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xviii Preface

querying textual data, including hyperlink-based techniques used in Web
search engines.

Chapter 23 covers advanced data types and new applications, including
temporal data, spatial and geographic data, multimedia data, and issues in the
management of mobile and personal databases. Finally, Chapter 24 deals with
advanced transaction processing. We discuss transaction-processing monitors,
high-performance transaction systems, real-time transaction systems, and
transactional workflows.

• Case studies (Chapters 25 through 27). In this part we present case studies of
three leading commercial database systems, including Oracle, IBM DB2, and
Microsoft SQL Server. These chapters outline unique features of each of these
products, and describe their internal structure. They provide a wealth of in-
teresting information about the respective products, and help you see how the
various implementation techniques described in earlier parts are used in real
systems. They also cover several interesting practical aspects in the design of
real systems.

• Online appendices. Although most new database applications use either the
relational model or the object-oriented model, the network and hierarchical
data models are still in use. For the benefit of readers who wish to learn about
these data models, we provide appendices describing the network and hier-
archical data models, in Appendices A and B respectively; the appendices are
available only online (http://www.bell-labs.com/topic/books/db-book).

Appendix C describes advanced relational database design, including the
theory of multivalued dependencies, join dependencies, and the project-join
and domain-key normal forms. This appendix is for the benefit of individuals
who wish to cover the theory of relational database design in more detail, and
instructors who wish to do so in their courses. This appendix, too, is available
only online, on the Web page of the book.

The Fourth Edition
The production of this fourth edition has been guided by the many comments and
suggestions we received concerning the earlier editions, by our own observations
while teaching at IIT Bombay, and by our analysis of the directions in which database
technology is evolving.

Our basic procedure was to rewrite the material in each chapter, bringing the older
material up to date, adding discussions on recent developments in database technol-
ogy, and improving descriptions of topics that students found difficult to understand.
Each chapter now has a list of review terms, which can help you review key topics
covered in the chapter. We have also added a tools section at the end of most chap-
ters, which provide information on software tools related to the topic of the chapter.
We have also added new exercises, and updated references.

We have added a new chapter covering XML, and three case study chapters cov-
ering the leading commercial database systems, including Oracle, IBM DB2, and Mi-
crosoft SQL Server.
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ers, such as programming exercises, project suggestions, online labs and tutorials,
and teaching tips.

E-mail should be addressed to db-book@research.bell-labs.com. Any other cor-
respondence should be sent to Avi Silberschatz, Bell Laboratories, Room 2T-310, 600
Mountain Avenue, Murray Hill, NJ 07974, USA.
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If the above query were run on the tables in Figure 1.3, the system would find that
the two accounts numbered A-101 and A-201 are owned by customer 192-83-7465
and would print out the balances of the two accounts, namely 500 and 900.

There are a number of database query languages in use, either commercially or
experimentally. We study the most widely used query language, SQL, in Chapter 4.
We also study some other query languages in Chapter 5.

The levels of abstraction that we discussed in Section 1.3 apply not only to defining
or structuring data, but also to manipulating data. At the physical level, we must
define algorithms that allow efficient access to data. At higher levels of abstraction,
we emphasize ease of use. The goal is to allow humans to interact efficiently with the
system. The query processor component of the database system (which we study in
Chapters 13 and 14) translates DML queries into sequences of actions at the physical
level of the database system.

1.5.3 Database Access from Application Programs
Application programs are programs that are used to interact with the database. Ap-
plication programs are usually written in a host language, such as Cobol, C, C++, or
Java. Examples in a banking system are programs that generate payroll checks, debit
accounts, credit accounts, or transfer funds between accounts.

To access the database, DML statements need to be executed from the host lan-
guage. There are two ways to do this:

• By providing an application program interface (set of procedures) that can
be used to send DML and DDL statements to the database, and retrieve the
results.

The Open Database Connectivity (ODBC) standard defined by Microsoft
for use with the C language is a commonly used application program inter-
face standard. The Java Database Connectivity (JDBC) standard provides cor-
responding features to the Java language.

• By extending the host language syntax to embed DML calls within the host
language program. Usually, a special character prefaces DML calls, and a pre-
processor, called the DML precompiler, converts the DML statements to nor-
mal procedure calls in the host language.

1.6 Database Users and Administrators
A primary goal of a database system is to retrieve information from and store new
information in the database. People who work with a database can be categorized as
database users or database administrators.

1.6.1 Database Users and User Interfaces
There are four different types of database-system users, differentiated by the way
they expect to interact with the system. Different types of user interfaces have been
designed for the different types of users.
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Figure 1.5 Two-tier and three-tier architectures.

writing data to a new tape. Data could also be input from punched card decks,
and output to printers. For example, salary raises were processed by entering
the raises on punched cards and reading the punched card deck in synchro-
nization with a tape containing the master salary details. The records had to
be in the same sorted order. The salary raises would be added to the salary
read from the master tape, and written to a new tape; the new tape would
become the new master tape.

Tapes (and card decks) could be read only sequentially, and data sizes were
much larger than main memory; thus, data processing programs were forced
to process data in a particular order, by reading and merging data from tapes
and card decks.

• Late 1960s and 1970s: Widespread use of hard disks in the late 1960s changed
the scenario for data processing greatly, since hard disks allowed direct access
to data. The position of data on disk was immaterial, since any location on disk
could be accessed in just tens of milliseconds. Data were thus freed from the
tyranny of sequentiality. With disks, network and hierarchical databases could
be created that allowed data structures such as lists and trees to be stored on
disk. Programmers could construct and manipulate these data structures.

A landmark paper by Codd [1970] defined the relational model, and non-
procedural ways of querying data in the relational model, and relational
databases were born. The simplicity of the relational model and the possibil-
ity of hiding implementation details completely from the programmer were
enticing indeed. Codd later won the prestigious Association of Computing
Machinery Turing Award for his work.
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Data Models

A data model is a collection of conceptual tools for describing data, data relation-
ships, data semantics, and consistency constraints. In this part, we study two data
models—the entity–relationship model and the relational model.

The entity–relationship (E-R) model is a high-level data model. It is based on a
perception of a real world that consists of a collection of basic objects, called entities,
and of relationships among these objects.

The relational model is a lower-level model. It uses a collection of tables to repre-
sent both data and the relationships among those data. Its conceptual simplicity has
led to its widespread adoption; today a vast majority of database products are based
on the relational model. Designers often formulate database schema design by first
modeling data at a high level, using the E-R model, and then translating it into the
the relational model.

We shall study other data models later in the book. The object-oriented data model,
for example, extends the representation of entities by adding notions of encapsula-
tion, methods (functions), and object identity. The object-relational data model com-
bines features of the object-oriented data model and the relational data model. Chap-
ters 8 and 9, respectively, cover these two data models.
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Figure 2.1 Entity sets customer and loan.

• Simple and composite attributes. In our examples thus far, the attributes have
been simple; that is, they are not divided into subparts. Composite attributes,
on the other hand, can be divided into subparts (that is, other attributes). For
example, an attribute name could be structured as a composite attribute con-
sisting of first-name, middle-initial, and last-name. Using composite attributes in
a design schema is a good choice if a user will wish to refer to an entire at-
tribute on some occasions, and to only a component of the attribute on other
occasions. Suppose we were to substitute for the customer entity-set attributes
customer-street and customer-city the composite attribute address with the at-
tributes street, city, state, and zip-code.2 Composite attributes help us to group
together related attributes, making the modeling cleaner.

Note also that a composite attribute may appear as a hierarchy. In the com-
posite attribute address, its component attribute street can be further divided
into street-number, street-name, and apartment-number. Figure 2.2 depicts these
examples of composite attributes for the customer entity set.

• Single-valued and multivalued attributes. The attributes in our examples all
have a single value for a particular entity. For instance, the loan-number at-
tribute for a specific loan entity refers to only one loan number. Such attributes
are said to be single valued. There may be instances where an attribute has
a set of values for a specific entity. Consider an employee entity set with the
attribute phone-number. An employee may have zero, one, or several phone
numbers, and different employees may have different numbers of phones.
This type of attribute is said to be multivalued. As another example, an at-

2. We assume the address format used in the United States, which includes a numeric postal code called
a zip code.
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entities. This approach can also be useful in deciding whether certain attributes may
be more appropriately expressed as relationships.

2.4.3 Binary versus n-ary Relationship Sets
Relationships in databases are often binary. Some relationships that appear to be
nonbinary could actually be better represented by several binary relationships. For
instance, one could create a ternary relationship parent, relating a child to his/her
mother and father. However, such a relationship could also be represented by two
binary relationships, mother and father, relating a child to his/her mother and father
separately. Using the two relationships mother and father allows us record a child’s
mother, even if we are not aware of the father’s identity; a null value would be
required if the ternary relationship parent is used. Using binary relationship sets is
preferable in this case.

In fact, it is always possible to replace a nonbinary (n-ary, for n > 2) relationship
set by a number of distinct binary relationship sets. For simplicity, consider the ab-
stract ternary (n = 3) relationship set R, relating entity sets A, B, and C. We replace
the relationship set R by an entity set E, and create three relationship sets:

• RA, relating E and A

• RB , relating E and B

• RC , relating E and C

If the relationship set R had any attributes, these are assigned to entity set E; further,
a special identifying attribute is created for E (since it must be possible to distinguish
different entities in an entity set on the basis of their attribute values). For each rela-
tionship (ai, bi, ci) in the relationship set R, we create a new entity ei in the entity set
E. Then, in each of the three new relationship sets, we insert a relationship as follows:

• (ei, ai) in RA

• (ei, bi) in RB

• (ei, ci) in RC

We can generalize this process in a straightforward manner to n-ary relationship
sets. Thus, conceptually, we can restrict the E-R model to include only binary rela-
tionship sets. However, this restriction is not always desirable.

• An identifying attribute may have to be created for the entity set created to
represent the relationship set. This attribute, along with the extra relationship
sets required, increases the complexity of the design and (as we shall see in
Section 2.9) overall storage requirements.

• A n-ary relationship set shows more clearly that several entities participate in
a single relationship.
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• An undirected line from the relationship set borrower to the entity set loan spec-
ifies that borrower is either a many-to-many or one-to-many relationship set
from customer to loan.

Returning to the E-R diagram of Figure 2.8, we see that the relationship set borrower
is many-to-many. If the relationship set borrower were one-to-many, from customer to
loan, then the line from borrower to customer would be directed, with an arrow point-
ing to the customer entity set (Figure 2.9a). Similarly, if the relationship set borrower
were many-to-one from customer to loan, then the line from borrower to loan would
have an arrow pointing to the loan entity set (Figure 2.9b). Finally, if the relation-
ship set borrower were one-to-one, then both lines from borrower would have arrows:

customer-name customer-street

customer-id customer-city

customer

loan-number amount

loanborrower

(a)

customer-name customer-street

customer-id customer-city

customer

loan-number amount

loanborrower

(b)

customer-name customer-street

customer-id customer-city

customer

loan-number amount

loanborrower

(c)

Figure 2.9 Relationships. (a) one to many. (b) many to one. (c) one-to-one.
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customer-name customer-street

customer-id customer-city

customer

balance

accountdepositor

access-date
account-number

Figure 2.10 E-R diagram with an attribute attached to a relationship set.

one pointing to the loan entity set and one pointing to the customer entity set (Fig-
ure 2.9c).

If a relationship set has also some attributes associated with it, then we link these
attributes to that relationship set. For example, in Figure 2.10, we have the access-
date descriptive attribute attached to the relationship set depositor to specify the most
recent date on which a customer accessed that account.

Figure 2.11 shows how composite attributes can be represented in the E-R notation.
Here, a composite attribute name, with component attributes first-name, middle-initial,
and last-name replaces the simple attribute customer-name of customer. Also, a compos-
ite attribute address, whose component attributes are street, city, state, and zip-code re-
places the attributes customer-street and customer-city of customer. The attribute street is
itself a composite attribute whose component attributes are street-number, street-name,
and apartment number.

Figure 2.11 also illustrates a multivalued attribute phone-number, depicted by a
double ellipse, and a derived attribute age, depicted by a dashed ellipse.

city

zip-code

street

state

name

customer
customer-id

middle-initial

last-namefirst-name

street-number

street-name

apartment-number

address

phone-number date-of-birth age

Figure 2.11 E-R diagram with composite, multivalued, and derived attributes.
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employee-id

employee-name

telephone-number

employee works-for
manager

worker

Figure 2.12 E-R diagram with role indicators.

We indicate roles in E-R diagrams by labeling the lines that connect diamonds
to rectangles. Figure 2.12 shows the role indicators manager and worker between the
employee entity set and the works-for relationship set.

Nonbinary relationship sets can be specified easily in an E-R diagram. Figure 2.13
consists of the three entity sets employee, job, and branch, related through the relation-
ship set works-on.

We can specify some types of many-to-one relationships in the case of nonbinary
relationship sets. Suppose an employee can have at most one job in each branch (for
example, Jones cannot be a manager and an auditor at the same branch). This con-
straint can be specified by an arrow pointing to job on the edge from works-on.

We permit at most one arrow out of a relationship set, since an E-R diagram with
two or more arrows out of a nonbinary relationship set can be interpreted in two
ways. Suppose there is a relationship set R between entity sets A1, A2, . . . , An, and the
only arrows are on the edges to entity sets Ai+1, Ai+2, . . . , An. Then, the two possible
interpretations are:

1. A particular combination of entities from A1, A2, . . . , Ai can be associated with
at most one combination of entities from Ai+1, Ai+2, . . . , An. Thus, the pri-
mary key for the relationship R can be constructed by the union of the primary
keys of A1, A2, . . . , Ai.

branch

branch-city
branch-name assetsemployee-id

title level

street

city

employee-name

employee

job

works-on

Figure 2.13 E-R diagram with a ternary relationship.
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• Two account entity sets—savings-account and checking-account—with the com-
mon attributes of account-number and balance; in addition, savings-account has
the attribute interest-rate and checking-account has the attribute overdraft-amount.

• The loan entity set, with the attributes loan-number, amount, and originating-
branch.

• The weak entity set loan-payment, with attributes payment-number, payment-
date, and payment-amount.

2.8.2.3 Relationship Sets Designation
We now return to the rudimentary design scheme of Section 2.8.2.2 and specify the
following relationship sets and mapping cardinalities. In the process, we also refine
some of the decisions we made earlier regarding attributes of entity sets.

• borrower, a many-to-many relationship set between customer and loan.

• loan-branch, a many-to-one relationship set that indicates in which branch a
loan originated. Note that this relationship set replaces the attribute originating-
branch of the entity set loan.

• loan-payment, a one-to-many relationship from loan to payment, which docu-
ments that a payment is made on a loan.

• depositor, with relationship attribute access-date, a many-to-many relationship
set between customer and account, indicating that a customer owns an account.

• cust-banker, with relationship attribute type, a many-to-one relationship set ex-
pressing that a customer can be advised by a bank employee, and that a bank
employee can advise one or more customers. Note that this relationship set
has replaced the attribute banker-name of the entity set customer.

• works-for, a relationship set between employee entities with role indicators man-
ager and worker; the mapping cardinalities express that an employee works
for only one manager and that a manager supervises one or more employees.
Note that this relationship set has replaced the manager attribute of employee.

2.8.2.4 E-R Diagram
Drawing on the discussions in Section 2.8.2.3, we now present the completed E-R di-
agram for our example banking enterprise. Figure 2.22 depicts the full representation
of a conceptual model of a bank, expressed in terms of E-R concepts. The diagram in-
cludes the entity sets, attributes, relationship sets, and mapping cardinalities arrived
at through the design processes of Sections 2.8.2.1 and 2.8.2.2, and refined in Section
2.8.2.3.
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mal superkey for each relationship set from among its superkeys; this is the
relationship set’s primary key.

• An entity set that does not have sufficient attributes to form a primary key
is termed a weak entity set. An entity set that has a primary key is termed a
strong entity set.

• Specialization and generalization define a containment relationship between
a higher-level entity set and one or more lower-level entity sets. Specialization
is the result of taking a subset of a higher-level entity set to form a lower-
level entity set. Generalization is the result of taking the union of two or more
disjoint (lower-level) entity sets to produce a higher-level entity set. The at-
tributes of higher-level entity sets are inherited by lower-level entity sets.

• Aggregation is an abstraction in which relationship sets (along with their as-
sociated entity sets) are treated as higher-level entity sets, and can participate
in relationships.

• The various features of the E-R model offer the database designer numerous
choices in how to best represent the enterprise being modeled. Concepts and
objects may, in certain cases, be represented by entities, relationships, or at-
tributes. Aspects of the overall structure of the enterprise may be best de-
scribed by using weak entity sets, generalization, specialization, or aggrega-
tion. Often, the designer must weigh the merits of a simple, compact model
versus those of a more precise, but more complex, one.

• A database that conforms to an E-R diagram can be represented by a collection
of tables. For each entity set and for each relationship set in the database, there
is a unique table that is assigned the name of the corresponding entity set or
relationship set. Each table has a number of columns, each of which has a
unique name. Converting database representation from an E-R diagram to a
table format is the basis for deriving a relational-database design from an E-R
diagram.

• The unified modeling language (UML) provides a graphical means of model-
ing various components of a software system. The class diagram component
of UML is based on E-R diagrams. However, there are some differences be-
tween the two that one must beware of.

Review Terms
• Entity-relationship data model

• Entity

• Entity set

• Attributes

• Domain

• Simple and composite attributes

• Single-valued and multivalued at-
tributes

• Null value

• Derived attribute

• Relationship, and relationship set

• Role
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basketID

email

basket-of

ISBN

code

name

URL

address
name address phone

URL
publisher

published-bywritten-by

title

price

number

book

contains

phone

customer

address

name
phone

stocks warehouse

address
number

author

year

shopping-basket

Figure 2.29 E-R diagram for Exercise 2.12.

b. Explain what application characteristics would influence a decision to in-
clude or not to include each of the additional entity sets.

2.15 When designing an E-R diagram for a particular enterprise, you have several
alternatives from which to choose.

a. What criteria should you consider in making the appropriate choice?
b. Design three alternative E-R diagrams to represent the university registrar’s

office of Exercise 2.4. List the merits of each. Argue in favor of one of the
alternatives.

2.16 An E-R diagram can be viewed as a graph. What do the following mean in terms
of the structure of an enterprise schema?

a. The graph is disconnected.
b. The graph is acyclic.

2.17 In Section 2.4.3, we represented a ternary relationship (Figure 2.30a) using bi-
nary relationships, as shown in Figure 2.30b. Consider the alternative shown in
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In a real-world database, the customer-id (which could be a social-security number, or
an identifier generated by the bank) would serve to uniquely identify customers.

We also need a relation to describe the association between customers and ac-
counts. The relation schema to describe this association is

Depositor -schema = (customer-name, account-number)

Figure 3.5 shows a sample relation depositor (Depositor-schema).
It would appear that, for our banking example, we could have just one relation

schema, rather than several. That is, it may be easier for a user to think in terms of
one relation schema, rather than in terms of several. Suppose that we used only one
relation for our example, with schema

(branch-name, branch-city, assets, customer-name, customer-street
customer-city, account-number, balance)

Observe that, if a customer has several accounts, we must list her address once for
each account. That is, we must repeat certain information several times. This repeti-
tion is wasteful and is avoided by the use of several relations, as in our example.

In addition, if a branch has no accounts (a newly created branch, say, that has no
customers yet), we cannot construct a complete tuple on the preceding single rela-
tion, because no data concerning customer and account are available yet. To represent
incomplete tuples, we must use null values that signify that the value is unknown or
does not exist. Thus, in our example, the values for customer-name, customer-street, and
so on must be null. By using several relations, we can represent the branch informa-
tion for a bank with no customers without using null values. We simply use a tuple
on Branch-schema to represent the information about the branch, and create tuples on
the other schemas only when the appropriate information becomes available.

In Chapter 7, we shall study criteria to help us decide when one set of relation
schemas is more appropriate than another, in terms of information repetition and
the existence of null values. For now, we shall assume that the relation schemas are
given.

We include two additional relations to describe data about loans maintained in the
various branches in the bank:

customer-name account-number
Hayes A-102
Johnson A-101
Johnson A-201
Jones A-217
Lindsay A-222
Smith A-215
Turner A-305

Figure 3.5 The depositor relation.
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customer-name
borrower. loan.

branch-name amountloan-number loan-number
Adams L-16 L-15 Perryridge 1500
Adams L-16 L-16 Perryridge 1300
Curry L-93 L-15 Perryridge 1500
Curry L-93 L-16 Perryridge 1300
Hayes L-15 L-15 Perryridge 1500
Hayes L-15 L-16 Perryridge 1300
Jackson L-14 L-15 Perryridge 1500
Jackson L-14 L-16 Perryridge 1300
Jones L-17 L-15 Perryridge 1500
Jones L-17 L-16 Perryridge 1300
Smith L-11 L-15 Perryridge 1500
Smith L-11 L-16 Perryridge 1300
Smith L-23 L-15 Perryridge 1500
Smith L-23 L-16 Perryridge 1300
Williams L-17 L-15 Perryridge 1500
Williams L-17 L-16 Perryridge 1300

Figure 3.15 Result of σbranch-name = “Perryridge” (borrower × loan).

who do not have a loan at the Perryridge branch. (If you do not see why that is true,
recall that the Cartesian product takes all possible pairings of one tuple from borrower
with one tuple of loan.)

Since the Cartesian-product operation associates every tuple of loan with every tu-
ple of borrower, we know that, if a customer has a loan in the Perryridge branch, then
there is some tuple in borrower × loan that contains his name, and borrower.loan-number
= loan.loan-number. So, if we write

σborrower .loan-number = loan.loan-number

(σbranch-name = “Perryridge”(borrower × loan))

we get only those tuples of borrower × loan that pertain to customers who have a
loan at the Perryridge branch.

Finally, since we want only customer-name, we do a projection:

Πcustomer -name (σborrower .loan-number = loan.loan-number

(σbranch-name = “Perryridge” (borrower × loan)))

The result of this expression, shown in Figure 3.16, is the correct answer to our query.

3.2.1.7 The Rename Operation
Unlike relations in the database, the results of relational-algebra expressions do not
have a name that we can use to refer to them. It is useful to be able to give them
names; the rename operator, denoted by the lowercase Greek letter rho (ρ), lets us do
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customer-name
Adams
Hayes

Figure 3.16 Result of Πcustomer -name

(σborrower .loan-number = loan.loan-number

(σbranch-name = “Perryridge” (borrower × loan))).

this. Given a relational-algebra expression E, the expression

ρx (E)

returns the result of expression E under the name x.
A relation r by itself is considered a (trivial) relational-algebra expression. Thus,

we can also apply the rename operation to a relation r to get the same relation under
a new name.

A second form of the rename operation is as follows. Assume that a relational-
algebra expression E has arity n. Then, the expression

ρx(A1,A2,...,An) (E)

returns the result of expression E under the name x, and with the attributes renamed
to A1, A2, . . . , An.

To illustrate renaming a relation, we consider the query “Find the largest account
balance in the bank.” Our strategy is to (1) compute first a temporary relation consist-
ing of those balances that are not the largest and (2) take the set difference between
the relation Πbalance (account) and the temporary relation just computed, to obtain
the result.

Step 1: To compute the temporary relation, we need to compare the values of
all account balances. We do this comparison by computing the Cartesian product
account × account and forming a selection to compare the value of any two balances
appearing in one tuple. First, we need to devise a mechanism to distinguish between
the two balance attributes. We shall use the rename operation to rename one reference
to the account relation; thus we can reference the relation twice without ambiguity.

balance
500
400
700
750
350

Figure 3.17 Result of the subexpression
Πaccount.balance (σaccount.balance < d.balance (account × ρd (account))).

Preview from Notesale.co.uk

Page 108 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

I. Data Models 3. Relational Model 105© The McGraw−Hill 
Companies, 2001

3.2 The Relational Algebra 97

balance
900

Figure 3.18 Largest account balance in the bank.

We can now write the temporary relation that consists of the balances that are not
the largest:

Πaccount.balance (σaccount.balance < d.balance (account × ρd (account)))

This expression gives those balances in the account relation for which a larger balance
appears somewhere in the account relation (renamed as d). The result contains all
balances except the largest one. Figure 3.17 shows this relation.

Step 2: The query to find the largest account balance in the bank can be written as:

Πbalance (account) −
Πaccount.balance (σaccount.balance < d.balance (account × ρd (account)))

Figure 3.18 shows the result of this query.
As one more example of the rename operation, consider the query “Find the names

of all customers who live on the same street and in the same city as Smith.” We can
obtain Smith’s street and city by writing

Πcustomer -street, customer -city (σcustomer -name = “Smith” (customer))

However, in order to find other customers with this street and city, we must refer-
ence the customer relation a second time. In the following query, we use the rename
operation on the preceding expression to give its result the name smith-addr, and to
rename its attributes to street and city, instead of customer-street and customer-city:

Πcustomer .customer -name

(σcustomer .customer -street=smith-addr .street ∧ customer .customer -city=smith-addr .city

(customer × ρsmith-addr(street,city)

(Πcustomer -street, customer -city (σcustomer -name = “Smith”(customer)))))

The result of this query, when we apply it to the customer relation of Figure 3.4, ap-
pears in Figure 3.19.

The rename operation is not strictly required, since it is possible to use a positional
notation for attributes. We can name attributes of a relation implicitly by using a po-
sitional notation, where $1, $2, . . . refer to the first attribute, the second attribute, and
so on. The positional notation also applies to results of relational-algebra operations.

customer-name
Curry
Smith

Figure 3.19 Customers who live on the same street and in the same city as Smith.
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3.2.3.1 The Set-Intersection Operation
The first additional-relational algebra operation that we shall define is set intersec-
tion (∩). Suppose that we wish to find all customers who have both a loan and an
account. Using set intersection, we can write

Πcustomer -name (borrower) ∩ Πcustomer -name (depositor)

The result relation for this query appears in Figure 3.20.
Note that we can rewrite any relational algebra expression that uses set intersec-

tion by replacing the intersection operation with a pair of set-difference operations
as:

r ∩ s = r − (r − s)

Thus, set intersection is not a fundamental operation and does not add any power
to the relational algebra. It is simply more convenient to write r ∩ s than to write
r − (r − s).

3.2.3.2 The Natural-Join Operation
It is often desirable to simplify certain queries that require a Cartesian product. Usu-
ally, a query that involves a Cartesian product includes a selection operation on the
result of the Cartesian product. Consider the query “Find the names of all customers
who have a loan at the bank, along with the loan number and the loan amount.” We
first form the Cartesian product of the borrower and loan relations. Then, we select
those tuples that pertain to only the same loan-number, followed by the projection of
the resulting customer-name, loan-number, and amount:

Πcustomer -name, loan.loan-number , amount

(σborrower .loan-number = loan.loan-number (borrower × loan))

The natural join is a binary operation that allows us to combine certain selections and
a Cartesian product into one operation. It is denoted by the “join” symbol �. The
natural-join operation forms a Cartesian product of its two arguments, performs a
selection forcing equality on those attributes that appear in both relation schemas,
and finally removes duplicate attributes.

Although the definition of natural join is complicated, the operation is easy to
apply. As an illustration, consider again the example “Find the names of all customers
who have a loan at the bank, and find the amount of the loan.” We express this query

customer-name
Hayes
Jones
Smith

Figure 3.20 Customers with both an account and a loan at the bank.
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There are cases where we must eliminate multiple occurrences of a value before
computing an aggregate function. If we do want to eliminate duplicates, we use the
same function names as before, with the addition of the hyphenated string “distinct”
appended to the end of the function name (for example, count-distinct). An example
arises in the query “Find the number of branches appearing in the pt-works relation.”
In this case, a branch name counts only once, regardless of the number of employees
working that branch. We write this query as follows:

Gcount-distinct(branch-name)(pt-works)

For the relation in Figure 3.27, the result of this query is a single row containing the
value 3.

Suppose we want to find the total salary sum of all part-time employees at each
branch of the bank separately, rather than the sum for the entire bank. To do so, we
need to partition the relation pt-works into groups based on the branch, and to apply
the aggregate function on each group.

The following expression using the aggregation operator G achieves the desired
result:

branch-nameGsum(salary)(pt-works)

In the expression, the attribute branch-name in the left-hand subscript of G indicates
that the input relation pt-works must be divided into groups based on the value of
branch-name. Figure 3.28 shows the resulting groups. The expression sum(salary) in
the right-hand subscript of G indicates that for each group of tuples (that is, each
branch), the aggregation function sum must be applied on the collection of values of
the salary attribute. The output relation consists of tuples with the branch name, and
the sum of the salaries for the branch, as shown in Figure 3.29.

The general form of the aggregation operation G is as follows:

G1,G2,...,Gn
GF1(A1), F2(A2),..., Fm(Am)(E)

where E is any relational-algebra expression; G1, G2, . . . , Gn constitute a list of at-
tributes on which to group; each Fi is an aggregate function; and each Ai is an at-

employee-name branch-name salary
Rao Austin 1500
Sato Austin 1600
Johnson Downtown 1500
Loreena Downtown 1300
Peterson Downtown 2500
Adams Perryridge 1500
Brown Perryridge 1300
Gopal Perryridge 5300

Figure 3.28 The pt-works relation after grouping.
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Instead of specifying a tuple as we did earlier, we specify a set of tuples that is in-
serted into both the account and depositor relation. Each tuple in the account relation
has an account-number (which is the same as the loan number), a branch-name (Per-
ryridge), and the initial balance of the new account ($200). Each tuple in the depositor
relation has as customer-name the name of the loan customer who is being given the
new account and the same account number as the corresponding account tuple.

3.4.3 Updating
In certain situations, we may wish to change a value in a tuple without changing all
values in the tuple. We can use the generalized-projection operator to do this task:

r ← ΠF1,F2,...,Fn
(r)

where each Fi is either the ith attribute of r, if the ith attribute is not updated, or, if
the attribute is to be updated, Fi is an expression, involving only constants and the
attributes of r, that gives the new value for the attribute.

If we want to select some tuples from r and to update only them, we can use
the following expression; here, P denotes the selection condition that chooses which
tuples to update:

r ← ΠF1,F2,...,Fn
(σP (r)) ∪ (r − σP (r))

To illustrate the use of the update operation, suppose that interest payments are
being made, and that all balances are to be increased by 5 percent. We write

account ← Πaccount-number, branch-name, balance ∗1.05 (account)

Now suppose that accounts with balances over $10,000 receive 6 percent interest,
whereas all others receive 5 percent. We write

account ← ΠAN,BN, balance ∗1.06 (σbalance>10000 (account))
∪ ΠAN , BN balance ∗1.05 (σbalance≤10000 (account))

where the abbreviations AN and BN stand for account-number and branch-name, re-
spectively.

3.5 Views
In our examples up to this point, we have operated at the logical-model level. That
is, we have assumed that the relations in thecollection we are given are the actual
relations stored in the database.

It is not desirable for all users to see the entire logical model. Security consider-
ations may require that certain data be hidden from users. Consider a person who
needs to know a customer’s loan number and branch name, but has no need to see
the loan amount. This person should see a relation described, in the relational alge-
bra, by

Πcustomer -name, loan-number , branch-name (borrower � loan)

Aside from security concerns, we may wish to create a personalized collection of
relations that is better matched to a certain user’s intuition than is the logical model.
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P or that appear in one or more relations whose names appear in P. For example,
dom(t ∈ loan ∧ t[amount ] > 1200) is the set containing 1200 as well as the set of all
values appearing in loan. Also, dom(¬ (t ∈ loan)) is the set of all values appearing
in loan, since the relation loan is mentioned in the expression.

We say that an expression {t | P (t)} is safe if all values that appear in the result
are values from dom(P ). The expression {t |¬ (t ∈ loan)} is not safe. Note that
dom(¬ (t ∈ loan)) is the set of all values appearing in loan. However, it is possible
to have a tuple t not in loan that contains values that do not appear in loan. The other
examples of tuple-relational-calculus expressions that we have written in this section
are safe.

3.6.4 Expressive Power of Languages
The tuple relational calculus restricted to safe expressions is equivalent in expressive
power to the basic relational algebra (with the operators∪,−,×, σ, and ρ, but without
the extended relational operators such as generalized projection G and the outer-join
operations) Thus, for every relational-algebra expression using only the basic opera-
tions, there is an equivalent expression in the tuple relational calculus, and for every
tuple-relational-calculus expression, there is an equivalent relational-algebra expres-
sion. We will not prove this assertion here; the bibliographic notes contain references
to the proof. Some parts of the proof are included in the exercises. We note that the
tuple relational calculus does not have any equivalent of the aggregate operation, but
it can be extended to support aggregation. Extending the tuple relational calculus to
handle arithmetic expressions is straightforward.

3.7 The Domain Relational Calculus∗∗
A second form of relational calculus, called domain relational calculus, uses domain
variables that take on values from an attributes domain, rather than values for an
entire tuple. The domain relational calculus, however, is closely related to the tuple
relational calculus.

Domain relational calculus serves as the theoretical basis of the widely used QBE
language, just as relational algebra serves as the basis for the SQL language.

3.7.1 Formal Definition
An expression in the domain relational calculus is of the form

{< x1, x2, . . . , xn > | P (x1, x2, . . . , xn)}

where x1, x2, . . . , xn represent domain variables. P represents a formula composed
of atoms, as was the case in the tuple relational calculus. An atom in the domain
relational calculus has one of the following forms:

• < x1, x2, . . . , xn > ∈ r, where r is a relation on n attributes and x1, x2, . . . , xn

are domain variables or domain constants.

Preview from Notesale.co.uk

Page 134 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

I. Data Models 3. Relational Model134 © The McGraw−Hill 
Companies, 2001

126 Chapter 3 Relational Model

We note that the domain relational calculus also does not have any equivalent of the
aggregate operation, but it can be extended to support aggregation, and extending it
to handle arithmatic expressions is straightforward.

3.8 Summary
• The relational data model is based on a collection of tables. The user of the

database system may query these tables, insert new tuples, delete tuples, and
update (modify) tuples. There are several languages for expressing these op-
erations.

• The relational algebra defines a set of algebraic operations that operate on
tables, and output tables as their results. These operations can be combined
to get expressions that express desired queries. The algebra defines the basic
operations used within relational query languages.

• The operations in relational algebra can be divided into
� Basic operations
� Additional operations that can be expressed in terms of the basic opera-

tions
� Extended operations, some of which add further expressive power to re-

lational algebra

• Databases can be modified by insertion, deletion, or update of tuples. We
used the relational algebra with the assignment operator to express these
modifications.

• Different users of a shared database may benefit from individualized views of
the database. Views are “virtual relations” defined by a query expression. We
evaluate queries involving views by replacing the view with the expression
that defines the view.

• Views are useful mechanisms for simplifying database queries, but modifica-
tion of the database through views may cause problems. Therefore, database
systems severely restrict updates through views.

• For reasons of query-processing efficiency, a view may be materialized—that
is, the query is evaluated and the result stored physically. When database re-
lations are updated, the materialized view must be correspondingly updated.

• The tuple relational calculus and the domain relational calculus are non-
procedural languages that represent the basic power required in a relational
query language. The basic relational algebra is a procedural language that is
equivalent in power to both forms of the relational calculus when they are
restricted to safe expressions.

