid
lines indicate control and data flow, while dashed lines indicate data flow only.
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Since the diagram is complicated, we shall consider the details in several stages.
First, at the top, we suggest that there are two distinct sources of commands
to the DBMS:

1. Conventional users and application programs that ask for data or modify
data.

2. A dotabase administrator: a person or persons responsible for the struc-
ture or schema of the database.

1.2.1 Data-Definition Language Commands

The second kind of command is the simpler to process, and we show its trail
beginning at the upper right side of Fig. 1.1. For example, the database ad-
ministrator, or DBA, for a university registrar’s database might decide that
there should be a table or relation with columns for a student, a course the
student has taken, and a grade for that student in that course. The DBA®
might also decide that the only allowable grades are A, B, C, D, and F. This
structure and constraint information is all part of the schema of the database.
It is shown in Fig. 1.1 as entered by the DBA, who needs special authority
to execute schema-altering commands, since these can have profound effects
on the database. These schema-altering DDL commands (“DDL” stands for
“data-definition language”) are parsed by a DDL processor and passed to the
execution engine, which then goes through the index/file/record manager to
alter the metadata, that is, the schema information for the database.

1.2.2 Overview of Query Processing

The great majority of interactions with the DBMS follow the path on the left
side of Fig. 1.1. A user or an application program initiates some action that
does not affect the schema of the database, but may affect the content of the
database (if the action is a modification command) or will extract data from
the database (if the action is a query). Remember from Section 1.1 that the
language in which these commands are expressed is called a data-manipulation
language (DML) or somewhat colloquially a query language. There are many
data-manipulation languages available, but SQL, which was mentioned in Ex-
ample 1.1, is by far the most commonly used. DML statements are handled by
two separate subsystems, as follows.

Answering the query

The query is parsed and optimized by a query compiler. The resulting query
plan, or sequence of actions the DBMS will perform to answer the query, is
passed to the ezecution engine. The execution engine issues a sequence of
requests for small pieces of data, typically records or tuples of a relation, to a
resource manager that knows about data files (holding relations), the format
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and size of records in those files, and index files, which help find elements of
data files quickly.

The requests for data are translated into pages and these requests are passed
to the buffer manager. We shall discuss the role of the buffer manager in
Section 1.2.3, but briefly, its task is to bring appropriate portions of the data
from secondary storage (disk, normally) where it is kept permanently, to main-
memory buffers. Normally, the page or “disk block” is the unit of transfer
between buffers and disk.

The buffer manager communicates with a storage manager to get data from
disk. The storage manager might involve operating-system commands, but
more typically, the DBMS issues commands directly to the disk controller.

Transaction processing

Queries and other DML actions are grouped into transactions, which are units

that must be executed atomically and in isolation from one another. Often each |

query or modification action is a transaction by itself. In addition, the execu-
tion of transactions must be durable, meaning that the effect of any completed
transaction must be preserved even if the system fails in some way right after
completion of the transaction. We divide the transaction processor into two
major parts:

1. A concurrency-control manager, or scheduler, responsible for assuring
atomicity and isolation of transactions, and

2. A logging and recovery manager, responsible for the durability of trans-
actions.

We shall consider these components further in Section 1.2.4.

1.2.3 Storage and Buffer Management

The data of a database normally resides in secondary storage; in today’s com-
puter systems “secondary storage” generally means magnetic disk. However, to
perform any useful operation on data, that data must be in main memory. It
is the job of the storege manager to control the placement of data on disk and
its movement between disk and main memory.

In a simple database system, the storage manager might be nothing more
than the file system of the underlying operating system. However, for efficiency
purposes, DBMS’s normally control storage on the disk directly, at least under
some circumstances. The storage manager keeps track of the location of files on
the disk and obtains the block or blocks containing a file on request from the
buffer manager. Recall that disks are generally divided into disk blocks, which
are regions of contiguous storage containing a large number of bytes, perhaps
212 or 24 (about 4000 to 16,000 bytes).

The buffer manager is responsible for partitioning the available main mem-
ory into buffers, which are page-sized regions into which disk blocks can be
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transferred. Thus, all DBMS components that need information from the disk
will interact with the buffers and the buffer manager, either directly or through
the execution engine. The kinds of information that various components may
need include:

1. Data: the contents of the database itself.

2. Metadata: the database schema that describes the structure of, and con-
straints on, the database.

3. Statistics: information gathered and stored by the DBMS about data
properties such as the sizes of, and values in, various relations or other
components of the database. :

4. Indezes: data structures that support efficient access to the data.

A more complete discussion of the buffer manager and its role appears in Sec-
tion 15.7.

1.2.4 Transaction Processing

It is normal to group one or more database operations into a transaction, which
is a unit of work that must be executed atomically and in apparent isolation
from other transactions. In addition, a DBMS offers the guarantee of durability:
that the work of a completed transaction will never be lost. The transaction
manager therefore accepts transaction commands from an application, which
tell the transaction manager when transactions begin and end, as well as infor-
mation about the expectations of the application (some may not wish to require
atomicity. for example). The transaction processor performs the following tasks:

1. Logging: In order to assure durability, every change in the database is
logged separately on disk. The log manager follows one of several policies
designed to assure that no matter when a system failure or “crash” occurs,
a recovery manager will be able to examine the log of changes and restore
the database to some consistent state. The log manager initially writes
the log in buffers and negotiates with the buffer manager to make sure that
buffers are written to disk (where data can survive a crash) at appropriate
times.

2. Concurrency control: Transactions must appear to execute in isolation.
But in most systems, there will in truth be many transactions executing
at once. Thus, the scheduler (concurrency-control manager) must assure
that the individual actions of multiple transactions are executed in such
an order that the net effect is the same as if the transactions had in
fact executed in their entirety, one-at-a-time. A typical scheduler does
its work by maintaining locks on certain pieces of the database. These
locks prevent two transactions from accessing the same piece of data in
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The ACID Properties of Transactions

Properly implemented transactions are commonly said to meet the “ACID
test,” where:

e “A” stands for “atomicity,” the all-or-nothing execution of trans-
actions.

o “T” stands for “isolation,” the fact that each transaction must appear
to be executed as if no other transaction is executing at the same
time.

e “D” stands for “durability,” the condition that the effect on the
database of a transaction must never be lost, once the transaction
has completed.

The remaining letter, “C,” stands for “consistency.” That is, all databases
have consistency constraints, or expectations about relationships among
data elements (e.g., account balances may not be negative). Transactions
are expected to preserve the consistency of the database. We discuss the
expression of consistency constraints in a database schema in Chapter 7,
while Section 18.1 begins a discussion of how consistency is maintained by
the DBMS.

ways that interact badly. Locks are generally stored in a main-memory
lock table, as suggested by Fig. 1.1. The scheduler affects the execution of
queries and other database operations by forbidding the execution engine
from accessing locked parts of the database.

3. Deadlock resolution: As transactions compete for resources through the
locks that the scheduler grants, they can get into a situation where none
can proceed because each needs something another transaction has. The
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“relational algebra” operations, which are discussed in Section 5.2. The
query compiler consists of three major units:

(a) A query parser, which builds a tree structure from the textual form
of the query.

(b) A query preprocessor, which performs semantic checks on the query
(e.g., making sure all relations mentioned by the query actually ex-
ist), and performing some tree transformations to turn the parse tree
into a tree of algebraic operators representing the initial query plan.

(c) A query optimizer, which transforms the initial query plan into the
best available sequence of operations on the actual data.

The query compiler uses metadata and statistics about the data to decide
which sequence of operations is likely to be the fastest. For example, the
existence of an indez, which is a specialized data structure that facilitates
access to data, given values for one or more components of that data, can
make one plan much faster than another.

. The ezxecution engine, which has the responsibility for executing each of

the steps in the chosen query plan. The execution engine interacts with
most of the other components of the DBMS, either directly or through
the buffers. It must get the data from the database into buffers in order
to manipulate that data. It needs to interact with the scheduler to avoid
accessing data that is locked, and with the log manager to make sure that
all database changes are properly logged.

1.3 Outline of Database-System Studies

Ideas related to database systems can be divided into three broad categories:

transaction manager has the responsibility to intervene and cancel (“roll- 1. Design of dt'ztabasers. How does one develop a usefu‘l database? What kinds
back” or “abort”) one or more transactions to let the others proceed. of information go into the database? How is the mformatlon. structured?
What assumptions are made about types or values of data items? How
do data items connect?
1.2.5 , .
The Query Processor 4 2. Database programming. How does one express queries and other opera-
The portion of the DB)MS that most affects the performance that the user sees ‘ tions on the database? How does one use other capabilities of a DBMS,
is the query processor. In Fig. 1.1 the query processor is represented by two such as transactions or constraints, in an application? How is database
components: programming combined with conventional programming?
1. The query compiler, which translates the query into an internal form called 3. Database system implementation. How does one build a DBMS, including

such matters as query processing, transaction processing and organizing
storage for efficient access?

a query plan. The latter is a sequence of operations to be performed on
the data. Often the operations in a query plan are implementations of
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How Indexes Are Implemented

The reader may have learned in a course on data structures that a hash
table is a very efficient way to build an index. Farly DBMS’s did use
hash tables extensively. Today, the most common data structure is called
3 B-tree; the “B” stands for “balanced.” A B-tree is a generalization of
a balanced binary search tree. However, while each node of a binary tree
has up to two children, the B-tree nodes have a large number of children.
Given that B-trees normally reside on disk rather than in main memory,
the B-tree is designed so that each node occupies a full disk block. Since
typical systems use disk blocks on the order of 212 bytes (4096 bytes),
there can be hundreds of pointers to children in a single block of a B-tree.
Thus, search of a B-tree rarely involves more than a few levels.

The true cost of disk operations generally is proportional to the num-
ber of disk blocks accessed. Thus, searches of a B-tree, which typically
examine only a few disk blocks, are much more efficient than would be a
binary-tree search, which typically visits nodes found on many different
disk blocks. This distinction, between B-trees and binary search trees, is
but one of many examples where the most appropriate data structure for
data stored on disk is different from the data structures used for algorithms
that run in main memory.

1.3.1 Database Design

- Chapter 2 begins with a high-level notation for expressing database designs,
called the entity-relationship model. We introduce in Chapter 3 the relational
model, which is the model used by the most widely adopted DBMS's, and which
we touched upon briefly in Section 1.1.2. We show how to translate entity-
relationship designs into relational designs, or “relational database schemas.”
Later, in Section 6.6, we show how to render relational database schemas for-
mally in the data-definition portion of the SQL language.

Chapter 3 also introduces the reader to the notion of “dependencies,” which
are formally stated assumptions about relationships among tuples in a relation.
Dependencies allow us to improve relational database designs, through a process
known as “normalization” of relations.

In Chapter 4 we look at object-oriented approaches to database design.
There, we cover the language ODL, which allows one to describe databases in
a high-level, object-oriented fashion. We also look at ways in which object-
oriented design has been combined with relational modeling, to yield the so-
called “object-relational” model. Finally, Chapter 4 also introduces “semistruc-
tured data” as an especially flexible database model, and we see its modern
embodiment in the document language XML.
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1.3.2 Database Programming

Chapters 5 through 10 cover database programming. We start in Chapter §
with an abstract treatment of queries in the relational model, introducing the
family of operators on relations that form “relational algebra.”

Chapters 6 through 8 are devoted to SQL programming. As we mentioned,
SQL is the dominant query language of the day. Chapter 6 introduces basic
ideas regarding queries in SQL and the expression of database schemas in SQL.
Chapter 7 covers aspects of SQL concerning constraints and triggers on the
data.

Chapter 8 covers certain advanced aspects of SQL programming. First,
while the simplest model of SQL programming is a stand-alone, generic query
interface, in practice most SQL programming is embedded in a larger program
that is written in a conventional language, such as C. In Chapter 8 we learn
how to connect SQL statements with a surrounding program and to pass data
from the database to the program’s variables and vice versa. This chapter also
covers how one uses SQL features that specify transactions, connect clients to
servers, and authorize access to databases by nonowners.

In Chapter 9 we turn our attention to standards for object-oriented database
programming. Here, we consider two directions. The first, OQL (Object
Query Language), can be seen as an attempt to make C++, or other object-
oriented programming languages, compatible with the demands of high-level
database programming. The second, which is the object-oriented features re-
cently adopted in the SQL standard, can be viewed as an attempt to make
relational databases and SQL compatible with object-oriented programming.

Finally, in Chapter 10, we return to the study of abstract query languages
that we began in Chapter 5. Here, we study logic-based languages and see how
they have been used to extend the capabilities of modern SQL.

1.3.3 Database System Implementation

The third part of the book concerns how one can implement a DBMS. The
subject of database system implementation in turn can be divided roughly into
three parts:

1. Storage management: how secondary storage is used effectively to hold
data and allow it to be accessed quickly.

2. Query processing: how queries expressed in a very high-level language
such as SQL can be executed efficiently.

3. Transaction management: how to support transactions with the ACID
properties discussed in Section 1.2.4.

Each of these topics is covered by several chapters of the book.
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Storage-Management Overview

Chapter 11 introduces the memory hierarchy. However, since secondary stor-
age, especially disk, is so central to the way a DBMS manages data, we examine
in the greatest detail the way data is stored and accessed on disk. The “block
model” for disk-based data is introduced; it influences the way almost every-
thing is done in a database system.

Chapter 12 relates the storage of data elements — relations, tuples, attrib-
ute-values, and their equivalents in other data models — to the requirements
of the block model of data. Then we look at the important data structures
that are used for the construction of indexes. Recall that an index is a data
structure that supports efficient access to data. Chapter 13 covers the important
one-dimensional index structures — indexed-sequential files, B-trees, and hash
tables. These indexes are commonly used in a DBMS to support queries in
which a value for an attribute is given and the tuples with that value are

desired. B-trees also are used for access to a relation sorted by a given attribute. .

Chapter 14 discusses multidimensional indexes, which are data structures for
specialized applications such as geographic databases, where queries typically
ask for the contents of some region. These index structures can also support
complex SQL queries that limit the values of two or more attributes, and some
of these structures are beginning to appear in commercial DBMS’s.

Query-Processing Overview

Chapter 15 covers the basics of query execution. We learn a number of al-
gorithms for efficient implementation of the operations of relational algebra.
These algorithms are designed to be efficient when data is stored on disk and
are in some cases rather different from analogous main-memory algorithms.

In Chapter 16 we consider the architecture of the query compiler:and opti-
mizer. We begin with the parsing of queries and their semantic checking. Next,
we consider the conversion of queries from SQL to relational algebra and the
selection of a logical query plan, that is, an algebraic expression that represents
the particular operations to be performed on data and the necessary constraints
regarding order of operations. Finally, we explore the selection of a physical
query plan, in which the particular order of operations and the algorithm used
to implement each operation have been specified.

Transaction-Processing Overview

In Chapter 17 we see how a DBMIS supports durability of transactions. The
central idea is that a log of all changes to the database is made. Anything that
is in main-memory but not on disk can be lost in a crash (say, if the power
supply is interrupted). Therefore we have to be careful to move from buffer to
disk, in the proper order, both the database changes themselves and the log of
what changes were made. There are several log strategies available, but each
limits our freedom of action in some ways.
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Then, we take up the matter of concurrency control — assuring atomicity
and isolation — in Chapter 18. We view transactions as sequences of operations
that read or write database elements. The major topic of the chapter is how
to manage locks on database elements: ‘the different types of locks that may
be used, and the ways that transactions may be allowed to acquire locks and
release their locks on elements. Also studied are a number of ways to assure
atomicity and isolation without using locks.

Chapter 19 concludes our study of transaction processing. We consider the
interaction between the requirements of logging, as discussed in Chapter 17, and
the requirements of concurrency that were discussed in Chapter 18. Handling
of deadlocks, another important function of the transaction manager, is covered
here as well. The extension of concurrency control to a distributed environment
is also considered in Chapter 19. Finally, we introduce the possibility that
transactions are “long,” taking hours or days rather than milliseconds. A long
transaction cannot lock data without causing chaos among other potential users
of that data, which forces us to rethink concurrency control for applications that
involve long transactions.

1.3.4 Information Integration Overview

Much of the recent evolution of database systems has been toward capabilities
that allow different data sources, which may be databases and/or information
resources that are not managed by a DBMS, to work together in a larger whole.
We introduced you to these issues briefly, in Section 1.1.7. Thus, in the final
Chapter 20, we study important aspects of information integration. We discuss
the principal modes of integration, including translated and integrated copies
of sources called a “data warehouse,” and virtual “views” of a collection of
sources, through what is called a “mediator.”

1.4 Summary of Chapter 1

4+ Database Management Systems: A DBMIS is characterized by the ability
to support efficient access to large amounts of data, which persists over
time. It is also characterized by support for powerful query languages and
for durable transactions that can execute concurrently in a manner that
appears atomic and independent of other transactions.

+ Comparison With File Systems: Conventional file systems are inadequate
as database systems, because they fail to support efficient search. efficient
modifications to small pieces of data. complex queries, controlled buffering
of useful data in main memory, or atomic and independent execution of
transactions.

+ Relational Database Systems: Today. most database systems are based
on the relational model of data, which organizes information into tables.
SQL is the language most often used in these systems.
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4+ Secondary and Tertiary Storage: Large databases are stored on secondary
storage devices, usually disks. The largest databases require tertiary stor-
age devices, which are several orders of magnitude more capacious than
disks, but also several orders of magnitude slower.

+ Client-Server Systems: Database management systems usually support a
client-server architecture, with major database components at the server
and the client used to interface with the user.

4 FPuture Systems: Major trends in database systems include support for
very large “multimedia” objects such as videos or images and the integra-
tion of information from many separate information sources into a single
database.

4+ Database Languages: There are languages or language components for
defining the structure of data (data-definition languages) and for querying
and modification of the data (data-manipulation languages).

4+ Components of a DBMS: The major components of a database man-
agement system are the storage manager, the query processor, and the
transaction manager.

+ The Storage Manager: This component is responsible for storing data,
metadata, (information about the schema or structure of the data), indexes
{data structures to speed the access to data), and logs (records of changes
to the database). This material is kept on disk. An important storage-
management component is the buffer manager, which keeps portions of
the disk contents in main memory.

+ The Query Processor: This component parses queries, optimizes them by
selecting a query plan, and executes the plan on the stored data.

4+ The Transaction Manager: This component is responsible for logging
database changes to support recovery after a system crashes. It also sup-
ports concurrent execution of transactions in a way that assures atomicity
(a transaction is performed either completely or not at all}, and isolation
(transactions are executed as if there were no other concurrently executing
transactions).

1.5 References for Chapter 1

Today, on-line searchable bibliographies cover essentially all recent papers con-
cerning database systems. Thus, in this book, we shall not try to be exhaustive
in our citations, but rather shall mention only the papers of historical impor-
tance and major secondary sources or useful surveys. One searchable index

1.5. REFERENCES FOR CHAPTER 1 ' 21

of database research papers has been constructed by Michael Ley [5]. Alf-
Christian Achilles maintains a searchable directory of many indexes relevant to
the database field [1].

While many prototype implementations of database systems contributed to

.the technology of the field, two of the most widely known are the System R

project at IBM Almaden Research Center [3] and the INGRES project at Berke-
ley [7]. Each was an early relational system and helped establish this type of
system as the dominant database technology. Many of the research papers that
shaped the database field are found in [6].

The 1998 “Asilomar report” [4] is the most recent in a series of reports on
database-system research and directions. It also has references to earlier reports
of this type.

You can find more about the theory of database systems than is covered
here from [2], {8}, and [9].

1. http://liinwww.ira.uka.de/bibliography/Database .

2. Abiteboul, S., R. Hull, and V. Vianu, Foundations of Databases, Addison-
Wesley, Reading, MA, 1995.

3. M. M. Astrahan et al., “System R: a relational approach to database
management,” ACM Trans. on Database Systems 1:2, pp. 97-137, 1976.

4. P. A. Bernstein et al., “The Asilomar report on database research,”
http://www.acm.org/sigmod/record/issues/9812/asilomar.html .

3. http://www.informatik.uni-trier.de/~ley/db/index.html . A mir-
ror site is found at http://www. acm.org/sigmod/dblp/db/ index.html .

6. Stonebraker, M. and J. M. Hellerstein (eds.), Readings in Database Sys-
tems, Morgan-Kaufmann, San Francisco, 1998.

7. M. Stonebraker, E. Wong, P. Kreps, and G. Held, “The design and imple-
mentation of INGRES,” ACM Trans. on Database Systems 1:3, pp. 189-
222, 1976.

8. Ullman, J. D., Principles of Database and Knowledge-Base Systems, Vol-
ume I, Computer Science Press, New York, 1988.

9. Ullman, J. D., Principles of Database and Knowledge-Base Systems, Vol-
ume I, Computer Science Press, New York, 1989.




Chapter 2

The Entity-Relationship
Data Model

The process of designing a database begins with an analysis of what informa-
tion the database must hold and what are the relationships among components
of that information. Often, the structure of the database, called the database
schema, is specified in one of several languages or notations suitable for ex-
pressing designs. After due consideration, the design is committed to a form in
which it can be input to a DBMS, and the database takes on physical existence.

In this book, we shall use several design notations. We begin in this chapter
with a traditional and popular approach called the “entity-relationship” (E/R)
model. This model is graphical in nature, with boxes and arrows representing
the essential data elements and their connections.

In Chapter 3 we turn our attention to the relational model, where the world
is represented by a collection of tables. The relational model is somewhat
restricted in the structures it can represent. However, the model is extremely
simple and useful, and it is the model on which the major commercial DBMS’s
depend today. Often, database designers begin by developing a schema using
the E/R or an object-based model, then translate the schema to the relational
model for implementation. )

Other models are covered in Chapter 4. In Section 4.2, we shall introduce
ODL (Object Definition Language), the standard for object-oriented databases.
Next, we see how object-oriented ideas have affected relational DBMS’s, yielding
a model often called “object-relational.”

Section 4.6 introduces another modeling approach, called “semistructured
data.” This model has an unusual amount of flexibility in the structures that the
data may form. We also discuss, in Section 4.7, the XML standard for modeling
data as a hierarchically structured document, using “tags” (like HTML tags)
to indicate the role played by text elements. XML is an important embodiment
of the semistructured data model.

Figure 2.1 suggests how the E/R mode! is used in database design. We
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Ideas design schema DBMS

Figure 2.1: The database modeling and implementation process

start with ideas about the information we want to model and render them in
the E/R model. The abstract E/R design is then converted to a schema in the
data-specification language of some DBMS. Most commonly, this DBMS uses
the relational model. If so, then by a fairly mechanical process that we shall
discuss in Section 3.2, the abstract design is converted to a concrete, relational
design, called a “relational database schema.”

It is worth noting that, while DBMS’s sometimes use a model other than
relational or object-relational, there are no DBMS’s that use the E/R model
directly. The reason is that this model is not a sufficiently good match for the
efficient data structures that must underlie the database.

2.1 Elements of the E/R Model

The most common model for abstract representation of the structure of a
database is the entity-relationship model (or E/R model). In the E/R model,
the structure of data is represented graphically, as an “entity-relationship dia-
gram,” using three principal element types:

1. Entity sets,
2. Attributes, and

3. Relationships.

We shall cover each in turn.

2.1.1 Entity Sets

An entity is an abstract object of some sort, and a collection of similar entities
forms an entity set. There is some similarity between the entity and an “object”
in the sense of object-oriented programming. Likewise, an entity set bears some
resemblance to a class of objects. However, the E/R model is a static concept,
involving the structure of data and not the operations on data. Thus, one would
not expect to find methods associated with an entity set as one would with a
class.

Example 2.1: We shall use as a running example a database about movies,
their stars, the studios that produce them, and other aspects of movies. Each
movie is an entity, and the set of all movies constitutes an entity set. Likewise,
the stars are entities, and the set of stars is an entity set. A studio is another
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E/R Model Variations
In some versions of the E/R model, the type of an attribute can be either:

1. Atomic, as in the version presented here.

2. A “struct,” as in C, or tuple with a fixed number of atomic compo-
nents.

3. A set of values of one type: either atomic or a “struct” type.

For example, the type of an attribute in such a model could be a set of
pairs, each pair consisting of an integer and a string.

kind of entity, and the set of studios is a third entity set that will appear in our
examples. O

2.1.2 Attributes

Entity sets have associated attributes, which are properties of the entities in
that set. For instance, the entity set Movies might be given attributes such
as title (the name of the movie) or length, the number of minutes the movie
runs. In our version of the E/R model, we shall assume that attributes are
atomic values, such as strings, integers, or reals. There are other variations of
this model in which attributes can have some limited structure; see the box on
“E/R Model Variations.”

2.1.3 Relationships

Relationships are connections among two or more entity sets. For instance,
if Movies and Stars are two entity sets, we could have a relationship Stars-in
that connects movies and stars. The intent is that a movie entity m is related
to a star entity s by the relationship Stars-in if s appears in movie m. While
binary relationships, those between two entity sets, are by far the most common
type of relationship, the E/R model allows relationships to involve any number
of entity sets. We shall defer discussion of these multiway relationships until
Section 2.1.7.

2.1.4 Entity-Relationship Diagrams

An E/R diagram is a graph representing entity sets, attributes, and relation-
ships. Elements of each of these kinds are represented by nodes of the graph,
and we use a special shape of node to indicate the kind, as follows:
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¢ Entity sets are represented by rectangles.
o Attributes are represented by ovals.
o Relationships are represented by diamonds.

Edges connect an entity set to its attributes and also connect a relationship to
its entity sets.

Example 2.2: In Fig. 2.2 is an E/R diagram that represents a simple database
about movies. The entity sets are Movies, Stars, and Studios.

<=
ovis sars
Tow>

Studios

Figure 2.2: An entity-relationship diagram for the movie database

The Movies entity set has four attributes: title, year (in which the movie was
made), length, and filmType (either “color” or “blackAndWhite”). The other
two entity sets Stars and Studios happen to have the same two attributes: name
and address, each with an obvious meaning. We also see two relationships in
the diagram:

1. Stars-in is a relationship connecting each movie to the stars of that movie.
This relationship consequently also connects stars to the movies in which
they appeared.

2. Owns connects each movie to the studio that owns the movie. The arrow
pointing to entity set Studios in Fig. 2.2 indicates that each movie is
owned by a unique studio. We shall discuss uniqueness constraints such
as this one in Section 2.1.6.
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2.1.5 Instances of an E/R Diagram

E/R diagrams are a notation for describing the schema of databases, that is,
their structure. A database described by an E/R diagram will contain particular
data, which we call the database instance. Specifically, for each entity set, the
database instance will have a particular finite set of entities. Each of these
entities has particular values for each attribute. Remember, this data is abstract
only; we do not store E/R data directly in a database. Rather, imagining this
data exists helps us to think about our design, before we convert to relations
and the data takes on physical existence.

The database instance also includes specific choices for the relationships of
the diagram. A relationship R that connects n entity sets E;, Es,..., E, has
an instance that consists of a finite set of lists (ey, ez, ..., e,), where each e; is
chosen from the entities that are in the current instance of entity set E;. We
regard each of these lists of n entities as “connected” by relationship R.

This set of lists is called the relationship set for the current instance of R.
It is often helpful to visualize a relationship set as a table. The columns of the
table are headed by the names of the entity sets involved in the relationship,
and each list of connected entities occupies one row of the table.

Example 2.3: An instance of the Stars-in relationship could be visualized as
a table with pairs such as:

Movies | Stars

Basic Instinct | Sharon Stone

Total Recall Arnold Schwarzenegger
Total Recall Sharon Stone -

The members of the relationship set are the rows of the table. For instance,
{Basic Instinct, Sharon Stone)

is a tuple in the relationship set for the current instance of relationship Stars-in.
0

2.1.6 Multiplicity of Binary E/R Relationships

In general, a binary relationship can connect any member of one of its entity
sets to any number of members of the other entity set. However, it is common
for there to be a restriction on the “multiplicity” of a relationship. Suppose R
is a relationship connecting entity sets E and F. Then:

¢ If each member of E can be connected by R to at most one member of F,
then we say that R is many-one from E to F. Note that in a many-one
relationship from E to F, each entity in F can be connected to many
members of E. Similarly, if instead a member of F can be connected by
R to at most one member of E, then we say R is many-one from F to E
(or equivalently, one-many from E to F).
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e If Ris both many-one from E to F and many-one from F to E, then we
say that R is one-one. In a one-one relationship an entity of either entity
set can be connected to at most one entity of the other set.

o If R is neither many-one from E to F or from F to E, then we say R is
many-many.

As we mentioned in Example 2.2, arrows can be used to indicate the multi-
plicity of a relationship in an E/R diagram. If a relationship is many-one from
entity set F to entity set F, then we place an arrow entering F. The arrow
indicates that each entity in set E is related to at most one entity in set F.
Unless there is also an arrow on the edge to E, an entity in F may be related
to many entities in E.

Example 2.4: Following this principle, a one-one relationship between entity
sets E and F is represented by arrows pointing to both E and F'. For instance,
Fig. 2.3 shows two entity sets, Studios and Presidents, and the relationship
Runs between them (attributes are omitted). We assume that a president can
run only one studio and a studio has only one president, so this relationship is
one-one, as indicated by the two arrows, one entering each entity set.

Studios Presidents

Figure 2.3: A one-one relationship

Remember that the arrow means “at most one”; it does not guarantee ex-
istence of an entity of the set pointed to. Thus, in Fig. 2.3, we would expect
that a “president” is surely associated with some studio; how could they be a
“president” otherwise? However, a studio might not have a president at some
particular time, so the arrow from Runs to Presidents truly means “at most one”
and not “exactly one.” We shall discuss the distinction further in Section 2.3.6.
m]

2.1.7 Multiway Relationships

The E/R model makes it convenient to define relationships involving more than
two entity sets. In practice, ternary (three-way) or higher-degree relationships
are rare, but they are occasionally necessary to reflect the true state of affairs.
A multiway relationship in an E/R diagram is represented by lines from the
relationship diamond to each of the involved entity sets.

Example 2.5: In Fig. 2.4 is a relationship Coniracts that involves a studio,
a star, and a movie. This relationship represents that a studio has contracted
with a particular star to act in a particular movie. In general, the value of
an E/R relationship can be thought of as a relationship set of tuples whose
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Implications Among Relationship Types

We should be aware that a many-one relationship is a special case of a
many-many relationship, and a one-one relationship is a special case of a
many-one relationship. That is, any useful property of many-many rela-
tionships applies to many-one relationships as well, and a useful property
of many-one relationships holds for one-one relationships too. For exam-
ple, a data structure for representing many-one relationships will work for
one-one relationships, although it might not work for many-many relation-

ships.
Stars @ Movies

Studios

Figure 2.4: A three-way relationship

components are the entities participating in the relationship, as we discussed in
Section 2.1.5. Thus, relationship Contracts can be described by triples of the
form

(studio, star, movie)

In multiway relationships, an arrow pointing to an éntity set E means that if
we select one entity from each of the other entity sets in the relationship, those
entities are related to at most one entity in E. (Note that this rule generalizes
the notation used for many-one, binary relationships.) In Fig. 2.4 we have an
arrow pointing to entity set Studios, indicating that for a particular star and
movie, there is only one studio with which the star has contracted for that
movie. However, there are no arrows pointing to entity sets Stars or Mouvies.
A studio may contract with several stars for a movie, and a star may contract
with one studio for more than one movie. O

2.1.8 Roles in Relationships

It is possible that one entity set appears two or more times in a single relation-
ship. If so, we draw as many lines from the relationship to the entity set as the
entity set appears in the relationship. Each line to the entity set represents a
different role that the entity set plays in the relationship. We therefore label the
edges between the entity set and relationship by names, which we call “roles.”
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Limits on Arrow Notation in Multiway Relationships

There are not enough choices of arrow or no-arrow on the lines attached to
a relationship with three or more participants. Thus, we cannot describe
every possible situation with arrows. For instance, in Fig. 2.4, the studio
is really a function of the movie alone, not the star and movie jointly,
since only one studio produces a movie. However, our notation does not
distinguish this situation from the case of a three-way relationship where
the entity set pointed to by the arrow is truly a function of both other
entity sets. In Section 3.4 we shall take up a formal notation — func-
tional dependencies — that has the capability to describe all possibilities
regarding how one entity set can be determined uniquely by others.

Original

Movies

Sequel

Figure 2.5: A relationship with roles

Example 2.6: In Fig. 2.5 is a relationship Sequel-of between the entity set
Movies and itself. Each relationship is between two movies, one of which is
the sequel of the other. To differentiate the two movies in a relationship, one
line is labeled by the role Original and one by the role Sequel, indicating the
original movie and its sequel, respectively. We assume that a movie may have
many sequels, but for each sequel there is only one original movie. Thus, the
relationship is many-one from Sequel movies to Originel movies, as indicated
by the arrow in the E/R diagram of Fig. 2.53. Q

Example 2.7: As a final example that includes both a multiway relationship
and an entity set with multiple roles, in Fig. 2.6 is a more complex version of
the Contracts relationship introduced earlier in Example 2.5. Now, relationship
Contracts involves two studios, a star, and a movie. The intent is that one
studio, having a certain star under contract (in general, not for a particular
movie), may further contract with a second studio to allow that star to act in
a particular movie. Thus, the relationship is described by 4-tuples of the form

(studiol, studio2, star, movie),

meaning that studio2 contracts with studiol for the use of studiol’s star by
studio2 for the movie.
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Stars Movies ‘

Contracts

Studio Producing
of star studio

Studios

Figure 2.6: A four-way relationship

We see in Fig. 2.6 arrows pointing to Studios in both of its roles, as “owner”
of the star and as producer of the movie. However, there are not arrows pointing
to Stars or Movies. The rationale is as follows. Given a star, a movie, and a
studio producing the movie, there can be only one studio that “owns” the
star. (We assume a star is under contract to exactly one studio.) Similarly,
only one studio produces a given movie, so given a star, a movie, and the
star’s studio, we can determine a unique producing studio. Note that in both
cases we actually needed only one of the other entities to determine the unique
entity—for example, we need only know the movie to determine the unique
producing studio—but this fact does not change the multiplicity specification
for the multiway relationship.

There are no arrows pointing to Stars or Movies. Given a star, the star’s
studio, and a producing studio, there could be several different contracts allow-
ing the star to act in several movies. Thus, the other three components in a
relationship 4-tuple do not necessarily determine a unique movie. Similarly, a
producing studio might contract with some other studio to use more than one
of their stars in one movie. Thus, a star is not determined by the three other
components of the relationship. DO

2.1.9 Attributes on Relationships

Sometimes it is convenient, or even essential, to associate attributes with a
relationship, rather than with any one of the entity sets that the relationship
connects. For example, consider the relationship of Fig. 2.4, which represents
contracts between a star and studio for a movie.! We might wish to record the
salary associated with this contract. However, we cannot associate it with the
star; a star might get different salaries for different movies. Similarly, it does
not make sense to associate the salary with a studio (they may pay different

"Here, we have reverted to the earlier notion of three-way contracts in Example 2.5, not
the four-way relationship of Example 2.7.
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Figure 2.7: A relationship with an attribute

salaries to different stars) or with a movie (different stars in a movie may receive
different salaries).
However, it is appropriate to associate a salary with the

(star, movie, studio)

triple in the relationship set for the Contracts relationship. In Fig. 2.7 we see
Fig. 2.4 fleshed out with attributes. The relationship has attribute salary, while
the entity sets have the same attributes that we showed for them in Fig. 2.2.

It is never necessary to place attributes on relationships. We can instead
invent a new entity set, whose entities have the attributes ascribed to the rela-
tionship. If we then include this entity set in the relationship, we can omit the
attributes on the relationship itself. However, attributes on a relationship are
a useful convention, which we shall continue to use where appropriate.

Example 2.8: Let us revise the E/R diagram of Fig. 2.7, which has the
salary attribute on the Contracts relationship. Instead, we create an entity
set Salaries, with attribute salary. Salaries becomes the fourth entity set of
relationship Contracts. The whole diagram is shown in Fig, 2.8. O

2.1.10 Converting Multiway Relationships to Binary

There are some data models, such as ODL (Object Definition Language), which
we introduce in Section 4.2, that limit relationships to be binary. Thus, while
the E/R model does not require binary relationships, it is useful to observe that
any relationship connecting more than two entity sets can be converted to a
collection of binary, many-one relationships. We can introduce a new entity set

2.1. ELEMENTS OF THE E/R MODEL 33

@ @ Salaries @

Movies

Stars

Studios
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Figure 2.8: Moving the attribute to an entity set

whose entities we may think of as tuples of the relationship set for the multiway
relationship. We call this entity set a connecting entity set. We then introduce
many-one relationships from the connecting entity set to each of the entity sets
that provide components of tuples in the original, multiway relationship. If an
entity set plays more than one role, then it is the target of one relationship for
each role.

Example 2.9: The four-way Contracts relationship in Fig. 2.6 can be replaced
by an entity set that we may also call Contracts. As seen in Fig. 2.9, it partici-
pates in four relationships. If the relationship set for the relationship Contracts
has a 4-tuple

(studiol, studio2, star, movie)

then the entity set Contracts has an entity e. This entity is linked by relationship
Star-of to the entity star in entity set Stars. It is linked by relationship Movie-
of to the entity movie in Movies. It is linked to entities studio! and studio2 of
Studios by relationships Studio-of-star and Producing-studio, respectively.

Note that we have assumed there are no attributes of entity set Contracts,
although the other entity sets in Fig. 2.9 have unseen attributes. However, it is
possible to add attributes, such as the date of signing, to entity set Contracts.
0

2.1.11 Subclasses in the E/R Model

Often, an entity set contains certain entities that have special properties not
associated with all members of the set. If so, we find it useful to define certain
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Contracts
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of star studia

Studios

Figure 2.9: Replacing a multiway relationship by an entity set and binary
relationships

special-case entity sets, or subclasses, each with its own special attributes and/or
relationships. We connect an entity set to its subclasses using a relationship
called iss (i.e., “an A is a B” expresses an “isa” relationship from entity set .4
to entity set B).

An isa relationship is a special kind of relationship, and to emphasize that
it is unlike other relationships, we use for it a special notation. Each isa re-
lationship is represented by a triangle. One side of the triangle is attached to
the subclass, and the opposite point is connected to the superclass. Every isa
relationship is one-one, although we shall not draw the two arrows that are
associated with other one-one relationships.

Example 2.10: Among the kinds of movies we might store in our example
database are cartoons, murder mysteries, adventures, comedies, and many other
special types of movies. For each of these movie types, we could define a
subclass of the entity set Movies. For instance, let us postulate two subclasses:
Cartoons and Murder-Mysteries. A cartoon has, in addition to the attributes
and relationships of Movies an additional relationship called Voices that gives
us a set of stars who speak, but do not appear in the movie. Movies that are not
cartoons do not have such stars. Murder-mysteries have an additional attribute
weapon. The connections among the three entity sets Movies, Cartoons, and
Murder-Mysteries is shown in Fig. 2.10. O

While, in principle, a collection of entity sets connected by isa relationships
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Parallel Relationships Can Be Different

Figure 2.9 illustrates a subtle point about relationships. There are two dif-
ferent relationships, Studio-of-Star and Producing-Studio, that each con-
nect entity sets Contracts and Studios. We should not presume that these
relationships therefore have the same relationship sets. In fact, in this
case, it is unlikely that both relationships would ever relate the same con-
tract to the same studios, since a studio would then be contracting with
itself.

More generally, there is nothing wrong with an E/R diagram having
several relationships that connect the same entity sets. In the database,
the instances of these relationships will normally be different, reflecting
the different meanings of the relationships. In fact, if the relationship sets
for two relationships are expected to be the same, then they are really the
same relationship and should not be given distinct names.

could have any structure, we shall limit isa-structures to trees, in which there
is one root entity set (e.g., Mouies in Fig. 2.10) that is the most general, with
progressively more specialized entity sets extending below the root in a tree.

Suppose we have a tree of entity sets, connected by isa relationships. A
single entity consists of components from one or more of these entity sets, as
long as those components are in a subtree including the root. That is, if an
entity e has a component ¢ in entity set £, and the parent of F in the tree is
F, then entity e also has a component d in F. Further, ¢ and d must be paired
in the relationship set for the isa relationship from F to F. The entity e has
whatever attributes any of its components has, and it participates in whatever
relationships any of its components participate in.

Example 2.11: The typical movie, being neither a cartoon nor a murder-
mystery, will have a component only in the root entity set Movies in Fig. 2.10.
These entities have only the four attributes of Movies (and the two relationships
of Movies — Stars-in and Qwns — that are not shown in Fig. 2.10).

