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SUMMARY

Relational database systems, as a result of their simplicity and sound theoretical basis,
have become widely used in industry in recent years. Associated with their use is the
issue of how to correctly structure or design the data to be used in a relational database.
Depending on the type of constraints or rules which apply to data items in the database,
several criteria, referred to asrmal forms have been proposed as conditions that a
database design should satisfy to ensure an absence of processing difficulties with the
database.

Although the definitions of the most widely used normal forms have existed for some
time, the issues of formally defining the processing difficulties that normal forms are
intended to solve, as well as proving that the normal forms are exactly the conditions
needed to avoid these difficulties, have not been completely resolved. A few researchers
have addressed this question, but most of them have focused on the simplest case where
the only constraints on a relation &wmectional dependenci€sDs). The contribution of
this thesis is to place the use of normal forms on a firmer theoretical foundation, firstly by
completing previous work on justifying the use of normal forms for the case of FD
constraints and then by extending the same approach to the case where the constraints can
include a more general type of constraint, calletutiivalued dependengiVD).

Motivations for four different types of desirable properties that a relation scheme
should possess are presented, their properties are formally defined and their relationship
to normal forms is investigated. The properties proposed asdis@mce of redundancy
an absence dfey-based update anomalies absence ainpredictable insertionand an
absence ofact-based update anomalie§he motivation for these properties are: an
absence of redundancy ensures that a relation will not contain duplicate information; an

absence of key-based update anomalies ensures that as long as a simple type of



constraint, called a key constraint, is satisfied by a relation after an update then the new
relation will automatically satisfy all the more complex types of constraints (such as FD
and MVDs); an absence of unpredictable updates ensures that in making insertions to a
relation, different insertions do not require different information to be supplied; and
lastly, an absence of fact-based update anomalies ensures that the atomic units of
information stored in a relation can be independently updated. For each of these types of
desirable properties, several subtypes, corresponding to different choices for the set of
constraints, are also defined .

The main results derived in the thesis are that for some desirable processing
properties, the traditional normal formsBdyce-Codd normal forflBCNF) andfourth
normal form(4NF) are both necessary and sufficient conditions to guarantee these
properties. However, for other desirable processing properties, BCNF and 4NF are
shown to be stronger than what is required and the necessary and sufficient conditions
are new normal forms which are different from any of the normal forms so far defined in

the literature.
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CHAPTER 1

THESIS OVERVIEW

1.1. BACKGROUND AND MOTIVATION

Since the original definition of the relational data model by Codd [Codd 1970], relational
databases have since become widely used in commercial applications. A central issue that
arises with the use of relational database systems is that of how to design or structure the
information that the database is to contain. Broadly speaking, this problem of relational
database design can be stated as follows: starting with a set of constraints which
represent the business rules governing the relationships between data items of the
application, how does one split the application data into separate relations in such a way
that the relations have desirable processing properties?

This problem was first addressed by Codd for the case where the only type of
constraint is dunctional dependendy¥D) [Codd 1972] and he proposed a precise set of
criteria - calledirst normal form(1NF), second normal for(@NF) andthird normal
form (3NF) - which he proposed a relation scheme should satisfy in order to avoid
certain processing difficulties and data redundancies occurring in relations defined over
the scheme. These normal forms, which will be referred to in this thesyn&sctic
normal forms are expressed as conditions on the set of attributes that appears in a
relation scheme and the set of constraints that apply to the scheme. Since Codd's original
definitions, many other normal forms have been proposed that either improve Codd's
original definitions for the case of FD constraints - sucB@gce-Codd normal form
(BCNF) [Codd 1974],(3,3)NF [Smith 1978],elementary key normal form (EKNF)

[Zaniolo 1982] orimproved third normal fornjLing et al. 1981] - or extend them to
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more general classes of constraints, suclo@ash normal form (4NF)n the case of
multivalued dependenci€BlVDs) [Fagin 1977c]projection-join normal form(PIJNF)
[Fagin 1979] in the case @din dependencieg€lDs) [Rissanen 1979] andomain key
normal form (DK/NF)[Fagin 1981] in the case of constraints expressible in first-order
logic.

The motivation for the work in this thesis grew out of the observation (also noted by
others [Biskup 1989; Thalheim 1988; Vossen 1990]) that in spite of the fact that much
research has been devoted to normalisation and relational database design, the issue of
providing a formal justification for the use of normal forms, especially for the case where
the constraints include MVDs, was far from complete. In most of the works on normal
forms just mentioned, the approach taken has been to provide a precise definition of a
normal form but to justify it by way of examples rather than by formally deriving the
normal form condition from a precisely defined processing property.

The aim of this thesis is to place the use of normal forms in relational databases on a
much sounder theoretical foundation by adopting a different and more rigorous approach
than the one just mentioned. In our approach, we firstly address the issues of
determining what the desirable processing properties of a relation are and analysing why
these properties are desirable, then we formally define these properties (which will be
referred to asemantic normal forms As will be seen later, while these semantic normal
forms encapsulate the desirable processing properties of a relation scheme, because of the
way in which they are formulated they are not useful for checking if a relation scheme has
these properties since in general they require an infinite number of relations to be tested.
Hence the other part of our approach is to formally derive from these semantic normal
forms equivalent, but more practically useful, syntactic normal forms and compare them
with the other syntactic normal forms which have been defined in the literature.

The main results derived in this thesis, which will be discussed in more detail in later
sections of this and other chapters, are that for some semantic normal forms, the

traditional syntactic normal forms of BCNF and 4NF are equivalent to them, i.e. the
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traditional syntactic normal forms are both necessary and sufficient conditions on a
relation scheme to ensure desirable processing properties in all relations defined over the
scheme. However, for other semantic normal forms, the traditional normal forms are
stronger than what is required and the equivalent syntactic normal forms are shown to be
different from any syntactic normal forms that have been so far defined in the literature.
Finally, we note that much of the work contained in the thesis has also been reported in
the literature [Vincent 1991; Vincent 1992a; Vincent 1992b; Vincent and Srinivasan
1992a; Vincent and Srinivasan 1992b; Vincent and Srinivasan 1993a; Vincent and
Srinivasan 1993b; Vincent and Srinivasan 1993d; Vincent and Srinivasan 1994a; Vincent

and Srinivasan 1994b; Vincent and Srinivasan 1994c].

1.2. PREVIOUS WORK ON JUSTIFYING THE USE OF
NORMAL FORMS

The pioneering work on normalisation and database design was done by Codd [Codd
1972]. In his approach, a tuple is not regarded as the atomic unit of information; instead,
the value of a tuple on the set of attributes in a constraint (which we shall refer to as a
fact) is regarded as the atomic unit of information for retrieval and update. Based on this
interpretation, Codd considered three types of processing difficulties that can occur in a
relation, which he referred to assertion dependenciedeletion dependencieand

update dependenciks Essentially, all these anomalies occur when facts cannot be
independently manipulated by the corresponding database update operations without
violating the properties of the relational model or the set of constraints. Codd then

defined 3NF and justified it by an example which showed that the processing anomalies

1Since Codd's work, the terminology generally used in the literature, which shall also be adopted
here, has changed. What Codd calle&pendencis now referred to as amomalyand the ternupdate
anomalyis used to collectively describe all the different types of anomalies and not the specific anomaly
which occurs when the contents of a tuple are changed (this anomaly will be referred to as a replacement

anomaly).



Chapter 1: Introduction

he identified could be avoided if the relation scheme was split into 3NF schemes.
However, Codd's approach was essentially intuitive and he neither formally defined
update anomalies, nor proved that either 3NF is a sufficient condition for a relation
scheme to avoid processing anomalies in relations defined over the scheme or is a
necessary condition to avoid anomalies. In a later paper [Codd 1974], Codd defined a
new normal form, called BCNF, which is a stronger condition than 3NF, and
conjectured, but didn't prove, that BCNF was a necessary and sufficient condition for
update anomalies to be absent in a relation scheme.

The first formalisation of the concept of an update anomaly was given by Bernstein
and Goodman [Bernstein and Goodman 1980], although their interpretation of update
anomalies differed from that given by Codd. In their paper, precise definitions of the
three types of update anomalies (insertion anomalies, deletion anomalies and replacement
anomalies) were given and it was proven that BCNF is a necessary and sufficient
condition on a relation scheme for the avoidance of each of the types of update anomaly.
They also considered the usefulness of BCNF in the context of multiple relations and
showed that in this setting, having individual relation schemes in BCNF does not
guarantee an absence of processing difficulties. However, these conclusions should be
treated with caution since central to their results and conclusions was the restrictive
assumption that all relations are the projection of a single universal relation, called the
universal instance assumpti@dIA), which is now regarded as being incorrect. Later,
it was shown [Jajodia and Ng 1983] that if one replaced the UIA assumption by the less
restrictive and now widely acceptedeak instance approacfHoneyman 1980;
Honeyman 1982; Sagiv 1981], then most of the problems encountered by Bernstein and
Goodman in the context of multiple relations disappear.

More recently, Chan, Vossen and Biskup have all considered the relationship between
update anomalies and normal forms. In Chan's work [Chan 1989], formal definitions of
update anomalies were given which were intended to formalise the original fact-based

approach by Codd mentioned earlier, but was slightly more general than Codd's
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approach since Chan allowed for the possibility that facts may not correspond to FDs.
He then showed that if the facts do corresponded to FDs, then BCNF is a necessary and
sufficient condition for a relation scheme to have no insertion or deletion anomalies. In
the case of a replacement anomaly, he showed that an absence of this anomaly is an
equivalent condition to BCNF, or single key BCNF, depending on which attributes are
assumed to be allowed to be modified. Based on the weak instance approach mentioned
earlier, Chan also investigated necessary and sufficient conditions for an absence of a
replacement anomaly in the context of multiple relations. He showed that in this context,
stronger conditions than the requirement that the individual relation schemes be in BCNF
are required to ensure an absence of replacement anomaly because of the possibility of
inter-relation dependencies causing difficulties even when the individual schemes are in
BCNF.

Vossen [Vossen 1988] also gave definitions of update anomalies and showed that
BCNF is an equivalent condition to the absence of an update anomaly in the relation
scheme. However, nothing essentially new was added in this work since the definitions
and results are equivalent to those of Bernstein and Goodman mentioned earlier, except
that they were derived in a different fashion.

Biskup [Biskup 1989] presented another approach to justifying the use of BCNF. He
also considered sets of attributes to be the fundamental units of information (which he
referred to asbjects, but regarded these as being the sets of attributes in the left-hand
sides of FDs rather than all the attributes in an FD. He then proposed that objects in a
relation should satisfy two conditions, namely a uniqueness condition that requires that
object values in a relation be unique and either a strong independence condition which
requires that every tuple with a unique value for an object can always be inserted into a
relation without violating the FD constraints, or a weak independence condition that
requires that for any distinct value of an object, there exists some tuple with the same
object value which can be inserted into the relation without violating the FD constraints.

Based on these conditions, he defined two object normal forms and showed that one of
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the normal forms is equivalent to BCNF and the other is equivalent to single key BCNF.
In a later paper [Biskup and Dublish 1991], this approach was extended to the multiple
relation setting with inclusion dependencies also being allowed [Casanova et al. 1984;
Mitchell 1983a; Mitchell 1983b; Sciore 1983b] in order to model set inclusion
constraints.

A different approach to justifying the use of normal forms, base#deysand
enforcing key uniguenessis due to Fagin [Fagin 1979; Fagin 1981]. In this
interpretation, a relation scheme is defined to have an update anomaly if an update to a
relation defined over the scheme results in candidate key uniqueness being maintained (no
two tuples in the relation having the same value for any candidate key) but some general
constraint, such as an FD or MVD, being violated. His rationale for this approach is that
key uniqueness can be, and is, relatively easily enforced by most commercial relational
systems, but checking that general constraints are satisfied is much more computationally
difficult and such a facility is not available in relational software. Therefore, he argued
that it is desirable that the satisfaction of all constraints on a relation be a logical
consequence of key uniqueness, since then the consistency of the database after an update
can be ensured by enforcing key uniqueness alone. Conversely, a key-based update
anomaly is considered undesirable because its occurrence implies that the consistency of
the database cannot be guaranteed by only enforcing key uniqueness. Further support for
this approach is given by his results [Fagin 1979] that the BCNF, 4NF and PJNF
conditions on a relation scheme all have the property that the relevant set of constraints
(FDs for BCNF, FDs and MVDs for 4NF, JDs for PIJNF) are automatically satisfied by
any relation defined over the scheme if the key unigueness condition is satisfied. These
results give a justification to BCNF, 4NF and PJNF since they imply that if a relation
scheme is in one of these normal forms then no key-based insertion anomaly can occur
with respect to a set of constraints of the relevant type. In his later paper [Fagin 1981],
Fagin extended this approach still further and considered another type of constraint,

called adomain constraint(which is a condition that an attribute value lie in a specific set)
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along with key-unigueness to be what he terglethentary constraintsHe then defined
a relation scheme to be in the normal form DK/NF if, for every relation defined over the
scheme, all the constraints on the relation, which Fagin also allowed to include arbitrary

sentences in first-order logic, are a consequence of the elementary constraints.

1.3. CONTRIBUTION OF THE THESIS

The thesis contains a systematic investigation of the semantic justification for the syntactic
normal forms BCNF and 4NF which extends the previous research on this topic reported
in Section 1.2. In particular, much attention is devoted to the justification of 4NF since

this topic has been the focus of relatively little research. In particular, the thesis contains

the following contributions:

. We formally defineredundancyin a relation scheme and investigate the
derivation of equivalent syntactic normal forms which ensure its absence.
The redundancy property is a straightforward formalisation of the property
often given informally in introductory texts for justifying the use of normal
forms. It also uses the fact-based interpretation of the semantics of the data in
a relation discussed in the previous section and in more detail later in Section

1.5 and Chapter 3.

. The relationship between normal forms and the key-based update anomalies
defined by Fagin is extended to include a new type of key-based update
anomaly called anodification anomaly As will be discussed in more detail
later in Section 1.5 and Chapter &ey-based modification anomadgcurs
when the key values are preserved during an update to a relation and key
unigueness is maintained but the constraints are still violated. The

relationship between an absence of this new type of key-based update
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anomaly and the normal forms BCNF and 4NF is analysed and it is shown
that for certain classes of modification anomalies, necessary and sufficient
condition for their absence are new syntactic normal forms which have not
appeared before in the literature. New results which extend those of Fagin
concerning the relationship between two particular types of key-based update
anomalies - insertion and deletion anomalies - and normal forms are also

derived for the situation where the constraints contain both FDs and MVDs.