• The relational algebra and the relational calculi are terse, formal languages
that are inappropriate for casual users of a database system. Commercial data-
base systems, therefore, use languages with more “syntactic sugar.” In Chap-
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person owns car

participated accident

address

damage-amount

model

yearlicensename

report-number
date

location

driver-id

driver

Figure 3.38 E-R diagram.

3.2 Describe the differences in meaning between the terms relation and relation schema.
Illustrate your answer by referring to your solution to Exercise 3.1.

3.3 Design a relational database corresponding to the E-R diagram of Figure 3.38.

3.4 In Chapter 2, we saw how to represent many-to-many, many-to-one, one-to-
many, and one-to-one relationship sets. Explain how primary keys help us to
represent such relationship sets in the relational model.

3.5 Consider the relational database of Figure 3.39, where the primary keys are un-
derlined. Give an expression in the relational algebra to express each of the fol-
lowing queries:

a. Find the names of all employees who work for First Bank Corporation.
b. Find the names and cities of residence of all employees who work for First

Bank Corporation.
c. Find the names, street address, and cities of residence of all employees who

work for First Bank Corporation and earn more than $10,000 per annum.
d. Find the names of all employees in this database who live in the same city

as the company for which they work.
e. Find the names of all employees who live in the same city and on the same

street as do their managers.
f. Find the names of all employees in this database who do not work for First

Bank Corporation.
g. Find the names of all employees who earn more than every employee of

Small Bank Corporation.
h. Assume the companies may be located in several cities. Find all companies

located in every city in which Small Bank Corporation is located.

3.6 Consider the relation of Figure 3.21, which shows the result of the query “Find
the names of all customers who have a loan at the bank.” Rewrite the query
to include not only the name, but also the city of residence for each customer.
Observe that now customer Jackson no longer appears in the result, even though
Jackson does in fact have a loan from the bank.
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projects the result onto the attributes of the select clause. In practice, SQL may con-
vert the expression into an equivalent form that can be processed more efficiently.
However, we shall defer concerns about efficiency to Chapters 13 and 14.

4.2.1 The select Clause
The result of an SQL query is, of course, a relation. Let us consider a simple query
using our banking example, “Find the names of all branches in the loan relation”:

select branch-name
from loan

The result is a relation consisting of a single attribute with the heading branch-name.
Formal query languages are based on the mathematical notion of a relation being

a set. Thus, duplicate tuples never appear in relations. In practice, duplicate elimina-
tion is time-consuming. Therefore, SQL (like most other commercial query languages)
allows duplicates in relations as well as in the results of SQL expressions. Thus, the
preceding query will list each branch-name once for every tuple in which it appears in
the loan relation.

In those cases where we want to force the elimination of duplicates, we insert the
keyword distinct after select. We can rewrite the preceding query as

select distinct branch-name
from loan

if we want duplicates removed.
SQL allows us to use the keyword all to specify explicitly that duplicates are not

removed:

select all branch-name
from loan

Since duplicate retention is the default, we will not use all in our examples. To ensure
the elimination of duplicates in the results of our example queries, we will use dis-
tinct whenever it is necessary. In most queries where distinct is not used, the exact
number of duplicate copies of each tuple present in the query result is not important.
However, the number is important in certain applications; we return to this issue in
Section 4.2.8.

The asterisk symbol “ * ” can be used to denote “all attributes.” Thus, the use of
loan.* in the preceding select clause would indicate that all attributes of loan are to be
selected. A select clause of the form select * indicates that all attributes of all relations
appearing in the from clause are selected.

The select clause may also contain arithmetic expressions involving the operators
+, −, ∗, and / operating on constants or attributes of tuples. For example, the query

select loan-number, branch-name, amount * 100
from loan
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Then ΠB(r1) would be {(a), (a)}, whereas ΠB(r1) × r2 would be

{(a, 2), (a, 2), (a, 3), (a, 3), (a, 3), (a, 3)}
We can now define how many copies of each tuple occur in the result of an SQL

query. An SQL query of the form

select A1, A2, . . . , An

from r1, r2, . . . , rm

where P

is equivalent to the relational-algebra expression

ΠA1, A2,...,An
(σP (r1 × r2 × · · · × rm))

using the multiset versions of the relational operators σ, Π, and ×.

4.3 Set Operations
The SQL operations union, intersect, and except operate on relations and correspond
to the relational-algebra operations ∪, ∩, and −. Like union, intersection, and set
difference in relational algebra, the relations participating in the operations must be
compatible; that is, they must have the same set of attributes.

Let us demonstrate how several of the example queries that we considered in
Chapter 3 can be written in SQL. We shall now construct queries involving the union,
intersect, and except operations of two sets: the set of all customers who have an
account at the bank, which can be derived by

select customer-name
from depositor

and the set of customers who have a loan at the bank, which can be derived by

select customer-name
from borrower

We shall refer to the relations obtained as the result of the preceding queries as
d and b, respectively.

4.3.1 The Union Operation
To find all customers having a loan, an account, or both at the bank, we write

(select customer-name
from depositor)
union
(select customer-name
from borrower)
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The result of this query is a relation with a single attribute, containing a single tu-
ple with a numerical value corresponding to the average balance at the Perryridge
branch. Optionally, we can give a name to the attribute of the result relation by using
the as clause.

There are circumstances where we would like to apply the aggregate function not
only to a single set of tuples, but also to a group of sets of tuples; we specify this wish
in SQL using the group by clause. The attribute or attributes given in the group by
clause are used to form groups. Tuples with the same value on all attributes in the
group by clause are placed in one group.

As an illustration, consider the query “Find the average account balance at each
branch.” We write this query as follows:

select branch-name, avg (balance)
from account
group by branch-name

Retaining duplicates is important in computing an average. Suppose that the ac-
count balances at the (small) Brighton branch are $1000, $3000, $2000, and $1000. The
average balance is $7000/4 = $1750.00. If duplicates were eliminated, we would ob-
tain the wrong answer ($6000/3 = $2000).

There are cases where we must eliminate duplicates before computing an aggre-
gate function. If we do want to eliminate duplicates, we use the keyword distinct in
the aggregate expression. An example arises in the query “Find the number of de-
positors for each branch.” In this case, a depositor counts only once, regardless of the
number of accounts that depositor may have. We write this query as follows:

select branch-name, count (distinct customer-name)
from depositor, account
where depositor.account-number = account.account-number
group by branch-name

At times, it is useful to state a condition that applies to groups rather than to tu-
ples. For example, we might be interested in only those branches where the average
account balance is more than $1200. This condition does not apply to a single tuple;
rather, it applies to each group constructed by the group by clause. To express such a
query, we use the having clause of SQL. SQL applies predicates in the having clause
after groups have been formed, so aggregate functions may be used. We express this
query in SQL as follows:

select branch-name, avg (balance)
from account
group by branch-name
having avg (balance) > 1200

At times, we wish to treat the entire relation as a single group. In such cases, we
do not use a group by clause. Consider the query “Find the average balance for all
accounts.” We write this query as follows:
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The result of an arithmetic expression (involving, for example +, −, ∗ or /) is null
if any of the input values is null. SQL treats as unknown the result of any comparison
involving a null value (other than is null and is not null).

Since the predicate in a where clause can involve Boolean operations such as and,
or, and not on the results of comparisons, the definitions of the Boolean operations
are extended to deal with the value unknown, as outlined in Section 3.3.4.

• and: The result of true and unknown is unknown, false and unknown is false,
while unknown and unknown is unknown.

• or: The result of true or unknown is true, false or unknown is unknown, while
unknown or unknown is unknown.

• not: The result of not unknown is unknown.

SQL defines the result of an SQL statement of the form

select . . . from R1, · · · , Rn where P

to contain (projections of) tuples in R1 × · · · × Rn for which predicate P evaluates to
true. If the predicate evaluates to either false or unknown for a tuple in R1×· · ·×Rn

(the projection of) the tuple is not added to the result.
SQL also allows us to test whether the result of a comparison is unknown, rather

than true or false, by using the clauses is unknown and is not unknown.
Null values, when they exist, also complicate the processing of aggregate opera-

tors. For example, assume that some tuples in the loan relation have a null value for
amount. Consider the following query to total all loan amounts:

select sum (amount)
from loan

The values to be summed in the preceding query include null values, since some
tuples have a null value for amount. Rather than say that the overall sum is itself null,
the SQL standard says that the sum operator should ignore null values in its input.

In general, aggregate functions treat nulls according to the following rule: All ag-
gregate functions except count(*) ignore null values in their input collection. As a
result of null values being ignored, the collection of values may be empty. The count
of an empty collection is defined to be 0, and all other aggregate operations return a
value of null when applied on an empty collection. The effect of null values on some
of the more complicated SQL constructs can be subtle.

A boolean type data, which can take values true, false, and unknown, was in-
troduced in SQL:1999. The aggregate functions some and every, which mean exactly
what you would intuitively expect, can be applied on a collection of Boolean values.

4.6 Nested Subqueries
SQL provides a mechanism for nesting subqueries. A subquery is a select-from-
where expression that is nested within another query. A common use of subqueries
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is to perform tests for set membership, make set comparisons, and determine set car-
dinality. We shall study these uses in subsequent sections.

4.6.1 Set Membership
SQL draws on the relational calculus for operations that allow testing tuples for mem-
bership in a relation. The in connective tests for set membership, where the set is a
collection of values produced by a select clause. The not in connective tests for the
absence of set membership. As an illustration, reconsider the query “Find all cus-
tomers who have both a loan and an account at the bank.” Earlier, we wrote such a
query by intersecting two sets: the set of depositors at the bank, and the set of bor-
rowers from the bank. We can take the alternative approach of finding all account
holders at the bank who are members of the set of borrowers from the bank. Clearly,
this formulation generates the same results as the previous one did, but it leads us
to write our query using the in connective of SQL. We begin by finding all account
holders, and we write the subquery

(select customer-name
from depositor)

We then need to find those customers who are borrowers from the bank and who
appear in the list of account holders obtained in the subquery. We do so by nesting
the subquery in an outer select. The resulting query is

select distinct customer-name
from borrower
where customer-name in (select customer-name

from depositor)

This example shows that it is possible to write the same query several ways in
SQL. This flexibility is beneficial, since it allows a user to think about the query in
the way that seems most natural. We shall see that there is a substantial amount of
redundancy in SQL.

In the preceding example, we tested membership in a one-attribute relation. It is
also possible to test for membership in an arbitrary relation in SQL. We can thus write
the query “Find all customers who have both an account and a loan at the Perryridge
branch” in yet another way:

select distinct customer-name
from borrower, loan
where borrower.loan-number = loan.loan-number and

branch-name = ’Perryridge’ and
(branch-name, customer-name) in

(select branch-name, customer-name
from depositor, account
where depositor.account-number = account.account-number)
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We must use the close statement to tell the database system to delete the tempo-
rary relation that held the result of the query. For our example, this statement takes
the form

EXEC SQL close c END-EXEC

SQLJ, the Java embedding of SQL, provides a variation of the above scheme, where
Java iterators are used in place of cursors. SQLJ associates the results of a query with
an iterator, and the next() method of the Java iterator interface can be used to step
through the result tuples, just as the preceding examples use fetch on the cursor.

Embedded SQL expressions for database modification (update, insert, and delete)
do not return a result. Thus, they are somewhat simpler to express. A database-
modification request takes the form

EXEC SQL < any valid update, insert, or delete> END-EXEC

Host-language variables, preceded by a colon, may appear in the SQL database-
modification expression. If an error condition arises in the execution of the statement,
a diagnostic is set in the SQLCA.

Database relations can also be updated through cursors. For example, if we want
to add 100 to the balance attribute of every account where the branch name is “Per-
ryridge”, we could declare a cursor as follows.

declare c cursor for
select *
from account
where branch-name = ‘Perryridge‘
for update

We then iterate through the tuples by performing fetch operations on the cursor (as
illustrated earlier), and after fetching each tuple we execute the following code

update account
set balance = balance + 100
where current of c

Embedded SQL allows a host-language program to access the database, but it pro-
vides no assistance in presenting results to the user or in generating reports. Most
commercial database products include tools to assist application programmers in
creating user interfaces and formatted reports. We discuss such tools in Chapter 5
(Section 5.3).

4.13 Dynamic SQL
The dynamic SQL component of SQL allows programs to construct and submit SQL
queries at run time. In contrast, embedded SQL statements must be completely present
at compile time; they are compiled by the embedded SQL preprocessor. Using dy-
namic SQL, programs can create SQL queries as strings at run time (perhaps based on
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Other Relational Languages

In Chapter 4, we described SQL—the most influential commercial relational-database
language. In this chapter, we study two more languages: QBE and Datalog. Unlike
SQL, QBE is a graphical language, where queries look like tables. QBE and its variants
are widely used in database systems on personal computers. Datalog has a syntax
modeled after the Prolog language. Although not used commercially at present, Dat-
alog has been used in several research database systems.

Here, we present fundamental constructs and concepts rather than a complete
users’ guide for these languages. Keep in mind that individual implementations of a
language may differ in details, or may support only a subset of the full language.

In this chapter, we also study forms interfaces and tools for generating reports and
analyzing data. While these are not strictly speaking languages, they form the main
interface to a database for many users. In fact, most users do not perform explicit
querying with a query language at all, and access data only via forms, reports, and
other data analysis tools.

5.1 Query-by-Example
Query-by-Example (QBE) is the name of both a data-manipulation language and an
early database system that included this language. The QBE database system was
developed at IBM’s T. J. Watson Research Center in the early 1970s. The QBE data-
manipulation language was later used in IBM’s Query Management Facility (QMF).
Today, many database systems for personal computers support variants of QBE lan-
guage. In this section, we consider only the data-manipulation language. It has two
distinctive features:

1. Unlike most query languages and programming languages, QBE has a two-
dimensional syntax: Queries look like tables. A query in a one-dimensional

189
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depositor customer-name account-number
P. x y

x ¬ y

In English, the preceding query reads “Display all customer-name values that ap-
pear in at least two tuples, with the second tuple having an account-number different
from the first.”

5.1.3 The Condition Box
At times, it is either inconvenient or impossible to express all the constraints on the
domain variables within the skeleton tables. To overcome this difficulty, QBE includes
a condition box feature that allows the expression of general constraints over any of
the domain variables. QBE allows logical expressions to appear in a condition box.
The logical operators are the words and and or, or the symbols “&” and “|”.

For example, the query “Find the loan numbers of all loans made to Smith, to Jones
(or to both jointly)” can be written as

borrower customer-name loan-number
n P. x

conditions
n = Smith or n = Jones

It is possible to express the above query without using a condition box, by using
P. in multiple rows. However, queries with P. in multiple rows are sometimes hard to
understand, and are best avoided.

As yet another example, suppose that we modify the final query in Section 5.1.2
to be “Find all customers who are not named ‘Jones’ and who have at least two ac-
counts.” We want to include an “x �= Jones” constraint in this query. We do that by
bringing up the condition box and entering the constraint “x ¬ = Jones”:

conditions
x ¬ = Jones

Turning to another example, to find all account numbers with a balance between
$1300 and $1500, we write

account account-number branch-name balance
P. x

conditions
x ≥ 1300
x ≤ 1500
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As an illustration, consider the query “Find the customer-name, account-number, and
balance for all accounts at the Perryridge branch.” In relational algebra, we would
construct this query as follows:

1. Join depositor and account.

2. Project customer-name, account-number, and balance.

To construct the same query in QBE, we proceed as follows:

1. Create a skeleton table, called result, with attributes customer-name, account-
number, and balance. The name of the newly created skeleton table (that is,
result) must be different from any of the previously existing database relation
names.

2. Write the query.

The resulting query is

account account-number branch-name balance
y Perryridge z

depositor customer-name account-number
x y

result customer-name account-number balance
P. x y z

5.1.5 Ordering of the Display of Tuples
QBE offers the user control over the order in which tuples in a relation are displayed.
We gain this control by inserting either the command AO. (ascending order) or the
command DO. (descending order) in the appropriate column. Thus, to list in ascend-
ing alphabetic order all customers who have an account at the bank, we write

depositor customer-name account-number
P.AO.

QBE provides a mechanism for sorting and displaying data in multiple columns.
We specify the order in which the sorting should be carried out by including, with
each sort operator (AO or DO), an integer surrounded by parentheses. Thus, to list all
account numbers at the Perryridge branch in ascending alphabetic order with their
respective account balances in descending order, we write

account account-number branch-name balance
P.AO(1). Perryridge P.DO(2).
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depositor customer-name account-number
P.G. x y

account account-number branch-name balance
y z

branch branch-name branch-city assets
z Brooklyn
w Brooklyn

conditions
CNT.UNQ. z =
CNT.UNQ. w

The domain variable w can hold the value of names of branches located in Brook-
lyn. Thus, CNT.UNQ. w is the number of distinct branches in Brooklyn. The domain
variable z can hold the value of branches in such a way that both of the following
hold:

• The branch is located in Brooklyn.

• The customer whose name is x has an account at the branch.

Thus, CNT.UNQ. z is the number of distinct branches in Brooklyn at which customer x
has an account. If CNT.UNQ. z = CNT.UNQ. w, then customer x must have an account
at all of the branches located in Brooklyn. In such a case, the displayed result includes
x (because of the P.).

5.1.7 Modification of the Database
In this section, we show how to add, remove, or change information in QBE.

5.1.7.1 Deletion
Deletion of tuples from a relation is expressed in much the same way as a query. The
major difference is the use of D. in place of P. QBE (unlike SQL), lets us delete whole
tuples, as well as values in selected columns. When we delete information in only
some of the columns, null values, specified by −, are inserted.

We note that a D. command operates on only one relation. If we want to delete
tuples from several relations, we must use one D. operator for each relation.

Here are some examples of QBE delete requests:

• Delete customer Smith.

customer customer-name customer-street customer-city
D. Smith
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interest

account

interest-rate
perryridge-account

layer 2

layer 1

database

Figure 5.9 Layering of view relations.

in level 1, since all the relations used in the two rules defining it are in the database.
Relation perryridge-account is similarly in layer 1. Finally, relation interest is in layer
2, since it is not in layer 1 and all the relations used in the rule defining it are in the
database or in layers lower than 2.

We can now define the semantics of a Datalog program in terms of the layering of
view relations. Let the layers in a given program be 1, 2, . . . , n. Let Ri denote the set
of all rules defining view relations in layer i.

• We define I0 to be the set of facts stored in the database, and define I1 as

I1 = I0 ∪ infer(R1, I0)

• We proceed in a similar fashion, defining I2 in terms of I1 and R2, and so on,
using the following definition:

Ii+1 = Ii ∪ infer(Ri+1, Ii)

• Finally, the set of facts in the view relations defined by the program (also called
the semantics of the program) is given by the set of facts In corresponding to
the highest layer n.

For the program in Figure 5.6, I0 is the set of facts in the database, and I1 is the set
of facts in the database along with all facts that we can infer from I0 using the rules for
relations interest-rate and perryridge-account. Finally, I2 contains the facts in I1 along
with the facts for relation interest that we can infer from the facts in I1 by the rule
defining interest. The semantics of the program—that is, the set of those facts that are
in each of the view relations—is defined as the set of facts I2.

Recall that, in Section 3.5.3, we saw how to define the meaning of nonrecursive
relational-algebra views by a technique known as view expansion. View expansion
can be used with nonrecursive Datalog views as well; conversely, the layering tech-
nique described here can also be used with relational-algebra views.
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ation is more complicated than using recursion, and evaluation by recursion can be
optimized to run faster than evaluation by iteration.

The expressive power provided by recursion must be used with care. It is relatively
easy to write recursive programs that will generate an infinite number of facts, as this
program illustrates:

number(0)
number(A) :– number(B), A = B + 1

The program generates number(n) for all positive integers n, which is clearly infinite,
and will not terminate. The second rule of the program does not satisfy the safety
condition in Section 5.2.4. Programs that satisfy the safety condition will terminate,
even if they are recursive, provided that all database relations are finite. For such
programs, tuples in view relations can contain only constants from the database, and
hence the view relations must be finite. The converse is not true; that is, there are
programs that do not satisfy the safety conditions, but that do terminate.

5.2.8 Recursion in Other Languages
The SQL:1999 standard supports a limited form of recursion, using the with recursive
clause. Suppose the relation manager has attributes emp and mgr. We can find every
pair (X, Y ) such that X is directly or indirectly managed by Y , using this SQL:1999
query:

with recursive empl(emp, mgr) as (
select emp, mgr
from manager

union
select emp, empl.mgr
from manager, empl
where manager.mgr = empl.emp

)
select ∗
from empl

Recall that the with clause is used to define a temporary view whose definition is
available only to the query where it is defined. The additional keyword recursive
specifies that the view is recursive. The SQL definition of the view empl above is
equivalent to the Datalog version we saw in Section 5.2.6.

The procedure Datalog-Fixpoint iteratively uses the function infer(R, I) to com-
pute what facts are true, given a recursive Datalog program. Although we consid-
ered only the case of Datalog programs without negative literals, the procedure can
also be used on views defined in other languages, such as SQL or relational algebra,
provided that the views satisfy the conditions described next. Regardless of the lan-
guage used to define a view V, the view can be thought of as being defined by an
expression EV that, given a set of facts I, returns a set of facts EV (I) for the view rela-
tion V. Given a set of view definitions R (in any language), we can define a function
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create domain HourlyWage numeric(5,2)
constraint wage-value-test check(value >= 4.00)

The domain HourlyWage has a constraint that ensures that the hourly wage is greater
than 4.00. The clause constraint wage-value-test is optional, and is used to give the
name wage-value-test to the constraint. The name is used to indicate which constraint
an update violated.

The check clause can also be used to restrict a domain to not contain any null
values:

create domain AccountNumber char(10)
constraint account-number-null-test check(value not null )

As another example, the domain can be restricted to contain only a specified set of
values by using the in clause:

create domain AccountType char(10)
constraint account-type-test

check(value in (’Checking’, ’Saving’))

The preceding check conditions can be tested quite easily, when a tuple is inserted
or modified. However, in general, the check conditions can be more complex (and
harder to check), since subqueries that refer to other relations are permitted in the
check condition. For example, this constraint could be specified on the relation de-
posit:

check (branch-name in (select branch-name from branch))

The check condition verifies that the branch-name in each tuple in the deposit relation
is actually the name of a branch in the branch relation. Thus, the condition has to be
checked not only when a tuple is inserted or modified in deposit, but also when the
relation branch changes (in this case, when a tuple is deleted or modified in relation
branch).

The preceding constraint is actually an example of a class of constraints called
referential-integrity constraints. We discuss such constraints, along with a simpler way
of specifying them in SQL, in Section 6.2.

Complex check conditions can be useful when we want to ensure integrity of data,
but we should use them with care, since they may be costly to test.

6.2 Referential Integrity
Often, we wish to ensure that a value that appears in one relation for a given set of
attributes also appears for a certain set of attributes in another relation. This condition
is called referential integrity.
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wise been declared to be non-null. If all the columns of a foreign key are non-null in
a given tuple, the usual definition of foreign-key constraints is used for that tuple. If
any of the foreign-key columns is null, the tuple is defined automatically to satisfy
the constraint.

This definition may not always be the right choice, so SQL also provides constructs
that allow you to change the behavior with null values; we do not discuss the con-
structs here. To avoid such complexity, it is best to ensure that all columns of a foreign
key specification are declared to be non-null.

Transactions may consist of several steps, and integrity constraints may be vio-
lated temporarily after one step, but a later step may remove the violation. For in-
stance, suppose we have a relation marriedperson with primary key name, and an at-
tribute spouse, and suppose that spouse is a foreign key on marriedperson. That is, the
constraint says that the spouse attribute must contain a name that is present in the per-
son table. Suppose we wish to note the fact that John and Mary are married to each
other by inserting two tuples, one for John and one for Mary, in the above relation.
The insertion of the first tuple would violate the foreign key constraint, regardless of
which of the two tuples is inserted first. After the second tuple is inserted the foreign
key constraint would hold again.

To handle such situations, integrity constraints are checked at the end of a trans-
action, and not at intermediate steps.1

6.3 Assertions
An assertion is a predicate expressing a condition that we wish the database always
to satisfy. Domain constraints and referential-integrity constraints are special forms
of assertions. We have paid substantial attention to these forms of assertion because
they are easily tested and apply to a wide range of database applications. However,
there are many constraints that we cannot express by using only these special forms.
Two examples of such constraints are:

• The sum of all loan amounts for each branch must be less than the sum of all
account balances at the branch.

• Every loan has at least one customer who maintains an account with a mini-
mum balance of $1000.00.

An assertion in SQL takes the form

create assertion <assertion-name> check <predicate>

Here is how the two examples of constraints can be written. Since SQL does not
provide a “for all X , P (X)” construct (where P is a predicate), we are forced to im-

1. We can work around the problem in the above example in another way, if the spouse attribute can be
set to null: We set the spouse attributes to null when inserting the tuples for John and Mary, and we update
them later. However, this technique is rather messy, and does not work if the attributes cannot be set to
null.
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create trigger overdraft-trigger after update on account
referencing new row as nrow
for each row
when nrow.balance < 0
begin atomic

insert into borrower
(select customer-name, account-number
from depositor
where nrow.account-number = depositor.account-number);

insert into loan values
(nrow.account-number, nrow.branch-name, − nrow.balance);

update account set balance = 0
where account.account-number = nrow.account-number

end

Figure 6.3 Example of SQL:1999 syntax for triggers.

own syntax for triggers, leading to incompatibilities. We outline in Figure 6.3 the
SQL:1999 syntax for triggers (which is similar to the syntax in the IBM DB2 and Oracle
database systems).

This trigger definition specifies that the trigger is initiated after any update of the
relation account is executed. An SQL update statement could update multiple tuples
of the relation, and the for each row clause in the trigger code would then explicitly
iterate over each updated row. The referencing new row as clause creates a variable
nrow (called a transition variable), which stores the value of an updated row after
the update.

The when statement specifies a condition, namely nrow.balance < 0. The system
executes the rest of the trigger body only for tuples that satisfy the condition. The
begin atomic . . . end clause serves to collect multiple SQL statements into a single
compound statement. The two insert statements with the begin . . . end structure
carry out the specific tasks of creating new tuples in the borrower and loan relations to
represent the new loan. The update statement serves to set the account balance back
to 0 from its earlier negative value.

The triggering event and actions can take many forms:

• The triggering event can be insert or delete, instead of update.
For example, the action on delete of an account could be to check if the

holders of the account have any remaining accounts, and if they do not, to
delete them from the depositor relation. You can define this trigger as an exer-
cise (Exercise 6.7).

As another example, if a new depositor is inserted, the triggered action could
be to send a welcome letter to the depositor. Obviously a trigger cannot di-
rectly cause such an action outside the database, but could instead add a tu-
ple to a relation storing addresses to which welcome letters need to be sent. A
separate process would go over this table, and print out letters to be sent.
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create trigger overdraft-trigger on account
for update
as
if nrow.balance < 0
begin

insert into borrower
(select customer-name, account-number
from depositor, inserted
where inserted.account-number = depositor.account-number)

insert into loan values
(inserted.account-number, inserted.branch-name, − inserted.balance)

update account set balance = 0
from account, inserted
where account.account-number = inserted.account-number

end

Figure 6.5 Example of trigger in MS-SQL server syntax

easier way to maintain summary data. Designers also used triggers extensively for
replicating databases; they used triggers on insert/delete/update of each relation to
record the changes in relations called change or delta relations. A separate process
copied over the changes to the replica (copy) of the database, and the system executed
the changes on the replica. Modern database systems, however, provide built-in fa-
cilities for database replication, making triggers unnecessary for replication in most
cases.

In fact, many trigger applications, including our example overdraft trigger, can be
substituted by “encapsulation” features being introduced in SQL:1999. Encapsulation
can be used to ensure that updates to the balance attribute of account are done only
through a special procedure. That procedure would in turn check for negative bal-
ance, and carry out the actions of the overdraft trigger. Encapsulations can replace
the reorder trigger in a similar manner.

Triggers should be written with great care, since a trigger error detected at run
time causes the failure of the insert/delete/update statement that set off the trigger.
Furthermore, the action of one trigger can set off another trigger. In the worst case,
this could even lead to an infinite chain of triggering. For example, suppose an insert
trigger on a relation has an action that causes another (new) insert on the same rela-
tion. The insert action then triggers yet another insert action, and so on ad infinitum.
Database systems typically limit the length of such chains of triggers (for example to
16 or 32), and consider longer chains of triggering an error.

Triggers are occasionally called rules, or active rules, but should not be confused
with Datalog rules (see Section 5.2), which are really view definitions.

6.5 Security and Authorization
The data stored in the database need protection from unauthorized access and mali-
cious destruction or alteration, in addition to the protection against accidental intro-
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duction of inconsistency that integrity constraints provide. In this section, we exam-
ine the ways in which data may be misused or intentionally made inconsistent. We
then present mechanisms to guard against such occurrences.

6.5.1 Security Violations
Among the forms of malicious access are:

• Unauthorized reading of data (theft of information)

• Unauthorized modification of data

• Unauthorized destruction of data

Database security refers to protection from malicious access. Absolute protection
of the database from malicious abuse is not possible, but the cost to the perpetrator
can be made high enough to deter most if not all attempts to access the database
without proper authority.

To protect the database, we must take security measures at several levels:

• Database system. Some database-system users may be authorized to access
only a limited portion of the database. Other users may be allowed to issue
queries, but may be forbidden to modify the data. It is the responsibility of
the database system to ensure that these authorization restrictions are not vi-
olated.

• Operating system. No matter how secure the database system is, weakness in
operating-system security may serve as a means of unauthorized access to the
database.

• Network. Since almost all database systems allow remote access through ter-
minals or networks, software-level security within the network software is as
important as physical security, both on the Internet and in private networks.

• Physical. Sites with computer systems must be physically secured against
armed or surreptitious entry by intruders.

• Human. Users must be authorized carefully to reduce the chance of any user
giving access to an intruder in exchange for a bribe or other favors.

Security at all these levels must be maintained if database security is to be ensured.
A weakness at a low level of security (physical or human) allows circumvention of
strict high-level (database) security measures.

In the remainder of this section, we shall address security at the database-system
level. Security at the physical and human levels, although important, is beyond the
scope of this text.

Security within the operating system is implemented at several levels, ranging
from passwords for access to the system to the isolation of concurrent processes run-
ning within the system. The file system also provides some degree of protection. The
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The SQL data-definition language includes commands to grant and revoke priv-
ileges. The grant statement is used to confer authorization. The basic form of this
statement is:

grant <privilege list> on <relation name or view name> to <user/role list>

The privilege list allows the granting of several privileges in one command.
The following grant statement grants users U1, U2, and U3 select authorization on

the account relation:

grant select on account to U1, U2, U3

The update authorization may be given either on all attributes of the relation or
on only some. If update authorization is included in a grant statement, the list of at-
tributes on which update authorization is to be granted optionally appears in paren-
theses immediately after the update keyword. If the list of attributes is omitted, the
update privilege will be granted on all attributes of the relation.

This grant statement gives users U1, U2, and U3 update authorization on the amount
attribute of the loan relation:

grant update (amount) on loan to U1, U2, U3

The insert privilege may also specify a list of attributes; any inserts to the relation
must specify only these attributes, and the system either gives each of the remaining
attributes default values (if a default is defined for the attribute) or sets them to null.

The SQL references privilege is granted on specific attributes in a manner like
that for the update privilege. The following grant statement allows user U1 to create
relations that reference the key branch-name of the branch relation as a foreign key:

grant references (branch-name) on branch to U1

Initially, it may appear that there is no reason ever to prevent users from creating for-
eign keys referencing another relation. However, recall from Section 6.2 that foreign-
key constraints restrict deletion and update operations on the referenced relation.
In the preceding example, if U1 creates a foreign key in a relation r referencing the
branch-name attribute of the branch relation, and then inserts a tuple into r pertaining
to the Perryridge branch, it is no longer possible to delete the Perryridge branch from
the branch relation without also modifying relation r. Thus, the definition of a foreign
key by U1 restricts future activity by other users; therefore, there is a need for the
references privilege.

The privilege all privileges can be used as a short form for all the allowable priv-
ileges. Similarly, the user name public refers to all current and future users of the
system. SQL also includes a usage privilege that authorizes a user to use a specified
domain (recall that a domain corresponds to the programming-language notion of a
type, and may be user defined).

Preview from Notesale.co.uk

Page 253 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

II. Relational Databases 6. Integrity and Security250 © The McGraw−Hill 
Companies, 2001

246 Chapter 6 Integrity and Security

6.6.2 Roles
Roles can be created in SQL:1999 as follows

create role teller

Roles can then be granted privileges just as the users can, as illustrated in this state-
ment:

grant select on account
to teller

Roles can be asigned to the users, as well as to some other roles, as these statements
show.

grant teller to john
create role manager
grant teller to manager
grant manager to mary

Thus the privileges of a user or a role consist of

• All privileges directly granted to the user/role

• All privileges granted to roles that have been granted to the user/role

Note that there can be a chain of roles; for example, the role employee may be granted
to all tellers. In turn the role teller is granted to all managers. Thus, the manager role in-
herits all privileges granted to the roles employee and to teller in addition to privileges
granted directly to manager.

6.6.3 The Privilege to Grant Privileges
By default, a user/role that is granted a privilege is not authorized to grant that priv-
ilege to another user/role. If we wish to grant a privilege and to allow the recipient
to pass the privilege on to other users, we append the with grant option clause to the
appropriate grant command. For example, if we wish to allow U1 the select privilege
on branch and allow U1 to grant this privilege to others, we write

grant select on branch to U1 with grant option

To revoke an authorization, we use the revoke statement. It takes a form almost
identical to that of grant:

revoke <privilege list> on <relation name or view name>
from <user/role list> [restrict | cascade]

Thus, to revoke the privileges that we granted previously, we write

Preview from Notesale.co.uk

Page 254 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

II. Relational Databases 6. Integrity and Security252 © The McGraw−Hill 
Companies, 2001

248 Chapter 6 Integrity and Security

• Implementing authorization through application code, rather than specifying
it declaratively in SQL, makes it hard to ensure the absence of loopholes. Be-
cause of an oversight, one of the application programs may not check for au-
thorization, allowing unauthorized users access to confidential data. Verifying
that all application programs make all required authorization checks involves
reading through all the application server code, a formidable task in a large
system.

6.7 Encryption and Authentication
The various provisions that a database system may make for authorization may still
not provide sufficient protection for highly sensitive data. In such cases, data may
be stored in encrypted form. It is not possible for encrypted data to be read unless
the reader knows how to decipher (decrypt) them. Encryption also forms the basis of
good schemes for authenticating users to a database.

6.7.1 Encryption Techniques
There are a vast number of techniques for the encryption of data. Simple encryption
techniques may not provide adequate security, since it may be easy for an unautho-
rized user to break the code. As an example of a weak encryption technique, consider
the substitution of each character with the next character in the alphabet. Thus,

Perryridge

becomes

Qfsszsjehf

If an unauthorized user sees only “Qfsszsjehf,” she probably has insufficient infor-
mation to break the code. However, if the intruder sees a large number of encrypted
branch names, she could use statistical data regarding the relative frequency of char-
acters to guess what substitution is being made (for example, E is the most common
letter in English text, followed by T, A, O, N, I and so on).