A cartoon that is not a murder-mystery will have two components, one in
Movies and one in Cartoons. Its entity will therefore have not only the four
attributes of Mouvies, but the relationship Voices. Likewise, a murder-mystery
will have two components for its entity, one in Movies and one in Murder-
Mpysteries and thus will have five attributes, including weapon.

Finally, a movie like Roger Rabbit, which is both a cartoon and a murder-
mystery, will have components in all three of the entity sets Movies, Cartoons,
and Murder-Mysteries. The three components are connected into one entity by
the isa relationships. Together, these components give the Roger Rabbit entity
all four attributes of Movies plus the attribute weapon of entity set Murder-
Muysteries and the relationship Voices of entity set Cartoons. O
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Figure 2.10: Isa relationships in an E/R diagram

2.1.12 Exercises for Section 2.1

* Exercise 2.1.1: Let us design a database for a bank, including information
about customers and their accounts. Information about a customer includes
their name, address, phone, and Social Security number. Accounts have pum-
bers, types (e.g., savings, checking) and balances. We also need to record the
customer(s) who own an account. Draw the E/R diagram for this database.
Be sure to include arrows where appropriate, to indicate the multiplicity of a
relationship.

Exercise 2.1.2: Modify your solution to Exercise 2.1.1 as follows:
a) Change your diagram so an account can have only one customer.
b) Further change your diagram so a customer can have only one account.

! ¢) Change your original diagram of Exercise 2.1.1 so that a customer can
have a set of addresses (which are street-city-state triples) and a set of
phones. Remember that we do not allow attributes to have nonatomic
types, such as sets, in the E/R model.

! d) Further modify your diagram so that customers can have a set of ad-
dresses, and at each address there is a set of phones.

Exercise 2.1.3: Give an E/R diagram for a database recording information
about teams, players, and their fans, including:

1. For each team, its name, its players, its team captain (one of its players),
and the colors of its uniform.

2. For each player, his/her name.

3. For each fan, his/her name, favorite teams, favorite players, and favorite
color.

—
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Subclasses in Object-Oriented Systems

There is a significant resemblance between “isa” in the E/R model and
subclasses in object-oriented languages. In a sense, “isa” relates a subclass
to its superclass. However, there is also a fundamental difference between
the conventional E/R view and the object-oriented approach: entities are
allowed to have representatives in a tree of entity sets, while objects are
assumed to exist in exactly one class or subclass.

The difference becomes apparent when we consider how the movie
Roger Rabbit was handled in Example 2.11. In an object-oriented ap-
proach, we would need for this movie a fourth entity set, “cartoon-murder-
mystery,” which inherited all the attributes and relationships of Movies,
Cartoons, and Murder-Mysteries. However, in the E/R model, the effect
of this fourth subclass is obtained by putting components of the movie
Roger Rabbit in both the Cartoons and Murder-Mysteries entity sets.

Remember that a set of colors is not a suitable attribute type for teams. How
can you get around this restriction?

Exercise 2.1.4: Suppose we wish to add to the schema of Exercise 2.1.3 a
relationship Led-by among two players and a team. The intention is that this
relationship set consists of triples

(playerl, player2, team)

such that player 1 played on the team at a time when some other player 2 was
the team captain.

a) Draw the modification to the E/R diagram.

b) Replace your ternary relationship with a new entity set and binary rela-
tionships.

!c) Are your new binary relationships the same as any of the previously ex-
isting relationships? Note that we assume the two players are different,
i.e., the team captain is not self-led.

Exercise 2.1.5: Modify Exercise 2.1.3 to record for each player the history of
teams on which they have played, including the start date and ending date (if
they were traded) for each such team.

Exercise-2.1.6: Suppose we wish to keep a genealogy. We shall have one
entity set, People. The information we wish to record about persons includes
their name (an attribute) and the following relationships: mother, father, and
children. Give an E/R diagram involving the People entity set and all the
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relationships in which it is involved. Include relationships for mother, father,
and children. Do not forget to indicate roles when an entity set is used more
than once in a relationship.

Exercise 2.1.7: Modify your “people” database design of Exercise 2.1.6 to
include the following special types of people:

1. Females.
2. Males.
3. People who are parents.

You may wish to distinguish certain other kinds of people as well, so relation-
ships connect appropriate subclasses of people.

Exercise 2.1.8: An alternative way to represent the information of E}fer-
cise 2.1.6 is to have a ternary relationship Family with the intent that a triple
in the relationship set for Family

(person, mother, father)

is a person, their mother, and their father; all three are in the People entity set,
of course.

* a) Draw this diagram, placing arrows on edges where appropriate.

b} Replace the ternary relationship Family by an entity set and binary rela-
tionships. Again place arrows to indicate the multiplicity of relationships.

Exercise 2.1.9: Design a database suitable for a university registrar. This
database should include information about students, departments, professors,
courses, which students are enrolled in which courses, which professors are
teaching which courses, student grades, TA’s for a course (TA’s are students),
which courses a department offers, and any other information you deem appro-
priate. Note that this question is more free-form than the questions above, and
you need to make some decisions about multiplicities of relationships, appro-
priate types, and even what information needs to be represented.

! Exercise 2.1.10: Informally, we can say that two E/R diagrams “have the
same information” if, given a real-world situation, the instances of these two di-
agrams that reflect this situation can be computed from one another. Consider
the E/R diagram of Fig. 2.6. This four-way relationship can be decomposed
into a three-way relationship and a binary relationship by taking advantage
of the fact that for each movie, there is a unique studio that produces that
movie. Give an E/R diagram without a four-way relationship that has the
same information as Fig. 2.6.
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2.2 Design Principles

We have yet to learn many of the details of the E/R model; but we have encugh
to begin study of the crucial issue of what constitutes a good design and what
should be avoided. In this section, we offer some useful design principles.

2.2.1 Faithfulness

First and foremost, the design should be faithful to the specifications of the
application. That is, entity sets and their attributes should reflect reality. You
can’t attach an attribute number-of-cylinders to Stars, although that attribute
would make sense for an entity set Automobiles. Whatever relationships are
asserted should make sense given what we know about the part of the real
world being modeled.

Example 2.12: If we define a relationship Stars-in between Stars and Movies,
it should be a many-many relationship. The reason is that an observation of the
real world tells us that stars can appear in more than one movie, and movies
can have more than one star. It is incorrect to declare the relationship Stars-in
to be many-one in either direction or to be one-one. 0O

Example 2.13: On the other hand, sometimes it is less obvious what the
real world requires us to do in our E/R model. Consider, for instance, entity
sets Courses and Instructors, with a relationship Teaches between them. Is
Teaches many-one from Courses to Instructors? The answer lies in the policy
and intentions of the organization creating the database. It is possible that
the school has a policy that there can be only one instructor for any course.
Even if several instructors may “team-teach” a course, the school may require
that exactly one of them be listed in the database as the instructor responsible
for the course. In either of these cases, we would make Teaches a many-one
relationship from Courses to Instructors.

Alternatively, the school may use teams of instructors regularly and wish
its database to allow several instructors to be associated with a course. Or,
the intent of the Teaches relationship may not be to reflect the current teacher
of a course, but rather those who have ever taught the course, or those who
are capable of teaching the course; we cannot tell simply from the name of the
relationship. In either of these cases, it would be proper to make Teaches be
many-many. 0O

2.2.2 Avoiding Redundancy

We should be careful to say everything once only. For instance, we have used a
relationship Owns between movies and studios. We might also choose to have
an attribute studioName of entity set Movies. While there is nothing illegal
about doing so, it is dangerous for several reasons.
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1. The two representations of the same owning-studio fact take more space,
when the data is stored, than either representation alone.

2. If a movie were sold, we might change the owning studio to which it
is related by relationship Ouns but forget to change the value of its
studioName attribute, or vice versa. Of course one could argue that one
should never do such careless things, but in practice, errors are frequent,
and by trying to say the same thing in two different ways, we are inviting
trouble.

These problems will be described more formally in Section 3.6, and we shall
also learn there some tools for redesigning database schemas so the redundancy

and its attendant problems go away.

2.2.3 Simplicity Counts

Avoid introducing more elements into your design than is absolutely necessary.

Example 2.14: Suppose that instead of a relationship between Movies and
Studios we postulated the existence of “movie-holdings,” the ownership of a
single movie. We might then create another entity set Holdings. A one-one
relationship Represents could be established between each movie and the unique
holding that represents the movie. A many-one relationship from Holdings to
Studios completes the picture shown in Fig. 2.11.

Movies ng,’,i" Holdings Owns Studios

Figure Q.il: A poor design with an unnecessary entity set

Technically, the structure of Fig. 2.11 truly represents the real world, since
it is possible to go from a movie to its unique owning studio via Holdings.
However, Holdings serves no useful purpose, and we are better off without it.
It makes programs that use the movie-studio relationship more complicated,
wastes space, and encourages errors. U

2.2.4 Choosing the Right Relationships

Entity sets can be connected in various ways by relationships. However, adding
to our design every possible relationship is not often a good idea. First, it
can lead to redundancy, where the connected pairs or sets of entities for one
relationship can be deduced from one or more other relationships. Second, the
resulting database could require much more space to store redundant elements,
and modifying the database could become too complex, because one change in
the data could require many changes to the stored relationships. The problems
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are essentially the same as those discussed in Section 2.2.2, although the cause
of the problem is different from the problems we discussed there.

We shall illustrate the problem and what to do about it with two examples.
In the first example, several relationships could represent the same information;
in the second, one relationship could be deduced from several others.

Example 2.15: Let us review Fig. 2.7, where we connected movies, stars,
and studios with a three-way relationship Contracts. We omitted from that
figure the two binary relationships Stars-in and Owns from Fig. 2.2. Do we
also need these relationships, between Movies and Stars, and between Movies
and Studios, respectively? The answer is: “we don’t know; it depends on our
assumptions regarding the three relationships in question.”

It might be possible to deduce the relationship Stars-in from Contracts. If
a star can appear in a movie only if there is a contract involving that star, that
movie, and the owning studio for the movie, then there truly is no need for
relationship Stars-in. We could figure out all the star-movie pairs by looking
at the star-movie-studio triples in the relationship set for Contracts and taking
only the star and movie components. However, if a star can work on a movie
without there being a contract —— or what is more likely, without there being a
contract that we know about in our database — then there could be star-movie
pairs in Stars-in that are not part of star-movie-studio triples in Contracts. In
that case, we need to retain the Stars-in relationship. _

A similar observation applies to relationship Ouwns. If for every movie, there
is;at least one contract involving that movie, its owning studio, and some star for
that movie, then we can dispense with Quns. However, if there is the possibility
that a studio owns a movie, yet has no stars under contract for that movie, or
no such contract is known to our database, then we must retain Owns.

In summary, we cannot tell you whether a given relationship will be redun-
dant. You must find out from those who wish the database created what to
expect. Only then can you make a rational decision about whether or not to
include relationships such as Stars-in or Qwns. O )

Example 2.16: Now, consider Fig. 2.2 again. In this diagram, there is no
relationship between stars and studios. Yet we can use the two relationships
Stars-in and Owns to build a connection by the process of composing those
two relationships. That is, a star is connected to some movies by Stars-in, and
those movies are connected to studios by Owns. Thus, we could say that a star
is connected to the studios that own movies in which the star has appeared.

Would it make sense to have a relationship Waorks-for, as suggested in
Fig. 2.12, between Stars and Studios too? Again, we cannot tell without know-
ing more. First, what would the meaning of this relationship be? If it is to
mean “the star appeared in at least one movie of this studio,” then probably
there is no good reason to include it in the diagram. We could deduce this
information from Stars-in and Quns instead.

However, it is conceivable that we have other information about stars work-
ing for studios that is not entailed by the connection through a movie. In that
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Figure 2.12: Adding a relationship between Stars and Studios

case,‘a relationship connecting stars directly to studios might be useful and
would not be redundant. Alternatively, we might use a relationship between
stars and studios to mean something entirely different. For example, it might
represent the fact that the star is under contract to the studio, in a manner
unrelated to any movie. As we suggested in Example 2.7, it is possible for a star
to be under contract to one studio and yet work on a movie owned by another
studio. In this case, the information found in the new Works-for relation would
be independent of the Stars-in and Owns relationships, and would surely be
nonredundant. O

2.2.5 Picking the Right Kind of Element

Sometimes we have options regarding the type of design element used to repre-
sent a real-world concept. Many of these choices are between using attributes
and using entity set/relationship combinations. In general, an attribute is sim-
pler to implement than either an entity set or a relationship. However, making
everything an attribute will usually get us into trouble.

Example 2.17: Let us consider a specific problem. In Fig. 2.2, were we wise
to make studios an entity set? Should we instead have made the name and
address of the studio be attributes of movies and eliminated the Studio entity
set? One problem with doing so is that we repeat the address of the studio for
each movie. This situation is another instance of redundancy, similar to those
seen in Sections 2.2.2 and 2.2.4. In addition to the disadvantages of redundancy
discussed there, we also face the risk that, should we not have any movies owned
by a given studio, we lose the studio’s address.

On the other hand, if we did not record addresses of studios, then there is
no harm in making the studio name an attribute of movies. We do not have
redundancy due to repeating addresses. The fact that we have to say the name
of a studio like Disney for each movie owned by Disney is not true redundancy,
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since we must represent the owner of each movie somehow, and saying the name
is a reasonable way to doso. O

We can abstract what we have observed in Example 2.17 to give the condi-
tions under which we prefer to use an attribute instead of an entity set. Suppose
E is an entity set. Here are conditions that E must obey, in order for us to
replace E by an attribute or attributes of several other entity sets.

1. All relationships in which E is involved must have arrows entering E.
That is, E must be the “one” in many-one relationships, or its general-
ization for the case of multiway relationships.

2. The attributes for E must collectively identify an entity. Typically, there
will be only one attribute, in which case this condition is surely met.
However, if there are several attributes, then no attribute must depend
on the other attributes, the way address depends on name for Studios.

3. No relationship involves E more than once.
If these conditions are met, then we can replace entity set E as follows:

a) If there is a many-one relationship R from some entity set F' to E, then
remove R and make the attributes of E be attributes of F suitably re-
named if they conflict with attribute names for F. In effect, each F-entity
takes, as attributes, the name of the unique, related E-entity,? as movie
objects could take their studio name as an attribute, should we dispense
with studio addresses.

b) If there is a multiway relationship R with an arrow to E, make the at-
tributes of E be attributes of R and delete the arc from R to E. An
example of transformation is replacing Fig. 2.8, where we had introduced
a new entity set Salaries, with a number as its lone attribute, by its
original diagram, in Fig. 2.7.

Example 2.18: Let us consider a point where there is a tradeoff between using
a multiway relationship and using a connecting entity set with several binary
relationships. ' We saw a four-way relationship Contracts among a star, a movie,
and two studios in Fig. 2.6. In Fig. 2.9, we mechanically converted it to an
entity set Contracts. Does it matter which we choose?

As the problem was stated, either is appropriate. However, should we change
the problem just slightly, then we are almost forced to choose a connecting entity
set. Let us suppose that contracts involve one star, one movie, but any set of
studios. This situation is more complex than the one in Fig. 2.6, where we
had two studios playing two roles. In this case, we can have any number of

2In a situation where an F-entity is not related to any E-entity, the new attributes of F
would be given special “null” values to indicate the absence of a related E-entity. A similar
arrangement would be used for the new attributes of R in case (b).
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studios involved, perhaps one to do production, one for special effects, one for
distribution, and so on. Thus, we cannot assign roles for studios.

It appears that a relationship set for the relationship Contracts must contain
triples of the form

(star, movie, set-of-studios)

and the relationship Contracts-itself involves not only the usual Stars and
Mouies entity sets, but a new entity set whose entities are sets of studios. While
this approach is unpreventable, it seems unnatural to think of sets of studios
as basic entities, and we do not recommend it.

A better approach is to think of contracts as an entity set. As in Fig. 2.9, a
contract entity connects a star, a movie and a set of studios, but now there must
be no limit on the number of studios. Thus, the relationship between contracts
and studios is many-many, rather than many-one as it would be if contracts
were a true “connecting” entity set. Figure 2.13 sketches the E/R diagram.
Note that a contract is associated with a single star and a single movie, but
any number of studios. O

Stars Contracts Movies

Studios

Figure 2.13: Contracts connecting a star, a movie, and a set of studios

2.2.6 Exercises for Section 2.2

* Exercise 2.2.1: In Fig. 2.14 is an E/R diagram for a bank database involv-
ing customers and accounts. Since customers may have several accounts, and
accounts may be held jointly by several customers, we associate with each cus-
tomer an “account set,” and accounts are members of one or more account sets.
Assuming the meaning of the various relationships and attributes are as ex-
pected given their names, criticize the design. What design rules are violated?
Why? What modifications would you suggest?
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owner— @
addres,

AcctSets Customers

Member
of

Accounts Addresses

Figure 2.14: A poor design for a bank database

a

* Exercise 2.2.2: Under what circumstances (regarding the unseen attributes

of Studios and Presidents) would you recommend combining the two entity sets
and relationship in Fig. 2.3 into a single entity set and attributes?

Exercise 2.2.3: Suppbse we delete the attribute address from Studios in
Fig. 2.7. Show how we could then replace an entity set by an attribute. Where
would that attribute appear?

Exercise 2.2.4: Give choices of attributes for the following entity sets in
Fig. 2.13 that will allow the entity set to be replaced by an attribute:

a) Stars.
b) Movies.
!c) Studios.

Exercise 2.2.5: In this and following exercises we shall consider two design
options in the E/R model for describing births. At a birth, there is one baby
{twins would be represented by two births), one mother, any number of nurses,
and any number of doctors. Suppose, therefore, that we have entity sets Babies,
Mothers, Nurses, and Doctors. Suppose we also use a relationship Births, which
connects these four entity sets, as suggested in Fig. 2.13. Note that a tuple of
the relationship set for Births has the form

(baby, mother, nurse, doctor)

If there is more than one nurse and/or doctor attending a birth, then there will
be several tuples with the same baby and mother, one for each combination of
nurse and doctor.
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Mothers ¢) In addition to (a) agd {b), for every birth there is a unique doctor.
In each case, what design flaws do you see?
] - ! Exercise 2.2.7: Suppose we change our viewpoint to allow a birth to involve
Babies @ Nurses more than one baby born to one mother. How would you represent the fact
that every baby still has a unique mother using the approaches of Exercises
2.2.5 and 2.2.67
Doctors

2.3 The Modeling of Constraints

We have seen so far how to model a slice of the real world using entity sets and
relationships. However, there are some other important aspects of the real world
that we cannot model with the tools seen so far. This additional information
often takes the form of constraints on the data that go beyond the structural
and type constraints imposed by the definitions of entity sets, attributes, and
relationships.

Figure 2.15: Representing births by a multiway relationship

There are cc ¢ «in assumptions that we might wish to incorporate into our
design. For each, il how to add arrows or other elements to the E/R diagram
in order to express the assumption.

a) For every baby, there is a unique mother. .

b) For every combination of a baby, nurse, and doctor, there is a unique 2.3.1 Classification of Constraints

ther.
mother The following is a rough classification of commonly used constraints. We shall

not cover all of these constraint types here. Additional material on constraints
is found in Section 5.5 in the context of relational algebra and in Chapter 7 in
the context of SQL programming.

c) For every combination of a baby and a mother there is a unique doctor.

Births

1. Keys are attributes or sets of attributes that uniquely identify an entity
within its entity set. No two entities may agree in their values for all of
the attributes that constitute a key. It is permissible, however, for two
entities to agree on some, but not all, of the key attributes.

2. Single-value constraints are requirements that the value in a certain con-
: text be unique. Keys are a major source of single-value constraints, since
Babies Mothers Doctors Nurses ’ they require that each entity in an entity set has unique value(s) for the
» key attribute(s). However, there are other sources of single-value con-
straints, such as many-one relationships.

Figure 2.16: Representing births by an entity set

3. Referential integrity constraints are requirements that a value referred to
by some object actually exists in the database. Referential integrity is
analogous to a prohibition against dangling pointers, or other kinds of
dangling references, in conventional programs.

! Exercise 2.2.6: Another approach to the problem of Exercise 2.2.5 is to con-
nect the four entity sets Babies, Mothers, Nurses, and Doctors by an entity set
Births, “th four relationships, one between Births and each of the other entity

sizvested in Fig. 2.16. Use arrows (indicating that certain of these 4. Domain constraints require that the value of an attribute must be drawn

s ~re many-one) to represent the following conditions: from a specific set of values or lie within a specific range.

(41

a) Every baby is the result of a unique birth, and every birth is of a unique 1 . General constraints are arbitrary assertions that are required to hold in
baby. the database. For example, we might wish to require that no more than

ten stars be listed for any one movie. We shall see general constraint-
b) In addition to (a), every baby has a unique mother. expression languages in Sections 5.5 and 7.4.
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There are several ways these constraints are important. They tell us some-
thing about the structure of those aspects of the real worl.d that we are ‘modehng.
For example, keys allow the user to identify entities without confusion. If we
know that attribute name is a key for entity set Studios, then yhen we refer
to a studio entity by its name we know we are referring to'a unique entlt_y. In
addition, knowing a unique value exists saves space and time, since storing a
single value is easier than storing a set, even when that .set has exactly one
member.? Referential integrity and keys also support certain storage structures
that allow faster access to data, as we shall discuss in Chapter 13.

2.3.2 Keys in the E/R Model

A key for an entity set E is a set K of one or more attributes S}lch t.hat, given
any two distinct entities e; and ey in F, e; and ez cannot have identical \'ralues
for each of the attributes in the key K. If K consists of more than one attribute,
then it is possible for e; and e, to agree in some of these attributes, but never
in all attributes. Some important points to remember are:

o Every entity set must have a key.
e A key can consist of more than one attribute; see Example 2.19.

o There can also be more than one possible key for an entity set, as we
shall see in Example 2.20. However, it is customary to pick one key as
the “primary key,” and to act as if that were the only key.

« When an entity set is involved in an isa-hierarchy, we require that the root
entity set have all the attributes needed for a key, a.nd_ that the key for
each entity is found from its component in the root entity set, regardl.ess
of how many entity sets in the hierarchy have components for the entity.

Example 2.19: Let us consider the entity set Mo'lljies from Example 2.1. One
might first assume that the attribute title by itself is a key. Hc?\x'ever, there are
several titles that have been used for two or even more mov1‘es, fo.r example,
King Kong. Thus, it would be unwise to declare that tltl(? by itself is a key.‘ If
we did so, then we would not be able to include information about both King
Kong movies in our database. ' '

A better choice would be to take the set of two attributes title and year as
a key. We still run the risk that there are two movies m.ade in the same year
with the same title (and thus both could not be stored in our database), but
that is unlikely.

For the other two entity sets, Stars and Studios, introduced in Example 21
we must again think carefully about what can serve as a key. For §tudios, it is
reasonable to assume that there would not be two movie studios with the same

3In analogy, note that in a C program it is simpler to represent an integer than it is to
represent a linked list of integers, even when that list contains only one integer.
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Constraints Are Part of the Schema

We could look at the database as it exists at a certain time and decide
erroneously that an attribute forms a key because no two entities have
identical values for this attribute. For example, as we create our movie

 database we might not enter two movies with the same title for some time.
Thus, it might look as if title were a key for entity set Movies. However,
if we decided on the basis of this preliminary evidence that title is a key,
and we designed a storage structure for our database that assumed title is
a key, then we might find ourselves unable to enter a second King Kong
movie into the database.

Thus, key constraints, and constraints in general, are part of the
database schema. They are declared by the database designer along with
the structural design (e.g., entities and relationships). Once a constraint
is declared, insertions or modifications to the database that violate the
constraint are disallowed.

Hence, although a particular instance of the database may satisfy
certain constraints, the only “true” constraints are those identified by the
designer as holding for all instances of the database that correctly model
the real-world. These are the constraints that may be assumed by users
and by the structures used to store the database.

name, so we shall take name to be a key for entity set Studios. However, it is
less clear that stars are uniquely identified by their name. Surely name does
not distinguish among people in general. However, since stars have traditionally
chosen “stage names” at will, we might hope to find that name serves as a key
for Stars too. If not, we might choose the pair of attributes name and address
as a key, which would be satisfactory unless there were two stars with the same
name living at the same address. 0

Example 2.20: Our experience in Example 2.19 might lead us to believe that
it is difficult to find keys or to be sure that a set of attributes forms a key.
In practice the matter is usually much simpler. In the real-world situations
commanly modeled by databases, people often go out of their way to create
keys for entity sets. For example, companies generaily assign employee ID’s to
all employees, and these ID’s are carefully chosen to be unique numbers. One
purpose of these ID’s is to make sure that in the company database each em-
ployee can be distinguished from all others, even if there are several employees
with the same name. Thus, the employee-ID attribute can serve as a key for
employees in the database.

In US corporations, it is normal for every employee to also have a Social
Security number. If the database has an attribute that is the Social Security
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number, then this attribute can also serve as a key for employees. Noi.:e that
there is nothing wrong with there being several choices of key for an entity s.et,
as there would be for employees having both employee ID’s and Social Security
numbers. . .

The idea of creating an attribute whose purpose is to serve as a key is quite
widespread. In addition to employee ID’s, we find student ID’s to distinguish
students in a university. We find drivers’ license numbers and automobile reg-
istration numbers to distinguish drivers and automobiles, respectively, in the
Department of Motor Vehicles. The reader can undoubtedly find more examples
of attributes created for the primary purpose of serving as keys. 0O

2.3.3 Representing Keys in the E/R Model

In our E/R diagram notation, we underline the attributes belonging to a key
for an entity set. For example, Fig. 2.17 reproduces our E/R diagram for
movies, stars, and studios from Fig. 2.2, but with key attributes um?er'lmed
Attribute name is the key for Stars. Likewise, Studios has a key consisting of
only its own attribute name. These choices are consistent with the discussion

in Example 2.19.

@ D @B G

Movies Stars

Geng) Cimype

Owns

Studios

Figure 2.17: E/R diagram; keys are indicated by underlines

The attributes title and year together form the key for Mouvies, as we dis-
cussed in Example 2.19. Note that when several attributes are underlined, as
in Fig. 2.17, then they are each members of the key. There is no notation for
representing the situation where there are several keys for an entity set; we
underline only the primary key. You should also be aware that in some unusual
situations, the attributes forming the key for an entity set do not all belong to
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the entity set itself. We shall defer this matter, called “weak entity sets,” until
Section 2.4.

2.3.4 Single-Value Constraints

Often, an important property of a database design is that there is at most one
value playing a particular role. For example, we assume that a movie entity
has a unique title, year, length, and film type, and that a movie is owned by a
unique studio.

. There are several ways in which single-value constraints are expressed in the
E/R model.

1. Each attribute of an entity set has a single value. Sometimes it is permis-
sible for an attribute’s value to be missing for some entities, in which case
we have to invent a “null value” to serve as the value of that attribute. For
example, we might suppose that there are some movies in our database
for which the length is not known. We could use a value such .as ~1 for
the length of a movie whose true length is unknown. On the other hand,
we would not want the key attributes title or year to be null for any movie
entity. A requirement that a certain attribute not have a null value does
not have any special representation in the E/R model. We could place a
notation beside the attribute stating this requirement if we wished.

2. A relationship R that is many-one from entity set E to entity set F
implies a single-value constraint. That is, for each entity e in E, there is
at most one associated entity f in F. More generally, if R is a multiway
relationship, then each arrow out of R indicates a single value constraint.
Specifically, if there is an arrow from R to entity set FE, then there is at
most one entity of set E associated with a choice of entities from each of
the other related entity sets.

2.3.5 Referential Integrity

While single-value constraints assert that at most one value exists in a given
role, a referential integrity constraint asserts that exactly one value exists in
that role. We could see a constraint that an attribute have a non-null, single
value as a kind of referential integrity requirement, but “referential integrity”
is more commonly used to refer to relationships among entity sets.

Let us consider the many-one relationship Owns from Movies to Studios in
Fig. 2.2. The many-one requirement simply says that no movie can be owned
by more than one studio. It does not say that a movie must surely be owned
by a studio, or that, even if it is owned by some studio, that the studio must
be present in the Studios entity set, as stored in our database.

A referential integrity constraint on relationship Owns would require that for
each movie, the owning studio (the entity “referenced” by the relationship for
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this movie) must exist in our database. There are several ways this constraint
could be enforced.

1. We could forbid the deletion of a referenced entity (a studio in our ex-
ample). That is, we could not delete a studio from the database unless it
did not own any movies.

2. We could require that if a referenced entity is deleted, then all entities
that reference it are deleted as well. In our example, this approach would
require that if we delete a studio, we also delete from the database all
movies owned by that studio.

In addition to one of these policies about deletion, we require that when a
movie entity is inserted into the database, it is given an existing studio entity
to which it is connected by relationship Owns. Further, if the value of that
relationship changes, then the new value must also be an existing Studios entity.
Enforcing these policies to assure referential integrity of a relationship is a
matter for the implementation of the database, and we shall not discuss the
details here.

2.3.6 Referential Integrity in E/R Diagrams

We can extend the arrow notation in E/R diagrams to indicate whether a
relationship is expected to support referential integrity in one or more directions.
Suppose R is a relationship from entity set E to entity set F. We shall use a
rounded arrowhead pointing to F to indicate not only that the relationship is
many-one or one-one from F to F, but that the entity of set F' related to a
given entity of set E is required to exist. The same idea applies when R is a
relationship among more than two entity sets.

Example 2.21: Figure 2.18 shows some appropriate referential integrity con-
straints among the entity sets Movies, Studios, and Presidents. These entity sets
and relationships were first introduced in Figs. 2.2 and 2.3. We see a rounded
arrow entering Studios from relationship Owns. That arrow expresses the refer-
ential integrity constraint that every movie must be owned by one studio, and
this studio is present in the Studios entity set.

Movies Studios Presidents

Figure 2.18: E/R diagram showing referential integrity constraints

Similarly, we see a rounded arrow entering Studios from Runs. That arrow
expresses the referential integrity constraint that every president runs a studio
that exists in the Studios entity set.

Note that the arrow to Presidents from Runsremains a pointed arrow. That
choice reflects a reasonable assumption about the relationship between studios
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and their presidents. If a studio ceases to exist, its president can no longer be
called a (studio) president, so we would expect the president of the studio to
be deleted from the entity set Presidents. Hence there is a rounded arrow to
Studios. On the other hand, if a president were deleted from the database, the
studio would continue to exist. Thus, we place an ordinary, pointed arrow to
Presidents, indicating that each studio has at most one president, but might
have no president at some time. 0

2.3.7 Other Kinds of Constraints

As mentioned at the beginning of this section, there are other kinds of con-
straints one could wish to enforce in a database. We shall only touch briefly on
these here, with the meat of the subject appearing in Chapter 7.

Domain constraints restrict the value of an attribute to be in a limited set.
A simple example would be declaring the type of an attribute. A stronger
domain constraint would be to declare an enumerated type for an attribute or
a range of values, e.g., the length attribute for a movie must be an integer in
the range 0 to 240. There is no specific notation for domain constraints in the
E/R model, but you may place a notation stating a desired constraint next to .
the attribute, if you wish.

There are also more general kinds of constraints that do not fall into any
of the categories mentioned in this section. For example, we could choose to
place a constraint on the degree of a relationship, such as that a movie entity
cannot be connected by relationship Stars-in to more than 10 star entities. In
the E/R model, we can attach a bounding number to the edges that connect
a relationship to an entity set, indicating limits on the number of entities that
can be connected to any one entity of the related entity set.

<=10
Movies Stars

Figure 2.19: Representing a constraint on the number of stars per movie

Example 2.22: Figure 2.19 shows how we can represent the constraint that
no movie has more than 10 stars in the E/R model. As another example, we
can think of the arrow as a synonym for the constraint “< 1,” and we can think
of the rounded arrow of Fig. 2.18 as standing for the constraint “=1" O
2.3.8 Exercises for Section 2.3

Exercise 2.3.1: For your E/R diagrams of:

* a) Exercise 2.1.1.

b) Exercise 2.1.3.
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c¢) Exercise 2.1.6.

(i) Select and specify keys, and (i¢) Indicate appropriate referential integrity
constraints.

! Exercise 2.3.2: We may think of relationships in the E/R model as.ha.ving
keys, just as entity sets do. Let R be a relationship among the entity sets
Ey,E;,...,En. Then a key for R is a set K of attributes chosen from the
attributes of Ey, Ea, ..., E, such that if (e, e3,...,e,) and (fi, fo, .- . fn) are
two different tuples in the relationship set for R, then it is not posmble‘that
these tuples agree in all the attributes of K. Now, suppose n = 2; that is, R
is a binary relationship. Also, for each 4, let K; be a set of attrib.utes that is a
key for entity set E;. In terms of E; and E», give a smallest possible key for R
under the assumption that:

a) R is many-many. .
* ) R is many-one from E; to Fo.

¢) R is many-one from E; to Ej.

)

d) R is one-one.

! Exercise 2.3.3: Consider again the problem of Exercise 2.3.2, but with‘ n
allowed to be any number, not just 2. Using only the information about which
arcs from R to the E;’s have arrows, show how to find a smallest possible key

K for R in terms of the Kj’s.

! Exercise 2.3.4: Give examples (other than those of Example 2.20) from real
life of attributes created for the primary purpose of being keys.

2.4 Weak Entity Sets

There is an occasional condition in which an entity set’s key is composed of
attributes some or all of which belong to another entity set. Such an entity set
is called a weak entity set.

2.4.1 Causes of Weak Entity Sets

There are two principal sources of weak entity sets. First, sometimes entity sets
fall into a hierarchy based on classifications unrelated to the “isa hierarchy” of
Section 2.1.11. If entities of set E are subunits of entities in set F', then it is
possible that the names of E entities are not unique until we take into account
the name of the F entity to which the E entity is subordinate. Several examples
will illustrate the problem.
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Example 2.23: A movie studio might have several film crews. The crews
might be designated by a given studio as crew 1, crew 2, and so on. However,
other studios might use the same designations for crews, so the attribute number
is not a key for crews. Rather, to name a crew uniquely, we need to give both
the name of the studio to which it belongs and the number of the crew. The
situation is suggested by Fig. 2.20. The key for weak entity set Crews is its
own number attribute and the name attribute of the unique studio to which the
crew is related by the many-one Unit-of relationship.t O

<F

Crews Studios

Figure 2.20: A weak entity set for crews, and its connections

Example 2.24: A species is designated by its genus and species names. For
example, humans are of the species Homo sapiens; Homo is the genus name
and sapiens the species name. In general, a genus consists of several species,
each of which has a name beginning with the genus name and continuing with
the species name. Unfortunately, species names, by themselves, are not unique.
Two or more genera may have species with the same species name. Thus, to
designate a species uniquely we need both the species name and the name of the
genus to which the species is related by the Belongs-to relationship, as suggested
in Fig. 2.21. Species is a weak entity set whose key comes partially from its

genus. O
hame
e

Figure 2.21: Another weak entity set, for species

Species Genus

The second common source of weak entity sets is the connecting entity
sets that we introduced in Section 2.1.10 as a way to eliminate a multiway
relationship.® These entity sets often have no attributes of their own. Their

4The double diamond and double rectangle will be explained in Section 2.4.3.
5Remember that there is no particular requirement in the E/R model that multiway re-

lationships be eliminated, although this requirement exists in some other database design
models.
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key is formed from the attributes that are the key attributes for the entity sets
they connect.

Example 2.25: In Fig. 2.22 we see a connecting entity set Contracts that
replaces the ternary relationship Contracts of Example 2.5. Contracts has an
attribute salary, but this attribute does not contribute to the key. Rather, the
key for a contract consists of the name of the studio and the star involved, plus
the title and year of the movie involved. O

Contracts

-
Lo f
a title » @

Stars
() Gead

Figure 2.22: Connecting entity sets are weak

Movies

name

2.4.2 Requirements for Weak Entity Sets

We cannot obtain key attributes for a weak entity set indiscriminately. Rather,
if F is a weak entity set then its key consists of:

1. Zero or more of its own attributes, and

2. Key attributes from entity sets that are reached by certain many-one
relationships from E to other entity sets. These many-one relationships
are called supporting relationships for E.

In order for R, a many-one relationship from E to some entity set F, to be a
supporting relationship for E, the following conditions must be obeyed:

a) R must be a binary, many-one relationship® from E to F.

SRemember that a one-one relationship is a special case of a many-one relationship. When
we say a relationship must be many-one, we always include one-one relationships as well.
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i b) R must have referential integrity from E to 'F. That i is, for every E-entity,
the F-entity related to it by R must actually exist in the database. Put
another way, a rounded arrow from R to F' must be justified.

c¢) The attributes that F supplies for the key of E must be key attributes of
F.

d) However, if F is itself weak, then some or all of the key attributes of F
supplied to E will be key attributes of one or more entity sets G to which
F is connected by a supporting relationship. Recursively, if G is weak,
some key attributes of G will be supplied from elsewhere, and so on.

e) If there are several different supporting relationships from E to F, then
. each relationship is used to supply a copy of the key attributes of F to
help form the key of E. Note that an entity e from E may be related to
different entities in F through different supporting relationships from E.
Thus, the keys of several different entities from F' may appear in the key
values identifying a particular entity e from E.

The intuitive reason why these conditions are needed is as follows. Consider
an entity in a weak entity set, say a crew in Example 2.23. Each crew is unique,
abstractly. In principle we can tell one crew from another, even if they have
the same number but belong to different studios. It is only the data about
crews that makes it hard to distinguish crews, because the number alone is not
sufficient. The only way we can associate additional information with a crew
is if there is some deterministic process leading to additional values that make
the designation of a crew unique. But the only unique values associated with
an abstract crew entity are:

1. Values of attributes of the Crews entity set, and

2. Values obtained by following a relationship from a crew entity to a unique
entity of some other entity set, where that other entity has a unique
associated value of some kind. That is, the relationship followed must be
many-one (or one-one as a special case) to the other entity set F, and the
associated value must be part of a key for F.

2.4.3 Weak Entity Set Notation

We shall adopt the following conventions to indicate that an entity set is weak
and to declare its key attributes.

1. If an entity set is weak, it will be shown as a rectangle with a double
border. Examples of this convention are Crews in Fig. 2.20 and Contracts
in Fig. 2.22.

2. Its supporting many-one relationships will be shown as diamonds with a
double border. Examples of this convention are Unit-of in Fig. 2.20 and
all three relationships in Fig. 2.22.
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3. If an entity set supplies any attributes for its own key, then those at-

" ¢ributes will be underlined. An example is in Fig. 2.20, where the number

of & crew participates in its own key, although it is not the complete key
for Crews.

We can summarize these conventions with the following rule:

o Whenever we use an entity set F with a double border, it is weak. E’s
attributes that are underlined, if any, plus the key attributes of those
entity sets to which E is connected by many-one relationships with a
double border, must be unique for the entities of E.

We should remember that the double-diamond is used only for supporting
relationships. It is possible for there to be many-one relationships from a weak
entity set that are not supporting relationships, and therefore do not get a
double diamond.

Example 2.26: In Fig. 2.22, the relationship Studio-of need not be a support-

ing relationship for Contracts. The reason is that each movie hag a unique own-
ing studio, determined by the (not shown) many-one relationship fI‘Ofn Movies
to Studios. Thus, if we are told the name of a star and a movie, there is at most
one contract with any stuaiv {ve the work of that star in that movie. In terms
of our notatic:, it would be appropriate to use an ordinary single diamond,
rather than the double diamond, for Studio-of in Fig. 2.22. 0

2.4.4 Exercises for Section 2.4

Exercise 2.4.1: One way to represent students and the grades they get in
courses is to use entity sets corresponding to students, to courses, and to “en-
rollments.” Enrollment entities form a “connecting” entity set between students
and courses and can be used to represent not only the fact that a student is
taking a certain course, but the grade of the student in the course. Draw an
E/R diagram for this situation, indicating weak entity sets and the keys for the
entity sets. Is the grade part of the key for enrollments?

Exercise 2,4.2: Modify your solution to Exercise 2.4.1 so that we can record
grades of the student for each of several assignments within a course. Again,
indicate Weak entity sets and keys.

Exercise 2.4 3: For your E/R diagrams of Exercise 2.2.6(a)-(c), indicate weak
entit: 'S, supporting relationships, and keys.

Exercise 2 4. 4: Draw E/R diagrams for the following situations involving
weak entily ¢otg In each case indicate keys for entity sets.

a) Entlty gotc Courses and Departments. A course i§ given by a unique
depaftment, but its only attribute is its number. Different departments
Can Offer courses with the same number. Each department has a unique
name,
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*! b) Entity sets Leagues, Teams, and Players. League names are unique, No
league has two teams with the same name. No team has two players with
the same number. However, there can be players with the same number
on different teams, and there can be teams with the same name in different
leagues.