. The approach of Bernstein and Goodman to justifying normal forms,
discussed in the previous section, is extended to the cases where the set of

constraints includes only MVDs or both FDs and MVDs.

. New definitions ofact-based replacement anomabgsich improve previous
definitions are proposed. The relationship between their absence and BCNF

and 4NF is then examined.

1.4. SCOPE OF THE RESEARCH

In this investigation of the justification for normalisation, the scope of the work has the

following restrictions:

. The only types of constraints allowed are FDs and MVDs.

. Only single relations and relation schemes are considered.

. Relations do not include null values.

. The size of attribute domains is assumed to be infinite. This assumption
avoids some undesirable interactions between constraints and finite domains

[Atzeni and DeAntonellis 1993].
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1.5. STRUCTURE OF THE THESIS

In this section, the structure of the thesis will be summarised. The next chapter (Chapter
2) contains background material on the relational model and a review of all the syntactic
normal forms that have so far been defined in the literature. The technical content of the
thesis is contained in Chapters 3 - 6 and the final chapter, Chapter 7, contains some
concluding remarks and directions for further research. An outline of the contents of

Chapters 3 - 6 is now presented.

1.5.1. Redundancy

In Chapter 3, we investigate the problem of data redundancy in relations and relation
schemes and we derive syntactic normal forms which guarantee its absence. The
redundancy property is a straightforward formalisation of the informal justification for
normalisation often given in database texts [Date 1990; Ullman 1988a] yet, somewhat
surprisingly, has not previously been formally related to normalisation. The approach we
take in defining redundancy in this chapter is based on viewing a constraint, such as an
FD or MVD, as not only representing enterprise rules governing the way different data
items in a database are related, but also as representing the fundamental unit of
information (fact) for retrieving and updating the data in a relation. For example, given
the relation schemeQOURSE, CNAME, TEACHER, TEP@With the meaning that a

tuple <4, b, ¢, d> over the scheme represents the information that a course witla code
and course namb is taught by a teacher and uses a text boak If the set of
dependencies which apply to the scheme BOURSE- CNAME,
COURSE- - TEACHER where — denotes an FD and - denotesan MVD, then

one possible set of facts isGOURSE CNAMEB, { COURSETEACHER}. This
interpretation of the semantics of the data in a relation is a natural generalisation of the
approach originally due to Codd [Codd 1972] and, as will be discussed in more detail in

Chapter 3, has since been widely used in several areas of database theory. A relation
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scheme is then defined to Eundantf there exists degal relation(satisfies the set of

constraints) defined over the scheme which contains at least two tuples which are
identical on a fact. For instance, in the example just given, the relation scheme is
redundant since the relation shown in Figure 1.1 satisfies the set of constraints but has

two or more tuples which are identical on the fleOURSETEACHER.

COURSE CNAME TEACHER TEXT
1 Physics Green Optics
1 Physics Allan Mechanics
1 Physics Green Mechanics
1 Physics Allan Optics
2 Maths Green Mechanics
2 Maths Green Calculus

Figure 1.1. A relation containing redundancy

However, a subtle point that arises in this approach to defining redundancy is that
there are several possible choices for the set of facts. As was done in the above example,
one could simply choose the set of facts to be the sets of attributes in the FD and MVD
constraints derived from the database design. However, it is well known [Fagin 1977c]
that MVDs have the symmetrical property that an MXD- - Y is satisfied in a
relation if and only if the MVD X - - R - XYis also satisfied, thus there is no real
basis for preferrinXY as a fact tXR - XYand so both could be considered to be facts.

In the present example, this interpretation would result in the set of facts being
{{ COURSE CNAMB, { COURSE TEACHER, { COURSE TEXT, CNAME}.

The last possibility is to extend the set of facts still further and to allow any dependencies
which are logically implied by the original set of constraints to be facts. For instance,

the set of constraints in the current example also implies dependencies G@HRSE

10
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TEACHER- CNAME COURSE- - TEXTand many others. We won't write out

the set of all implied dependencies in full because, even in this simple example, the
number of implied dependencies is large. Since there is no real basis for any one of these
sets of facts being more correct than the others, we allow for each of them and
correspondingly define three different types of redundancy in a relation scheme. As
mentioned in Section 1.1, these redundancy properties, as with other desirable properties
to be discussed later, although formally encapsulating what is meant by redundancy in a
relation, are not directly useful for testing a relation scheme since they result in all
relations defined over the scheme (which is infinite if the sets of attribute values are
assumed to be infinite) having to be tested. The main content of the chapter is then to
derive syntactic normal forms which are equivalent conditions to the absences of the three
types of redundancy in a relation scheme and to compare these syntactic normal forms to

BCNF and 4NF.

1.5.2. Key-Based Update Anomalies

In Chapter 4, the relationship between normal forms and the absence of key-based update
anomalies in a relation scheme is analysed. This key-based view of normalisation is
based on the work of Fagin [Fagin 1979; Fagin 1981]. As mentioned earlier, the
motivation for this approach is that the enforcement of key uniqueness can be performed
efficiently and such a facility is available in most relational software, whereas a facility
for enforcing the satisfaction of arbitrary constraints (such as FDs or MVDs) is not, and
thus a desirable property of a relation is that the satisfaction of the general constraints be
implied by the satisfaction of the key constraints. Conversely, a key-based update

anomaly is considered to occur if some updédea relation results in key unigueness

2Update is here used in a generic sense and means either the insertion, deletion or modification of a

tuple in a relation.

11



Chapter 1: Introduction

being satisfied but a general constraint being violated. The following example illustrates

a key-based update anomaly in the case of the update being an insertion.

Example 1.1.Let the relation scheme = {EMP, DEPT, MNGRand let the set of
constraints be EMP —. DEPT, DEPT- MNGR}. The only candidate key EMP

and the relatiom shown in Figure 1.2 satisfies the set of constraints. HowRbeass a
key-based insertion anomaly since the insertion of a tupith the value €auchy,

Math, Euler into the relatiorr results in the new relatiom;,, satisfying the key

uniqueness property but violating the BEPT - MGR O
r
EMP DEPT MNGR
Hilbert Math Gauss
Laplace Math Gauss
Turing Physics Bohr

insert <Cauchy, Math, Euler>

U
[

EMP DEPT MNGR
Hilbert Math Gauss
Laplace Math Gauss
Turing Physics Bohr

Cauchy Math Euler

Figure 1.2. An example of an insertion anomaly

In this chapter we propose a new type of key-based update anomaly called a

modification anomaly. We define an update to a relation torbedification violationif

the modification of a tuple in the relation results in the violation of the general constraints

12



Chapter 1: Introduction

although both key uniqueness and a new condition - thatérgity of the tuple be
preserved by the modification - are satisfied, and then a relation scheme is defined to have
amodification anomalyf there exists a modification violation to a legal relation defined

over the scheme. The additional condition, that the identity of the tuple be preserved, is
motivated by the observation that in practice it is often undesirable to change the identity
of a tuple because of the need to also update associated foreign key references as well as
possible confusion as to which real world entity the tuple refers to. In the relational
model, a candidate key has the property of being a unique identifier and so it is natural to
equate the identity of a tuple with its value on a candidate key. In general, however, a
relation scheme may have several candidate keys and so there are several possibilities as
to what could be interpreted as the identity of a tuple. The three possibilities considered
are: (i) at least one (arbitrary) candidate key of the original tuple is unchanged by the
modification; (ii) the primary key of the original tuple is unchanged by the modification;

(iii) all candidate keys of the original tuple are unchanged by the modification. According

to each of these possibilities, three different types of modification anomaly are defined.

These concepts are now illustrated by the following example.

Example 1.2.Consider the case where the relation schemA,i8{ C, B and the
set of constraints isABC -~ D,D - C,B - - A}. It can be verified that the
candidate keys ar®BCandABD. The relatior shown in Figure 1.3 satisfies the set of
constraints.

If the tuplet = <a,, by, ¢;, di> is changed td* = <a,, by, ¢, d»>, resulting in the
relationr' shown in Figure 1.3, thanhas a modification violation and hence the relation
scheme has a modification anomaly of the first type mentioned above (one candidate key
is unchanged by the modification). This is because the relatsatisfies the set of
constraints but the new relation, is unique on the key&8BC andABD, t andt* are

identical on the keyABC butr' violates the constraild - — A. O

13
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A B C D
o' bl C1 dl
% by C dy

replace <g by, ¢, di> by <a, by, ¢}, d>

O
r 1
A B C D
2] b, C1 d;
(2 b, Cy d,

Figure 1.3. An example of a modification anomaly

The main contribution of the chapter is to derive, for each type of modification
anomaly, syntactic normal forms which are equivalent to the absence of the modification
anomaly for two classes of constraints. The first class is the case where the only
dependencies are FDs and the second is where the set of dependencies contains both FDs
and MVDs. The case where the only constraints are MVDs is not considered since no
modification anomaly can occur for this case. As will be discussed in more detail in
Chapter 4, two of the syntactic normal forms derived are not equivalent to any of the
syntactic normal forms which have been defined in the literature. The other contributions
of the chapter are to strengthen a result of Fagin [Fagin 1981] concerning normal forms
and insertion anomalies as well as providing a new result relating 4NF and the absence of

a deletion anomaly in a relation scheme.

14
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1.5.3. Unpredictable Insertions

In Chapter 5, the justification for normalisation is viewed from the perspective of
avoiding unpredictable insertions to a relation. As mentioned in Section 1.2, this
approach was originally formulated by Bernstein and Goodman [Bernstein and Goodman
1980] and also later by Vossen [Vossen 1988] in a slightly different fashion. The
motivation for this approach is now outlined. Consider the relation scRen{&MP,

DEPT, MNGR used earlier in Example 1.1 and the following relation defined over it.

EMP DEPT MNGR
Hilbert Math Gauss
Laplace Math Gauss

Fermi Physics Bohr

Figure 1.4. An example of a relation having an unpredictable insertion

If one wants to insert the information that the empldyaglaceworks in theMath
department then no value has to be supplied for manager since it is already known that
Gaussis the manager of the Math department. However, if one wants to add the fact
Turing works in theComputingdepartment then a new value has to be added for the
manager since the manager of @@mputingdepartment cannot be deduced from the
current information in the relation. So the relation scheme in this example is said to have
anunpredictable insertiolecause two different insertions to a relation defined over the
scheme require different information to be supplied. To be more precise and using the
terminology of Bernstein and Goodman, the insertion of a tupte a relatiorr affectsa
set of attributeX if the projection of ontoX is not equal to the projection of] {t}
onto X, and converselX is unaffectedy the insertion if the projections are the same. A
relation scheme is then defined to haveiapredictable insertiofif there exists at least

two different insertions on relations defined over the scheme such that the attributes in an
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FD or MVD constraint are affected by one of the insertions but not by the other. We
note that, as in the case of redundancy, this approach is based on interpreting the set of
attributes in a constraint as being the fundamental unit of information. We also allow for
the same three possible choices for the set of constraints as we use in our investigation of
redundancy. These are: the 3aif FDs and MVDs derived from the database degign,

plus all MVDsX - — R - XYcorresponding to the MVDX - - Yin Z; and lastly,

>*, the set of all FDs and MVDs logically implied By Corresponding to each of these
choices, three semantic normal forms are defined on relation schemes such that a scheme
is in one of the normal forms if no relation defined over it has an unpredictable insertion
with respect to the relevant set of facts. In the case where the only constraints are FDs,
the results of Bernstein and Goodman and Vossen show that the three semantic normal
forms are all equivalent conditions on a relation scheme and are equivalent to BCNF. In
Chapter 5 we investigate the problem of deriving syntactic normal forms which are
equivalent to the semantic ones just mentioned for the cases where the set of constraints

contains only MVDs, and when it contains both FDs and MVDs.

1.5.4. Fact-Based Update Anomalies

In Chapter 6, the relationship between normal forms and several types of what we call a
fact-based update anomaly is analysed. This approach to justifying normalisation is
closest to the original intuitive justification of normal forms proposed by Codd. As in
our approach to redundancy and unpredictable updates discussed previously, this
approach is based on interpreting the set of attributes in an MVD or FD constraint as the
fundamental unit of information for update. In essence, a fact-based update anomaly
occurs when a relation stores the values of several independent facts with the result that
these values cannot be updated independently without violating either the basic properties
of the relational model or a general constraint on the relation.

As mentioned in Section 1.2, Chan [Chan 1989] provided formal definitions of the

three types of fact-based update anomaliesertion anomaly, deletion anomaly and

16



Chapter 1: Introduction

replacement anomalyand investigated their relationship to normal forms for the case of
FD constraints. The main contribution of the chapter is to propose definitions for two
different types of a replacement anomaly, ones which we feel are more consistent with
the basics of the relational model than the one given by Chan, and then investigate the
relationship between their absence in a relation scheme and the syntactic normal forms
BCNF and 4NF. The first type of replacement anomaly, simply called a replacement
anomaly, is said to occur in a relation scheme when the replacement of the value of a fact
in a tuple of a legal relation defined over the scheme results in key-uniqueness being
maintained but an FD or MVD dependency being violated. The following example

illustrates this definition.