A good encryption technique has the following properties:

• It is relatively simple for authorized users to encrypt and decrypt data.

• It depends not on the secrecy of the algorithm, but rather on a parameter of
the algorithm called the encryption key.

• Its encryption key is extremely difficult for an intruder to determine.

One approach, the Data Encryption Standard (DES), issued in 1977, does both a
substitution of characters and a rearrangement of their order on the basis of an en-
cryption key. For this scheme to work, the authorized users must be provided with
the encryption key via a secure mechanism. This requirement is a major weakness,
since the scheme is no more secure than the security of the mechanism by which
the encryption key is transmitted. The DES standard was reaffirmed in 1983, 1987,
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and again in 1993. However, weakness in DES was recongnized in 1993 as reaching a
point where a new standard to be called the Advanced Encryption Standard (AES),
needed to be selected. In 2000, the Rijndael algorithm (named for the inventors
V. Rijmen and J. Daemen), was selected to be the AES. The Rijndael algorithm was
chosen for its significantly stronger level of security and its relative ease of imple-
mentation on current computer systems as well as such devices as smart cards. Like
the DES standard, the Rijndael algorithm is a shared-key (or, symmetric key) algo-
rithm in which the authorized users share a key.

Public-key encryption is an alternative scheme that avoids some of the problems
that we face with the DES. It is based on two keys; a public key and a private key. Each
user Ui has a public key Ei and a private key Di. All public keys are published: They
can be seen by anyone. Each private key is known to only the one user to whom the
key belongs. If user U1 wants to store encrypted data, U1 encrypts them using public
key E1. Decryption requires the private key D1.

Because the encryption key for each user is public, it is possible to exchange infor-
mation securely by this scheme. If user U1 wants to share data with U2, U1 encrypts
the data using E2, the public key of U2. Since only user U2 knows how to decrypt the
data, information is transferred securely.

For public-key encryption to work, there must be a scheme for encryption that
can be made public without making it easy for people to figure out the scheme for
decryption. In other words, it must be hard to deduce the private key, given the public
key. Such a scheme does exist and is based on these conditions:

• There is an efficient algorithm for testing whether or not a number is prime.

• No efficient algorithm is known for finding the prime factors of a number.

For purposes of this scheme, data are treated as a collection of integers. We create
a public key by computing the product of two large prime numbers: P1 and P2. The
private key consists of the pair (P1, P2). The decryption algorithm cannot be used
successfully if only the product P1P2 is known; it needs the individual values P1 and
P2. Since all that is published is the product P1P2, an unauthorized user would need
to be able to factor P1P2 to steal data. By choosing P1 and P2 to be sufficiently large
(over 100 digits), we can make the cost of factoring P1P2 prohibitively high (on the
order of years of computation time, on even the fastest computers).

The details of public-key encryption and the mathematical justification of this tech-
nique’s properties are referenced in the bibliographic notes.

Although public-key encryption by this scheme is secure, it is also computation-
ally expensive. A hybrid scheme used for secure communication is as follows: DES
keys are exchanged via a public-key–encryption scheme, and DES encryption is used
on the data transmitted subsequently.

6.7.2 Authentication
Authentication refers to the task of verifying the identity of a person/software con-
necting to a database. The simplest form of authentication consists of a secret pass-
word which must be presented when a connection is opened to a database.
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The domain of all integers would be nonatomic if we considered each integer to be
an ordered list of digits.

As a practical illustration of the above point, consider an organization that as-
signs employees identification numbers of the following form: The first two letters
specify the department and the remaining four digits are a unique number within
the department for the employee. Examples of such numbers would be CS0012 and
EE1127. Such identification numbers can be divided into smaller units, and are there-
fore nonatomic. If a relation schema had an attribute whose domain consists of iden-
tification numbers encoded as above, the schema would not be in first normal form.

When such identification numbers are used, the department of an employee can
be found by writing code that breaks up the structure of an identification number.
Doing so requires extra programming, and information gets encoded in the applica-
tion program rather than in the database. Further problems arise if such identification
numbers are used as primary keys: When an employee changes department, the em-
ployee’s identification number must be changed everywhere it occurs, which can be
a difficult task, or the code that interprets the number would give a wrong result.

The use of set valued attributes can lead to designs with redundant storage of data,
which in turn can result in inconsistencies. For instance, instead of the relationship
between accounts and customers being represented as a separate relation depositor,
a database designer may be tempted to store a set of owners with each account, and
a set of accounts with each customer. Whenever an account is created, or the set of
owners of an account is updated, the update has to be performed at two places; fail-
ure to perform both updates can leave the database in an inconsistent state. Keeping
only one of these sets would avoid repeated information, but would complicate some
queries. Set valued attributes are also more complicated to write queries with, and
more complicated to reason about.

In this chapter we consider only atomic domains, and assume that relations are in
first normal form. Although we have not mentioned first normal form earlier, when
we introduced the relational model in Chapter 3 we stated that attribute values must
be atomic.

Some types of nonatomic values can be useful, although they should be used with
care. For example, composite valued attributes are often useful, and set valued at-
tributes are also useful in many cases, which is why both are supported in the E-R
model. In many domains where entities have a complex structure, forcing a first nor-
mal form representation represents an unnecessary burden on the application pro-
grammer, who has to write code to convert data into atomic form. There is also a run-
time overhead of converting data back and forth from the atomic form. Support for
nonatomic values can thus be very useful in such domains. In fact, modern database
systems do support many types of nonatomic values, as we will see in Chapters 8
and 9. However, in this chapter we restrict ourselves to relations in first normal form.

7.2 Pitfalls in Relational-Database Design
Before we continue our discussion of normal forms, let us look at what can go wrong
in a bad database design. Among the undesirable properties that a bad design may
have are:
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• Repetition of information

• Inability to represent certain information

We shall discuss these problems with the help of a modified database design for our
banking example: In contrast to the relation schema used in Chapters 3 to 6, sup-
pose the information concerning loans is kept in one single relation, lending, which is
defined over the relation schema

Lending-schema = (branch-name, branch-city, assets, customer-name,
loan-number, amount)

Figure 7.1 shows an instance of the relation lending (Lending-schema). A tuple t in the
lending relation has the following intuitive meaning:

• t[assets] is the asset figure for the branch named t[branch-name].

• t[branch-city] is the city in which the branch named t[branch-name] is located.

• t[loan-number] is the number assigned to a loan made by the branch named
t[branch-name] to the customer named t[customer-name].

• t[amount] is the amount of the loan whose number is t[loan-number].

Suppose that we wish to add a new loan to our database. Say that the loan is made
by the Perryridge branch to Adams in the amount of $1500. Let the loan-number be
L-31. In our design, we need a tuple with values on all the attributes of Lending-
schema. Thus, we must repeat the asset and city data for the Perryridge branch, and
must add the tuple

(Perryridge, Horseneck, 1700000, Adams, L-31, 1500)

customer- loan-
branch-name branch-city assets name number amount
Downtown Brooklyn 9000000 Jones L-17 1000
Redwood Palo Alto 2100000 Smith L-23 2000
Perryridge Horseneck 1700000 Hayes L-15 1500
Downtown Brooklyn 9000000 Jackson L-14 1500
Mianus Horseneck 400000 Jones L-93 500
Round Hill Horseneck 8000000 Turner L-11 900
Pownal Bennington 300000 Williams L-29 1200
North Town Rye 3700000 Hayes L-16 1300
Downtown Brooklyn 9000000 Johnson L-18 2000
Perryridge Horseneck 1700000 Glenn L-25 2500
Brighton Brooklyn 7100000 Brooks L-10 2200

Figure 7.1 Sample lending relation.
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loan-number branch-name amount
DowntownL-17 1000

L-23 Redwood 2000
L-15 Perryridge

Perryridge

1500
L-14 Downtown

Downtown

1500
L-93 Mianus 500
L-11 Round Hill 900
L-29 Pownal 1200
L-16 North Town 1300
L-18 2000
L-25 2500
L-10 Brighton 2200

Figure 7.4 The loan relation.

can have streets with the same name. Thus, it is possible, at some time, to have an
instance of the customer relation in which customer-street → customer-city is not satis-
fied. So, we would not include customer-street → customer-city in the set of functional
dependencies that hold on Customer-schema.

In the loan relation (on Loan-schema) of Figure 7.4, we see that the dependency loan-
number → amount is satisfied. In contrast to the case of customer-city and customer-
street in Customer-schema, we do believe that the real-world enterprise that we are
modeling requires each loan to have only one amount. Therefore, we want to require
that loan-number → amount be satisfied by the loan relation at all times. In other words,
we require that the constraint loan-number → amount hold on Loan-schema.

In the branch relation of Figure 7.5, we see that branch-name → assets is satisfied,
as is assets → branch-name. We want to require that branch-name → assets hold on
Branch-schema. However, we do not wish to require that assets → branch-name hold,
since it is possible to have several branches that have the same asset value.

In what follows, we assume that, when we design a relational database, we first
list those functional dependencies that must always hold. In the banking example,
our list of dependencies includes the following:

branch-name branch-city assets
Downtown Brooklyn 9000000
Redwood Palo Alto 2100000
Perryridge Horseneck 1700000
Mianus Horseneck 400000
Round Hill Horseneck 8000000
Pownal Bennington 300000
North Town Rye 3700000
Brighton Brooklyn 7100000

Figure 7.5 The branch relation.
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2. If B is deleted, we get the set {A → C, B → AC, and C → AB}. This case is
symmetrical to the previous case, leading to the canonical covers

Fc = {A → C, C → B, and B → A}, and
Fc = {A → C, B → C, and C → AB}.

As an exercise, can you find one more canonical cover for F ?

7.4 Decomposition
The bad design of Section 7.2 suggests that we should decompose a relation schema
that has many attributes into several schemas with fewer attributes. Careless decom-
position, however, may lead to another form of bad design.

Consider an alternative design in which we decompose Lending-schema into the
following two schemas:

Branch-customer-schema = (branch-name, branch-city, assets, customer-name)
Customer-loan-schema = (customer-name, loan-number, amount)

Using the lending relation of Figure 7.1, we construct our new relations branch-customer
(Branch-customer) and customer-loan (Customer-loan-schema):

branch-customer = Πbranch-name, branch-city, assets, customer-name (lending)
customer -loan = Πcustomer-name, loan-number , amount (lending)

Figures 7.9 and 7.10, respectively, show the resulting branch-customer and customer-
name relations.

Of course, there are cases in which we need to reconstruct the loan relation. For
example, suppose that we wish to find all branches that have loans with amounts
less than $1000. No relation in our alternative database contains these data. We need
to reconstruct the lending relation. It appears that we can do so by writing

branch-customer � customer -loan

branch-name branch-city assets customer-name
Downtown Brooklyn 9000000 Jones
Redwood Palo Alto 2100000 Smith
Perryridge Horseneck 1700000 Hayes
Downtown Brooklyn 9000000 Jackson
Mianus Horseneck 400000 Jones
Round Hill Horseneck 8000000 Turner
Pownal Bennington 300000 Williams
North Town Rye 3700000 Hayes
Downtown Brooklyn 9000000 Johnson
Perryridge Horseneck 1700000 Glenn
Brighton Brooklyn 7100000 Brooks

Figure 7.9 The relation branch-customer.
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customer- loan-
branch-name branch-city assets name number amount
Downtown Brooklyn 9000000 Jones L-17 1000
Downtown Brooklyn 9000000 Jones L-93 500
Redwood Palo Alto 2100000 Smith L-23 2000
Perryridge Horseneck 1700000 Hayes L-15 1500
Perryridge Horseneck 1700000 Hayes L-16 1300
Downtown Brooklyn 9000000 Jackson L-14 1500
Mianus Horseneck 400000 Jones L-17 1000
Mianus Horseneck 400000 Jones L-93 500
Round Hill Horseneck 8000000 Turner L-11 900
Pownal Bennington 300000 Williams L-29 1200
North Town Rye 3700000 Hayes L-15 1500
North Town Rye 3700000 Hayes L-16 1300
Downtown Brooklyn 9000000 Johnson L-18 2000
Perryridge Horseneck 1700000 Glenn L-25 2500
Brighton Brooklyn 7100000 Brooks L-10 2200

Figure 7.11 The relation branch-customer � customer -loan .

tion. It should be clear from our example that a lossy-join decomposition is, in gen-
eral, a bad database design.

Why is the decomposition lossy? There is one attribute in common between Branch-
customer-schema and Customer-loan-schema:

Branch-customer-schema ∩ Customer-loan-schema = {customer-name}
The only way that we can represent a relationship between, for example, loan-number
and branch-name is through customer-name. This representation is not adequate be-
cause a customer may have several loans, yet these loans are not necessarily obtained
from the same branch.

Let us consider another alternative design, in which we decompose Lending-schema
into the following two schemas:

Branch-schema = (branch-name, branch-city, assets)
Loan-info-schema = (branch-name, customer-name, loan-number, amount)

There is one attribute in common between these two schemas:

Branch-loan-schema ∩ Customer-loan-schema = {branch-name}
Thus, the only way that we can represent a relationship between, for example,
customer-name and assets is through branch-name. The difference between this exam-
ple and the preceding one is that the assets of a branch are the same, regardless
of the customer to which we are referring, whereas the lending branch associated
with a certain loan amount does depend on the customer to which we are referring.
For a given branch-name, there is exactly one assets value and exactly one branch-city;
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Later in this chapter, we shall introduce constraints other than functional depen-
dencies. We say that a relation is legal if it satisfies all rules, or constraints, that we
impose on our database.

Let C represent a set of constraints on the database, and let R be a relation schema.
A decomposition {R1, R2, . . . , Rn} of R is a lossless-join decomposition if, for all
relations r on schema R that are legal under C,

r = ΠR1 (r) � ΠR2 (r) � · · · � ΠRn
(r)

We shall show how to test whether a decomposition is a lossless-join decomposi-
tion in the next few sections. A major part of this chapter deals with the questions of
how to specify constraints on the database, and how to obtain lossless-join decom-
positions that avoid the pitfalls represented by the examples of bad database designs
that we have seen in this section.

7.5 Desirable Properties of Decomposition
We can use a given set of functional dependencies in designing a relational database
in which most of the undesirable properties discussed in Section 7.2 do not occur.
When we design such systems, it may become necessary to decompose a relation
into several smaller relations.

In this section, we outline the desirable properties of a decomposition of a rela-
tional schema. In later sections, we outline specific ways of decomposing a relational
schema to get the properties we desire. We illustrate our concepts with the Lending-
schema schema of Section 7.2:

Lending-schema = (branch-name, branch-city, assets, customer-name,
loan-number, amount)

The set F of functional dependencies that we require to hold on Lending-schema are

branch-name → branch-city assets
loan-number → amount branch-name

As we discussed in Section 7.2, Lending-schema is an example of a bad database
design. Assume that we decompose it to the following three relations:

Branch-schema = (branch-name, branch-city, assets)
Loan-schema = (loan-number, branch-name, amount)
Borrower-schema = (customer-name, loan-number)

We claim that this decomposition has several desirable properties, which we discuss
next. Note that these three relation schemas are precisely the ones that we used pre-
viously, in Chapters 3 through 5.

7.5.1 Lossless-Join Decomposition
In Section 7.2, we argued that, when we decompose a relation into a number of
smaller relations, it is crucial that the decomposition be lossless. We claim that the
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Oracle
Hakan Jakobsson
Oracle Corporation

When Oracle was founded in 1977 as Software Development Laboratories by Larry
Ellison, Bob Miner, and Ed Oates, there were no commercial relational database prod-
ucts. The company, which was later renamed Oracle, set out to build a relational
database management system as a commercial product, and was the first to reach the
market. Since then, Oracle has held a leading position in the relational database mar-
ket, but over the years its product and service offerings have grown beyond the rela-
tional database server. In addition to tools directly related to database development
and management, Oracle sells business intelligence tools, including a multidimen-
sional database management system (Oracle Express), query and analysis tools, data-
mining products, and an application server with close integration to the database
server.

In addition to database-related servers and tools, the company also offers appli-
cation software for enterprise resource planning and customer-relationship manage-
ment, including areas such as financials, human resources, manufacturing, market-
ing, sales, and supply chain management. Oracle’s Business OnLine unit offers ser-
vices in these areas as an application service provider.

This chapter surveys a subset of the features, options, and functionality of Oracle
products. New versions of the products are being developed continually, so all prod-
uct descriptions are subject to change. The feature set described here is based on the
first release of Oracle9i.

25.1 Database Design and Querying Tools
Oracle provides a variety of tools for database design, querying, report generation
and data analysis, including OLAP.

921
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variables into single units. Oracle supports SQLJ (SQL embedded in Java) and JDBC,
and provides a tool to generate Java class definitions corresponding to user-defined
database types.

25.2.2 Triggers
Oracle provides several types of triggers and several options for when and how they
are invoked. (See Section 6.4 for an introduction to triggers in SQL.) Triggers can be
written in PL/SQL or Java or as C callouts.

For triggers that execute on DML statements such as insert, update, and delete,
Oracle supports row triggers and statement triggers. Row triggers execute once for
every row that is affected (updated or deleted, for example) by the DML operation.
A statement trigger is executed just once per statement. In each case, the trigger can
be defined as either a before or after trigger, depending on whether it is to be invoked
before or after the DML operation is carried out.

Oracle allows the creation of instead of triggers for views that cannot be subject
to DML operations. Depending on the view definition, it may not be possible for Or-
acle to translate a DML statement on a view to modifications of the underlying base
tables unambiguously. Hence, DML operations on views are subject to numerous re-
strictions. A user can create an instead of trigger on a view to specify manually what
operations on the base tables are to occur in response to the DML operation on the
view. Oracle executes the trigger instead of the DML operation and therefore pro-
vides a mechanism to circumvent the restrictions on DML operations against views.

Oracle also has triggers that execute on a variety of other events, like database
startup or shutdown, server error messages, user logon or logoff, and DDL statements
such as create, alter and drop statements.

25.3 Storage and Indexing
In Oracle parlance, a database consists of information stored in files and is accessed
through an instance, which is a shared memory area and a set of processes that inter-
act with the data in the files.

25.3.1 Table Spaces
A database consists of one or more logical storage units called table spaces. Each
table space, in turn, consists of one or more physical structures called data files. These
may be either files managed by the operating system or raw devices.

Usually, an Oracle database will have the following table spaces:

• The system table space, which is always created. It contains the data dictio-
nary tables and storage for triggers and stored procedures.

• Table spaces created to store user data. While user data can be stored in the
system table space, it is often desirable to separate the user data from the sys-
tem data. Usually, the decision about what other table spaces should be cre-
ated is based on performance, availability, maintainability, and ease of admin-
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All operations are performed directly on the compressed representation of the bit-
maps—no decompression is necessary—and the resulting (compressed) bitmap rep-
resents those rows that match all the logical conditions.

The ability to use the Boolean operations to combine multiple indices is not lim-
ited to bitmap indices. Oracle can convert row-ids to the compressed bitmap repre-
sentation, so it can use a regular B-tree index anywhere in a Boolean tree of bitmap
operation simply by putting a row-id-to-bitmap operator on top of the index access
in the execution plan.

As a rule of thumb, bitmap indices tend to be more space efficient than regular
B-tree indices if the number of distinct key values is less than half the number of
rows in the table. For example, in a table with 1 million rows, an index on a column
with less than 500,000 distinct values would probably be smaller if it were created as
a bitmap index. For columns with a very small number of distinct values—for ex-
ample, columns referring to properties such as country, state, gender, marital status,
and various status flags—a bitmap index might require only a small fraction of the
space of a regular B-tree index. Any such space advantage can also give rise to corre-
sponding performance advantages in the form of fewer disk I/Os when the index is
scanned.

25.3.7 Function-Based Indices
In addition to creating indices on one or multiple columns of a table, Oracle allows
indices to be created on expressions that involve one or more columns, such as col1 +
col2 ∗5. For example, by creating an index on the expression upper(name), where upper
is a function that returns the uppercase version of a string, and name is a column, it is
possible to do case-insensitive searches on the name column. In order to find all rows
with name “van Gogh” efficiently, the condition

upper(name) = ’VAN GOGH’

would be used in the where clause of the query. Oracle then matches the condition
with the index definition and concludes that the index can be used to retrieve all the
rows matching “van Gogh” regardless of how the name was capitalized when it was
stored in the database. A function-based index can be created as either a bitmap or a
B-tree index.

25.3.8 Join Indices
A join index is an index where the key columns are not in the table that is referenced
by the row-ids in the index. Oracle supports bitmap join indices primarily for use
with star schemas (see Section 22.4.2). For example, if there is a column for product
names in a product dimension table, a bitmap join index on the fact table with this key
column could be used to retrieve the fact table rows that correspond to a product with
a specific name, although the name is not stored in the fact table. How the rows in
the fact and dimension tables correspond is based on a join condition that is specified
when the index is created, and becomes part of the index metadata. When a query is
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the correct result. For example, if a query needs sales by quarter, the rewrite can take
advantage of a view that materializes sales by month, by adding additional aggre-
gation to roll up the months to quarters. Oracle has a type of metadata object called
dimension that allows hierarchical relationships in tables to be defined. For example,
for a time dimension table in a star schema, Oracle can define a dimension metadata
object to specify how days roll up to months, months to quarters, quarters to years,
and so forth. Likewise, hierarchical properties relating to geography can be specified
—for example, how sales districts roll up to regions. The query rewrite logic looks at
these relationships since they allow a materialized view to be used for wider classes
of queries.

The container object for a materialized view is a table, which means that a mate-
rialized view can be indexed, partitioned, or subjected to other controls, to improve
query performance.

When there are changes to the data in the tables referenced in the query that de-
fines a materialized view, the materialized view must be refreshed to reflect those
changes. Oracle supports both full refresh of a materialized view and fast, incremen-
tal refresh. In a full refresh, Oracle recomputes the materialized view from scratch,
which may be the best option if the underlying tables have had significant changes,
for example, changes due to a bulk load. In an incremental refresh, Oracle updates
the view using the records that were changed in the underlying tables; the refresh to
the view is immediate, that is, it is executed as part of the transaction that changed
the underlying tables. Incremental refresh may be better if the number of rows that
were changed is low. There are some restrictions on the classes of queries for which
a materialized view can be incrementally refreshed (and others for when a material-
ized view can be created at all).

A materialized view is similar to an index in the sense that, while it can improve
query performance, it uses up space, and creating and maintaining it consumes re-
sources. To help resolve this tradeoff, Oracle provides a package that can advise a
user of the most cost-effective materialized views, given a particular query workload
as input.

25.4 Query Processing and Optimization
Oracle supports a large variety of processing techniques in its query processing en-
gine. Some of the more important ones are described here briefly.

25.4.1 Execution Methods
Data can be accessed through a variety of access methods:

• Full table scan. The query processor scans the entire table by getting infor-
mation about the blocks that make up the table from the extent map, and
scanning those blocks.

• Index scan. The processor creates a start and/or stop key from conditions
in the query and uses it to scan to a relevant part of the index. If there are
columns that need to be retrieved, that are not part of the index, the index
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one that has been subjected to advanced transformations. Not all query transforma-
tion techniques are guaranteed to be beneficial for every query, but by generating a
cost estimate for the best plan with and without the transformation applied, Oracle
is able to make an intelligent decision.

Some of the major types of transformations and rewrites supported by Oracle are
as follows:

• View merging. A view reference in a query is replaced by the view definition.
This transformation is not applicable to all views.

• Complex view merging. Oracle offers this feature for certain classes of views
that are not subject to regular view merging because they have a group by or
select distinct in the view definition. If such a view is joined to other tables,
Oracle can commute the joins and the sort operation used for the group by or
distinct.

• Subquery flattening. Oracle has a variety of transformations that convert var-
ious classes of subqueries into joins, semijoins, or antijoins.

• Materialized view rewrite. Oracle has the ability to rewrite a query automati-
cally to take advantage of materialized views. If some part of the query can be
matched up with an existing materialized view, Oracle can replace that part
of the query with a reference to the table in which the view is materialized.
If need be, Oracle adds join conditions or group by operations to preserve
the semantics of the query. If multiple materialized views are applicable, Ora-
cle picks the one that gives the greatest advantage in reducing the amount of
data that has to be processed. In addition, Oracle subjects both the rewritten
query and the original version to the full optimization process producing an
execution plan and an associated cost estimate for each. Oracle then decides
whether to execute the rewritten or the original version of the query on the
basis of the cost estimates.

• Star transformation. Oracle supports a technique for evaluating queries against
star schemas, known as the star transformation. When a query contains a join
of a fact table with dimension tables, and selections on attributes from the
dimension tables, the query is transformed by deleting the join condition be-
tween the fact table and the dimension tables, and replacing the selection con-
dition on each dimension table by a subquery of the form:

fact table.fki in
(select pk from dimension tablei

where <conditions on dimension tablei >)

One such subquery is generated for each dimension that has some constrain-
ing predicate. If the dimension has a snow-flake schema (see Section 22.4), the
subquery will contain a join of the applicable tables that make up the dimen-
sion.
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Oracle uses the values that are returned from each subquery to probe an
index on the corresponding fact table column, getting a bitmap as a result.
The bitmaps generated from different subqueries are combined by a bitmap
and operation. The resultant bitmap can be used to access matching fact table
rows. Hence, only those rows in the fact table that simultaneously match the
conditions on the constrained dimensions will be accessed.

Both the decision on whether the use of a subquery for a particular dimen-
sion is cost-effective, and the decision on whether the rewritten query is better
than the original, are based on the optimizer’s cost estimates.

25.4.2.2 Access Path Selection
Oracle has a cost-based optimizer that determines join order, join methods, and ac-
cess paths. Each operation that the optimizer considers has an associated cost func-
tion, and the optimizer tries to generate the combination of operations that has the
lowest overall cost.

In estimating the cost of an operation, the optimizer relies on statistics that have
been computed for schema objects such as tables and indices. The statistics contain
information about the size of the object, the cardinality, data distribution of table
columns, and so forth. For column statistics, Oracle supports height-balanced and
frequency histograms. To facilitate the collection of optimizer statistics, Oracle can
monitor modification activity on tables and keep track of those tables that have been
subject to enough changes that recalculating the statistics may be appropriate. Oracle
also tracks what columns are used in where clauses of queries, which make them po-
tential candidates for histogram creation. With a single command, a user can tell Or-
acle to refresh the statistics for those tables that were marked as sufficiently changed.
Oracle uses sampling to speed up the process of gathering the new statistics and
automatically chooses the smallest adequate sample percentage. It also determines
whether the distribution of the marked columns merit the creation of histograms; if
the distribution is close to uniform, Oracle uses a simpler representation of the col-
umn statistics.

Oracle uses both CPU cost and disk I/Os in the optimizer cost model. To balance
the two components, it stores measures about CPU speed and disk I/O performance
as part of the optimizer statistics. Oracle’s package for gathering optimizer statistics
computes these measures.

For queries involving a nontrivial number of joins, the search space is an issue for a
query optimizer. Oracle addresses this issue in several ways. The optimizer generates
an initial join order and then decides on the best join methods and access paths for
that join order. It then changes the order of the tables and determines the best join
methods and access paths for the new join order and so forth, while keeping the best
plan that has been found so far. Oracle cuts the optimization short if the number of
different join orders that have been considered becomes so large that the time spent
in the optimizer may be noticeable compared to the time it would take to execute
the best plan found so far. Since this cutoff depends on the cost estimate for the best
plan found so far, finding a good plan early is important so that the optimization can
be stopped after a smaller number of join orders, resulting in better response time.
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tion. This area contains stack space for various session data and the private memory
for the SQL statement that it is executing. It also contains memory for sorting and
hashing operations that may occur during the evaluation of the statement.

The SGA is a memory area for structures that are shared among users. It is made
up by several major structures, including:

• The buffer cache. This cache keeps frequently accessed data blocks (from ta-
bles as well as indices) in memory to reduce the need to perform physical
disk I/O. A least recently used replacement policy is used except for blocks ac-
cessed during a full table scan. However, Oracle allows multiple buffer pools
to be created that have different criteria for aging out data. Some Oracle oper-
ations bypass the buffer cache and read data directly from disk.

• The redo log buffer. This buffer contains the part of the redo log that has not
yet been written to disk.

• The shared pool. Oracle seeks to maximize the number of users that can
use the database concurrently by minimizing the amount of memory that is
needed for each user. One important concept in this context is the ability to
share the internal representation of SQL statements and procedural code writ-
ten in PL/SQL. When multiple users execute the same SQL statement, they can
share most data structures that represent the execution plan for the statement.
Only data that is local to each specific invocation of the statement needs to be
kept in private memory.

The sharable parts of the data structures representing the SQL statement are
stored in the shared pool, including the text of the statement. The caching of
SQL statements in the shared pool also saves compilation time, since a new in-
vocation of a statement that is already cached does not have to go through the
complete compilation process. The determination of whether an SQL state-
ment is the same as one existing in the shared pool is based on exact text
matching and the setting of certain session parameters. Oracle can automati-
cally replace constants in an SQL statement with bind variables; future queries
that are the same except for the values of constants will then match the earlier
query in the shared pool. The shared pool also contains caches for dictionary
information and various control structures.

25.6.2 Dedicated Server: Process Structures
There are two types of processes that execute Oracle server code: server processes
that process SQL statements and background processes that perform various admin-
istrative and performance-related tasks. Some of these processes are optional, and in
some cases, multiple processes of the same type can be used for performance reasons.
Some of the most important types of background processes are:

• Database writer. When a buffer is removed from the buffer cache, it must be
written back to disk if it has been modified since it entered the cache. This task
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title author pub-name pub-branch keyword
Compilers Smith McGraw-Hill New York parsing
Compilers Jones McGraw-Hill New York parsing
Compilers Smith McGraw-Hill New York analysis
Compilers Jones McGraw-Hill New York analysis
Networks Jones Oxford London Internet
Networks Frick Oxford London Internet
Networks Jones Oxford London Web
Networks Frick Oxford London Web

Figure 9.2 flat-books, a 1NF version of non-1NF relation books.

Much of the awkwardness of the flat-books relation in Figure 9.2 disappears if we
assume that the following multivalued dependencies hold:

• title →→ author

• title →→ keyword

• title → pub-name, pub-branch

Then, we can decompose the relation into 4NF using the schemas:

• authors(title, author)

• keywords(title, keyword)

• books4(title, pub-name, pub-branch)

Figure 9.3 shows the projection of the relation flat-books of Figure 9.2 onto the preced-
ing decomposition.

Although our example book database can be adequately expressed without using
nested relations, the use of nested relations leads to an easier-to-understand model:
The typical user of an information-retrieval system thinks of the database in terms of
books having sets of authors, as the non-1NF design models. The 4NF design would
require users to include joins in their queries, thereby complicating interaction with
the system.

We could define a non-nested relational view (whose contents are identical to flat-
books) that eliminates the need for users to write joins in their query. In such a view,
however, we lose the one-to-one correspondence between tuples and books.

9.2 Complex Types
Nested relations are just one example of extensions to the basic relational model;
other nonatomic data types, such as nested records, have also proved useful. The
object-oriented data model has caused a need for features such as inheritance and
references to objects. With complex type systems and object orientation, we can rep-
resent E-R model concepts, such as identity of entities, multivalued attributes, and
generalization and specialization directly, without a complex translation to the rela-
tional model.
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Here, author-array is an array of up to 10 author names. We can access elements of an
array by specifying the array index, for example author-array[1].

Arrays are the only collection type supported by SQL:1999; the syntax used is as
in the preceding declaration. SQL:1999 does not support unordered sets or multisets,
although they may appear in future versions of SQL.1

Many current-generation database applications need to store attributes that can
be large (of the order of many kilobytes), such as a photograph of a person, or very
large (of the order of many megabytes or even gigabytes), such as a high-resolution
medical image or video clip. SQL:1999 therefore provides new large-object data types
for character data (clob) and binary data (blob). The letters “lob” in these data types
stand for “Large OBject”. For example, we may declare attributes

book-review clob(10KB)
image blob(10MB)
movie blob(2GB))

Large objects are typically used in external applications, and it makes little sense to
retrieve them in their entirety by SQL. Instead, an application would usually retrieve
a “locator” for a large object and then use the locator to manipulate the object from
the host language. For instance, JDBC permits the programmer to fetch a large object
in small pieces, rather than all at once, much like fetching data from an operating
system file.

9.2.2 Structured Types
Structured types can be declared and used in SQL:1999 as in the following example:

create type Publisher as
(name varchar(20),
branch varchar(20))

create type Book as
(title varchar(20),
author-array varchar(20) array [10],
pub-date date,
publisher Publisher,
keyword-set setof(varchar(20)))

create table books of Book

The first statement defines a type called Publisher, which has two components: a name
and a branch. The second statement defines a structured type Book, which contains
a title, an author-array, which is an array of authors, a publication date, a publisher
(of type Publisher), and a set of keywords. (The declaration of keyword-set as a set
uses our extended syntax, and is not supported by the SQL:1999 standard.) The types
illustrated above are called structured types in SQL:1999.

1. The Oracle 8 database system supports nested relations, but uses a syntax different from that in this
chapter.
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information without using inheritance. We would have to add appropriate referen-
tial integrity constraints to ensure that students and teachers are also represented in
the people table.

9.4 Reference Types
Object-oriented languages provide the ability to refer to objects. An attribute of a type
can be a reference to an object of a specified type. For example, in SQL:1999 we can
define a type Department with a field name and a field head which is a reference to the
type Person, and a table departments of type Department, as follows:

create type Department (
name varchar(20),
head ref(Person) scope people

)
create table departments of Department

Here, the reference is restricted to tuples of the table people. The restriction of the
scope of a reference to tuples of a table is mandatory in SQL:1999, and it makes refer-
ences behave like foreign keys.

We can omit the declaration scope people from the type declaration and instead
make an addition to the create table statement:

create table departments of Department
(head with options scope people)

In order to initialize a reference attribute, we need to get the identifier of the tuple
that is to be referenced. We can get the identifier value of a tuple by means of a query.
Thus, to create a tuple with the reference value, we may first create the tuple with a
null reference and then set the reference separately:

insert into departments
values (’CS’, null)

update departments
set head = (select ref(p)

from people as p
where name = ’John’)

where name = ’CS’

This syntax for accessing the identifier of a tuple is based on the Oracle syntax.
SQL:1999 adopts a different approach, one where the referenced table must have an
attribute that stores the identifier of the tuple. We declare this attribute, called the
self-referential attribute, by adding a ref is clause to the create table statement:

create table people of Person
ref is oid system generated
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If we know that a particular book has three authors, we could write:

select author-array[1], author-array[2], author-array[3]
from books
where title = ’Database System Concepts’

Now, suppose that we want a relation containing pairs of the form “title, author-
name” for each book and each author of the book. We can use this query:

select B.title, A.name
from books as B, unnest(B.author-array) as A

Since the author-array attribute of books is a collection-valued field, it can be used in a
from clause, where a relation is expected.