2.5 Summary of Chapter 2

+ The Entity-Relationship Model: In the E/R model we describe entity
sets, relationships among entity sets, and attributes of entity sets and
relationships. Members of entity sets are called entities.

+ Entity-Relationship Diagrams: We use rectangles, diamonds, and ovals to
draw entity sets, relationships, and attributes, respectively.

4+ Multiplicity of Relationships: Binary relationships can be one-one, many-
one, or many-many. In a one-one relationship, an entity of either set can
be associated with at most one entity of the other set. In a many-one
relationship, each entity of the “many” side is associated with at most
one entity of the other side. Many-many relationships place no restriction
on multiplicity.

+ Keys: A set of attributes that uniquely determines an entity in a given
entity set is a key for that entity set.

+ Good Design: Designing databases effectively requires that we represent
the real world faithfully, that we select appropriate elements (e.g., rela-
tionships, attributes), and that we avoid redundancy — saying the same
thing twice or saying something in an indirect or overly complex manner.

4+ Referential Integrity: A requirement that an entity be connected, through
a given relationship, to an entity of some other entity set, and that the
latter entity exists in the database, is called a referential integrity con-
straint.

+ Subclasses: The EfR model uses a special relationship isa to represent
the fact that one entity set is a special case of another. Entity sets may be
connected in a hierarchy with each child node a special case of its parent.
Entities may have components belonging to any subtree of the hierarchy,
as long as the subtree includes the roat.

4+ Weak Entity Sets: An occasional complication that arises in the E/R
model is a weak entity set that requires attributes of some related entity
set(s) to identify its own entities. A special notation involving diamonds
and rectangles with double borders is used to distinguish weak entity sets.
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Chapter 3

The Relational Data Model

3. Thalheim, B., “Fundamentals of Entity-Relationship Modeling,” Spring-
er-Veriag, Berlin, 2000.

While the entity-relationship approach to data modeling that we discussed in
Chapter 2 is a simple and appropriate way to describe the structure of data, to-
day’s database implementations are almost always based on another approach,
called the relational model. The relational model is extremely useful because
it has but a single data-modeling concept: the “relation,” a two-dimensional
table in which data is arranged. We shall see in Chapter 6 how the relational
model supports a very high-level programming language called SQL (structured
query language). SQL lets us write simple programs that manipulate in pow-
erful ways the data stored in relations. In contrast, the E/R model generally is
not considered suitable as the basis of a data manipulation language.

On the other hand, it is often easier to design databases using the E/R
notation. Thus, our first goal is to see how to translate designs from E/R
notation into relations. We shall then find that the relational model has a design
theory of its own. This thecry, often called “normalization” of relations, is based
primarily on “functional dependencies,” which embody and expand the concept
of “key” discussed informally in Section 2.3.2. Using normalization theory,
we often improve our choice of relations with which to represent a particular
database design.

3.1 Basics of the Relational Model

The relational model gives us a single way to represent data: as a two-dimen-
sional table called a relation. Figure 3.1 is an example of a relation. The name of
the relation is Movies, and it is intended to hold information about the entities
in the entity set Movies of our running design example. Each row corresponds
to one movie entity, and each column corresponds to one of the attributes of
the entity set. However, relations can do much more than represent entity sets,
as we shall see.

61
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title | year | length | filmType
Star Wars 1977 | 124 color
Mighty Ducks 1991 | 104 color
Wayne’s World | 1992 | 95 color

Figure 3.1: The relation Movies

3.1.1 Attributes

Across the top of a relation we see attributes; in Fig. 3.1.the attributes are
title, year, length, and filmType. Attributes of a relat:,lon serve as names
for the columns of the relation. Usually, an attribute describes the meaning of
entries in the column below. For instance, the column with attribute length
holds the length in minutes of each movie.

Notice that the attributes of the relation Movies in Fig. 3.1 are the same as
the attributes of the entity set Movies. We shall see that turning one entity s?t
into a relation with the same set of attributes is a common step. However, in
general there is no requirement that attributes of a relation correspond to any
particular components of an E/R description of data.

3.1.2 Schemas

The name of a relation and the set of attributes for a relation is called 'fhe
schema for that relation. We show the schema for the relation with the relation
name followed by a parenthesized list of its attributes. Thus, the schema for
relation Movies of Fig. 3.1 is

Movies(title, year, lemgth, filmType)

The attributes in a relation schema are a set, not a list. However, in order to
talk about relations we often must specify a “standard” order for the attributes.
Thus, whenever we introduce a relation schema with a list of attributfas., as
above, we shall take this ordering to be the standard order whenever we display
the relation or any of its rows.-

In the relational model, a design consists of one or more relation schemas.
The set of schemas for the relations in a design is called a relational database
schema, or just a database schema.

3.1.3 Tuples

The rows of a relation, other than the header row containing the attribute
names, are called tuples. A tuple has one component for each attribute of
the relation. For instance, the first of the three tuples in Fig. 3.1 has the
four components Star Wars, 1977, 124, and color for attributes title, year,
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‘~length, and £ilmType, respectively. When we wish to write a tuple in isolation,
. not as part of a relation, we normally use commas to separate components, and
* we use parentheses to surround the tuple. For example,

(Star Wars, 1977, 124, color)

is the first tuple of Fig. 3.1. Notice that when a tuple appears in isolation, the
attributes do not appear, so some-indication of the relation to which the tuple
belongs must be given. We shall always use the order in which the attributes
were listed in the relation schema.

3.1.4 Domains

The relational model requires that each component of each tuple be atomic;
that is, it must be of some elementary type such as integer or string. It is not
permitted for a value to be a record structure, set, list, array, or any other type
that can reasonably have its values broken into smaller components.

It is further assumed that associated with each attribute of a relation is a
domain, that is, a particular elementary type. The components of any tuple of
the relation must have, in each component, a value that belongs to the domain of
the corresponding column. For example, tuples of the Movies relation of Fig. 3.1
must have a first component that is a string, second and third components that
are integers, and a fourth component whose value is one of the constants color
and blackAndWhite. Domains are part of a relation’s schema, although we
shall not develop a notation for specifying domains until we reach Section 6.6.2.

3.1.5 Equivalent Representations of a Relation

Relations are sets of tuples, not lists of tuples. Thus the order in which the
tuples of a relation are presented is immaterial. For example, we can list the
three tuples of Fig. 3.1 in any of their six possible orders, and the relation is
“the same” as Fig. 3.1.

Moreover, we can reorder the attributes of the relation as we choose, without
changing the relation. However, when we reorder the relation schema, we must
be careful to remember that the attributes are column headers. Thus, when we
change the order of the attributes, we also change the order of their columns.
When the columns move, the components of tuples change their order as well.
The result is that each tuple has its components permuted in the same way as
the attributes are permuted.

For example, Fig. 3.2 shows one of the many relations that could be obtained
from Fig. 3.1 by permuting rows and columns. These two relations are consid-
ered “the same.” More precisely, these two tables are different presentations of
the same relation.
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year | title filmType | length
1991 | Mighty Ducks | color 104

1992 | Wayne’s World | color 95
1977 | Star Wars color 124

Figure 3.2: Another presentation of the relation Movies

3.1.6 Relation Instances

A relation about movies is not static; rather, relations change over time. We
expect that these changes involve the tuples of the relation, such as insertion
of new tuples as movies are added to the database, changes to existing tuples
if we get revised or corrected information about a movie, and perhaps deletion
of tuples for movies that are expelled from the database for some reason.

It is less common for the schema of a relation to change. However, there are
situations where we might want to add or delete attributes. Schema changes,
while possible in commercial database systems, are very expensive, because each
- of perhaps millions of tuples needs to be rewritten to add or delete components.
If we add an attribute, it may be difficult or even impossible to find the correct
values for the new component in the existing tuples.

We shall call a set of tuples for a given relation an instance of that relation.
For example, the three tuples shown in Fig. 3.1 form an instance of relation
Movies. Presumably, the relation Movies has changed over time and will con-
tinue to change over time. For instance, in 1980, Movies did not contain the
tuples for Mighty Ducks or Wayne’s World. However, a conventional database
system maintains only one version of any relation: the set of tuples that are in
the relation “now.” This instance of the relation is called the current instance.

3.1.7 Exercises for Section 3.1

Exercise 3.1.1: In Fig. 3.3 are instances of two relations that might constitute
part of a banking database. Indicate the following:

a) ‘The attributes of each relation.

b) The tuples of each relation.

¢) The components of one tuple from each relation.
d) The relation schema for each relation.

e) The database schema.

f) A suitable domain for each attribute.

g) Another equivalent way to present each relation.
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acctNo | type balance
12345 | savings | 12000

23456 | checking | 1000
34567 | savings | 25

The relation Accounts

firstName | lastName | idNo account
Robbie Banks 901-222 | 12345
Lena Hand 805-333 | 12345
Lena Hand 805-333 | 23456

The relation Customers

Figure 3.3: Two relations of a banking database

!t Exercise 3.1.2: How many different ways (considering orders of tuples and

attributes) are there to represent a relation instance if that instance has:

* a) Three attributes and three tuples, like the relation Accounts of Fig. 3.37
b) Four attributes and five tuples?

c) n attributes and m tuples?

3.2 From E/R Diagrams to Relational Designs

Let us consider the process whereby a new database, such as our movie database,
is created. We begin with a design phase, in which we address and answer
questions about what information will be stored, how information elements will
be related to one another, what constraints such as keys or referential integrity
may be assumed, and so on. This phase may last for a long time, while options
are evaluated and opinions are reconciled.

The design phase is followed by an implementation phase using a real
database system. Since the great majority of commercial database systems
use the relational model, we might suppose that the design phase should use
this model too, rather than the E/R model or another model oriented toward
design.

However, in practice it is often easier to start with a model like E/R, make
our design, and then convert it to the relational model. The primary reason for
doing so is that the relational model, having only one concept — the relation —
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Schemas and Instances

Let us not forget the important distinction between the schema of a re-
lation and an instance of that relation. The schema is the name and
attributes for the relation and is relatively immutable. An instance is a
set of tuples for that relation, and the instance may change frequently.

The schema/instance distinction is common in data modeling. For
instance, entity set and relationship descriptions are the E/R model’s way
of describing a schema, while sets of entities and relationship sets form an
instance of an E/R schema. Remember, however, that when designing a
datalase, a database instance is not part of the design. We only imagine
what typical instances would look like, as we develop our design.

rather than several complementary concepts (e.g., entity sets and relationships ,
in the E/R model) has certain inflexibilities that are best handled after a design
has been selected.

To a first approximation, converting an E/R design to a relational database
schema is straightforward:

¢ Turn each entity set into a relation with the same set of attributes, and

¢ Replace a relationship by a relation whose attributes are the keys for the
connected entity sets.

While these two rules cover much of the ground, there are also several special
situations that we need to deal with, including: '

1. Weak entity sets cannot be translated straightforwardly to relations.
2. “Isa” relationships and subclasses require careful treatment.
3. Sometimes, we do well to combine two relations, especially the relation for

an entity set £ and the relation that comes from a many-one relationship
from E to some other entity set.

3.2.1 From Entity Sets to Relations

Let us first consider entity sets that are not weak. We shall take up the mod-
ifications needed to accommodate weak entity sets in Section 3.2.4. For each
non-weak entity set, we shall create a relation of the same name and with the
same set of attributes. This relation will not have any indication of the rela-
tionships in which the entity set participates; we’ll handle relationships with
separate relations, as discussed in Section 3.2.2.
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Example 3.1: Consider the three entity sets Movies, Stars and Studios from
Fig. 2.17, which we reproduce here as Fig. 3.4. The attributes for the Movies
entity set are title, year, length, and filmType. As a result, the relation Movies
looks just like the relation Movies of Fig. 3.1 with which we began Section 3.1.

@ @ B >

Cleng) Cfimype
<>

Studios

Figure 3.4: E/R diagram for the movie database

Next, consider the entity set Stars from Fig. 3.4. There are two attributes,
name and address. Thus, we would expect the corresponding Stars relation to
have schema Stars(name, address) and for a typical instance of the relation
to look like:

name | address

Carrie Fisher | 123 Maple Stv., Hollywood
Mark Hamill 456 QOak Rd., Brentwood
Harrison Ford | 789 Palm Dr., Beverly Hills

3.2.2 From E/R Relationships to Relations

Relationships in the E/R model are also represented by relations. The relation
for a given relationship R has the following attributes:

1. For each entity set involved in relationship R, we take its key attribute
or attributes as part of the schema of the relation for R.

2. If the relationship has attributes, then these are also attributes of relation
R.
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A Note About Data Quality :-)

While we have endeavored to make example data as accurate as possible,
we have used bogus values for addresses and other personal information
about movie stars, in order to protect the privacy of members of the acting
profession, many of whom are shy individuals who shun publicity.

If one entity set is involved several times in a relationship, in different roles,
then its key attributes each appear as many times as there are roles. We must
rename the attributes to avoid name duplication. More generally, should the
same attribute name appear twice or more among the attributes of R itself and
the keys of the entity sets involved in relationship R, then we need to rename
to avoid duplication. .

Example 3.2: Consider the relationship Owns of Fig. 3.4. This relationship
connects entity sets Movies and Studios. Thus, for the schema of relation Owns
we use the key for Mouies, which is title and year, and the key of Studios, which
is name. That is, the schema for relation Owns is:

Owns(title, year, studioName)
A sample instance of this relation is:

title year | studioName
Star Wars 1977 | Fox
Mighty Ducks 1991 | Disney
Wayne’s World | 1992 | Paramount

We have chosen the attribute studioName for clarity; it corresponds to the
attribute name of Studios. O

Example 3.3: Similarly, the relationship Stars-In of Fig. 3.4 can be trans-
formed into a relation with the attributes title and year (the key for Movies)
and attribute starName, which is the key for entity set Stars. Figure 3.5 shows
a sample relation Stars-In.

Because these movie titles are unique, it seems that the year is redundant in
Fig. 3.5. However, had there been several movies of the same title, like “King
Kong,” we would see that the year was essential to sort out which stars appear
in which version of the movie. 0O

Example 3.4: Multiway relationships are also easy to convert to relations.
Consider the four-way relationship Contracts of Fig. 2.6, reproduced here as
Fig. 3.6, involving a star, a movie, and two studios — the first holding the
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title | year | starName
Star Wars 1977 | Carrie Fisher
Star Wars 1977 | Mark Hamill
Star Wars 1977 | Harrison Ford

Mighty Ducks 1991 | Emilio Estevez
Wayne’s World | 1992 | Dana Carvey
Wayne’s World | 1992 | Mike Meyers

Figure 3.5: A relation for relationship Stars-In

Stars Movies
Contracts
Studio Producing
of star studio
Studios

Figure 3.6: The relationship Contracts

star’s contract and the second contracting for that star’s services in that movie.
We represent this relationship by a relation Contracts whose schema consists
of the attributes from the keys of the following four entity sets:

1. The key starName for the star.
2. The key consisting of attributes title and year for the movie.

3. The key studio0fStar indicating the name of the first studio; recall we
assume the studio name is a key for the entity set Studios.

4. The key producingStudio indicating the name of the studio that will
produce the movie using that star.

That is, the schema is:
Contracts(starName, title, year, studioOfStar, producingStudio)
Notice that we have been inventive in choosing attribute names for our relation

schema, avoiding “name” for any attribute, since it would be unobvious whether
that referred to a star’s name or studio’s name, and in the latter case, which
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studio. Also, were there attributes attached to entity set Coniracts, such as
salary, these attributes would be added to the schema of relation Contracts.
»

3.2.3 Combining Relations

Sometimes, the relations that we get from converting entity sets and relation-
ships to relations are not the best possible choice of relations for the given data.
Orne common situation occurs when there is an entity set E with a many-one
relationship R from E to F. The relations from E and R will each have the
key for E in their relation schema. In addition, the relation for E will have in
its schema the attributes of E that are not in the key, and the relation for R
will have the key attributes of F and any attributes of R itself. Because R is
many-one, all these attributes have values that are determined uniquely by the
key for E, and we can combine them into one relation with a schema consisting
of:

1. All attributes of E.
2. The key attributes of F'.

3. Any attributes belonging to relationship R.

For an ent®. - ¢ of E that is nut related to any entity of F', the attributes of types
(2) and (3} will have null values in the tuple for e. Null values were introduced
informally in Section 2.3.4, in order to represent a situation where a value is
missing or unknown. Nulls are not a formal part of the relational model, but a
null value, denoted NULL, is available in SQL, and we shall use it where needed
in our discussions of representing E/R designs as relational database schemas.

Example 3.5: In our running movie example, Owns is a many-one relationship
from Movies to Studios, which we converted to a relation in Example 3.2. The
relation obtained from entity set Movies was discussed in Example 3.1. We can
combine these relations by taking all their attributes and forming one relation
schema. If we do, the relation looks like that in Fig. 3.7. DO

title year | length | filmType | studioName

Star Wars 1977 | 124 color Fox
Mighty Ducks 1991 { 104 color Disney
Wayne’s World | 1992 ] 95 color Paramount

Figure 3.7: Combining relation Movies with relation Owns

Whether or not we choose to combine relations in this manner is a matter
of judgement. However, there are some advantages to having all the attributes
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that are dependent on the key of entity set F together in one relation, even
if there are a number of many-one relationships from E to other entity sets.
For example, it is often more efficient to answer queries involving attributes
of one relation than to answer queries involving attributes of several relations.
In fact, some design systems based on the E/R model combine these relations
automatically for the user. )

On the other hand, one might wonder if it made sense to combine the
relation for F with the relation of a relationship R that involved E but was not
many-one from E to some other entity set. Doing so is risky, because it often
leads to redundancy, an issue we shall take up in Section 3.6.

Example 3.6: To get a sense of what can go wrong, suppose we combined the
relation of Fig. 3.7 with the relation that we get for the many-many relationship
Stars-in; recall this relation was suggested by Fig. 3.5. Then the combined
relation would look like Fig. 3.8.

title [ year J length | filmType | studioName | starName

Star Wars 1977 | 124 color Fox Carrie Fisher
Star Wars 1977 | 124 color Fox Mark Hamill
Star Wars 1977 | 124 color Fox Harrison Ford
Mighty Ducks 1991 | 104 color Disney Emilio Estevez
Wayne’s World | 1992 | 95 color Paramount | Dana Carvey
Wayne’s World | 1992 | 95 color Paramount | Mike Meyers

Figure 3.8: The relation Movies with star information

Because a movie can have several stars, we are forced to repeat all the
information about a movie, once for each star. For instance, we see in Fig. 3.8
that the length of Star Wars is repeated three times — once for each star —
as is the fact that the movie is owned by Fox. This redundancy is undesirable,
and the purpose of the relational-database design theory of Section 3.6 is to
split relations such as that of Fig. 3.8 and thereby remove the redundancy. O

3.2.4 Handling Weak Entity Sets

When a weak entity set appears in an E/R diagram, we need to do three things
differently. '

1. The relation for the weak entity set W itself must include not only the
attributes of W but also the key attributes of the other entity sets that
help form the key of W. These helping entity sets are easily recognized
because they are reached by supporting (double-diamond) relationships
from W.
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9. The relation for any relationship in which the weak entity set W appears
must use as a key for W all of its key attributes, including those of other
entity sets that contribute to W's key.

3. However, a supporting relationship R, from the weak entity set W to an-
other entity set that helps provide the key for W, need not be converted to
arelation at all. The justification is that, as discussed in Section 3.2.3, the
attributes of many-one relationship R’s relation will either be attributes
of the relation for W, or (in the case of attributes on R) can be combined
with the schema for W’s relation.

Of course, when introducing additional attributes to build the key of a weak
entity set, we must be careful not to use the same name twice. If necessary, we
rename some or all of these attributes.

Example 3.7: Let us consider the weak entity set Crews from Fig. 2.20, which
we reproduce here as Fig. 3.9. From this diagram we get three relations, whose
schemas are:

Studios(name, addr)
Crews (number, studioName)
Unit-of (number, studioName, name)

The first relation, Studios, is constructed in a straightforward manner from
the entity set of the same name. The second, Crews, comes from the weak entity
set Crews. The attributes of this relation are the key attributes of Crews; if there
were any nonkey attributes for Crews, they would be included in the relation
schema as well. We have chosen studioName as the attribute in relation Crews
that corresponds to the attribute name in the entity set Studios.

=7

Crews 3 Studios

Figure 3.9: The crews example of a weak entity set

The third relation, Unit-of, comes from the relationship of the same name.
As always, we represent an E/R relationship in the relational model by a relation
whose schema has the key attributes of the related entity sets. In this case,
Unit-of has attributes number and studioName, the key for weak entity set
Crews, and attribute name, the key for entity set Studios. However, notice that
since Unit-of is a many-one relationship, the studio studioName is surely the
same as the studio name.

For instance, suppose Disney crew #3 is one of the crews of the Disney
studio. Then the relationship set for E/R relationship Unit-of includes the pair
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Relatiohs With Subset Schemas

You might imagine from Example 3.7 that whenever one relation R has a
set, of attributes that is a subset of the attributes of another relation S, we
can eliminate R. That is not exactly true. R might hold information that
doesn’t appear in S because the additional attributes of S do not allow us
to extend a tuple from R to S.

For instance, the Internal Revenue Service tries to maintain a relation
People(name, ss#) of potential taxpayers and their social-security num-
bers, even if the person had no income and did not file a tax return. They
might also maintain a relation TaxPayers(name, ss#, amount) indicat-
ing the amount of tax paid by each person who filed a return in the current
year. The schema of People is a subset of the schema of TaxPayers, yet
there may be value in remembering the social-security number of those
who are mentioned in People but not in Taxpayers.

In fact, even identical sets of attributes may have different éema.ntics,
so it is not possible to merge their tuples. An example would be two
relations Stars(name, addr) and Studios(name, addr). Although the
schemas look alike, we cannot turn star tuples into studio tuples, or vice-
versa.

On the other hand, when the two relations come from the weak-entity-
set construction, then there can be no such additional value to the relation
with the smaller set of attributes. The reason is that the tuples of the
relation that comes from the supporting relationship correspond one-for-
one with the tuples of the relation that comes from the weak entity set.
Thus, we routinely eliminate the former relation.

(Disney-crew-#3, Disney)
This pair gives rise to the tuple
(3, Disney, Disney)
for the relation Unit-of.
Notice that, as must be the case, the components of this tuple for attributes
studioName and name are identical. As a consequence, we can “merge” the
attributes studioName and name of Unit-of, giving us the simpler schema:

Unit-of (number, name)

However, now we can dispense with the relation Unit-of altogether, since it is
now identical to the relation Crews. O
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Contracts
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Figure 3.10: The weak entity set Contracts

Example 3.8: Now consider the weak entity set Contracts from Example 2.25
and Fig. 2.22 in Section 2.4.1. We reproduce this diagram as Fig. 3.10. The
schema for relation Contracts is

Contracts(starName, studioName, title, year, salary)

These attributes are the key for Stars, suitably renamed, the key .for Studu;;s,
suitably renamed, the two attributes that form the key f(.)r Movies, and the
lone attribute, salary, belonging to the entity set Contracts itself. T}'lere are no
relations constructed for the relationships Star-of, Studio-of, or Movie-of. Each
would have a schema that is a proper subset of that for Contracts above.

Incidentally, notice that the relation we obtain is exactl;t the same as what
we would obtain had we started from the E/R diagram of Fig. 2.7. Re(fall that
figure treats contracts as a three-way relationship among stars, movies, and
studios, with a salary attribute attached to Contracts. O

The phenomenon observed in Examples 3.7 and 3.8‘—— that a support?ng
relationship needs no relation — is universal for weak entity sets. The following
is a modified rule for converting to relations entity sets that are weak.

o If W is a weak entity set, construct for W arelation whose schema consists
of:

1. All attributes of W.
9. All attributes of supporting relationships for W.
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3. For each supportirig relationship for W, say a many-one relationship
from W to entity set E, all the key attributes of E.

Rename attributes, if necessary, to avoid name conflicts.

¢ Do not construct a relation for any supporting relationship for W.

3.2.5 Exercises for Section 3.2

* Exercise 3.2.1: Convert the E/R diagram of Fig. 3.11 to a relational database
schema.

Custormners Flights

Figure 3.11: An E/R diagram about airlines

! Exercise 3.2.2: There is another E/R diagram that could describe the weak
entity set Bookingsin Fig. 3.11. Notice that a booking can be identified uniquely
by the flight number, day of the flight, the row, and the seat; the customer is
not then necessary to help identify the booking.

a) Revise the diagram of Fig. 3.11 to reflect this new viewpoint.

b) Convert your diagram from (a) into relations. Do you get the same
database schema as in Exercise 3.2.17

* Exercise 3.2.3: The E/R diagram of Fig. 3.12 represents ships. Ships are said

to be sisters if they were designed from the same plans. Convert this diagram
to a relational database schema.

Exercise 3.2.4: Convert the following E/R diagrams to relational database
schemas.

a) Figure 2.22.
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The
ship

The

sister

Figure 3.12: An E/R diagram about sister ships

b) Your answer to Exercise 2.4.1.
¢) Your answer to Exercise 2.4.4(a).

d) Your answer to Exercise 2.4.4(b).

3.3 Converting Subclass Structures to Relations

When we have an isa-hierarchy of entity sets, we are presented with several
choices of strategy for conversion to relations. Recall we assume that:

o There is a root entity set for the hierarchy,

o This entity set has a key that serves to identify every entity represented
by the hierarchy, and

e A given entity may have components that belong to the entity sets of any
subtree of the hierarchy, as long as that subtree includes the root.

The principal conversion strategies are:

1. Follow the E/R viewpoint. For each entity set E in the hierarchy, create a
relation that includes the key attributes from the root and any attributes

belonging to E.

2. Treat entities as objects belonging to a single class. For each possible
subtree including the root, create one relation, whose schema includes all
the attributes of all the entity sets in the subtree.

3. Use null values. Create one relation with all the attributes of all the entity
sets in the hierarchy. Each entity is represented by one tuple, and that
tuple has a null value for whatever attributes the entity does not have.

We shall consider each approach in turn.

3.3. CONVERTING SUBCLASS STRUCTURES TO RELATIONS (i

3.3.1 E/R-Style Conversion

Our first approach is to create a relation for each entity set, as usual. If the
entity set £ is not the root of the hierarchy, then the relation for E will include
the key attributes at the root, to identify the entity represented by each tuple,
plus all the attributes of E. In addition, if E is involved in a relationship, then

. we use these key attributes to identify entities of E in the relation corresponding

to that relationship.

Note, however, that although we spoke of “isa” as a relationship, it is unlike
other relationships, in that it connects components of a single entity, not distinct
entities. Thus, we do not create a relation for “isa.”

to Stars length ImType

Movies
isi is
Murder—
Cartoons ,
Mysteries

Figure 3.13: The movie hierarchy

E?tample 3.9: Consider the hierarchy of Fig. 2.10, which we reproduce here as
Fig. 3.13. The relations needed to represent the four different kinds of entities
in this hierarchy are:

1. Movies(title, year, length, filmType). This relation was discussed
in Example 3.1, and every movie is represented by a tuple here.

2. MurderMysteries(title, year, weapon). The first two attributes are
the key for all movies, and the last is the lone attribute for the corre-
sponding entity set. Those movies that are murder mysteries have a tuple
here as well as in Movies.

3. Cartoons(title, year). This relation is the set of cartoons. It has
no attributes other than the key for movies, since the extra information
.about cartoons is contained in the relationship Voices. Movies that are
cartoons have a tuple here as well as in Movies.

Note that the fourth kind of movie — those that are both cartoons and murder
mysteries — have tuples in all three relations.
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In addition, we shall need the relation Voices(title, year, starName)
that corresponds to the relationship Voices between Stars and Cartoons. The
last attribute is the key for Stars and the first two form the key for Cartoons.

For instance, the movie Roger Rabbit would have tuples in all four relations.
Tts basic information would be in Movies, the murder weapon would appear
in MurderMysteries, and the stars that provided voices for the movie would
appear in Voices.

Notice that the relation Cartoons has a schema that is a subset of the
schema for the relation Voices. In many situations, we would be content to
eliminate a relation such as Cartoons, since it appears not to contain any
information beyond what is in Voices. However, there may be silent cartoons
in our database. Those cartoons would have no voices, and we would therefore
lose the fact that these movies were cartoons. 0O

3.3.2 An Object-Oriented Approach

An alternative strategy for converting isa-hierarchies to relations is to enumerate
all the possible subtrees of the hierarchy. For each, create one relation that
represents entities that have components in exactly those subtrees; the schema
for this relation has all the attributes of any entity set in the subtree. We refer
to this approach as “object-oriented,” since it is motivated by the assumption
that entities are “objects” that belong to one and only one class.

Example 3.10: Consider the hierarchy of Fig. 3.13. There are four possible
subtrees including the root:

1. Movies alone.

2. Movies and Cartoons only.

3. Movies and Murder-Mysteries only.
4. All three entity sets.

We must construct relations for all four “classes.” Since only Murder-Mysteries
contributes an attribute that is unique to its entities, there is actually some
repetition, and these four relations are: -

Movies(title, year, length, filmType)
MoviesC(title, year, length, filmType)
MoviesMM(title, year, length, filmType, weapon)
MoviesCMM(title, year, length, filmType, weapon)

Had Cartoons had attributes unique to that entity set, then all four rela-
tions would have different sets of attributes. As that is not the case here, we
could combine Movies with MoviesC (i.e., create one relation for non-murder-
mysteries) and combine MoviesMM with MoviesCMM (i.e., create one relation
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for all murder mysteries), although doing so loses some information — which
movies are cartoons. .

We also need to consider how to handle the relationship Voices from Car-
toons to Stars. If Voices were many-one from Cartoons, then we could add a
voice attribute to MoviesC and MoviesCMM, which would represent the Voices
relationship and would have the side-effect of making all four relations different.
However, Voices is many-many, so we need to create a separate relation for this
relationship. As always, its schema has the key attributes from the entity sets
connected; in this case )

Voices(title, year, starName)

would be an appropriate schema.

One might consider whether it was necessary to create two such relations,
one connecting cartoons that are not murder mysteries to their voices, and the
other for cartoons that are murder mysteries. However, there does not appear
to be any benefit to doing so in this case. O

3.3.3 Using Null Values to Combine Relations

There is one more approach to representing information about a hierarchy of
entity sets. If we are allowed to use NULL (the null value as in SQL) as a
value in tuples, we can handle a hierarchy of entity sets with a single relation.
This relation has all the attributes belonging to any entity set of the hierarchy.
An entity is then represented by a single tuple. This tuple has NULL in each
attribute that is not defined for that entity.

Example 3.11: If we applied this approach to the diagram of Fig. 3.13, we
would create a single relation whose schema is:

Movie(title, year, length, filmType, weapon)

Those movies that are not murder mysteries would have NULL in the weapon
component of their tuple. It would alsc be necessary to have a relation Voices
to connect those movies that are cartoons to the stars performing the voices,
as in Example 3.10. O

3.3.4 Comparison of Approaches

Each of the three approaches, which we shall refer to as “straight-E/R,” “object-
oriented,” and “nulls,” respectively, have advantages and disadvantages. Here
is a list of the principal issues.

1. It is expensive to answer queries involving several relations, so we would
prefer to find all the attributes we needed to answer a query in one re-
lation. -The nulls approach uses only one relation for all the attributes,
so it has an advantage in this regard. The other two approaches have
advantages for different kinds of queries. For instance:
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(a) A query like “what films of 1999 were longer than 150 minutes?” can
be answered directly from the relation Movies in the straight-E/R
approach of Example 3.9. However, in the object-oriented approach
of Example 3.10, we need to examine Movies, MoviesC, MoviesM¥,
and MoviesCMM, since a long movie may be in any of these four
relations.!

(b) On the other hand, a query like “what weapons were used in cartoons
of over 150 minutes in length?” gives us trouble in the straight-
E/R approach. We must access Movies to find those movies of over
150 minutes. We must access Cartoons to verify that a movie is a
cartoon, and we must access MurderMysteries to find the murder
weapon. In the object-oriented approach, we have only to access the
relation MoviesCMM, where all the information we need will be found.

2. We would like not to use too many relations. Here again, the nulls method
shines, since it requires only one relation. However, there is a difference
between the other two methods, since in the straight-E/R approach, we
use only one relation per entity set in the hierarchy. In the object-oriented
approach, if we have a root and n children (n + 1 entity sets in all), then
there are 2" different classes of entities, and we need that many relations.

3. We would like to minimize space and avoid repeating information. Since
" the object-oriented method uses only one tuple per entity, and that tuple
has components for only those attributes that make sense for the entity,
this approach offers the minimum possible space usage. The nulls ap-
proach also has only one tuple per entity, but these tuples are “long”; i.e.,
they have components for all attributes, whether or not they are appro-
priate for a given entity. If there are many entity sets in the hierarchy, and
there are many attributes among those entity sets, then a large fraction
of the space could wind up not being used in the nulls approach. The
straight-E/R method has several tuples for each entity, but only the key
attributes are repeated. Thus, this method could use either more or less
space than the nulls method.

3.3.5 Exercises for Section 3.3

* Exercise 3.3.1: Convert the E/R diagram of Fig. 3.14 to a relational database
schema, using each of the following approaches:

a) The straight-E/R method.
b) The object-oriented method.
c¢) The nulls method.

1Even if we combine the four relations into two, we must still access both relations to
answer the query.
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Figure 3.15: E/R diagram for Exercise 3.3.2




82 . CHAPTER 3. THE RELATIONAL DATA MODEL

! Exercise 3.3.2: Convert the E/R diagram of Fig. 3.15 to a relational database

schema, using;:
a) The straight-E/R method.
b) The object-oriented method.

¢) The nulls method.

Exercise 3.3.3: Convert your E/R design from Exercise 2.1.7 to a relational
database schema, using:

a) The straight-E/R method.
b) The object-oriented method.

¢) The nulls method.

Exercise 3.3.4: Suppose that we have an isa-hierarchy involving e entity sets.
Each entity set has a attributes, and &k of those at the root form the key for all
these entity sets. Give formulas for (7) the minimum and maximum number of
relations used, and (77) the minimum and maximum number of components that
the tuple(s) for a single entity have all together, when the method of conversion
to relations is:

-

* a) The straight-E/R method.
b) The object-oriented method.

c) The nuils method.

3.4 Functional Dependencies

Sections 3.2 and 3.3 showed us how to convert E/R designs into relational
schemas. It is also possible for database designers to produce relational schemas
directly from application requirements, although doing so can be difficult. Re-
gardless of how relational designs are produced, we shall see that frequently it is
possible to improve designs systematically based on certain types of constraints.
The most important type of constraint we use for relational schema design is
a unique-value constraint called a “functional dependency” (often abbreviated
FD). Knowledge of this type of constraint is vital for the redesign of database
schemas to eliminate redundancy, as we shall see in Section 3.6. There are also
some other kinds of constraints that help us design good databases schemas. For
instance, multivalued dependencies are covered in Section 3.7, and referential-
integrity constraints are mentioned in Section 5.5.
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3.4.1 Definition of Functional Dependency

A functionel dependency (FD) on a relation R is a statement of the form “if
two tuples of R agree on attributes.A;, A,,..., A, (i.e., the tuples have the
same values in their respective components for each of these attributes), then
they must also agree on another attribute, B.” We write this FD formally as
AyAy---An — B and say that “4;, A,, ..., A, functionally determine B.”

If a set of attributes 4;, As,..., A, functionally determines more than one
attribute, say

A1A2-"An - B]
A1A2~"An - By

A1A2 An - Bm
then we can, as a shorthand, write this set of FD’s as
AAz--- Ay = BBy By,

Figure 3.16 suggests what this FD tells us about any two tuples ¢ and u in the
relation R. :

'
- A gt B
i 1

&
s
A==
el

Ift and Then they
u agree must agree
here.  here

Figure 3.16: The effect of a functional dependency on two tuples.

Example 3.12: Let us consider the relation
Movies(title, year, length, filmType, studioName, starName)

from Fig. 3.8, an instance of which we reproduce here as Fig. 3.17. There are
several FD’s that we can reasonably assert about the Movies relation. For
instance, we can assert the three FD’s:

title year — length
title year — filmType
title year —» studioName
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title | year | length | filmType | studioName | starName

Star Wars 1977 | 124 color Fox Carrie Fisher
Star Wars 1977 | 124 color Fox Mark Hamill
Star Wars 1977 | 124 color Fox Harrison Ford
Mighty Ducks | 1991 | 104 color Disney Emilio Estevez
Wayne’s World | 1992 | 95 color Paramount | Dana Carvey
Wayne’s World | 1992 | 95 | color Paramount | Mike Meyers

Figure 3.17: An instance of the relation Movies(title, year, length,
filmType, studioName, starName)

Since the three FD’s each have the same left side, title and year, we can
summarize them in one line by the shorthand

title year — length filmType studioName

Informally, this set of FD’s says that if two tuples have the same value in
their title components, and they also have the same value in their year com-
ponents, then these two tuples must have the same values in their length com-
ponents, the same values in their filmType components, and the same values
in their studioName components. This assertion makes sense if we remember
the original design from which this relation schema was developed. Attributes
title and year form a key for the Movies entity set. Thus, we expect that
given a title and year, there is a unique movie. Therefore; there is a unique
length for the movie and a unique film type. Further, there is a many-one rela-
tionship from Movies to Studios. Consequently, we expect that given a movie,
there is only one owning studio.

On the other hand, we observe that the statement

title year — starName

is false; it is not a functional dependency. Given a movie, it is entirely possible
that there is more than one star for the movie listed in our database. 0O

3.4.2 Keys of Relations

We say a set of one or more attributes {41, Az,...,4n} is a key for a relation
R if:

1. Those attributes functionally determine all other attributes of the rela-
tion. That is, because relations are sets, it is impossible for two distinct
tuples of R to agree on all of 4;,A4,,..., 4,.
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Functional Dependencies Tell Us About the Schema

Remember that a FD, like any constraint, is an assertion about the schema,
of a relation, not about a particular instance. If we look at an instance, we
cannot tell for certain that a FD holds. For example, looking at Fig. 517
we might suppose that a FD like title — filmType holds, because for
every tuple in this particular instance of the relation Movies it happens
that any two tuples agreeing on title also agree on filmType.

However, we cannot claim this FD for the relation Movies. Were
our instance to include, for example, tuples for the two versions of King
Kong, one of which was in color and the other in black-and-white, then
the proposed FD would not hold. ,

2. No proper subset of {A;, Az,...,4,} functionally determines all other
attributes of R; i.e., a key must be minimal.

When a key consists of a single attribute A, we often say that 4 (rather than
{A}) is a key.

Ex_ample 3.13: Attributes {title, year, starName} form a key for the re-
lation Movies of Fig. 3.17. First, we must show that they functionally de-
termine all the other attributes. That is, suppose two tuples agree on these
three attributes: title, year, and starName. Because they agree on title
and year, they must agree on the other attributes — length, £ilmType, and
studioName — as we discussed in Example 3.12. Thus, two different tilples
cannot agree on all of title, year, and starName; they would in fact be the
same tuple.

Nf)w, we must argue that no proper subset of {title, year, starName}
functionally determines all other attributes. To see why, begin by observing
that title and year do not determine starName, because many movies have
more than one star. Thus, {title, year} is not a key. )

) {year, starName} is not a key because we could have a star in two movies
in the same year; therefore

year starName — title

Is not a ITD. Also, we claim that {title, starName} is not a key, because two
movies with the same title, made in different years, occasionally have a star in
common.? O

2qs . T

N Since we asserted in an earlier book that there were no known examples of this phe-

d?mmon, several people have shown us we were wrong. It’s an interesting challenge to
Iscover stars that appeared in two versions of the same movie.
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Minimality of Keys

The requirement that a key be minimal was not present in th.e E/ R mod_el,
although in the relational model, we do require keys to be minimal. While
we suppose designers using the E/R model would not add }mnecessary
attributes to the keys they declare, we have no way of knowing whetl.ler
an E/R key is minimal or not. Only when we have a formal reprfasentat.lon
such as FID’s can we even ask the question whether a set of attributes is a
minimal set that can serve as a kev for some relation. )

Incidentally, remember the difference between “minimal” — yf)u can’t
throw anything out — and “minimum” — smallest of. all possible. A
minimal key may not have the minimum number of attributes of any key
for the given relation. For example. we might find thzjtt'ABC and 'DE are
both keys (i.e., minimal), while only DE is of the minimum possible size
for any key.