Example 1.3. Consider the relation schenie={ A, B, C}with the set of
constraints beingA - B, B> C}. A legal relation,r, defined ovemR is shown in
Figure 1.5. ThemR has a replacement anomaly since when the valB&€ah the tuple
<2, 2, B is changed to % 1, 2>, the resulting relatiom;, satisfies the key uniqueness
condition since both tuples mare different on the only candidate k&ybutr' violates

the FDB - C. O
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A B C
1 1 1
2 2 1

replace <2, 2, 1> by <2,2>

O

;"
A B C
1 1 1
2 1 2

Figure 1.5. An example of a replacement anomaly

The other contribution of Chapter 6 is to define several subtypes of a more restrictive
type of replacement anomaly and investigate the relationship between their absence in a
relation scheme and the normal forms BCNF and 4NF. Motivated by the works of
Biskup and thentity-relationship approacto data modelling [Batini et al. 1991; Biskup
1989; Biskup and Dublish 1991; Chen 1976] where instead of regarding the set of
attributes in a dependency as an indivisible unit of information, the approach adopted is to
view the sets of attributeX andY in a dependencX - YorX — - Y as playing
different roles. X is interpreted as representing some entity and the attributear
interpreted as the properties %f We then consider fact replacements whereYthe
values can change, but not iezalues which represent the identity of an entity in this
approach. A modification anomaly is then defined to be a replacement anomaly where the
only attribute values which can be modified are those belonging to the right-hand side of

a dependency.
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1.6. NUMBERING SYSTEM

The thesis is divided into seven chapters. Each chapter is divided into subsections and
these are sometimes divided into further subsections. A section labelled as 3.2.1 is thus
the first subsection of the second subsection of Chapter 3. The labelling system for
examples, definitions, figures and results is to prefix them by the chapter number and
then to label sequentially within the chapter. Thus Definition 5.11 refers to the 11th

definition in Chapter 5 and Lemma 4.8 refers to the 8th lemma presented in Chapter 4.
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CHAPTER 2

THE RELATIONAL MODEL

2.1. INTRODUCTION

In this chapter we shall outline the basic relational concepts and results that will be used
in later chapters. Thorough presentations can be found in standard database texts such as
those by Ullman or Maier [Maier 1983; Uliman 1988a].

The relational model was defined first by Codd as an abstract model and since then,
as a result of its simplicity, flexibility and rigorous foundations, it now forms the basis of
most commercially used database systems [Codd 1970]. The relational model consists of
three parts: data definition, data operators and integrity constraints. We now present each

of these parts in turn.

2.2. DATA DEFINITION

A universelU is a fixed, finite set of symbols, called attributes, which represent the
column names in a relation. As usual, the symBgI8, C,. . . and their subscripts
represent single attributes adW, X,. . . and their subscripts denote sets of attributes.
The union of the attribute se¥sandY is denoted byY rather thanX J Y. X -Y
denotes set difference. THemainof an attributeA O U, denoted by DOMY), is a set

of values representing the possible values that can appeaAiodnmn. We assume
that for any attributéd, DOM(A) is infinite. This assumption is not always crucial to our

results, though we note that certain difficulties can arise if the domains are too small
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[Atzeni and DeAntonellis 1993; Fagin 1981; Ginsburg and Zaiddan 1982; Kanellakis
1980].

A relation schem®& s a subset dil. Let the elements of a relation scheRiee the
set denoted by A, ..., A}. A tupleoverR is an element of DOMY;) x . . .x
DOM(A,) wherex denotes the cartesian product. réationinstance(or simply a
relation) overR, denoted by (R), is afinite set of tuples defined ov&:. In this paper,
all relations are defined over a single relation schiraed sa (R) will often be denoted

simply byr. These definitions are illustrated in the following example.

Example 2.1LetU = {SCODE, SNAME, TEACHER, TEXDOM(SCODB =
Integer, DOMENAMEB= Char(10), DOM{EACHER = Char(10), DOM{TEXT) =
Char(10) anR = {SCODE, SNAME, TEACHER, TEXTA relation defined oveR
is illustrated in Figure 2.1. A tupleagh, c, d> in the relation represents the information

that a subject with codieand namé is taught by a teacherand uses a text book O

SCODE SNAME TEACHER TEXT
1 Physics Green Optics
1 Physics Allan Mechanics
1 Physics Green Mechanics
1 Physics Allan Optics
2 Maths Green Mechanics
2 Maths Green Calculus

Figure 2.1. An example of a relation

2.3. DATA OPERATORS

Codd [Codd 1970] defined a set of operators for data manipulation and later [Codd 1972]

demonstrated the power of the this set by proving that it is equivalent in expressive power
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to a subset of first order logic (called safe queries). For the purpose of this work, the full
set of relational operators is not needed and so we shall only define those operators that
are required.

If tis a tuple oveR andX is a subset oR, thent[X] is therestrictionof t to the
attributes inX. If r is a relation oveR, then theprojectionof r onto X, denoted by

Ti[r], is the relation defined by:

m[r] = {t[X] [tOr}

Let ry(R,) andr,(R,) be two relations. Theatural join of r; andr,, denoted by

r.Mr,, is a relation defined ové;R, satisfying the condition:

r]_N r, = {t(R1R2)| Dtl, 1) ((tl 0 rl) and (tRl] = tl) and (2 0 rz) and
(t[Ro] = t2) and G[Rin Ry] = t[Ry n Ry]))

2.4. RELATIONAL CONSTRAINTS

In this thesis, we consider only two types of constraints - functional dependencies and
multivalued dependencies. While much more general classes of constraints have been
defined [Beeri and Vardi 1984a; Beeri and Vardi 1984b], FDs and MVDs are the most
important types of dependencies in practical database design [Delobel and Adiba 1985;
Thalheim 1991] and it is for this reason that we restrict ourselves to these classes.
Extensive surveys of dependency theory and discussions of more general types of
dependencies than the ones examined in this study are given in the work by Fagin and
Vardi as well as that by Thalheim [Fagin and Vardi 1986; Kanellakis 1990; Thalheim
1991].

A functional dependendfD) constraint, originally introduced by Codd [Codd

1972], is a constraint denoted By - Y whereX andY are sets of attributes. A
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relationr satisfiesthe FDX — Y if for all tuplesty, t, O r, if t,[X] = t;[X] thenty[Y] =
t,[Y]; otherwise itviolatesthe FD. For example, the relation shown in Figure 2.1
satisfies the FLBCODE - SNAMEDut violates the FIBCODE - TEACHER

A multivalued dependengiVVD), originally introduced independently by Fagin and
Zaniolo [Fagin 1977c; Zaniolo 1976], is a constraint denoted by— Y. A relationr
satisfies the MVDX - - Y if for all ty, t, O r with t{[X] = t,[X], there exists a tuplg
O r such thats[X] = t4[X], t3[ Y] = t[Y] andt3[R - XY] = t;[R - XY]. For example, the
relation in Figure 2.1 satisfies the MVDSCODE - - TEACHER and
SCODE - - TEXT. We shall assume that andY in any MVD X - - Y are
disjoint because of the result [Fagin 1977c] tHat. - Y is satisfied if and only if
X - - Y-X is satisfied. When we want to explicitly represent all the individual
attributes in either an FD or MVD, we shall do it by using the abbreviated notation such
as, for exampleSCODE TEACHER> - TEACHER TEXTrather than the full set
notation {SCODE, TEACHER - - {TEACHER, TEXT The set of all relations
which satisfyz, a set of FDs and MVDs, is denoted by SE)( The set of attributes
which are in either the left-hand side or right-hand side of a dependénzyis denoted
by ATT(d). A dependency applies to a relation scher®af ATT(d) O R. A setZ of
FDs and MVDsapplyto a relation schemR if every dependency i& applies toR.

Since we are only dealing with a single relation scheme in this work, we will assume that
a set of FDs and MVDs always apply to the relation scheme in question.

A dependency igrivial in a relation schemR if it is satisfied by every relation
defined oveR. It can be shown [Maier 1983] that an KD Y is trivial if and only if
Y O X, and an MVDX - - Yis trivial if and only ifY O X or R = XY.

Even though we will not pursue this issue in this work since our focus is on the use
of dependencies in database design, we note that it is also possible to view FDs and
MVDs in a much more abstract setting and several researchers have investigated this issue
[Demetrovics et al. 1992; Lakshmanan and VeniMadhavan 1987; Lee 1983; Matus 1991;

Novotny and Novotny 1992].
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We now discuss the crucial concepts of implication and derivation with respect to a
set of dependencies. Given a Eaif FDs and MVDs and an F2 - W (or MVD
Z - - W), 2 impliesthe FDZ - W (or MVD Z - - W) if every relation that
satisfiesZ also satisfieZ - W (orZ - — W). The set of all FDs and MVDs that are
implied by a sek of FDs and MVDs is denoted [%/. It is also known [Armstrong
1974; Beeri et al. 1977] that valid dependency implications can be obtained by using
proofs involving a finite sequence wiference rules (axioms)The following set has
been shown to be a valid set of inference rules for FD and MVD constraints [Beeri et al.

1977].

FD rules:
Al: If Y[J X then X- Y
A2: If X -~ Z and Y[J U then XY- ZU
A3: If X- Y and Y- Z then X- Z
MVD rules:
A4d: If X - - Y then X - R - XY
A5: If X -~ - Y and VOO W then WX~ - VY
A6 If X > -~ Y and Y- - Z then X- -~ Z-Y
A7:1f Y[ X then X- - Y
Combined FD and MVD rules:
A8: If X Y then X- - Y
A9 If X - - Y, ZOY,Wn Y =@ and W- Z, then X- Z

The following rules, although derivable from those above, are useful and will be

needed in later chapters.

Al0: If X - YZthen X-> Y
All: If X- - Yand X- - Zthen X- - YZ

24



Chapter 2: The Relational Model

A critical question that arises with the use of a set of inference rules is to determine
whether the set is sufficiently powerful for any implied dependency to be derived by a
finite application of a set of inference rules. If the set of inference rules has this property,
then it is said to beomplete For the case of FD constraints, Armstrong [Armstrong
1974] and Fagin [Fagin 1977b] proved that a set of inference rules which is equivalent to
A1-A3 is complete; and Beesdt al. [Beeri et al. 1977] proved that rules A1-A9 are
complete for FDs and MVDs. However, it should be noted that for some other types of
relational constraints, either no complete set of inference rules is known or it has been
shown that no complete, finite set of inference rules exists [Chandra and Vardi 1985;
Parker and Parsaye-Ghomi 1980; Petrov 1989; Sagiv and Walecka 1982; Sciore 1982].

Another related aspect of dependency implication is to derive, if possible, an
algorithm for determining whether a set of dependencies implies another dependency. If
such an algorithm exists for a specific class of dependencies, then the implication is said
to bedecidablefor that class of dependencies. Although the notion of completeness and
decidability are related and many of the algorithms for implication are based on the
properties of an axiom system, in general the notions are not equivalent. A more
thorough discussion of these concepts is contained in the book by Paretakns

[Paredaens et al. 1989].

2.4.1. Projected and Embedded Dependencies

In the design of relational databases, the following question often arises. Given a relation

scheme and a sEtof dependencies which apply to it, which dependencies are implied in
a subseR' of R? These dependencies are cafiegjected dependenciesd are formally
defined as follows. A dependendysimpliedin R'if for every relatiorr(R) O SAT(2),
TR{r] satisfiesd.

For an FD constraint, the answer of which FDs are implidl is quite easy [Maier
1983]. An FDX - Y is implied inR'if and only ifXYO R'andX - YO Z*. For

the case of MVDs, the situation is not as simple because, unlike FDs, the validity of an
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MVD X - — Y depends on the attributesRr+ XY. For an MVD, it has been shown
that an MVDX - - Yis implied inR"if and only if XY O R" and there exist¥"' such
thatY =R'n Y'andX - - Y'0O Z* [Aho et al. 1979a; Beeri and Vardi 1981b].

We note that if one poses the related, but different, question of whether a relation
TR[r] satisfying a dependenayimplies that also satisfies, then the situation is again
more complicated for MVDs. For the case of FDs, the answer is in the affirmative [Maier
1983], but for MVDs it was first noted by Fagin and Deolobel that an MVD can hold in
the projection without it holding in the original relation [Delobel 1978; Fagin 1977c;
Maier 1983]. Such MVDs are calleinbedded MVDand have been investigated by
several authors [Ito et al. 1983; Parker and Parsaye-Ghomi 1980; Sagiv and Walecka

1982; Tanaka et al. 1979].

2.4.2. Closure and Dependency Basis

Theclosureof a se& of FDs and MVDs, denoted %, is the set of all FDs and MVDs
implied byZ. For example, iR={A, B, GandZ ={A - B} thenZ® ={A > A,
A-B B-B C- C, AB- A AB- B, BC- B, BC- C, AC- A,
AC - C}. Since inference rules Al - A9 are complete, the closure of a set of FDs and
MVDs is also equal to the set of FDs and MVDs which can be derived Iramd
inference rules A1-A9. In general, the number of dependencies in the closure is
exponentially proportional to the number of dependencies in the original set [Maier
1983]. Two sets of dependencigsandW¥, are defined to bequivalent written as> =
W, if 2 =W*. For example [Maier 1983], the set of FDA { BC, A- D,
CD - E}is equivalent to A -~ BCE, A~ ABD, CD- E}. If =W, thenV¥ is
acoverfor .

We now introduce the related concepts of the closure and the dependency basis of a
set of attributes. Thelosureof a set of attributeX, denoted byX", is the set of
attributes such that an attribute X" if X - Ain Z*. It then follows from the

inference rules for FDs (rules A1-A3) that an KD~ YO X" if and only ifY is a

26



Chapter 2: The Relational Model

union of attributes ixX* [Ullman 1988a]. The&lependency basfer a set of attributeX,
denoted by DER), is a disjoint set of attribute sets such that for everyyseith

X - - Y OZ% Yis a union of sets from DER) and there is no other set with a
smaller number of attribute sets having the same property. Writing the elements in

DEP(X) as {X1, . . ., %, Xi, . . ., X{, Wy, ..., W}, it can be shown [Beeri 1980;

Fagin 1977c; Paredaens et al. 1989] that DIER4s the following properties:

() DEP(X) coversR, i.e. R=[0 Z where Z; 1 DEPX);
(ii) The sets in DERX) are disjoint;

(i) X - - Y OZ%if and only ifY =0 Z where Z, O DEPX);
(iv) Xy, . . ., % are single attribute sets such that iDP; Xi;

(v) X1, . . ., X are single attribute sets such that- X = ,lﬁ] X7,
i=1

One important difference between the structure of thexdeasd DEPX) is that the
elements inX* consist of single attributes, whereas in general the elements irKPEP(
consist of multiple attributes. This difference is because the inference rules imply that
any FDX - YZis equivalent to the seX{- Y, X- Z} and so the right-hand side
of any FD can be split into single attributes, whereas this is not the case for MVDs. The
problem of developing efficient algorithms for the generatiod'@nd DEPX) has been
investigated by several researchers and several methods have been devised [Beeri 1980;
Diederich and Milton 1988; Galil 1982; Hagihara et al. 1979; Ito et al. 1984; Lakshmanan
and VeniMadhavan 1985; Lakshmanan and VeniMadhavan 1987; Maier et al. 1981;
Parker and Delobel 1979; Sagiv 1980; Vardi 1983]. The following example illustrates

the concepts of the closure and the dependency basis of a set of attributes.