9.5.3 Nesting and Unnesting
The transformation of a nested relation into a form with fewer (or no) relation-valued
attributes is called unnesting. The books relation has two attributes, author-array and
keyword-set, that are collections, and two attributes, title and publisher, that are not.
Suppose that we want to convert the relation into a single flat relation, with no nested
relations or structured types as attributes. We can use the following query to carry out
the task:

select title, A as author, publisher.name as pub-name, publisher.branch
as pub-branch, K as keyword

from books as B, unnest(B.author-array) as A, unnest (B.keyword-set) as K

The variable B in the from clause is declared to range over books. The variable A is
declared to range over the authors in author-array for the book B, and K is declared to
range over the keywords in the keyword-set of the book B. Figure 9.1 (in Section 9.1)
shows an instance books relation, and Figure 9.2 shows the 1NF relation that is the
result of the preceding query.

The reverse process of transforming a 1NF relation into a nested relation is called
nesting. Nesting can be carried out by an extension of grouping in SQL. In the normal
use of grouping in SQL, a temporary multiset relation is (logically) created for each
group, and an aggregate function is applied on the temporary relation. By return-
ing the multiset instead of applying the aggregate function, we can create a nested
relation. Suppose that we are given a 1NF relation flat-books, as in Figure 9.2. The
following query nests the relation on the attribute keyword:

select title, author, Publisher(pub-name, pub-branch) as publisher,
set(keyword) as keyword-set

from flat-books
groupby title, author, publisher

The result of the query on the books relation from Figure 9.2 appears in Figure 9.4.
If we want to nest the author attribute as well, and thereby to convert the 1NF table
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Many object-relational database systems are built on top of existing relational
database systems. To do so, the complex data types supported by object-relational
systems need to be translated to the simpler type system of relational databases.

To understand how the translation is done, we need only look at how some fea-
tures of the E-R model are translated into relations. For instance, multivalued at-
tributes in the E-R model correspond to set-valued attributes in the object-relational
model. Composite attributes roughly correspond to structured types. ISA hierarchies
in the E-R model correspond to table inheritance in the object-relational model. The
techniques for converting E-R model features to tables, which we saw in Section 2.9,
can be used, with some extensions, to translate object-relational data to relational
data.

9.8 Summary
• The object-relational data model extends the relational data model by provid-

ing a richer type system including collection types, and object orientation.

• Object orientation provides inheritance with subtypes and subtables, as well
as object (tuple) references.

• Collection types include nested relations, sets, multisets, and arrays, and the
object-relational model permits attributes of a table to be collections.

• The SQL:1999 standard extends the SQL data definition and query language to
deal with the new data types and with object orientation.

• We saw a variety of features of the extended data-definition language, as
well as the query language, and in particular support for collection-valued
attributes, inheritance, and tuple references. Such extensions attempt to pre-
serve the relational foundations—in particular, the declarative access to data
—while extending the modeling power.

• Object-relational database systems (that is, database systems based on the
object-relation model) provide a convenient migration path for users of re-
lational databases who wish to use object-oriented features.

• We have also outlined the procedural extensions provided by SQL:1999.

• We discussed differences between persistent programming languages and
object-relational systems, and mention criteria for choosing between them.

Review Terms
• Nested relations

• Nested relational model

• Complex types

• Collection types

• Large object types

• Sets

• Arrays

• Multisets

• Character large object (clob)

• Binary large object (blob)
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• Structured types

• Methods

• Row types

• Constructors

• Inheritance
� Single inheritance
� Multiple inheritance

• Type inheritance

• Most-specific type

• Table inheritance

• Subtable

• Overlapping subtables
• Reference types
• Scope of a reference
• Self-referential attribute
• Path expressions
• Nesting and unnesting
• SQL functions and procedures
• Procedural constructs
• Exceptions
• Handlers
• External language routines

Exercises
9.1 Consider the database schema

Emp = (ename, setof(Children), setof(Skills))
Children = (name, Birthday)
Birthday = (day, month, year)
Skills = (type, setof(Exams))
Exams = (year, city)

Assume that attributes of type setof(Children), setof(Skills), and setof(Exams),
have attribute names ChildrenSet, SkillsSet, and ExamsSet, respectively. Suppose
that the database contains a relation emp (Emp). Write the following queries in
SQL:1999 (with the extensions described in this chapter).

a. Find the names of all employees who have a child who has a birthday in
March.

b. Find those employees who took an examination for the skill type “typing”
in the city “Dayton”.

c. List all skill types in the relation emp.

9.2 Redesign the database of Exercise 9.1 into first normal form and fourth normal
form. List any functional or multivalued dependencies that you assume. Also
list all referential-integrity constraints that should be present in the first- and
fourth-normal-form schemas.

9.3 Consider the schemas for the table people, and the tables students and teachers,
which were created under people, in Section 9.3. Give a relational schema in third
normal form that represents the same information. Recall the constraints on sub-
tables, and give all constraints that must be imposed on the relational schema
so that every database instance of the relational schema can also be represented
by an instance of the schema with inheritance.
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. . .
<account acct-type= “checking”>

<account-number> A-102 </account-number>
<branch-name> Perryridge </branch-name>
<balance> 400 </balance>

</account>
. . .

Figure 10.4 Use of attributes.

it created would not duplicate tags used by any business partner’s XML documents,
it can prepend a unique identifier with a colon to each tag name. The bank may use
a Web URL such as

http://www.FirstBank.com

as a unique identifier. Using long unique identifiers in every tag would be rather
inconvenient, so the namespace standard provides a way to define an abbreviation
for identifiers.

In Figure 10.5, the root element (bank) has an attribute xmlns:FB, which declares
that FB is defined as an abbreviation for the URL given above. The abbreviation can
then be used in various element tags, as illustrated in the figure.

A document can have more than one namespace, declared as part of the root ele-
ment. Different elements can then be associated with different namespaces. A default
namespace can be defined, by using the attribute xmlns instead of xmlns:FB in the
root element. Elements without an explicit namespace prefix would then belong to
the default namespace.

Sometimes we need to store values containing tags without having the tags inter-
preted as XML tags. So that we can do so, XML allows this construct:

<![CDATA[<account> · · ·</account>]]>

Because it is enclosed within CDATA, the text <account> is treated as normal text
data, not as a tag. The term CDATA stands for character data.

<bank xmlns:FB=“http://www.FirstBank.com”>
. . .
<FB:branch>

<FB:branchname> Downtown </FB:branchname>
<FB:branchcity> Brooklyn </FB:branchcity>

</FB:branch>
. . .

</bank>

Figure 10.5 Unique tag names through the use of namespaces.
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<xsd:schema xmlns:xsd=“http://www.w3.org/2001/XMLSchema”>
<xsd:element name=“bank” type=“BankType” />
<xsd:element name=“account”>

<xsd:complexType>
<xsd:sequence>

<xsd:element name=“account-number” type=“xsd:string”/>
<xsd:element name=“branch-name” type=“xsd:string”/>
<xsd:element name=“balance” type=“xsd:decimal”/>

</xsd:sequence>
</xsd:complexType>

</xsd:element>
<xsd:element name=“customer”>

<xsd:element name=“customer-number” type=“xsd:string”/>
<xsd:element name=“customer-street” type=“xsd:string”/>
<xsd:element name=“customer-city” type=“xsd:string”/>

</xsd:element>
<xsd:element name=“depositor”>

<xsd:complexType>
<xsd:sequence>

<xsd:element name=“customer-name” type=“xsd:string”/>
<xsd:element name=“account-number” type=“xsd:string”/>

</xsd:sequence>
</xsd:complexType>

</xsd:element>
<xsd:complexType name=“BankType”>

<xsd:sequence>
<xsd:element ref=“account” minOccurs=“0” maxOccurs=“unbounded”/>
<xsd:element ref=“customer” minOccurs=“0” maxOccurs=“unbounded”/>
<xsd:element ref=“depositor” minOccurs=“0” maxOccurs=“unbounded”/>

</xsd:sequence>
</xsd:complexType>
</xsd:schema>

Figure 10.9 XMLSchema version of DTD from Figure 10.6.

• It allows types to be restricted to create specialized types, for instance by spec-
ifying minimum and maximum values.

• It allows complex types to be extended by using a form of inheritance.

• It is a superset of DTDs.

• It allows uniqueness and foreign key constraints.

• It is integrated with namespaces to allow different parts of a document to
conform to different schema.

• It is itself specified by XML syntax, as Figure 10.9 shows.
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However, the price paid for these features is that XMLSchema is significantly more
complicated than DTDs.

10.4 Querying and Transformation
Given the increasing number of applications that use XML to exchange, mediate, and
store data, tools for effective management of XML data are becoming increasingly im-
portant. In particular, tools for querying and transformation of XML data are essential
to extract information from large bodies of XML data, and to convert data between
different representations (schemas) in XML. Just as the output of a relational query is
a relation, the output of an XML query can be an XML document. As a result, querying
and transformation can be combined into a single tool.

Several languages provide increasing degrees of querying and transformation ca-
pabilities:

• XPath is a language for path expressions, and is actually a building block for
the remaining two query languages.

• XSLT was designed to be a transformation language, as part of the XSL style
sheet system, which is used to control the formatting of XML data into HTML
or other print or display languages. Although designed for formatting, XSLT
can generate XML as output, and can express many interesting queries. Fur-
thermore, it is currently the most widely available language for manipulating
XML data.

• XQuery has been proposed as a standard for querying of XML data. XQuery
combines features from many of the earlier proposals for querying XML, in
particular the language Quilt.

A tree model of XML data is used in all these languages. An XML document is mod-
eled as a tree, with nodes corresponding to elements and attributes. Element nodes
can have children nodes, which can be subelements or attributes of the element. Cor-
respondingly, each node (whether attribute or element), other than the root element,
has a parent node, which is an element. The order of elements and attributes in the
XML document is modeled by the ordering of children of nodes of the tree. The terms
parent, child, ancestor, descendant, and siblings are interpreted in the tree model of
XML data.

The text content of an element can be modeled as a text node child of the element.
Elements containing text broken up by intervening subelements can have multiple
text node children. For instance, an element containing “this is a <bold> wonderful
</bold> book” would have a subelement child corresponding to the element bold
and two text node children corresponding to “this is a” and “book”. Since such struc-
tures are not commonly used in database data, we shall assume that elements do not
contain both text and subelements.
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not change substantially. The XQuery language derives from an XML query language
called Quilt; most of the XQuery features we outline here are part of Quilt. Quilt itself
includes features from earlier languages such as XPath, discussed in Section 10.4.1,
and two other XML query languages, XQL and XML-QL.

Unlike XSLT, XQuery does not represent queries in XML. Instead, they appear more
like SQL queries, and are organized into “FLWR” (pronounced “flower”) expressions
comprising four sections: for, let, where, and return. The for section gives a series
of variables that range over the results of XPath expressions. When more than one
variable is specified, the results include the Cartesian product of the possible values
the variables can take, making the for clause similar in spirit to the from clause of
an SQL query. The let clause simply allows complicated expressions to be assigned
to variable names for simplicity of representation. The where section, like the SQL
where clause, performs additional tests on the joined tuples from the for section.
Finally, the return section allows the construction of results in XML.

A simple FLWR expression that returns the account numbers for checking accounts
is based on the XML document of Figure 10.8, which uses ID and IDREFS:

for $x in /bank-2/account
let $acctno := $x/@account-number
where $x/balance > 400
return <account-number> $acctno </account-number>

Since this query is simple, the let clause is not essential, and the variable $acctno
in the return clause could be replaced with $x/@account-number. Note further that,
since the for clause uses XPath expressions, selections may occur within the XPath
expression. Thus, an equivalent query may have only for and return clauses:

for $x in /bank-2/account[balance > 400]
return <account-number> $x/@account-number </account-number>

However, the let clause simplifies complex queries.
Path expressions in XQuery may return a multiset, with repeated nodes. The func-

tion distinct applied on a multiset, returns a set without duplication. The distinct func-
tion can be used even within a for clause. XQuery also provides aggregate functions
such as sum and count that can be applied on collections such as sets and multi-
sets. While XQuery does not provide a group by construct, aggregate queries can
be written by using nested FLWR constructs in place of grouping; we leave details
as an exercise for you. Note also that variables assigned by let clauses may be set- or
multiset-valued, if the path expression on the right-hand side returns a set or multiset
value.

Joins are specified in XQuery much as they are in SQL. The join of depositor, ac-
count and customer elements in Figure 10.1, which we wrote in XSLT in Section 10.4.2,
can be written in XQuery this way:
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storage capacity. Today, almost all active data are stored on disks, except in rare cases
where they are stored on tape or in optical jukeboxes.

The fastest storage media—for example, cache and main memory—are referred
to as primary storage. The media in the next level in the hierarchy—for example,
magnetic disks—are referred to as secondary storage, or online storage. The media
in the lowest level in the hierarchy—for example, magnetic tape and optical-disk
jukeboxes—are referred to as tertiary storage, or offline storage.

In addition to the speed and cost of the various storage systems, there is also the
issue of storage volatility. Volatile storage loses its contents when the power to the
device is removed. In the hierarchy shown in Figure 11.1, the storage systems from
main memory up are volatile, whereas the storage systems below main memory are
nonvolatile. In the absence of expensive battery and generator backup systems, data
must be written to nonvolatile storage for safekeeping. We shall return to this subject
in Chapter 17.

11.2 Magnetic Disks
Magnetic disks provide the bulk of secondary storage for modern computer systems.
Disk capacities have been growing at over 50 percent per year, but the storage re-
quirements of large applications have also been growing very fast, in some cases even
faster than the growth rate of disk capacities. A large database may require hundreds
of disks.

11.2.1 Physical Characteristics of Disks
Physically, disks are relatively simple (Figure 11.2). Each disk platter has a flat cir-
cular shape. Its two surfaces are covered with a magnetic material, and information
is recorded on the surfaces. Platters are made from rigid metal or glass and are cov-
ered (usually on both sides) with magnetic recording material. We call such magnetic
disks hard disks, to distinguish them from floppy disks, which are made from flexi-
ble material.

When the disk is in use, a drive motor spins it at a constant high speed (usually 60,
90, or 120 revolutions per second, but disks running at 250 revolutions per second are
available). There is a read–write head positioned just above the surface of the platter.
The disk surface is logically divided into tracks, which are subdivided into sectors.
A sector is the smallest unit of information that can be read from or written to the
disk. In currently available disks, sector sizes are typically 512 bytes; there are over
16,000 tracks on each platter, and 2 to 4 platters per disk. The inner tracks (closer to
the spindle) are of smaller length, and in current-generation disks, the outer tracks
contain more sectors than the inner tracks; typical numbers are around 200 sectors
per track in the inner tracks, and around 400 sectors per track in the outer tracks. The
numbers above vary among different models; higher-capacity models usually have
more sectors per track and more tracks on each platter.

The read–write head stores information on a sector magnetically as reversals of
the direction of magnetization of the magnetic material. There may be hundreds of
concentric tracks on a disk surface, containing thousands of sectors.
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Figure 11.2 Moving-head disk mechanism.

Each side of a platter of a disk has a read–write head, which moves across the
platter to access different tracks. A disk typically contains many platters, and the read
–write heads of all the tracks are mounted on a single assembly called a disk arm,
and move together. The disk platters mounted on a spindle and the heads mounted
on a disk arm are together known as head–disk assemblies. Since the heads on all
the platters move together, when the head on one platter is on the ith track, the heads
on all other platters are also on the ith track of their respective platters. Hence, the
ith tracks of all the platters together are called the ith cylinder.

Today, disks with a platter diameter of 3 1
2 inches dominate the market. They have

a lower cost and faster seek times (due to smaller seek distances) than do the larger-
diameter disks (up to 14 inches) that were common earlier, yet they provide high
storage capacity. Smaller-diameter disks are used in portable devices such as laptop
computers.

The read–write heads are kept as close as possible to the disk surface to increase
the recording density. The head typically floats or flies only microns from the disk
surface; the spinning of the disk creates a small breeze, and the head assembly is
shaped so that the breeze keeps the head floating just above the disk surface. Because
the head floats so close to the surface, platters must be machined carefully to be flat.
Head crashes can be a problem. If the head contacts the disk surface, the head can
scrape the recording medium off the disk, destroying the data that had been there.
Usually, the head touching the surface causes the removed medium to become air-
borne and to come between the other heads and their platters, causing more crashes.
Under normal circumstances, a head crash results in failure of the entire disk, which
must then be replaced. Current-generation disk drives use a thin film of magnetic
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disks to personal computers and workstations. Mainframe and server systems usu-
ally have a faster and more expensive interface, such as high-capacity versions of the
SCSI interface, and the Fibre Channel interface.

While disks are usually connected directly by cables to the disk controller, they can
be situated remotely and connected by a high-speed network to the disk controller. In
the storage area network (SAN) architecture, large numbers of disks are connected
by a high-speed network to a number of server computers. The disks are usually
organized locally using redundant arrays of independent disks (RAID) storage or-
ganizations, but the RAID organization may be hidden from the server computers:
the disk subsystems pretend each RAID system is a very large and very reliable disk.
The controller and the disk continue to use SCSI or Fibre Channel interfaces to talk
with each other, although they may be separated by a network. Remote access to
disks across a storage area network means that disks can be shared by multiple com-
puters, which could run different parts of an application in parallel. Remote access
also means that disks containing important data can be kept in a central server room
where they can be monitored and maintained by system administrators, instead of
being scattered in different parts of an organization.

11.2.2 Performance Measures of Disks
The main measures of the qualities of a disk are capacity, access time, data-transfer
rate, and reliability.

Access time is the time from when a read or write request is issued to when data
transfer begins. To access (that is, to read or write) data on a given sector of a disk,
the arm first must move so that it is positioned over the correct track, and then must
wait for the sector to appear under it as the disk rotates. The time for repositioning
the arm is called the seek time, and it increases with the distance that the arm must
move. Typical seek times range from 2 to 30 milliseconds, depending on how far the
track is from the initial arm position. Smaller disks tend to have lower seek times
since the head has to travel a smaller distance.

The average seek time is the average of the seek times, measured over a sequence
of (uniformly distributed) random requests. If all tracks have the same number of
sectors, and we disregard the time required for the head to start moving and to stop
moving, we can show that the average seek time is one-third the worst case seek
time. Taking these factors into account, the average seek time is around one-half of
the maximum seek time. Average seek times currently range between 4 milliseconds
and 10 milliseconds, depending on the disk model.

Once the seek has started, the time spent waiting for the sector to be accessed
to appear under the head is called the rotational latency time. Rotational speeds
of disks today range from 5400 rotations per minute (90 rotations per second) up to
15,000 rotations per minute (250 rotations per second), or, equivalently, 4 milliseconds
to 11.1 milliseconds per rotation. On an average, one-half of a rotation of the disk is
required for the beginning of the desired sector to appear under the head. Thus, the
average latency time of the disk is one-half the time for a full rotation of the disk.

The access time is then the sum of the seek time and the latency, and ranges from
8 to 20 milliseconds. Once the first sector of the data to be accessed has come under
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the head, data transfer begins. The data-transfer rate is the rate at which data can be
retrieved from or stored to the disk. Current disk systems claim to support maximum
transfer rates of about 25 to 40 megabytes per second, although actual transfer rates
may be significantly less, at about 4 to 8 megabytes per second.

The final commonly used measure of a disk is the mean time to failure (MTTF),
which is a measure of the reliability of the disk. The mean time to failure of a disk (or
of any other system) is the amount of time that, on average, we can expect the system
to run continuously without any failure. According to vendors’ claims, the mean
time to failure of disks today ranges from 30,000 to 1,200,000 hours—about 3.4 to 136
years. In practice the claimed mean time to failure is computed on the probability of
failure when the disk is new—the figure means that given 1000 relatively new disks,
if the MTTF is 1,200,000 hours, on an average one of them will fail in 1200 hours. A
mean time to failure of 1,200,000 hours does not imply that the disk can be expected
to function for 136 years! Most disks have an expected life span of about 5 years, and
have significantly higher rates of failure once they become more than a few years old.

There may be multiple disks sharing a disk interface. The widely used ATA-4 in-
terface standard (also called Ultra-DMA) supports 33 megabytes per second transfer
rates, while ATA-5 supports 66 megabytes per second. SCSI-3 (Ultra2 wide SCSI)
supports 40 megabytes per second, while the more expensive Fibre Channel inter-
face supports up to 256 megabytes per second. The transfer rate of the interface is
shared between all disks attached to the interface.

11.2.3 Optimization of Disk-Block Access
Requests for disk I/O are generated both by the file system and by the virtual memory
manager found in most operating systems. Each request specifies the address on the
disk to be referenced; that address is in the form of a block number. A block is a con-
tiguous sequence of sectors from a single track of one platter. Block sizes range from
512 bytes to several kilobytes. Data are transferred between disk and main memory in
units of blocks. The lower levels of the file-system manager convert block addresses
into the hardware-level cylinder, surface, and sector number.

Since access to data on disk is several orders of magnitude slower than access to
data in main memory, equipment designers have focused on techniques for improv-
ing the speed of access to blocks on disk. One such technique, buffering of blocks
in memory to satisfy future requests, is discussed in Section 11.5. Here, we discuss
several other techniques.

• Scheduling. If several blocks from a cylinder need to be transferred from disk
to main memory, we may be able to save access time by requesting the blocks
in the order in which they will pass under the heads. If the desired blocks
are on different cylinders, it is advantageous to request the blocks in an or-
der that minimizes disk-arm movement. Disk-arm–scheduling algorithms
attempt to order accesses to tracks in a fashion that increases the number of
accesses that can be processed. A commonly used algorithm is the elevator
algorithm, which works in the same way many elevators do. Suppose that,
initially, the arm is moving from the innermost track toward the outside of
the disk. Under the elevator algorithms control, for each track for which there
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(a) RAID 0: nonredundant striping

(b) RAID 1: mirrored disks

(c) RAID 2: memory-style error-correcting codes

(d) RAID 3: bit-interleaved parity

(e) RAID 4: block-interleaved parity

(f) RAID 5: block-interleaved distributed parity

(g) RAID 6: P + Q redundancy

P

P P

P P

P P

P P

P

C CCC

P PP

P

P P

Figure 11.4 RAID levels.

• RAID level 3, bit-interleaved parity organization, improves on level 2 by
exploiting the fact that disk controllers, unlike memory systems, can detect
whether a sector has been read correctly, so a single parity bit can be used for
error correction, as well as for detection. The idea is as follows. If one of the
sectors gets damaged, the system knows exactly which sector it is, and, for
each bit in the sector, the system can figure out whether it is a 1 or a 0 by com-
puting the parity of the corresponding bits from sectors in the other disks. If
the parity of the remaining bits is equal to the stored parity, the missing bit is
0; otherwise, it is 1.
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RAID level 3 is as good as level 2, but is less expensive in the number of
extra disks (it has only a one-disk overhead), so level 2 is not used in practice.
Figure 11.4d shows the level 3 scheme.

RAID level 3 has two benefits over level 1. It needs only one parity disk for
several regular disks, whereas Level 1 needs one mirror disk for every disk,
and thus reduces the storage overhead. Since reads and writes of a byte are
spread out over multiple disks, with N -way striping of data, the transfer rate
for reading or writing a single block is N times faster than a RAID level 1 or-
ganization using N -way striping. On the other hand, RAID level 3 supports a
lower number of I/O operations per second, since every disk has to participate
in every I/O request.

• RAID level 4, block-interleaved parity organization, uses block level striping,
like RAID 0, and in addition keeps a parity block on a separate disk for cor-
responding blocks from N other disks. This scheme is shown pictorially in
Figure 11.4e. If one of the disks fails, the parity block can be used with the
corresponding blocks from the other disks to restore the blocks of the failed
disk.

A block read accesses only one disk, allowing other requests to be pro-
cessed by the other disks. Thus, the data-transfer rate for each access is slower,
but multiple read accesses can proceed in parallel, leading to a higher overall
I/O rate. The transfer rates for large reads is high, since all the disks can be
read in parallel; large writes also have high transfer rates, since the data and
parity can be written in parallel.

Small independent writes, on the other hand, cannot be performed in par-
allel. A write of a block has to access the disk on which the block is stored,
as well as the parity disk, since the parity block has to be updated. Moreover,
both the old value of the parity block and the old value of the block being
written have to be read for the new parity to be computed. Thus, a single
write requires four disk accesses: two to read the two old blocks, and two to
write the two blocks.

• RAID level 5, block-interleaved distributed parity, improves on level 4 by
partitioning data and parity among all N + 1 disks, instead of storing data in
N disks and parity in one disk. In level 5, all disks can participate in satisfying
read requests, unlike RAID level 4, where the parity disk cannot participate,
so level 5 increases the total number of requests that can be met in a given
amount of time. For each set of N logical blocks, one of the disks stores the
parity, and the other N disks store the blocks.

Figure 11.4f shows the setup. The P ’s are distributed across all the disks.
For example, with an array of 5 disks, the parity block, labelled Pk, for logical
blocks 4k, 4k +1, 4k +2, 4k +3 is stored in disk (k mod 5)+1; the correspond-
ing blocks of the other four disks store the 4 data blocks 4k to 4k + 3. The
following table indicates how the first 20 blocks, numbered 0 to 19, and their
parity blocks are laid out. The pattern shown gets repeated on further blocks.
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for each tuple b of borrower do
for each tuple c of customer do

if b[customer-name] = c[customer-name]
then begin

let x be a tuple defined as follows:
x[customer-name] := b[customer-name]
x[loan-number] := b[loan-number]
x[customer-street] := c[customer-street]
x[customer-city] := c[customer-city]
include tuple x as part of result of borrower � customer

end
end

end

Figure 11.5 Procedure for computing join.

which blocks will be referenced. Therefore, operating systems use the past pattern of
block references as a predictor of future references. The assumption generally made
is that blocks that have been referenced recently are likely to be referenced again.
Therefore, if a block must be replaced, the least recently referenced block is replaced.
This approach is called the least recently used (LRU) block-replacement scheme.

LRU is an acceptable replacement scheme in operating systems. However, a data-
base system is able to predict the pattern of future references more accurately than an
operating system. A user request to the database system involves several steps. The
database system is often able to determine in advance which blocks will be needed by
looking at each of the steps required to perform the user-requested operation. Thus,
unlike operating systems, which must rely on the past to predict the future, database
systems may have information regarding at least the short-term future.

To illustrate how information about future block access allows us to improve the
LRU strategy, consider the processing of the relational-algebra expression

borrower � customer

Assume that the strategy chosen to process this request is given by the pseudocode
program shown in Figure 11.5. (We shall study other strategies in Chapter 13.)

Assume that the two relations of this example are stored in separate files. In this
example, we can see that, once a tuple of borrower has been processed, that tuple is not
needed again. Therefore, once processing of an entire block of borrower tuples is com-
pleted, that block is no longer needed in main memory, even though it has been used
recently. The buffer manager should be instructed to free the space occupied by a
borrower block as soon as the final tuple has been processed. This buffer-management
strategy is called the toss-immediate strategy.

Now consider blocks containing customer tuples. We need to examine every block
of customer tuples once for each tuple of the borrower relation. When processing of
a customer block is completed, we know that that block will not be accessed again
until all other customer blocks have been processed. Thus, the most recently used
customer block will be the final block to be re-referenced, and the least recently used
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Figure 11.16 Sequential file after an insertion.

insertion or deletion. We can manage deletion by using pointer chains, as we saw
previously. For insertion, we apply the following rules:

1. Locate the record in the file that comes before the record to be inserted in
search-key order.

2. If there is a free record (that is, space left after a deletion) within the same block
as this record, insert the new record there. Otherwise, insert the new record in
an overflow block. In either case, adjust the pointers so as to chain together the
records in search-key order.

Figure 11.16 shows the file of Figure 11.15 after the insertion of the record (North
Town, A-888, 800). The structure in Figure 11.16 allows fast insertion of new records,
but forces sequential file-processing applications to process records in an order that
does not match the physical order of the records.

If relatively few records need to be stored in overflow blocks, this approach works
well. Eventually, however, the correspondence between search-key order and physi-
cal order may be totally lost, in which case sequential processing will become much
less efficient. At this point, the file should be reorganized so that it is once again phys-
ically in sequential order. Such reorganizations are costly, and must be done during
times when the system load is low. The frequency with which reorganizations are
needed depends on the frequency of insertion of new records. In the extreme case in
which insertions rarely occur, it is possible always to keep the file in physically sorted
order. In such a case, the pointer field in Figure 11.15 is not needed.

11.7.2 Clustering File Organization
Many relational-database systems store each relation in a separate file, so that they
can take full advantage of the file system that the operating system provides. Usu-
ally, tuples of a relation can be represented as fixed-length records. Thus, relations
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can be mapped to a simple file structure. This simple implementation of a relational
database system is well suited to low-cost database implementations as in, for exam-
ple, embedded systems or portable devices. In such systems, the size of the database
is small, so little is gained from a sophisticated file structure. Furthermore, in such
environments, it is essential that the overall size of the object code for the database
system be small. A simple file structure reduces the amount of code needed to imple-
ment the system.

This simple approach to relational-database implementation becomes less satis-
factory as the size of the database increases. We have seen that there are performance
advantages to be gained from careful assignment of records to blocks, and from care-
ful organization of the blocks themselves. Clearly, a more complicated file structure
may be beneficial, even if we retain the strategy of storing each relation in a separate
file.

However, many large-scale database systems do not rely directly on the underly-
ing operating system for file management. Instead, one large operating-system file is
allocated to the database system. The database system stores all relations in this one
file, and manages the file itself. To see the advantage of storing many relations in one
file, consider the following SQL query for the bank database:

select account-number, customer-name, customer-street, customer-city
from depositor, customer
where depositor.customer-name = customer.customer-name

This query computes a join of the depositor and customer relations. Thus, for each
tuple of depositor, the system must locate the customer tuples with the same value for
customer-name. Ideally, these records will be located with the help of indices, which we
shall discuss in Chapter 12. Regardless of how these records are located, however,
they need to be transferred from disk into main memory. In the worst case, each
record will reside on a different block, forcing us to do one block read for each record
required by the query.

As a concrete example, consider the depositor and customer relations of Figures
11.17 and 11.18, respectively. In Figure 11.19, we show a file structure designed for ef-
ficient execution of queries involving depositor � customer. The depositor tuples for
each customer-name are stored near the customer tuple for the corresponding customer-
name. This structure mixes together tuples of two relations, but allows for efficient
processing of the join. When a tuple of the customer relation is read, the entire block
containing that tuple is copied from disk into main memory. Since the corresponding

customer-name account-number
Hayes A-102
Hayes A-220
Hayes A-503
Turner A-305

Figure 11.17 The depositor relation.
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Brooklyn

Stamford

A-102
Main

A-503
A-220

A-305
Putnam     

Hayes
Hayes

Hayes
Hayes
Turner
Turner

Figure 11.20 Clustering file structure with pointer chains.

schema of the relations. This information is called the data dictionary, or system
catalog. Among the types of information that the system must store are these:

• Names of the relations

• Names of the attributes of each relation

• Domains and lengths of attributes

• Names of views defined on the database, and definitions of those views

• Integrity constraints (for example, key constraints)

In addition, many systems keep the following data on users of the system:

• Names of authorized users

• Accounting information about users

• Passwords or other information used to authenticate users

Further, the database may store statistical and descriptive data about the relations,
such as:

• Number of tuples in each relation

• Method of storage for each relation (for example, clustered or nonclustered)

The data dictionary may also note the storage organization (sequential, hash or heap)
of relations, and the location where each relation is stored:

• If relations are stored in operating system files, the dictionary would note the
names of the file (or files) containing each relation.

• If the database stores all relations in a single file, the dictionary may note the
blocks containing records of each relation in a data structure such as a linked
list.

In Chapter 12, in which we study indices, we shall see a need to store information
about each index on each of the relations:
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(b)  Example of use

Location Unique-Id Data

519.56850.1200 51 ......

519.56850.1200 51

519.56850.1200 50

Good OID

Bad OID

 Volume.Block.Offset  

Unique-Id       Data

Physical Object Identifier

Object

(a)  General structure

Unique-Id

Figure 11.21 Unique identifiers in an OID.

Suppose that an object has to be moved to a new block, perhaps because the size of
the object has increased, and the old block has no extra space. Then, the physical OID
will point to the old block, which no longer contains the object. Rather than change
the OID of the object (which involves changing every object that points to this one),
we leave behind a forwarding address at the old location. When the database tries
to locate the object, it finds the forwarding address instead of the object; it then uses
the forwarding address to locate the object.

11.9.3 Management of Persistent Pointers
We implement persistent pointers in a persistent programming language by using
OIDs. In some implementations, persistent pointers are physical OIDs; in others, they
are logical OIDs. An important difference between persistent pointers and in-memory
pointers is the size of the pointer. In-memory pointers need to be only big enough
to address all virtual memory. On most current computers, in-memory pointers are
usually 4 bytes long, which is sufficient to address 4 gigabytes of memory. The most
recent computer architectures have pointers that are 8 bytes long,

Persistent pointers need to address all the data in a database. Since database sys-
tems are often bigger than 4 gigabytes, persistent pointers are usually at least 8 bytes
long. Many object-oriented databases also provide unique identifiers in persistent
pointers, to catch dangling references. This feature further increases the size of persis-
tent pointers. Thus, persistent pointers may be substantially longer than in-memory
pointers.

The action of looking up an object, given its identifier, is called dereferencing.
Given an in-memory pointer (as in C++), looking up the object is merely a memory
reference. Given a persistent pointer, dereferencing an object has an extra step—find-
ing the actual location of the object in memory by looking up the persistent pointer
in a table. If the object is not already in memory, it has to be loaded from disk. We
can implement the table lookup fairly efficiently by using a hash table data structure,
but the lookup is still slow compared to a pointer dereference, even if the object is
already in memory.
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2395 679.34278
4867 519.56850

object 1 object 2 object 3

PageId  Off.
2552395

PageId  Off. PageId  Off.
2395

translation table

PageID  FullPageID

020 1704867

Figure 11.22 Page image before swizzling.

11.9.4.2 Swizzling Pointers on a Page
Initially no page of the database has been allocated a page in virtual memory. Virtual-
memory pages may be allocated to database pages even before they are actually
loaded, as we will see shortly. Database pages get loaded into virtual-memory when
the database system needs to access data on the page. Before a database page is
loaded, the system allocates a virtual-memory page to the database page if one has
not already been allocated. The system then loads the database page into the virtual-
memory page it has allocated to it.

When the system loads a database page P into virtual memory, it does pointer
swizzling on the page: It locates all persistent pointers contained in objects in page
P , using the extra information stored in the page. It takes the following actions for
each persistent pointer in the page. (Let the value of the persistent pointer be 〈pi, oi〉,
where pi is the short page identifier and oi is the offset within the page. Let Pi be the
full page identifier of pi, found in the translation table in page P .)

1. If page Pi does not already have a virtual-memory page allocated to it, the
system now allocates a free page in virtual memory to it. The page Pi will
reside at this virtual-memory location if and when it is brought in. At this
point, the page in virtual address space does not have any storage allocated
for it, either in memory or on disk; it is merely a range of addresses reserved
for the database page. The system allocates actual space when it actually loads
the database page Pi into virtual memory.

2. Let the virtual-memory page allocated (either earlier or in the preceding step)
for Pi be vi. The system updates the persistent pointer being considered, whose
value is 〈pi, oi〉, by replacing pi with vi.
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3. It carries out pointer swizzling out on page Pi, as described earlier in “Swiz-
zling Pointer on a Page”.