Sometimes a relation has more than one key. If so, it is common to desig-
nate one of the keys as the primary key. In commercial database systems, the
choice of primary key can influence some implementation issues §uch as how
the relation is stored on disk. A useful convention we shall follow is:

o Underline the attributes of the primary key when displaying its relation
schema.

3.4.3 Superkeys

A set of attributes that contains a key is called a superkey, short for “superset
of a key.” Thus, every key is a superkey. However, some suPe.:rkeys are n(?t
(minimal) keys. Note that every superkey satisfies the first condition of 2 key: it
functionally determines all other attrizutes of the relation. However, a superkey
need not satisfy the second condition: minimality.

Example 3.14: In the relation of Example 3.13, there are many superkeys.
Not only is the key

{title, y2==. starName}
a superkey, but any superset of this s=< of attributes, such as
{title, year, starNazm=. length, studioName}

is a superkey. O
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What Is “Functional” About Functional
- Dependencies?

A1Ay---Ap, — B is called a “functional” dependency because in prin-
ciple there is a function that takes a list of values, one for each of at-
tributes A;, As,..., A, and produces a unique value (or no value at all)
for B. For example, in the Movies relation, we can imagine a function that
takes a string like "Star Wars” and an integer like 1977 and produces the
unique value of length, namely 124, that appears in the relation Movies.
However, this function is not the usual sort of function that we meet in
mathematics, because there is no way to compute it from first principles.
_That is, we cannot perform some operations on strings like "Star Wars"
and integers like 1977 and come up with the correct length. Rather, the
function is only computed by lookup in the relation. We look for a tuple

with the given title and year values and see what value that tuple has
for length.

3.4.4 Discovering Keys for Relations

When a relation schema was developed by converting an E/R design to relations,

we can often predict the key of the relation. Our first rule about inferring keys
is:

¢ If the relation comes from an entity set then the key for the relation is
the key attributes of this entity set.

Example 3.15: In Example 3.1 we described how the entity sets Movies and
Sters could be converted to relations. The keys for these entity sets were {title,

year} and {name}, respectively. Thus, these are the keys for the corresponding
relations, and

Movies(title, year, length, filmType)
Stars(name, address)

are the schemas of the relations, with keys indicated by underline. O

Our second rule concerns binary relationships. If a relation R is constructed
from a relationship, then the multiplicity of the relationship affects the key for
R. There are three cases:

o If the relationship is many-many, then the keys of both connected entity
sets are the key attributes for R.

¢ If the relationship is many-one from entity set E; to entity set E, then
the key attributes of E; are key attributes of R, but those of E; are not.
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Other Key Terminology

In some books and articles one finds different terminology regarding keys.
One can find the term “key” used the way we have used the term “su-
perkey,” that is, a set of attributes that functionally determine all the
attributes, with no requirement of minimality. These sources typically use
the term “candidate key” for a key that is minimal — that is, a “key” in
the sense we use the term.

e If the relationship is one-one, then the key attributes for either of the
connected entity sets are key attributes of R. Thus, there is not a unique

key for R.

Example 3.16 : Example 3.2 discussed the relationship Owns, which is many-
one from entity set Movies to entity set Studios. Thus, the key for the relation
Ouns is the key attributes title and year, which come from the key for Movies.
The schema for Owns, with key attributes underlined, is thus

Owns(title, year, studioName)

~ In contrast, Example 3.3 discussed the manv-many relationship Stars-in
between Movies and Stars. Now, all attributes of the resulting relation

Stars-in(title, year, starName)

are key attributes. In fact, the only way the relazion from a many-many rela-
tionship could not have all its attributes be part f the key is if the relationship
itself has an attribute. Those attributes are omitzed from the key. O

Finally, let us consider multiway relationships. Since we cannot describe all
possible dependencies by the arrows coming out of the relationship, there are
situations where the key or keys will not be obvicus without thinking in detail
about which sets of entity sets functionally determine which other entity sets.
One guarantee we can make, however, is

o If a multiway relationship R has an arrow = entity set E, then there is at
least one key for the corresponding relatioz that excludes the key of E.

3.4.5 Exercises for Section 3.4

Exercise 3.4.1: Consider a relation about peopie in the United States, includ-
ing their name, Social Security number, street address, city, state, ZIP code,
area code, and phone number (7 digits). What FD’s would you expect to hold?
What are the keys for the relation? To answer tZis question, you need to know

1 :
! Exercise 3.4.6: Suppose R is a relation with attributes Ay, 4,
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Other Notions of Functional Dependencies

. We take the position that a FD can have several attributes on the I ft
: b-ut only a single attribute on the right. Moreover, the attribute on ti
rlght may not appear also on the left. However, we allow several FD’e
with a common left side to be combined as a shorthand, giving us a :
of attributes on the right. We shall also find it occasional,ly congenientst‘:3
allow a “trivial” FD whose right side is one of the attributes on the left °
Other works on the subject often start from the point of view thz;t
both left and right side are arbitrary sets of attributes, and attributes ma
appear on both left and right. There is no importan;; difference betweey
the two' approaches, but we shall maintain the position that, unless stat 3
otherwise, there is no attribute on both left and right of a I’T‘D e

something about the way these numbers are assigned. For instance, can an area

;c;g;lst}rladdltehtwo stages? Can a ZIP code straddle two area, cod(’as? Can two
e have the same Social Security number? Can g :

oo the s y they have the same address

* Exerf:nse 3.4.2: Consider a relation representing the present position of mol
cules in a cl.osed container. The attributes are an ID for the molecule, the z o
and z coordinates of the molecule, and its velocity in the y,and z di;nen i o
What FD’s would you expect to hold? What are the keys!? ’ T

' . .

! ?g{ertcxlsle 3.4.2.5: In. Exgrcxse 2.2.5 we discussed three different assumptions

ou the relationship Births. For each of these, indicate the key or keys of the
relation constructed from this relationship.

* .
Efxermse 3.4.4: In your database schema constructed for Exercise 3.2.1. indi-
cate the keys you would expect for each relation. ,

Exercise 3.4.5: For each
4.5: of the four parts of Exercise indi
expected keys of your relations. 324 Indicate the

function of n, tell how many superkeys R has, if:
* a) The only key is ;.
b) The only keys are 4; and A,.
¢) The only keys are {A1, A2} and {43, 44)}.
d} The only keys are {A1, 42} and {4, A3}.
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3.5.2 ‘Trivial Functional Dependencies
AFD Ajds---An — Bis said to be trivialif B is one of the A’s. For example,

title year — title

is a trivial FD. .

Every trivial FD holds in every relation, since it says that “two tuples that
agree in all of 4, Ag, ..., A, agree in one of them.” Thus, we may assume any
trivial FD, without having to justify it on the basis of what FD’s are asserted

for the relation.
In our original definition of FD’s, we did not allow a FD to be trivial.

However, there is no harm in including them, since they are always true, and
they sometimes simplify the statement of rules.

When we allow trivial FD’s, then we also allow (as shorthands) FD’s in
which some of the attributes on the right are also on the left. We say that a

FD 4,45---A, — BiBy-- Bp is
o Trivial if the B’s are a subset of the A’s.
e Nontrivial if at least one of the B’s is not among the A’s.

e Completely nontrivial if none of the B’s is also one of the A’s.

Thus

title year — year length

is nontrivial, but not completely nontrivial. By eliminating year from the right
side we would get a completely nontrivial FD.
We can always remove from the right side of a FD those attributes that

appear on the left. That is:
e The FD 4;4;--- A, — BiBz--: By is equivalent to
AjAg-- A, = C1Cy -Gy
where the C’s are all those B’s that are not also A’s.

We call this rule, illustrated in Fig. 3.18, the trivial-dependency rule.

3.5.3 Computing the Closure of Attributes

Before proceeding to other rules, we shall give a general principle from which
all rules follow. Suppose {A;, 4s,...,A,} is a set of attributes and S is a
set of FD's. The closure of {4, Az,...,A,} under the FD’s in S is the set
of attributes B such that every relation that satisfies all the FD’s in set S
also satisfes A;d2--+ A, — B. Thatis, 41 A2---4, — B follows from
the FD’s of 5. We denote the closure of a set of attributes A;As--- A by
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Figure 3.18: The trivial~depeﬁdency rule

{41, As,..., A, }*. To simplify the discussion of computing closures, we shall
allow trivial FD’s, so A, Ay, ..., 4, are always in {4;, A, ..., A,,}"". '

1'?‘igure 3.19 illustrates the closure process. Starting with the given set of
attributes, we repeatedly expand the set by adding the right sides of FD’s as
soon as we have included their left sides. Eventually, we cannot expand the
set any more, and the resulting set is the closure. The following steps are a
more detailed rendition of the algorithm for computing the closure of a set of
attributes {4;, A,,..., A,} with respect to a set of FD’s.

1. Let X be aset of attributes that eventually will become the closure. First
we initialize X to be {4, ds,..., Ap}. ’

2. Now, we repeatedly search for some FD B1B;--- B, = C such that all
of By, B,,..., B, are in the set of attributes X, but C is not. We then
add C to the set X.

3. Repeat step 2 as many times as necessary until no more attributes can be
added to X. Since X can only grow, and the number of attributes of any

relation schema must be finite, eventually nothing more can be added to
X.
4. The set X, after no more attributes can be added to it, is the correct

value of {4, ds,...,4,}7.

Example 3.19: Let us consider a relation with attributes A, B, C, D, E, and
F. Suppose that this relation has the FD’s AB - C, BC — AD,D — E,
and CF — B. What is the closure of {4, B}, that is, {4, B}*?
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3.5 Rules About Functional Dependencies

In this section, we shall learn how to reason about FD’s. That is, suppose we
are told of a set of FD’s that a relation satisfies. Often, we can deduce that the
relation must satisfy certain other FD’s. This ability to discover additional FD’s
is essential when we discuss the design of good relation schemas in Section 3.6.

Example 3.17: If we are told that a relation R with attributes A, B, and C,
satisfies the FD’s A — B and B — C, then we can deduce that R also satisfies
the FD A — C. How does that reasoning go? To prove that A — C, we must
consider two tuples of R that agree on 4 and prove they also agree on C.

Let the tuples agreeing on attribute A be (a,b1,c1) and (a,be,c2). We
assume the order of attributes in tuples is 4, B,C. Since R satisfies A — B,
and these tuples agree on A, they must also agree on B. That is, b = bs, and
the tuples are really (a,b,c;) and (a,b, c2), where b is both by and by. Similarly,
since R satisfies B — C, and the tuples agree on B, they agree on C. Thus,
¢1 = ca; ie., the tuples do agree on C. We have proved that any two tuples of
R that agree on A also agree on C, and that is the FD A+ C. O

FD’s often can be presented in several different ways, without changing the
set of Jegal instances of the relation. We say:

o Two sets of FD’s S and T are equivalent if the set of relation instances
satisfying S is exactly the same as the set of relation instances satisfying
T.

o More generally, a set of FD’s S follows from a set of FD’s T if every
relation instance that satisfies all the FD’s in T also satisfies all the FD’s
in S.

Note then that two sets of FD’s S and T are equivalent if and only if S follows
from 7', and T follows from S.

In this section we shall see several useful rules about FD’s. In general, these
rules let us replace one set of FD’s by an equivalent set, or to add to a set of
FD’s others that follow from the original set. An example is the transitive rule
that lets us follow chains of FD’s, as in Example 3.17. We shall also give an
algorithm for answering the general question of whether one FD follows from
one or more other FD’s.

3.5.1 The Splitting/Combining Rule
Recall that in Section 3.4.1 we defined the FD:
AAy---Ay = ByBy-- By

to be a shorthand for the set of FD’s:
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A1A2"'An — B;
A1A2"'An-'-)B2

AjAs -+ A, - B

That is, we may split attributes on the right side so that only one attribute
appears on the right of each FD. Likewise, we can replace a collection of FD’s
v.nth a common left side by a single FD with the same left side and all the right
.SldeS Fombined into one set of attributes. In either event, the new set of FD’s
is equivalent to the old. The equivalence noted above can be used in two wéys.

e We can replace a FD A;4,---4, — ByB;3--- By, by a set of FD’s

Al‘.‘iz.' --An, — Bjfori=1,2,...,m. This transformation we call the
splitting rule.

s We can replace a set of FD's A3 ds---A, — B; fori = 1,2,....,m by

the single FD 4145--- A, = ByB,---B,,. We call this transformation
the combining rule,

For instance, we mentioned in Example 3.12 how the set of FD’s:

title year — length
title year — filmType
title year — studioName

is equivalent to the single FD:

title year — length filmType studioName

One might imagine that splitting could be applied to the left sides of FD's

as well as to right sides. However, there is no splitting rule for left sides, as the
following example shows. ’

Example 3.18: Consider one of the FD’s such as:
title year —+ length

for the relation Movies in Example 3.12. If we try to split the left side into

title — length
year — length

then we get two false FD’s. That is, title does not functionally determine
length,. since there can be two movies with the same title (e.g., King Kong)
but of different lengths. Similarly, year does not functionally determine length,

gecause there are certainly movies of different lengths made in any one year.

i—
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Closure

Pushing out

—

Initial set
of attributes

Figure 3.19: Computing the closure of a set of attributes

We start with X = {4, B}. First, notice that both attributes on the left
side of FD AB — C arein X, so we may add the attribute C, which is on the
right side of that FD. Thus, after one iteration of step 2, X becomes {4, B,C }

Next, we see that the left side of BC — AD is now contained in X, so we
may add to X the attributes 4 and D3 A is already there, but D is not, so
X next becomes {A, B,C,D}. At this point, we may use the FD D — Eto
add E to X, which is now {4, B,C, D, E}. No more changes to X are possible.
In particular, the ¥D CF — B can not be used, because its left side never
becomes contained in X. Thus, {4, B}* = {4,B,C,D,E}. O

If we know how to compute the closure of any set of attributes, then we
can test whether any given FD A1Ag - A, — B follows from a set of

FD’s S. First compute {A1,As,..., Ax}+ using the set of FD’s 5. If Bis
in {A1,4s,...,Ax}T, then AjAg---A, — B does follow from S, and if B is

not in {41, 42,..., A,}*, then this FD does not follow from S. More generally,
2 FD with a set of attributes on the right can be tested if we remember that this
FD is a shorthand for a set of FD’s. Thus, A14da -~ A, = B1B;--- By, follows
from set of FD’s S if and only if all of By, Bz, ..., Bm arein {A1,42,..., Aa}t.

Example 3.20: Consider the relation and FD’s of Example 3.19. Suppose we
wish to test whether AB — D follows from these FD’s. We compute {4.B}".
which is {4, B, C, D, E}, as we saw in that example. Since D is a member of
the closure, we conclude that AB — D does follow.

On the other hand, consider the FD D — A. To test whether this FD
follows from the given FD's, first compute {D}*. To do so, we start with
X = {D}. We can use the FD D — E to add E to the set X. However,

3Recall that BC — AD is shorthand for the pair of FD’s BC — Aand BC — D. We
could treat each of these FD’s separately if we wished.
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: .’the; wie alr)e stuck. We cannot find any other FD whose left side is contained
in X = {D,E}, so {D}* = {D,E}. Since A is not a member of {D,E}
- conclude that D — 4 does not follow. O Th e

3.5.4 Why the Closure Algorithm Works

: 31}1 :thlizrss:tiont, w; ];hill 4show why the closure algorithm correctly decides
not a 142+ A, — B follows fi i !
There are two parts to the proof:n W Hom & given set of FD's 5.

1. .We must prove that the closure algorithm does not claim too much. That

15,ewe én?:t sh?z tl;iit if Ai; A2}+) A, —+ B is asserted by the closure test
e, in {A,4,,..., , then A1 A,y--. i

relation that satisfies all the %‘D’s in S. a7 4n = B holds in any

2. We must prove that the closure algori
gorithm doe i i '
that truly follows from the set of FD’s S. " not fail to discover a FI

Why the Closure Algorithm Claims only True FD’s

We can prove by induction on the i
: number of times that we appl i
ﬁpleratl‘on of step 2 that for every attribute D in X, the FD Alp gzy t hfi gf‘i’:’llg
? ds (in tl}e spec1al' case where D is among the A’s, this FD is trivial) T’ll‘hat i
every relation R satisfying all of the FD’s in S also satisfies A; A, - - - 4 - ll; :
A, .

BASIS: The basis case is when there are zero steps. Then D must be one of

Aj, As,. .. Ay, and surely 4;4,--- : .
is a trivial FD. rely 414 -+ An = D holds in any relation, because it

g\II;U.(?TIBON: For the infiuction, suppose D was added when we used the FD
41 42 4m - D. We !mow by the inductive hypothesis that R satisfies
klt‘hza : Ap = Bjforalli=1,2,...,m. Put another way, any two tuples of
A iha ;Lgre; (gl all cl)g Ay, 4s,..., 4, also agree on all of By, B, Bp,. Since
isfies By By - - - — D, we also k 0 tuples agreo
Thee Ao AIA,;,. 2o D'S now that these two tuples agree on D.

Why the Closure Algorithm Discovers All True FD’s

Suppose A1 43 --- 4, = B were a FD that the closure i

g(z)llow frOfn set S. That is, the closure of {4, A,..., jl,,gfl;;i: :ziysmg ;_GS ’;lost
foﬁos“flgt mfsl'u(%lie B.'We must show that FD 4;4,--- 4, —» B really doesn’t
o om 5. hat is, \}fe'must show that there is at least one relation instance

at s§t1§ﬁes all th(.z FD’sin S, and yet does not satisfy A;.42--- 4, — B

. h;}‘sh:fnllnvsia{lce I is actually quite simple to construct; it is shown ;1 Fig. .3.20.
o y \;0 trples t and s. ) The t“"o tuples agree in all the attributes of
Y ;‘;‘ﬁz;s.t . u’la t,,} , zfnfcil they dlsagre’e in all the other attributes. We must
gy e, that B.sat-ls es all the FD’s of S, and then that it does not satisfy
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{A;,4s,..., A}t Other Attributes
t: 111---11 000---00
s: 111---11 111-.-11

Figure 3.20: An instance I satisfying S but not Ay Ay A, 2 B

Suppose there were some FD C1Cy - -+ Ck =+ D in set S that m}s]taéxc'e 1; udolzz
not satisfy. Since I has only two tuples, ¢ and s, those {nust be the wg ! P -
that violate C1Cs---Cy — D. That is, t and s agree in all the attri 1}11 is e
{Cy,C,,...,Ct}, yet disagree on D. If we examine Fig. 3.20 we sJerelt) a !
of C,,Ca,...,C) must be among the attributes of {{11,A'2, ... A}, because
those are the only attributes on which ¢ and s agree. Likewise, D mu.st be. among
the other attributes, because only on those attributes do ¢ and s disagree. u

But then we did not compute the closure correctly. C1Cy+--Cy —+ D shoud
have been applied when X was {4, As, ey Ap} to ad.d D to X. We conclude
that C;C3 - - - C — D cannot exist; i.e., mstar?ce I satisfies S. . '

Second, we must show that I does not satisfy A;A;- A, = B. N ohwteweti,
this part is easy. Surely, Ay, As, ..., A, are among the attr:t.)utes on whic fat,rkll
s agree. Also, we know that B is not in {A1, Ag, ... ,An} , 50 B is one o Be
attributes on which t and s disagree. Thus, I does n‘ot satisfy A1 As--- An — B.
We conclude that the closure algorithm asserts neither too few nor too many
FD’s; it asserts exactly those FD’s that do follow from S.

3.5.5 The Transitive Rule

The transitive rule lets us cascade two FD’s.

o fAjAy--+An — B1By---Bp and BBz ---Byy — Clqg---Ck hold
in relation R, then A;Ay---A, — C1C2---Cy also holds in R.

If some of the C’s are among the A’s, we may eliminate them from the right
side by the trivial-dependencies rule. . )

To see why the transitive rule holds, apply the test of Section 3.5.3. To test
whether A;As+-- 4, — Ci1Cs---Cy holds, we need to compute the closure

Ay, Ag,..., A, }F with respect to the two given FD’s.
¢ 1Th: FD A1 Ay Ap — B1By--- By, tells us that all of By, Bs,..., B are
in {41, Aa,....An}". Then, we can use the FD BBy---B,, = CiC>---Ci

to add C1,Cs, ..., Ck to {41, 42,..., Ay}, Since all the C’s are in
{A17A27-'~,An}+

we conclude that A, 42+ A, —= C1Ca---Cj holds for any relation that sat-
isfies both A1 4;--- A, — BiBy--+Bp and BiBy--- By = C1Cy - C.
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Closures and Keys

Notice that {4;,4,,..., An}t is the set of all attributes of a relation if
and only if A;,A4,,...,4, is a superkey for the relation. For only then
does A;,4,,...,4, functionally determine all the other attributes. We
can test if A;, Ay,..., A, is a key for a relation by checking first that
{A, 42,00, A} s all attributes, and then checking that, for no set X

formed by removing one attribute from {A;, 4, ..., Ap}, is X7 the set of
all attributes.

Example 3.21: Let us begin with the relation Movies of Fig. 3.7 that was
constructed in Example 3.5 to represent the four attributes of entity set Movies,
plus its relationship Ouwns with Studios. The relation and some sample data is:

title | year | length | filmType | studioName
Star Wars 1977 | 124 color Fox
Mighty Ducks 1991 | 104 color Disney
Wayne’s World | 1992 | 95 color Paramount

" Suppose we decided to represent some data about the owning studio in
this same relation. For simplicity, we shall add only a city for the studio,
representing its address. The relation might then look like

title year | length | filmType | studioName | studioAddr
Star Wars 1977 | 124 color Fox Hollywood
Mighty Ducks 1991 | 104 color Disney Buena Vista
Wayne’s World | 1992 | 95 color Paramount | Hollywood

Two of the FD’s that we might reasonably claim to hold are:

title year — studioName
studioName — studioAddr

The first is justified because the Ouwns relationship is many-one. The second

is justified because the address is an attribute of Studios, and the name of the
studio is the key of Studios.

The transitive rule allows us to combine the two FD’s above to get a new
FD:

title year — studioAddr

This FD says that a title and year (i.c., a movie) determines an address — the
address of the studio owning the movie. O
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3.5.6 Closing Sets of Functional Dependencies

As we have seen, given a set of FD’s, we can often infer some other FD’s,
including both trivial and nontrivial FD’s. We shall, in later sections, want
to distinguish between given FD’s that are stated initially for a relation and
derived FD’s that are inferred using one of the rules of this section or by using
the algorithm for closing a set of attributes.

" Moreover, we sometimes have a choice of which FD’s we use to represent
the full set of FD’s for a relation. Any set of given FD’s from which we can
infer all the FD’s for a relation will be called a basis for that relation. If no
proper subset of the FD’s in a basis can also derive the complete set of FD’s,
then we say the basis is minimal.

Example 3.22: Consider a relation R(4, B, C) such that each attribute func-
tionally determines the other two attributes. The full set of derived FD’s thus
includes six FD’s with one attribute on the left and one on the right; A — B,
A C,B » AB—~ C,C = AadC — B. Italso includes the
three nontrivial FD’s with two attributes on the left: AB - C, AC — B,
and BC — A. There are also the shorthands for pairs of FD’s such as
A — BC, and we might also include the trivial FD’s such as A — A or
FD's like AB -+ BC that are not completely nontrivial (although in our strict
definition of what is a FD we are not required to list trivial or partially trivial
FD’s, or dependencies that have several attributes on the right).

This relation and its FD’s have several minimal bases. One is

{A>B,B~+ A, B~C, C- B}

Another is
{A=B, B=C, C— A}

There are many other bases, even minimal bases, for this example relation, and
we leave their discovery as an exercise. 0O

3.5.7 Projecting Functional Dependencies

When we study design of relation schemas, we shall also have need to answer
the following question about FD’s. Suppose we have a relation R with some
FD’s F, and we “project” R by eliminating certain attributes from the schema.
Suppose S is the relation that results from R if we eliminate the components
corresponding to the dropped attributes, in all R’s tuples. Since S is a set,
duplicate tuples are replaced by one copy. What FD’s hold in 57

The answer is obtained in principle by computing all FD’s that:

a) Follow from F, and

b) Involve only attributes of S.
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A Complete Set of Inference Rules

If we want to know whether one FD follows from some given FD’s, the
f:losure ‘computatlon of Section 3.5.3 will always serve. However, it is
_ interesting to know that there is a set of rules, called Armstrong’s azioms,

; from which it is possible to derive any FD that follows from a given set
These axioms are: .

1. Reflezivity. If {B1,Bs,...,Bn} C  {4A1,4,,... yAn}, then
3113 /,12 --+A, = BiB;--- B,,. These are what we have called trivial
s.
2. Augmentation. If AyAs-- A, - B1Bs--- B,,, then
A1Az--- A,C1Cy---Cx = B1By---BpCiCo---Cy
for any set of attributes C;,Cs,...,Cy.
3. Transitivity. If
A1A2"'An — BiBy--- By, and BB, «+Bn — C1Cy-- -Ct
then A1 Ay A, = CiCs---Ch.

Since there may be a large number of such FD’s, and many of them may be
redundant (i.e., they follow from other such FD’s), we are free to simplify that
_set of FD’s if we wish. However, in general, the calculation of the FD’s for S is
in the worst case exponential in the number of attributes of S.

Example 3.23: Suppose R(4,B,C,D) has FD’s A — B, B — C(C, and
C - D. Suppose also that we wish to project out the attribute B leav’ing a
relation S(4,C, D). In principle, to find the FD’s for S, we need tz) take the
closure of all eight subsets of {4,C, D}, using the full set of FD’s, including

thoie involving B. However, there are some obvious simplifications we can
make.

. IEIII;)sing the empty set and the set of all attributes cannot yield a nontrivial

o If we already know that the closure of some set X is ail attributes, then
we cannot discover any new FD’s by closing supersets of X.

Thus, we may start with the closures of the singleton sets, and then move
on to the doubleton sets if necessary. For each closure of a set X, we add the
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FD X — E for each attribute E that is in X+ and in the schema of S, but
not in X.

First, {A}* = {4,B,C,D}. Thus, A =+ Cand A — D holdin 5.
Note that A — B is true in R, but makes no sense in S because B is not an

attribute of S.

Next, we consider {C}* = {C, D}, from which we get the additional FD
C — Dfor 8. Since {D}* = {D}, we can add no more FD’s, and are done
with the singletons.

Since {A}* includes all attributes of S, there is no point in considering any
superset of {A}. The reason is that whatever FD we could discover, for instance
AC — D, follows by the rule for augmenting left sides [see Exercise 3.5.3(a)]
from one of the FD’s we already discovered for S by considering A alone as the
left side. Thus, the only doubleton whose closure we need to take is {C,D}F =
{C,D}. This observation allows us to add nothing. We are done with the
closures, and the FD’s we have discovered are A — C,A = D,and C - D.

If we wish, we can observe that A — D follows from the other two by
transitivity. Therefore a simpler, equivalent set of FD’s for S is A — Cand

¢ - D. O

3.5.8 Exercises for Section 3.5

* Exercise 3.5.1: Consider a relation with schema R(A,B,C,D) and FD’s
AB -+ C,C - D,and D - A

a) What are all the nontrivial FD’s that follow from the given FD’s? You
should restrict yourself to FD’s with single attributes on the right side.

b) What are all the keys of R?
¢) What are all the superkeys for R that are not keys?

Exercise 3.5.2: Repeat Exercise 3.5.1 for the following schemas and sets of
FD’%s:

i) S(A,B,C,D) with FD's A -+ B,B = C,and B = D.

ii) T(A,B,C,D) with FD's AB - C, BC - D,CD — A and
AD — B.

iti) U(A,B,C,D) with FD’s A — B,B — C,C — D,and D — A

: Exercise 3.5.3: Show that the following rules hold, by using the closure test
] of Section 3.5.3.

* a) Augmenting left sides. If A1 4;---A, — Bis a FD, and C is another
}, attribute, then A; Ay --- A,C - B follows.
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b) Full augmentation. If A1Az---A, — B is a FD, and C is another
attribute, then A14;---4,C — BC follows. Note: from this rule
the “augmentation” rule mentioned in the box of Section 3.5.6 on “A’
Complete Set of Inference Rules” can easily be proved.

¢) Pseudotransitivity. Suppose FD's 4;4,---4,, — B\B;--- By, and
C1C2---Cr — D hold, and the B’s are each among the C's. Then
Aydy--- A B Ey---E; — D holds, where the E’s are all those of the
C’s that are not found among the B’s.

d) Addition. If FD’s A1 Ay --- A, — BB, By, and
CiCy---Cr = D1D2'~'Dj

hOld, then FD _411‘12 .. 'An0102 v Ck - B1B2 v BmD1D2 v Dj also
holds. In the above, we should remove one copy of any attribute that
appears among both the A4’s and C’s or among both the B’s and D’s.

! Exe.rc'ise 3.5.4: Show that each of the following are not valid rules about FD’s
by giving example relations that satisfy the given FD’s (following the “if”) but
not the FD that allegedly follows (after the “then”).

*a) IfA - Bthen B — A.
b) fAB - Candd - C,then B = C.
c) fAB — C,thend - CorB - C.

! Exercise 3.5.5: Show that if a relation has no attribute that is functionally

det:ﬁmined by all the other attributes, then the relation has no nontrivial FD’s
at all.

! Eliercise 3.5.6: Let X and Y be sets of attributes. Show that if X CY, then
X1 C Y+, where the closures are taken with respect to the same set of FD’s.

! Exercise 3.5.7: Prove that (X*)* = X+,

! Exercise 3.5.8: We say a set of attributes X is closed (with respect to a given
set of FD’s) if X+ = X. Consider a relation with schema R(A,B,C, D) and an
u_nknown set of FD’s. If we are told which sets of attributes are closed, we can
discover the FD’s. What are the FD's if: ’

* a) All sets of the four attributes are closed.
b) The only closed sets are § and {4, B,C, D}.
) The closed sets are @, {A,B}, and {4, B,C, D}.

! Exercise 3.5.9: Find all the minimal bases for the FD’s and relation of Ex-
ample 3.22.
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| Exercise 3.5.10: Suppose we have relation R(4,B,C,D,E), with some set
of FD’s, and we wish to project those FD’s onto relation S(4, B,C). Give the

FD’s that hold in S if the FD’s for R are:
*a) AB - DE,C - E,D - C,and E = A.
b) A » D,BD —» E,AC - E,and DE = B.
¢) AB - D, AC — E,BC - D,D - A and E — B.
d A~ B, B — ¢, =+ D,D =+ E,and E = A.
In each case, it is sufficient to give a minimal basis for the full set of FD’s of S.

11 Exercise 3.5.11: Show that if a FD F follows from some given FD’s, then
we can prove F from the given FD’s using Armstrong’s axioms (defined in the
box “A Complete Set of Inference Rules” in Section 3.5.6). Hint: Examine the
algorithm for computing the closure of a set of attributes and show how each
step of that algorithm can be mimicked by inferring some FD’s by Armstrong’s

axioms.

3.6 Design of Relational Database Schemas

Careless selection of a relational database schema can lead to problems. For
instance, Example 3.6 showed what happens if we try to combine the relation
for 5 many-many relationship with the relation for one of its entity sets. The
principal problem we identified is redundancy, where a fact is repeated in more
than one tuple. This problem is seen in Fig. 3.17, which we reproduce here as
Fig. 3.21; the length and film-type for Star Wars and Wayne’s World are each
repeated, once for each star of the movie.

In this section, we shall tackle the problem of design of good relation schemas

in the following stages:

1. We first explore in more detail the problems that arise when our schema
is flawed.

2. Then, we introduce the idea of “decomposition,” breaking a relation
schema (set of attributes) into two smaller schemas.

3. Next, we introduce “Boyce-Codd normal form,” or “BCNF,” a condition
on a relation schema that eliminates these problems.

4. These points are tied together when we explain how to assure the BCNF
condition by decomposing relation schemas.
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title | year | length | filmType | studioName | starName
Star Wars 1977 | 124 color Fox Carrie Fisher
Star Wars 1977 | 124 color Fox Mark Hamill
Star Wars 1977 | 124 color Fox Harrison Ford
Mighty Ducks 19091 | 104 color Disney Emilio Estevez
Wayne’s World | 1992 | 95 color Paramount | Dana Carve
Wayne’s World | 1992 | 95 color Paramount | Mike Meyerz

Figure 3.21: The relation Movies exhibiting anomalies

3.6.1 Anomalies

} Ioblelns Such as Iedundancy that occur w hen we tly to cram too Inuch mto a
Slngle Ielatlon are Called a7l017l0hes. Ihe plulClpal klnds Of allolllalles lha‘ we
encounter are:

L. Redundancy. Information may be repeated unnecessarily in several tuples.
Examples are the length and film type for movies s in Fig. 3.21.

2. Updat'e Anomalies. We may change information in one tuple but leave the
same information unchanged in another. For example, if we found that
Star Wars was really 125 minutes long, we might carelessly change the
length in the first tuple of Fig. 3.21 but not in the second or third tuples
Tru:—:},l we might argue that one should never be so careless. But we shali
see that it is possible to redesi i i risk
sce that doespnOt Dle 10 gn relation Movies so that the risk of such

3. peletion Anomalies. If a set of values becomes empty, we may lose other
information as a side effect. For example, should we delete Emilio Estevez
from the set of stars of Mighty Ducks, then we have no more stars for that
movie in the database. The last tuple for Mighty Ducks in the relation
Movies would disappear, and with it information that it is 104 minutes
long and in color.

3.6.2 Decomposing Relations

The accepted way to eliminate these anomalies is to decompose relations. De-
composition of R involves splitting the attributes of R to make the schem.as of
two new relations. Our decomposition rule also involves a way of populating
those relations with tuples by “projecting” the tuples of R. After describing
th.e fiecomposition process, we shall show how to pick a decomposition that
eliminates anomalies.

- leen. arelation R witp schema {4y, 4s,...,4,}, we may decompose R into
wo relations S and T with schemas {By, B>,...,B,,} and {C},C, Ci}

respectively, such that T
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1. The two representations of the same owning-studio fact take more space,
when the data is stored, than either representation alone.

2. If a movie were sold, we might change the owning studio to which it
is related by relationship Ouns but forget to change the value of its
studioName attribute, or vice versa. Of course one could argue that one
should never do such careless things, but in practice, errors are frequent,
and by trying to say the same thing in two different ways, we are inviting
trouble.

These problems will be described more formally in Section 3.6, and we shall
also learn there some tools for redesigning database schemas so the redundancy

and its attendant problems go away.

2.2.3 Simplicity Counts

Avoid introducing more elements into your design than is absolutely necessary.

Example 2.14: Suppose that instead of a relationship between Movies and
Studios we postulated the existence of “movie-holdings,” the ownership of a
single movie. We might then create another entity set Holdings. A one-one
relationship Represents could be established between each movie and the unique
holding that represents the movie. A many-one relationship from Holdings to
Studios completes the picture shown in Fig. 2.11.

Movies ng,’,i" Holdings Owns Studios

Figure Q.il: A poor design with an unnecessary entity set

Technically, the structure of Fig. 2.11 truly represents the real world, since
it is possible to go from a movie to its unique owning studio via Holdings.
However, Holdings serves no useful purpose, and we are better off without it.
It makes programs that use the movie-studio relationship more complicated,
wastes space, and encourages errors. U

2.2.4 Choosing the Right Relationships

Entity sets can be connected in various ways by relationships. However, adding
to our design every possible relationship is not often a good idea. First, it
can lead to redundancy, where the connected pairs or sets of entities for one
relationship can be deduced from one or more other relationships. Second, the
resulting database could require much more space to store redundant elements,
and modifying the database could become too complex, because one change in
the data could require many changes to the stored relationships. The problems
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are essentially the same as those discussed in Section 2.2.2, although the cause
of the problem is different from the problems we discussed there.

We shall illustrate the problem and what to do about it with two examples.
In the first example, several relationships could represent the same information;
in the second, one relationship could be deduced from several others.

Example 2.15: Let us review Fig. 2.7, where we connected movies, stars,
and studios with a three-way relationship Contracts. We omitted from that
figure the two binary relationships Stars-in and Owns from Fig. 2.2. Do we
also need these relationships, between Movies and Stars, and between Movies
and Studios, respectively? The answer is: “we don’t know; it depends on our
assumptions regarding the three relationships in question.”

It might be possible to deduce the relationship Stars-in from Contracts. If
a star can appear in a movie only if there is a contract involving that star, that
movie, and the owning studio for the movie, then there truly is no need for
relationship Stars-in. We could figure out all the star-movie pairs by looking
at the star-movie-studio triples in the relationship set for Contracts and taking
only the star and movie components. However, if a star can work on a movie
without there being a contract —— or what is more likely, without there being a
contract that we know about in our database — then there could be star-movie
pairs in Stars-in that are not part of star-movie-studio triples in Contracts. In
that case, we need to retain the Stars-in relationship. _

A similar observation applies to relationship Ouwns. If for every movie, there
is;at least one contract involving that movie, its owning studio, and some star for
that movie, then we can dispense with Quns. However, if there is the possibility
that a studio owns a movie, yet has no stars under contract for that movie, or
no such contract is known to our database, then we must retain Owns.

In summary, we cannot tell you whether a given relationship will be redun-
dant. You must find out from those who wish the database created what to
expect. Only then can you make a rational decision about whether or not to
include relationships such as Stars-in or Qwns. O )

Example 2.16: Now, consider Fig. 2.2 again. In this diagram, there is no
relationship between stars and studios. Yet we can use the two relationships
Stars-in and Owns to build a connection by the process of composing those
two relationships. That is, a star is connected to some movies by Stars-in, and
those movies are connected to studios by Owns. Thus, we could say that a star
is connected to the studios that own movies in which the star has appeared.

Would it make sense to have a relationship Waorks-for, as suggested in
Fig. 2.12, between Stars and Studios too? Again, we cannot tell without know-
ing more. First, what would the meaning of this relationship be? If it is to
mean “the star appeared in at least one movie of this studio,” then probably
there is no good reason to include it in the diagram. We could deduce this
information from Stars-in and Quns instead.

However, it is conceivable that we have other information about stars work-
ing for studios that is not entailed by the connection through a movie. In that
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jolati ometimes wind up with a simpler
e s a']:'g? Ii:‘x;:;ogglr\‘lgf"ﬁgl;:iﬁnss if we augment the right side (;f
o d'ecompoiixl right sides of all the other FD’s that ha've the same l.e't
e t :;3heg are BCNF violations. The following is an alterna%\'e
s 'W'hethel' 0(1‘:13% in Jhich we look for a set of FD’s with coTn.mon left side,
d: f;l:;.t;togn:fcg which is nontrivial and violates the BCNF condition.
a .
is in B i if: whenever there is a nontrivial FD
) ﬁﬂljtionf 15_1;1 I};B?gf . lf ]a;rf if())lrﬂ%jfit is the case that {A1,As,... ,An}
1Ag - Ag

is a superkey for R.

igi dition. Recall

i i i ivalent to the original BCNF con ’
i feqm;efzefffi -ljl ecl“i:’ BBy -+ By, is shorthand for the set of F}I? s
thajl e };D -—)1 B2 for in— 1,2,...,m. Since there must be at leas:i O‘::e tB',- tiaia)t
e = Ly o ’

'Al Z:: amo; the :1’5 (or else Ajdz---An = BiBs ---B,,,‘W.OUI1 ; gnirtion
i n: A g—) B, is a BCNF violation according to our original dennition.
142°°°4n i

in Fi i i \F. To see
i i Fig. 3.21, is not in BCNF.

3.25: Relation Movies, as In . e
E}):an\?;l?irst need to determine what sets of attn.butes are kegs. \\Sva;gtu »
;‘Irl }l;xample 3.13 why {title, year, starName} is a key. Terllltss, v?e y set o
attributes containing these three is a superkey. The same ar.ggmtl s we ollowe
in Example 3.13 can be used to explain why no set 1?; tz:,t:trl u e;sr s we

: i d starName could be a sup . ,
include all three of title, year, an : :
:.:Zert that {title, year, starName} is the only key for Movies.
However, consider the FD

title year — length filmType studioName

which holds in Movies according to our disill[s)sion irtl Exa.lr:afll{z ;1131 esticalas
i 'D is not asu . ,
Infortunately, the left side of the abow? i : - Moy
we ll:ntz)w that tit’le and year do not functionally deter;mrll;z (;:1}\11% snz;crllldailttit;;bgnz
i f this FD violates the BCNL' ¢ ion a
starName. Thus, the existence o ; ONE oo o
ies i i NF. Moreover, according to the orig
tells us Movies is not in BCNF. } ) _ _ - o
o(;' BCNF, where a single attribute on the right side was requugeg:\% evciz;?ation'
any of the three FD’s, such as title year — length, asa BCL:
]

Example 3.26: On the other hand, Movies1 of Fig. 3.22is in BCNF. Since
title year — length filmType studioName

i i 7 itself
holds in this relation, and we have argued that neither title nlt()r ??aryl[)gvxi sl
functionally determines any of the other attribut(la)s; the otn:Iy ee; . ;):ast vies!