Example 2.2letR={A,B,C,D, E, F, Gand>~ ={AB - - DE,E - > F,
E - C}. Any of the algorithms in the works just cited can be used to show that if we

let X = AB, thenX" = {A, B, G and DEPK) = {A, B, C, DE, F, G 0
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2.4.3. Pure MVDs and Reduced Covers

We now introduce the concepts of pure MVDs and reduced sets of FDs and MVDs. The
motivation for both these concepts is to reduce a set of dependencies to another equivalent
set which has no superfluous information. Firstly we present the definition of a pure set

of FDs and MVDs which is due to Jajoida [Jajodia 1986].

Definition 2.1.Let Z be a set of FDs and MVDs. An MVR - - YO X is
pureif it is nontrivial and neitheX — Y norX — R-XYisinZ*. ¥ ispureif every

MVD in Z is pure.

The following example illustrates the definition.

Example 2.3LletR={A,B,C}and* ={A - - B,B > A,B - C}. It

follows then from rules A4 and A9 that -~ C 03" and soA — — B is not pured

The condition in this definition is a natural one. If an MXD- - Y is not pure,
then it follows from the inference rules that an equivalent set of dependencies can be
obtained by replacin& - - Y in the set of dependencies by the KD R - XY or
X - Y. So in that sense& — — Y is not a 'true’' MVD. A related definition aimed at
factoring out MVDs which cannot be derived from FDs appears in the concept of an
envelope setdue to Yuan and Ozsoyoglu [Yuan and Ozsoyoglu 1987; Yuan and
Ozsoyoglu 1992Db] in their work on desirable 4NF decompositions.

It is also clear that any set of FDs or MVDs has a pure cover. To verify this, it
follows by a simple application of the inference rules that if an M¥/D - Y that is
not pure is replaced by either By -~ Yif X - YO Z*, or byX - R-XY if
X - R-XYOZX" then an equivalent set of dependencies is obtained, and so by

repeating the procedure a pure cover can be obtained for any set of FDs and MVDs.
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The second concept required is that cdduced sedf FDs and MVDs, a concept due

to Ozsoyoglu and Yuan [Ozsoyoglu and Yuan 1987b] which extends the concept of a
minimal cover for a set of FDs [Maier 1983; Ullman 1988a]. Similar concepts were also
used by Zaniolo in his work on formalising the database design process [Zaniolo 1976;
Zaniolo and Melankoff 1981; Zaniolo and Melankoff 1982]. We now formally define a
reduced set of dependencies. We note that our definition is weaker than that of
Ozsoyoglu and Yuan since their definition contains the additional condition that no set of
attributes be able to be transferred from the left-hand side to the right-hand side of a

dependency.

Definition 2.2. LetZ be a set of FDs and MVD< is reduced if:

(i) No dependencd [1 X is redundant, i.e. for afl (1 2, > - {d} is not equivalent to
2,

(i) Every dependency is left-reduced, i.e. for every MMD- - Y (or FD
X - Y)OZ, there is no MVDX' - - Y (or FDX' - - Y) O X* such that
X" OX;

(iii) every dependency is right-reduced, i.e. for every MXD- - Y (or FD
X - Y)OZ, there is no MVDX - — Y'(or FDX - - Y') O X* such that
Y' Ooy.

We note that it is easy to establish that a reduced cover can be generated foE any set
of FDs and MVDs by using the following method. Firstly, any redundant dependencies
are removed fronz. Then, any MVDX - - Y (or FDX - Y) in Z that is not left-
reduced is replaced b¥' - - Y (or X - Y) and any MVDX - - Y (or FD
X = Y) that is not right-reduced is replaced by the MVRs- - Y' (or FD
X5 Y)yandX - - Y-Y'(or FDX - Y -Y). It can be easily verified that
equivalence is maintained by these replacements. These steps are repeatedly applied until

no more changes can be made to the set of dependencies. We also note that it follows
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easily from the inference rules thatdif- YZ 0 3 thenX - YO X" and so the FDs

in a reduced set of FDs and MVDs contain a single attribute on the right-hand side.

2.4.4. Keys

Since there is no notion of an ordering on the tuples in the relational model, keys then
play a central role in the retrieval of information because they provide the only method by
which a tuple may be identified. We now present definitions for some essential key-
related concepts.

Given a relation schenfe and a sek of FDs and MVDs which apply to it, a set of
attributes X is asuperkeyfor a relation schem® if the FDX - ROZ". Xis a
candidate keyf it is a superkey and it has no proper subSetuch thaiX' - Ris also
in =*. An attribute is grime attributeif it is a member of a candidate key. They
constraints denoted by, is the set of all FDs i&" of the formK — R whereK is a
candidate key. The set of all relations which satSgyis denoted by SAT().
Obviously, if a relation satisfies then it also satisfieEk but the converse is not true.
Also, it is easily seen that a relation satisfigsif and only if no tuples in the relation
have the same value for a candidate key.

Several researchers have addressed issues concerning algorithms for the generation
and testing of key-related properties [Beeri and Bernstein 1979; Demetrovics 1978;
Demetrovics and Thi 1988; Forsyth and Fadous 1975; Kambayashi 1979; Lucchesi and
Osborn 1978; Pichat 1985; Selesnjew and Thalheim 1988; Thalheim 1992; Thuan 1987;
Thuan and Bao 1985; Yu and Johnson 1976]. While generating a single candidate key
for a relation scheme can be done in polynomial time [Lucchesi and Osborn 1978],
generating all candidate keys for a relation scheme is inherently exponential [Lucchesi and
Osborn 1978]. The reason for this is that the number of candidate keys in a relational
scheme can be exponentially proportional to the number of attributes and the number of

dependencies. As a result, the determination of many key-related properties turns out to
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be computationally intractable. For example, it has been shown [Lucchesi and Osborn
1978] that problems such as testing whether an attribute is prime or determining if there is

a candidate key less than a fixed size are NP-complete [Garey and Johnson 1979].

2.4.5. Join Dependencies

Join dependencies, a generalisation of multivalued dependencies, were first proposed by
Rissanen [Rissanen 1979] and are defined as follows R &, . . .,Rp denote sets

of attributes of a relation scherResuch thaR=R, R, . . .Rp . Ajoin dependenc{JD)

is a constraint denoted byR{, Ry, .. .,Rp]. A relationr (R) satisfies the join
dependency if = T[Rl(r) X T[Rz(r) oM an(r).

We now briefly discuss the issues of decidability and the existence of a complete
axiom system for the implication problem for JDs. The decidability question was settled
in the affirmative by Ahcet al. [Aho et al. 1979a], although from a computational
complexity perspective the result was not very encouraging since the algorithm was later
shown to be NP-hard [Maier et al. 1981]. In contrast, the completeness question was
answered in the negative by a result due to Petrov who proved that there is no finite,
complete set of inference axioms for JDs [Petrov 1989]. However, complete sets of
inference axioms are known for restricted classes of JDs as well as for dependencies that
are more general than JDs [Delobel 1978; Sciore 1982]. Although no complete set of
axioms is possible for JD inference, sound sets of axioms have been derived [Beeri and
Vardi 1981b; Beeri and Vardi 1985; Sciore 1982].

JDs will not be considered directly in this paper, but the result [Fagin 1977c] that any
MVD X - - Y is equivalent to the JD XY, XZ], whereZ =R - XY, will be used

frequently.
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2.5. TABLEAU

The last relational concepts required are thoseablaauand thechase algorithm The
concept of a tableau is originally due to Aébal. where it was used as a means of
representing projection-join mappings[Aho et al. 1979a; Aho et al. 1979b; Aho et al.
1979c]. Maiert al.[Maier et al. 1979] then showed that the tableau concept can be used
in conjunction with an algorithm, called the chase, to provide another method of
determining when a set of FDs and JDs implies another JD or FD. This is a more
powerful method than using derivations based on inference rules since it can be used to
test if a set of FDs and JDs implies a JD, a problem which, as mentioned earlier, cannot
be solved by applying a set of inference rules. We will briefly outline the chase algorithm
and some results relating to it that will be used later. A more thorough presentation of the
these concepts is contained in the text by Maier [Maier 1983].

A tableauis a matrix consisting of sets of rows. Each column in the tableau
corresponds to an attributeRa Each row consists of variables drawn from a/séhat
is the disjoint union of two sel% andV,. Vjis the set otlistinguished variableand
Vj, is the set ohondistinguished variablesAny variable is restricted to appear in at most
one column and in each column there can be one and only one distinguished variable.

A valuationis a functionp which maps each variable in a tabl8ato an element in
DOM(A) whereA is the column in which the variable appears. This is extended to a
function from a tablead to a relation oveR as follows. Ifw = <v4, vy, ... V> IS a
row of T, thenp(w) is the tuple g(vy), p(v2), - - .p(vn)> andp(T) = {p(w) | wis a row
in T}.

Let 2 be a set of FDs and JDs (any MVD is treated as a JD by the result mentioned
earlier). Thechaseis a result of applying the following transformations to a tableau

until no further changes can be made:

32



Chapter 2: The Relational Model

F-Rule For every FDX - Ain Z, there is an associated F-rule that transforms the
tableau as follows. Suppose that the tabl&adas rowsw; andw, wherew;[X] =
wy[X]. Letv; =wy[A] andv, = w,[A]. If either ofv, orv, is a distinguished variable
and the other is not, then the nondistinguished variable is changed to the distinguished
variable. If both are nondistinguished variables, then the one with the larger subscript is

replaced by the one with the smaller subscript.

J-Rule:Let *[Ry, Ry, . . .,Rp] be a JD inz. If there exists a row such thato[Ry]
O T[R4, - . ., w[Rp] U T[Rp], w is added tdI".

For an MVD, we use the result quoted that any MXD. — Y is equivalent to the
JD *[XY, XZ] whereZ =R - XY. We now illustrate these concepts by the following

example .

Example 2.4.LetR={A, B, C,D, B letZz={B - C,C -~ - AB} and
consider the tablealishown in Figure 2.2. Distinguished variables are indicated in the
tableau by variables withand nondistinguished variables are indicated by variables with
b. The F-rule foB —» C can be applied to rows 1 and 2Tirto yield the tableai;.
Then rewriting the MVDC - - ABas the JD *CAB, CDE] and applying it to rows 1
and 2 inT,yields the tableadl,. Applying the JD again to rows 1 and 2 in tabléau

yields tablead’s upon which the chase terminates since no more changes can bElmade.
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-

A B C D

b, & b, % &

3% & 3 bs b,
T

A B D E

by a CH % 3%

3 & =N bs b,
T

A B C

b, & & & 3

3% a 3 bs by

b, & & bs by
T3

A B C D E

by a CH % 3%

2y & & bs b,

by & e bs (o)

3% & el % 3%

Figure 2.2. An example illustrating the chase algorithm

Let chasg(T) be the tableau which results from applying any F-rules and J-rules that

are applicable until no more changes can be made to the tableau. Then it can be shown
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[Maier 1983; Maier et al. 1979] that the chase always terminates, is independent of the
sequence in which the rules are applied and is unique up to a renaming of
nondistinguished variables. The following results [Maier 1983; Maier et al. 1979]

concerning properties of the chase will be used in later chapters.

Lemma 2.1.Any valuationp of chaseg(T) which is a one-to-one mapping satisfies

Lemma 2.2.Let Ty be the tableau constructed as follows. It contains two rows,
one row, denoted bgy, contains all distinguished variables and the other, denoted by

wy, contains distinguished variables in the X-columns and nondistinguished variables

elsewhere. Let T* = chagdy) and lete; and w; be the rows in T* that correspond to
wyanday in T (wy anda, may be the same row). Thef = wy and an FD X- Y is

in =" iff the Y-columns in T* contain only distinguished variables.

Lemma 2.3.Let X— - Y be an MVD defined on a relation scheme R, let Z = R -
XY and define the tableaw Bs follows. k consists of two rows. One contains
distinguished variables in the XY columns and nondistinguished variables elsewhere,
while the other contains distinguished variables in the XZ columns and nondistinguished
variables elsewhere. Let T* = chg$€g). Then X- - Y isinZX' iff T* contains a

row with distinguished variables only.

2.6. THE HISTORY AND DEFINITIONS OF NORMAL
FORMS

In this section we review the normal forms that have been defined in the literature. The
sequence in which they are presented here essentially corresponds to the chronological

order in which they appeared in the literature.
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2.6.1. Third Normal Form (3NF)

The first formal investigation of file design was done by Codd although some of the
difficulties that could result from arbitrary file designs were recognised earlier by Heath
[Codd 1972; Heath 1971]. Codd defined bséitond normal forfi@NF) and 3NF in
this work after having proposdast normal form(1NF) in his initial work on the
foundations of the relational model [Codd 1970]. Although we will define 3NF later in a
different fashion to that proposed by Codd, it is instructive to quote the original

definitions directly from Codd's seminal work:

" A relation R is insecond normal formf it is in first normal form and every non-

prime attribute of R is fully dependent on each candidate key of R";

"Suppose that A, B, C are three distinct collections of attributes of a relation R (hence
R is of degree 3 or more). Suppose that all three of the following time-independent

conditions hold: R.A- R.B,RB4 R.A,R.B- R.C . . . insuch a case we shall

say that C igransitively dependemin A under R";

" A relation R is inthird normal formif it is in second normal form and every non-

prime attribute is non-transitively dependent on each candidate key of R."

It is interesting to note that this definition of a transitive dependency, and thus that of
3NF, differs from what is the accepted definition today. The difference is that although
the sets A, B, C in Codd's definition are required to be distinct, there is no requirement
that the sets be disjoint and so it is possible, for instance, for one of the sets to be a
subset of another. Not excluding this possibility appears to have been intentional on the
part of Codd since in a later section he uses the example of a relation &Rhe®BeQ

with the FDsAB - C, C - B and states tha is transitively dependent on the
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candidate keyAB (and so is not in 3NF according to his definition). However, the
currently accepted definition of 3NF adds an extra condition to Codd's definition of a
transitive dependency - that C not be a subset of A or B. This difference in definition is
not purely academic since one of the main methods of generating 3NF relations, the
synthesis method [Bernstein 1976], produces 3NF schemes only if the newer definition
of 3NF is adopted.

The definition of 3NF that we present here is due to Zaniolo [Zaniolo 1982] who also
proved that it is equivalent to Codd's original definition of 3NF provided that Codd's

definition of a transitive dependency is modified in the fashion just discussed.