4. After swizzling all persistent pointers in P , the system allows the pointer
dereference that resulted in the segmentation violation to continue. The pointer
dereference will find the object for which it was looking loaded in memory.

If any swizzled pointer that points to an object in page vi is dereferenced later,
the dereference proceeds just like any other virtual-memory access, with no extra
overheads. In contrast, if swizzling is not used, there is considerable overhead in
locating the buffer page containing the object and then accessing it. This overhead
has to be incurred on every access to objects in the page, whereas when swizzling is
performed, the overhead is incurred only on the first access to an object in the page.
Later accesses operate at regular virtual-memory access speeds. Hardware swizzling
thus gives excellent performance benefits to applications that repeatedly dereference
pointers.

11.9.4.4 Optimizations
Software swizzling performs a deswizzling operation when a page in memory has
to be written back to the database, to convert in-memory pointers back to persistent
pointers. Hardware swizzling can avoid this step—when the system does pointer
swizzling for the page, it simply updates the translation table for the page, so that
the page-identifier part of the swizzled in-memory pointers can be used to look up
the table. For example, as shown in Figure 11.23, database page 679.34278 (with short
identifier 2395 in the page shown) is mapped to virtual-memory page 5001. At this
point, not only is the pointer in object 1 updated from 2395255 to 5001255, but also
the short identifier in the table is updated to 5001. Thus, the short identifier 5001 in
object 1 and in the table match each other again. Therefore, the page can be written
back to disk without any deswizzling.

Several optimizations can be carried out on the basic scheme described here. When
the system swizzles page P , for each page P ′ referred to by any persistent pointer in
P , it attempts to allocate P ′ to the virtual address location indicated by the short page
identifier of P ′ on page P . If the system can allocate the page in this attempt, pointers
to it do not need to be updated. In our swizzling example, page 519.56850 with short
page identifier 4867 was mapped to virtual-memory page 4867, which is the same as
its short page identifier. We can see that the pointer in object 2 to this page did not
need to be changed during swizzling. If every page can be allocated to its appropriate
location in virtual address space, none of the pointers need to be translated, and the
cost of swizzling is reduced significantly.

Hardware swizzling works even if the database is bigger than virtual memory,
but only as long as all the pages that a particular process accesses fit into the virtual
memory of the process. If they do not, a page that has been brought into virtual
memory will have to be replaced, and that replacement is hard to do, since there may
be in-memory pointers to objects in that page.
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11.4 A power failure that occurs while a disk block is being written could result in
the block being only partially written. Assume that partially written blocks can
be detected. An atomic block write is one where either the disk block is fully
written or nothing is written (i.e., there are no partial writes). Suggest schemes
for getting the effect of atomic block writes with the following RAID schemes.
Your schemes should involve work on recovery from failure.

a. RAID level 1 (mirroring)
b. RAID level 5 (block interleaved, distributed parity)

11.5 RAID systems typically allow you to replace failed disks without stopping ac-
cess to the system. Thus, the data in the failed disk must be rebuilt and written
to the replacement disk while the system is in operation. With which of the
RAID levels is the amount of interference between the rebuild and ongoing
disk accesses least? Explain your answer.

11.6 Give an example of a relational-algebra expression and a query-processing
strategy in each of the following situations:

a. MRU is preferable to LRU.
b. LRU is preferable to MRU.

11.7 Consider the deletion of record 5 from the file of Figure 11.8. Compare the
relative merits of the following techniques for implementing the deletion:

a. Move record 6 to the space occupied by record 5, and move record 7 to the
space occupied by record 6.

b. Move record 7 to the space occupied by record 5.
c. Mark record 5 as deleted, and move no records.

11.8 Show the structure of the file of Figure 11.9 after each of the following steps:
a. Insert (Brighton, A-323, 1600).
b. Delete record 2.
c. Insert (Brighton, A-626, 2000).

11.9 Give an example of a database application in which the reserved-space method
of representing variable-length records is preferable to the pointer method. Ex-
plain your answer.

11.10 Give an example of a database application in which the pointer method of rep-
resenting variable-length records is preferable to the reserved-space method.
Explain your answer.

11.11 Show the structure of the file of Figure 11.12 after each of the following steps:
a. Insert (Mianus, A-101, 2800).
b. Insert (Brighton, A-323, 1600).
c. Delete (Perryridge, A-102, 400).
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11.22 If physical OIDs are used, an object can be relocated by keeping a forwarding
pointer to its new location. In case an object gets forwarded multiple times,
what would be the effect on retrieval speed? Suggest a technique to avoid mul-
tiple accesses in such a case.

11.23 Define the term dangling pointer. Describe how the unique-id scheme helps in
detecting dangling pointers in an object-oriented database.

11.24 Consider the example on page 435, which shows that there is no need for
deswizzling if hardware swizzling is used. Explain why, in that example, it
is safe to change the short identifier of page 679.34278 from 2395 to 5001. Can
some other page already have short identifier 5001? If it could, how can you
handle that situation?

Bibliographical Notes
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is described by Salem and Garcia-Molina [1986]. Discussions of redundant arrays of
inexpensive disks (RAID) are presented by Patterson et al. [1988] and Chen and Pat-
terson [1990]. Chen et al. [1994] presents an excellent survey of RAID principles and
implementation. Reed–Solomon codes are covered in Pless [1989]. The log-based file
system, which makes disk access sequential, is described in Rosenblum and Ouster-
hout [1991].

In systems that support mobile computing, data may be broadcast repeatedly. The
broadcast medium can be viewed as a level of the storage hierarchy—as a broadcast
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and buffer management for mobile computing is discussed in Barbará and Imielinski
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index is a multilevel index: The words at the top of each page of the book index form
a sparse index on the contents of the dictionary pages.

Multilevel indices are closely related to tree structures, such as the binary trees
used for in-memory indexing. We shall examine the relationship later, in Section 12.3.

12.2.1.3 Index Update
Regardless of what form of index is used, every index must be updated whenever a
record is either inserted into or deleted from the file. We first describe algorithms for
updating single-level indices.

• Insertion. First, the system performs a lookup using the search-key value that
appears in the record to be inserted. Again, the actions the system takes next
depend on whether the index is dense or sparse:
� Dense indices:

1. If the search-key value does not appear in the index, the system inserts
an index record with the search-key value in the index at the appro-
priate position.

2. Otherwise the following actions are taken:
a. If the index record stores pointers to all records with the same

search-key value, the system adds a pointer to the new record to
the index record.

b. Otherwise, the index record stores a pointer to only the first record
with the search-key value. The system then places the record being
inserted after the other records with the same search-key values.

� Sparse indices: We assume that the index stores an entry for each block.
If the system creates a new block, it inserts the first search-key value (in
search-key order) appearing in the new block into the index. On the other
hand, if the new record has the least search-key value in its block, the
system updates the index entry pointing to the block; if not, the system
makes no change to the index.

• Deletion. To delete a record, the system first looks up the record to be deleted.
The actions the system takes next depend on whether the index is dense or
sparse:
� Dense indices:

1. If the deleted record was the only record with its particular search-key
value, then the system deletes the corresponding index record from
the index.

2. Otherwise the following actions are taken:
a. If the index record stores pointers to all records with the same

search-key value, the system deletes the pointer to the deleted re-
cord from the index record.

Preview from Notesale.co.uk

Page 456 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

IV. Data Storage and 
Querying

12. Indexing and Hashing470 © The McGraw−Hill 
Companies, 2001

12.5 Static Hashing 469

overflow  buckets for bucket 1

bucket 0

bucket 1

bucket 2

bucket 3

Figure 12.22 Overflow chaining in a hash structure.

ets of a given bucket are chained together in a linked list, as in Figure 12.22. Overflow
handling using such a linked list is called overflow chaining.

We must change the lookup algorithm slightly to handle overflow chaining. As
before, the system uses the hash function on the search key to identify a bucket b. The
system must examine all the records in bucket b to see whether they match the search
key, as before. In addition, if bucket b has overflow buckets, the system must examine
the records in all the overflow buckets also.

The form of hash structure that we have just described is sometimes referred to
as closed hashing. Under an alternative approach, called open hashing, the set of
buckets is fixed, and there are no overflow chains. Instead, if a bucket is full, the sys-
tem inserts records in some other bucket in the initial set of buckets B. One policy is
to use the next bucket (in cyclic order) that has space; this policy is called linear prob-
ing. Other policies, such as computing further hash functions, are also used. Open
hashing has been used to construct symbol tables for compilers and assemblers, but
closed hashing is preferable for database systems. The reason is that deletion un-
der open hashing is troublesome. Usually, compilers and assemblers perform only
lookup and insertion operations on their symbol tables. However, in a database sys-
tem, it is important to be able to handle deletion as well as insertion. Thus, open
hashing is of only minor importance in database implementation.

An important drawback to the form of hashing that we have described is that
we must choose the hash function when we implement the system, and it cannot be
changed easily thereafter if the file being indexed grows or shrinks. Since the function
h maps search-key values to a fixed set B of bucket addresses, we waste space if B is
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1
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Figure 12.31 Extendable hash structure for the account file.

fix length. This table is thus small. The main space saving of extendable hashing
over other forms of hashing is that no buckets need to be reserved for future growth;
rather, buckets can be allocated dynamically.

A disadvantage of extendable hashing is that lookup involves an additional level
of indirection, since the system must access the bucket address table before access-
ing the bucket itself. This extra reference has only a minor effect on performance.
Although the hash structures that we discussed in Section 12.5 do not have this ex-
tra level of indirection, they lose their minor performance advantage as they become
full.

Thus, extendable hashing appears to be a highly attractive technique, provided
that we are willing to accept the added complexity involved in its implementation.
The bibliographical notes reference more detailed descriptions of extendable hashing
implementation. The bibliographical notes also provide references to another form of
dynamic hashing called linear hashing, which avoids the extra level of indirection
associated with extendable hashing, at the possible cost of more overflow buckets.

12.7 ComparisonofOrderedIndexingandHashing
We have seen several ordered-indexing schemes and several hashing schemes. We
can organize files of records as ordered files, by using index-sequential organization
or B+-tree organizations. Alternatively, we can organize the files by using hashing.
Finally, we can organize them as heap files, where the records are not ordered in any
particular way.
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create index b-index on branch (branch-name)

If we wish to declare that the search key is a candidate key, we add the attribute
unique to the index definition. Thus, the command

create unique index b-index on branch (branch-name)

declares branch-name to be a candidate key for branch. If, at the time we enter the
create unique index command, branch-name is not a candidate key, the system will
display an error message, and the attempt to create the index will fail. If the index-
creation attempt succeeds, any subsequent attempt to insert a tuple that violates the
key declaration will fail. Note that the unique feature is redundant if the database
system supports the unique declaration of the SQL standard.

Many database systems also provide a way to specify the type of index to be used
(such as B+-tree or hashing). Some database systems also permit one of the indices
on a relation to be declared to be clustered; the system then stores the relation sorted
by the search-key of the clustered index.

The index name we specified for an index is required to drop an index. The drop
index command takes the form:

drop index <index-name>

12.9 Multiple-Key Access
Until now, we have assumed implicitly that only one index (or hash table) is used to
process a query on a relation. However, for certain types of queries, it is advantageous
to use multiple indices if they exist.

12.9.1 Using Multiple Single-Key Indices
Assume that the account file has two indices: one for branch-name and one for balance.
Consider the following query: “Find all account numbers at the Perryridge branch
with balances equal to $1000.” We write

select loan-number
from account
where branch-name = “Perryridge” and balance = 1000

There are three strategies possible for processing this query:

1. Use the index on branch-name to find all records pertaining to the Perryridge
branch. Examine each such record to see whether balance = 1000.

2. Use the index on balance to find all records pertaining to accounts with bal-
ances of $1000. Examine each such record to see whether branch-name = “Per-
ryridge.”

3. Use the index on branch-name to find pointers to all records pertaining to the
Perryridge branch. Also, use the index on balance to find pointers to all records
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• The primary disadvantage of the index-sequential file organization is that per-
formance degrades as the file grows. To overcome this deficiency, we can use
a B+-tree index.

• A B+-tree index takes the form of a balanced tree, in which every path from the
root of the tree to a leaf of the tree is of the same length. The height of a B+-
tree is proportional to the logarithm to the base N of the number of records
in the relation, where each nonleaf node stores N pointers; the value of N is
often around 50 or 100. B+-trees are much shorter than other balanced binary-
tree structures such as AVL trees, and therefore require fewer disk accesses to
locate records.

• Lookup on B+-trees is straightforward and efficient. Insertion and deletion,
however, are somewhat more complicated, but still efficient. The number of
operations required for lookup, insertion, and deletion on B+-trees is propor-
tional to the logarithm to the base N of the number of records in the relation,
where each nonleaf node stores N pointers.

• We can use B+-trees for indexing a file containing records, as well as to orga-
nize records into a file.

• B-tree indices are similar to B+-tree indices. The primary advantage of a B-tree
is that the B-tree eliminates the redundant storage of search-key values. The
major disadvantages are overall complexity and reduced fanout for a given
node size. System designers almost universally prefer B+-tree indices over B-
tree indices in practice.

• Sequential file organizations require an index structure to locate data. File or-
ganizations based on hashing, by contrast, allow us to find the address of a
data item directly by computing a function on the search-key value of the de-
sired record. Since we do not know at design time precisely which search-key
values will be stored in the file, a good hash function to choose is one that as-
signs search-key values to buckets such that the distribution is both uniform
and random.

• Static hashing uses hash functions in which the set of bucket addresses is fixed.
Such hash functions cannot easily accommodate databases that grow signifi-
cantly larger over time. There are several dynamic hashing techniques that allow
the hash function to be modified. One example is extendable hashing, which
copes with changes in database size by splitting and coalescing buckets as the
database grows and shrinks.

• We can also use hashing to create secondary indices; such indices are called
hash indices. For notational convenience, we assume hash file organizations
have an implicit hash index on the search key used for hashing.

• Ordered indices such as B+-trees and hash indices can be used for selections
based on equality conditions involving single attributes. When multiple
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12.14 Give pseudocode for deletion of entries from an extendable hash structure,
including details of when and how to coalesce buckets. Do not bother about
reducing the size of the bucket address table.

12.15 Suggest an efficient way to test if the bucket address table in extendable hash-
ing can be reduced in size, by storing an extra count with the bucket address
table. Give details of how the count should be maintained when buckets are
split, coalesced or deleted.

(Note: Reducing the size of the bucket address table is an expensive oper-
ation, and subsequent inserts may cause the table to grow again. Therefore, it
is best not to reduce the size as soon as it is possible to do so, but instead do
it only if the number of index entries becomes small compared to the bucket
address table size.)

12.16 Why is a hash structure not the best choice for a search key on which range
queries are likely?

12.17 Consider a grid file in which we wish to avoid overflow buckets for perfor-
mance reasons. In cases where an overflow bucket would be needed, we in-
stead reorganize the grid file. Present an algorithm for such a reorganization.

12.18 Consider the account relation shown in Figure 12.25.
a. Construct a bitmap index on the attributes branch-name and balance, divid-

ing balance values into 4 ranges: below 250, 250 to below 500, 500 to below
750, and 750 and above.

b. Consider a query that requests all accounts in Downtown with a balance of
500 or more. Outline the steps in answering the query, and show the final
and intermediate bitmaps constructed to answer the query.

12.19 Show how to compute existence bitmaps from other bitmaps. Make sure that
your technique works even in the presence of null values, by using a bitmap
for the value null.

12.20 How does data encryption affect index schemes? In particular, how might it
affect schemes that attempt to store data in sorted order?

Bibliographical Notes
Discussions of the basic data structures in indexing and hashing can be found in
Cormen et al. [1990]. B-tree indices were first introduced in Bayer [1972] and Bayer
and McCreight [1972]. B+-trees are discussed in Comer [1979], Bayer and Unterauer
[1977] and Knuth [1973]. The bibliographic notes in Chapter 16 provides references to
research on allowing concurrent accesses and updates on B+-trees. Gray and Reuter
[1993] provide a good description of issues in the implementation of B+-trees.

Several alternative tree and treelike search structures have been proposed. Tries
are trees whose structure is based on the “digits” of keys (for example, a dictionary
thumb index, which has one entry for each letter). Such trees may not be balanced
in the sense that B+-trees are. Tries are discussed by Ramesh et al. [1989], Orenstein
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In relational systems, a file scan allows an entire relation to be read in those cases
where the relation is stored in a single, dedicated file.

13.3.1 Basic Algorithms
Consider a selection operation on a relation whose tuples are stored together in one
file. Two scan algorithms to implement the selection operation are:

• A1 (linear search). In a linear search, the system scans each file block and tests
all records to see whether they satisfy the selection condition. For a selection
on a key attribute, the system can terminate the scan if the required record is
found, without looking at the other records of the relation.

The cost of linear search, in terms of number of I/O operations, is br, where
br denotes the number of blocks in the file. Selections on key attributes have
an average cost of br/2, but still have a worst-case cost of br.

Although it may be slower than other algorithms for implementing selec-
tion, the linear search algorithm can be applied to any file, regardless of the
ordering of the file, or the availability of indices, or the nature of the selection
operation. The other algorithms that we shall study are not applicable in all
cases, but when applicable they are generally faster than linear search.

• A2 (binary search). If the file is ordered on an attribute, and the selection con-
dition is an equality comparison on the attribute, we can use a binary search to
locate records that satisfy the selection. The system performs the binary search
on the blocks of the file.

The number of blocks that need to be examined to find a block containing
the required records is �log2(br)�, where br denotes the number of blocks in
the file. If the selection is on a nonkey attribute, more than one block may
contain required records, and the cost of reading the extra blocks has to be
added to the cost estimate. We can estimate this number by estimating the
size of the selection result (which we cover in Section 14.2), and dividing it by
the average number of records that are stored per block of the relation.

13.3.2 Selections Using Indices
Index structures are referred to as access paths, since they provide a path through
which data can be located and accessed. In Chapter 12, we pointed out that it is
efficient to read the records of a file in an order corresponding closely to physical
order. Recall that a primary index is an index that allows the records of a file to be read
in an order that corresponds to the physical order in the file. An index that is not a
primary index is called a secondary index.

Search algorithms that use an index are referred to as index scans. Ordered indices,
such as B+-trees, also permit access to tuples in a sorted order, which is useful for
implementing range queries. Although indices can provide fast, direct, and ordered
access, they impose the overhead of access to those blocks containing the index. We
use the selection predicate to guide us in the choice of the index to use in processing
the query. Search algorithms that use an index are:
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We compute how many block transfers are required for the external sort merge
in this way: Let br denote the number of blocks containing records of relation r. The
first stage reads every block of the relation and writes them out again, giving a total
of 2br disk accesses. The initial number of runs is �br/M�. Since the number of runs
decreases by a factor of M − 1 in each merge pass, the total number of merge passes
required is �logM−1(br/M)�. Each of these passes reads every block of the relation
once and writes it out once, with two exceptions. First, the final pass can produce
the sorted output without writing its result to disk. Second, there may be runs that
are not read in or written out during a pass—for example, if there are M runs to
be merged in a pass, M − 1 are read in and merged, and one run is not accessed
during the pass. Ignoring the (relatively small) savings due to the latter effect, the
total number of disk accesses for external sorting of the relation is

br(2�logM−1(br/M)� + 1)

Applying this equation to the example in Figure 13.3, we get a total of 12∗(4+1) =
60 block transfers, as you can verify from the figure. Note that this value does not
include the cost of writing out the final result.

13.5 Join Operation
In this section, we study several algorithms for computing the join of relations, and
we analyze their respective costs.

We use the term equi-join to refer to a join of the form r �r.A=s.B s, where A and
B are attributes or sets of attributes of relations r and s respectively.

We use as a running example the expression

depositor � customer

We assume the following information about the two relations:

• Number of records of customer: ncustomer = 10, 000.

• Number of blocks of customer: bcustomer = 400.

• Number of records of depositor: ndepositor = 5000.

• Number of blocks of depositor: bdepositor = 100.

13.5.1 Nested-Loop Join
Figure 13.4 shows a simple algorithm to compute the theta join, r �θ s, of two rela-
tions r and s. This algorithm is called the nested-loop join algorithm, since it basi-
cally consists of a pair of nested for loops. Relation r is called the outer relation and
relation s the inner relation of the join, since the loop for r encloses the loop for s.
The algorithm uses the notation tr · ts, where tr and ts are tuples; tr · ts denotes the
tuple constructed by concatenating the attribute values of tuples tr and ts.

Like the linear file-scan algorithm for selection, the nested-loop join algorithm re-
quires no indices, and it can be used regardless of what the join condition is. Extend-
ing the algorithm to compute the natural join is straightforward, since the natural
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for each tuple tr in r do begin
for each tuple ts in s do begin

test pair (tr, ts) to see if they satisfy the join condition θ
if they do, add tr · ts to the result.

end
end

Figure 13.4 Nested-loop join.

join can be expressed as a theta join followed by elimination of repeated attributes by
a projection. The only change required is an extra step of deleting repeated attributes
from the tuple tr · ts, before adding it to the result.

The nested-loop join algorithm is expensive, since it examines every pair of tuples
in the two relations. Consider the cost of the nested-loop join algorithm. The number
of pairs of tuples to be considered is nr ∗ns, where nr denotes the number of tuples in
r, and ns denotes the number of tuples in s. For each record in r, we have to perform
a complete scan on s. In the worst case, the buffer can hold only one block of each
relation, and a total of nr ∗ bs + br block accesses would be required, where br and
bs denote the number of blocks containing tuples of r and s respectively. In the best
case, there is enough space for both relations to fit simultaneously in memory, so each
block would have to be read only once; hence, only br + bs block accesses would be
required.

If one of the relations fits entirely in main memory, it is beneficial to use that re-
lation as the inner relation, since the inner relation would then be read only once.
Therefore, if s is small enough to fit in main memory, our strategy requires only a
total br + bs accesses—the same cost as that for the case where both relations fit in
memory.

Now consider the natural join of depositor and customer. Assume for now that we
have no indices whatsoever on either relation, and that we are not willing to create
any index. We can use the nested loops to compute the join; assume that depositor
is the outer relation and customer is the inner relation in the join. We will have to
examine 5000 ∗ 10000 = 50 ∗ 106 pairs of tuples. In the worst case, the number of
block accesses is 5000 ∗ 400 + 100 = 2,000,100. In the best-case scenario, however, we
can read both relations only once, and perform the computation. This computation
requires at most 100+400 = 500 block accesses—a significant improvement over the
worst-case scenario. If we had used customer as the relation for the outer loop and
depositor for the inner loop, the worst-case cost of our final strategy would have been
lower: 10000 ∗ 100 + 400 = 1,000,400.

13.5.2 Block Nested-Loop Join
If the buffer is too small to hold either relation entirely in memory, we can still ob-
tain a major saving in block accesses if we process the relations on a per-block basis,
rather than on a per-tuple basis. Figure 13.5 shows block nested-loop join, which is
a variant of the nested-loop join where every block of the inner relation is paired with
every block of the outer relation. Within each pair of blocks, every tuple in one block
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13.7.2.1 Implementation of Pipelining
We can implement a pipeline by constructing a single, complex operation that com-
bines the operations that constitute the pipeline. Although this approach may be fea-
sible for various frequently occurring situations, it is desirable in general to reuse the
code for individual operations in the construction of a pipeline. Therefore, each op-
eration in the pipeline is modeled as a separate process or thread within the system,
which takes a stream of tuples from its pipelined inputs, and generates a stream of
tuples for its output. For each pair of adjacent operations in the pipeline, the system
creates a buffer to hold tuples being passed from one operation to the next.

In the example of Figure 13.10, all three operations can be placed in a pipeline,
which passes the results of the selection to the join as they are generated. In turn,
it passes the results of the join to the projection as they are generated. The memory
requirements are low, since results of an operation are not stored for long. However,
as a result of pipelining, the inputs to the operations are not available all at once for
processing.

Pipelines can be executed in either of two ways:

1. Demand driven

2. Producer driven

In a demand-driven pipeline, the system makes repeated requests for tuples from
the operation at the top of the pipeline. Each time that an operation receives a request
for tuples, it computes the next tuple (or tuples) to be returned, and then returns
that tuple. If the inputs of the operation are not pipelined, the next tuple(s) to be
returned can be computed from the input relations, while the system keeps track of
what has been returned so far. If it has some pipelined inputs, the operation also
makes requests for tuples from its pipelined inputs. Using the tuples received from
its pipelined inputs, the operation computes tuples for its output, and passes them
up to its parent.

In a producer-driven pipeline, operations do not wait for requests to produce
tuples, but instead generate the tuples eagerly. Each operation at the bottom of a
pipeline continually generates output tuples, and puts them in its output buffer, until
the buffer is full. An operation at any other level of a pipeline generates output tuples
when it gets input tuples from lower down in the pipeline, until its output buffer is
full. Once the operation uses a tuple from a pipelined input, it removes the tuple
from its input buffer. In either case, once the output buffer is full, the operation waits
until its parent operation removes tuples from the buffer, so that the buffer has space
for more tuples. At this point, the operation generates more tuples, until the buffer
is full again. The operation repeats this process until all the output tuples have been
generated.

It is necessary for the system to switch between operations only when an output
buffer is full, or an input buffer is empty and more input tuples are needed to gener-
ate any more output tuples. In a parallel-processing system, operations in a pipeline
may be run concurrently on distinct processors (see Chapter 20).

Using producer-driven pipelining can be thought of as pushing data up an oper-
ation tree from below, whereas using demand-driven pipelining can be thought of as
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13.9 Let r and s be relations with no indices, and assume that the relations are not
sorted. Assuming infinite memory, what is the lowest cost way (in terms of I/O
operations) to compute r � s? What is the amount of memory required for this
algorithm?

13.10 Suppose that a B+-tree index on branch-city is available on relation branch, and
that no other index is available. List different ways to handle the following
selections that involve negation?

a. σ¬(branch-city<“Brooklyn”)(branch)
b. σ¬(branch-city=“Brooklyn”)(branch)
c. σ¬(branch-city<“Brooklyn” ∨ assets<5000)(branch)

13.11 The hash join algorithm as described in Section 13.5.5 computes the natural join
of two relations. Describe how to extend the hash join algorithm to compute
the natural left outer join, the natural right outer join and the natural full outer
join. (Hint: Keep extra information with each tuple in the hash index, to detect
whether any tuple in the probe relation matches the tuple in the hash index.)
Try out your algorithm on the customer and depositor relations.

13.12 Write pseudocode for an iterator that implements indexed nested-loop join,
where the outer relation is pipelined. Use the standard iterator functions in
your pseudocode. Show what state information the iterator must maintain be-
tween calls.

13.13 Design sorting based and hashing algorithms for computing the division op-
eration.

Bibliographical Notes
A query processor must parse statements in the query language, and must translate
them into an internal form. Parsing of query languages differs little from parsing of
traditional programming languages. Most compiler texts, such as Aho et al. [1986],
cover the main parsing techniques, and present optimization from a programming-
language point of view.

Knuth [1973] presents an excellent description of external sorting algorithms,
including an optimization that can create initial runs that are (on the average) twice
the size of memory. Based on performance studies conducted in the mid-1970s, data-
base systems of that period used only nested-loop join and merge join. These stud-
ies, which were related to the development of System R, determined that either the
nested-loop join or merge join nearly always provided the optimal join method (Blas-
gen and Eswaran [1976]); hence, these two were the only join algorithms imple-
mented in System R. The System R study, however, did not include an analysis of
hash join algorithms. Today, hash joins are considered to be highly efficient.

Hash join algorithms were initially developed for parallel database systems. Hash
join techniques are described in Kitsuregawa et al. [1983], and extensions including
hybrid hash join are described in Shapiro [1986]. Zeller and Gray [1990] and Davison
and Graefe [1994] describe hash join techniques that can adapt to the available mem-
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Recall that the natural-join operator is simply a special case of the theta-join
operator; hence, natural joins are also commutative.

6. a. Natural-join operations are associative.

(E1 � E2) � E3 = E1 � (E2 � E3)

b. Theta joins are associative in the following manner:

(E1 �θ1 E2) �θ2∧θ3 E3 = E1 �θ1∧θ3 (E2 �θ2 E3)

where θ2 involves attributes from only E2 and E3. Any of these conditions
may be empty; hence, it follows that the Cartesian product (×) operation
is also associative. The commutativity and associativity of join operations
are important for join reordering in query optimization.

7. The selection operation distributes over the theta-join operation under the fol-
lowing two conditions:

a. It distributes when all the attributes in selection condition θ0 involve only
the attributes of one of the expressions (say, E1) being joined.

σθ0(E1 �θ E2) = (σθ0(E1)) �θ E2

b. It distributes when selection condition θ1 involves only the attributes of
E1 and θ2 involves only the attributes of E2.

σθ1∧θ2(E1 �θ E2) = (σθ1(E1)) �θ (σθ2(E2))

8. The projection operation distributes over the theta-join operation under the
following conditions.

a. Let L1 and L2 be attributes of E1 and E2, respectively. Suppose that the
join condition θ involves only attributes in L1 ∪ L2. Then,

ΠL1∪L2(E1 �θ E2) = (ΠL1(E1)) �θ (ΠL2(E2))

b. Consider a join E1 �θ E2. Let L1 and L2 be sets of attributes from E1

and E2, respectively. Let L3 be attributes of E1 that are involved in join
condition θ, but are not in L1 ∪ L2, and let L4 be attributes of E2 that are
involved in join condition θ, but are not in L1 ∪ L2. Then,

ΠL1∪L2(E1 �θ E2) = ΠL1∪L2((ΠL1∪L3(E1)) �θ (ΠL2∪L4(E2)))

9. The set operations union and intersection are commutative.

E1 ∪ E2 = E2 ∪ E1

E1 ∩ E2 = E2 ∩ E1

Set difference is not commutative.

10. Set union and intersection are associative.

(E1 ∪ E2) ∪ E3 = E1 ∪ (E2 ∪ E3)

(E1 ∩ E2) ∩ E3 = E1 ∩ (E2 ∩ E3)
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apply rule 6.a (associativity of natural join) to transform the join branch � (account �
depositor) into (branch � account) � depositor:

Πcustomer-name (σbranch-city = “Brooklyn” ∧ balance >1000

((branch � account) � depositor))

Then, using rule 7.a, we can rewrite our query as

Πcustomer-name ((σbranch-city = “Brooklyn”∧ balance>1000

(branch � account)) � depositor)

Let us examine the selection subexpression within this expression. Using rule 1, we
can break the selection into two selections, to get the following subexpression:

σbranch-city = “Brooklyn” (σbalance > 1000 (branch � account))

Both of the preceding expressions select tuples with branch-city = “Brooklyn” and
balance > 1000. However, the latter form of the expression provides a new opportu-
nity to apply the “perform selections early” rule, resulting in the subexpression

σbranch-city = “Brooklyn” (branch) � σbalance>1000 (account)

Figure 14.3 depicts the initial expression and the final expression after all these
transformations. We could equally well have used rule 7.b to get the final expression
directly, without using rule 1 to break the selection into two selections. In fact, rule 7.b
can itself be derived from rules 1 and 7.a

A set of equivalence rules is said to be minimal if no rule can be derived from any
combination of the others. The preceding example illustrates that the set of equiva-
lence rules in Section 14.3.1 is not minimal. An expression equivalent to the original
expression may be generated in different ways; the number of different ways of gen-
erating an expression increases when we use a nonminimal set of equivalence rules.
Query optimizers therefore use minimal sets of equivalence rules.

Π customer-name

branch

depositor

σbranch-city=Brooklyn

account

σbranch-city=Brooklyn

balance < 1000

(a) Initial expression tree (b) Tree after multiple transformations

branch

Π customer-name

account

depositor

σbalance < 1000

^

Figure 14.3 Multiple transformations.
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each interesting sort order of the join result for that subset. The number of subsets of
n relations is 2n. The number of interesting sort orders is generally not large. Thus,
about 2n join expressions need to be stored. The dynamic-programming algorithm
for finding the best join order can be easily extended to handle sort orders. The cost of
the extended algorithm depends on the number of interesting orders for each subset
of relations; since this number has been found to be small in practice, the cost remains
at O(3n).

With n = 10, this number is around 59000, which is much better than the 17.6
billion different join orders. More important, the storage required is much less than
before, since we need to store only one join order for each interesting sort order of
each of 1024 subsets of r1, . . . , r10. Although both numbers still increase rapidly with
n, commonly occurring joins usually have less than 10 relations, and can be handled
easily.

We can use several techniques to reduce further the cost of searching through a
large number of plans. For instance, when examining the plans for an expression, we
can terminate after we examine only a part of the expression, if we determine that
the cheapest plan for that part is already costlier than the cheapest evaluation plan
for a full expression examined earlier. Similarly, suppose that we determine that the
cheapest way of evaluating a subexpression is costlier than the cheapest evaluation
plan for a full expression examined earlier. Then, no full expression involving that
subexpression needs to be examined. We can further reduce the number of evaluation
plans that need to be considered fully by first making a heuristic guess of a good plan,
and estimating that plan’s cost. Then, only a few competing plans will require a full
analysis of cost. These optimizations can reduce the overhead of query optimization
significantly.

14.4.3 Heuristic Optimization
A drawback of cost-based optimization is the cost of optimization itself. Although
the cost of query processing can be reduced by clever optimizations, cost-based opti-
mization is still expensive. Hence, many systems use heuristics to reduce the number
of choices that must be made in a cost-based fashion. Some systems even choose to
use only heuristics, and do not use cost-based optimization at all.

An example of a heuristic rule is the following rule for transforming relational-
algebra queries:

• Perform selection operations as early as possible.

A heuristic optimizer would use this rule without finding out whether the cost is
reduced by this transformation. In the first transformation example in Section 14.3,
the selection operation was pushed into a join.

We say that the preceding rule is a heuristic because it usually, but not always,
helps to reduce the cost. For an example of where it can result in an increase in cost,
consider an expression σθ(r � s), where the condition θ refers to only attributes in s.
The selection can certainly be performed before the join. However, if r is extremely
small compared to s, and if there is an index on the join attributes of s, but no index
on the attributes used by θ, then it is probably a bad idea to perform the selection
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Instead, to handle the case of avg, we maintain the sum and count aggre-
gate values as described earlier, and compute the average as the sum divided
by the count.

• min, max: Consider a materialized view v = AGmin(B)(r). (The case of max is
exactly equivalent.)

Handling insertions on r is straightforward. Maintaining the aggregate val-
ues min and max on deletions may be more expensive. For example, if the
tuple corresponding to the minimum value for a group is deleted from r, we
have to look at the other tuples of r that are in the same group to find the new
minimum value.

14.5.2.4 Other Operations
The set operation intersection is maintained as follows. Given materialized view v =
r ∩ s, when a tuple is inserted in r we check if it is present in s, and if so we add
it to v. If a tuple is deleted from r, we delete it from the intersection if it is present.
The other set operations, union and set difference, are handled in a similar fashion; we
leave details to you.

Outer joins are handled in much the same way as joins, but with some extra work.
In the case of deletion from r we have to handle tuples in s that no longer match any
tuple in r. In the case of insertion to r, we have to handle tuples in s that did not
match any tuple in r. Again we leave details to you.

14.5.2.5 Handling Expressions
So far we have seen how to update incrementally the result of a single operation. To
handle an entire expression, we can derive expressions for computing the incremen-
tal change to the result of each subexpression, starting from the smallest subexpres-
sions.