' { trivial FD’s must hav
is {title, year}. Moreover, the only nont; ‘ eas .
;Snfit;ear ’ofl the}left side, and therefore their left sides must be superkeys. Thus,
Moviesiis in BCNF. 0O
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Example 3.27: We claim that any two-
need to examine the possible nontrivial FD’s with a single attribute on the
right. There are not too many cases to consider, so let us consider them in
turn. In what follows, suppose that the attributes are A and B.

attribute relation is in BCNF. We

1. There are no nontrivial FD’s. Then surely the BCN
because only a nontrivial FD can violate this condi
that {4, B} is the only key in this case.

F condition must hold,
tion. Incidentally, note

2. A — Bholds, but B - A does not hold. Tn this case, 4 is the only
key, and each nontrivial FD contains A on the left (in fact the left can
only be 4). Thus there is no violation of the BCNF condition.

3. B — Aholds,but A — B does not hold. This case is symmetric to
case (2).
4. BothA — Band B —+ Ahold. Then both A

and B are keys. Surely
any FD has at least one of these on the left, so there can be no BCNF
violation. ‘

It is worth noticing from case (4) above that there may be more than one
key for a relation. Further, the BCNF condition only requires that some key be
contained in the left side of any nontrivial FD, not that all keys are contained in
the left side. Also observe that a relation with two attributes, each functionally
determining the other, is not completely implausible. For example, a company

Inay assign its employees unique employee ID's and also record their Social

Security numbers. A relation with attributes empID and ssNo would have each
attribute functionally determining the other. Put another way, each attribute

is a key, since we don’t expect to find two tuples that agree on either attribute.
0

3.6.4 Decomposition into BCNF

By repeatedly choosing suitable decompositions, we can break any relation

schema into a collection of subsets of its attributes with the following important
properties: ’

1. These subsets are the schemas of relations in BCNF.

2. The datain the original relation is represented faithfully by the data in the
relations that are the result of the decomposition, in a sense to be made
precise in Section 3.6.3. Roughly, we need to be able to reconstruct the
original relation instance exactly from the decomposed relation instances.

Example 3.27 suggests that perhaps all we have to do is break a relation schema

mto two-attribute subsets, and the result is surely in BCNF. However, such

an arbitrary decomposition will not satisfy condition (2), as we shall see in
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Section 3.6.5. In fact, we must be more careful and use the violating FD’s to

ide our decomposition. ) o
& The decomposition strategy we shall follow is to look for a nontrivial FD

.<+A, = ByB,--- By, that violates BCNF; i.e., {Al,Ag,..:,An} is not
: 1sﬁéerkeytl As a Let?ristic, we shall generally add to the right §1de as many
attributes as are functionally determined by {A1, 4z,... ,‘A,,}. Fl.gure 3.24 il-
lustrates how the attributes are broken into two overlapping relation sch?mas.
One is all the attributes involved in the violating FD,‘ and the o-ther is the
left side of the FD plus all the attributes not involved in the FD, i.e., all the
attributes except those B’s that are not A’s.

Figure 3.24: Relation schema decomposition based on a BCNF violation

Example 3.28: Consider our running example, the Movies relation of Fig.
3.21. We saw in Example 3.25 that

title year — length filmType studioName

is a BCNF violation. In this case, the right side already includes al.l the at-
tributes functionally determined by title and year, so we shall use this BCNF
violation to decompose Movies into:

1. The schema with all the attributes of the FD, that is:
{title, year, length, filmType, studioName}

2. The schema with all attributes of Movies except the three that ap?ear on
the right of the FD. Thus, we remove length, £ilmType, and studioName.
leaving the second schema:

{title, year, starName}
Notice that these schemas are the ones selected for relations Movies1 and

Movies?2 in Example 3.24. We observed that these are each in BCNF in Exam-
ple 3.26. O
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~ title | year | length | filmType | studioName | studioAddr
Star Wars 1977 | 124 color Fox Hollywood
Mighty Ducks 1991 | 104 color Disney Buena Vista
Wayne’s World | 1992 | 95 color Paramount | Hollywood
Addams Family } 1991 | 102 color Paramount | Hollywood

Figure 3.25: The relation MovieStudio

Example 3.29: Let us consider the relation that was introduced in Fxam-
ple 3.21. This relation, which we shall call MovieStudio, stores information
about movies, their owning studios, and the addresses of those studios. The
schema and some typical tuples for this relation are shown in Fig. 3.25.

Note that MovieStudio contains redundant information. Because we added
to our usual sample data a second movie owned by Paramount, the address of
Paramount is stated twice. However, the source of this problem is not the same
as in Example 3.28. In the latter example, the problem was that a many-many
relationship (the stars of a given movie) was being stored with other information
about the movie. Here, everything is single-valued: the attributes length and
filmType for a movie, the relationship Owns that relates a movie to its unique
owning studio, and the attribute studioAddr for studios.

In this case, the problem is that there is a “transitive dependency.” That
is, as mentioned in Example 3.21, relation MovieStudio has the FD’s:

title year — studioName
studioName — studioAddr

We may apply the transitive rule to these to get a new FD:
title year — studioAddr

That is, a title and year (i.e., the key for movies) functionally determine a studio
address — the address of the studio that owns the movie. Since

title year — length filmType

is another obvious functional dependency, we conclude that {title, year}is a
key for MovieStudio; in fact it is the only key.
On the other hand. FD:

studioName — studioAddr

which is one of those used in the application of the transitive rule above, is non-
trivial but its left side is not a superkey. This observation tells us MovieStudio
is not in BCNF. We can fix the problem by following the decomposition rule,
using the above FD. The first schema of the decomposition is the attributes of
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the FD itself, that is: {studioName, studioAddr}. The second schema is all the
attributes of MovieStudio except for studioAddr, because the latter attribute
is on the right of the FD used in the decomposition. Thus, the other schema is:

{title, year, length, filnType, studioName}

The projection of Fig. 3.25 onto these schemas gives us the two relations
MovieStudiol and MovieStudio2 shown in Figs. 3.26 and 3.27. Each of these
is in BCNF. Recall from Section 3.5.7 that for each of the relations in the
decompasition, we need to compute its FD’s by computing the closure of each
subset of its attributes, using the full set of given FD’s. In general, the process
is exponential in the number of attributes of the decomposed relations, but we
also saw in Section 3.5.7 that there were some simplifications possible.

In our case, it is easy to determine that a basis for the FD’s of MovieStudiol
is ‘

title year — length filmType studioName

and for MovieStudio?2 the only nontrivial FD is
studioName — studioAddr

Thus, the sole key for MovieStudiol is {title, year}, and the sole key for
MovieStudio2 is {studioName}. In each case, there are no nontrivial FD’s
that do not contain these keys on the left. O

title year | length | filmType | studioName
Star Wars 1977 | 124 color Fox
Mighty Ducks | 1991 | 104 color Disney
Wayne’s World | 1992 | 95 color Paramount
Addams Family | 1991 | 102 color Paramount

Figure 3.26: The relation MovieStudiol

studioName | studioAddr
Fox Hollywood
Disney Buena Vista
Paramount | Hollywood

Figure 3.27: The relation MovieStudio2

In each of the previous examples, one judicious application of the decompo-
sition rule is enough to produce a collection of relations that are in BCNF. In
general, that is not the case.
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Example 3.30: We could generalize Exam
ple 3.29 to h i ?
i longer than two. Consider a relation with schems o have & chain of FD's

{title, year, studioName, president, presAddr}

‘That is, each tuple of this relation tells about a movie, its studio, the president
b

of the studio, and the address of the i
, president of the studio. ’
“we would assume in this relation are - studio- Three FD's that

title year — studioName
studjoName — president
president — presAddr

. The.sole key for this relation is {title, year}. Thus the last two FD’s
above violate BCNF. Suppose we choose to decompose starting with

studioName — president

:tl:fit};’)uv:::}'loutlg adld to the right side of this functional dependency any other
In the closure of studioName. By the transiti i
' ' . ransitive rule appl
studioName — president and president —» presAddr, we know pplled to

studioName — presAddr
Combining the two FD’s with studioName on the left, we get:
studioName -3 president presAddr

This FD has a maximally expanded right side,

. so we shal y ;
the following two relation schemas. I now decompose into

{title, year, studioName}
{studioName, president, presAddr}

If we follow the projection algori i
, gorithm of Section 3.5. i
FD’s for the first relation has a basis: 1o 3, we determine that the

title year — studioName
while the second has

studioName - president
president — presAddr

Thus, the sole key for the first relation is {title, year}, and it is therefore in

BCNF. Howey : i i
D, owever, the second has {studioName} for its only key but also has the

president — presAddr
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which is a BCNF violation. Thus, we must decompose again, this time using
the above FD. The resulting three relation schemas, all in BCNF, are:

{title, year, studioName}
{studioName, president}
{president, preshddr}

m]

In general, we must keep applying the decomposition rule as many times as
needed, until all our relations are in BCNF. We can be sure of ultimate success,
because every time we apply the decomposition rule to a relation R, the two
resulting schemas each have fewer attributes than that of R. As we saw in
Example 3.27, when we get down to two attributes, the relation is sure to be
in BCNF; often relations with larger sets of attributes are also in BCNF.

3.6.5 Recovering Information from a Decomposition

Let us now turn our attention to the question of why the decomposition al-
gorithm of Section 3.6.4 preserves the information that was contained in the
original relation. The idea is that if we follow this algorithm, then the projec-
tions of the original tuples can be “joined” again to produce all and only the
original tuples. :

To simplify the situation, let us consider a relation R(A4, B,C) and a FD
B — C, which we suppose is a BCNF violation. It is possible, for example,
that as in Example 3.29, there is a transitive dependency chain, with another
FD A — B. In that case, {A} is the only key, and the left side of B = C
clearly is not a superkey. Another possibility is that B — (is the only
nontrivial FD, in which case the only key is {A, B}. Again, the left side of
B — C is not a superkey. In either case, the required decomposition based on
the FD B — C separates the attributes into schemas {4, B} and {B,C}.

Let t be a tuple of R. We may write ¢t = (a,b,¢), where a, b, and ¢ are
the components of ¢ for attributes 4, B, and C, respectively. Tuple ¢ projects
as (a, b) for the relation with schema {4, B} and as (b, c) for the relation with
schema {B,C}.

It is possible to join a tuple from {4, B} with a tuple from {B, C}, provided
they agree in the B component. In particular, (a,b) joins with (b, ¢) to give us
the original tuple t = (a, b, ¢) back again. That is, regardless of what tuple t we
started with, we can always join its projections to get t back.

However, getting back those tuples we started with is not enough to assure
that the original relation R is truly represented by the decomposition. \hat
might happen if there were two tuples of R, say t = (a,b,c) and v = (d,b,e€)?
When we project t onto {4, B} we get u = (a,b), and when we project v onto
{B,C} we get w = (b,e), as suggested by Fig. 3.28.

Tuples u and w join, since they agree on their B components. The resulting
tuple is z = (a,b,e). Is it possible that z is a bogus tuple? That is, could
(a,b,€) not be a tuple of R?
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B Cc
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Figure 3.28: Joining two tuples from projected relations

Smc.e we assume the FD B — C for relation R, the answer is “no.” Recall
that this FD says any two tuples of R that agree in their B components must
also agree in their C' components. Since ¢ and v agree in their B components
(they l.)oth have b there), they also agree on their C components. That means
¢ = e; i.e.,, the two values we supposed were different are really the same. Thus
(a,b,e) is really (a,b, c); that is, z = ¢. ,
Since t is in R, it must be that z is in R. Put another way, as long as FD
B — C holds, the joining of two projected tuples cannot produce a bogus
glple. Rather, every tuple produced by joining is guaranteed to be a tuple of
) This argument works in general. We assumed 4, B, and C were each
single attributes, but the same argument would apply if they were any sets
of attributes. That is, we take any BCNF-violating FD, let B be the attributes
on the left side, let C be the attributes on the right but not the left, and let A
be the attributes on neither side. We may conclude: ,

o If we ('le'compose a relation according to the method of Section 3.6.4, then
the original relation can be recovered exactly by joining the tuples of the
new relations in all possible ways.

If we decompose relations in a way that is not based on a FD, then we might
not be able to recover the original relation. Here is an example.

Example 3.31: Suppose we have the relation R(A, B, C) as above, but that
the FD B — C does not hold. Then R might consist of the two tuples

A4]|B|C
112 /3
412 (5




114 , CHAPTER 3. THE RELATIONAL DATA MODEL

The projections of R onto the relations with schemas {4, B} and {B,C}
are

AlB
1|12
4 |2
and
_BlC
2 |3
2165

respectively. Since all four tuples share the same B-value, 2, each tuple of one
relation joins with both tuples of the other relation. Thus, when we try to
reconstruct R by joining, we get

LR ol
NN N Nty
o WHGY

That is, we get “too much”; we get two bogus tuples, (1,2,5) and (4,2,3) that
were not in the original relation B. O

3.6.6 Third Normal Form

Occasionally, one encounters a relation schema and its FD’s that are not in

BCNF but that one doesn’t want to decompose further. The following example
is typical.

Example 3.32: Suppose we have a relation Bookings with attributes:
1. title, the name of a movie.
2. theater, the name of a theater where the movie is being shown.

3. city, the city where the theater is located.

The intent behind a tuple (m,t,¢) is that the movie with title m is currently
being shown at theater £ in city c.

We might reasonably assert the following FD’s:

theater — city
title city — theater
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he first says that a theater is located in one city. The second is not obvious
is based on the assumed practice of not booking a movie into two theaters
" the same city. We shall assert this FD if only for the sake of the example.
Let us first find the keys. No single attribute is a key. For example, title
“is not a key because a movie can play in several theaters at once and in several
ties at once.* Also, theater is not a key, because although theater function-
ly determines city, there are multiscreen theaters that show many movies
‘at once. Thus, theater does not determine title. Finally, city is not a key
because cities usually have more than one theater and more than one movie
playing.

On the other hand, two of the three sets of two attributes are keys. Clearly
{title, city} is a key because of the given FD that says these attributes
functionally determine theater.

It is also true that {theater, title} is a key. To see why, start with the
given FD theater — city. By the augmentation rule of Exercise 3.5.3(a),
theater title — city follows. Intuitively, if theater alone functionally de-
- termines city, then surely theatre and title together will do so.

The remaining pair of attributes, city and theater, do not functionally

determine title, and are therefore not a key. We conclude that the only two
keys are

{title, city}
{theater, title}

Now we immediately see a BCNF violation. We were given functional de-
pendency theater — city, but its left side, theater, is not a superkey. We

are therefore tempted to decompose, using this BCNF-violating FD, into the
two relation schemas:

{theater, city}
{theater, title}

There is a problem with this decomposition, concerning the FD
title city — theater

There could be current relations for the decomposed schemas that satisfy the
FD theater — city (which can be checked in the relation {theater, city})

but that, when joined, yield a relation not satisfying title city —» theater.
For instance, the two relations

theater | city

Guild | Menlo Park
Park Menlo Park

4In this example we assume that there are not two “current” movies with the same title,

even though we have previously recognized that there could be two movies with the same
title made in different years.
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Other Normal Forms

If there is a “third normal form,” what happened to .the. first two “normal
forms”? They indeed were defined, but today there is little use for thfem.
First normal form is simply the condition thal': every con_xp(?nent of exsry
tuple is an atomic value. Second normal form is less restruftl‘ve than Zf,;hF.
It permits transitive FD’s in a relation but forb1d§ a nontn:nal FD with a
left side that is a proper subset of a key. There is also a “fourth normal
form” that we shall meet in Section 3.7.

and
theater l title
Guild | The Net
Park The Net

are permissible according to the FD’s that apply to each of the above relations,
but when we join them we get two tuples

theater | city | title
GCuild | Menlo Park | The Net
Park Menlo Park | The Net

that violate the FD title city — theater. O

The solution to the above problem is to relax our BCNF requirement slight‘-ly,
in order to allow the occasional relation schema, like that of Example 3.323 T\’hlch
cannot be decomposed into BCNF relations without our losing the ability ‘to
check each FD within one relation. This relaxed condition is called the third
normal form condition:

o A relation Ris in third normal form (3NF) if: whenever A; Ay -4, - B
is a nontrivial FD, either {4y, As,...,An} is asuperkey, or Bisa member
of some key.

An attribute that is a member of some key is often said to be prime. Th.us, .the
3NF condition can be stated as “for each nontrivial FD, either the left sideis a
rkey, or the right side is prime.” t
Sup?\?otg that the (%iﬁ'erence bztween this 3NF condition and the BCNF condi-
tion is the clause “or B is a member of some key (i.e., prime).” T h.is cla‘use
soxcuses” a FD like theater — city in Example 3.32, because the right side,
ity, is prime.

< Iyt’is gevond the scope of this book to prove that 3NF is in fact adeqpate
for its purimses. That is, we can always decompose a rfalati?n schema. 1.n a
way that does not lose information, into schemas that are in 3NF an.d allow all
FD’s to be checked. When these relations are not in BCNF, there will be some
redundancy left in the schema, however.
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» 3.6.7 Exercises for Section 3.6

 Exercise 3.6.1: For each of the following relation schemas and sets of FD’s:
" *3) R(A,B,C,D) with FD’s AB -+ C,C = D,and D -~ A.
*b) R(A,B,C,D) with FD’s B -+ Cand B = D.

¢) R(A,B,C,D) with FD's AB - C, BC = D, CD = A, and
AD — B. )

d) R(A,B,C,D) withFD’s A -+ B,B - C,C — D,and D - A.
e) R(4,B,C, D, E) with FD’s AB — C, DE — C,and B — D.
f) R(4,B,C,D,E) with FD's AB - C,C = D,D — B,and D — E.

do the following:

i) Indicate all the BCNF violations. Do not forget to consider FD'’s that are
not in the given set, but follow from them. However, it is not necessary
to give violations that have more than one attribute on the right side.

ii) Decompose the relations, as necessary, into collections of relations that
are in BCNF.,

i11) Indicate all the 3NF violations.

iv) Decompose the relations, as necessary, into collections of relations that
are in 3NF.

Exercise 3.6.2: We mentioned in Section 3.6.4 that we should expand the
right side of a FD that is a BCNF violation if possible. However, it was deemed
an optional step. Consider a relation R whose schema is the set of attributes
{4,B,C,D} with FD's A — Band A — C. Either is a BCNF violation,
because the only key for R is {4, D}. Suppose we begin by decomposing R
according to A — B. Do we ultimately get the same result as if we first
expand the BCNF violation to A — BC? Why or why not?

! Exercise 3.6.3: Let R be as in Exercise 3.6.2, but let the FD's be A — B and

B — C. Again compare decomposing using A — B first against decomposing
by A — BC first.

! Exercise 3.6.4: Suppose we have a relation schema R(A,B,C) with FD
4 — B. Suppose also that we decide to decompose this schema into S(4, B)
and T(B,C). Give an example of an instance of relation R whose projection

onto S and T and subsequent rejoining as in Section 3.6.5 does not yield the
same relation instance.
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3.7 Multivalued Dependencies

A “multivalued dependency” is an assertion that two attributes or sets of at-
tributes are independent of one another. This condition is, as we shall see, a
generalization of the notion of a functional dependency, in the sense that every
FD implies a corresponding multivalued dependency. However, there are some
situations involving independence of attribute sets that cannot be explained as
FD’s. In this section we shall explore the cause of multivalued dependencies
and see how they can be used in database schema design.

3.7.1 Attribute Independence and Its Consequent
Redundancy

There are occasional situations where we design a relation schema and find it is
in BCNF, yet the relation has a kind of redundancy that is not related to FD’s.
The most common source of redundancy in BCNF schemas is an attempt to
put two or more many-many relationships in a single relation. .

Example 3.33: In this example, we shall suppose that stars may have several
addresses. We shall also break addresses of stars into street and city compo-
nents. Along with star names and their addresses, we shall include in a single
relation the usual Stars-in information about the titles and years of movies in
which the star appeared. Then Fig. 3.29 is a typical instance of this relation.

name street city title year
C. Fisher | 123 Maple St. | Hollywood | Star Wars 1977
C. Fisher | 5 Locust Ln. Malibu Star Wars 1977
C. Fisher | 123 Maple St. | Hollywood | Empire Strikes Back | 1980
C. Fisher | 5 Locust Ln. Malibu Empire Strikes Back | 1980
C. Fisher | 123 Maple St. | Hollywood | Return of the Jedi 1983
C. Fisher | 5 Locust Ln. Malibu Return of the Jedi 1983

Figure 3.29: Sets of addresses independent from movies

We focus in Fig. 3.29 on Carrie Fisher’s two hypothetical addresses and three
best-known movies. There is no reason to associate an address with one movie
and not another. Thus, the only way to express the fact that addresses and
movies are independent properties of stars is to have each address appear with
each movie. But when we repeat address and movie facts in all combinations,
there is obvious redundancy. For instance, Fig. 3.29 repeats each of Carrie
Fisher’s addresses three times (once for each of her movies) and each movie
twice (once for each address).

Yet there is no BCNF violation in the relation suggested by Fig. 3.29. There
are, in fact, no nontrivial FD’s at all. For example, attribute city is not
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functionally determined by the other four attributes. There might be a star
with two homes that had the same street address in different cities. Then there
would be two tuples that agreed in all attributes but city and disagreed in
city. Thus,

name street title year — city

is not a FD for our relation. We leave it to the reader to check that none of
the five attributes is functionally determined by the other four. Since there are
no nontrivial FD’s, it follows that all five attributes form the only key and that
there are no BCNF violations. D

3.7.2 Definition of Multivalued Dependencies

A multivalued dependency (often abbreviated MVD) is a statement about some
relation R that when you fix the values for one set of attributes, then the
values in certain other attributes are independent of the values of all the other
attributes in the relation. More precisely, we say the MVD

AlAg'--An - BlBQ“-Bm

holds for a relation R if when we restrict ourselves to the tuples of R that have
particular values for each of the attributes among the A’s, then the set of values
we find among the B’s is independent of the set of values we find among the
attributes of R that are not among the A’s or B’s. Still more precisely, we say
this MVD holds if

For each pair of tuples ¢ and u of relation R that agree on all the
A’s, we can find in R some tuple v that agrees:

1. With both t and « on the A’s,
2. With t on the B’s, and

3. With u on all attributes of R that are not among the A’s or
B’s.

Note that we can use this rule with ¢ and u interchanged, to infer the existence
of a fourth tuple w that agrees with u on the B’s and with ¢ on the other
attributes. As a consequence, for any fixed values of the A’s, the associated
values of the B’s and the other attributes appear in all possible combinations
in different tuples. Figure 3.30 suggests how v relates to ¢ and u when a MVD
holds.

In general, we may assume that the A’s and B’s (left side and right side)
of a MVD are disjoint. However, as with FD’s, it is permissible to add some
of the A’s to the right side if we wish. Also note that unlike FD’s, where we
started with single attributes on the right and allowed sets of attributes on the
right as a shorthand, with MVD’s, we must consider sets of attributes on the
right immediately. As we shall see in Example 3.35, it is not always possible to
break the right sides of MVD's into single attributes.
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Figure 3.30: A multivalued dependency guarantees that v exists
Example 3.34: In Example 3.33 we encountered a MVD that in our notation
is expressed:

name — street city

That is, for each star’s name, the set of addresses appears in conju.n.ction wit.h
each of the star’s movies. For an example of how the for.mal definition of this
MVD applies, consider the first and fourth tuples from Fig. 3.29:

name | street | city | title | year
C. Fisher | 123 Maple St. | Hollywood | Star Wars . 1977
C. Fisher | 5 Locust Ln. Malibu Empire Strikes Back | 1980

If we let the first tuple be ¢t and the second be u, then the MVD asserts
that we must also find in R the tuple that has name C. Fisher, a street and
city that agree with the first tuple, and other attributes (ti.tl‘e and ye‘ar) that
agree with the second tuple. There is indeed such a tuple; it is the third tuple
of Fig. 3.29.

Sigmilarly, we could let ¢ be the second tuple above and u k.)e the first. T he.n
the MVD tells us that there is a tuple of R that agrees with the second in
attributes name, street, and city and with the first in name, title, and year.
This tuple also exists; it is the second tuple of Fig. 3.29. O

3.7.3 Reasoning About Multivalued Dependencies

There are a number of rules about MVD’s that are similar to the rules we
learned for FD’s in Section 3.5. For example, MVD’s obey

o The trivial dependencies rule, which says that if MVD

.—11_42 .- 'Jin - BIBZ tet Bm
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holds for some relation, then so does 4; Ay --- A, —+ C1Cy -+~ Cy, where
the C’s are the B’s plus one or more of the A’s. Conversely, we can also
remove attributes from the B’s if they are among the A’s and infer the
MVD Ay Ay - - A, -3+ D1 Dy --- D, if the D's are those B's that are not
among the A’s.

¢ The transitive rule, which says that if 4,4 --- A, —> B, By---B,, and
BBy --- B, —+ C1Cy -+ Cy hold for some relation, then so does

A1A2 An 3> C’ng Ck
However, any C’s that are also B’s must be deleted from the right side.

On the other hand, MVD’s do not obey the splitting part of the splitting/com-
bining rule, as the following example shows.

Example 3.35: Consider again Fig. 3.29, where we observed the MVD:
name —- street city
If the splitting rule applied to MVD’s, we would expect
name —- street

also to be true. This MVD says that each star’s street addresses are indepen-
dent of the other attributes, including city. However, that statement is false.
Consider, for instance, the first two tuples of Fig. 3.29. The hypothetical MVD
would allow us to infer that the tuples with the streets interchanged:

name street | city title year
C. Fisher | 5 Locust Ln. Hollywood | Star Wars | 1977
C. Fisher | 123 Maple St. | Malibu Star Wars | 1977

were in the relation. But these are not true tuples, because, for instance, the
home on 5 Locust Lu. is in Malibu, not Hollywood, O

However, there are several new rules dealing with MVD’s that we can learn.

First,

e Every FD is a MVD. That is, if A142--+4n - BBy B,,, then
‘41.42 . An -3 BlB‘Z . -Bm.

To see why, suppose R is some relation for which the FD

AyAy---Ay = BiBy---B,,

holds, and suppose ¢ and u are tuples of R that agree on the A’s. To show
that the MVD 414, --- 4, - ByB;--- B, holds, we have to show that R
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also contains a tuple v that agrees with ¢ and u on the A’s, with ¢ on the B’s,
and with u on all other attributes. But v can be u. Surely u agrees with ¢ and
u on the A’s, because we started by assuming that these two tuples agree on
the A’s. The FD 4143 --- A, — B1B,--- By, assures us that u agrees with ¢
on the B's. And of course u agrees with itself on the other attributes. Thus,
whenever a FD holds, the corresponding MVD holds.

Another rule that has no counterpart in the world of FD’s is the comple-
mentation rule:

o If A)Ay---Ap - B1B;--- By, is a MVD for relation R, then R also
satisfies Ay Ay --- A, = C1Cs -+ - Ci, where the C’s are all attributes of
R not among the A’s and B’s.

Example 3.36: Again consider the relation of Fig. 3.29, for which we asserted
the MVD:

name —+ street city
The complementation rule says that
name — title year

must also hold in this relation, because title and year are the attributes not
mentioned in the first MVD. The second MVD intuitively means that each star
has a set of movies starred in, which are independent of the star’s addresses.
g

3.7.4 Fourth Normal Form

The redundancy that we found in Section 3.7.1 to be caused by MVD’s can
be eliminated if we use these dependencies in a new decomposition algorithm
for relations. In this section we shall introduce a new normal form, called
“fourth normal form.” In this normal form, all “nontrivial” (in a sense to be
defined below) MVD’s are eliminated, as are all FD’s that violate BCNF. As a.
result, the decomposed relations have neither the redundancy from FD’s that
we discussed in Section 3.6.1 nor the redundancy from MVD’s that we discussed
in Section 3.7.1.
AMVD A1 dy--- A4, =+ ByB, - - By, for a relation R is nontrivial if:

1. None of the B’s is among the A’s.
2. Not all the attributes of R are among the A’s and B’s.

The “fourth normal form” condition is essentially the BCNF condition, but
applied to MVD’s instead of FD’s. Formally:

® A relation R is in fourth normal form (4NF) if whenever
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A1Az---Ap ~> BiBy -+ By

is a nontrivial MVD, {4;, 4, ..., 4,} is a superkey.

That is, if a relation is in 4NF, then every nontrivial MVD is really a FD with
a superkey on the left. Note that the notions of keys and superkeys depend on
FD’s only; adding MVD’s does not change the definition of “key.”

Example 3.37: The relation of Fig. 3.29 violates the 4NF condition. For
example,

name —» street city

is a nontrivial MVD, yet name by itself is not a superkey. In fact, the only key
for this relation is all the attributes. O

Fourth normal form is truly a generalization of BCNF. Recall from Sec-
tion 3.7.3 that every FD is also a MVD. Thus, every BCNF violation is also a
4NF violation. Put another way, every relation that is in 4NF is therefore in
BCNF. '

However, there are some relations that are in BCNF but not 4NF. Fig-
ure 3.29 is a good example. The only key for this relation is all five attributes,
and there are no nontrivial FD’s. Thus it is surely in BCNF. However, as we
observed in Example 3.37, it is not in 4NF.

3.7.5 Decomposition into Fourth Normal Form

The 4NF decomposition algorithm is quite analogous to the BCNF decompo-
sition algorithm. We find a 4NF violation, say A1 As--- 4, - BB, --- B,,,
where {41, Az, ..., 4.} is not a superkey. Note this MVD could be a true MVD,
or it could be derived from the corresponding FD A1 45--- 4, = BBy --- By,
since every FD is a MVD. Then we break the schema for the relation R that
has the 4NF violation into two schemas:

1. The A’s and the B’s.
2. The A’s and all attributes of R that are not among the A’s or B’s.
Example 3.38: Let us continue Example 3.37. We observed that
name -+ street city

was a 4NF violation. The decomposition rule above tells us to replace the
five-attribute schema by one schema. that has only the three attributes in the
above MVD and another schema that consists of the left side, name, plus the
attributes that do not appear in the MVD. These attributes are title and
year, so the following two schemas
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Projecting Multivalued Dependencies

‘When we decompose into fourth normal form, we need to find the MVD’s
that hold in the relations that are the result of the decomposition. We wish
it were easier to find these MVD’s. However, there is no simple test analo-
gous to computing the closure of a set of attributes (as in Section 3.5.3) for
FD’s. In fact, even a complete set of rules for reasoning about collections
of functional and multivalued dependencies is quite complex and beyond
the scope of this book. Section 3.9 mentions some places where the subject
is treated.

Fortunately, we can often obtain the relevant MVD’s for one of the
products of a decomposition by using the transitive rule, the complemen-
tation rule, and the intersection rule [Exercise 3.7.7(b)]. We recommend
that the reader try these in examples and exercises.

{name, street, city}
{name, title, year}

are the result of the decomposition. In each schema there are no nontrivial
multivalued (or functional) dependencies, so they are in 4NF. Note that in the
relation with schema {name, street, city}, the MVD:

name — street city

is trivial since it involves all attributes. Likewise, in the relation with schema
{name, title, year}, the MVD:

name —+> title year

is trivial. Should one or both schemas of the decomposition not be in 4NF, we
would have had to decompose the non-4NF schema(s). O

As for the BCNF decomposition, each decomposition step leaves us with
schemas that have strictly fewer attributes than we started with, so eventually
we get to schemas that need not be decomposed further; that is, they are in
4NF. Moreover, the argument justifying the decomposition that we gave in
Section 3.6.5 carries over to MVD’s as well. When we decompose a relation
because of a MVD A, Ay--- A, — By By - - By, this dependency is enough to
justify the claim that we can reconstruct the original relation from the relations
of the decomposition.

3.7.6 Relationships Among Normal Forms

As we have mentioned, 4NF implies BCNF, which in turn implies 3NF. Thus,
the sets of relation schemas (including dependencies) satisfying the three normal

—
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fc_;rm§ are relatefi as in Fig. 3.31. That is, if a relation with certain dependen-
cies is in 4NF, it is also in BCNF and 3NF. Also, if a relation with certain
dependencies is in BONF, then it is in 3NF.

Relations

Relations
in 4NF

Figure 3.31: 4NF implies BCNF implies 3NF

Another way to compare the normal forms is by the guarantees they make
about the set of relations that result from a decomposition into that normal
form. These observations are summarized in the table of Fig. 3.32. That is
BCNF (and therefore 4NF) eliminates the redundancy and other anomalies thaiz
are caused by FD’s, while only 4NF eliminates the additional redundancy that
Is caused by the presence of nontrivial MVD’s that are not FD’s. Often. 3NF is
enough to eliminate this redundancy, but there are examples where it is! not. A
decomposition into 3NF can always be chosen so that the FD’s are preserved;
t}.lat is, they are enforced in the decomposed relations (although we have not:
discussed the algorithm to do so in this book). BCNF does not guarantee
preservation of FD’s, and none of the normal forms guarantee preservation of
MVD’s, although in typical cases the dependencies are preserved.

Property | 3NF BCNF | 4NF |

Eliminates redundancy | Most | Yes Yes
due to FD’s
Eliminates redundancy | No No Yes

due to MVD’s
Preserves FD’s | Yes Maybe | Maybe
Preserves MVD’s | Maybe | Maybe | Maybe

Figure 3.32: Properties of normal forms and their decompositions
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3.7.7 Exercises for Section 3.7

* Exercise 3.7.1: Suppose we have a relation R(4, B, C) withaMVD A - B.
If we know that the tuples (a, b1, 1), (g, b2,¢2), and (a, b3, c3) are in the current
instance of R, what other tuples do we know must also be in R?

* Exercise 3.7.2: Suppose we have a relation in which we want to record for
each person their name, Social Security number, and birthdate. Also, for each
child of the person, the name, Social Security number, and birthdate of the
child, and for each automobile the person owns, its serial number and make.
To be more precise, this relation has all tuples

(n,s,b,cn, cs, cb,as, am)

such that

. n is the name of the person with Social Security number s.

. bis n's birthdate.

. cn is the name of one of n’s children.

R
K
!
z;

|

1
2
3
4. cs is en’s Social Security number.
5. cb is en’s birthdate.

6. as is the serial number of one of n’s automobiles.
7

. am is the make of the automobile with serial number as.
For this relation:
a) Tell the functional and multivalued dependencies we would expect to hold.
b) Suggest a decomposition of the relation into 4NF.
‘ Exercise 3.7.83: For each of the following relation schemas and dependencies
| * a) R(A,B,C,D) with MVD’s A = B and A == C.
b) R(4,B,C,D) with MVD’s A -+ B and B = CD.
¢) R(4,B,C,D) with MVD AB — C and FD B — D.

d) R(A,B,C,D,E) with MVD’s A =+ B and AB = C and FD’s 4-+D
and AB — E.

do the following:

i) Find all the 4NF violations.

#) Decompose the relations into a collection of relation schemas in 4NF.
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! Exercise 3.7.4: In Exercise 2.2.5 we discussed f i
' . : 2. our different assumpti
about th’e relationship Births. For each of these, indicate the MVD’s ?o;ﬁ:
than FD’s) that would be expected to hold in the resulting relation.

Exercise 3.7.5: Give informal arguments wh
. : y we would not expect any of the
five attributes in Example 3.33 to be functionally determined by the oth);r four

! Exercise 3.7.6: Usi iti ]
S Using the definition of MVD, show why the complementation

! Exercise 3.7.7: Show the following rules for MVD’s:

* a) The union rule. If X, Y, and Z are sets i
3 , Y, of attributes, X
X = Z, then X —» (Y U Z). A Y, and

b) The intersection rule. If X, Y and Z are sets i
. ’ s of att b
and X —» Z, then X - (V' N 2). b X

c) The difference rule. If X, Y, and Z are sets of attri ,
N 3 ’ y b >
‘X =+ Z,then X - (Y - Z). ributes, X -+ ¥, and

d) Trivial MVD’s. f Y C X, then X —+ Y holds in any relation.

e) Anaother source of trivial MVD's. I X U Y is all i
. If . the att :
R, then X — ¥ holds in R. ¢ attributes of relation

f) Removing attributes shared by | ] ]
y left and right side. f X 3 Y h
X = (Y — X) holds. olds, then

. Exer clse 3 8 Gl e counterexam ow Why t ]le l() ow
7. . \Y ple relatlonS to Sh V
\, ll lng T ules

*a) If A -+ BC, then A - B.
b) fA—» B,then A - B.
c) If AB =+ C, then 4 —» C.

3.8 Summary of Chapter 3

+ Relational Model: Relations are tables representing information. Columns
zre headed by attributes; each attribute has an associated domain. or
ata type. Rows are called tuples, and a tupl ’
ype ple has one component f
each attribute of the relation. ’ ’ i

+ .S.'chemas: A relation name, together with the attributes of that rela-
tion, form the relation schema. A collection of relation schemas forms a
fiatabase schema. Particular data for a relation or collection of relations
is called an instance of that relation schema or database schema.
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Converting Entity Sets to Relations: The relation for an entity set has one
attribute for each attribute of the entity set. An exception is a weak entity
set E, whose relation must also have attributes for the key attributes of
those other entity sets that help identify entities of E.

Converting Relationships to Relations: The relation for an E/R relation-
ship has attributes corresponding to the key attributes of each entity
set that participates in the relationship. However, if a relationship is a
supporting relationship for some weak entity set, it is not necessary to
produce a relation for that relationship.

Converting Isa Hierarchies to Relations: One approach is to partition en-
tities among the various entity sets of the hierarchy and create a relation,
with all necessary attributes, for each such entity set. A second approach
is to create a relation for each possible subset of the entity sets in the
hierarchy, and create for each entity one tuple; that tuple is in the rela-
tion for exactly the set of entity sets to which the entity belongs. A third
approach is to create only one relation and to use null values for those
attributes that do not apply to the entity represented by a given tuple.

Functional Dependencies: A functional dependency is a statement that
two tuples of a relation which agree on some particular set of attributes
must also agree on some other particular attribute.

Keys of a Relation: A superkey for a relation is a set of attributes that
functionally determines all the attributes of the relation. A key is a
superkey, no proper subset of which functionally determines all the at-
tributes.

Reasoning About Functional Dependencies: There are many rules that let
us infer that one FD X — A holds in any relation instance that satisfies
some other given set of FD’s. The simplest approach to verifying that
X — A holds usually is to compute the closure of X, using the given
FD’s to expand X until it includes 4.

Decomposing Relations: We can decompose one relation schema into two
without losing information as long as the attributes that are common to
both schemas form a superkey for at least one of the decomposed relations.

Boyce-Codd Normal Form: A relation is in BCNF if the only nontrivial
FD’s say that some superkey functionally determines one of the other
attributes. It is possible to decompose any relation into a collection of
BCNF relations without losing information. A major benefit of BCNF is
that it eliminates redundancy caused by the existence of FD’s.

Third Normal Form: Sometimes decomposition into BCNF can hinder us
in checking certain FD’s. A relaxed form of BCNF, called 3NF, allows a
FD X — Aevenif X is not a superkey, provided 4 is a member of some
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key. 3NF does not guarantee to eliminate all redundancy due to FD’s,
but often does so. ‘

4+ Multivelued Dependencies: A multivalued de}zendency is a statement that
two sets of attributes in a relation have sets of values that appear in all
possible combinations.

4+ Fourth Normal Form: MVD’s can also cause redundancy in a relation.
4NF is like BCNF, but also forbids nontrivial MVD’s (unless they are
actually FD’s that are allowed by BCNF). It is possible to decompose a
relation into 4NF without losing information.

3.9 References for Chapter 3

The classic paper by Codd on the relational model is [4). This paper introduces
the idea of functional dependencies, as well as the basic relational concept.
Third normal form was also described there, while Boyce-Codd normal form is
described by Codd in a later paper [5].

Multivalued dependencies and fourth normal form were defined by Fagin in
[7]. However, the idea of multivalued dependencies also appears independently
in {6] and [9].

Armstrong was the first to study rules for inferring FD’s {1}. The rules for
FD’s that we have covered here (including what we call “Armstrong’s axioms”)
and rules for inferring MVD’s as well, come from {2]. The technique for testing
a FD by computing the closure for a set of attributes is from [3].