Definition 2.1. Let R be a relation scheme afda set of FDs which apply to it.
Ris inthird normal form (3NF)if for every nontrivial FDX - A in I, eitherX is a

superkey oA is a prime attribute.

We illustrate this definition by the following well known example [Beeri and

Bernstein 1979; Date 1990].

Example 2.5.Let R = {STUDENT, COURSE, TEACHERNnd Z = {STUDENT
COURSE- TEACHER TEACHER - COURSE. An example of a relation
defined oveRis illustrated in Figure 2.3. The candidate keysSrt&d DENT COURSE
and STUDENT TEACHERR is in 3NF becausSTUDENT COURSHn the FD
STUDENT COURSE. TEACHER is a superkey, an€OURSEIn the FD
TEACHER- COURSEis a prime attribute. O
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STUDENT COURSE TEACHER
Jones Physics Newton
Walker Physics Maxwell
Jones Maths Hilbert
Smith Physics Newton

Figure 2.3. A relation defined on a 3NF scheme

From a computational perspective, testing a relation scheme for 3NF is
computationally difficult since it has been shown to be NP-complete [Jou and Fischer

1983; Lucchesi and Osborn 1978].

2.6.2. Boyce-Codd Normal Form (BCNF)

Boyce-Codd normal forfBCNF was introduced by Codd to overcome deficiencies in
3NF which may arise in the case where there are candidate keys which overlap [Codd

1974]. We now present a formal definition.

Definition 2.2. Let R be a relational scheme and ¥be a set of FDs and MVDs

which apply to it. Ris in Boyce-Codd normal form (BCNH)for every nontrivial FD
X - AOZ" X is a superkey.

Again, we illustrate this definition by an example taken from Date's book [Date

1990].

Example 2.6.Let R = {STUDENT, COURSE, POSITIQMNith the meaning that a
tuple s, ¢, > defined over this scheme represents the information that in an examination
for a course, studens is ranked at positiop. If one also imposes the constraints that

each student in a course receives one position, and that no two students have the same
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position in a course, then the following FDs apply to the relation scheBIEURDENT
COURSE- POSITION COURSE POSITION> STUDENT. The candidate keys

are STUDENT COURSEBNdCOURSE POSITION. & in BCNF since every
nontrivial FD inZ* must contain eitheaTUDENT COURSEr COURSE POSITIOM

the left-hand side of the dependency (see Lemma 3.1 in the next chapter). An example of

a relation defined oveR s illustrated in Figure 2.4. O
STUDENT COURSE POSITION
Jones Maths 1
Smith Maths 2
Jones Physics 4
Allan Physics 1
Smith Physics 2

Figure 2.4. A relation defined on a scheme that is in BCNF

We note that the relation scheme in Example 2.5 is not in BCNF beCBASEHER
in the dependencf EACHER - COURSEIs not a superkey. It has been shown
[Vincent and Srinivasan 1994b] that the situation in which a relation scheme can be in
3NF but not in BCNF can only occur when there is a pair of overlapping candidate keys.
We note that the converse of this is not valid since the relation scheme in Example 2.6 has

overlapping candidate keys yet is in BCNF.

2.6.3. Fourth Normal Form (4NF)

Fourth normal form(4NF) was defined in a paper by Fagin [Fagin 1977c] in which
MVDs were also presented for the first time. 4NF was proposed as a generalisation of
BCNF in order to cater for the case where the constraints are generalised to include both

FDs and MVDs [Fagin 1977c]. The following definition is taken from Fagin's paper.
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Definition 2.3. Let R be a relation scheme aiada set of MVDs and FDs that
apply toR. Ris infourth normal form4NF) if for every nontrivial MVDX - - Y [J

3", X is a superkey.

Fagin also showed that if a relation scheme is in 4NF with respect t& @8EDs
and MVDs, then it is also in BCNF with respect to the FDs impliel bgd so 4NF is a
stronger condition than BCNF. In the following example taken from a paper by Zaniolo
and Melankoff [Zaniolo and Melankoff 1982], a relation scheme is presented which is

BCNF with respect to the FDs implied Bybut is not in 4NF.

Example 2.7.Let R = {DAY, TIME, GROUR where a tuple d, t, g> defined over
the scheme represents the information GROUP gmeets orDAY datTIME tin an
organisation's conference room. Only one group is allowed to meet in the room at any
one time and so this constraint is represented by theADTIME -~ GROUR If one
also imposes the additional constraint that a group may meet several times in a day, but
these times are the same for every day that the group meets, then this constraint is
represented by the MVBROUP - — TIME. An example of a relation satisfying the
constraints is shown in Figure 2.5. It can easily be verified that no other nontrivial FDs
are implied by the set of constraints andrde in BCNF since the only candidate key is
DAY TIME HoweverRis not in 4NF becauseROUPIs not a superkey in the MVD
GROUP - - TIME. O
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DAY TIME GROUP
Mon 9.00 Gl
Wed 12.00 G1
Wed 9.00 G1
Mon 12.00 Gl
Mon 2.00 G2
Tue 12.00 G3

Figure 2.5. A relation defined on a scheme that is in BCNF but not in 4NF

There is a divergence of opinion as to whether a set of constraints such as the one
presented in the previous example represents a situation which can exist in the 'real-
world'. For example, Nakamura and Chen [Nakamura and Chen 1981] argued that the
previous example is essentially pathological and, apart from examples with a similar
dependency structure, they proved that if a relation is in 4NF but not in BCNF then the
only candidate key is the whole relation scheme. This also raises the more general issue
of whether some sets of dependencies involving complex interactions only exist in the
abstract sense, and do not occur in real-world applications. Once again there is a
divergence of opinion on this question. Sciore, for example, argued that only a certain
class of MVDs, calledonflict-free MVDsoccur in practical examples [Lien 1982; Sciore
1981]. This was later questioned by Beeri and Vardi who proposed a real-world example
where the set of MVDs is not conflict-free [Beeri and Vardi 1981a]. Later still, Ling
[Ling 1985] examined the example proposed by Beeri and Vardientég-relationship
framework [Batini et al. 1991; Chen 1976] and argued that their example was incorrectly
specified.

Our perspective is that while some complex dependency interactions seem to occur
rarely in practice, it is an unprovable claim to state that they can never occur. What is

probably less in dispute is that a set of dependencies can be incompletely specified and
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certain database design difficulties can be overcome if additional dependencies, which
don't change the original semantics, are added to the set of dependencies. The problem
of how to add dependencies to obtain a better database design without altering the
semantics of the original set has been investigated by several researchers [Beeri and Kifer
1986a; Beeri and Kifer 1986b; Beeri and Kifer 1987; Kandzia and Manglemann 1980;
Sciore 1983a]. We also note that several investigations have been conducted into the
issue of understanding precisely the real-world interpretation of MVDs [Beeri and Vardi

1981a; Kambayashi et al. 1979; Katsuno 1981; Kent 1981; Ling 1985; Sciore 1981].

2.6.4. (3,3)NF

Historically, the next normal form to be defined was a normal form proposed by Smith
called B,3)NF. It was introduced as an improvement to 3NF for the case where an FD
may hold in a subset of an attribute domain, but not in the full domain [Smith 1978]. To

illustrate this concept, we reproduce the example from Smith's paper.

Example 2.8.Let R = {E#, TYPE PERCENTAGE_TIMEPAY}. E# represents
the identifier of an employe@&,YPErepresents the classification of an employee which
may be "hourly employee” or "salaried employd@ERCENTAGE_TIMEepresents the
fraction of time that an employee works aP@dY represents the pay that an employee
receives. An example of a relation defined dves illustrated in Figure 2.6. The only
FD isE# - TYPE PERCENTAGE_TIME PAMVn particular it can be seen from
Figure 2.6 that there is no FD frofERCENTAGE_TIMHEo PAY. However, there is
also a constraint which states that for hourly employees onlpPERCENTAGE_TIME
determines th@AY. In other words, while there is no FD fraddERCENTAGE_TIME
to PAYin the relation as a whole, there is an FD fleBERCENTAGE_TIMHEo PAYin
a subset of the rows (those who are hourly employees). It is easily seen that this FD
causes difficulties in the relation, such as redundancy, although the relation scheme is in

BCNF. The relation scheme is not in what Smith refers to as (3,3)NF. O
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E# TYPE PERCENTAGE PAY
_TIME
El hourly 50 200
E2 hourly 75 400
E3 hourly 75 400
E4 hourly 100 500
E5 hourly 100 500
E6 salaried 100 650
E7 salaried 100 550
ES8 salaried 50 400
E9 salaried 50 550

Figure 2.6. A relation defined on a scheme that is not in (3,3)NF

While Smith originally considered (3,3)NF as an extension of 3NF, the same
arguments he used also apply to the case of MVDs and so one can extend the (3,3)NF

definition to MVDs as follows.

Definition 2.4. A relation schem® is in (3,3)NFif for every selection condition
defined on a relation(R) [J SAT(Z), the only nontrivial MVDs which hold in the rows

selected must be of the foh— — Y whereX is a superkey.

An interesting aspect of (3,3)NF is that in contrast to all the other normal forms
discussed in this chapter with the exception of DK/NF (see later), the conversion of a
relation scheme which is not in (3,3)NF to a set of schemes in (3,3)NF requires the
application of horizontal decompositions. This is in contrast to what occurs for the other
normal forms where only vertical decompositions are employed. For instance, to convert

the relation scheme in Example 2.8 to (3,3)NF one first splits the scheme horizontally
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into an hourly employee relation with attribute PERCENTAGE_TIMEBENndPAY and

another relation, salaried employee, with attriblB2sSPERCENTAGE_TIMENdPAY.

The hourly employee scheme is then split vertically into two schemes, one containing the
attributes E# and PERCENTAGE_TIMEand the other the attributes
PERCENTAGE_TIMENdPAY. The possibility of improving a database design by
horizontal decompositions has also been considered by others [DeBra and Paradaens
1982; DeBra and Paredaens 1983; DeBra and Paredaens 1990; Delobel 1978; Fagin
1979; Furtado 1981; Paredaens et al. 1989].

2.6.5. Projection-Join Normal Form (PJNF)

Projection-join normal forn{PJNF) was introduced by Fagin [Fagin 1979] for the case

where the constraints contain JDs.

Definition 2.5. Let R be a relation scheme and Petbe a set of FDs and JDs

which apply toR (any MVD is treated as a JDR is in projection-join normal form

(PINF if every relatiorr (R) which satisfiegk also satisfie&.

The following example illustrates this definition.

Example 2.9.Let R = {SUPPLIER, PART, PROJEETA tuple <s, p, pina
relation defined oveR represents the information tHat/PPLIERs suppliesPARTp to
PROJECT j Suppose also that the JD constrair@UJPPLIER PART, SUPPLIER
PROJECT, PART PROJECapplies toR. ThenR is not in PINF since the relation

shown in Figure 2.7 satisfieg but not the JD because the relation doesn't contain the

tuple s, p1, j1>. O
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SUPPLIER PART PROJECT
sl pl j2
s2 pl i1
s1 p2 i1

Figure 2.7. A relation defined a scheme that is not in PINF

A recent paper by Date and Fagin [Date and Fagin 1992] has helped to clarify the
relationship between 3NF, BCNF, 4NF and PINF. They proved that if every candidate
key is simple (contains only a single attribute), then every relation scheme that is in 3NF
is also in PINF (and hence in BCNF and 4NF as well). In other words, the only
situation where the normal forms do not coincide is when a relation scheme has a

complex key structure.

2.6.6. Elementary Key Normal Form (EKNF)

Another normal form that is stronger than 3NF yet weaker than BCNF, eldiegntary
key normal form(EKNF), was defined by Zaniolo [Zaniolo 1982]. The following

definitions are taken from this work.

Definition 2.6. Let X~ be a set of FDs and -~ A an FD inZ. An FDX - A
is elementarywith respect t& if there doesn't exist a nontrivial PO — Ain =* such
that X' O X.

A set of attributeK is anelementary keyf for some attributeA, K -~ Ais an
elementary FD. An attribute which belongs to some elementary key is called an
elementary key attribute

A relation schemeR is in elementary key normal for(BKNF) if for every nontrivial

FD X - Ain Z, eitherX is a superkey oA is an elementary key attribute.
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The following example demonstrates a relation scheme which is in 3NF but not in

EKNF [Zaniolo 1982].

Example 2.10.Let R = {DEPT, MNGR, ACCjwhere DEPT represents the name
of a departmentyINGRrepresents the name of the manager of the departmeACL¥
represents an account used by the department. Suppose also that the following set of
constraints apply -BEPT -~ MNGR MNGR - DEPT}. An example of a relation
defined over this scheme is shown in Figure 2.8. Then the candidate k&&Rife
ACC#andMNGR ACC# Neither of these candidate keys is elementary because neither
of the FDSDEPT ACC#- MNGRnor MNGR ACC#- DEPT is an elementary FD
and so there are no elementary key attributes. HRrisenot in EKNF since if one
considers the FDEPT -~ MNGR thenDEPT is not a candidate key noriNGRan

elementary key attribute. Howev@& s in 3NF since the right-hand sides of both FDs

are prime attributes. O
DEPT MNGR ACCH#
Accounts Allan 1
Accounts Allan 2
Sales Bloggs 1
Sales Bloggs 3

Figure 2.8. A relation defined on a scheme that is in EKNF but not 3NF

The next normal form to be defined was an improvement of 3NF, appropriately called
improved 3NHLing et al. 1981]. Unlike all the other normal forms discussed in this
chapter which consider only single relation scheme, improved 3NF attempts to remove
difficulties which can occur across multiple relation schemes. Since only single relation

schemes are being considered in this work, improved 3NF won't be discussed further.
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2.6.7. Domain-Key Normal Form (DK/NF)

The last normal form that we discussi@nain-key normal forDK/NF) due to Fagin
[Fagin 1981]. Although historically defined before EKNF, DK/NF is essentially the
ultimate normal form and thus it has been left until the end. We will give only a brief
overview of DK/NF here; a more complete discussion, especially that of the enforcement
of key uniqueness, is contained later in Chapter 4.