For example, suppose we wish to incrementally update a materialized view E1 �

E2 when a set of tuples ir is inserted into relation r. Let us assume r is used in E1

alone. Suppose the set of tuples to be inserted into E1 is given by expression D1. Then
the expression D1 � E2 gives the set of tuples to be inserted into E1 � E2.

See the bibliographical notes for further details on incremental view maintenance
with expressions.

14.5.3 Query Optimization and Materialized Views
Query optimization can be performed by treating materialized views just like regular
relations. However, materialized views offer further opportunities for optimization:

• Rewriting queries to use materialized views:
Suppose a materialized view v = r � s is available, and a user submits a

query r � s � t. Rewriting the query as v � t may provide a more efficient
query plan than optimizing the query as submitted. Thus, it is the job of the
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be verified easily that, if the database is consistent before an execution of the
transaction, the database remains consistent after the execution of the transac-
tion.

Ensuring consistency for an individual transaction is the responsibility of
the application programmer who codes the transaction. This task may be facil-
itated by automatic testing of integrity constraints, as we discussed in Chap-
ter 6.

• Atomicity: Suppose that, just before the execution of transaction Ti the values
of accounts A and B are $1000 and $2000, respectively. Now suppose that, dur-
ing the execution of transaction Ti, a failure occurs that prevents Ti from com-
pleting its execution successfully. Examples of such failures include power
failures, hardware failures, and software errors. Further, suppose that the fail-
ure happened after the write(A) operation but before the write(B) operation. In
this case, the values of accounts A and B reflected in the database are $950 and
$2000. The system destroyed $50 as a result of this failure. In particular, we
note that the sum A + B is no longer preserved.

Thus, because of the failure, the state of the system no longer reflects a real
state of the world that the database is supposed to capture. We term such a
state an inconsistent state. We must ensure that such inconsistencies are not
visible in a database system. Note, however, that the system must at some
point be in an inconsistent state. Even if transaction Ti is executed to comple-
tion, there exists a point at which the value of account A is $950 and the value
of account B is $2000, which is clearly an inconsistent state. This state, how-
ever, is eventually replaced by the consistent state where the value of account
A is $950, and the value of account B is $2050. Thus, if the transaction never
started or was guaranteed to complete, such an inconsistent state would not
be visible except during the execution of the transaction. That is the reason for
the atomicity requirement: If the atomicity property is present, all actions of
the transaction are reflected in the database, or none are.

The basic idea behind ensuring atomicity is this: The database system keeps
track (on disk) of the old values of any data on which a transaction performs a
write, and, if the transaction does not complete its execution, the database sys-
tem restores the old values to make it appear as though the transaction never
executed. We discuss these ideas further in Section 15.2. Ensuring atomicity
is the responsibility of the database system itself; specifically, it is handled by
a component called the transaction-management component, which we de-
scribe in detail in Chapter 17.

• Durability: Once the execution of the transaction completes successfully, and
the user who initiated the transaction has been notified that the transfer of
funds has taken place, it must be the case that no system failure will result in
a loss of data corresponding to this transfer of funds.

The durability property guarantees that, once a transaction completes suc-
cessfully, all the updates that it carried out on the database persist, even if
there is a system failure after the transaction completes execution.
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We assume for now that a failure of the computer system may result in
loss of data in main memory, but data written to disk are never lost. We can
guarantee durability by ensuring that either

1. The updates carried out by the transaction have been written to disk be-
fore the transaction completes.

2. Information about the updates carried out by the transaction and written
to disk is sufficient to enable the database to reconstruct the updates when
the database system is restarted after the failure.

Ensuring durability is the responsibility of a component of the database sys-
tem called the recovery-management component. The transaction-manage-
ment component and the recovery-management component are closely re-
lated, and we describe them in Chapter 17.

• Isolation: Even if the consistency and atomicity properties are ensured for
each transaction, if several transactions are executed concurrently, their oper-
ations may interleave in some undesirable way, resulting in an inconsistent
state.

For example, as we saw earlier, the database is temporarily inconsistent
while the transaction to transfer funds from A to B is executing, with the de-
ducted total written to A and the increased total yet to be written to B. If a
second concurrently running transaction reads A and B at this intermediate
point and computes A+B, it will observe an inconsistent value. Furthermore,
if this second transaction then performs updates on A and B based on the in-
consistent values that it read, the database may be left in an inconsistent state
even after both transactions have completed.

A way to avoid the problem of concurrently executing transactions is to
execute transactions serially—that is, one after the other. However, concur-
rent execution of transactions provides significant performance benefits, as
we shall see in Section 15.4. Other solutions have therefore been developed;
they allow multiple transactions to execute concurrently.

We discuss the problems caused by concurrently executing transactions in
Section 15.4. The isolation property of a transaction ensures that the concur-
rent execution of transactions results in a system state that is equivalent to a
state that could have been obtained had these transactions executed one at a
time in some order. We shall discuss the principles of isolation further in Sec-
tion 15.5. Ensuring the isolation property is the responsibility of a component
of the database system called the concurrency-control component, which we
discuss later, in Chapter 16.

15.2 Transaction State
In the absence of failures, all transactions complete successfully. However, as we
noted earlier, a transaction may not always complete its execution successfully. Such
a transaction is termed aborted. If we are to ensure the atomicity property, an aborted
transaction must have no effect on the state of the database. Thus, any changes that
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committed

abortedfailed

active

partially
committed

Figure 15.1 State diagram of a transaction.

• It can restart the transaction, but only if the transaction was aborted as a result
of some hardware or software error that was not created through the inter-
nal logic of the transaction. A restarted transaction is considered to be a new
transaction.

• It can kill the transaction. It usually does so because of some internal logical
error that can be corrected only by rewriting the application program, or be-
cause the input was bad, or because the desired data were not found in the
database.

We must be cautious when dealing with observable external writes, such as writes
to a terminal or printer. Once such a write has occurred, it cannot be erased, since it
may have been seen external to the database system. Most systems allow such writes
to take place only after the transaction has entered the committed state. One way to
implement such a scheme is for the database system to store any value associated
with such external writes temporarily in nonvolatile storage, and to perform the ac-
tual writes only after the transaction enters the committed state. If the system should
fail after the transaction has entered the committed state, but before it could complete
the external writes, the database system will carry out the external writes (using the
data in nonvolatile storage) when the system is restarted.

Handling external writes can be more complicated in some situations. For example
suppose the external action is that of dispensing cash at an automated teller machine,
and the system fails just before the cash is actually dispensed (we assume that cash
can be dispensed atomically). It makes no sense to dispense cash when the system
is restarted, since the user may have left the machine. In such a case a compensat-
ing transaction, such as depositing the cash back in the users account, needs to be
executed when the system is restarted.
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15.6 Recoverability
So far, we have studied what schedules are acceptable from the viewpoint of consis-
tency of the database, assuming implicitly that there are no transaction failures. We
now address the effect of transaction failures during concurrent execution.

If a transaction Ti fails, for whatever reason, we need to undo the effect of this
transaction to ensure the atomicity property of the transaction. In a system that allows
concurrent execution, it is necessary also to ensure that any transaction Tj that is
dependent on Ti (that is, Tj has read data written by Ti) is also aborted. To achieve
this surety, we need to place restrictions on the type of schedules permitted in the
system.

In the following two subsections, we address the issue of what schedules are
acceptable from the viewpoint of recovery from transaction failure. We describe in
Chapter 16 how to ensure that only such acceptable schedules are generated.

15.6.1 Recoverable Schedules
Consider schedule 11 in Figure 15.13, in which T9 is a transaction that performs only
one instruction: read(A). Suppose that the system allows T9 to commit immediately
after executing the read(A) instruction. Thus, T9 commits before T8 does. Now sup-
pose that T8 fails before it commits. Since T9 has read the value of data item A writ-
ten by T8, we must abort T9 to ensure transaction atomicity. However, T9 has already
committed and cannot be aborted. Thus, we have a situation where it is impossible
to recover correctly from the failure of T8.

Schedule 11, with the commit happening immediately after the read(A) instruc-
tion, is an example of a nonrecoverable schedule, which should not be allowed. Most
database system require that all schedules be recoverable. A recoverable schedule is
one where, for each pair of transactions Ti and Tj such that Tj reads a data item previ-
ously written by Ti, the commit operation of Ti appears before the commit operation
of Tj .

15.6.2 Cascadeless Schedules
Even if a schedule is recoverable, to recover correctly from the failure of a transac-
tion Ti, we may have to roll back several transactions. Such situations occur if trans-
actions have read data written by Ti. As an illustration, consider the partial schedule

T8 T9

read(A)
write(A)

read(A)
read(B)

Figure 15.13 Schedule 11.
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The goal of concurrency-control schemes is to provide a high degree of concur-
rency, while ensuring that all schedules that can be generated are conflict or view
serializable, and are cascadeless.

We study a number of concurrency-control schemes in Chapter 16. The schemes
have different trade-offs in terms of the amount of concurrency they allow and the
amount of overhead that they incur. Some of them allow only conflict serializable
schedules to be generated; others allow certain view-serializable schedules that are
not conflict-serializable to be generated.

15.8 Transaction Definition in SQL
A data-manipulation language must include a construct for specifying the set of ac-
tions that constitute a transaction.

The SQL standard specifies that a transaction begins implicitly. Transactions are
ended by one of these SQL statements:

• Commit work commits the current transaction and begins a new one.

• Rollback work causes the current transaction to abort.

The keyword work is optional in both the statements. If a program terminates with-
out either of these commands, the updates are either committed or rolled back—
which of the two happens is not specified by the standard and depends on the im-
plementation.

The standard also specifies that the system must ensure both serializability and
freedom from cascading rollback. The definition of serializability used by the stan-
dard is that a schedule must have the same effect as would some serial schedule. Thus,
conflict and view serializability are both acceptable.

The SQL-92 standard also allows a transaction to specify that it may be executed in
a manner that causes it to become nonserializable with respect to other transactions.
We study such weaker levels of consistency in Section 16.8.

15.9 Testing for Serializability
When designing concurrency control schemes, we must show that schedules gen-
erated by the scheme are serializable. To do that, we must first understand how to
determine, given a particular schedule S, whether the schedule is serializable.

We now present a simple and efficient method for determining conflict serializ-
ability of a schedule. Consider a schedule S. We construct a directed graph, called a
precedence graph, from S. This graph consists of a pair G = (V, E), where V is a set
of vertices and E is a set of edges. The set of vertices consists of all the transactions
participating in the schedule. The set of edges consists of all edges Ti → Tj for which
one of three conditions holds:

1. Ti executes write(Q) before Tj executes read(Q).

2. Ti executes read(Q) before Tj executes write(Q).

3. Ti executes write(Q) before Tj executes write(Q).
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T2: lock-S(A);
read(A);
unlock(A);
lock-S(B);
read(B);
unlock(B);
display(A + B).

Figure 16.3 Transaction T2.

Transaction Ti may unlock a data item that it had locked at some earlier point.
Note that a transaction must hold a lock on a data item as long as it accesses that item.
Moreover, for a transaction to unlock a data item immediately after its final access of
that data item is not always desirable, since serializability may not be ensured.

As an illustration, consider again the simplified banking system that we intro-
duced in Chapter 15. Let A and B be two accounts that are accessed by transactions
T1 and T2. Transaction T1 transfers $50 from account B to account A (Figure 16.2).
Transaction T2 displays the total amount of money in accounts A and B—that is, the
sum A + B (Figure 16.3).

anagerT1 T2 concurrency-control
lock-X(B)

grant-X(B, T1)
read(B)
B := B 50
write(B)
unlock(B)

lock-S(A)
grant-S(A, T2)

read(A)
unlock(A)
lock-S(B)

grant-S(B, T2)
read(B)
unlock(B)
display(A + B)

lock-X(A)
grant-X(A, T2)

read(A)
A := A + 50
write(A)
unlock(A)

––

m

Figure 16.4 Schedule 1.
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b. If TS(Ti) ≥ W-timestamp(Q), then the read operation is executed, and R-
timestamp(Q) is set to the maximum of R-timestamp(Q) and TS(Ti).

2. Suppose that transaction Ti issues write(Q).
a. If TS(Ti) < R-timestamp(Q), then the value of Q that Ti is producing was

needed previously, and the system assumed that that value would never
be produced. Hence, the system rejects the write operation and rolls Ti

back.
b. If TS(Ti) < W-timestamp(Q), then Ti is attempting to write an obsolete

value of Q. Hence, the system rejects this write operation and rolls Ti back.
c. Otherwise, the system executes the write operation and sets W-time-

stamp(Q) to TS(Ti).

If a transaction Ti is rolled back by the concurrency-control scheme as result of is-
suance of either a read or write operation, the system assigns it a new timestamp and
restarts it.

To illustrate this protocol, we consider transactions T14 and T15. Transaction T14

displays the contents of accounts A and B:

T14: read(B);
read(A);
display(A + B).

Transaction T15 transfers $50 from account A to account B, and then displays the
contents of both:

T15: read(B);
B := B − 50;
write(B);
read(A);
A := A + 50;
write(A);
display(A + B).

In presenting schedules under the timestamp protocol, we shall assume that a trans-
action is assigned a timestamp immediately before its first instruction. Thus, in sched-
ule 3 of Figure 16.13, TS(T14) < TS(T15), and the schedule is possible under the time-
stamp protocol.

We note that the preceding execution can also be produced by the two-phase lock-
ing protocol. There are, however, schedules that are possible under the two-phase
locking protocol, but are not possible under the timestamp protocol, and vice versa
(see Exercise 16.20).

The timestamp-ordering protocol ensures conflict serializability. This is because
conflicting operations are processed in timestamp order.

The protocol ensures freedom from deadlock, since no transaction ever waits.
However, there is a possibility of starvation of long transactions if a sequence of
conflicting short transactions causes repeated restarting of the long transaction. If
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tive scheme that imposes less overhead. A difficulty in reducing the overhead is that
we do not know in advance which transactions will be involved in a conflict. To gain
that knowledge, we need a scheme for monitoring the system.

We assume that each transaction Ti executes in two or three different phases in its
lifetime, depending on whether it is a read-only or an update transaction. The phases
are, in order,

1. Read phase. During this phase, the system executes transaction Ti. It reads
the values of the various data items and stores them in variables local to Ti.
It performs all write operations on temporary local variables, without updates
of the actual database.

2. Validation phase. Transaction Ti performs a validation test to determine whe-
ther it can copy to the database the temporary local variables that hold the
results of write operations without causing a violation of serializability.

3. Write phase. If transaction Ti succeeds in validation (step 2), then the system
applies the actual updates to the database. Otherwise, the system rolls back
Ti.

Each transaction must go through the three phases in the order shown. However, all
three phases of concurrently executing transactions can be interleaved.

To perform the validation test, we need to know when the various phases of trans-
actions Ti took place. We shall, therefore, associate three different timestamps with
transaction Ti:

1. Start(Ti), the time when Ti started its execution.

2. Validation(Ti), the time when Ti finished its read phase and started its vali-
dation phase.

3. Finish(Ti), the time when Ti finished its write phase.

We determine the serializability order by the timestamp-ordering technique, using
the value of the timestamp Validation(Ti). Thus, the value TS(Ti) = Validation(Ti)
and, if TS(Tj) < TS(Tk), then any produced schedule must be equivalent to a serial
schedule in which transaction Tj appears before transaction Tk. The reason we have
chosen Validation(Ti), rather than Start(Ti), as the timestamp of transaction Ti is that
we can expect faster response time provided that conflict rates among transactions
are indeed low.

The validation test for transaction Tj requires that, for all transactions Ti with
TS(Ti) < TS(Tj), one of the following two conditions must hold:

1. Finish(Ti) < Start(Tj). Since Ti completes its execution before Tj started, the
serializability order is indeed maintained.

2. The set of data items written by Ti does not intersect with the set of data items
read by Tj , and Ti completes its write phase before Tj starts its validation
phase (Start(Tj) < Finish(Ti) < Validation(Tj)). This condition ensures that
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Observe that the multiple-granularity protocol requires that locks be acquired in top-
down (root-to-leaf) order, whereas locks must be released in bottom-up (leaf-to-root)
order.

As an illustration of the protocol, consider the tree of Figure 16.16 and these trans-
actions:

• Suppose that transaction T18 reads record ra2 in file Fa. Then, T18 needs to
lock the database, area A1, and Fa in IS mode (and in that order), and finally
to lock ra2 in S mode.

• Suppose that transaction T19 modifies record ra9 in file Fa. Then, T19 needs to
lock the database, area A1, and file Fa in IX mode, and finally to lock ra9 in X
mode.

• Suppose that transaction T20 reads all the records in file Fa. Then, T20 needs
to lock the database and area A1 (in that order) in IS mode, and finally to lock
Fa in S mode.

• Suppose that transaction T21 reads the entire database. It can do so after lock-
ing the database in S mode.

We note that transactions T18, T20, and T21 can access the database concurrently.
Transaction T19 can execute concurrently with T18, but not with either T20 or T21.

This protocol enhances concurrency and reduces lock overhead. It is particularly
useful in applications that include a mix of

• Short transactions that access only a few data items

• Long transactions that produce reports from an entire file or set of files

There is a similar locking protocol that is applicable to database systems in which
data granularities are organized in the form of a directed acyclic graph. See the bib-
liographical notes for additional references. Deadlock is possible in the protocol that
we have, as it is in the two-phase locking protocol. There are techniques to reduce
deadlock frequency in the multiple-granularity protocol, and also to eliminate dead-
lock entirely. These techniques are referenced in the bibliographical notes.

16.5 Multiversion Schemes
The concurrency-control schemes discussed thus far ensure serializability by either
delaying an operation or aborting the transaction that issued the operation. For ex-
ample, a read operation may be delayed because the appropriate value has not been
written yet; or it may be rejected (that is, the issuing transaction must be aborted)
because the value that it was supposed to read has already been overwritten. These
difficulties could be avoided if old copies of each data item were kept in a system.

In multiversion concurrency control schemes, each write(Q) operation creates a
new version of Q. When a transaction issues a read(Q) operation, the concurrency-
control manager selects one of the versions of Q to be read. The concurrency-control
scheme must ensure that the version to be read is selected in a manner that ensures
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• If T29 uses the tuple newly inserted by T30 in computing sum(balance), then
T29 read a value written by T30. Thus, in a serial schedule equivalent to S, T30

must come before T29.

• If T29 does not use the tuple newly inserted by T30 in computing sum(balance),
then in a serial schedule equivalent to S, T29 must come before T30.

The second of these two cases is curious. T29 and T30 do not access any tuple in
common, yet they conflict with each other! In effect, T29 and T30 conflict on a phantom
tuple. If concurrency control is performed at the tuple granularity, this conflict would
go undetected. This problem is called the phantom phenomenon.

To prevent the phantom phenomenon, we allow T29 to prevent other transactions
from creating new tuples in the account relation with branch-name = “Perryridge.”

To find all account tuples with branch-name = “Perryridge”, T29 must search either
the whole account relation, or at least an index on the relation. Up to now, we have as-
sumed implicitly that the only data items accessed by a transaction are tuples. How-
ever, T29 is an example of a transaction that reads information about what tuples are
in a relation, and T30 is an example of a transaction that updates that information.

Clearly, it is not sufficient merely to lock the tuples that are accessed; the informa-
tion used to find the tuples that are accessed by the transaction must also be locked.

The simplest solution to this problem is to associate a data item with the relation;
the data item represents the information used to find the tuples in the relation. Trans-
actions, such as T29, that read the information about what tuples are in a relation
would then have to lock the data item corresponding to the relation in shared mode.
Transactions, such as T30, that update the information about what tuples are in a re-
lation would have to lock the data item in exclusive mode. Thus, T29 and T30 would
conflict on a real data item, rather than on a phantom.

Do not confuse the locking of an entire relation, as in multiple granularity lock-
ing, with the locking of the data item corresponding to the relation. By locking the
data item, a transaction only prevents other transactions from updating information
about what tuples are in the relation. Locking is still required on tuples. A transaction
that directly accesses a tuple can be granted a lock on the tuples even when another
transaction has an exclusive lock on the data item corresponding to the relation itself.

The major disadvantage of locking a data item corresponding to the relation is
the low degree of concurrency— two transactions that insert different tuples into a
relation are prevented from executing concurrently.

A better solution is the index-locking technique. Any transaction that inserts a
tuple into a relation must insert information into every index maintained on the re-
lation. We eliminate the phantom phenomenon by imposing a locking protocol for
indices. For simplicity we shall only consider B+-tree indices.

As we saw in Chapter 12, every search-key value is associated with an index leaf
node. A query will usually use one or more indices to access a relation. An insert
must insert the new tuple in all indices on the relation. In our example, we assume
that there is an index on account for branch-name. Then, T30 must modify the leaf
containing the key Perryridge. If T29 reads the same leaf node to locate all tuples
pertaining to the Perryridge branch, then T29 and T30 conflict on that leaf node.
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these transactions were to execute in a serializable fashion, they could interfere with
other transactions, causing the others’ execution to be delayed.

The levels of consistency specified by SQL-92 are as follows:

• Serializable is the default.

• Repeatable read allows only committed records to be read, and further re-
quires that, between two reads of a record by a transaction, no other trans-
action is allowed to update the record. However, the transaction may not be
serializable with respect to other transactions. For instance, when it is search-
ing for records satisfying some conditions, a transaction may find some of the
records inserted by a committed transaction, but may not find others.

• Read committed allows only committed records to be read, but does not re-
quire even repeatable reads. For instance, between two reads of a record by the
transaction, the records may have been updated by other committed transac-
tions. This is basically the same as degree-two consistency; most systems sup-
porting this level of consistency would actually implement cursor stability,
which is a special case of degree-two consistency.

• Read uncommitted allows even uncommitted records to be read. It is the low-
est level of consistency allowed by SQL-92.

16.9 Concurrency in Index Structures∗∗
It is possible to treat access to index structures like any other database structure, and
to apply the concurrency-control techniques discussed earlier. However, since indices
are accessed frequently, they would become a point of great lock contention, leading
to a low degree of concurrency. Luckily, indices do not have to be treated like other
database structures. It is perfectly acceptable for a transaction to perform a lookup
on an index twice, and to find that the structure of the index has changed in between,
as long as the index lookup returns the correct set of tuples. Thus, it is acceptable
to have nonserializable concurrent access to an index, as long as the accuracy of the
index is maintained.

We outline two techniques for managing concurrent access to B+-trees. The bib-
liographical notes reference other techniques for B+-trees, as well as techniques for
other index structures.

The techniques that we present for concurrency control on B+-trees are based on
locking, but neither two-phase locking nor the tree protocol is employed. The algo-
rithms for lookup, insertion, and deletion are those used in Chapter 12, with only
minor modifications.

The first technique is called the crabbing protocol:

• When searching for a key value, the crabbing protocol first locks the root node
in shared mode. When traversing down the tree, it acquires a shared lock on
the child node to be traversed further. After acquiring the lock on the child
node, it releases the lock on the parent node. It repeats this process until it
reaches a leaf node.
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or deletion. It locks leaf nodes affected by insertion or deletion following the
two-phase locking protocol, as Section 16.7.3 describes, to avoid the phantom
phenomenon.

• Split. If the transaction splits a node, it creates a new node according to the
algorithm of Section 12.3 and makes it the right sibling of the original node.
The right-sibling pointers of both the original node and the new node are set.
Following this, the transaction releases the exclusive lock on the original node
and requests an exclusive lock on the parent, so that it can insert a pointer to
the new node.

• Coalescence. If a node has too few search-key values after a deletion, the node
with which it will be coalesced must be locked in exclusive mode. Once the
transaction has coalesced these two nodes, it requests an exclusive lock on the
parent so that the deleted node can be removed. At this point, the transaction
releases the locks on the coalesced nodes. Unless the parent node must be
coalesced also, its lock is released.

Observe this important fact: An insertion or deletion may lock a node, unlock it, and
subsequently relock it. Furthermore, a lookup that runs concurrently with a split or
coalescence operation may find that the desired search key has been moved to the
right-sibling node by the split or coalescence operation.

As an illustration, consider the B+-tree in Figure 16.21. Assume that there are two
concurrent operations on this B+-tree:

1. Insert “Clearview”

2. Look up “Downtown”

Let us assume that the insertion operation begins first. It does a lookup on “Clear-
view,” and finds that the node into which “Clearview” should be inserted is full.
It therefore converts its shared lock on the node to exclusive mode, and creates a
new node. The original node now contains the search-key values “Brighton” and
“Clearview.” The new node contains the search-key value “Downtown.”

Now assume that a context switch occurs that results in control passing to the
lookup operation. This lookup operation accesses the root, and follows the pointer

Perryridge

Redwood

RedwoodPerryridgeBrighton Mianus

Downtown

Downtown

Mianus

Clearview Round Hill

Figure 16.21 B+-tree for account file with n = 3.
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16.10 Summary
• When several transactions execute concurrently in the database, the consis-

tency of data may no longer be preserved. It is necessary for the system to
control the interaction among the concurrent transactions, and this control is
achieved through one of a variety of mechanisms called concurrency-control
schemes.

• To ensure serializability, we can use various concurrency-control schemes.
All these schemes either delay an operation or abort the transaction that is-
sued the operation. The most common ones are locking protocols, timestamp-
ordering schemes, validation techniques, and multiversion schemes.

• A locking protocol is a set of rules that state when a transaction may lock and
unlock each of the data items in the database.

• The two-phase locking protocol allows a transaction to lock a new data item
only if that transaction has not yet unlocked any data item. The protocol en-
sures serializability, but not deadlock freedom. In the absence of information
concerning the manner in which data items are accessed, the two-phase lock-
ing protocol is both necessary and sufficient for ensuring serializability.

• The strict two-phase locking protocol permits release of exclusive locks only
at the end of transaction, in order to ensure recoverability and cascadelessness
of the resulting schedules. The rigorous two-phase locking protocol releases
all locks only at the end of the transaction.

• A timestamp-ordering scheme ensures serializability by selecting an ordering
in advance between every pair of transactions. A unique fixed timestamp is
associated with each transaction in the system. The timestamps of the transac-
tions determine the serializability order. Thus, if the timestamp of transaction
Ti is smaller than the timestamp of transaction Tj , then the scheme ensures
that the produced schedule is equivalent to a serial schedule in which trans-
action Ti appears before transaction Tj . It does so by rolling back a transaction
whenever such an order is violated.

• A validation scheme is an appropriate concurrency-control method in cases
where a majority of transactions are read-only transactions, and thus the rate
of conflicts among these transactions is low. A unique fixed timestamp is as-
sociated with each transaction in the system. The serializability order is de-
termined by the timestamp of the transaction. A transaction in this scheme is
never delayed. It must, however, pass a validation test to complete. If it does
not pass the validation test, the system rolls it back to its initial state.

• There are circumstances where it would be advantageous to group several
data items, and to treat them as one aggregate data item for purposes of work-
ing, resulting in multiple levels of granularity. We allow data items of various
sizes, and define a hierarchy of data items, where the small items are nested
within larger ones. Such a hierarchy can be represented graphically as a tree.
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• Special concurrency-control techniques can be developed for special data
structures. Often, special techniques are applied in B+-trees to allow greater
concurrency. These techniques allow nonserializable access to the B+-tree, but
they ensure that the B+-tree structure is correct, and ensure that accesses to
the database itself are serializable.

Review Terms
• Concurrency control

• Lock types
� Shared-mode (S) lock
� Exclusive-mode (X) lock

• Lock
� Compatibility
� Request
� Wait
� Grant

• Deadlock

• Starvation

• Locking protocol

• Legal schedule

• Two-phase locking protocol
� Growing phase
� Shrinking phase
� Lock point
� Strict two-phase locking
� Rigorous two-phase locking

• Lock conversion
� Upgrade
� Downgrade

• Graph-based protocols
� Tree protocol
� Commit dependency

• Timestamp-based protocols

• Timestamp
� System clock
� Logical counter
� W-timestamp(Q)
� R-timestamp(Q)

• Timestamp-ordering protocol

� Thomas’ write rule
• Validation-based protocols
� Read phase
� Validation phase
� Write phase
� Validation test

• Multiple granularity
� Explicit locks
� Implicit locks
� Intention locks

• Intention lock modes
� Intention-shared (IS)
� Intention-exclusive (IX)
� Shared and intention-

exclusive (SIX)
• Multiple-granularity locking

protocol

• Multiversion concurrency control

• Versions

• Multiversion timestamp ordering

• Multiversion two-phase locking
� Read-only transactions
� Update transactions

• Deadlock handling
� Prevention
� Detection
� Recovery

• Deadlock prevention
� Ordered locking
� Preemption of locks
� Wait–die scheme
� Wound–wait scheme
� Timeout-based schemes
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16.30 Suppose that we use the tree protocol of Section 16.1.5 to manage concurrent
access to a B+-tree. Since a split may occur on an insert that affects the root, it
appears that an insert operation cannot release any locks until it has completed
the entire operation. Under what circumstances is it possible to release a lock
earlier?

16.31 Give example schedules to show that if any of lookup, insert or delete do not
lock the next key value, the phantom phenomemon could go undetected.
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C H A P T E R 1 7

Recovery System

A computer system, like any other device, is subject to failure from a variety of
causes: disk crash, power outage, software error, a fire in the machine room, even
sabotage. In any failure, information may be lost. Therefore, the database system
must take actions in advance to ensure that the atomicity and durability properties of
transactions, introduced in Chapter 15, are preserved. An integral part of a database
system is a recovery scheme that can restore the database to the consistent state that
existed before the failure. The recovery scheme must also provide high availability;
that is, it must minimize the time for which the database is not usable after a crash.

17.1 Failure Classification
There are various types of failure that may occur in a system, each of which needs to
be dealt with in a different manner. The simplest type of failure is one that does not
result in the loss of information in the system. The failures that are more difficult to
deal with are those that result in loss of information. In this chapter, we shall consider
only the following types of failure:

• Transaction failure. There are two types of errors that may cause a transaction
to fail:
� Logical error. The transaction can no longer continue with its normal ex-

ecution because of some internal condition, such as bad input, data not
found, overflow, or resource limit exceeded.

� System error. The system has entered an undesirable state (for example,
deadlock), as a result of which a transaction cannot continue with its nor-
mal execution. The transaction, however, can be reexecuted at a later time.

• System crash. There is a hardware malfunction, or a bug in the database soft-
ware or the operating system, that causes the loss of the content of volatile

639
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storage, and brings transaction processing to a halt. The content of nonvolatile
storage remains intact, and is not corrupted.

The assumption that hardware errors and bugs in the software bring the
system to a halt, but do not corrupt the nonvolatile storage contents, is known
as the fail-stop assumption. Well-designed systems have numerous internal
checks, at the hardware and the software level, that bring the system to a halt
when there is an error. Hence, the fail-stop assumption is a reasonable one.

• Disk failure. A disk block loses its content as a result of either a head crash
or failure during a data transfer operation. Copies of the data on other disks,
or archival backups on tertiary media, such as tapes, are used to recover from
the failure.

To determine how the system should recover from failures, we need to identify
the failure modes of those devices used for storing data. Next, we must consider
how these failure modes affect the contents of the database. We can then propose
algorithms to ensure database consistency and transaction atomicity despite failures.
These algorithms, known as recovery algorithms, have two parts:

1. Actions taken during normal transaction processing to ensure that enough
information exists to allow recovery from failures.

2. Actions taken after a failure to recover the database contents to a state that
ensures database consistency, transaction atomicity, and durability.

17.2 Storage Structure
As we saw in Chapter 11, the various data items in the database may be stored and
accessed in a number of different storage media. To understand how to ensure the
atomicity and durability properties of a transaction, we must gain a better under-
standing of these storage media and their access methods.

17.2.1 Storage Types
In Chapter 11 we saw that storage media can be distinguished by their relative speed,
capacity, and resilience to failure, and classified as volatile storage or nonvolatile stor-
age. We review these terms, and introduce another class of storage, called stable stor-
age.

• Volatile storage. Information residing in volatile storage does not usually sur-
vive system crashes. Examples of such storage are main memory and cache
memory. Access to volatile storage is extremely fast, both because of the speed
of the memory access itself, and because it is possible to access any data item
in volatile storage directly.

• Nonvolatile storage. Information residing in nonvolatile storage survives sys-
tem crashes. Examples of such storage are disk and magnetic tapes. Disks are
used for online storage, whereas tapes are used for archival storage. Both,
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however, are subject to failure (for example, head crash), which may result
in loss of information. At the current state of technology, nonvolatile stor-
age is slower than volatile storage by several orders of magnitude. This is
because disk and tape devices are electromechanical, rather than based en-
tirely on chips, as is volatile storage. In database systems, disks are used for
most nonvolatile storage. Other nonvolatile media are normally used only for
backup data. Flash storage (see Section 11.1), though nonvolatile, has insuffi-
cient capacity for most database systems.

• Stable storage. Information residing in stable storage is never lost (never should
be taken with a grain of salt, since theoretically never cannot be guaranteed—
for example, it is possible, although extremely unlikely, that a black hole may
envelop the earth and permanently destroy all data!). Although stable stor-
age is theoretically impossible to obtain, it can be closely approximated by
techniques that make data loss extremely unlikely. Section 17.2.2 discusses
stable-storage implementation.

The distinctions among the various storage types are often less clear in practice than
in our presentation. Certain systems provide battery backup, so that some main
memory can survive system crashes and power failures. Alternative forms of non-
volatile storage, such as optical media, provide an even higher degree of reliability
than do disks.

17.2.2 Stable-Storage Implementation
To implement stable storage, we need to replicate the needed information in sev-
eral nonvolatile storage media (usually disk) with independent failure modes, and
to update the information in a controlled manner to ensure that failure during data
transfer does not damage the needed information.

Recall (from Chapter 11) that RAID systems guarantee that the failure of a single
disk (even during data transfer) will not result in loss of data. The simplest and fastest
form of RAID is the mirrored disk, which keeps two copies of each block, on separate
disks. Other forms of RAID offer lower costs, but at the expense of lower performance.

RAID systems, however, cannot guard against data loss due to disasters such as
fires or flooding. Many systems store archival backups of tapes off-site to guard
against such disasters. However, since tapes cannot be carried off-site continually,
updates since the most recent time that tapes were carried off-site could be lost in
such a disaster. More secure systems keep a copy of each block of stable storage at a
remote site, writing it out over a computer network, in addition to storing the block
on a local disk system. Since the blocks are output to a remote system as and when
they are output to local storage, once an output operation is complete, the output is
not lost, even in the event of a disaster such as a fire or flood. We study such remote
backup systems in Section 17.10.

In the remainder of this section, we discuss how storage media can be protected
from failure during data transfer. Block transfer between memory and disk storage
can result in
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• Successful completion. The transferred information arrived safely at its des-
tination.

• Partial failure. A failure occurred in the midst of transfer, and the destination
block has incorrect information.

• Total failure. The failure occurred sufficiently early during the transfer that
the destination block remains intact.