There are a number of algorithms and/or proofs that algorithms work which
have not been given in this book, including how one infers multivalued depen-
dencies, how one projects multivalued dependencies onto decomposed relations,
and how one decomposes into 3NF without losing the ability to check functional
dependencies. These and other matters concerned with dependencies are ex-
plained in (8].
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"-'5 Chapter 4

Other Data Models

The entity-relationship and relational models are just two of the models that
have importance in database systems today. In this chapter we shall introduce
you to several other models of rising importance.

We begin with a discussion of object-oriented data models. One approach
to object-orientation for a database system is to extend the concepts of ob ject~
oriented programming languages such as C++ or Java to include persistence.
That is, the presumption in ordinary programming is that objects go away af-
ter the program finishes; while an essential requirement of a DBMS is that the
objects are preserved indefinitely, unless changed by the user, as in a file sys-
tem. We shall study a “pure” object-oriented data model, called ODL (object
definition language), which has been standardized by the ODMG (object data
management group).

Next, we consider a model called object-relational. This model, part of
the most recent SQL standard, called SQL-~99 (or SQL:1999, or SQL3), is an
attempt to extend the relational model, as introduced in Chapter 3, to include
many of the common object-oriented concepts. This standard forms the basis
for object-relational DBMS’s that are now available from essentially all the
major vendors, although these vendors differ considerably in the details of how
the concepts are implemented and made available to users. Chapter 9 includes
a discussion of the object-relational model of SQL-99.

Then, we take up the “semistructured” data model. This recent innovation
is an attempt to deal with a number of database problems, including the need
to combine databases and other data sources, such as Web pages, that have
different schemas. While an essential of object-oriented or object-relational
systems is their insistence on a fixed schema for every class or every relation,

semistructured data is allowed much more flexibility in what components are

present. For instance, we could think of movie objects, some of which have a

director listed, some of which might have several different lengths for several

different versions, some of which may include textual reviews, and so on.

The most prominent implementation of semistructured data is XML (exten-
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sible markup language). Essentially, XML is a speciﬁcatiox_l for “doc.ur;x.entts,;
which are really collections of nested dat?. elements, each W)ﬂ.l a role indica e

by a tag. We believe that XML data will serve as an e§sent1a1 component in
systems that mediate among data sources or that transm'xt data among sources.
XML may even become an important approach to flexible storage of data in

databases.

4.1 Review of Object-Oriented Concepts

Before introducing object-oriented database quels, let us revie.w the major
object-oriented concepts themselves. Object-onefxte(% programming has been
widely regarded as a tool for better program orgfmlza'txon and, ultimately, molie
reliable software implementation. First popularized in the language Smalltalk,
object-oriented programming received a big boost with the development of C++

and the migration to C++ of much software development that was formerly |

done in C. More recently, the language Java, suitable for s_harins programs
across the World Wide Web, has also focused attention on object-oriented pro-
gramming. ' ‘ .

The database world has likewise been attracted to the obJect-Prlente para’b
digm, particularly for database design and for extending relatlona}l DBMSS
with new features. In this section we shall review the ideas behind object
orientation: :

1. A powerful type system.

9. Classes, which are types associated with an extent, or set of objects bel‘ong-
ing to the class. An essential feature of classes, as o_pposed to conventional
data types is that classes may include methods, which are procedures that
are applicable to objects belonging to the class.

3. Object Identity, the idea that each object has a unique identity, indepen-
dent of its value.

4. Inheritence, which is the organization of classes into hierarchies, where
each class inherits the properties of the classes above it.

4.1.1 The Type System

An object-oriented programming language offers the user a rich collection of
types. Starting with atomic fypes, such as integers, real numbers, booleans,
and character strings, one may build new types by using type constructors.
Typically, the type constructors let us build:

1. Record structures. Given a list of types 71,T%,...,T» and a corresponding
list of field names (called instance variables in Smalitalk) fi, f2,.--, _f,.,
one can construct a record type consisting of n components. The ith
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component has type T; and is referred to by its field name f;. Record
structures are exactly what C or C4++ calls “structs,” and we shall fre-
quently use that term in what follows.

2. Collection types. Given a type T, one can construct new types by applying
a collection operator to type T. Different languages use different collection
aperators, but there are several common ones, including arrays, lists, and
sets. Thus, if T were the atomic type integer, we might build the collection
types “array of integers,” “list of integers,” or “set of integers.”

3. Reference types. A reference to a type T is a type whose values are suitable
for locating a value of the type T. Tn C or C++, a reference is a “pointer”
to a value, that is, the virtual-memory address of the value pointed to.

Of course, record-structure and collection operators can be applied repeat-
edly to build ever more complex types. For instance, a bank might define a type
that is a record structure with a first component named customer of type string
and whose second component is of type set-of-integers and is named accounts.

Such a type is suitable for associating bank customers with the set of their
accounts.

4.1.2 (Classes and Objects

A class consists of a type and possibly one or more functions or procedures
{called methods; see below) that can be executed on objects of that class. The
objects of a class are either values of that type (called immutable objects) or
variables whose value is of that type (called mutable objects). For example, if we
define a class C whose type is “set of integers,” then {2,5,7} is an immutable
object of class C, while variable s could be declared to be a mutable object of
class C and assigned a value such as {2,5,7}.

4.1.3 Object Identity

Objects are assumed to have an object identity (OID). No two objects can have
the same OID, and no object has two different QID’s, Object identity has
some interesting effects on how we model data. For instance, it is essential that
an entity set have a key formed from values of attributes possessed by it or a
related entity set (in the case of weak entity sets). However, within a class,
we assume we can distinguish two objects whose attributes all have identical
values, because the OID’s of the two objects are guaranteed to be different.

4.1.4 Methods

Associated with a class there are usually certain functions, often called methods.
- A method for a class C has at least one argument that is an object of class C;
it may have other arguments of any class, including C. For example, associated
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with a class whose type is “set of integers,” we might have methods to sum the
elements of a given set, to take the union of two sets, or to return a boolean
indicating whether or not the set is empty.

In some situations, classes are referred to as “abstract data types,” meaning
that they encapsulate, or restrict access to objects of the class so that only the
methods defined for the class can modify objects of the class directly. This
restriction assures that the objects of the class cannot be changed in ways that
were not anticipated by the designer of the class. Encapsulation is regarded as
one of the key tools for reliable software development.

4.1.5 Class Hierarchies

It is possible to declare one class C to be a subclass of another class D. I
so, then class C inherits all the properties of class D, including the type of D
and any functions defined for class D. However, C' may also have additional

properties. For example, new methods may be defined for objects of class C, .

and these methods may be either in addition to or in place of methods of D.
It may cven be possible to extend the type of D in certain ways. In particular,
if the type of D is a record-structure type, then we can add new fields to this
type that are present only in objects of type C.

Example 4.1: Consider a class of bank account objects. We might describe
the type for this class informally as:

CLASS Account = {accountNo: integer;
balance: real;
owner: REF Customer;

}

That is, the type for the Account class is a record structure with three fields:
an integer account number, a real-number balance, and an owner that is a
reference to an object of class Customer (another class that we’d need for a
banking database, but whose type we have not introduced here).

We could also define some methods for the class. For example, we might
have a method

deposit(a: Account, m: real)

that increases the balance for Account object a by amount m.

Finally, we might wish to have several subclasses of the Account subclass.
For instance, a time-deposit account could have an additional field dueDate.
the date at which the account balance may be withdrawn by the owner. There
might also be an additional method for the subclass TimeDeposit

penalty(a: TimeDeposit)
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that takes an account a belonging to the subclass TimeDeposit and calculates
the penalty for early withdrawal, as a function of the dueDate field in object a
and the current date; the latter would be obtainable from the system on which
the method is run. D

4.2 Introduction to ODL

ODL (Object Definition Language) is a standardized language for specifying
the structure of databases in object-oriented terms. It is an extension of IDL
(Interface Description Language), a component of CORBA (Common Object
Request Broker Architecture). The latter is a standard for distributed, object-
oriented computing,.

4.2.1 Object-Oriented Design

In an object-oriented design, the world to be modeled is thought of as composed
of objects, which are observable entities of some sort. For example, people may
be thought of as objects; so may bank accounts, airline flights, courses at a
college, buildings, and so on. Objects are assumed to have a unique object
identity (OID) that distinguishes them from any other object, as we discussed
in Section 4.1.3.

To organize information, we usually want to group objects into classes of ob-
jects with similar properties. However, when speaking of ODL object-oriented
designs, we should think of “similar properties” of the objects in a class in two
different ways: '

e The real-world concepts represented by the objects of a class should be
similar. For instance, it makes sense to group all customers of a bank into
one class and all accounts at the bank into another class. It would not
make sense to group customers and accounts together in one class, because
they have little or nothing in common and play essentially different roles
in the world of banking.

acctNo

balance S to Customer object
toOwner —

Account
object

Figure 4.1: An object representing an account

o The properties of objects in a class must be the same. When programming
in an object-oriented language, we often think of objects as records, like
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that suggested by Fig. 4.1. Objects have fields or slots in which values are
placed. These values may be of common types such as integers, strings,
or arrays, or they may be references to other objects.

When specifying the design of ODL classes, we describe properties of three
kinds:

1. Attributes, which are values associated with the object. We discuss the
legal types of ODL attributes in Section 4.2.8.

2. Relationships, which are connections between the object at hand and an-
other object or objects.

3. Methods, which are functions that may be applied to objects of the class.

Attributes, relationships, and methods are collectively referred to as properties.

4.2.2 Class Declarations

A declaration of a class in ODL, in its simplest form, consists of:

1. The keyword class,
2. The name of the class, and

3. A bracketed list of properties of the class. These properties can be at-
tributes, relationships, or methods, mixed in any order.

That is, the simple form of a class declaration is

class <name> {
<list of properties>

}

4.2.3 Attributes in ODL

The simplest kind of property is the atiribute. These properties describe some
aspect of an object by associating a value of a fixed type with that object.
For example, person objects might each have an attribute name whose type is
string and whose value is the name of that person. Person objects might also
have an attribute birthdate that is a triple of integers (i.e., a record structure)
representing the year, month, and day of their birth.

In ODL, unlike the E/R model, attributes need not be of simple types, such
as integers and strings. We just mentioned birthdate as an example of an
attribute with a structured type. For another example, an attribute such as
phones might have a set of strings as its type, and even more complex types
are possible. We summarize the type system of ODL in Section 4.2.8.
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Example 4.2: In Fig. 4.2 is an ODL declaration of the class of movies. It
is not a complete declaration; we shall add more to it later. Line (1) declares
Movie to be a class. Following line (1) are the declarations of four attributes
that all Movie objects will have.

1) class Movie {

2) attribute string title;

3) attribute integer year;

4) attribute integer length;

5) attribute enum Film {color,blackAndWhite} filmType;
3

Figure 4.2: An ODL declaration of the class Movie

The first attribute, on line (2), is named title. Its type is string—a
character string of unknown length. We expect the value of the title attribute
in any Movie object to be the name of the movie. The next two attributes, year
and length declared on lines (3) and (4), have integer type and represent the
year in which the movie was made and its length in minutes, respectively. On
line (5) is another attribute £11mType, which tells whether the movie was filmed
in color or black-and-white. Its type is an enumeration, and the name of the
enumeration is Film. Values of enumeration attributes are chosen from a list
of literals, color and blackAndWhite in this example.

An object in the class Movie as we have defined it so far can be thought of
as a record or tuple with four components, one for each of the four attributes.
For example,

("Gone With the Wind", 1939, 231, color)

is a Movie object. 0O

Example 4.3: In Example 4.2, all the attributes have atomic types. Here is
an example with a nonatomic type. We can define the class Star by

1) class Star {
2) attribute string name;
3 attribute Struct Addr
{string street, string city} address;

};

Line (2) specifies an attribute name (of the star) that is a string. Line (3)
specifies another attribute address. This attribute has a type that is a record
structure. The name of this structure is Addr, and the type consists of two
fields: street and city. Both fields are strings. In general, one can define
record structure types in ODL by the keyword Struct and curly braces around
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Why Name Enumerations and Structures?

The name Film for the enumeration on line 5 of Fig. 4.2 doesn’t seem to
be necessary. However, by giving it a name, we can refer to it outside the
scope of the declaration for class Movie. We do so by referring to it by
the scoped name Movie: :Film. For instance, in a declaration of a class of
cameras, we could have a line:

attribute Movie::Film uses;

This line declares attribute uses to be of the same enumerated type with
the values color and blackAndWhite.

Another reason for giving names to enumerated types {and structures
as well, which are declared in a manner similar to enumerations) is that we
can declare them in a “module” outside the declaration of any particular
class, and have that type available to all the classes in the module.

the list of field names and their types. Like enumerations, structure types must

have a name, which can be used elsewhere to refer to the same structure type.
a

4.2.4 Relationships in ODL

While we can learn much about an object by examining its attributes, some-
times a critical fact about an object is the way it connects to other ob jects in
the same or another class.

Example 4.4: Now, suppose we want to add to the declaration of the Movie
class from Example 4.2 a property that is a set of stars. More precisely, we
want each Movie object to connect the set of Star objects that are its stars.
The best way to represent this connection between the Movie and Star classes
is with a relationship. We may represent this relationship in Movie by a line:

relationship Set<Star> stars;

in the declaration of class Movie. This line may appear in Fig. 4.2 after any
of the lines numbered (1) through (5). It says that in each object of class
Movie there is a set of references to Star objects. The set of references is called
stars. The keyword relationship specifies that stars contains references to
other objects, while the keyword Set preceding <Star> indicates that stars
references a set of Star objects, rather than a. single object, In general, a type
that is a set of elements of some other type T is defined in ODL by the keyword
Set and angle brackets around the type 7. O

4.2. INTRODUCTION TO ODL 139

4.2.5 Inverse Relationships

" Just as we might like to access the stars of a given movie, we might like to

know the movies in which a given star acted. To get this information into Star
objects, we can add the line

relationship Set<Movie> starredIn;

to the declaration of class Star in Example 4.3. However, this line and a similar
declaration for Movie omits a very important aspect of the relationship between
movies and stars. We expect that if a star S is in the stars set for movie M,
then movie M is in the starredIn set for star S. We indicate this connection
between the relationships stars and starredIn by placing in each of their
declarations the keyword inverse and the name of the other relationship. If
the other relationship is in some other class, as it usually is, then we refer to
that relationship by the name of its class, followed by a double colon (::) and
the name of the relationship.

Example 4.5: To define the relationship starredIn of class Star to be the
inverse of the relationship stars in class Movie, we revise the declarations of
these classes, as shown in Fig. 4.3 (which also contains a definition of class
Studio to be discussed later). Line (6) shows the declaration of relationship
stars of movies, and says that its inverse is Star: : starredIn. Since relation-
ship starredIn is defined in another class, the relationship name is_preceded
by the name of that class (Star) and a double colon. Recall the double colon is
used whenever we refer to something defined in another class, such as a property
or type name.

Similarly, relationship starredIn is declared in line (11). Its inverse is
declared by that line to be stars of class Movie, as it must be, because inverses
always are linked in pairs. O

As a general rule, if a relationship R for class C' associates with object z of
class C with objects 11, y2,...,yn of class D, then the inverse relationship of R
associates with each of the y;’s the object z (perhaps along with other objects).
Sometimes, it helps to visualize a relationship R from class C to class D as a
list of pairs, or tuples, of a relation. The idea is the same as the “relationship
set” we used to describe E/R relationships in Section 2.1.5. Each pair consists
of an object z from class C and an associated object y of class D, as:

c|D

Then the inverse relationship for R is the set of pairs with the components
reversed, as:
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1) class Movie {

2) attribute string title;
3) attribute integer year;
4) attribute integer length;
5) attribute enum Film {color,blackAndWhite} filmType;
6) relationship Set<Star> stars '
inverse Star::starredln;
7y relationship Studio ownedBy
inverse Studio::owns;
}
8) class Star {
9) attribute string name;
10) attribute Struct Addr
{string street, string city} address;
11) relationship Set<Movie> starredIn
inverse Movie::stars;
};
12) class Studio {
13) attribute string name;
14) attribute string address;
15) relationship Set<Movie> owns

inverse Movie::ownedBy;

};

Figure 4.3: Some ODL classes and their relationships

D|C

Notice that this rule works even if ¢ and D are the same class. There are some
relationships that logically run from a class to itself, such as “child of” from
the class “Persons” to itself.

4.2.6 Multiplicity of Relationships

Like the binary relationships of the E/R model, a pair of inverse relationships
in ODL can be classified as either many-many, many-one in either direction, or
one-one. The type declarations for the pair of relationships tells us which.
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. If we have a many-many relationship between classes C' and D, then in
class C the type of the relationship is Set<D>, and in class D the type is
Set<C>.}

. If the relationship is many-one from C to D, then the type of the rela-
tionship in C is just D, while the type of the relationship in D is Set<C>.

. If the relationship is many-one from D to C, then the roles of C and D
are reversed in (2) above.

4. If the relationship is one-one, then the type of the relationship in C is just
D, and in D it is just C.

Note, that as in the E/R model, we allow a many-one or one-one relationship
to include the case where for some objects the “one” is actually “none.” For
instance, a many-one relationship from C to D might have a missing or “null”
value of the relationship in some of the C objects. Of course, since a D object
could be associated with any set of C objects, it is also permissible for that set
to be empty for some D objects.

Example 4.6: In Fig. 4.3 we have the declaration of three classes, Movie, Star,
and Studio. The first two of these have already been introduced in Examples
4.2 and 4.3. We also discussed the relationship pair stars and starredIn.
Since each of their types uses Set, we see that this pair represents a many-
many relationship between Star and Movie.

Studio objects have attributes name and address; these appear in lines (13)
and (14). Notice that the type of addresses here is a string, rather than a
structure as was used for the address attribute of class Star on line (10).
There is nothing wrong with using attributes of the same name but different
types in different classes.

In line (7) we see a relationship ownedBy from movies to studios. Since the
type of the relationship is Studio, and not Set<Studio>, we are declaring that
for each movie there is one studio that owns it. The inverse of this relationship
is found on line (15). There we see the relationship owns from studios to movies.
The type of this relationship is Set<Movie>, indicating that each studio owns a
set of movies—perhaps 0, perbaps 1, or perhaps a large number of movies. O

4.2.7 Methods in ODL

The third kind of property of ODL classes is the method. As in other object-
oriented languages, a method is a piece of executable code that may be applied
to the objects of the class.

In ODL, we can declare the names of the methods associated with a class and
the input/output types of those methods. These declarations, called signatures,

LActually, the Set could be replaced by another “collection type,” such as list or bag,
as discussed in Section 4.2.8. We shall assume all collections are sets in our exposition of
relationships, however.
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‘Why Signatures?

The value of providing signatures is that when we implement the schema
in a real programming language, we can check automaticaily that the
implementation matches the design as was expressed in the schema. We
cannot check that the implementation correctly implements the “meaning”
of the operations, but we can at least check that the input and output
parameters are of the correct number and of the correct type.

are like function declarations in C or C++ (as opposed to function definitions,
which are the code to implement the function). The code for a method would
be written in the host language; this code is not part of ODL.

Declarations of methods appear along with the attributes and relationships
in a class declaration. As is normal for object-oriented languages, each method
is associated with a class, and methods are invoked on an object of that class.
Thus, the object is a “hidden” argument of the method. This style allows the
same method name to be used for several different classes, because the object
upon which the operation is performed determines the particular method meant.
Such a method name is said to be overloaded.

The syntax of method declarations is similar to that of function declarations
in C, with two important additions:

1. Method parameters are specified to be in, out, or inout, meaning that
they are used as input parameters, output parameters, or both, respec-
tively. The last two types of parameters can be modified by the method;
in parameters cannot be modified. In effect, out and inout parameters
are passed by reference, while in parameters may be passed by value.
Note that a method may also have a return value, which is a way that a
result can be produced by a method other than by assigning a value to
an out or inout parameter.

2. Methods may raise ezceptions, which are special responses that are out-
side the normal parameter-passing and return-value mechanisms by which
methods communicate. An exception usually indicates an abnormal or
unexpected condition that will be “handled” by some method that called
it (perhaps indirectly through a sequence of calls). Division by zero is an
example of a condition that might be treated as an exception. In ODL, a
method declaration can be followed by the keyword raises, followed by
a parenthesized list of one or more exceptions that the method can raise.

Example 4.7: In Fig. 4.4 we see an evolution of the definition for class Movie,
last seen in Fig. 4.3. The methods included with the class declaration are as
follows.
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Line (8) declares a method lengthInHours. We might imagine that it pro-
duces as a return value the length of the movie object to which it is applied, but
converted from minutes (as in the attribute length) to a floating-point number
that is the equivalent in hours. Note that this method takes no parameters.
The Movie object to which the method is applied is the “hidden” argument,
and. it is from this object that a possible implementation of lengthInHours
would obtain the length of the movie in minutes.2

Method lengthInHours may raise an exception called noLengthFound. Pre-
sumably this exception would be raised if the length attribute of the object

““to which the method lengthlInHours was applied had an undefined value or a

value that could not represent a valid length (e.g., a negative number).

1) class Movie {

2) attribute string title;
3) attribute integer year;
4) attribute integer length;
5) attribute enumeration(color,blackAndWhite) filmType;
6) relationship Set<Star> stars
inverse Star::starredIn;
[#)] relationship Studio ownedBy
inverse Studio: :owns;
8) float lengthInHours() raises(noLengthFound);
9) void starNames(out Set<String>);
10) void otherMovies{in Star, out Set<Movie>)

raises(noSuchStar);

};

Figure 4.4: Adding method signatures to the Movie class

In line (9) we see another method signature, for a method called starNames.
This method has no return value but has an output parameter whose type is a
set of strings. We presume that the value of the output parameter is computed
by starNames to be the set of strings that are the values of the attribute name
for the stars of the movie to which the method is applied. However, as always
there is no guarantee that the method definition behaves in this particular way.

Finally, at line (10) is a third method, otherMovies. This method has an
input parameter of type Star. A possible implementation of this method is as
follows. We may suppose that otherMovies expects this star to be one of the
stars of the movie; if it is not, then the exception noSuchStar is raised. If it is
one of the stars of the movie to which the method is applied, then the output
parameter, whose type is a set of movies, is given as its value the set of all the

2In the actual definition of the method lengthInHours a special term such as self would
be used to refer to the object to which the method is applied. This matter is of no concern
as far as declarations of method signatures is concerned.
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other movies of this star. T
o Sets, Bags, and Lists
' 4.2.8 Types in ODL- . To understand the distinction between sets, bags, and lists, remember that

ODL offers the database designer a type system similar to that found in C or a set has unordered elements, and only one occurrence of each element. A
other conventional programming languages. A type system is built from a basis ‘ bag. allows more than one occurrence of an element, but the elements and
of types that are defined by themselves and certain recursive rules whereby their occurrences are unordered. A list allows more than one occurrence of

complex types are built from simpler types. In ODL, the basis consists of: an element, but the occurrences are ordered. Thus, {1,2,1} and {2,1,1}

1. Atomic types: integer, float, character, character string, boolean, and
enumerations. The latter are lists of names declared to be abstract values.
We saw an example of an enumeration in line (5) of Fig. 4.3, where the
names are color and blackAndWhite.

2. Class names, such as Movie, or Star, which represent types that are
actually structures, with components for each of the attributes and rela-
tionships of that class.

These basic types are combined into structured types using the following
type constructors:

1. Set. Ii T is any type, then Set<T> denotes the type whose values are finite
sets of elements of type T'. Examples using the set type-constructor occur
in lines (6), (11), and (15) of Fig. 4.3.

2. Bag. If T is any type, then Bag<T> denotes the type whose values are
finite bags or multisets of elements of type T. A bag allows an element
to appear more than once. For example, {1,2,1} is a bag but not a set,
hecause 1 appears more than once.

3. List. If T is any type, then List<T> denotes the type whose values are
finite lists of zero or more elements of type T'. As a special case, the type
string is a shorthand for the type List<char>.

4. Array. If T is a type and ¢ is an integer, then Array<T,i> denotes the
type whose elements are arrays of i elements of type T'. For example,
Array<char, 10> denotes character strings of length 10.

5. Dictionary. If T and S are types, then Dictionary<T,S> denotes a type
whose values are finite sets of pairs. Each pair consists of a value of the
key type T and a value of the range type S. The dictionary may not
contain two pairs with the same key value. Presumably, the dictionary is
implemented in a way that makes it very efficient, given a value t of the
key type T, to find the associated value of the range type S.

6. Structures. If Ty, Ts,..., T, are types, and F1,F3,..., F, are names of
fields, then

are the same bag, but (1,2,1) and (2,1,1) are not the same list.

Struct N {Tl Fl, T2 Fz,..,, Tn Fn}

denotes the type named N whose elements are structures with n fields.
The ith field is named F; and has type T;. For example, line (10) of
Fig. 4.3 showed a structure type named Addr, with two fields. Both fields
are of type string and have names street and city, respectively.

Thfz first five types — set, bag, list, array, and dictionary — are called
cgllectzon types. There are different rules about which types may be associated
with attributes and which with relationships.

1.

The type of a relationship is either a class type or a (single use of a)
collection type constructor applied to a class type.

The type of an attribute is built starting with an atomic type or types.
Class types may also be used, but typically these will be classes that
are used as “structures,” much as the Addr structure was used in Exam-
ple 4.3. We generally prefer to connect classes with relationships, because
relationships are two-way, which makes queries about the database easier
to express. In contrast, we can go from an object to its attributes, but
not vice-versa. After beginning with atomic or class types, we may then
apply the structure and collection type constructors as we wish, as many
times as we wish.

Example 4.8: Some of the possible types of attributes are:

integer.

2. Struct N {string fieldl, integer field2}.

3. List<real>.

4. Array<Struct N {string fieldl, integer field2}, 10>.
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Example (1) is an atomic type; (2) is a structure of atomic types, (3) a collection
of an atomic type, and (4) a collection of structures built from atomic types.

Now, suppose the class names Movie and Star are available basic types.
Then we may construct relationship types such as Movie or Bag<Star>. Ho\&-
ever, the following are illegal as relationship types:

1. Struct N {Movie fieldl, ‘Star field2}. Relationship types cannot
involve structures. =

2. Set<integer>. Relationship types cannot involve atomic types.

3. Set<Array<Star, 10>>. Relationship types cannot involve two applica-
tions of collection types.

u]

4.2.9 Exercises for Section 4.2 .

Exercise 4.2.1: In Exercise 2.1.1 was the informal description of a bank data-
base. Render this design in ODL.

Exercise 4.2.2: Modify your design of Exercise 4.2.1 in the ways enumerated
in Exercise 2.1.2. Describe the changes; do not write a complete, new schema.

Exercise 4.2.3: Render the teams-players-fans database of Exercise 2.1.3 in
ODL. Why does the complication about sets of team colors, which was men-
tioned in the original exercise, not present a problem in ODL?

Exercise 4.2.4: Suppose we wish to keep a genealogy. We shall have one class,
Person. The information we wish to record about persons includes their name
{an attribute) and the following relationships: mother, father, and children.
Give an ODL design for the Person class. Be sure to indicate the inverses of
the relationships that, like mother, father, and children, are also relationships
from Person to itself. Is the inverse of the mother relationship the children
relationship? Why or why not? Describe each of the relationships and their
inverses as sets of pairs.

Exercise 4.2.5: Let us add to the design of Exercise 4.2.4 the attribute
education. The value of this attribute is intended to be a collection of the
degrees obtained by each person, including the name of the degree (e.g., B.S.).
the school, and the date. This collection of structs could be a set, bag, list.
or array. Describe the consequences of each of these four choices. What infor-
mation could be gained or lost by making each choice? Is the information lost
likely to be important in practice?

Exercise 4.2.6: In Fig. 4.5 is an ODL definition for the classes Ship and TG
(task group, a collection of ships). We would like to make some modifications
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- to this definition. Each modification can be described by mentioning a line or
lines to be changed and giving the replacement, or by inserting one or more
new lines after one of the numbered lines. Describe the following modifications:

a) The type of the attribute commander is changed to be a pair of strings,
the first of which is the rank and the second of which is the name.

b) A ship is allowed to be assigned to more than one task group.

¢) Sister ships are identical ships made from the same plans. We wish to
represent, for each ship, the set of its sister ships (other than itself). You
may assume that each ship’s sister ships are Ship objects.

1) class Ship {

2) attribute string name;
3) attribute integer yearLaunched;
4) " relationship TG assignedTo inverse TG::unitsOf;
¥
5) class TG {
6) attribute real number;
7 attribute string commander;
. 8) relationship Set<Ship> unitsOf

inverse Ship::assignedTo;

};

Figure 4.5: An ODL description of ships and task groups

* - » . . . - -
!! Exercise 4.2.7: Under what circumstances is a relationship its own inverse?

Hint: Think about the relationship as a set of pairs, as discussed in Sec-
tion 4.2.5.

4.3 Additional ODL Concepts

There are a number of other features of ODL that we must learn if we are to
express in ODL the things that we can express in the E/R or relational models.
In this section, we shall cover:

1. Representing multiway relationships. Notice that all ODL relationships
are binary, and we have to go to some lengths to represent 3-way or
higher arity relationships that are simple to represent in E/R diagrams
or relations.

2. Subclasses and inheritance.
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3. Keys, which are optional in ODL.

4. Extents, the set of objects of a given class that exist in a database. These
are the ODL equivalent of entity sets or relations, and must not be con-
fused with the class itself, which is a schema.

4.3.1 Multiway Relationships in ODL

ODL supports only binary relationships. There is a trick, which we introduced
in Section 2.1.7, to replace a multiway relationship by several binary, many-one
relationships. Suppose we have a multiway relationship R among classes or
entity sets Cy,Cs,...,Cnr. We may replace R by a class C and n many-one
binary relationships from C to each of the C;'s. Each object of class C may be
thought of as a tuple ¢ in the relationship set for R. Object t is related, by the
n many-one relationships, to the objects of the classes C; that participate in
the relationship-set tuple i.

I

Example 4.9: Let us consider how we would represent in ODL the 3-way
relationship Contracts, whose E/R diagram was given in Fig. 2.7. We may
start with the class definitions for Movie, Star, and Studio, the three classes
that are related by Contracts, that we saw in Fig. 4.3.

We must create a class Contract that corresponds to the 3-way relationship
Contracts. The three many-one relationships from Contract to the other three
classes we shall call theMovie, theStar, and theStudio. Figure 4.6 shows the
definition of the class Contract.

1) class Contract {

2) attribute integer salary;

3) relationship Movie theMovie
inverse ... ;

4) relationship Star theStar
inverse ... ;

5) relationship Studio theStudio
inverse ... ;

};

Figure 4.6: A class Contract to represent the 3-way relationship Contracts

There is one attribute of the class Contract, the salary, since that quantity is
associated with the contract itself, not with any of the three participants. Recall
that in Fig. 2.7 we made an analogous decision to place the attribute salary on
the relationship Contracts, rather than on one of the participating entity sets.
"The other properties of Contract objects are the three relationships mentioned.

Note that we have not named the inverses of these relationships. We need
to modify the declarations of Movie, Star, and Studio to include relationships
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~ from each of these to Contract. For instance, the inverse of theMovie might
" be named contractsFor. We would then replace line (3) of Fig. 4.6 by

3) relationship Movie theMovie
inverse Movie::contractsFor;

= and add to the declaration of Movie the statement:

relationship Set<Contract> contractsFor
inverse Contract::theMovie;

* Notice that in Movie, the relationship contractsFor gives us a set of contracts,
. since there may be several contracts associated with one movie. Each contract
in the set is essentially a triple consisting of that movie, a star, and a studio,
plus the salary that is paid to the star by the studio for acting in that movie.
a

' 4.3.2 Subclasses in ODL

Let us recall the discussion of subclasses in the E/R model from Section 2.1.11.
There is a similar capability in ODL to declare one class C to be a subclass
of another class D. We follow the name C in its declaration with the keyword
extends and the name D.

Example 4.10: Recall Example 2.10, where we declared cartoons to be a
subclass of movies, with the additional property of a relationship from a cartoon
to a set of stars that are its “voices.” We can create a subclass Cartoon for
Movie with the ODL declaration:

class Cartoon extends Movie {
relationship Set<Star> voices;

};

We have not indicated the name of the inverse of relationship voices, although
technically we must do so.

A subclass inherits all the properties of its superclass. Thus, each cartoon
object has attributes title, year, length, and £ilmType inherited from Movie
(recall Fig. 4.3), and it inherits relationships stars and ownedBy from Movie,
in addition to its own relationship voices.

Also in that example, we defined a class of murder mysteries with additional
attribute weapon.

class MurderMystery extends Movie {
attribute string weapon;

};

is a suitable declaration of this subclass. Again, all the properties of movies are
inherited by MurderMystery. D
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4.3.3 Maultiple Inheritance in ODL

Sometimes, as in the case of a movie like “Roger Rabbit,” we need a class that
is a subclass of two or more other classes at the same time. In the E/R model,
we were able to imagine that “Roger Rabbit” was represented by components in
all three of the Mouvies, Cartoons, and Murder-Mystertes entity sets, which were
connected in an isa-hierarchy. However, a principle of object-oriented systems
is that objects belong to one and only one class. Thus, to represent movies
that are both cartoons and murder mysteries, we need a fourth class for these
movies.

The class CartoonMurderMystery must inherit properties from both Car-
toon and MurderMystery, as suggested by Fig. 4.7. That is, a CartoonMurder-
Mystery object has all the properties of a Movie object, plus the relationship
voices and the attribute weapon.

Movie

Cartoon MurderMystery

CartoonMurderMystery
Figure 4.7: Diagram showing multiple inheritance

In ODL, we may follow the keyword extends by several classes, separated
by colons.® Thus, we may declare the fourth class by:

class CartoonMurderMystery
extends MurderMystery : Cartoon;

When a class C inherits from several classes, there is the potential for con-
flicts among property names. Two or more of the superclasses of C may have a
property of the same name, and the types of these properties may differ. Class
CartoonMurderMystery did not present such a problem, since the only prop-
erties in common between Cartoon and MurderMystery are the properties of
Movie, which are the same property in both superclasses of CartoonMurder-
Mystery. Here is an example where we are not so lucky.

Example 4.11: Suppose we have subclasses of Movie called Romance and
Courtroom. Further suppose that each of these subclasses has an attribute
called ending. In class Romance, attribute ending draws its' values from the

3Technically, the second and subsequent names must be “interfaces,” rather than classes.
Roughly, an interface in ODL is a class definition without an associated set of objects, or
“extent.” We discuss the distinction further in Section 4.3.4.
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enumeration {happy, sad}, while in class Courtroon, attribute ending draws
its values from the enumeration {guilty, notGuilty}. If we create a fur-
ther subclass, Courtroom-Romance, that has as superclasses both Romance and
Courtroom, then the type for inherited attribute ending in class Courtroom~
Romance is unclear. O

The ODL standard does not dictate how such conflicts are to be resolved.
:Some possible approaches to handling conflicts that arise from multiple inheri-
tance are:

1. Disallow multiple inheritance altogether. This approach is generally re-
- garded as too limiting,.

2. Indicate which of the candidate definitions of the property applies to the
subclass. For instance, in Example 4.11 we may decide that in a courtroom
romance we are more interested in whether the movie has a happy or sad
ending than we are in the verdict of the courtroom trial. In this case, we
would specify that class Courtroom-Romance inherits attribute ending
from superclass Romance, and not from superclass Courtroom.

3. Give a new name in the subclass for one of the identically named proper-
ties in the superclasses. For instance, in Example 4.11, if Courtroom-Rom-
ance inherits attribute ending from superclass Romance, then we may
specify that class Courtroom-Romance has an additional attribute called
verdict, which is a renaming of the attribute ending inherited from class
Courtroom.

4.3.4 FExtents

When an ODL class is part of the database being defined, we need to distinguish
the class definition itself from the set of objects of that class that exist at a
given time. The distinction is the same as that between a relation schema
and a relation instance, even though both can be referred to by the name
of the relation, depending on context. Likewise, in the E/R model we need to
distinguish between the definition of an entity set and the set of existing entities
of that kind.

In ODL, the distinction is made explicit by giving the class and its estent,
or set of existing objects, different names. Thus, the class name is a schema
for the class, while the extent is the name of the current set of objects of that
class. We provide a name for the extent of a class by following the class name
by a parenthesized expression consisting of the keyword extent and the name
chosen for the extent.

I:?xample 4.12: In general, we find it a useful convention to name classes by a
smgulz%r noun and name the corresponding extent by the same noun in plural.
Following this convention, we could call the extent for class Movie by the name
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Interfaces

ODL provides for the definition of interfaces, which are essentially class
definitions with no associated extent (and therefore, with no associated
objects). We first mentioned interfaces in Section 4.3.3, where we pointed
out that they could support inheritance by one class from several classes.
Interfaces also are useful if we have several classes that have different
extents, but the same properties; the situation is analogous to several
relations that have the same schema but different sets of tuples.

If we define an interface I, we can then define several classes that
inherit their properties from I. Each of those classes has a distinct extent,
so we can maintain in our database several sets of objects that have the
same type, yet belong to distinct classes.

Movies. To declare this name for the extent, we would begin the declaration of
class Movie by:

class Movie (extent Movies) {
attribute string title;

As we shall see when we study the query language OQL that is designed for
querying ODL data, we refer to the extent Movies, not to the class Movie, when
we want to examine the movies currently stored in our database. Remember
that the choice of a name for the extent of a class is entirely arbitrary, although
we shall follow the “make it plural” convention in this book. D

4.3.5 Declaring Keys in ODL

ODL differs from the other models studied so far in that the declaration and
use of keys is optional. That is, in the E/R model, entity sets need keys to
distinguish members of the entity set from one another. In the relational model,
where relations are sets, all attributes together form a key unless some proper
subset of the attributes for a given relation can serve as a key. Either way, there
must be at least one key for a relation.

However, objects have a unique object identity, as we discussed in Sec-
tion 4.1.3. Consequently, in ODL, the declaration of a key or keys is optional.
It is entirely appropriate for there to be several objects of a class that are in-
distinguishable by any properties we can observe; the system still keeps them
distinct by their internal object identity.

In ODL we may declare one or more attributes to be a key for a class by using
the keyword key or keys (it doesn’t matter which) followed by the attribute
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r attributes forming keys. If there is more than one attribute in a key, the
list of attributes must be surrounded by parentheses. The key declaration itself
- appears, along with the extent declaration, inside parentheses that may follow
- the name of the class itself in the first line of its declaration.

Example 4.13: To declare that the set of two attributes title and year form
ey for class Movie, we could begin its declaration:

class Movie
(extent Movies key (title, year))
{

attribute string title;

We could have used keys in place of key, even though only one key is declared.
Similarly, if name is a key for class Star, then we could begin its declaration:

class Star
(extent Stars key name)
{

attribute string name;

]

It is possible that several sets of attributes are keys. If so, then following
the word key(s) we may place several keys separated by commas. As usual, a
key that consists of more than one attribute must have parentheses around the
list of its attributes, so we can disambiguate a key of several attributes from
several keys of one attribute each.

Example 4.14: As an example of a situation where it is appropriate to have
more than one key, consider a class Employee, whose complete set of attributes
and relationships we shall not describe here. However, suppose that two of its
attributes are empID, the employee ID, and ssNo, the Social Security number.
Then we can declare each of these attributes to be a key by itself with

class Employee
(extent Employees key empID, ssNo)

Because there are no parentheses around the list of attributes, ODL interprets
the above as saying that each of the two attributes is a key by itself. If we put
parentheses around the list (empID, ssNo), then ODL would interpret the two
attributes together as forming one key. That is, the implication of writing

class Employee .
(extent Employees key (empID, ssNo))
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" is that no two employees could have both the same employee ID and the same

Social Security number, although two employees might agree on one of these
attributes. O

The ODL standard also allows properties other than attributes to appear
in keys. There is no fundamental problem with a method or relationship being
declared a key or part of a key, since keys are advisory statements that the
DBMS can take advantage of or not, as it wishes. For instance, one could
declare a method to be a key, meaning that on distinct objects of the class the
method is guaranteed to return distinct values.

When we allow many-one relationships to appear in key declarations, we
can get an effect similar to that of weak entity sets in the E/R model. We can
declare that the object O, referred to by an object O on the “many” side of the
relationship, perhaps together with other properties of O, that are included in
the key, is unique for different objects Oy. However, we should remember that
there is no requirement that classes have keys; we are never obliged to handle,
in some special way, classes that lack attributes of their own to form a key, as
we did for weak entity sets.