The motivation for DK/NF is based on the desirability of guaranteeing, after an
update to a relation, the satisfaction of all general constraints on a relation by enforcing
only the satisfaction of the primitive constraints, where a primitive constraint can be either
akey dependendyhe restriction that there be no duplicates for certain sets of attributes)
or adomain dependendthe restriction that an attribute value lies in a specific set). Since
primitive constraints can be, and are [Date 1990], easily enforced in relational database
software, Fagin thus considered that a desirable property of a relation scheme is that the
satisfaction of every constraint on a relation defined over the scheme be guaranteed if the
relation satisfies the primitive constraints. DK/NF is then defined as follows [Fagin

1981].

Definition 2.7. Let R be a 1NF relation scheme and llebe the set of domain
dependencies and key dependencies of the sch&min domain-key normal form

(DK/NF) if ' O o for every constraing.

We illustrate the definition with an example [Fagin 1981].
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Example 2.11.Let R = {EMP#, STATUS, SALAR¥Nd let the constraints be:
DOM(EMP# = {n: n is a six-digit integer}

DOM(STATU$={0, 1}

DOM(SALARY = {n: 10,000 < n < 100,000}

KEY(EMP#)

Ot(({STATUS$= 0) O ({{SALARY < 50,000)

Ris not in DK/NF since the relation shown in Figure 2.9 satisfies the domain and key

constraints but violates the other constraint that an employee with a st@tearoiot

have a salary greater th&s0,000 O
EMP# STATUS SALARY
329461 1 73000
141592 0 37000
272828 1 46000
141421 0 57000

Figure 2.9. A relation not in DK/NF

Fagin also proved that provided that the domains of attributes are sufficiently large,

then DK/NF implies all the other normal forms so far defined. The relationship between

the different normal forms is illustrated diagrammatically in Figure 2.10.
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DK/NF

0
PINF

0
(3,3)NF
O
ANF

U
BCNF

U
EKNF

U
3NF

U
2NF

U
INF

Figure 2.10. The relationship between the normal forms

2.7. DESIRABLE DATABASE DESIGNS

We now briefly mention some other related issues which, although outside the scope of
this thesis, are related to normalisation and important in relational database design.
Essentially these issues are derived from the following central problem: starting with a
relational scheme that's not normalised, how does one decompose it into a set of
relational schemes that not only have the desirable property that the individual schemes
are normalised, but also have the property that the semantics of the original scheme are in
some sense preserved by these new schemes? While there have been many subtly
different proposals for defining precisely what is meant by the semantics being preserved
in a decomposition [Arora and Carlson 1978; Beeri et al. 1978; Beeri et al. 1981; Maier et
al. 1980; Rissanen 1977; Rissanen 1982], most are based on the noitdosadtion
preservatioranddependency preservation

Theinformation preservatiocondition requires that for any relation defined over the
original scheme, the relation is equal to the join of its projections onto the decomposed

schemes. In other words, the decomposition must be a JD. ddpendency
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preservationcondition essentially requires that any relation satisfying the constraints in
the original relation implies that the decomposed relations also satisfy their individual
constraints (which are the projections of the initial dependencies on the individual
schemes), and conversely if the projected relations satisfy their individual constraints then
their join satisfies the original constraints. Algorithms have been developed for testing
whether a set of relation schemes satisfies either the information preservation or
dependency preservation conditions [Aho et al. 1979a; Beeri and Honeyman 1981]. We
now review some of the methods and results pertaining to the design of normalised
schemes with the desirable properties just discussed.

In the case of FD constraints, the two most widely used techniques for achieving
desirable database designs are dhethesisnethodand theanalysis methot(also
referred to as the decomposition method). The synthesis method, originally developed
by Bernstein [Bernstein 1976], starts with a reduced set of FDs (also called a minimal
cover) and generates relation schemes directly from the FDs in the reduced set. This
method has the desirable property that it has been shown to generate schemes which are
in 3NF as well as being information preserving and constraint preserving [Bernstein
1976; Biskup et al. 1979]. It was also later established that the schemes generated from
the synthesis method in fact satisfy the stronger EKNF condition [Zaniolo 1982].
However, the synthesis method does not always generate BCNF relation schemes and
for this case the analysis method is used. The technique used in the analysis method is to
successively split a relation scheme whenever a BCNF violation occurs until a set of
BCNF schemes is produced. It can be shown that the analysis method is information
preserving but is not in general constraint preserving since, for some sets of FDs, no
decomposition exists which is BCNF and both information and dependency preserving

[Beeri and Bernstein 1979].

3This terminology has been adopted from Atzeni and De Antonellis [Atzeni and DeAntonellis 1993].
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In the case of the constraints containing only MVDs, all the published algorithms for
generating 4NF schemes are based on the analysis method [Beeri and Kifer 1986b; Fagin
1977a; Fagin 1977c; Grahne and Raiha 1983; Lien 1981; Sciore 1981; Zaniolo and
Melankoff 1981; Zaniolo and Melankoff 1982]. However, as for BCNF, a 4NF
decomposition which is both information preserving and dependency preserving doesn't
exist unless the MVDs are of a restricted type, referred to@ftict-free MVDgLien
1982; Sciore 1981]. Under this condition, Lien proved that a necessary and sufficient
condition for the existence of an information preserving, dependency preserving 4NF
decomposition is that the set of MVDs be conflict-free [Lien 1982]. He also showed that
for this case, the decomposition is unique. Somewhat surprisingly, the derivation of
necessary and sufficient conditions for the existence of a desirable 4NF decompositions
in the more general case where the constraints contain both MVDs and FDs was not
solved until very recently by Yuan and Ozsoyoglu [Yuan and Ozsoyoglu 1986; Yuan and
Ozsoyoglu 1987; Yuan and Ozsoyoglu 1992a; Yuan and Ozsoyoglu 1992b]. The
difficulty arises in this case because MVDs and FDs have different semantics, and so
simply treating an FD as an MVD and requiring the resulting set of MVDs to be conflict-
free does not result in a necessary and sufficient condition. The required condition
involves what is called aextended conflict-freset of dependencies, which is essentially
the conflict-free property applied to a special set of MVDs implied by the original set of
FDs and MVDs, called thenvelope setRoughly speaking, the envelope set is the set of
MVDs which do not have FD counterparts and is based on similar ideas to the notion of a
pure MVD defined in Chapter 2. For an extend conflict-free set of dependencies, Yuan
and Ozsoyoglu also showed that the relation schemes resulting from the decompaosition
satisfied another condition, namely that the set of schermsyddic. Acyclicity is a
property that results from viewing a set of relation schemes as a hypergraph and it is
known that acyclic schemes have several desirable processing properties [Beeri et al.

1983; Fagin 1983].
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In concluding this section on desirable database designs, we note that there exist other
frameworks for viewing the properties of desirable designs than the one introduced at the
start of this section - namely that the database design process is viewed as a
decomposition of an initial single relational scheme into a set of more desirable relation
schemes. This framework, generally calledghee universal relation assumptiohas
generated considerable controversy in the research literature [Atzeni and Parker 1982;
Fagin et al. 1982; Kent 1981; Maier et al. 1986; Maier et al. 1984; Sciore 1980; Ullman
1982; Ullman 1983a; Ullman 1987]. Aside from some of the philosophical arguments
over the pure universal relation assumption, there are also practical difficulties in the use
of the assumption since not all sets of relations are the projections of a single relation and
testing this property has been shown to be NP-complete [Honeyman et al. 1980; Maier et
al. 1981]. A popular alternative approach is based on a variant of the universal relation
assumption, called the weak instance approach [Honeyman 1982; Sagiv 1981], which is
less restrictive than the pure instance assumption. Mendelzon derived several results
concerning desirable decompositions under this approach [Mendelzon 1984]. More
generally, Hull looked at equivalence between two sets of relation schemes, rather than
between a single scheme and a set of schemes, without using any form of the universal

relation assumption [Hull 1986].

52



CHAPTER 3

REDUNDANCY AND NORMAL FORMS

3.1. INTRODUCTION

In most database texts [Date 1990; Ullman 1988a; Vossen 1990], one of the main
intuitive justifications proposed for normalisation, apart from the avoidance of update
anomalies which we will investigate in later chapters, is the elimination of redundancy.
In this chapter we address the issue of formally defining the intuitive notion of
redundancy and then derive results concerning necessary and sufficient conditions for the
absence of redundancy in relations and relation schemes. We also note that the results of
this chapter are reported in the literature [Vincent 1991; Vincent and Srinivasan 1992a;
Vincent and Srinivasan 1992b; Vincent and Srinivasan 1994c]. The content and structure
of this chapter will now be outlined.

In Section 3.2, the property of redundancy is analysed based on the idea of viewing
the set of attributes in an FD or MVD constraint as beirigca or atomic unit of
information. A relation is said to contain redundancy if it has two or more tuples which
are identical on a fact and a relation scheme is defined to be redundant if there exists a
legal relation (satisfies the set of constraints) defined over the scheme which contains
redundancy. To be more precise, we define three types of redundancy in a relation
scheme since there are three possible choices for the set of facts. For the first type of
redundancy (called RED the set of facts is chosen to be the sets of attributes of the FDs
and MVDs in the set of dependencigs,supplied by the database designer; for the
second (called REJ), the set of attributes in the MVB - - R - XYcorresponding to

an MVD X - - Yin Z is also defined to be a fact; and for the last one (called;RER
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set of facts is defined to contain the sets of attributes of all the nontrivial FDs and MVDs
which are logically implied byz. The motivation for defining REDis that the
complementary rule for MVDs (rule A4 in Chapter 2), which has no counterpart in the
inference rules for FDs, implies that the MVYD- - Y is satisfied in a relation if and

only if the MVD X - - R - XYis also satisfied, so there is no real basis for considering
either one of these MVDs as being more important than the other and thus we consider
both as facts.

Preliminary lemmas needed for proving the main results of this chapter are derived in
Section 3.3. The main results obtained in this section are that in the definitions of 3NF,
BCNF and 4NF, equivalent definitions are obtained if the requirement that all the
dependencies iB* have the desired property is replaced by the requirement that all the
dependencies i have the desired property. While several proofs of this result have
already been given for the 3NF and BCNF cases [Atzeni and DeAntonellis 1993; Vossen
1990], we present, to our knowledge for the first time, a proof for the 4NF case. In fact,
we give two proofs of this result which provide different insights into the nature of
normal forms.

In Sections 3.4, 3.5 and 3.6, necessary and sufficient conditions are derived for the
absence of the three types of redundancy in a relation scheme for three separate cases -
the constraints contain only FDs, the constraints contain only MVDs, and the constraints
contain both FDs and MVDs. In Section 3.4 we show that, for the FD casg, RED
RED,and RER are equivalent conditions on a relation scheme and BCNF is equivalent
to an absence of either type of redundancy. RIERED, and REDR are also shown in
Section 3.5 to be equivalent conditions on a relation scheme when the only constraints are
MVDs. Itis also established in the same section that 4NF is equivalent to an absence of
any of the redundancy types. Section 3.6 contains perhaps the most surprising result of
this chapter. We show that for the case where the constraints includes both FDs and
MVDs, RED, and REDR are equivalent and 4NF is equivalent to an absence of either.

However, we also prove that an absence of REDa relation scheme is a weaker
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condition than 4NF and derive an equivalent syntactic characterisation of those schemes
which are not RER We then prove that if the MVDs in the set of constraints are
restricted to pure MVDs (see Chapter 2), then RE[@Rquivalent to REpand RER (and

hence its absence is also equivalent to 4NF).

3.2. THE DEFINITION OF REDUNDANCY

The approach taken in this chapter to defining redundancy is based on viewing FDs and
MVDs as not only integrity constraints on a relation, but also as representing the
fundamental units of information for retrieving and updating the data in a relation. For
example, suppose one is given the relation sche®@ODE, SNAME, TEACHER,
TEXT} with the meaning that a tupleasb, ¢, d> over the scheme represents the
information that a subject with codeand namd is taught by a teacherand uses a text
bookd. If the set of dependencies which apply to the schem8@ODE - SNAME
SCODE- - TEXT, SCODE- - TEACHER, then we consider the facts to be the
sets SCODE SNAMB, { SCODE TEXT}, { SCODE TEACHER.

This interpretation of the semantics of the information stored in a relation was implicit
in the original study of normalisation by Codd [Codd 1972], and has since been used in
many aspects of database theory including database design [Bernstein 1976; Biller 1979;
Biskup et al. 1979; Hall et al. 1976; LeDoux and Parker 1982; Nijssen 1977; Nijssen
1979; Nijssen and Halpin 1989], the justification for normalisation [Bernstein and
Goodman 1980; Biskup 1989; Chan 1989; LeDoux and Parker 1982; Vossen 1988],
semantics of database updates [Desai et al. 1986; Desai et al. 1987; Fagin et al. 1986;
Fagin et al. 1983], universal relation databases [Korth et al. 1984; Maier et al. 1986;
Maier and Ullman 1983; Maier et al. 1984; Maier and Warren 1982; Sciore 1980] and the
equivalence of database decompositions [Beeri et al. 1981]. We define a relation scheme
to be redundant if there exists a legal relation defined over the scheme which has two or

more tuples which are identical on a fact. For instance, the relation scheme just presented
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is redundant because the relation shown in Figure 3.1 satisfies the constraints and has

two tuples which are identical oi5CODE TEACHER (and also two tuples which are

identical on the other facts).

SCODE SNAME TEACHER TEXT
$1 N P1 t1
St m P2 t
$1 N P1 to
S1 Ny P2 1

Figure 3.1. Arelation containing redundancy

A more formal rationale for this definition of redundancy [Beeri et al. 1978] is the
result due to Fagin [Fagin 1977c] which states that an MWD - Y holds in a
relationr if and only ifr is equal to the join of its projections orXd andXZ. Thus if
two tuples inr are identical oiXY, then the same information is represented by a single
tuple when projections are taken (and thus duplicates are removed). So the reason for
redundancy being undesirable is that it results in the wastage of secondary storage space
by duplicating the same unit of information and also, as will be seen later in Chapter 6,
can lead to associated anomalies when a relation is updated.

The last issue that has to be addressed before formally defining redundancy is the
subtle point of determining what to use as the set of facts. From an intuitive viewpoint,
this is not as easy to decide as may first appear and we propose three possibilities and
investigate the implications of each. The first is to simply allow the set of facts to be the
sets of attributes in all the nontrivial FDs and MVDs in a user-supplied set of
dependencie&. The second is to recognise the symmetrical nature of MVDs and so
allow the set of attributes in any MVD that can be derived from any MVD amd
inference rule A4 (see Chapter 2) to also be a fact. The last possibility is to include

derived dependencies and allow the set of attributes in any nontrivial FD or MVD that is
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implied byZ to be a fact. Intuitively, one would expect the redundancy property to be
independent of which of these sets of facts is chosen but, as will be seen later, in general
this is not the case and, even when it is, the proof of this fact is by no means immediate.