We require that, if a data-transfer failure occurs, the system detects it and invokes
a recovery procedure to restore the block to a consistent state. To do so, the system
must maintain two physical blocks for each logical database block; in the case of
mirrored disks, both blocks are at the same location; in the case of remote backup,
one of the blocks is local, whereas the other is at a remote site. An output operation
is executed as follows:

1. Write the information onto the first physical block.

2. When the first write completes successfully, write the same information onto
the second physical block.

3. The output is completed only after the second write completes successfully.

During recovery, the system examines each pair of physical blocks. If both are the
same and no detectable error exists, then no further actions are necessary. (Recall that
errors in a disk block, such as a partial write to the block, are detected by storing a
checksum with each block.) If the system detects an error in one block, then it replaces
its content with the content of the other block. If both blocks contain no detectable
error, but they differ in content, then the system replaces the content of the first block
with the value of the second. This recovery procedure ensures that a write to stable
storage either succeeds completely (that is, updates all copies) or results in no change.

The requirement of comparing every corresponding pair of blocks during recovery
is expensive to meet. We can reduce the cost greatly by keeping track of block writes
that are in progress, using a small amount of nonvolatile RAM. On recovery, only
blocks for which writes were in progress need to be compared.

The protocols for writing out a block to a remote site are similar to the protocols
for writing blocks to a mirrored disk system, which we examined in Chapter 11, and
particularly in Exercise 11.4.

We can extend this procedure easily to allow the use of an arbitrarily large number
of copies of each block of stable storage. Although a large number of copies reduces
the probability of a failure to even lower than two copies do, it is usually reasonable
to simulate stable storage with only two copies.

17.2.3 Data Access
As we saw in Chapter 11, the database system resides permanently on nonvolatile
storage (usually disks), and is partitioned into fixed-length storage units called blocks.
Blocks are the units of data transfer to and from disk, and may contain several data
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A
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input(A)

output(B)
B

main memory
disk

Figure 17.1 Block storage operations.

items. We shall assume that no data item spans two or more blocks. This assumption
is realistic for most data-processing applications, such as our banking example.

Transactions input information from the disk to main memory, and then output the
information back onto the disk. The input and output operations are done in block
units. The blocks residing on the disk are referred to as physical blocks; the blocks
residing temporarily in main memory are referred to as buffer blocks. The area of
memory where blocks reside temporarily is called the disk buffer.

Block movements between disk and main memory are initiated through the fol-
lowing two operations:

1. input(B) transfers the physical block B to main memory.

2. output(B) transfers the buffer block B to the disk, and replaces the appropriate
physical block there.

Figure 17.1 illustrates this scheme.
Each transaction Ti has a private work area in which copies of all the data items

accessed and updated by Ti are kept. The system creates this work area when the
transaction is initiated; the system removes it when the transaction either commits
or aborts. Each data item X kept in the work area of transaction Ti is denoted by xi.
Transaction Ti interacts with the database system by transferring data to and from its
work area to the system buffer. We transfer data by these two operations:

1. read(X) assigns the value of data item X to the local variable xi. It executes
this operation as follows:

a. If block BX on which X resides is not in main memory, it issues input(BX ).
b. It assigns to xi the value of X from the buffer block.

2. write(X) assigns the value of local variable xi to data item X in the buffer block.
It executes this operation as follows:

a. If block BX on which X resides is not in main memory, it issues input(BX ).
b. It assigns the value of xi to X in buffer BX .
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Note that both operations may require the transfer of a block from disk to main mem-
ory. They do not, however, specifically require the transfer of a block from main mem-
ory to disk.

A buffer block is eventually written out to the disk either because the buffer man-
ager needs the memory space for other purposes or because the database system
wishes to reflect the change to B on the disk. We shall say that the database system
performs a force-output of buffer B if it issues an output(B).

When a transaction needs to access a data item X for the first time, it must execute
read(X). The system then performs all updates to X on xi. After the transaction ac-
cesses X for the final time, it must execute write(X) to reflect the change to X in the
database itself.

The output(BX ) operation for the buffer block BX on which X resides does not
need to take effect immediately after write(X) is executed, since the block BX may
contain other data items that are still being accessed. Thus, the actual output may
take place later. Notice that, if the system crashes after the write(X) operation was
executed but before output(BX ) was executed, the new value of X is never written to
disk and, thus, is lost.

17.3 Recovery and Atomicity
Consider again our simplified banking system and transaction Ti that transfers $50
from account A to account B, with initial values of A and B being $1000 and $2000,
respectively. Suppose that a system crash has occurred during the execution of Ti,
after output(BA) has taken place, but before output(BB) was executed, where BA and
BB denote the buffer blocks on which A and B reside. Since the memory contents
were lost, we do not know the fate of the transaction; thus, we could invoke one of
two possible recovery procedures:

• Reexecute Ti. This procedure will result in the value of A becoming $900,
rather than $950. Thus, the system enters an inconsistent state.

• Do not reexecute Ti. The current system state has values of $950 and $2000
for A and B, respectively. Thus, the system enters an inconsistent state.

In either case, the database is left in an inconsistent state, and thus this simple re-
covery scheme does not work. The reason for this difficulty is that we have modified
the database without having assurance that the transaction will indeed commit. Our
goal is to perform either all or no database modifications made by Ti. However, if
Ti performed multiple database modifications, several output operations may be re-
quired, and a failure may occur after some of these modifications have been made,
but before all of them are made.

To achieve our goal of atomicity, we must first output information describing the
modifications to stable storage, without modifying the database itself. As we shall
see, this procedure will allow us to output all the modifications made by a commit-
ted transaction, despite failures. There are two ways to perform such outputs; we
study them in Sections 17.4 and 17.5. In these two sections, we shall assume that
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result of the redo operations, but all changes may not have been made. When the sys-
tem comes up after the second crash, recovery proceeds exactly as in the preceding
examples. For each commit record

<Ti commit>

found in the log, the the system performs the operation redo(Ti). In other words,
it restarts the recovery actions from the beginning. Since redo writes values to the
database independent of the values currently in the database, the result of a success-
ful second attempt at redo is the same as though redo had succeeded the first time.

17.4.2 Immediate Database Modification
The immediate-modification technique allows database modifications to be output
to the database while the transaction is still in the active state. Data modifications
written by active transactions are called uncommitted modifications. In the event
of a crash or a transaction failure, the system must use the old-value field of the
log records described in Section 17.4 to restore the modified data items to the value
they had prior to the start of the transaction. The undo operation, described next,
accomplishes this restoration.

Before a transaction Ti starts its execution, the system writes the record <Ti start>
to the log. During its execution, any write(X) operation by Ti is preceded by the writ-
ing of the appropriate new update record to the log. When Ti partially commits, the
system writes the record <Ti commit> to the log.

Since the information in the log is used in reconstructing the state of the database,
we cannot allow the actual update to the database to take place before the corre-
sponding log record is written out to stable storage. We therefore require that, before
execution of an output(B) operation, the log records corresponding to B be written
onto stable storage. We shall return to this issue in Section 17.7.

As an illustration, let us reconsider our simplified banking system, with transac-
tions T0 and T1 executed one after the other in the order T0 followed by T1. The por-
tion of the log containing the relevant information concerning these two transactions
appears in Figure 17.5.

Figure 17.6 shows one possible order in which the actual outputs took place in both
the database system and the log as a result of the execution of T0 and T1. Notice that

<T0  start>
<T0 ,  A,  1000,  950>
<T0 ,  B,  2000,  2050>
<T0  commit>
<T1  start>
<T1 ,  C,  700,  600>
<T1  commit>

Figure 17.5 Portion of the system log corresponding to T0 and T1.
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item, it must acquire an exclusive lock on the block in which the data item resides.
The lock can be released immediately after the update has been performed. Before
a block is output, the system obtains an exclusive lock on the block, to ensure that
no transaction is updating the block. It releases the lock once the block output has
completed. Locks that are held for a short duration are often called latches. Latches
are treated as distinct from locks used by the concurrency-control system. As a re-
sult, they may be released without regard to any locking protocol, such as two-phase
locking, required by the concurrency-control system.

To illustrate the need for the write-ahead logging requirement, consider our bank-
ing example with transactions T0 and T1. Suppose that the state of the log is

<T0 start>
<T0, A, 1000, 950>

and that transaction T0 issues a read(B). Assume that the block on which B resides is
not in main memory, and that main memory is full. Suppose that the block on which
A resides is chosen to be output to disk. If the system outputs this block to disk and
then a crash occurs, the values in the database for accounts A, B, and C are $950,
$2000, and $700, respectively. This database state is inconsistent. However, because
of the WAL requirements, the log record

<T0, A, 1000, 950>

must be output to stable storage prior to output of the block on which A resides.
The system can use the log record during recovery to bring the database back to a
consistent state.

17.7.3 Operating System Role in Buffer Management
We can manage the database buffer by using one of two approaches:

1. The database system reserves part of main memory to serve as a buffer that
it, rather than the operating system, manages. The database system manages
data-block transfer in accordance with the requirements in Section 17.7.2.

This approach has the drawback of limiting flexibility in the use of main
memory. The buffer must be kept small enough that other applications have
sufficient main memory available for their needs. However, even when the
other applications are not running, the database will not be able to make use
of all the available memory. Likewise, nondatabase applications may not use
that part of main memory reserved for the database buffer, even if some of the
pages in the database buffer are not being used.

2. The database system implements its buffer within the virtual memory pro-
vided by the operating system. Since the operating system knows about the
memory requirements of all processes in the system, ideally it should be in
charge of deciding what buffer blocks must be force-output to disk, and when.
But, to ensure the write-ahead logging requirements in Section 17.7.1, the op-
erating system should not write out the database buffer pages itself, but in-
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rollback, instead of using compensation log records. This is because a crash
may occur while a logical undo is in progress, and on recovery the system
has to complete the logical undo; to do so, restart recovery will undo the par-
tial effects of the earlier undo, using the physical undo information, and then
perform the logical undo again, as we will see in Section 17.9.4.

At the end of the operation rollback, instead of generating a log record
< Ti, Oj , operation-end, U >, the system generates a log record < Ti, Oj ,
operation-abort>.

2. When the backward scan of the log continues, the system skips all log records
of the transaction until it finds the log record <Ti, Oj , operation-begin>. After
it finds the operation-begin log record, it processes log records of the transac-
tion in the normal manner again.

Observe that skipping over physical log records when the operation-end log record
is found during rollback ensures that the old values in the physical log record are not
used for rollback, once the operation completes.

If the system finds a record < Ti, Oj , operation-abort>, it skips all preceding re-
cords until it finds the record < Ti, Oj , operation-begin>. These preceding log records
must be skipped to prevent multiple rollback of the same operation, in case there had
been a crash during an earlier rollback, and the transaction had already been partly
rolled back. When the transaction Ti has been rolled back, the system adds a record
<Ti abort> to the log.

If failures occur while a logical operation is in progress, the operation-end log
record for the operation will not be found when the transaction is rolled back. How-
ever, for every update performed by the operation, undo information—in the form
of the old value in the physical log records—is available in the log. The physical log
records will be used to roll back the incomplete operation.

17.9.3 Checkpoints
Checkpointing is performed as described in Section 17.6. The system suspends up-
dates to the database temporarily and carries out these actions:

1. It outputs to stable storage all log records currently residing in main memory.

2. It outputs to the disk all modified buffer blocks.

3. It outputs onto stable storage a log record <checkpoint L>, where L is a list of
all active transactions.

17.9.4 Restart Recovery
Recovery actions, when the database system is restarted after a failure, take place in
two phases:

1. In the redo phase, the system replays updates of all transactions by scan-
ning the log forward from the last checkpoint. The log records that are re-
played include log records for transactions that were rolled back before sys-
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• Log buffer, containing log records waiting to be output to the log on stable
storage

• Cached query plans, which can be reused if the same query is submitted again

All database processes can access the data in shared memory. Since multiple pro-
cesses may read or perform updates on data structures in shared memory, there must
be a mechanism to ensure that only one of them is modifying any data structure at
a time, and no process is reading a data structure while it is being written by others.
Such mutual exclusion can be implemented by means of operating system functions
called semaphores. Alternative implementations, with less overheads, use special
atomic instructions supported by the computer hardware; one type of atomic in-
struction tests a memory location and sets it to 1 atomically. Further implementation
details of mutual exclusion can be found in any standard operating system textbook.
The mutual exclusion mechanisms are also used to implement latches.

To avoid the overhead of message passing, in many database systems, server pro-
cesses implement locking by directly updating the lock table (which is in shared
memory), instead of sending lock request messages to a lock manager process. The
lock request procedure executes the actions that the lock manager process would
take on getting a lock request. The actions on lock request and release are like those
in Section 16.1.4, but with two significant differences:

• Since multiple server processes may access shared memory, mutual exclusion
must be ensured on the lock table.

• If a lock cannot be obtained immediately because of a lock conflict, the lock
request code keeps monitoring the lock table to check when the lock has been
granted. The lock release code updates the lock table to note which process
has been granted the lock.

To avoid repeated checks on the lock table, operating system semaphores
can be used by the lock request code to wait for a lock grant notification. The
lock release code must then use the semaphore mechanism to notify waiting
transactions that their locks have been granted.

Even if the system handles lock requests through shared memory, it still uses the lock
manager process for deadlock detection.

18.2.2 Data Servers
Data-server systems are used in local-area networks, where there is a high-speed
connection between the clients and the server, the client machines are comparable in
processing power to the server machine, and the tasks to be executed are computa-
tion intensive. In such an environment, it makes sense to ship data to client machines,
to perform all processing at the client machine (which may take a while), and then
to ship the data back to the server machine. Note that this architecture requires full
back-end functionality at the clients. Data-server architectures have been particularly
popular in object-oriented database systems.
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Interesting issues arise in such an architecture, since the time cost of communica-
tion between the client and the server is high compared to that of a local memory
reference (milliseconds, versus less than 100 nanoseconds):

• Page shipping versus item shipping. The unit of communication for data can
be of coarse granularity, such as a page, or fine granularity, such as a tuple (or
an object, in the context of object-oriented database systems). We use the term
item to refer to both tuples and objects.

If the unit of communication is a single item, the overhead of message pass-
ing is high compared to the amount of data transmitted. Instead, when an item
is requested, it makes sense also to send back other items that are likely to be
used in the near future. Fetching items even before they are requested is called
prefetching. Page shipping can be considered a form of prefetching if multi-
ple items reside on a page, since all the items in the page are shipped when a
process desires to access a single item in the page.

• Locking. Locks are usually granted by the server for the data items that it
ships to the client machines. A disadvantage of page shipping is that client
machines may be granted locks of too coarse a granularity—a lock on a page
implicitly locks all items contained in the page. Even if the client is not access-
ing some items in the page, it has implicitly acquired locks on all prefetched
items. Other client machines that require locks on those items may be blocked
unnecessarily. Techniques for lock de-escalation, have been proposed where
the server can request its clients to transfer back locks on prefetched items. If
the client machine does not need a prefetched item, it can transfer locks on the
item back to the server, and the locks can then be allocated to other clients.

• Data caching. Data that are shipped to a client on behalf of a transaction can be
cached at the client, even after the transaction completes, if sufficient storage
space is available. Successive transactions at the same client may be able to
make use of the cached data. However, cache coherency is an issue: Even if a
transaction finds cached data, it must make sure that those data are up to date,
since they may have been updated by a different client after they were cached.
Thus, a message must still be exchanged with the server to check validity of
the data, and to acquire a lock on the data.

• Lock caching. If the use of data is mostly partitioned among the clients, with
clients rarely requesting data that are also requested by other clients, locks can
also be cached at the client machine. Suppose that a client finds a data item in
the cache, and that it also finds the lock required for an access to the data item
in the cache. Then, the access can proceed without any communication with
the server. However, the server must keep track of cached locks; if a client re-
quests a lock from the server, the server must call back all conflicting locks on
the data item from any other client machines that have cached the locks. The
task becomes more complicated when machine failures are taken into account.
This technique differs from lock de-escalation in that lock caching takes place
across transactions; otherwise, the two techniques are similar.

Preview from Notesale.co.uk

Page 691 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

VI. Database System 
Architecture

18. Database System 
Architecture

693© The McGraw−Hill 
Companies, 2001

696 Chapter 18 Database System Architectures

18.3.3.1 Shared Memory
In a shared-memory architecture, the processors and disks have access to a common
memory, typically via a bus or through an interconnection network. The benefit of
shared memory is extremely efficient communication between processors—data in
shared memory can be accessed by any processor without being moved with soft-
ware. A processor can send messages to other processors much faster by using mem-
ory writes (which usually take less than a microsecond) than by sending a message
through a communication mechanism. The downside of shared-memory machines is
that the architecture is not scalable beyond 32 or 64 processors because the bus or the
interconnection network becomes a bottleneck (since it is shared by all processors).
Adding more processors does not help after a point, since the processors will spend
most of their time waiting for their turn on the bus to access memory.

Shared-memory architectures usually have large memory caches at each proces-
sor, so that referencing of the shared memory is avoided whenever possible. How-
ever, at least some of the data will not be in the cache, and accesses will have to go
to the shared memory. Moreover, the caches need to be kept coherent; that is, if a
processor performs a write to a memory location, the data in that memory location
should be either updated at or removed from any processor where the data is cached.
Maintaining cache-coherency becomes an increasing overhead with increasing num-
ber of processors. Consequently, shared-memory machines are not capable of scaling
up beyond a point; current shared-memory machines cannot support more than 64
processors.

18.3.3.2 Shared Disk
In the shared-disk model, all processors can access all disks directly via an intercon-
nection network, but the processors have private memories. There are two advan-
tages of this architecture over a shared-memory architecture. First, since each pro-
cessor has its own memory, the memory bus is not a bottleneck. Second, it offers a
cheap way to provide a degree of fault tolerance: If a processor (or its memory) fails,
the other processors can take over its tasks, since the database is resident on disks
that are accessible from all processors. We can make the disk subsystem itself fault
tolerant by using a RAID architecture, as described in Chapter 11. The shared-disk
architecture has found acceptance in many applications.

The main problem with a shared-disk system is again scalability. Although the
memory bus is no longer a bottleneck, the interconnection to the disk subsystem is
now a bottleneck; it is particularly so in a situation where the database makes a large
number of accesses to disks. Compared to shared-memory systems, shared-disk sys-
tems can scale to a somewhat larger number of processors, but communication across
processors is slower (up to a few milliseconds in the absence of special-purpose hard-
ware for communication), since it has to go through a communication network.

DEC clusters running Rdb were one of the early commercial users of the shared-
disk database architecture. (Rdb is now owned by Oracle, and is called Oracle Rdb.
Digital Equipment Corporation (DEC) is now owned by Compaq.)
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to transfer $50 from account A-177 to account A-305, which is located at the Hillside
branch, is a global transaction, since accounts in two different sites are accessed as a
result of its execution.

In an ideal distributed database system, the sites would share a common global
schema (although some relations may be stored only at some sites), all sites would
run the same distributed database-management software, and the sites would be
aware of each other’s existence. If a distributed database is built from scratch, it
would indeed be possible to achieve the above goals. However, in reality a dis-
tributed database has to be constructed by linking together multiple already-existing
database systems, each with its own schema and possibly running different database-
management software. Such systems are sometimes called multidatabase systems
or heterogeneous distributed database systems. We discuss these systems in Sec-
tion 19.8, where we show how to achieve a degree of global control despite the het-
erogeneity of the component systems.

18.4.2 Implementation Issues
Atomicity of transactions is an important issue in building a distributed database sys-
tem. If a transaction runs across two sites, unless the system designers are careful, it
may commit at one site and abort at another, leading to an inconsistent state. Trans-
action commit protocols ensure such a situation cannot arise. The two-phase commit
protocol (2PC) is the most widely used of these protocols.

The basic idea behind 2PC is for each site to execute the transaction till just before
commit, and then leave the commit decision to a single coordinator site; the trans-
action is said to be in the ready state at a site at this point. The coordinator decides
to commit the transaction only if the transaction reaches the ready state at every site
where it executed; otherwise (for example, if the transaction aborts at any site), the
coordinator decides to abort the transaction. Every site where the transaction exe-
cuted must follow the decision of the coordinator. If a site fails when a transaction is
in ready state, when the site recovers from failure it should be in a position to either
commit or abort the transaction, depending on the decision of the coordinator. The
2PC protocol is described in detail in Section 19.4.1.

Concurrency control is another issue in a distributed database. Since a transac-
tion may access data items at several sites, transaction managers at several sites may
need to coordinate to implement concurrency control. If locking is used (as is almost
always the case in practice), locking can be performed locally at the sites containing
accessed data items, but there is also a possibility of deadlock involving transactions
originating at multiple sites. Therefore deadlock detection needs to be carried out
across multiple sites. Failures are more common in distributed systems since not only
may computers fail, but communication links may also fail. Replication of data items,
which is the key to the continued functioning of distributed databases when failures
occur, further complicates concurrency control. Section 19.5 provides detailed cover-
age of concurrency control in distributed databases.

The standard transaction models, based on multiple actions carried out by a single
program unit, are often inappropriate for carrying out tasks that cross the boundaries
of databases that cannot or will not cooperate to implement protocols such as 2PC.
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in terms of their right to change schemas or database management system software.
That software must also cooperate with other sites in exchanging information about
transactions, to make transaction processing possible across multiple sites.

In contrast, in a heterogeneous distributed database, different sites may use dif-
ferent schemas, and different database management system software. The sites may
not be aware of one another, and they may provide only limited facilities for cooper-
ation in transaction processing. The differences in schemas are often a major problem
for query processing, while the divergence in software becomes a hindrance for pro-
cessing transactions that access multiple sites.

In this chapter, we concentrate on homogeneous distributed databases. However,
in Section 19.8 we briefly discuss query processing issues in heterogeneous distributed
database systems. Transaction processing issues in such systems are covered later, in
Section 24.6.

19.2 Distributed Data Storage
Consider a relation r that is to be stored in the database. There are two approaches to
storing this relation in the distributed database:

• Replication. The system maintains several identical replicas (copies) of the
relation, and stores each replica at a different site. The alternative to replication
is to store only one copy of relation r.

• Fragmentation. The system partitions the relation into several fragments, and
stores each fragment at a different site.

Fragmentation and replication can be combined: A relation can be partitioned into
several fragments and there may be several replicas of each fragment. In the follow-
ing subsections, we elaborate on each of these techniques.

19.2.1 Data Replication
If relation r is replicated, a copy of relation r is stored in two or more sites. In the most
extreme case, we have full replication, in which a copy is stored in every site in the
system.

There are a number of advantages and disadvantages to replication.

• Availability. If one of the sites containing relation r fails, then the relation r
can be found in another site. Thus, the system can continue to process queries
involving r, despite the failure of one site.

• Increased parallelism. In the case where the majority of accesses to the rela-
tion r result in only the reading of the relation, then several sites can process
queries involving r in parallel. The more replicas of r there are, the greater the
chance that the needed data will be found in the site where the transaction
is executing. Hence, data replication minimizes movement of data between
sites.
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19.5.1.1 Single Lock-Manager Approach
In the single lock-manager approach, the system maintains a single lock manager
that resides in a single chosen site—say Si. All lock and unlock requests are made at
site Si. When a transaction needs to lock a data item, it sends a lock request to Si.
The lock manager determines whether the lock can be granted immediately. If the
lock can be granted, the lock manager sends a message to that effect to the site at
which the lock request was initiated. Otherwise, the request is delayed until it can
be granted, at which time a message is sent to the site at which the lock request was
initiated. The transaction can read the data item from any one of the sites at which a
replica of the data item resides. In the case of a write, all the sites where a replica of
the data item resides must be involved in the writing.

The scheme has these advantages:

• Simple implementation. This scheme requires two messages for handling
lock requests, and one message for handling unlock requests.

• Simple deadlock handling. Since all lock and unlock requests are made at one
site, the deadlock-handling algorithms discussed in Chapter 16 can be applied
directly to this environment.

The disadvantages of the scheme are:

• Bottleneck. The site Si becomes a bottleneck, since all requests must be pro-
cessed there.

• Vulnerability. If the site Si fails, the concurrency controller is lost. Either pro-
cessing must stop, or a recovery scheme must be used so that a backup site
can take over lock management from Si, as described in Section 19.6.5.

19.5.1.2 Distributed Lock Manager
A compromise between the advantages and disadvantages can be achieved through
the distributed lock-manager approach, in which the lock-manager function is dis-
tributed over several sites.

Each site maintains a local lock manager whose function is to administer the lock
and unlock requests for those data items that are stored in that site. When a trans-
action wishes to lock data item Q, which is not replicated and resides at site Si, a
message is sent to the lock manager at site Si requesting a lock (in a particular lock
mode). If data item Q is locked in an incompatible mode, then the request is delayed
until it can be granted. Once it has determined that the lock request can be granted,
the lock manager sends a message back to the initiator indicating that it has granted
the lock request.

There are several alternative ways of dealing with replication of data items, which
we study in Sections 19.5.1.3 to 19.5.1.6.

The distributed lock manager scheme has the advantage of simple implementa-
tion, and reduces the degree to which the coordinator is a bottleneck. It has a reason-
ably low overhead, requiring two message transfers for handling lock requests, and
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r

A B C

s

C D E
1 2 3 3 4 5
4 5 6 3 6 8
1 2 4 2 3 2
5 3 2 1 4 1
8 9 7 1 2 3

Figure 19.7 Relations for Exercise 19.20.

19.23 Describe how LDAP can be used to provide multiple hierarchical views of data,
without replicating the base level data.
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Figure 20.2 Partitioned parallel join.

If one or both of the relations r and s are already partitioned on the join attributes
(by either hash partitioning or range partitioning), the work needed for partitioning
is reduced greatly. If the relations are not partitioned, or are partitioned on attributes
other than the join attributes, then the tuples need to be repartitioned. Each processor
Pi reads in the tuples on disk Di, computes for each tuple t the partition j to which t
belongs, and sends tuple t to processor Pj . Processor Pj stores the tuples on disk Dj .

We can optimize the join algorithm used locally at each processor to reduce I/O by
buffering some of the tuples to memory, instead of writing them to disk. We describe
such optimizations in Section 20.5.2.3.

Skew presents a special problem when range partitioning is used, since a partition
vector that splits one relation of the join into equal-sized partitions may split the other
relations into partitions of widely varying size. The partition vector should be such
that | ri | + | si | (that is, the sum of the sizes of ri and si) is roughly equal over all
the i = 0, 1, . . . , n − 1. With a good hash function, hash partitioning is likely to have
a smaller skew, except when there are many tuples with the same values for the join
attributes.

20.5.2.2 Fragment-and-Replicate Join
Partitioning is not applicable to all types of joins. For instance, if the join condition
is an inequality, such as r �r.a<s.b s, it is possible that all tuples in r join with some
tuple in s (and vice versa). Thus, there may be no easy way of partitioning r and s so
that tuples in partition ri join with only tuples in partition si.

We can parallelize such joins by using a technique called fragment and replicate. We
first consider a special case of fragment and replicate—asymmetric fragment-and-
replicate join—which works as follows.
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1. The system partitions one of the relations—say, r. Any partitioning technique
can be used on r, including round-robin partitioning.

2. The system replicates the other relation, s, across all the processors.

3. Processor Pi then locally computes the join of ri with all of s, using any join
technique.

The asymmetric fragment-and-replicate scheme appears in Figure 20.3a. If r is al-
ready stored by partitioning, there is no need to partition it further in step 1. All that
is required is to replicate s across all processors.

The general case of fragment and replicate join appears in Figure 20.3b; it works
this way: The system partitions relation r into n partitions, r0, r1, . . . , rn−1, and parti-
tions s into m partitions, s0, s1, . . . , sm−1. As before, any partitioning technique may
be used on r and on s. The values of m and n do not need to be equal, but they
must be chosen so that there are at least m ∗ n processors. Asymmetric fragment and
replicate is simply a special case of general fragment and replicate, where m = 1.
Fragment and replicate reduces the sizes of the relations at each processor, compared
to asymmetric fragment and replicate.
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fragment and replicate
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Figure 20.3 Fragment-and-replicate schemes.
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A large parallel database system must also address these availability issues:

• Resilience to failure of some processors or disks

• Online reorganization of data and schema changes

We consider these issues here.
With a large number of processors and disks, the probability that at least one pro-

cessor or disk will malfunction is significantly greater than in a single-processor sys-
tem with one disk. A poorly designed parallel system will stop functioning if any
component (processor or disk) fails. Assuming that the probability of failure of a sin-
gle processor or disk is small, the probability of failure of the system goes up linearly
with the number of processors and disks. If a single processor or disk would fail once
every 5 years, a system with 100 processors would have a failure every 18 days.

Therefore, large-scale parallel database systems, such as Compaq Himalaya,
Teradata, and Informix XPS (now a division of IBM), are designed to operate even
if a processor or disk fails. Data are replicated across at least two processors. If a pro-
cessor fails, the data that it stored can still be accessed from the other processors. The
system keeps track of failed processors and distributes the work among functioning
processors. Requests for data stored at the failed site are automatically routed to the
backup sites that store a replica of the data. If all the data of a processor A are repli-
cated at a single processor B, B will have to handle all the requests to A as well as
those to itself, and that will result in B becoming a bottleneck. Therefore, the replicas
of the data of a processor are partitioned across multiple other processors.

When we are dealing with large volumes of data (ranging in the terabytes), simple
operations, such as creating indices, and changes to schema, such as adding a column
to a relation, can take a long time — perhaps hours or even days. Therefore, it is
unacceptable for the database system to be unavailable while such operations are in
progress. Many parallel database systems, such as the Compaq Himalaya systems,
allow such operations to be performed online, that is, while the system is executing
other transactions.

Consider, for instance, online index construction. A system that supports this fea-
ture allows insertions, deletions, and updates on a relation even as an index is being
built on the relation. The index-building operation therefore cannot lock the entire
relation in shared mode, as it would have done otherwise. Instead, the process keeps
track of updates that occur while it is active, and incorporates the changes into the
index being constructed.

20.8 Summary
• Parallel databases have gained significant commercial acceptance in the past

15 years.

• In I/O parallelism, relations are partitioned among available disks so that
they can be retrieved faster. Three commonly used partitioning techniques
are round-robin partitioning, hash partitioning, and range partitioning.
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• Range query
• Skew
� Execution skew
� Attribute-value skew
� Partition skew

• Handling of skew
� Balanced range-partitioning

vector
� Histogram
� Virtual processors

• Interquery parallelism
• Cache coherency
• Intraquery parallelism
� Intraoperation parallelism
� Interoperation parallelism

• Parallel sort
� Range-partitioning sort
� Parallel external sort–merge

• Data parallelism
• Parallel join

� Partitioned join
� Fragment-and-replicate join
� Asymmetric fragment-and-

replicate join
� Partitioned parallel hash–join
� Parallel nested-loop join

• Parallel selection

• Parallel duplicate elimination

• Parallel projection

• Parallel aggregation

• Cost of parallel evaluation

• Interoperation parallelism
� Pipelined parallelism
� Independent parallelism

• Query optimization

• Scheduling

• Exchange-operator model

• Design of parallel systems

• Online index construction

Exercises
20.1 For each of the three partitioning techniques, namely round-robin, hash par-

titioning, and range partitioning, give an example of a query for which that
partitioning technique would provide the fastest response.

20.2 In a range selection on a range-partitioned attribute, it is possible that only
one disk may need to be accessed. Describe the benefits and drawbacks of this
property.

20.3 What factors could result in skew when a relation is partitioned on one of its
attributes by:

a. Hash partitioning
b. Range partitioning

In each case, what can be done to reduce the skew?

20.4 What form of parallelism (interquery, interoperation, or intraoperation) is likely
to be the most important for each of the following tasks.

a. Increasing the throughput of a system with many small queries
b. Increasing the throughput of a system with a few large queries, when the

number of disks and processors is large
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21.2.2 Tunable Parameters
Database administrators can tune a database system at three levels. The lowest level
is at the hardware level. Options for tuning systems at this level include adding disks
or using a RAID system if disk I/O is a bottleneck, adding more memory if the disk
buffer size is a bottleneck, or moving to a faster processor if CPU use is a bottleneck.

The second level consists of the database-system parameters, such as buffer size
and checkpointing intervals. The exact set of database-system parameters that can be
tuned depends on the specific database system. Most database-system manuals pro-
vide information on what database-system parameters can be adjusted, and how you
should choose values for the parameters. Well-designed database systems perform
as much tuning as possible automatically, freeing the user or database administrator
from the burden. For instance, in many database systems the buffer size is fixed but
tunable. If the system automatically adjusts the buffer size by observing indicators
such as page-fault rates, then the user will not have to worry about tuning the buffer
size.

The third level is the highest level. It includes the schema and transactions. The
administrator can tune the design of the schema, the indices that are created, and
the transactions that are executed, to improve performance. Tuning at this level is
comparatively system independent.

The three levels of tuning interact with one another; we must consider them to-
gether when tuning a system. For example, tuning at a higher level may result in the
hardware bottleneck changing from the disk system to the CPU, or vice versa.

21.2.3 Tuning of Hardware
Even in a well-designed transaction processing system, each transaction usually has
to do at least a few I/O operations, if the data required by the transaction is on disk.
An important factor in tuning a transaction processing system is to make sure that
the disk subsystem can handle the rate at which I/O operations are required. For in-
stance, disks today have an access time of about 10 milliseconds, and transfer times
of 20 MB per second, which gives about 100 random access I/O operations of 1 KB
each. If each transaction requires just 2 I/O operations, a single disk would support at
most 50 transactions per second. The only way to support more transactions per sec-
ond is to increase the number of disks. If the system needs to support n transactions
per second, each performing 2 I/O operations, data must be striped (or otherwise
partitioned) across n/50 disks (ignoring skew).

Notice here that the limiting factor is not the capacity of the disk, but the speed
at which random data can be accessed (limited in turn by the speed at which the
disk arm can move). The number of I/O operations per transaction can be reduced
by storing more data in memory. If all data are in memory, there will be no disk I/O
except for writes. Keeping frequently used data in memory reduces the number of
disk I/Os, and is worth the extra cost of memory. Keeping very infrequently used
data in memory would be a waste, since memory is much more expensive than disk.

The question is, for a given amount of money available for spending on disks or
memory, what is the best way to spend the money to achieve maximum number of

Preview from Notesale.co.uk

Page 789 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

VII. Other Topics 21. Application 
Development and 
Administration

798 © The McGraw−Hill 
Companies, 2001
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There are many data sources that are not relational databases, and in fact may not
be databases at all. Examples are flat files and email stores. Microsoft’s OLE-DB is
a C++ API with goals similar to ODBC, but for nondatabase data sources that may
provide only limited querying and update facilities. Just like ODBC, OLE-DB provides
constructs for connecting to a data source, starting a session, executing commands,
and getting back results in the form of a rowset, which is a set of result rows.

However, OLE-DB differes from ODBC in several ways. To support data sources
with limited feature support, features in OLE-DB are divided into a number of inter-
faces, and a data source may implement only a subset of the interfaces. An OLE-DB
program can negotiate with a data source to find what interfaces are supported. In
ODBC commands are always in SQL. In OLE-DB, commands may be in any language
supported by the data source; while some sources may support SQL, or a limited
subset of SQL, other sources may provide only simple capabilities such as accessing
data in a flat file, without any query capability. Another major difference of OLE-DB
from ODBC is that a rowset is an object that can be shared by multiple applications
through shared memory. A rowset object can be updated by one application, and
other applications sharing that object would get notified about the change.