Example 4.15: Let us review the example of a weak entity set Crews in
Fig. 2.20. Recall that we hypothesized that crews were identified by their
number, and the studio for which they worked, although two studios might
have crews with the same number. We might declare the class Crew as in
Fig. 4.8. Note that we need to modify the declaration of Studio to include the
relationship crews0f that is an inverse to the relationship unit0f in Crew; we
omit this change.

class Crew
(extent Crews key (number, unit0f))

{
attribute integer number;
relationship Studio unitOf
inverse Studio::crews{f;
} .

Figure 4.8: A ODL declaration for crews

What this key declaration asserts is that there cannot be two crews that
both have the same value for the number attribute and are related to the same
studio by unit0f. Notice how this assertion resembles the implication of the
E/R diagram in Fig. 2.20, which is that the number of a crew and the name of
the related studio (i.e., the key for studios) uniquely determine a crew entity.
[w]
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3.6 Exercises for Section 4.3

xercise 4.3.1: Add suitable extents and keys to your ODL schema from
Exercise 4.2.1.

Exercise 4.3.2: Add suitable extents and keys to your ODL schema from
Exerc1se 4.23.

k‘rExermse 4.3.3: Suppose we wish to modify the ODL declarations of Exer-
cise 4.2.4, where we had a class of people with relationships mother, father,
and children, to include certain subclasses of people: (1) Males (2) Females
(3) People who are parents. In addition, we want the relationships mother,
father, and children to run between the smallest classes for which all pos-
sible instances of the relationship appear. You may therefore wish to define
other subclasses as well. Write these declarations, including multiple inheri-
tances when appropriate.

Exercise 4.3.4: Is there a suitable key for the class Contract declared in
Fig. 4.6? If so, what is it?

- Exercise 4.3.5: In Exercise 2.4.4 we saw two examples of situations where
weak entity sets were essential. Render these databases in ODI, including
declarations for extents and suitable keys.

Exercise 4.3.6: Give an ODL design for the registrar’s database described in
Exercise 2.1.9.

4.4 From ODL Designs to Relational Designs

While the E/R model is intended to be converted into a model such as the
relational model when we implement the design as an actual database, QDL
was originally intended to be used as the specification language for real, object-
oriented DBMS’s. However ODL, like all object-oriented design systems, can
also be used for preliminary design and converted to relations prior to imple-
mentation. In this section we shall consider how to convert ODL designs into
_relational designs. The process is similar in many ways to what we introduced
in Section 3.2 for converting E/R diagrams to relational database schemas. Yet
some new problems arise for ODL, including:

1. Entity sets must have keys, but there is no such guarantee for ODL classes.
Therefore, in some situations we must invent a new attribute to serve as
a key when we construct a relation for the class.

2. While we have required E/R attributes and relational attributes to be
atomic, there is no such constraint for ODL attributes. The conversion
of attributes that have collection types to relations is tricky and ad-hoc,
often resulting in unnormalized relations that must be redesigned by the
techniques of Section 3.6.
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3. ODL allows us to specify methods as part of a design, but there is no
simple way to convert methods directly into a relational schema. We
shall visit the issue of methods in relational schemas in Section 4.5.5 and
again in Chapter 9 covering the SQL-99 standard. For now, let us assume
that any ODL design we wish to convert into a relational design does not
include methods. ’

4.4.1 From ODL Attributes to Relational Attributes

As a starting point, let us assume that our goal is to have one relation for each
class and for that relation to have one attribute for each property. We shall see
many ways in which this approach must be modified, but for the moment, let
us consider the simplest possible case, where we can indeed convert classes to
relations and properties to attributes. The restrictions we assume are:

-

1. All properties of the class are attributes (not relationships or methods).

2. The types of the attributes are atomic {not structures or sets).

Example 4.16: Figure 4.9 is an example of such a class. There are four
attributes and no other properties. These attributes each have an atomic type;
titleisastring, year and length are integers, and £ilmType is an enumeration
of two values. ‘

class Movie (extent Movies) {

attribute string title;

attribute integer year;

attribute integer length;

attribute enum Film {color,blackAndWhite} filmType;
};

Figure 4.9: Attributes of the class Movie

We create a relation with the same name as the extent of the class, Movies
in this case. The relation has four attributes, one for each attribute of the
class. The names of the relational attributes can be the same as the names of
the corresponding class attributes. Thus, the schema for this relation is

Movies(title, year, length, filmType)

For each object in the extent Movies, there is one tuple in the relation
Movies. This tuple has a component for each of the four attributes, and the
value of each component is the same as the value of the corresponding attribute
of the object. O
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4.4.2 Nonatomic Attributes in Classes

< Unfortunately, even when a class’ properties are all attributes we may have
‘some difficulty converting the class to a relation. The reason is that attributes
~in ODL can have complex types such as structures, sets, bags, or lists. On the
other hand, a fundamental principle of the relational model is that a relation’s
attributes have an atomic type, such as numbers and strings. Thus, we must
find some way of representing nonatomic attribute types as relations.

Record structures whose fields are themselves atomic are the easiest to han-
dle. We simply expand the structure definition, making one attribute of the
relation for each field of the structure. The only possible problem is that two
structures could have fields of the same name, in which case we have to invent
new attribute names to distinguish them in the relation.

class Star (extent Stars) {
attribute string name;
attribute Struct Addr
{string street, string city} address;

}
Figure 4.10: Class with a structured attribute

Example 4.17: In Fig. 4.10 is a declaration for class Star, with only attributes
as properties. The attribute name is atomic, but attribute address is a structure
with two fields, street and city. Thus, we can represent this class by a
relation with three attributes. The first attribute, name, corresponds to the
ODL attribute of the same name. The second and third attributes we shall call
street and city; they correspond to the two fields of the address structure
and together represent an address. Thus, the schema for our relation is

Stars(name, street, city)

Figure 4.11 shows some typical tuples of this relation. O

name street ] city

Carrie Fisher | 123 Maple St. | Hollywood
Mark Hamill 456 Dak Rd. Brentwood
Harrison Ford | 789 Palm Dr. Beverly Hills

 Figure 4.11: A relation representing stars
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4.4.3 Representing Set-Valued Attributes

However, record structures are not the most complex kind of attribute that can
appear in ODL class definitions. Values can also be built using type constructors
Set, Bag, List, Array, and Dictionary from Section 4.2.8. Each presents its
own problems when migrating to the relational model. We shall only discuss
the Set constructor, which is the most common, in detail.

One approach to representing a set of values for an attribute A is to make
one tuple for each value. That tuple includes the appropriate values for all the
other attributes besides A. Let us first see an example where this approach
works well, and then we shall see a pitfall.

class Star (extent Stars) {
attribute string name;
attribute Set<

Struct Addr {string street, string city} .

> address;

};

Figure 4.12: Stars with a set of addresses

Example 4.18: Suppose that class Star were defined so that for each star
we could record a set of addresses, as in Fig. 4.12. Suppose next that Carrie
Fisher also has a beach home, but the other two stars mentioned in Fig. 4.11
each have only one home. Then we may create two tuples with name attribute
equal to "Carrie Fisher", as shown in Fig. 4.13. Other tuples remain as they
were in Fig. 4.11. O

name street | city
Carrie Fisher | 123 Maple St. | Hollywood
Carrie Fisher | 5 Locust Ln. Malibu
Mark Hamill 456 0Oak Rd. Brentwood

Harrison Ford | 789 Palm Dr. Beverly Hills

Figure 4.13: Allowing a set of addresses

Unfortunately, this technique of replacing objects with one or more set-
valued attributes by collections of tuples, one for each combination of values for
these attributes, can lead to unnormalized relations, of the type discussed in
Section 3.8. In fact, even one set-valued attribute can lead to a BCNF violation,
as the next example shows.

IR
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Atomic Values: Bug or Feature?

It seems that the relational model puts obstacles in our way, while QDI,
is more flexible in allowing structured values as properties. One might be
tempted to dismiss the relational model altogether or regard it as a prim-
itive concept that has been superseded by more elegant “object-oriented”
approaches such as ODL. However, the reality is that database systems
based on the relational model are dominant in the marketplace. One
of the reasons is that the simplicity of the model makes possible powerful
~ programming languages for querying databases, especially SQL (see Chap-
ter 6), the standard language used in most of today’s database systems.

class Star (extent Stars) {
attribute string name;
attribute Set<
Struct Addr {string street, string city}
> address;
attribute Date birthdate;
};

Figure 4.14: Stars with a set of addresses and a birthdate

Example 4.19: Suppose that we add birthdate as an attribute in the defi-
nition of the Star class; that is, we use the definition shown in Fig. 4.14. We
have added to Fig. 4.12 the attribute birthdate of type Date, which is one
of ODL’s atomic types. The birthdate attribute can be an attribute of the
Stars relation, whose schema now becomes:

Stars(name, street, city, birthdate)

Let us make another change to the data of Fig. 4.13. Since a set of addresses
can be empty, let us assume that Harrison Ford has no address in the database.
Then the revised relation is shown in Fig. 4.15. Two bad things have happened:

1. Carrie Fisher’s birthdate has been repeated in each tuple, causing redun-
dancy. Note that her name is also repeated, but that repetition is not
true redundancy, because without the name appearing in each tuple we
could not know that both addresses were associated with Carrie Fisher.

2. Because Harrison Ford has an empty set of addresses, we have lost all
information about him. This situation is an example of a deletion anomaly
that we discussed in Section 3.6.1.
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name | street | city | birthdate
Carrie Fisher | 123 Maple St. | Hollywood | 9/9/99
‘Carrie Fisher | 5 Locust Ln. | Malibu 9/9/99
Mark Hamill 456 Oak Rd. Brentwood | 8/8/88

Figure 4.15: Adding birthdates

Although name is a key for the class Star, our need to have several tuples
for one star to represent all their addresses means that name is not a key for
the relation Stars. In fact, the key for that relation is {name, street, city}.
Thus, the Luuctional dependency

2me — birthdate

is a BCNF violation. This fact explains why the anomalies mentioned above
are able to occur. O

There are several options regarding how to handle set-valued attributes thag
appear in a class declaration along with other attributes, set-valued or not.
First, we may simply place all attributes, set-valued or not, in the schema for
the relation, then use the normalization techniques of Sections 3.6 and 3.7 to
eliminate the resulting BCNF and 4NF violations. Notice that a set-valued at-
tribute in conjunction with a single-valued attribute leads to a BNCEF violation,
as in Example 4.19. Two set-valued attributes in the same class declaration will
lead to a ANF violation.

The second approach is to separate out each set-valued attribute as if it
were a many-many relationship between the objects of the class and the values
that appear in the sets. We shall discuss this approach for relationships in
Section 4.4.5.

4.4.4 Representing Other Type Constructors

Besides record structures and sets, an ODL class definition could use Bag, List,
Array, or Dictionary to construct values. To represent a bag (multiset), in
which a single object can be a member of the bag n times, we cannot simply
introduce into a relation n identical tuples.* Instead, we could add to the
relation schema another attribute count representing the number of times that
each ¢« ..sont is a member of the bag. For instance, suppose that address
in Fic 4.1y were a bag instead of a set. We could say that 123 Maple St.,

47To be precise. we cannot introduce identical tuples into relations of the abstract relational
model described in Chapter 3. However, SQL-based relational DBMS’s do allow duplicate
tuples; i.e., relations are bags rather than sets in SQL. See Sections 5.3 and 6.4. If queries
are likely to ask for tuple counts, we advise using a scheme such as that described here, even
if your DBMS allows duplicate tuples.
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Hollywood is Carrie Fisher’s address twice and 5 Locust Ln:, Malibu is her
address 3 times (whatever that may mean) by

name | street city count
Carrie Fisher | 123 Maple St. | Hollywood | 2
Carrie Fisher | 5 Locust Ln. Malibu 3

: A_ list of addre_sses could be represented by a new attribute position, in-
dicating the position in the list. For instance, we could show Carrie Fisher’s
addresses as a list, with Hollywood first, by:

name | street | city position
Carrie Fisher | 123 Maple St. | Hollywood | 1
Carrie Fisher | 5 Locust Ln. Malibu 2

A ﬁx‘e<.i-1er'1gth array of addresses could be represented by attributes for
each pO.Slthn in the array. For instance, if address were to be an array of two
street-city structures, we could represent Star objects as:

name | streett | cityl | street2 city2
Carrie Fisher | 123 Maple St. | Hollywood | 5 Locust Ln. | Malibu

Finally, a dictionary could be represented as a set, but with attributes for
both .the key-value and range-value components of the pairs that are members of
the dictionary. For instance, suppose that instead of star’s addresses, we really
wanted to keep, for each star, a dictionary giving the mortgage holder for each
of their homes. Then the dictionary would have address as the key value and
bank name as the range value. A hypothetical rendering of the Carrie-Fisher
object with a dictionary attribute is:

name | street city mortgage-holder
Carrie Fisher | 123 Maple St. | Hollywood | Bank of Burbank
Carrie Fisher | 5 Locust Ln. Malibu Torrance Trust

Of course attribute types in ODL may involve more than one type. construc-
tor. If a type is any collection type besides dictionary applied to a structure
(e-g., a set of structs), then we may apply the techniques from Sections 4.4.3 or
4.4.4 as if the struct were an atomic value, and then replace the single attribute
representing the atomic value by several attributes, one for each field of the
struct. This strategy was used in the examples above, where the address is
a Stl‘]:ICt. The case of a dictionary applied to structs is similar and left as an
exercise.

.There are many reasons to limit the complexity of attribute types to an
optxonal struct followed by an optional collection type. We mentioned in Sec-
txon. 2.1.1 that some versions of the E/R model allow exactly this much gen-
erality in the types of attributes, although we restricted ourselves to atomic
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aﬁfributes in the E/R model. We recommend that, if you are going to use an
ODL design for the purpose of eventual translation to a relational database
schema, you similarly limit yourself. We take up in the exercises some options
for dealing with more complex types as attributes.

4.4.5 Representing ODL Relationships

Usually, an ODL class definition will contain relationships to other ODL classes.
As in the E/R model, we can create for each relationship a new relation that
connects the keys of the two related classes. However, in ODL, relationships
come in inverse pairs, and we must create only one relation for each pair.

class Movie
(extent Movies key(title, year))
{
attribute string title;
attribute integer year;
attribute integer length;
attribute enum Film {color,blackAndWhite} £ilmType;
relationship Set<Star> stars
inverse Star::starredin;
relationship Studio ownedBy
inverse Studio::owns;

};

class Studio
(extent Studios key name)

{
attribute string name;
attribute string address;
relationship Set<Movie> owns
inverse Movie::ownedBy;
}

Figure 4.16: The complete definition of the Movie and Studio classes

Example 4.20: Consider the declarations of the classes Movie and Studio,
which we repeat in Fig. 4.16. We see that title and year form the key for
Movie and name is a key for class Studio. We may create a relation for the pair
of relationships owns and ownedBy. The relation needs a name, which can be
arbitrary; we shall pick Studio0f as the name. The schema for StudioOf has
attributes for the key of Movie, that is, title and year, and an attribute that
we shall call studioName for the key of Studio. This relation schema is thus:
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Studio0f (title, year, studioName)
Some typical tuples that would be in this relation are:

title | year | studioName
Star Wars 1977 | Fox
Mighty Ducks | 1991 | Disney
Wayne’s World | 1992 | Paramount

O

When a relationship is many-one, we have an option to combine it with the
relation that is constructed for the class on the “many” side. Doing so has the
effect of combining two relations that have a common key, as we discussed in

- Section 3.2.3. It therefore does not cause a BCNF violation and is a legitimate

and commonly followed option.

Example 4.21: Rather than creating a relation StudioOf for relationship
pair owns and ownedBy, as we did in Example 4.20, we may instead modify our
relation schema for relation Movies to include an attribute, say studioName,
to represent the key of Studio. If we do, the schema, for Movies becomes

Movies(title, year, length, filmType, studioName)

and some typical tuples for this relation are:

title | year | length | filmType | studioName
Star Wars 1977 | 124 color Fox
Mighty Ducks 1991 | 104 color Disney
Wayne’s World | 1992 | 95 color Paramount

Note that title and year, the key for the Movie class, is also a key for relation
Movies, since each movie has a unique length, film type, and owning studio.
0

We should remember that it is possible but unwise to treat many-many
relationships as we did many-one relationships in Example 4.21. In fact, Ex-
ample 3.6 in Section 3.2.3 was based on what happens if we try to combine the
many-many stars relationship between movies and their stars with the other
information in the relation Movies to get a relation with schema:

Movies(title, year, length, filmType, studioName, starName)

There is a resulting BCNF violation, since {title, year, starName} is the
key, vet attributes length, filnType, and studioName each are functionally
determined by only title and year.

Likewise, if we do combine a many-one relationship with the relation for a
class, it must be the class of the “many.” For instance, combining owns and
its inverse ownedBy with relation Studios will lead to a BCNF violation (see
Exercise 4.4.4).
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4.4.6 What If There Is No Key?

Since keys are optional in ODL, we may face a situation where the attributes
available to us cannot serve to represent objects of a class C uniquely. That
situation can be a problem if the class C participates in one or more relation-
ships.

We recommend creating a new attribute or “certificate” that can serve as
an identifier for objects of class C in relational designs, much as the hidden
object-ID serves to identify those objects in an object-oriented system. The
certificate becomes an additional attribute of the relation for the class C, as
well as representing objects of class C in each of the relations that come from
relationships involving class C. Notice that in practice, many important classes
are represented by such certificates: university ID’s for students, driver’s-license
numbers for drivers, and so on.

Example 4.22: Suppose we accept that names are not a reliable key for movie
stars, and we decide instead to adopt a “certificate number” to be assigned to
each star as a way of identifying them uniquely. Then the Stars relation would
have schema:

Stars(cert#, name, street, city, birthdate)

If we wish to v+ -csent the many-muny relationship between movies and their
stars by a relion StarsIn, we can use the title and year attributes from
Movie and ii: certificate to represent stars, giving us a relation with schema:

StarsIn(title, year, cert#)

0

4.4.7 FExercises for Section 4.4

Exercise 4.4.1: Convert your ODL designs from the following exercises to
relational database schemas.

* a) Exercise 4.2.1.

b) Exercise 4.2.2 (include all four of the modifications specified by that ex-
ercise).

c) Exercise 4.2.3.
*'d) Exercise 4.2.4.
e) Excrcise 4.2.5.

Exercise 4.4.2: Convert the ODL description of Fig. 4.5 to a relational data-
base schema. How does each of the three modifications of Exercise 4.2,6 affect
vour relational schema?
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! Exercise 4.4.3: Consider an attribute of type dictionary with key and range
types both structs of atomic types. Show how to convert a class with an at-
tribute of this type to a relation.

* Exercise 4.4.4: We claimed that if you combine the relation for class Studio,

as defined in Fig. 4.16, with the relation for the relationship pair owns and
ownedBy, then there is a BCNF violation. Do the combination and show that
there is, in fact, a BCNF violation.

Exercise 4.4.5: We mentioned that when attributes are of a type more com-
plex than a collection of structs, it becomes tricky to convert them to relations;
in particular, it becomes necessary to create some intermediate concepts and re-
lations for them. The following sequence of questions will examine increasingly
more complex types and how to represent them as relations.

*a) A card can be represented as a struct with fields rank (2,3,...,10, Jack,
Queen, King, and Ace) and suit (Clubs, Diamonds, Hearts, and Spades).
Give a suitable definition of a structured type Card. This definition should
be independent of any class declarations but available to them all.

*b) A handis a set of cards. The number of cards may vary. Give a declaration
of a class Hand whose objects are hands. That is, this class declaration
has an attribute theHand, whose type is a hand.

*t ¢) Convert your class declaration Hand from (b) to a relation schema.
d) A poker hand is a set of five cards. Repeat (b) and (c) for poker hands.

*1e) A dealis aset of pairs, each pair consisting of the name of a player and a
hand for that player. Declare a class Deal, whase objects are deals. That
is, this class declaration has an attribute theDeal, whose type is a deal.

f) Repeat (e), but restrict hands of a deal to be hands of exactly five cards.

Repeat (e), using a dictionary for a deal. You may assume the names of
players in a deal are unique.

-

*!!'h) Convert your class declaration from (e) to a relational database schema.

*1'i) Suppose we defined deals to be sets of sets of cards, with no plaver as-
sociated with each hand (set of cards). It is proposed that we represent
such deals by a relation schema

Deals(deallD, card)
meaning that the card was a member of one of the hands in the deal with

the given ID. What, if anything, is wrong with this representation? How
would you fix the problem?
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Exercise 4.4.6: Suppose we have a class C defined by

class C (key a) {
attribute string a;
attribute T b;

}

where T is some type. Give the relation schema for the relation derived from
C and indicate its key attributes if T is:

a) Set<Struct S {string f, string g}>
*{ b) Bag<Struct S {string f, string g}>
1¢) List<Struct S {string f, string g}>

1 d) Dictionary<Struct X {string f, string g}, Struct R {string i,
string j}>

4.5 The Object-Relational Model

The relational model and the object-oriented model typified by ODL are two
important points in a spectrum of options that could underlie a DBMS. For an
extended period, the relational model was dominant in the commercial DBMS
world. Object-oriented DBMS’s made limited inroads during the 1990’s, but
have since died off. Instead of a migration from relational to object-oriented
systems, as was widely predicted around 1990, the vendors of relational systems
have moved to incorporate many of the ideas found in ODL or other object-
oriented-database proposals. As a result, many DBMS products that used to
be called “relational” are now called “object-relational.”

In Chapter9 we shall meet the new SQL standard for object-relational data-
bases. In this chapter, we cover the topic more abstractly. We introduce
the concept of object-relations in Section 4.5.1, then discuss one of its earliest
embodiments — nested relations — in Section 4.5.2. ODL-like references for
object-relations are discussed in Section 4.5.3, and in Section 4.5.4 we compare
the object-relational model against the pure object-oriented approach.

4.5.1 From Relations to Object-Relations

While the relation remains the fundamental concept, the relational model has
been extended to the object-relational model by incorporation of features such
as:

1. Structured types for attributes. Instead of allowing only atomic types for
attributes, object-relational systems support a type system like ODL’s:
types built from atomic types and type constructors for structs, sets, and
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bags, for instance. Especially important is a type that is a set® of structs,
which is essentially a relation. That is, a value of one component of a
tuple can be an entire relation.

2. Methods. Special operations can be defined for, and applied to, values
of a user-defined type. While we haven’t yet addressed the question of
how values or tuples are manipulated in the relational or object-oriented
models, we shall find few surprises when we take up the subject beginning
in Chapter 5. For example, values of numeric type are operated on by
arithmetic operators such as addition or less-than. However, in the object-
relational model, we have the option to define specialized operations for
a type, such as those discussed in Example 4.7 on ODL methods for the
Movie class.

3. Identifiers for tuples. In object-relational systems, tuples play the role of
objects. It therefore becomes useful in some situations for each tuple to
have a unique ID that distinguishes it from other tuples, even from tuples
that have the same values in all components. This ID, like the object-
identifier assumed in ODL, is generally invisible to the user, although
there are even some circumstances where users can see the identifier for
a tuple in an object-relational system.

4. References. While the pure relational model has no notion of refeérences
or pointers to tuples, object-relational systems can use these references in
various ways.

In the next sections, we shall elaborate and illustrate each of these additional
capabilities of object-relational systems.

4.5.2 Nested Relations

Relations extended by point (1) above are often called “nested relations.” In
the nested-relational model, we allow attributes of relations to have a type that
is not atomic; in particular, a type can be a relation schema. As a result, there
is a convenient, recursive definition of the types of attributes and the types
(schemas) of relations:

BASIS: An atomic type (integer, real, string, etc.) can be the type of an
attribute.

INDUCTION: A relation’s type can be any schema consisting of names for one
or more attributes, and any legal type for each attribute. In addition, a schema
can also be the type of any attribute.

In our discussion of the relational model, we did not specify the particular
atomic type associated with each attribute, because the distinctions among

5Strictly speaking, a bag rather than a set, since commercial relational DBMS’s prefer to
support relations with duplicate tuples, i.e. bags, rather than sets.
p. p g
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integers, reals, strings, and so on had little to do with the issues discussed,
such as functional dependencies and normalization. We shall continue to avoid
this distinction, but when describing the schema of a nested relation, we must
indicate which attributes have relation schemas as types. To do so, we shall
treat these attributes as if they were the names of relations and follow them
by a parenthesized list of their attributes. Those attributes, in turn, may have
associated lists of attributes, down for as many levels as we wish.

Example 4.23: Let us design a nested relation schema for stars that incor-
porates within the relation an attribute movies, which will be a relation rep-
resenting all the movies in which the star has appeared. The relation schema
for attribute movies will include the title, year, and length of the movie. The
relatic: schema for the relation Stars will include the name, address, and birth-
date, as well as : e information found in movies. Additionally, the address
attribute will have a relation type with attributes street and city. We can
record in this relation several addresses for the star. The schema for Stars can
be written:

Stars(name, address(street, city), birthdate,
movies(title, y=ar. length))

An example f a possible relation for nested relation Stars is shown in
Fig. 4.17. We sec in this relation two tuples, one for Carrie Fisher and one
for Mark Hamill. The values of components are abbreviated to conserve space,
and the dashed lines separating tuples are only for convenience and have no
notational significance.

name address birthdate movies

Fisher street city 9/9/99 title year | length

Maple H’woodJ Star Wars| 1877| 124
Locust|Malibu Empire 1980 12'7_{

Return 19830 133

R U ) S e ]

Hamill Street city 8/8/88 title year | length

Oak B’ wood Star Wars| 1977] 124

_________ ——e b e

Empire 1980 127

Return 1983} 133

Figure 4.17: A nested relation for stars and their movies

In the Carrie Fisher tuple, we see her name, an atomic value, followed
\??Y a relation for the value of the address component. That relation has two
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attributes, street and city, and there are two tuples, corresponding to her
two houses. Next comes the birthdate, another atomic value. Finally, there is a
component for the movies attribute; this attribute has a relation schema as its
type, with components for the title, year, and length of a movie. The relation
for the movies component of the Carrie Fisher tuple has tuples for her three
best-known movies. .

The second tuple, for Mark Hamill, has the same components. His relation
for address has only one tuple, because in our imaginary data, he has only
one house. His relation for movies looks just like Carrie Fisher’s because their
best-known movies happen, by coincidence, to be the same. Note that these
two relations are two different tuple-components. These components happen to
be identical, just like two components that happened to have the same integer
value, e.g., 124, QO

4.5.3 References

The fact that movies like Star Wars will appear in several relations that are
values of the movies attribute in the nested relation Stars is a cause of redun-
dancy. In effect, the schema of Example 4.23 has the nested-relation analog of
not being in BCNF. However, decomposing this Stars relation will not elimi-
nate the redundancy. Rather, we need to arrange that among all the tuples of
all the movies relations, a movie appears only once.

To cure the problem, object-relations need the ability for one tuple ¢ to refer
to another tuple s, rather than incorporating s directly in t. We thus add to
our model an additional inductive rule: the type of an attribute can also be a
reference to a tuple with a given schema.

If an attribute A has a type that is a reference to a single tuple with a
relation schema named R, we show the attribute 4 in a schema as A(xR).
Notice that this situation is analogous to an ODL relationship 4 whose type is
R;i.e., it connects to a single object of type R. Similarly, if an attribute 4 has
a type that is a set of references to tuples of schema R, then 4 will be shown
in a schema as A({*R}). This situation resembles an QDL relationship A that
has type Set<R>.

Example 4.24: An appropriate way to fix the redundancy in Fig. 4.17 is
to use two relations, one for stars and one for movies. The relation Movies
will be an ordinary relation with the same schema as the attribute movies in
Example 4.23. The relation Stars will have a schema similar to the nested
relation Stars of that example, but the movies attribute will have a type that
is a set of references to Movies tuples. The schemas of the two relations are
thus:

Movies(title, year, length)
Stars(name, address(street, city), birthdate,
movies({*Movies}))
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name address birthdare| movies
i treet ci 9/9/99
rieher — 2 title year | lengt
Maple | H'wood! \
"p"_t Malibu Star Wars|{1977| 124]
Locus alibuj | 0 LN SNSRI - Mty A
“““““““““““ bt et pppiniugy Empire 1980] 127|
Hamill street city 8/8/88 Return 1983 133
Oak B’ wood /

Stars Movies

Figure 4.18: Sets of references as the value of an attribute

The data of Fig. 4.17, converted to this new schema, is shqwn in Fig. 4.18.
Notice that, because each movie has only one tuple, althoggh it can have man:\r
references, we have eliminated the redundancy inherent in the schema of Ex-
ample 4.23. O

4.5.4 Object-Oriented Versus Object-Relational

The object-oriented data model, as tvpified by ODL, and the ob@ect-relz}tional
model discussed here, are remarkably similar. Some of the salient points of

comparison follow.

Objects and Tuples

An object’s value is really a struct with components for its att.ributc.fs and re-
lationships. It is not specified in the ODL star'ldar.d how relationships are to
be represented, but we may assume that an object is cpnnected to relatt?d ob-
jects by some collection of pointers. A tuple is likewise a struct,.but in the
conventional relational model, it has components for only the attributes. Rg—
lationships would be represented by tuples in another relation', as suggested in
Section 3.2.2. However the object-relational model, by allowing sets of refer-
ences to be a component of tuples, also allows relationships to be incorporated
directly into the tuples that represent an “object” or entity.

Extents and Relations

ODL treats all objects in a class as living in an “extent” for that class. The
object-relational model allows several different relations with identic'al schemas,
so it might appear that there is more opportunity in the ob ject-relatlona.l. x?lodel
to distinguish members of the same class. However, ODL allows the definition of
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interfaces, which are essentially class declarations without an extent (see the box
on “Interfaces” in Section 4.3.4). Then, ODL allows you to define any number
of classes that inherit this interface, while each class has a distinct extent. In
that manner, ODL offers the same opportunity the object-relational approach
when it comes to sharing the same declaration among several collections.

Methods

We did not discuss the use of methods as part of an object-relational schema.
However, in practice, the SQL-99 standard and all implementations of object-
relational ideas allow the same ability as ODL to declare and define methods
associated with any class.

Type Systems

The type systems of the object-oriented and object-relational models are quite
similar. Each is based on atomic types and construction of new types by struct-
and collection-type-constructors. The selection of collection types may vary, but
all variants include at least sets and bags. Moreover, the set (or bag) of structs
type plays a special role in both models. It is the type of classes in ODL, and
the type of relations in the object-relational model.

References and Object-ID’s

A pure object-oriented model uses object-ID’s that are completely hidden from
the user, and thus cannot be seen or queried. The object-relational model allows
references to be part of a type, and thus it is possible under some circumstances
for the user to see their values and even remember them for future use. You
may regard this situation as anything from a serious bug to a stroke of genius,
depending on your point of view, but in practice it appears to make little
difference.

Backwards Compatibility

With little difference in essential features of the two models, it is interesting to
consider why object-relational systems have dominated the pure object-oriented
systems in the marketplace. The reason, we believe, is that there was, by the
time object-oriented systems were seriously proposed, an enormous number
of installations running a relational database system. As relational DBMS’s
evolved into object-relational DBMS's, the vendors were careful to maintain
backwards compatibility. That is, newer versions of the system would still run
the old code and accept the same schemas, should the user not care to adopt
any of the object-oriented features. On the other hand, migration to a pure
object-oriented DBMS would require the installations to rewrite and reorganize
extensively. Thus, whatever competitive advantage existed was not enough to
convert many databases to a pure object-oriented DBMS.
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4.5.5 From ODL Designs to Object-Relational Designs

In Section 4.4 we learned how to convert designs in ODL into schemas of the
relational model. Difficulties arose primarily because of the richer modeling
constructs of ODL: nonatomic attribute types, relationships, and methods.
Some — but not all — of these difficulties are alleviated when we translate
an ODL design into an object-relational design. Depending on the specific
object-relational model used (we shall consider the concrete SQL-99 model in
Chapter 9), we may be able to convert most of the nonatomic types of ODL
directly into a corresponding object-relational type; structs, sets, bags, lists,
and arrays all fall into this category.

If a type in an ODL design is not available in our object-relational model,
we can fall back on the techniques from Sections 4.4.2 through 4.4.4. The rep-
resentation of relationships in an object-relational model is essentially the same
as in the relational model (see Section 4.4.5), although we may prefer to use ref-
erences in place of keys. Finally, although we were not able to translate ODL
designs with methods into the pure relational model, most object-relational
models include methods, so this restriction can be lifted.

4.5.6 Exercises for Section 4.5

Exercise 4.5.1: Using the notation developed for nested relations and re-
lations with references. give one or more relation schemas that represent the
following informatic: In each case, you may exercise some discretion regard-
ing what attributes of a relation are included, but try to keep close to the
attributes found in our running movie example. Also, indicate whether your
schemas exhibit redundancy, and if so, what could be done to avoid it.

* a) Movies, with the usual attributes plus all their stars and the usual infor-
mation about the stars.

*!' b) Studios, all the movies made by that studio, and all the stars of each
movie, including all the usual attributes of studios, movies, and stars.

¢} Movies with their studio, their stars, and all the usual attributes of these.

Exercise 4.5.2: Represent the banking information of Exercise 2.1.1 in the
object- relational model developed in this section. Make sure that it is easy,
given the tuple for a customer, to find their account(s) and also easy, given the
tuple for an account to find thc customer(s) that hold that account. Also, try
to avoid redundancy.

Exercise 4.5.3: If the data of Exercise 4.5.2 were modified so that an account
could be held by only one customer [as in Exercise 2.1.2(a)}, how could your
answer to Exercise 4.5.2 be simplified?

Exercise 4.5.4: Render the players, teams, and fans of Exercise 2.1.3 in the
bject-relational model.
\
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! Exercise 4.5.5: Render the genealogy of Exercise 2.1.6 in the object-relational
model.

4.6 Semistructured Data
The semisiructured-data model plays a special role in database systems:

1. It serves as a model suitable for integration of databases, that is, for de-
scribing the data contained in two or more databases that contain similar
data with different schemas.

2. It serves as a document model in notations such as XML, to be taken up
in Section 4.7, that are being used to share information on the Web.

In this section, we shall introduce the basic ideas behind “semistructured data”
and how it can represent information more flexibly than the other models we
have met previously.

4.6.1 Motivation for the Semistructured-Data Model

Let us begin by recalling the E/R model, and its two fundamental kinds of
data — the entity set and the relationship. Remember also that the relational
model has only one kind of data — the relation, yet we saw in Section 3.2
how both entity sets and relationships could be represented by relations. There
is an advantage to having two concepts: we could tailor an E/R design to
the real-world situation we were modeling, using whichever of entity sets or
relationships most closely matched the concept being modeled. There is also
some advantage to replacing two concepts by one: the notation in which we
express schemas is thereby simplified, and implementation techniques that make
querying of the database more efficient can be applied to all sorts of data. We
shall begin to appreciate these advantages of the relational model when we
study implementation of the DBMS, starting in Chapter 11.

Now, let us consider the object-oriented model we introduced in Section 4.2.
There are two principal concepts: the class (or its extent) and the relationship.
Likewise, the object-relational model of Section 4.5 has two similar concepts:
the attribute type (which includes classes) and the relation.

We may see the semistructured-data model as blending the two concepts.
class-and-relationship or class-and-relation, much as the relational model blends
entity sets and relationships. However, the motivation for the blending appears
to be different in each case. While, as we mentioned, the relational model owes
some of its success to the fact that it facilitates efficient implementation, interest
in the semistructured-data model appears motivated primarily by its flexibility.
While the other models seen so far each start from a notion of a schema — E/R
diagrams, relation schemas, or ODL declarations, for instance — semistructured
data is “schemaless.” More properly, the data itself carries information about
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what its schema is, and that schema can vary arbitrarily, both over time and
within a single database.

4.6.2 Semistructured Data Representation

A database of semistructured data is a collection of nodes. Each node is either
a leaf or interior. Leaf nodes have associated data; the type of this data can
be any atomic type, such as numbers and strings. Interior nodes have one or
more arcs out. Each arc has a label, which indicates how the node at the head
of the arc relates to the node at the tail. One interior node, called the root,
has no arcs entering and represents the entire database. Every node must be
reachable from the root, although the graph structure is not necessarily a tree.

Example 4.25 : Figure 4.19 is an example of a semistructured database about
stars.and movies. We see a node at the top labeled Roof; this node is the entry
point to the data and may be thought of as representing all the information in
the database. The central ¢hjects or entities — stars and movies in this case —
are represented by nodes that are children of the root.

swar

mavie

starsin

title, year

city

starOf

hame

Carrie Mark Oak
2 B’wood
Fisher Hamill ,S,;ig 977
street
. O starOf

Maple H'wood Locust Malibu tarsh
starsin

Figure 4.19: Semistructured data representing a movie and stars

We also see many leaf nodes. At the far left is a leaf labeled Carrie Fisher,
f'ind at the far right is a leaf labeled 1977, for instance. There are also many
1ntgr)0r nodes. Three particular nodes we have labeled cf, mh, and sw, standing
for “Carrie Fisher,” “Mark Hamill,” and “Star Wars,” respectively. These labels
are not part of the model, and we placed them on these nodes only so we would
have a way of referring to the nodes, which otherwise would be nameless. We
may think of node sw, for instance, as representing the concept “Star Wars”:
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the title and year of this movie, other information not shown, such as its length,
and its stars, two of which are shown. O

The labels on arcs play two roles, and thus combine the information con-
tained in class definitions and relationships. Suppose we have an arc labeled L
from node N to node M.

1. It may be possible to think of N as representing an object or struct, while
M represents one of the attributes of the object or fields of the struct.
Then, L represents the name of the attribute or field, respectively.

2. We may be able to think of N and M as objects, and L as the name of a
relationship from N to M.

Example 4.26: Consider Fig. 4.19 again. The node indicated by cf may be
thought of as representing the Star object for Carrie Fisher. We see, leaving this
node, an arc labeled name, which represents the attribute name and properly
leads to a leaf node holding the correct name. We also see two arcs, each

_ labeled address. These arcs lead to unnamed nodes which we may think of as

representing the two addresses of Carrie Fisher. Together, these arcs represent
the set-valued attribute address as in Fig. 4.12,

Fach of these addresses is a struct, with fields street and city. We notice
in Fig. 4.19 how both nodes have out-arcs labeled street and city. Moreover,
these arcs each lead to leaf nodes with the appropriate atomic values.

The other kind of arc also appears in Fig. 4.19. For instance, the node cf
has an out-arc leading to the node sw and labeled starsin. The node mh (for
Mark Hamill) has a similar arc, and the node sw has arcs labeled starOf to both
nodes ¢f and mh. These arcs represent the stars-in relationship between stars
and movies. D

4.6.3 Information Integration Via Semistructured Data

Unlike the other models we have discussed, data in the semistructured model
is self-describing; the schema is attached to the data itself. That is, each node
(except the root) has an arc or arcs entering it, and the labels on these arcs tell’
what role the node is playing with respect to the node at the tail of the arc. In
all the other models, data has a fixed schema, separate from the data. and the
role(s) played by data items is implicit in the schema.

One might naturally wonder whether there is an advantage to creating a
database without a schema, where one could enter data at will, and attach to the
data whatever schema information you felt was appropriate for that data. There
are actually some small-scale information systems such as Lotus Notes that take
the self-describing-data approach. However, when people design databases to
hold large amounts of data, it is generally accepted that the advantages of fixing
the schema far outweigh the flexibility that comes from attaching the schema to
the data. For instance, fixing the schema allows the data to be organized with
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data structures that support efficient answering of queries, as we shall discuss
beginning in Chapter 13.

Yet the flexibility of semistructured data has made it important in two
applications. We shall discuss its use in documents in Section 4.7, but here we
shall consider its use as a tool for information integration. As databases have
proliferated, it has become a common requirement that data in two or more
of them be accessible as if they were one database. For instance, companies
may merge; each has its own personnel database, its own database of sales,
inventory, product designs, and perhaps many other matters. If corresponding
databases had the same schemas, then combining them would be simple; for
instance, we could take the union of the tuples in two relations that had the
same schema and played the same roles in the the two databases.

However, life is rarely that simple. Independently developed databases are
unlikely to share a schema, even if they talk about the same things, such as per-
sonnel. For instance, one employee database may record spouse-name, another
not. One may have a way to represent several addresses, phones, or emails
for an employee, another database may allow only one of each. One database
might be relational, another object-oriented.

To make matters more complex, databases tend over time to be used in so
many different applications that it is impossible to shut them down and copy or
translate their data into another database, even if we could figure out an efficient
way to transform the data from one schema to another. This situation is often
referred to as the legacy-datebase problem; once a database has been in existence
for a while, it becomes impossible to disentangle it from the applications that
grow up around it, so the database can never be decommissioned.