We now present formal definitions of the different types of redundancy.

Definition 3.1. Let R be a relation scheme and kEte a set of FDs and MVDs

which apply toR. A relation schemR is redundani (abbreviated subsequentlyR&D,)
if there exists a relation(R) in SAT(EZ) and a nontrivial dependendy - — Y or

X - YinZ and at least two distinct tuplést, O r such that,[XY] = t,[XY].

Definition 3.2. Let R be a relation scheme and kethe a set of FDs and MVDs
which apply toR. Define the seE' by %' =X 0 {X - - R-XY|X - - YO Z}.

A relation schem® is redundang (abbreviated subsequently RED,) if there exists a
relationr(R) in SATE) and a nontrivial dependeney - — YorX — Yin X' and at
least two distinct tuples, t, 0 r such that,[XY] = t5[ XY].

Definition 3.3. Let R be a relation scheme and kEte a set of FDs and MVDs

which apply toR. A relation schemR is redundang (abbreviated subsequentlyR&Ds)
if there exists a relation(R) in SAT(EZ) and a nontrivial dependency - — Y or

X - Yin Z" and at least two distinct tuplést, O r such that,[XY] = t,[XY].

We now illustrate the previous definitions by an example.

Example 3.1.LetR={A, B, Gand>*={A - - B,B - A, B - C}. Itcan
be easily verified that the only candidate keYriis B and thusR is not in 4NF because
of the MVD A - - B. From rule A4 andA - - B, it follows thatA - - Cis in
3" and hence is also Bi". ThenR s both RED and RELR since the relation shown in

Figure 3.2 is in SATY) and the two tuples are identical &€C. However,r is not
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redundant orx and, since every dependency2irncontains the candidate kd&; no

relation defined oveR can have duplicates on a dependency amd saR is not RED.

O

A B C
il by C
2l b2 C1

Figure 3.2. A relation which is REnd RER

It should be noted that sinced 3' 0 £¥, an immediate consequence of the
redundancy definitions are the following implications: a relation scliRm&ED [0 R
is RED, 0 R is RED;. However, as demonstrated in Example 3.1, some of the
converses do not hold and in particular a relation scheme can beaR&BEDR but not
RED,.

Another issue that arises from the definitions of redundancy is whether the property
of a relation scheme being REBr RED; is invariant under the replacement of the set of
dependencies by an equivalent set. Intuitively, it is desirable that the properties do not

change and we will investigate this issue in later sections of this chapter.

3.3. CERTAIN PROPERTIES OF NORMAL FORMS

We now derive several basic properties of normal forms which will be used later in the
main results of this and later chapters. The following lemma relates the structure of the

dependencies k" to those irs.
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Lemma 3.1. If R is a relation scheme ardis a set of MVDs and FDs that apply
to R, then for any nontrivial dependency-X- W or X -~ W in =" there exists a

nontrivial dependency X5 - Y or X' - Y in 2 such that XJ X.

Proof. In the case of the dependencysih being an MVDX - - W, write the
MVD as the JD *KW, XZ] whereZ = R - XW and form the tablealir as described in
Chapter 2 and then 18t = chase(Tg). Using Lemma 2.3, sinck - - WO 3"
there has to be a row ii* that contains only distinguished variables. Then since
X - - W is nontrivial, R - XW # @ andR - XZ # @ and so it follows from the
construction ofTg that neither row in itontains only distinguished variables and thus
there has to be an application of a J-rule or an F-rulg tturing the chase. However,
by definitions of the F-rule and the J-rule for an MVD, one can only apply them to two
rows that are identical on the left-hand sides of the corresponding dependency. Then,
since the rows ifir are identical only on the attributesAnit follows that the rule that is
applied toTg must correspond to a dependencyzirof the formX' - - Y or
X' - Y where X' 0 X. The dependency must also be nontrivial since trivial
dependencies do not change a tableau.

In the other case of the dependency irbeing an FOX - W, form the tableady
as described in Chapter 2 andTét=chaseg(Tx). Then by Lemma 2.2, sincé - W
0 %", each of the columns @*[W] contains a single distinguished variable. However,
sinceX — W s nontrivial,Y contains at least one attribukdhat is disjoint fronX and
so Ty[A] contains a distinguished variable and a nondistinguished variable and so there
has to be at least one application of an F-rule or a J-rlg t&ince the rows iy are
equal only onX, the same argument as for the MVD case applies and the result is

established. O

We note that in this lemma, the dependency @orresponding to the dependency in

" may not be of the same type. For exampl® # {A, B, G and X = {A - B}
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then an application of inference rules A4 and A8 (see Chapter 2) shows-thatC [

>* but there is no MVD irE of the formA - - Y. Similarly, if = ={A - - C,

C - B} then an application of inference rules A8 and A9 showsAhatB [0 =" but

there is no dependency of the foAm- Y in Z. A different proof of this lemma is also
possible using the properties of the algorithm, due to Beeri, for generating the
dependency basis of a set of attributes [Beeri 1980]. We now use this lemma to establish
the following main theorem. It shows that in testing for 4NF, it suffices to test only the
dependencies iB rather than the dependencie&fras required by the definition of 4NF
(refer to Section 2.6.3). A similar result has also been established using different
methods for BCNF in the case where the set of constraints contains only FDs [Vossen

1988; Vossen 1990] .

Theorem 3.2. Let R be a relation scheme and Ebe a set of FDs and MVDs
which apply to R. R is in 4NF iff the left-hand side of every nontrivial dependeacy in

is a superkey.

Proof.

If

Suppose to the contrary thRtis not in 4NF. Then there exists a nontrivial MVD
X - - YO Z" such thatX is not a superkey. By Lemma 3.1, there exists either a
nontrivial MVD X' - - Y or a nontrivial FDX' - Y O X such thatX' OO X.
However, a simple application of the inference rules shows tbaisiinot a superkey
thenX' is not a superkey, which contradicts the assumption that the left-hand side of

every dependency i is a superkey.

Only If
Automatic since& 0 2. O
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The following simple corollary of this theorem provides another proof of the result

that the property in Theorem 3.2 also holds for BCNF and FDs.

Corollary 3.3. Let R be a relation scheme and Xebe a set of FDs which apply to

R. R is in BCNEF iff the left-hand side of every nontrivial FQX ia a superkey.

Proof. Immediate from the theorem and the well known result that 4NF implies

BCNF [Fagin 1977c]. O

A different proof of Theorem 3.2 can be provided by using the following result due to
Fagin which provides an alternative characterisation of 4NF in terms of key satisfaction
[Fagin 1979]. This interpretation of normal forms will be investigated in more detail in a
Chapter 4. For the sake of completeness, we present in the following lemma a simplified

proof of Fagin's result.

Lemma 3.4. Let R be a relation scheme and Xebe a set of FDs and MVDs which

apply to R. R is in 4NF iff every relation r(R) which is in SKJ (s also in SATY).

Proof.

Only If

Suppose that there is a relation which satisfie®ut not>. Then there must exist
either X - YorX - - YO Z such thatX is not a superkey. In the case of the
dependency being the MVDX - - Y it immediately contradicts the assumption tRat
is in 4NF. Alternatively, if the dependency is the KD» Y then by inference rule A8
(see Chapter 2X - - Yis also inZ". BecauseX is not a superkeyR - XY # @ and

soX - - Yis nontrivial which again contradicts the assumption hiatin 4NF.
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If

We shall show the contrapositive thaRifs not in 4NF then there exists a relation
which satisfiesk but notZ. SinceR is not in 4NF, leiX — - Y be a nontrivial MVD
in =¥ such thakX is not a superkey. Construct a two tuple relatiéor which the two
tuples are identical oK and different elsewhere. Firstly, we claim that SAT(Zk).
This follows from the definition of and the fact that for any candidate ke - X # @
or else a simple application of the inference would imply the contradictiorX tisaa
superkey. Next, we claim thatiolatesX — — Y. This follows because by definition
of r the two tuples agree ofiand disagree owi, and they also disagree Bt XY since
X - - Yis nontrivial and from the definition af It then follows from the definition

of an MVD thatr violatesX - - Y. O

We are now in a position to provide an alternative proof of Theorem 3.2.

Theorem 3.2. Let R be a relation scheme and Ebe a set of FDs and MVDs
which apply to R. R is in 4NF iff the left-hand side of every nontrivial dependeacy in

is a superkey.

If

Suppose to the contrary thtis not in 4NF. Then by Lemma 3.5, there exists a
relationr(R) which satisfiek but violates>. However, for a dependendy— Y or
X - - Yto be violated, it has to be nontrivial and there has to be at least two tuples in
which are identical oiX. Then since satisfiesk and the properties of a superkey, this
implies thatX cannot be a superkey which contradicts the assumption that the left-hand

side of every nontrivial dependencyzins a superkey.

Only If

As for previous proof. O
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We now turn our attention to 3NF and show that a similar result to Theorem 3.2
holds for the case of 3NF. It is also possible to prove the lemma by using the properties
of the algorithm developed by Beeri for calculating the closure of a set of attributes [Beeri

and Bernstein 1979].

Lemma 3.5. Let R be a relation scheme and kebe a set of FDs which apply to
R. R s in 3NF iff for every nontrivial FD ¥ A Z, either Y is a superkey or Ais a

prime attribute.

Proof.

Only If

Immediate.

If

Without loss of generality, we assume that the right-hand side of each¥[3 m
single attribute since any FD - A;. .. Ay is equivalent to the sety{- Aq, .. .,
Y - An} [Maier 1983]. We shall assume that the result of the lemma is not true, in
other words there is a nontrivial FO - A in =" whereX is not a superkey andl is
not prime and then derive a contradiction. Form the talflgas described in Chapter 2
and letT* = chase(Tx). Then by Lemma 2.2p;[A] must contain a distinguished
variable, but sincX - A is nontrivial,A is not a subset of and so by definition of
Tx, Wx[A] is a nondistinguished variable so there must have been at least one application
of the F-rule during the chase which changed the nondistinguished variaR[&]rio a
distinguished variable ion;[A]. LetY - A be the FD in= used in the application of
the F-rule. By definition of the F-rule, both rows of the tableau at that stage must have
contained a single variable in each of Yaeolumns in order for the F-rule to be applied.
But since the F-rule never changes a distinguished variable to a nondistinguished variable
andTy contains a distinguished variable in every column, the variables Widbkimns

when the F-rule was applied must have been distinguished variables. Again, since the
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chase doesn't change distinguished variables, this implies that the distinguished variables
in theY-columns will not be altered by subsequent F-rule applications and s&<ach
column inT* must contain only a single distinguished variable. This implies, by Lemma
2.2, thatX - Y O Z* which implies, by inference rule A3, th¥tis a superkey sincé

is a super by assumption, which is a contradiction. O

A few observations on the computational implications of the previous results are
appropriate at this point. In testing for BCNF or 4NF, by Theorem 3.2 and Corollary
3.3 it is sufficient to check that the left-hand side of every dependecig ia superkey.
Testing whether a single set of attributes is a superkey can be done in polynomial time on
the number of attributes and the number of dependencies [Beeri and Bernstein 1979] and
so testing the whole set of dependencies for the BCNF or 4NF property similarly takes
polynomial time. This is more efficient than testing every dependenty since the
number of dependencies i can be exponentially proportional to the number of
dependencies ib [Maier 1983]. It should be noted that this result only applies to testing
a single relation scheme and its set of dependencies. Instead, if a single relation scheme
is decomposed into several relation schemes and one wishes to test if any of these
resulting schemes are individually in BCNF or 4NF, then such a test is computationally
expensive since projected dependencies can only be determined by geié [Biaegi
and Bernstein 1979]. We also note that while Lemma 3.5 leads to a more efficient
method for determining if a single relation scheme is in 3NF than testing everysFD in
the method is still NP-complete because of the need to check if an attribute is prime [Beeri

and Bernstein 1979; Lucchesi and Osborn 1978].

3.4. THE CASE OF FD CONSTRAINTS

Based on the definitions given in Section 3.2, in this section we derive the necessary and

sufficient conditions for a relation scheme not to be R&CRED; (since the constraints
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contain only FDs, RERis equivalent to REPand so is not considered separately). The
main results are that RE@nd RER are equivalent and their absence in a relation scheme
is equivalent to BCNF.

Before presenting the main theorem, we derive an important preliminary lemma which

guarantees the existence of redundant relations under certain conditions.

Lemma 3.6. Let R be a relation scheme and Xebe a set of FDs and MVDs which

apply to R. If X is a set of attributes that is not a superkey, then there exists a relation

containing at least two tuples that satisf®and for which all tuples are identical on X.

Proof. Let Ty, wg, Wx, T*, wy andw;, be as defined in Chapter 2. Also, febe

any one-to-one valuation ofF*. Such a valuation always exists because of the
assumption of infinite domains for attributes and the factfthabntains a finite number

of rows since the chase always terminates. The claim ip{fid) is the relation
required.

Firstly, by Lemma 2.1p(T*) satisfiesz. Secondly,T*, and hence(T*), must
consist of more than one row. This follows because from Lemma 22 cihnsists of
one row then it must bey, but sincewy contains only distinguished variables, this
would imply by Lemma 2.2 thaX is a superkey contradicting the assumptions of the
lemma.

Finally, we claim that for each attribut [0 X, T*[A] consists of a single
distinguished variable and so all rowsTih and thugp(T*) are identical orX. This
follows from an inductive argument. L&trepresent the tableau at some stage of the
chase and assume inductively that forfall X, T{A] consists of a single distinguished
variable. Then if a J-rule is appliedTbto produce a new row, then by definition of
the J-rule, for each attribui [0 R, there is a roww in T' such thatw'[B] = w[B]. So,
by the induction hypothesis, this implies that for every attrildute X, w'[A] will

contain the same distinguished variableT§8] and the inductive hypothesis is again
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true. Alternatively, if an F-rule is applied then the distinguished variable in each of the
columns inX will remain unchanged since the F-rule does not change distinguished
variables. Initially, by definition ofk, each column iiX contains a single distinguished
variable, so the inductive principle applies and each colmrnX, T*[A] consists of a

single distinguished variable and the result is proven. O

We note that while this lemma is sufficient for the purposes of this chapter, in fact we
shall show in Chapter 5, by a different technique, that it can be strengthened to show that
there is a relation of two tuples with the stated property. It is interesting to note,
however, that when the dependencies are extended to include JDs, then the proof just
given is still valid and so the lemma holds in this more general case. However, to our
knowledge, it is not known if the stronger form of the lemma - that there is a relation of
exactly two tuples - is valid in the more general case when JDs are included. We now

use this lemma to establish the main theorem of this section.