The Active Data Objects (ADO) API, also created by Microsoft, provides an easy-
to-use interface to the OLE-DB functionality, which can be called from scripting lan-
guages, such as VBScript and JScript.

21.4.3 Object Database Standards
Standards in the area of object-oriented databases have so far been driven primarily
by OODB vendors. The Object Database Management Group (ODMG) is a group formed
by OODB vendors to standardize the data model and language interfaces to OODBs.
The C++ language interface specified by ODMG was discussed in Chapter 8. The
ODMG has also specified a Java interface and a Smalltalk interface.

The Object Management Group (OMG) is a consortium of companies, formed with
the objective of developing a standard architecture for distributed software applica-
tions based on the object-oriented model. OMG brought out the Object Management
Architecture (OMA) reference model. The Object Request Broker (ORB) is a component
of the OMA architecture that provides message dispatch to distributed objects trans-
parently, so the physical location of the object is not important. The Common Object
Request Broker Architecture (CORBA) provides a detailed specification of the ORB,
and includes an Interface Description Language (IDL), which is used to define the
data types used for data interchange. The IDL helps to support data conversion when
data are shipped between systems with different data representations.

21.4.4 XML-Based Standards
A wide variety of standards based on XML (see Chapter 10) have been defined for
a wide variety of applications. Many of these standards are related to e-commerce.
They include standards promulgated by nonprofit consortia and corporate-backed
efforts to create defacto standards. RosettaNet, which falls into the former category,
uses XML-based standards to facilitate supply-chain management in the computer
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Exercises 813

21.6 Suppose a system runs three types of transactions. Transactions of type A run
at the rate of 50 per second, transactions of type B run at 100 per second, and
transactions of type C run at 200 per second. Suppose the mix of transactions
has 25 percent of type A, 25 percent of type B, and 50 percent of type C.

a. What is the average transaction throughput of the system, assuming there
is no interference between the transactions.

b. What factors may result in interference between the transactions of differ-
ent types, leading to the calculated throughput being incorrect?

21.7 Suppose the price of memory falls by half, and the speed of disk access (num-
ber of accesses per second) doubles, while all other factors remain the same.
What would be the effect of this change on the 5 minute and 1 minute rule?

21.8 List some of the features of the TPC benchmarks that help make them realistic
and dependable measures.

21.9 Why was the TPC-D benchmark replaced by the TPC-H and TPC-R benchmarks?

21.10 List some benefits and drawbacks of an anticipatory standard compared to a
reactionary standard.

21.11 Suppose someone impersonates a company and gets a certificate from a certifi-
cate issuing authority. What is the effect on things (such as purchase orders or
programs) certified by the impersonated company, and on things certified by
other companies?

Project Suggestions
Each of the following is a large project, which can be a semester-long project done by
a group of students. The difficulty of the project can be adjusted easily by adding or
deleting features.

Project 21.1 Consider the E-R schema of Exercise 2.7 (Chapter 2), which represents
information about teams in a league. Design and implement a Web-based sys-
tem to enter, update, and view the data.

Project 21.2 Design and implement a shopping cart system that lets shoppers collect
items into a shopping cart (you can decide what information is to be supplied
for each item) and purchased together. You can extend and use the E-R schema
of Exercise 2.12 of Chapter 2. You should check for availability of the item and
deal with nonavailable items as you feel appropriate.

Project 21.3 Design and implement a Web-based system to record student registra-
tion and grade information for courses at a university.

Project 21.4 Design and implement a system that permits recording of course perfor-
mance information—specifically, the marks given to each student in each as-
signment or exam of a course, and computation of a (weighted) sum of marks
to get the total course marks. The number of assignments/exams should not
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C H A P T E R 2 2

Advanced Querying and
Information Retrieval

Businesses have begun to exploit the burgeoning data online to make better decisions
about their activities, such as what items to stock and how best to target customers
to increase sales. Many of their queries are rather complicated, however, and certain
types of information cannot be extracted even by using SQL.

Several techniques and tools are available to help with decision support. Several
tools for data analysis allow analysts to view data in different ways. Other analy-
sis tools precompute summaries of very large amounts of data, in order to give fast
responses to queries. The SQL:1999 standard now contains additional constructs to
support data analysis. Another approach to getting knowledge from data is to use
data mining, which aims at detecting various types of patterns in large volumes of
data. Data mining supplements various types of statistical techniques with similar
goals.

Textual data, too, has grown explosively. Textual data is unstructured, unlike the
rigidly structured data in relational databases. Querying of unstructured textual data
is referred to as information retrieval. Information retrieval systems have much in com-
mon with database systems—in particular, the storage and retrieval of data on sec-
ondary storage. However, the emphasis in the field of information systems is differ-
ent from that in database systems, concentrating on issues such as querying based on
keywords; the relevance of documents to the query; and the analysis, classification,
and indexing of documents.

This chapter covers decision support, including online analytical processing and
data mining and information retrieval.

22.1 Decision-Support Systems
Database applications can be broadly classified into transaction processing and de-
cision support, as we have seen earlier in Section 21.3.2. Transaction-processing sys-
tems are widely used today, and companies have accumulated a vast amount of in-
formation generated by these systems.

817

Preview from Notesale.co.uk

Page 814 of 916



Silberschatz−Korth−Sudarshan: 
Database System 
Concepts, Fourth Edition

VII. Other Topics 22. Advanced Querying and 
Information Retrieval

825© The McGraw−Hill 
Companies, 2001

832 Chapter 22 Advanced Querying and Information Retrieval

22.3.2 Classification
As mentioned in Section 22.3.1, prediction is one of the most important types of data
mining. We outline what is classification, study techniques for building one type of
classifiers, called decision tree classifiers, and then study other prediction techniques.

Abstractly, the classification problem is this: Given that items belong to one of
several classes, and given past instances (called training instances) of items along
with the classes to which they belong, the problem is to predict the class to which a
new item belongs. The class of the new instance is not known, so other attributes of
the instance must be used to predict the class.

Classification can be done by finding rules that partition the given data into
disjoint groups. For instance, suppose that a credit-card company wants to decide
whether or not to give a credit card to an applicant. The company has a variety of
information about the person, such as her age, educational background, annual in-
come, and current debts, that it can use for making a decision.

Some of this information could be relevant to the credit worthiness of the appli-
cant, whereas some may not be. To make the decision, the company assigns a credit-
worthiness level of excellent, good, average, or bad to each of a sample set of cur-
rent customers according to each customer’s payment history. Then, the company
attempts to find rules that classify its current customers into excellent, good, aver-
age, or bad, on the basis of the information about the person, other than the actual
payment history (which is unavailable for new customers). Let us consider just two
attributes: education level (highest degree earned) and income. The rules may be of
the following form:

∀person P, P .degree = masters and P .income > 75, 000
⇒ P .credit = excellent

∀ person P, P .degree = bachelors or
(P .income ≥ 25, 000 and P .income ≤ 75, 000) ⇒ P .credit = good

Similar rules would also be present for the other credit worthiness levels (average
and bad).

The process of building a classifier starts from a sample of data, called a training
set. For each tuple in the training set, the class to which the tuple belongs is already
known. For instance, the training set for a credit-card application may be the existing
customers, with their credit worthiness determined from their payment history. The
actual data, or population, may consist of all people, including those who are not
existing customers. There are several ways of building a classifier, as we shall see.

22.3.2.1 Decision Tree Classifiers
The decision tree classifier is a widely used technique for classification. As the name
suggests, decision tree classifiers use a tree; each leaf node has an associated class,
and each internal node has a predicate (or more generally, a function) associated with
it. Figure 22.6 shows an example of a decision tree.

To classify a new instance, we start at the root, and traverse the tree to reach a
leaf; at an internal node we evaluate the predicate (or function) on the data instance,
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all items in the set are contained in the purchase. For instance, if a purchase included
items a, b, and c, counts would be incremented for {a}, {b}, {c}, {a, b}, {b, c}, {a, c},
and {a, b, c}. Those sets with a sufficiently high count at the end of the pass corre-
spond to items that have a high degree of association.

The number of sets grows exponentially, making the procedure just described in-
feasible if the number of items is large. Luckily, almost all the sets would normally
have very low support; optimizations have been developed to eliminate most such
sets from consideration. These techniques use multiple passes on the database, con-
sidering only some sets in each pass.

In the a priori technique for generating large itemsets, only sets with single items
are considered in the first pass. In the second pass, sets with two items are considered,
and so on.

At the end of a pass all sets with sufficient support are output as large itemsets.
Sets found to have too little support at the end of a pass are eliminated. Once a set is
eliminated, none of its supersets needs to be considered. In other words, in pass i we
need to count only supports for sets of size i such that all subsets of the set have been
found to have sufficiently high support; it suffices to test all subsets of size i − 1 to
ensure this property. At the end of some pass i, we would find that no set of size i has
sufficient support, so we do not need to consider any set of size i + 1. Computation
then terminates.

22.3.4 Other Types of Associations
Using plain association rules has several shortcomings. One of the major shortcom-
ings is that many associations are not very interesting, since they can be predicted.
For instance, if many people buy cereal and many people buy bread, we can predict
that a fairly large number of people would buy both, even if there is no connection be-
tween the two purchases. What would be interesting is a deviation from the expected
co-occurrence of the two. In statistical terms, we look for correlations between items;
correlations can be positive, in that the co-occurrence is higher than would have been
expected, or negative, in that the items co-occur less frequently than predicted. See a
standard textbook on statistics for more information about correlations.

Another important class of data-mining applications is sequence associations (or
correlations). Time-series data, such as stock prices on a sequence of days, form an
example of sequence data. Stock-market analysts want to find associations among
stock-market price sequences. An example of such a association is the following rule:
“Whenever bond rates go up, the stock prices go down within 2 days.” Discover-
ing such association between sequences can help us to make intelligent investment
decisions. See the bibliographical notes for references to research on this topic.

Deviations from temporal patterns are often interesting. For instance, if a company
has been growing at a steady rate each year, a deviation from the usual growth rate
is surprising. If sales of winter clothes go down in summer, it is not surprising, since
we can predict it from past years; a deviation that we could not have predicted from
past experience would be considered interesting. Mining techniques can find devia-
tions from what one would have expected on the basis of past temporal/sequential
patterns. See the bibliographical notes for references to research on this topic.
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Unless updates at the sources are replicated at the warehouse via two-phase
commit, the warehouse will never be quite up to date with the sources. Two-
phase commit is usually far too expensive to be an option, so data warehouses
typically have slightly out-of-date data. That, however, is usually not a prob-
lem for decision-support systems.

• What schema to use. Data sources that have been constructed independently
are likely to have different schemas. In fact, they may even use different data
models. Part of the task of a warehouse is to perform schema integration, and
to convert data to the integrated schema before they are stored. As a result, the
data stored in the warehouse are not just a copy of the data at the sources. In-
stead, they can be thought of as a materialized view of the data at the sources.

• Data cleansing. The task of correcting and preprocessing data is called data
cleansing. Data sources often deliver data with numerous minor inconsisten-
cies, that can be corrected. For example, names are often misspelled, and ad-
dresses may have street/area/city names misspelled, or zip codes entered in-
correctly. These can be corrected to a reasonable extent by consulting a data-
base of street names and zip codes in each city. Address lists collected from
multiple sources may have duplicates that need to be eliminated in a merge–
purge operation. Records for multiple individuals in a house may be grouped
together so only one mailing is sent to each house; this operation is called
householding.

• How to propagate updates. Updates on relations at the data sources must
be propagated to the data warehouse. If the relations at the data warehouse
are exactly the same as those at the data source, the propagation is straight-
forward. If they are not, the problem of propagating updates is basically the
view-maintenance problem, which was discussed in Section 14.5.

• What data to summarize. The raw data generated by a transaction-processing
system may be too large to store online. However, we can answer many queries
by maintaining just summary data obtained by aggregation on a relation,
rather than maintaining the entire relation. For example, instead of storing
data about every sale of clothing, we can store total sales of clothing by item-
name and category.

Suppose that a relation r has been replaced by a summary relation s. Users
may still be permitted to pose queries as though the relation r were available
online. If the query requires only summary data, it may be possible to trans-
form it into an equivalent one using s instead; see Section 14.5.

22.4.2 Warehouse Schemas
Data warehouses typically have schemas that are designed for data analysis, using
tools such as OLAP tools. Thus, the data are usually multidimensional data, with di-
mension attributes and measure attributes. Tables containing multidimensional data
are called fact tables and are usually very large. A table recording sales information
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Given a query Q, the job of an information retrieval system is to return documents
in descending order of their relevance to Q. Since there may be a very large number
of documents that are relevant, information retrieval systems typically return only
the first few documents with the highest degree of estimated relevance, and permit
users to interactively request further documents.

22.5.1.2 Relevance Using Hyperlinks
Early Web search engines ranked documents by using only relevance measures simi-
lar to those described in Section 22.5.1.1. However, researchers soon realized that Web
documents have information that plain text documents do not have, namely hyper-
links. And in fact, the relevance ranking of a document is affected more by hyperlinks
that point to the document, than by hyperlinks going out of the document.

The basic idea of site ranking is to find sites that are popular, and to rank pages
from such sites higher than pages from other sites. A site is identified by the in-
ternet address part of the URL, such as www.bell-labs.com in a URL http://www.bell-
labs.com/topic/books/db-book. A site usually contains multiple Web pages. Since most
searches are intended to find information from popular sites, ranking pages from
popular sites higher is generally a good idea. For instance, the term “google” may oc-
cur in vast numbers of pages, but the site google.com is the most popular among the
sites with pages that contain the term “google”. Documents from google.com con-
taining the term “google” would therefore be ranked as the most relevant to the term
“google”.

This raises the question of how to define the popularity of a site. One way would
be to find how many times a site is accessed. However, getting such information
is impossible without the cooperation of the site, and is infeasible for a Web search
engine to implement. A very effective alternative uses hyperlinks; it defines p(s), the
popularity of a site s, as the number of sites that contain at least one page with a link
to site s.

Traditional measures of relevance of the page (which we saw in Section 22.5.1.2)
can be combined with the popularity of the site containing the page to get an overall
measure of the relevance of the page. Pages with high overall relevance value are
returned as answers to a query, as before.

Note also that we used the popularity of a site as a measure of relevance of indi-
vidual pages at the site, not the popularity of individual pages. There are at least two
reasons for this. First, most sites contain only links to root pages of other sites, so all
other pages would appear to have almost zero popularity, when in fact they may be
accessed quite frequently by following links from the root page. Second, there are far
fewer sites than pages, so computing and using popularity of sites is cheaper than
computing and using popularity of pages.

There are more refined notions of popularity of sites. For instance, a link from
a popular site to another site s may be considered to be a better indication of the
popularity of s than a link to s from a less popular site.6 This notion of popularity

6. This is similar in some sense to giving extra weight to endorsements of products by celebrities (such
as film stars), so its significance is open to question!
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is in fact circular, since the popularity of a site is defined by the popularity of other
sites, and there may be cycles of links between sites. However, the popularity of sites
can be defined by a system of simultaneous linear equations, which can be solved by
matrix manipulation techniques. The linear equations are defined in such a way that
they have a unique and well-defined solution.

The popular Web search engine google.com uses the referring-site popularity idea
in its definition page rank, which is a measure of popularity of a page. This approach
of ranking of pages gave results so much better than previously used ranking tech-
niques, that google.com became a widely used search engine, in a rather short period
of time.

There is another, somewhat similar, approach, derived interestingly from a theory
of social networking developed by sociologists in the 1950s. In the social networking
context, the goal was to define the prestige of people. For example, the president
of the United States has high prestige since a large number of people know him. If
someone is known by multiple prestigious people, then she also has high prestige,
even if she is not known by as large a number of people.

The above idea was developed into a notion of hubs and authorities that takes into
account the presence of directories that link to pages containing useful information.
A hub is a page that stores links to many pages; it does not in itself contain actual
information on a topic, but points to pages that contain actual information. In con-
trast, an authority is a page that contains actual information on a topic, although
it may not be directly pointed to by many pages. Each page then gets a prestige
value as a hub (hub-prestige), and another prestige value as an authority (authority-
prestige). The definitions of prestige, as before, are cyclic and are defined by a set of
simultaneous linear equations. A page gets higher hub-prestige if it points to many
pages with high authority-prestige, while a page gets higher authority-prestige if it is
pointed to by many pages with high hub-prestige. Given a query, pages with highest
authority-prestige are ranked higher than other pages. See the bibliographical notes
for references giving further details.

22.5.1.3 Similarity-Based Retrieval
Certain information-retrieval systems permit similarity-based retrieval. Here, the
user can give the system document A, and ask the system to retrieve documents
that are “similar” to A. The similarity of a document to another may be defined, for
example, on the basis of common terms. One approach is to find k terms in A with
highest values of r(d, t), and to use these k terms as a query to find relevance of other
documents. The terms in the query are themselves weighted by r(d, t).

If the set of documents similar to A is large, the system may present the user a
few of the similar documents, allow him to choose the most relevant few, and start a
new search based on similarity to A and to the chosen documents. The resultant set
of documents is likely to be what the user intended to find.

The same idea is also used to help users who find many documents that appear to
be relevant on the basis of the keywords, but are not. In such a situation, instead of
adding further keywords to the query, users may be allowed to identify one or a few
of the returned documents as relevant; the system then uses the identified documents
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• False positives may occur because irrelevant documents get higher rankings
than relevant documents. This too depends on how many documents are ex-
amined. One option is to measure precision as a function of number of docu-
ments fetched.

A better and more intuitive alternative for measuring precision is to measure it
as a function of recall. With this combined measure, both precision and recall can be
computed as a function of number of documents, if required.

For instance, we can say that with a recall of 50 percent the precision was 75 per-
cent, whereas at a recall of 75 percent the precision dropped to 60 percent. In general,
we can draw a graph relating precision to recall. These measures can be computed for
individual queries, then averaged out across a suite of queries in a query benchmark.

Yet another problem with measuring precision and recall lies in how to define
which documents are really relevant and which are not. In fact, it requires under-
standing of natural language, and understanding of the intent of the query, to decide
if a document is relevant or not. Researchers therefore have created collections of doc-
uments and queries, and have manually tagged documents as relevant or irrelevant
to the queries. Different ranking systems can be run on these collections to measure
their average precision and recall across multiple queries.

22.5.4 Web Search Engines
Web crawlers are programs that locate and gather information on the Web. They
recursively follow hyperlinks present in known documents to find other documents.
A crawler retrieves the documents and adds information found in the documents to a
combined index; the document is generally not stored, although some search engines
do cache a copy of the document to give clients faster access to the documents.

Since the number of documents on the Web is very large, it is not possible to crawl
the whole Web in a short period of time; and in fact, all search engines cover only
some portions of the Web, not all of it, and their crawlers may take weeks or months
to perform a single crawl of all the pages they cover. There are usually many pro-
cesses, running on multiple machines, involved in crawling. A database stores a set
of links (or sites) to be crawled; it assigns links from this set to each crawler process.
New links found during a crawl are added to the database, and may be crawled later
if they are not crawled immediately. Pages found during a crawl are also handed over
to an indexing system, which may be running on a different machine. Pages have to
be refetched (that is, links recrawled) periodically to obtain updated information, and
to discard sites that no longer exist, so that the information in the search index is kept
reasonably up to date.

The indexing system itself runs on multiple machines in parallel. It is not a good
idea to add pages to the same index that is being used for queries, since doing so
would require concurrency control on the index, and affect query and update perfor-
mance. Instead, one copy of the index is used to answer queries while another copy
is updated with newly crawled pages. At periodic intervals the copies switch over,
with the old one being updated while the new copy is being used for queries.
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one that libraries use, and, when it displays a particular document, it can also display
a brief description of documents that are close in the hierarchy.

In an information retrieval system, there is no need to keep a document in a single
spot in the hierarchy. A document that talks of mathematics for computer scientists
could be classified under mathematics as well as under computer science. All that is
stored at each spot is an identifier of the document (that is, a pointer to the document),
and it is easy to fetch the contents of the document by using the identifier.

As a result of this flexibility, not only can a document be classified under two lo-
cations, but also a subarea in the classification hierarchy can itself occur under two
areas. The class of “graph algorithm” document can appear both under mathemat-
ics and under computer science. Thus, the classification hierarchy is now a directed
acyclic graph (DAG), as shown in Figure 22.11. A graph-algorithm document may
appear in a single location in the DAG, but can be reached via multiple paths.

A directory is simply a classification DAG structure. Each leaf of the directory
stores links to documents on the topic represented by the leaf. Internal nodes may
also contain links, for example to documents that cannot be classified under any of
the child nodes.

To find information on a topic, a user would start at the root of the directory and
follow paths down the DAG until reaching a node representing the desired topic.
While browsing down the directory, the user can find not only documents on the
topic he is interested in, but also find related documents and related classes in the
classification hierarchy. The user may learn new information by browsing through
documents (or subclasses) within the related classes.

Organizing the enormous amount of information available on the Web into a di-
rectory structure is a daunting task.

books

algorithms

graph algorithms

math

science fictionengineering

computer science

…

………

………

…

Figure 22.11 A classification DAG for a library information retrieval system.
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this period starts. This notion differs from the notion of interval we used previously,
which refers to an interval of time with specific starting and ending times.1

23.2.2 Temporal Query Languages
A database relation without temporal information is sometimes called a snapshot
relation, since it reflects the state in a snapshot of the real world. Thus, a snapshot of
a temporal relation at a point in time t is the set of tuples in the relation that are true
at time t, with the time-interval attributes projected out. The snapshot operation on a
temporal relation gives the snapshot of the relation at a specified time (or the current
time, if the time is not specified).

A temporal selection is a selection that involves the time attributes; a temporal
projection is a projection where the tuples in the projection inherit their times from
the tuples in the original relation. A temporal join is a join, with the time of a tuple
in the result being the intersection of the times of the tuples from which it is derived.
If the times do not intersect, the tuple is removed from the result.

The predicates precedes, overlaps, and contains can be applied on intervals; their
meanings should be clear. The intersect operation can be applied on two intervals, to
give a single (possibly empty) interval. However, the union of two intervals may or
may not be a single interval.

Functional dependencies must be used with care in a temporal relation. Although
the account number may functionally determine the balance at any given point in
time, obviously the balance can change over time. A temporal functional depen-
dency X

τ→ Y holds on a relation schema R if, for all legal instances r of R, all
snapshots of r satisfy the functional dependency X → Y .

Several proposals have been made for extending SQL to improve its support of
temporal data. SQL:1999 Part 7 (SQL/Temporal), which is currently under develop-
ment, is the proposed standard for temporal extensions to SQL.

23.3 Spatial and Geographic Data
Spatial data support in databases is important for efficiently storing, indexing, and
querying of data based on spatial locations. For example, suppose that we want to
store a set of polygons in a database, and to query the database to find all polygons
that intersect a given polygon. We cannot use standard index structures, such as B-
trees or hash indices, to answer such a query efficiently. Efficient processing of the
above query would require special-purpose index structures, such as R-trees (which
we study later) for the task.

Two types of spatial data are particularly important:

• Computer-aided-design (CAD) data, which includes spatial information
about how objects—such as buildings, cars, or aircraft—are constructed.
Other important examples of computer-aided-design databases are integrated-
circuit and electronic-device layouts.

1. Many temporal database researchers feel this type should have been called span since it does not
specify an exact start or end time, only the time span between the two.
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• Geographic data such as road maps, land-usage maps, topographic elevation
maps, political maps showing boundaries, land ownership maps, and so on.
Geographic information systems are special-purpose databases tailored for
storing geographic data.

Support for geographic data has been added to many database systems, such as the
IBM DB2 Spatial Extender, the Informix Spatial Datablade, and Oracle Spatial.

23.3.1 Representation of Geometric Information
Figure 23.2 illustrates how various geometric constructs can be represented in a data-
base, in a normalized fashion. We stress here that geometric information can be rep-
resented in several different ways, only some of which we describe.

A line segment can be represented by the coordinates of its endpoints. For example,
in a map database, the two coordinates of a point would be its latitude and longi-
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Figure 23.2 Representation of geometric constructs.
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in two. Points that lie in the left partition go into the left subtree; points that lie in
the right partition go into the right subtree. In a balanced binary tree, the partition
is chosen so that approximately one-half of the points stored in the subtree fall in
each partition. Similarly, each level of a B-tree splits a one-dimensional interval into
multiple parts.

We can use that intuition to create tree structures for two-dimensional space, as
well as in higher-dimensional spaces. A tree structure called a k-d tree was one of
the early structures used for indexing in multiple dimensions. Each level of a k-d
tree partitions the space into two. The partitioning is done along one dimension at
the node at the top level of the tree, along another dimension in nodes at the next
level, and so on, cycling through the dimensions. The partitioning proceeds in such
a way that, at each node, approximately one-half of the points stored in the subtree
fall on one side, and one-half fall on the other. Partitioning stops when a node has
less than a given maximum number of points. Figure 23.4 shows a set of points in
two-dimensional space, and a k-d tree representation of the set of points. Each line
corresponds to a node in the tree, and the maximum number of points in a leaf node
has been set at 1. Each line in the figure (other than the outside box) corresponds to
a node in the k-d tree. The numbering of the lines in the figure indicates the level of
the tree at which the corresponding node appears.

The k-d-B tree extends the k-d tree to allow multiple child nodes for each internal
node, just as a B-tree extends a binary tree, to reduce the height of the tree. k-d-B trees
are better suited for secondary storage than k-d trees.

3 1 3

2

3 3

2

Figure 23.4 Division of space by a k-d tree.
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23.3.5.2 Quadtrees
An alternative representation for two-dimensional data is a quadtree. An example
of the division of space by a quadtree appears in Figure 23.5. The set of points is the
same as that in Figure 23.4. Each node of a quadtree is associated with a rectangular
region of space. The top node is associated with the entire target space. Each non-
leaf node in a quadtree divides its region into four equal-sized quadrants, and cor-
respondingly each such node has four child nodes corresponding to the four quad-
rants. Leaf nodes have between zero and some fixed maximum number of points.
Correspondingly, if the region corresponding to a node has more than the maximum
number of points, child nodes are created for that node. In the example in Figure 23.5,
the maximum number of points in a leaf node is set to 1.

This type of quadtree is called a PR quadtree, to indicate it stores points, and that
the division of space is divided based on regions, rather than on the actual set of
points stored. We can use region quadtrees to store array (raster) information. A
node in a region quadtree is a leaf node if all the array values in the region that it
covers are the same. Otherwise, it is subdivided further into four children of equal
area, and is therefore an internal node. Each node in the region quadtree corresponds
to a subarray of values. The subarrays corresponding to leaves either contain just
a single array element or have multiple array elements, all of which have the same
value.

Indexing of line segments and polygons presents new problems. There are exten-
sions of k-d trees and quadtrees for this task. However, a line segment or polygon
may cross a partitioning line. If it does, it has to be split and represented in each
of the subtrees in which its pieces occur. Multiple occurrences of a line segment or
polygon can result in inefficiencies in storage, as well as inefficiencies in querying.

Figure 23.5 Division of space by a quadtree.
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23.3.5.3 R-Trees
A storage structure called an R-tree is useful for indexing of rectangles and other
polygons. An R-tree is a balanced tree structure with the indexed polygons stored in
leaf nodes, much like a B+-tree. However, instead of a range of values, a rectangular
bounding box is associated with each tree node. The bounding box of a leaf node is
the smallest rectangle parallel to the axes that contains all objects stored in the leaf
node. The bounding box of internal nodes is, similarly, the smallest rectangle parallel
to the axes that contains the bounding boxes of its child nodes. The bounding box
of a polygon is defined, similarly, as the smallest rectangle parallel to the axes that
contains the polygon.

Each internal node stores the bounding boxes of the child nodes along with the
pointers to the child nodes. Each leaf node stores the indexed polygons, and may
optionally store the bounding boxes of the polygons; the bounding boxes help speed
up checks for overlaps of the rectangle with the indexed polygons—if a query rect-
angle does not overlap with the bounding box of a polygon, it cannot overlap with
the polygon either. (If the indexed polygons are rectangles, there is of course no need
to store bounding boxes since they are identical to the rectangles.)

Figure 23.6 shows an example of a set of rectangles (drawn with a solid line) and
the bounding boxes (drawn with a dashed line) of the nodes of an R-tree for the set of
rectangles. Note that the bounding boxes are shown with extra space inside them, to
make them stand out pictorially. In reality, the boxes would be smaller and fit tightly
on the objects that they contain; that is, each side of a bounding box B would touch
at least one of the objects or bounding boxes that are contained in B.

The R-tree itself is at the right side of Figure 23.6. The figure refers to the coordi-
nates of bounding box i as BBi in the figure.
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Figure 23.6 An R-tree.
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We shall now see how to implement search, insert, and delete operations on an
R-tree.

• Search: As the figure shows, the bounding boxes associated with sibling nodes
may overlap; in B+-trees, k-d trees, and quadtrees, in contrast, the ranges do
not overlap. A search for polygons containing a point therefore has to follow
all child nodes whose associated bounding boxes contain the point; as a re-
sult, multiple paths may have to be searched. Similarly, a query to find all
polygons that intersect a given polygon has to go down every node where the
associated rectangle intersects the polygon.

• Insert: When we insert a polygon into an R-tree, we select a leaf node to hold
the polygon. Ideally we should pick a leaf node that has space to hold a new
entry, and whose bounding box contains the bounding box of the polygon.
However, such a node may not exist; even if it did, finding the node may be
very expensive, since it is not possible to find it by a single traversal down
from the root. At each internal node we may find multiple children whose
bounding boxes contain the bounding box of the polygon, and each of these
children needs to be explored. Therefore, as a heuristic, in a traversal from the
root, if any of the child nodes has a bounding box containing the bounding
box of the polygon, the R-tree algorithm chooses one of them arbitrarily. If
none of the children satisfy this condition, the algorithm chooses a child node
whose bounding box has the maximum overlap with the bounding box of the
polygon for continuing the traversal.

Once the leaf node has been reached, if the node is already full, the algo-
rithm performs node splitting (and propagates splitting upward if required) in
a manner very similar to B+-tree insertion. Just as with B+-tree insertion, the
R-tree insertion algorithm ensures that the tree remains balanced. Addition-
ally, it ensures that the bounding boxes of leaf nodes, as well as internal nodes,
remain consistent; that is, bounding boxes of leaves contain all the bounding
boxes of the polygons stored at the leaf, while the bounding boxes for internal
nodes contain all the bounding boxes of the children nodes.

The main difference of the insertion procedure from the B+-tree insertion
procedure lies in how the node is split. In a B+-tree, it is possible to find a value
such that half the entries are less than the midpoint and half are greater than
the value. This property does not generalize beyond one dimension; that is,
for more than one dimension, it is not always possible to split the entries into
two sets so that their bounding boxes do not overlap. Instead, as a heuristic,
the set of entries S can be split into two disjoint sets S1 and S2 so that the
bounding boxes of S1 and S2 have the minimum total area; another heuristic
would be to split the entries into two sets S1 and S2 in such a way that S1

and S2 have minimum overlap. The two nodes resulting from the split would
contain the entries in S1 and S2 respectively. The cost of finding splits with
minimum total area or overlap can itself be large, so cheaper heuristics, such
as the quadratic split heuristic are used. (The heuristic gets is name from the
fact that it takes time quadratic in the number of entries.)
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Workflow Typical Typical processing
application task entity
electronic-mail routing electronic-mail message mailers

loan processing form processing

form processing

humans,
application software

purchase-order processing
humans, application
software, DBMSs

Figure 24.3 Examples of workflows.

performs the tasks may be a person or a software system (for example, a mailer, an
application program, or a database-management system).

Figure 24.3 shows examples of workflows. A simple example is that of an electronic-
mail system. The delivery of a single mail message may involve several mailer sys-
tems that receive and forward the mail message, until the message reaches its desti-
nation, where it is stored. Each mailer performs a task—forwarding the mail to the
next mailer—and the tasks of multiple mailers may be required to route mail from
source to destination. Other terms used in the database and related literature to refer
to workflows include task flow and multisystem applications. Workflow tasks are
also sometimes called steps.

In general, workflows may involve one or more humans. For instance, consider
the processing of a loan. The relevant workflow appears in Figure 24.4. The person
who wants a loan fills out a form, which is then checked by a loan officer. An em-
ployee who processes loan applications verifies the data in the form, using sources
such as credit-reference bureaus. When all the required information has been col-
lected, the loan officer may decide to approve the loan; that decision may then have
to be approved by one or more superior officers, after which the loan can be made.
Each human here performs a task; in a bank that has not automated the task of loan
processing, the coordination of the tasks is typically carried out by passing of the
loan application, with attached notes and other information, from one employee to

customer loan officer

verification

superior
officer

loan
disbursement

loan
application

reject

accept

Figure 24.4 Workflow in loan processing.
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message-based workflow systems are particularly useful in networks that may be
disconnected for part of the time, such as dial-up networks.

The centralized approach is used in workflow systems where the data are stored
in a central database. The scheduler notifies various agents, such as humans or com-
puter programs, that a task has to be carried out, and keeps track of task completion.
It is easier to keep track of the state of a workflow with a centralized approach than
it is with a fully distributed approach.

The scheduler must guarantee that a workflow will terminate in one of the spec-
ified acceptable termination states. Ideally, before attempting to execute a workflow,
the scheduler should examine that workflow to check whether the workflow may ter-
minate in a nonacceptable state. If the scheduler cannot guarantee that a workflow
will terminate in an acceptable state, it should reject such specifications without at-
tempting to execute the workflow. As an example, let us consider a workflow consist-
ing of two tasks represented by subtransactions S1 and S2, with the failure-atomicity
requirements indicating that either both or neither of the subtransactions should be
committed. If S1 and S2 do not provide prepared-to-commit states (for a two-phase
commit), and further do not have compensating transactions, then it is possible to
reach a state where one subtransaction is committed and the other aborted, and there
is no way to bring both to the same state. Therefore, such a workflow specification is
unsafe, and should be rejected.

Safety checks such as the one just described may be impossible or impractical to
implement in the scheduler; it then becomes the responsibility of the person design-
ing the workflow specification to ensure that the workflows are safe.

24.2.4 Recovery of a Workflow
The objective of workflow recovery is to enforce the failure atomicity of the work-
flows. The recovery procedures must make sure that, if a failure occurs in any of the
workflow-processing components (including the scheduler), the workflow will even-
tually reach an acceptable termination state (whether aborted or committed). For ex-
ample, the scheduler could continue processing after failure and recovery, as though
nothing happened, thus providing forward recoverability. Otherwise, the scheduler
could abort the whole workflow (that is, reach one of the global abort states). In ei-
ther case, some subtransactions may need to be committed or even submitted for
execution (for example, compensating subtransactions).

We assume that the processing entities involved in the workflow have their own
local recovery systems and handle their local failures. To recover the execution-
environment context, the failure-recovery routines need to restore the state infor-
mation of the scheduler at the time of failure, including the information about the
execution states of each task. Therefore, the appropriate status information must be
logged on stable storage.

We also need to consider the contents of the message queues. When one agent
hands off a task to another, the handoff should be carried out exactly once: If the
handoff happens twice a task may get executed twice; if the handoff does not oc-
cur, the task may get lost. Persistent messaging (Section 19.4.3) provides exactly the
features to ensure positive, single handoff.
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