A possible solution to the legacy-database problem is suggested in Fig. 4.20.
We show two legacy databases with an interface; there could be many legacy
systems involved. The legacy systems are each unchanged, so they can support
their usual applications.

User

i

Interface

Other,
applications

Other
applications

Legacy
Database

il

Figure 4.20: Integrating two legacy databases through an interface that sup-
ports semistructured data
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For flexibility in integration, the interface supports semistructured data, and
the user is allowed to query the interface using a query language that is suitable
for such data. The semistructured data may be constructed by translating the
data at the sources, using components called wrappers (or “adapters”) that are
each designed for the purpose of translating one source to semistructured data.

Alternatively, the semistructured data at the interface may not exist at all.
Rather, the user queries the interface as if there were semistructured data, while
the interface answers the query by posing queries to the sources, each referring
to the schema found at that source.

Example 4.27: We can see in Fig. 4.19 a possible effect of information about
stars being gathered from several sources. Notice that the address information
for Carrie Fisher has an address concept, and the address is then broken into
street and city. That situation corresponds roughly to data that had a nested-
relation schema like Stars(name, address(street, city)).

On the other hand, the address information for Mark Hamill has no address
concept at all, just street and city. This information may have come from
a schema such as Stars(name, street, city) that only has the ability to
represent one address for a star. Some of the other variations in schema that are
not reflected in the tiny example of Fig. 4.19, but that could be present if movie
information were obtained from several sources, include: optional film-type
information, a director, a producer or producers, the owning studio, revenue,
and information on where the movie is currently playing. 0

4.6.4 Exercises for Section 4.6

Exercise 4.6.1: Since there is no schema to design in the semistructured-data
model, we cannot ask you to design schemas to describe different situations.
Rather, in the following exercises we shall ask you to suggest how particular
data might be organized to reflect certain facts.

* a) Add to Fig. 4.19 the facts that Star Wars was directed by George Lucas
and produced by Gary Kuitz.

b) Add to Fig. 4.19 information about Empire Strikes Back and Return of
the Jedi, including the facts that Carrie Fisher and Mark Hamill appeared
in these maovies.

¢) Add to (b) information about the studio {(Fox) for these movies and the
address of the studio (Hollywood).

Exercise 4.6.2: Suggest how typical data about banks and customers, as in
Exercise 2.1.1, could be represented in the semistructured model.

Exercise 4.6.3: Suggest how typical data about players, teams. and fans,
as was described in Exercise 2.1.3, could be represented in the semistructured
model.
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Exercise 4.6.4: Suggest how typical data about a genealogy, as was described
in Exercise 2.1.6, could be represented in the semistructured model.

Exercise 4.6.5: The E/R model and the semistructured-data model are both
“graphical” in nature, in the sense that they use nodes, labels, and connections
among nodes as the medium of expression. Yet there is an essential difference
between the two models. What is it?

4.7 XML and Its Data Model

XML (Exztensible Markup Language) is a tag-based notation for “marking” doc-
uments, much like the familiar HTML or less familiar SGML. A document is
nothing more nor less than a file of characters. However, while HMTL’s tags
talk about the presentation of the information contained in documents — for
instance, which portion is to be displayed in italics or what the entries of a list
are — XML tags talk about the meaning of substrings within the document.

In this section we shall introduce the rudiments of XML. We shall see that it
captures, in a linear form, the same structure as do the graphs of semistructured
data introduced in Section 4.6. In particular, tags play the same role as did
the labels on the arcs of a semistructured-data graph. We then introduce the
DTD (“document type definition”), which is a flexible form of schema that we
can place on certain documents with XML tags.

4.7.1 Semantic Tags

Tags in XML are text surrounded by triangular brackets, i.e., <...>, as in
HMTL. Also as in HTML, tags generally come in matching pairs, with a be-
ginning tag like <F00> and a matching ending tag that is the same word with a
slash, like </F00>. In HTML there is an option to have tags with no matching
ender, like <P> for paragraphs, but such tags are not permitted in XML. When
tags come in matching begin-end pairs, there is a requirement that the pairs be
nested. That is, between a matching pair <F00> and </F00>, there can be any
number of other matching pairs, but if the beginning of a pair is in this range.
then the ending of the pair must also be in the range.
XML is designed to be used in two somewhat different modes:

1. Well-formed XML allows you to invent your own tags, much like the arc-
labels in semistructured data. This mode corresponds quite closely to
semistructured data, in that there is no schema, and each document is
free to use whatever tags the author of the document wishes.

2. Valid XML involves a Document Type Definition that specifies the al-
lowable tags and gives a grammar for how they may be nested. This
form of XML is intermediate between the strict-schema models such as
the relational or ODL models, and the completely schemaless world of
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semistructured data. As we shall see in Section 4.7.3, DTD’s generally
allow more flexibility in the data than does a conventional schema; DTD’s
often allow optional fields or missing fields, for instance.

4.7.2 Well-Formed XML

The minimal requirement for well-formed XML is that the document begin with
a declaration that it is XML, and that it have a root tag surrounding the entire
body of the text. Thus, a well-formed XML document would have an outer
structure like:

<? XML VERSION = '1.0" STANDALONE = "yes" 7>
<BODY>

</BODY>
The first line indicates that the file is an XML document. The parameter
STANDALONE = "yes" indicates that there is no DTD for this document; i.e., it

is well-formed XML. Notice that this initial declaration is delineated by special
markers <?...7?>.

<7 XML VERSION = "1.0" STANDALONE = "yes" 7>
<STAR-MOVIE-DATA>
<STAR><NAME>Carrie Fisher</NAME>
<ADDRESS><STREET>123 Maple St.</STREET>
<CITY>Hollywood</CITY></ADDRESS>
<ADDRESS><STREET>5 Locust Ln.</STREET>
<CITY>Malibu</CITY></ADDRESS>
</STAR>
<STAR><NAME>Mark Hamill</NAME>
<STREET>456 (Oak Rd.</STREET><CITY>Brentwood</CITY>
</STAR>
<MOVIE><TITLE>Star Wars</TITLE><YEAR>1977</YEAR>
</MOVIE>
</STAR-MOVIE-DATA>

Figure 4.21: An XML document about stars and movies

Example 4.28: In Fig. 4.21 is an XML document that corresponds roughly to
the data in Fig. 4.19. The root tag is STAR-MOVIE-DATA. We see two sections
surrounded by the tag <STAR> and its matching </STAR>. Within each section
are subsections giving the name of the star. One, for Carrie Fisher, has two
subsections, each giving the address of one of her homes. These sections are
surrounded by an <ADDRESS> tag and its ender. The section for Mark Hamill
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has only entries for one street and one city, and dqes nf)t use an <ADDRESS> tag
to group these. This distinction appeared as well in Fig. 4.19. ' '

Notice that the document of Fig. 4.21 does not represent the relationship
“stars-in” between stars and movies. We could store information about each
movie of a star within the section devoted to that star, for instance:

<STAR><NAME>Mark Hamill</NAME>
<STREET>0ak</STREET><CITY>Brentwood</CITY>
<MOVIE><TITLE>Star Wars</TITLE><YEAR>1977</YEAR></MOVIE>
<MOVIE><TITLE>Empire</TITLE><YEAR>1980</YEAR></MOVIE>
</STAR>

However, that approach leads to redundancy, since all information about the
movie is repeated for each of its stars {(we have shown no information except a
movie’s key — title and year — which does not actually represent an instance
of redundancy). We shall see in Section 4.7.5 how XML handles the problem
that tags inherently form a tree structure. 0O

4.7.3 Document Type Definitions

In order for a computer to process XML documents automatically, there needs

. to be something like a schema for the documents. That is, we need to be told

what tags can appear in a collection of documents and how tags can be nested.
The descriptiou of the schema is given by a grammar-like set of rules, callgq a
document type definition, or DTD. It is intended that companies or communities
wishing to share data will each create a DTD that describes the form(s) of th_e
documents they share and establishing a shared view of the semantics of their
tags. For instance, there could be a DTD for describing protein structures, a
DTD for describing the purchase and sale of auto parts, and so on.
The gross structure of a DTD is:

<!DOCTYPE root-tag [
<VELEMENT element-name (components)>
more elements

I>

The root-tag is used (with its matching ender) to surround a document that

o conforms to the rules of this DTD. An element is described by its name, which is

the tag used to surround portions of the document that represent that clement,
and a parenthesized list of components. The latter are tags that may or must
appear within the tags for the clement being described. The exact requirements
on each component are indicated in a manner we shall see shortly.

There is, however, an important special case. (#PCDATA) after an element
name means that element has a value that is text, and it has no tags nested
within.

Example 4.29: In Fig. 4.22 we see a DTD for stars.® The name and surround-

6Note that the stars-and-movies data of Fig. 4.21 is not intended to conform to this DTD.
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ing tag is STARS (XML, like HTML, is case-insensitive, so STARS is clearly the
roat-tag). The first element definition says that inside the matching pair of tags
<STARS>. . .</STARS> we will find zero or more STAR tags, each representing a

single star. It is the * in (STAR#) that says “zero or more,” i.e., “any number
of.”

1

<!DOCTYPE Stars [
<!ELEMENT STARS (STAR*)>
<!ELEMENT STAR (NAME, ADDRESS+, MOVIES)>
<!ELEMENT NAME (#PCDATA)>
<!ELEMENT ADDRESS (STREET, CITY)>
<!ELEMENT STREET (#PCDATA)>
<V{ELEMENT CITY (#PCDATA)>
<!ELEMENT MOVIES (MOVIE*)>
<!ELEMENT MOVIE (TITLE, YEAR)>
<!'ELEMENT TITLE (#PCDATA)>
<!ELEMENT YEAR (#PCDATA)>

1>

Figure 4.22: A DTD for movie stars

The second element, STAR, is declared to consist of three kinds of subele-
ments: NAME, ADDRESS, and MOVIES. They must appear in this order, and each
must be present. However, the + following ADDRESS says “one or more”; that
is, there can be any number of addresses listed for a star, but there must be at
least one. The NAME element is then defined to be *“PCDATA” i.e, simple text.
The fourth element says that an address element consists of fields for a street
and a city, in that order.

Then, the MOVIES element is defined to have zero or more elements of type
MOVIE within it; again, the * says “any number of.” A MOVIE element is defined
to consist of title and year fields, each of which are simple text. Figure 4.23 is
an example of a document that conforms to the DTD of Fig. 4.22. Q

The components of an element E are generally other elements. They must
appear between the tags <E> and </E> in the order listed. However. there
are several operators that control the number of times clements appear.

1. A * following an element means that the element may occur any number
of times, including zero times.

2. A + following an element means that the element may occur one or more
times.

3. A 7 following an element means that the element may occur either zero
times or one time, but no more.
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<STARS>
<STAR><NAME>Carrie Fisher</NAME>

<ADDRESS><STREET>123 Maple St.</STREET>
<CITY>Hollywood</CITY></ADDRESS>
<ADDRESS><STREET>5 Locust Ln.</STREET>
<CITY>Malibu</CITY></ADDRESS>
<MOVIES><MOVIE><TITLE>Star Wars</TITLE>
<YEAR>1977</YEAR></MOVIE>
<MOVIE><TITLE>Empire Strikes Back</TITLE>
<YEAR>1980</YEAR></MOVIE>
<MOVIE><TITLE>Return of the Jedi</TITLE>
<YEAR>1983</YEAR></MOVIE>
</MOVIES>
</STAR>
<STAR><NAME>Mark Hamill</NAME>
<ADDRESS><STREET>456 (Qak Rd.<STREET>
<CITY>Brentwood</CITY></ADDRESS>
<MOVIES><MOVIE><TITLE>Star Wars</TITLE>
<YEAR>1977</YEAR></MQVIE>
<MOVIE><TITLE>Empire Strikes Back</TITLE>
<YEAR>1980</YEAR></MOVIE>
<MOVIE><TITLE>Return of the Jedi</TITLE>
<YEAR>1983</YEAR></MOVIE>
</MOVIES>
</STAR>
</STARS>

Figure 4.23: Eiample of a document following the DTD of Fig. 4.22

4. The symbol | may appear between elements, or between parenthesized
groups of elements to signify “or”; that is, either the element(s) on the
left appear or the element(s) on the right appear, but not both. For
example, the expression (#PCDATA | (STREET, CITY)) as components
for element ADDRESS would mean that an address could be either simple
text, or consist of tagged street and city components.

4.7.4 Using a DTD
If a document is intended to conform to a certain DTD, we can either:
a) Include the DTD itself as a preamble to the document, or

b) In the opening line, refer to the DTD, which must be stored separately
in the file system accessible to the application that is processing the doc-
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ument.

Example 4.30: Here is how we might introduce the document of Fig. 4.23 to
assert that it is intended to conform to the DTD of Fig. 4.22.

<7XML VERSION = "1.0" STANDALONE = "no"?>
<{DOCTYPE Stars SYSTEM "star.dtd">

The parameter STANDALONE = "no" says that a DTD is being used. Recall we
set this parameter to "yes" when we did not wish to specify a DTD for the
document. The location from which the DTD can be obtained is given in the
IDOCTYPE clause, where the keyword SYSTEM followed by a file name gives this
location. O

4.7.5 Attribute Lists

There is a strong relationship between XML documents and semistructured
data. Suppose that for some pair of matching tags <T> and </T> in a doc-
ument we create a node n. Then, if <S> and </5> are matching tags nested
directly within the pair <T'> and </T> (i.e., there are no matched pairs sur-
rounding the S-pair but surrounded by the T-pair), we draw an arc labeled S
from node n to the node for the S-pair. Then the result will be an instance of
semistructured data that has essentially the same structure as the document.
Unfortunately, the relationship doesn’t go the other way, with the limited
subset of XML we have described so far. We need a way to express in XML
the idea that an instance of an element might have more than one arc leading
to that element. Clearly, we cannot nest a tag-pair directly within more than
one tag-pair, so nesting is not sufficient to represent multiple predecessors of a
node. The additional features that allow us to represent all semistructured data
in XML are attributes within tags, identifiers (ID’s), and identifier references

(IDREFs).
Opening tags can have attributes that appear within the tag, in analogy to
constructs like <A HREF = ...>in HTML. Keyword 'ATTLIST introduces a list

of attributes and their types for a given element. One common use of attributes
is to associate single, labeled values with a tag. This usage is an alternative to
subtags that are simple text (i.e., declared as PCDATA).

Another important purpose of such attributes is to represent semistructured
data that does not have a tree form. An attribute for elements of type E that
is declared to be an ID will be given values that uniquely identify each portion
of the document that is surrounded by an <E> and matching </E> tag. In
terms of semistructured data, an ID provides a unique name for a node.

Other attributes may be declared to be IDREF’s. Their values are the
ID’s associated with other tags. By giving one tag instance (i.e., a node in
semistructured data) an ID with a value v and another tag instance an IDREF
with value v, the latter is effectively given an arc or link to the former. The
following example illustrates both the syntax for declaring ID’s and IDREF’s
and the significance of using them in data.
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<!DOCTYPE Stars-Movies [
<!ELEMENT STARS-MOVIES (STARx, MOVIE#*)>
<!ELEMENT STAR (NAME, ADDRESS+)>
<1ATTLIST STAR
starld ID
starredIn IDREFS>
<VYELEMENT NAME (#PCDATA)>
<!ELEMENT ADDRESS (STREET, CITY)>
<!ELEMENT STREET (#PCDATA)>
<{ELEMENT CITY (#PCDATA)>
<!ELEMENT MOVIE (TITLE, YEAR)>
<!ATTLIST MOVIE
movield ID
starsQf IDREFS>
<!ELEMENT TITLE (#PCDATA)>
<!ELEMENT YEAR (#PCDATA)>
1>

Figure 4.24: A DTD for stars and movies, using ID’s and IDREF’s

Example 4.31: Figure 4.24 shows a revised DTD, in which stars and movies
are given equal status, and [D-IDREF correspondence is used to describe the
many-many relationship between movies and stars. Analogously, the arcs be-
tween nodes representing stars and movies describe the same many-many rela-
tionship in the semistructured data of Fig. 4.19. The name of the root tag for
this DTD has been changed to STARS-MOVIES, and its elements are a sequence
of stars followed by a sequence of movies.

A star no longer has a set of movies as subelements, as was the case for the
DTD of Fig. 4.22. Rather, its only subelements are a name and address, and
in the beginning <STAR> tag we shall find an attribute starredIn whose value
is a list of ID’s for the movies of the star. Note that the attribute starredIn is
declared to be of type IDREFS, rather than IDREF. The additional “S” allows the
value of starredIn to be a list of ID’s for movies, rather than a single movie,
as would be the case if the type IDREF were used.

A <STAR> tag also has an attribute starld. Since it is declared to be of
type ID, the value of starId may be referenced by <MOVIE> tags to indicate
the stars of the movie. That is, when we look at the attribute list for MOVIE in
Fig. 4.24, we see that it has an attribute movield of type ID; these are the ID’s
that will appear on lists that are the values of starredIn tags. Symmetrically,
the attribute starsOf of MOVIE is a list of ID’s for stars.

Figure 4.25 is an example of a document that conforms to the DTD of
Fig. 4.24. It is quite similar to the semistructured data of Fig. 4.19. It includes
more data — three movies instead of only one. However, the only structural
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difference is that here, all stars have an ADDRESS subelement, even if they have
only one address, while in Fig. 4.19 we went directly from the Mark-Hamill
node to street and city nodes. O

<STARS-MOVIES>
<STAR starId = "cf" starredIn = "sw, esb, rj">
<NAME>Carrie Fisher</NAME>
<ADDRESS><STREET>123 Maple St.</STREET>
<CITY>Hollywood</CITY></ADDRESS>
<ADDRESS><STREET>S Locust La.</STREET>
<CITY>Malibu</CITY></ADDRESS>
</STAR>
<STAR starId = "mh" starredIn = "sw, esb, rj">
<NAME>Mark Hamill</NAME>
<ADDRESS><STREET>456 Dak Rd.<STREET>
<CITY>Brentwood</CITY></ADDRESS>
</STAR>
<MOVIE movield = "sw" starsOf = "cf, mh">
<TITLE>Star Wars</TITLE>
<YEAR>1977</YEAR>
</MOVIE>
<MOVIE movield = "esb" stars0f = “cf, mh">
<TITLE>Empire Strikes Back</TITLE>
<YEAR>1980</YEAR>
</MOVIE>
<MOVIE movield = "rj" stars0f = "cf, mh">
<TITLE>Return of the Jedi</TITLE>
<YEAR>1983</YEAR>
</MOVIE>
</STARS-MOVIES>

Figure 4.25: Example of a document following the DTD of Fig. 4.24

4.7.6 Exercises for Section 4.7
Exercise 4.7.1: Add to the document of Fig. 4.25 the following facts:

* a) Harrison Ford also starred in the three movies mentioned and the movie
Witness (1985).

b) Carrie Fisher also starred in Hannah and Her Sisters (1985).

¢) Liam Neeson starred in The Phantom Menace (1999).
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* Pxercise 4.7.2: Suggest how typical data about banks and customers, as was
described in Exercise 2.1.1, could be represented as a DTD.

Exercise 4.7.3: Suggest how typical data about players, teams, and fans, as
was described in Exercise 2.1.3, could be represented as a DTD.

Exercise 4.7.4: Suggest how typical data about a genealogy, as was described
in Exercise 2.1.6, could be represented as a DTD.

4.8 Summary of Chapter 4

4+ Object Definition Language: This language is a notation for formally de-
scribing the schemas of databases in an object-oriented style. One defines
classes, which may have three kinds of properties: attributes, methods,
and relationships.

4 ODL Relationships: A relationship in ODL must be binary. It is repre-
sented, in the two classes it connects, by names that are declared to be
inverses of one another. Relationships can be many-many, many-one, or
one-one, depending on whether the types of the pair are declared to be a
single object or a set of objects.

4 The ODL Type System: ODL allows types to be constructed, beginning
with class names and atomic types such as integer, by applying any of the
following type constructors: structure formation, set-of, bag-of, list-of,
array-of, and dictionary-of.

4+ Egxtents: A class of objects can have an extent, which is the set of objects of
that class currently existing in the database. Thus, the extent corresponds
to a relation instance in the relational model, while the class declaration
is like the schema of a relation.

4+ Keys in ODL: Keys are optional in ODL. One is allowed to declare one
or more keys, but because objects have an object-ID that is not one of its
properties, a system implementing ODL can tell the difference between
objects, even if they have identical values for all properties.

4+ Converting ODL Designs to Relations: If we treat ODL as only a de-
sign language, whose designs are then converted to relations, the simplest
approach is to create a relation for a the attributes of a class and a re-
lation for each pair of inverse relationships. However, we can combine a
many-one relationship with the relation intended for the attributes of the
“many” class. It is also necessary to create new attributes to represent
the key of a class that has no key.

+ The Object-Relational Model: An alternative to pure object-oriented data-
base models like ODL is to extend the relational model to include the
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major features of object-orientation. These extensions include nested re-
lations, i.e., complex types for attributes of a relation, including relations -
as types. Other extensions include methods defined for these types, and
the ability of one tuple to refer to another through a reference type.

+ Semistructured Data: In this model, data is represented by a graph.
Nodes are like objects or values of their attributes, and labeled arcs con-
nect an object to both the values of its attributes and to other objects to
which it is connected by a relationship.

4 XML: The Extensible Markup Language is a World-Wide-Web Consor-
tium standard that implements semistructured data in documents (text
files). Nodes correspond to sections of the text, and (some) labeled arcs
are represented in XML by pairs of beginning and ending tags.

+ Identifiers and References in XML: To represent graphs that are not trees,
XML allows attributes of type ID and IDREF within the beginning tags.
A tag (corresponding to a node of semistructured data) can thus be given
an identifier, and that identifier can be referred to by other tags, from
which we would like to establish a link (arc in semistructured data).
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Chapter 5

Relational Algebra

This chapter begins a study of database programming, that is, how the user can
ask queries of the database and can modify the contents of the database. Our
focus is on the relational model, and in particular on a notation for describing
queries about the content of relations called “relational algebra.”

While ODL uses methods that, in principle, can perform any operation on
data, and the E/R model does not embrace a specific way of manipulating
data, the relational model has a concrete set of “standard” operations on data.
Surprisingly, these operations are not “Turing complete” the way ordinary pro-
gramming languages are. Thus, there are operations we cannot express in
relational algebra that could be expressed, for instance, in ODL methods writ-
ten in C++. This situation is not a defect of the relational model or relational
algebra, because the advantage of limiting the scope of operations is that it
becomes possible to optimize queries written in a very high level language such
as SQL, which we introduce in Chapter 6.

We begin by introducing the operations of relational algebra. This algebra
formally applies to sets of tuples, i.e., relations. However, commercial DBMS’s
use a slightly different model of relations, which are bags, not sets. That is,
relations in practice may contain duplicate tuples. While it is often useful to
think of relational algebra as a set algebra, we also need to be conscious of the
effects of duplicates on the results of the operations in relational algebra. In
the final section of this chapter, we consider the matter of how constraints on
relations can be expressed.

Later chapters let us see the languages and features that today’s commercial
DBMS's offer the user. The operations of relational algebra are all implemented
by the SQL query language, which we study beginning in Chapter 6. These
algebraic operations also appear in the OQL language, an object-oriented query
language based on the ODL data model and introduced in Chapter 9.
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5.1 An Example Database Schema

As we begin our focus on database programming in the relational model, it is
useful to have a specific schema on which to base our examples of queries. Qur
chosen database schema draws upon the running example of movies, stars, and
studios, and it uses normalized relations similar to the ones that we developed
in Section 3.6. However, it includes some attributes that we have not used pre-
viously in examples, and it includes one relation — MovieExec — that has not
appeared before. The purpose of these changes is to give us some opportunities
to study different data types and different ways of representing information.
Figure 5.1 shows the schema.

Movie(
TITLE: string,
YEAR: integer,
length: integer,
inColor: boolean,
studioName: string,
producerC#: integer)

StarsIn(
MOVIETITLE: string,
MOVIEYEAR: integer,
STARNAME: string)

MovieStar(
NAME: string,
address: string,
gender: char,
birthdate: date)

MovieExec(
name: string,
address: string,
CERT#: integer,
netWorth: integer)

Studio(
NAME: string,
address: string,
presC#: integer)

Figure 3.1: Example database schema about movies
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Our schema has five relations. The attributes of each relation are listed,
along with the intended domain for that attribute. The key attributes for a
relation are shown in capitals in Fig. 5.1, although when we refer to them in
text, they will be lower-case as they have been heretofore. For instance, all
three attributes together form the key for relation StarsIn. Relation Movie
has six attributes; title and year together constitute the key for Movie, as
they have previously. Attribute title is a string, and year is an integer.

The major modifications to the schema compared with what we have seen
so far are:

o There is a notion of a certificate number for movie executives — studio
presidents and movie producers. This certificate is a unique integer that
we imagine is maintained by some external authority, perhaps a registry
of executives or a “union.”

We use certificate numbers as the key for movie executives, although
movie stars do not always have certificates and we shall continue to use
name as the key for stars. That decision is probably unrealistic, since
two stars could have the same name, but we take this road in order to
illustrate some different options.

We introduced the producer as another property of movies. This infor-
mation is represented by a new attribute, producerC#, of relation Movie.
This attribute is intended to be the certificate number of the producer.
Producers are expected to be movie executives, as are studio presidents.
There may also be other executives in the MovieExec relation.

Attribute filmType of Movie has been changed from an enumerated type
to a boolean-valued attribute called inColor: true if the movie is in color
and false if it is in black and white.

The attribute gender has been added for movie stars. Its type is “char-
acter,” either M for male or F for female. Attribute birthdate, of type
“date” (a special type supported by many commercial database systems
or just a character string if we prefer) has also been added.

All addresses have been made strings, rather than pairs consisting of a
street and city. The purpose is to make addresses in different relations
comparable easily and to simplify operations on addresses.

5.2 An Algebra of Relational Operations

To begin our study of operations on relations, we shall learn about a special
algebra, called relational algebra, that consists of some simple but powerful ways
to construct new relations from given relations. When the given relations are
stored data, then the constructed relations can be answers to queries about this
data.
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Why Bags Can Be More Efficient Than Sets

As a simple example of why bags can lead to implementation efficiency, if
you take the union of two relations but do not eliminate duplicates, then
you can just copy the relations to the output. If you insist that the result
be a set, you have to sort the relations, or do something similar to detect
identical tuples that come from the two relations.

The development of an algebra for relations has a history, which we shall
follow roughly in our presentation. Initially, relational algebra was proposed
by T. Codd as an algebra on sets of tuples (i.e., relations) that could be \fsed
to express typical queries about those relations. It consisted of five operations
on sets: union, set difference, and Cartesian product, with which you might
already be familiar, and two unusual operations — selection and projection.
To these, several operations that can be defined in terms of these were added;
varieties of “join” are the most important.

When DBMS’s that used the relational model were first developed, their
query languages largely implemented the relational algebra. However, for {ef-
ficiency purposes, these systems regarded relations as bags, not sets. That is,
unless the user asked explicitly that duplicate tuples be condensed into one (i.e.,
that “duplicates be eliminated™), relations were allowed to contain duplicates.
Thus, in Section 5.3, we shall study the same relational operations on bags and
see the changes necessary.

Another change to the algebra that was necessitated by commercial imple-
mentations of the relational model is that several other operations are needed.
Most important is a way of performing aggregation, e.g., finding the average
value of some column of a relation. We shall study these additional operations
in Section 5.4.

5.2.1 Basics of Relational Algebra

An algebra, in general, consists of operators and atomic operands. For in-
stance, in the algebra of arithmetic, the atomic operands are variables like .r
and constants like 15. The operators are the usual arithmetic ones: addition.
subtraction, multiplication, and division. Any algebra allows us to build ex-
pressions by applying operators to atomic operands and/or other expressim?s
of the algebra. Usually, parentheses are needed to group operators and their
operands. For instance, in arithmetic we have expressions such as (x +y) ¥z or
((z+7)/(y ~3)) +z.

Relational algebra is another example of an algebra. Its atomic operands
are:

1. Variables that stand for relations.
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2. Constants, which are finite relations.

As we mentioned, in the classical relational algebra, all operands and the results
of expressions are sets. The operations of the traditional relational algebra fall
into four broad classes:

a) The usual set operations — union, intersection, and difference — applied
to relations.

b) Operations that remove parts of a relation: “selection” eliminates some
rows (tuples), and “projection” eliminates some columns.

¢) Operations that combine the tuples of two relations, including “Cartesian
product,” which pairs the tuples of two relations in all possible ways, and
various kinds of “join” operations, which selectively pair tuples from two
relations.

d) An operation called “renaming” that does not affect the tuples of a re-
lation, but changes the relation schema, i.e., the names of the attributes
and/or the name of the relation itself.

We shall generally refer to expressions of relational algebra as queries. While
we don’t yet have the symbols needed to show many of the expressions of
relational algebra, you should be familiar with the operations of group (a), and
thus recognize (R U S) as an example of an expression of relational algebra.
R and S are atomic operands standing for relations, whose sets of tuples are
unknown. This query asks for the union of whatever tuples are in the relations
named R and S.

5.2.2 Set Operations on Relations

The three most common operations on sets are union, intersection, and differ-
ence. We assume the reader is familiar with these operations, which are defined
as follows on arbitrary sets R and S:

e RUS, the union of R and S, is the set of elements that are in R or S or

both. An element appears only once in the union even if it is present in
both R and S.

e BN S, the intersection of R and S. is the set of elements that are in both
Rand S.

¢ R — S, the difference of R and S, is the set of elements that are in B but
not in S. Note that R — S is different from S — R; the latter is the set of
elements that are in 5 but not in R.

When we apply these operations to relations, we need to put some conditions
on R and S:
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1. R and S must have schemas with identical sets of attributes, and the
types {domains) for each attribute must be the same in R and S.

2. Before we compute the set-theoretic union, intersection, or difference of
sets of tuples, the columns of R and S must be ordered so that the order
of attributes is the same for both relations.

Sometimes we would like to take the union, intersection, or difference of
relations that have the same number of attributes, with corresponding domains,
but that use different names for their attributes. If so, we may use the renaming
operator to be discussed in Section 5.2.9 to change the schema of one or both
relations and give them the same set of attributes.

name | address | gender | birthdate
Carrie Fisher | 123 Maple St., Hollywood | F 9/9/99
Mark Hamill 456 Dak Rd., Brentwood M 8/8/88
Relation R
name | address | gender | birthdate
Carrie Fisher | 123 Maple St., Hollywood F 9/9/99
Harrison Ford | 789 Palm Dr., Beverly Hills [ M T

Relation S

Figure 5.2: Two relations

Example 5.1: Suppose we have the two relations R and S, instances of the
relation MovieStar of Section 5.1. Current instances of R and S are shown in
Fig. 5.2. Then the union RU S is

name iaddress gender | birthdate
Carrie Fisher | 123 Maple St., Hollywood F 9/9/99
Mark Hamill 456 Oak Rd., Brentwood M 8/8/88
Harrison Ford | 789 Palm Dr., Beverly Hills | M 7/7/77

Note that the two tuples for Carrie Fisher from the two relations appear only
once in the result.
The intersection RN S is

name address gender | birthdate
Carrie Fisher | 123 Maple St., Hollywood [ F [ 9/9/799
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Now, only the Carrie Fisher tuple appears, because only it is in both relations.
The difference R — S is

name address gender | birthdate
Mark Hamill | 456 Oak Rd., Brentwood | M | 8/8/88

That is, the Fisher and Hamill tuples appear in R and thus are candidates for
R —S. However, the Fisher tuple also appearsin S andsoisnotin R—~S. O

5.2.3 Projection

The projection operator is used to produce from a relation R a new relation
that has only some of R’s columns. The value of expression w4, 4,,...a, (R) is
a relation that has only the columns for attributes Ay, As,..., 4, of R. The
schema for the resulting value is the set of attributes {41, 4s,...,4,}, which
we conventionally show in the order listed.

title | year | length | inColor | studioName | producerC#
Star Wars 1977 | 124 true Fox 12345
Mighty Ducks | 1991 | 104 true Disney 67890
Wayne’s World | 1992 | 95 true Paramount | 99999

Figure 5.3: The relation Movie

Example 5.2: Consider the relation Movie with the relation schema described
in Section 5.1. An instance of this relation is shown in Fig. 5.3. We can project
this relation onto the first three attributes with the expression

iWtitle.yeardength {Movie)
The resulting relation is

title | year | length
Star Wars 1977 | 124
Mighty Ducks 1991 | 104
Wayne’s World | 1992 | 95

As another example, we can project onto the attribute inColor with the
exXpression m;,coi.-(Movie). The result is the single-column relation

inColor
true
Notice that there is only one tuple in the resulting relation, since all three tuples

of Fig. 5.3 have the same value in their component for attribute inColor, and
in the relational algebra of sets, duplicate tuples are always eliminated. O
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5.2.4 Selection

The selection operator, applied to a relation R, produces a new relation with a
subset of R’s tuples. The tuples in the resulting relation are those that satisfy
some condition C that involves the attributes of R. We denote this operation
oc(R). The schema for the resulting relation is the same as R’s schema, and
we conventionally show the attributes in the same order as we use for R.

C is a conditional expression of the type with which we are familiar from
conventional programming languages; for example, conditional expressions fol-
low the keyword if in programming languages such as C or Java. The only
difference is that the operands in condition C are either constants or attributes
of R. We apply C' to each tuple ¢ of R by substituting, for each attribute A
appearing in condition C, the component of ¢ for attribute A. If after substi-
tuting for each attribute of C' the condition C is true, then £ is one of the tuples
that appear in the result of cc(R); otherwise ¢ is not in the result.

Example 5.3: Let the relation Movie be as in Fig. 5.3. Then the value of
expression Olength>100 (Movie) is

title | yeor | length | inColor | studioName | producerC#

1977 | 124 true Fox 12345
1991 | 104 true Disney 67890

Star Wars
Mighty Ducks

The first tuple satisfies the condition length > 100 because when we substitute
for length the value 124 found in the component of the first tuple for attribute
length, the condition becomes 124 > 100. The latter condition is true, so we
accept the first tuple. The same argument explains why the second tuple of
Fig. 5.3 is in the result.

The third tuple has a length component 95. Thus, when we substitute for
length we get the condition 95 > 100, which is false. Hence the last tuple of
Fig. 5.3 is not in the result. O

Example 5.4: Suppose we want the set of tuples in the relation Movie that
represent Fox movies at least 100 minutes long. We can get these tuples with
a more complicated condition, involving the AND of two subcorditions. The
expression is

Olength>100 AND studioName="'Fox’ (Movie)

The tuple
title year | length | inColor | studioName | producerC#
Star Wars [ 1977 [ 124 [ true | Fox | 12345

is the only one in the resulting relation. O

.
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5.2.5 Cartesian Product

The Cartesian product {or cross-product, or just product) of two sets R and
S is the set of pairs that can be formed by choosing the first element of the
pair to be any element of R and the second any element of S. This product
is denoted R x S. When R and S are relations, the product is essentially the
same. However, since the members of R and S are tuples, usually consisting
of more than one component, the result of pairing a tuple from R with a tuple
from S is a longer tuple, with one component for each of the components of
the constituent tuples. By convention, the components from R precede the
components from S in the attribute order for the result.

The relation schema for the resulting relation is the union of the schemas
for R and S. However, if R and S should happen to have some attributes in
common, then we need to invent new names for at least one of each pair of
identical attributes. To disambiguate an attribute A that is in the schemas of
both R and S, we use R.4 for the attribute from R and S.A for the attribute
from S.

Als
HE

Relation R

w

B|C ] D

2 5 6

4 7 8

9 10 | 11

Relation S
A]R.B]S.B]C LD
1 2 2 5 6
112 4 7 3
1 2 9 10 | 11
314 2 5 6
314 4 7 8
314 g 10 | 11

Result R x S

Figure 5.4: Two relations and their Cartesian product
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Example 5.5: For conciseness, let us use an abstract example that illustrates
the product operation. Let relations R and S have the schemas and tuples
shown in Fig. 5.4. Then the product R x S consists of the six tuples shown in
that figure. Note how we have paired each of the two tuples of R with each of
the three tuples of S. Since B is an attribute of both schemas, we have used
R.B and $.B in the schema for R x S. The other attributes are unambiguous,
and their names appear in the resulting schema unchanged. O

5.2.6 Natural Joins

More often than we want to take the product of two relations, we find a need to
Jjoin them by pairing only those tuples that match in some way. The simplest
sort of match is the natural join of two relations R and S, denoted R S, in
which we pair only those tuples from R and S that agree in whatever attributes
are common to the schemas of R and S. More precisely, let d;, 4s,..., 4, be
all the attributes that are in both the schema of R and the schema of 8. Then
a tuple r from R and a tuple s from S are successfully paired if and only if r
and s agree on each of the attributes Ay, As, ..., A,.

If the tuples r and s are successfully paired in the join R t< S, then the
result of the pairing is a tuple, called the joined tuple, with one component for
each of the attributes in the union of the schemas of B and S. The joined tuple
agrees with tuple r in each atiribute in the schema of R, and it agrees with s
in each attribute in the schema of S. Since r and s are successfully paired, the
joined tuple is able to agree with both these tuples on the attributes they have
in common. The construction of the joined tuple is suggested by Fig. 5.5.

R

[ joined tuple ]

Figure 5.5: Joining tuples

Note also that this join operation is the same one that we used in Sec-
tion 3.6.5 to recombine relations that had been projected onto two subsets of
their attributes. There the motivation was to explain why BCNF decomposi-
tion made sense. In Section 5.2.8 we shall see another use for the natural join:

combining two relations so that we can write a query that relates attributes of
each.
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Example 5.6: The natural join of the relations R and S from Fig. 5.4 is

A|B|cC|D
1121516
314,78

The only attribute common to R and S is B. Thus, to pair successfully, tuples
need only to agree in their B components. If so, the resulting tuple has com-
ponents for attributes A (from R), B (from either R or S), C (from S), and D
(from S).

In this example, the first tuple of R successfully pairs with only the first
tuple of S; they share the value 2 on their common attribute B. This pairing
yields the first tuple of the result: (1,2,5,6). The second tuple of R pairs
successfully only with the second tuple of S, and the pairing yields (3,4,7,8).
Note that the third tuple of S does not pair with any tuple of R and thus has
no effect on the result of R >4 S. A tuple that fails to pair with any tuple of
the other relation in a join is said to-be a dangling tuple. O

Example 5.7: The previous example does not illustrate all the possibilities
inherent in the natural join operator. For example, no tuple paired successfuily
with more than one tuple, and there was only one attribute in common to the
two relation schemas. In Fig. 5.6 we see two other relations, U and V', that share
two attributes between their schemas: B and C. We also show an instance in
which one tuple joins with several tuples.

For tuples to pair successfully, they must agree in both the B and C com-
ponents. Thus, the first tuple of U joins with the first two tuples of V, while
the second and third tuples of U join with the third tuple of 1. The result of
these four pairings is shown in Fig. 3.6. O

5.2.7 Theta-Joins

The natural join forces us to pair tuples using one specific condition. While this
way, equating shared attributes, is the most common basis on which relations
are joined, it is sometimes desirable to pair tuples from two relations on some
other basis. For that purpose, we have a related notation called the theta-
Join. Historically, the “theta” refers to an arbitrary condition, which we_shall
represent by C rather than 6.

The notation for a theta-join of relations R and S based on condition C is
R ch S. The result of this operation is constructed as follows:

1. Take the product of R and S.
2. Select from the product only tliose tuples that satisfy the condition C.

As with the product operation, the schema for the result is the union of the
schemas of R and S. with “R.” or “S.” prefixed to attributes if necessary to
indicate from which schema the attribute came. :
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Figure 5.6: Natural join of relations

Example 5.8: Consider the operation U AD:D V', where U and V" are the
relations from Fig. 5.6. We must consider all nine pairs of tuples, one from each
relation, and see whether the 4 component from the U-tuple is less than the
D component of the V-tuple. The first tuple of U, with an A component of 1,
successfully pairs with each of the tuples from 1". However, the second and third
tuples from U, with 4 components of 6 and 9. respectively, pair successfully
with only the last tuple of V. Thus, the result has only five tuples, constructed
from the five successful pairings. This relation is shown in Fig. 5.7. O

Notice that the schema for the result in Fig. 5.7 consists of all six attributes.
with U and 1 prefixed to their respective occurrences of attributes B and C' to
distinguish them. Thus, the theta-join contrasts with natural join, since in the
latter common attributes are merged into one copy. Of course it makes sense to
do so in the case of the natural join, since tuples don’t pair unless they agree