Theorem 3.7. Let R be a relation scheme and Xbe a set of FDs which apply to
R. The following are equivalent:

() Risin BCNF,;

(i) R is not RED;

(i) R is not REDR.

Proof.

(i) O (i)

Assume to the contrary thRtis in BCNF but is not RED Then by definition of
RED, there exists a nontrivial FR - Y [0 Z and a relatiom [ SAT(Z) which has two
or more tuples that are identical &Y. But sincer [ SAT(), r 0 SAT(Zk) which
implies thatX cannot be a superkey and thus contradicts the assumptioR ithat

BCNF.
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(i) O (iii)

The contrapositive, that REDmplies RELR, follows automatically from the
redundancy definitions and the fact thdfl 3*.

(i) O (i)

We shall show the contrapositive thaRifs not in BCNF then it is RED SinceR is
not in BCNF, there exists a nontrivial FR - Y in £* with X not a superkey.
However, using Lemma 3.1, there must exist anX*D. Y [0 Z with X' [0 X. Since
Xis not a superkey' is not a superkey and simple application of the inference rules
shows thaX'Y is not a superkey. The conditions of Lemma 3.6 are satisfied ang thus

is RED.. O

We note that a simple corollary to this theorem is the result that a relation scheme is
RED; with respect to one set of FDs if and only if it is RERith respect to any
equivalent set of FDs. This answers the question, for the case of FDs, of whether the
RED; property is invariant under replacement of the set of dependencies by an equivalent

set.

3.5. THE CASE OF MVD CONSTRAINTS

In this section the relationship between the three types of redundancy and 4NF is
investigated for the case where the only constraints are MVDs. The main result derived is
that the definitions of the three types of redundancy are equivalent and a scheme is in
ANF if and only if it is free of all three types of redundancy. Before proving these

theorems, some preliminary results are first established.

Lemma 3.8. If R is a relation scheme andis a set of MVDs which apply to R,

then the only candidate key in R is R itself.
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Proof. From a result due to MaiefMaier 1983], the only FDs implied by a set of
MVDs are trivial FDs. Suppose then there is a candidat&kaych thak 00 R. This

implies the contradiction th# - R - Kis a nontrivial FD implied by. O

Lemma 3.9. Let > be a set of MVDs. If X - Y is a nontrivial MVD inZ" and

X is not a superkey, then XY is not a superkey.

Proof. If XY is a superkey then it must contain a candidate key and so by Lemma

3.8, XY =R contradicting the assumption that-. — Y is nontrivial. O

Theorem 3.10. R is in 4NF iff it is not RER

Proof.

Only If
As for Theorem 3.7.

If
Assume to the contrary thRtis not REDR} and not in 4NF. SincR is not in 4NF,

there exists a nontrivial MVIX - - Y in " whereX is not a superkey. Then by
Lemma 3.9,XY is not a superkey and so by Lemma 8@s RED;. This is a

contradiction and sB.is in 4NF. O

Next, it will be shown that RED RED, and RELR are equivalent for the case where

the only dependencies are MVDs.

4Corollary of Theorem 8.11
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Theorem 3.11. If R is a relation scheme andlis a set of MVDs which apply to
R, then the following are equivalent:

() Ris REDL;

(il R is RED;

(i) R is RED;.

Proof. We shall show that (iii)J (i) O (i). (i) O (i) O (iii) follow directly from
the definitions of redundancy.

(i) O (i)

If Ris RED;, then by Theorem 3.10 it is not in 4NF. So by Theorem 3.2 there exists
a nontrivial MVDX - - Yin Z such thai is not a superkey. Then using Lemma 3.9,
XY is not a superkey and so Lemma 3.6 impliesRiatRED..

(i) O (i)

Supposer is RED,. Then there is a nontrivial MV - - Y[ Z' and a relation
of at least two tuples which is identical N. This implies thakK cannot be a superkey
sincer satisfies> and henc&k. If X - - Y [ Z then, by Lemma 3.%Y cannot be a
superkey and so by Lemma 3Fbis RED. Alternatively, if X -~ - Y[ Z, then
X - - ZUOZwhereZ =R- XY. This is a nontrivial MVD since by assumption
X - = Yis nontrivial. So, by Lemma 3.%Z is not a superkey and then Lemma 3.6

implies thatR is RED.. O

3.6. THE CASE OF FD AND MVD CONSTRAINTS

In this section, we investigate the relationship between 4NF and the three types of
redundancy in a relation scheme for the most general case where the set of constraints
contains both FDs and MVDs. Firstly, two preliminary lemmas are presented before the

main results of this section are derived.
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Lemma 3.12. If X » - Y is a nontrivial MVD inZ" such that XY is a superkey

then X- R - XY is a nontrivial FD ir=".

Proof. If X is a superkey then the result is immediate. Assume theX thatot a
superkey and leZ =R - XY. SinceX - - Z by rule A4 (refer to Chapter 2) and
XY - Z becauseY is a superkey, it follows tha€¢ —» Z by rule A9 and becaus¢Y

andZ are disjoint. The FD is also nontrivial by the definitiorzand becausk - XY is

nonempty sinc&X - - Y is nontrivial. O

Lemma 3.13.If X - Y is an FD such that XY is a superkey then X is a

superkey.

Proof. X - XY by rule A2 andXY - R sinceXY is a superkey, so using rule

A3 this implies thaX - R. O

We now present one of the main results of the chapter which shows that the condition

that a relation scheme is not REB equivalent to 4NF.

Theorem 3.14. Let R be a relation scheme and kEbe a set of FDs and MVDs

which apply to R. R is in 4NF iff it is not RED

Proof.

Only If

As for Theorem 3.7.

If

The contrapositive - that R is not in 4NF then it is RED- will be established.
SinceR is not in 4NF, there exists a nontrivial MV - - Yin Z* such thai is not

a superkey. IKXY is not a superkey, then the conditions of Lemma 3.6 apply and the
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result follows immediately. Alternatively, suppose tKatis a superkey. By Lemma
3.12, the FDX - Z whereZ =R - XY is also inZ". However, by Lemma 3.1X%Z
cannot be a superkey sinkas not a superkey and it follows then from Lemma 3.6 that

Ris RED:. O

Next, we prove that REfaand RED are equivalent conditions on a relation scheme.

Theorem 3.15. A relation scheme R is REIf it is RED,.

Proof.

If

Follows immediately from the fact that 0 =*.

Only If

We shall show the contrapositive thaRifs not RED then it is not RER If Ris not
RED, then the attributes in every nontrivial dependency imust be a superkey or else
Lemma 3.6nvould imply a contradiction. Consider then any nontrivial dependency in
>'. If the dependency is an PO - Y, then Lemma 3.13 shows thé&tmust also be a
superkey. Alternatively, if the dependency is an MXDs - Y, then by the definition
of ', the MVDX - - Z whereZ =R - XY is also inZ' and so botlXY andXZ
must be superkeys. By then using Lemma 3.12, Koth Y andX - Z must be in
>* and so a simple application of the inference rules showstisaaigain a superkey.
Thus the left-hand side of every dependency'iis a superkey and so, singe] ',

> has the same property. Then by TheoremRig&,in 4NF and so, by Theorem 3.14,

Ris not RED. O
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A simple consequence of the previous theorem is the following corollary which
shows that a relation scheme is REiith respect to one set of dependencies if and only
if it is RED, with respect to any equivalent set of dependencies. It will be seen later that

RED, does not possess the same desirable property.

Corollary 3.16. Let R be a relation scheme and Xeand ¥ be two equivalent sets
of FDs and MVDs that apply to R. A relation scheme is REih respect ta> if and

only if it is RED with respect with respect .

Proof. Immediate from the Theorem 3.B5d because equivalent sets of

dependencies have the same closure. O

We now turn our attention to REDIt was demonstrated earlier in Example 3.1 that a
relation scheme can be not REWIthout being in 4NF and so not RER a weaker
condition than 4NF. The reason for the correspondence betweenaR&he two other
types of redundancy not being valid in the case of FD and MVD constraints is that, unlike
the case of FDs or MVDs alone, it is no longer true thatyiis a superkey in an FD
X - Yor MVD X - - Y thenX is a superkey (see Example 3.1). The following

theorem gives a syntactic characterisation of RED

Theorem 3.17. Let R be a relation scheme and kEebe a set of FDs and MVDs
that apply to R. Then the following are equivalent:

() R is not RED,

(i) For every nontrivial dependency X —» Y or X Y inZ2, XY is a superkey;

(iii) For every nontrivial dependency X - Yor X- YinZ, X5 R- XY is

alsoinz".
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Proof. We shall show (i)J (i) OO (iii) O (i).

(i) O (i)

The contrapositive, that if (i) does not hold thems RED, follows from Lemma
3.6.

(i) O (iii)

If X -~ - Y is a nontrivial MVD inZ such tha{XY is a superkey then, by Lemma
3.12,X - R-XYis also inZ". Alternatively, ifX — Y is a nontrivial FD in~ such
thatXY is a superkey then, by Lemma 3.X3must also be a superkey andXo: R -
XY is again inz",

(i) O (i)

Assume to the contrary that (iii) holds Rtis RED,. Firstly, an application of
inference rule A2 to (iii) shows that every dependency¥ ia a superkey. Sindeis
RED;, there exists a nontrivial dependensy— — Y orX - Yin X, a relationr
satisfyingZ with at least two tuples identical &t¥. However since satisfies, it also
satisfiesZk which implies, by the property of a superkey, tatcannot be a superkey

which is a contradiction. O

In contrast to RER the following example demonstrates that the Rp@perty has
the somewhat undesirable feature that it depends on which equivalent set of dependencies

is chosen.

Example 3.2.LetR={A,B, G, 2={A- - B,B- A B- C}landZ, =
{A - C,B-> A B - C} Itfollows from the inference rules th& is the only
candidate key and thatandZ, are equivalent sets of dependencies. From Theorem

3.17,Ris not REDQ with respect t& because every dependency contains the candidate
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key B. However, from Lemma 3.® is RED, with respect t&, sinceAC is not a

superkey . O

We now address the issue of determining under what conditions the different types of
redundancy are equivalent (and so conversely their absence as well). We have already
seen that in the general case where the constraints contain both FD and MVD constraints,
RED, and the two other redundancy types are not equivalent. We now show that all three
types of redundancy are equivalent when the MVDs in the set of constraints are pure (see

Chapter 2).

Theorem 3.18. If R is a relation scheme anflis a pure set of FDs and MVDs

which apply to R, then R is REDand only if it is RER.

Proof.

If

Suppose thaR is RED;. By Theorem 3.14, iR is RED; then it is not in 4NF thus
by Lemma 3.2 there exists a nontrivial dependeXdcy -~ Y orX - Yin X with X
not a superkey.XY cannot be a superkey, or else Lemma 3.12 would imply that
X - R- XY was inZ* thus contradicting the assumption tlais pure. So it follows

from Lemma 3.6 thaR is RED..

Only If
Immediate sinc& 00 . O

It is noted that since REDs independent of which equivalent cover is chosen by

definition of =*, then a simple corollary of Theorem 3.18 is that if the set of

dependencies is pure, then a relation scheme is in, RED respect to one set of
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dependencies if and only if it is in REDvith respect to any equivalent set of
dependencies.

The property just discussed of being invariant with respect to equivalent sets of pure
dependencies, but not with respect to nonpure sets, raises the question of whether some
sets of dependencies are incorrectly specified. As discussed in Section 2.7, some people
have proposed that certain sets of dependencies, such as conflict-free ones for instance,
are more 'natural’ while other people have proposed that a set of dependencies may be
incomplete and extra dependencies may have to be added in order to obtain desirable
properties. We would argue, based both on the previous result and intuition, that pure
sets of dependencies are more natural than nonpure sets. The reason is that if a specified
MVD X - - Y is not pure then, by replacing it by eithér- YorX —» R - XY an
equivalent set of dependencies is obtained and so the database designer has not
understood precisely the semantics of the application since an FD is a more restrictive

type of constraint than an MVD [Kent 1981; Uliman 1983a].

3.7. RELATED WORK

The relationship between redundancy and normal forms has not been extensively
investigated in the research literature. The only related work is that of Bernstein and
Goodman, and later that by Vossen, concerning update anomalies in the case of FD
constraints [Bernstein and Goodman 1980; Vossen 1988]. Although it is not
immediately obvious from their definitions of update anomalies which are based on the
notion of anunpredictable updatetheir definition of an update anomaly is in fact
equivalent to the definitions of RE[nd RER given in this chapter. Their results are

also essentially equivalent to the results derived in Section 3.4 concerning the relationship
between BCNF and an absence of redundancy, though their methods of proof differ from

ours. We shall discuss the relationship between normal forms and unpredictable updates
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in more detail in Chapter 5. In the case of MVD constraints, to our knowledge there has
been no work which parallels the results derived in Sections 3.5 and 3.6.

In relation to the method for determining what set of facts is applicable to a relation,
different approaches have been taken to the one adopted in this chapter where the set of
facts is derived from the set of dependencies. The main alternative is to assume that the
set of facts can be defined without explicit regard for the dependency constraints. This is
the approach taken by Maiet al. [Maier et al. 1985; Maier et al. 1986; Maier and
Ulliman 1983; Maier et al. 1984; Maier and Warren 1982] in their studies on universal
relation databases. In their approach, facts are divided into irreducible facts, called
associationswhich are essentially stored relations; and reducible facts, cddjedts
which are conceptually similar to views. They then argued that for the universal relation
interface to function 'naturally’, it is desirable that the set of associations and the set of
objects be closed under nonempty intersection, a property that does not hold if only the
attributes corresponding to an FD can be an association or object. For example, if
{AB - E,BC - D} and ABE, BCD are interpreted as associations, then this
approach would require thBtalone, which doesn't correspond to any FD, also be an
association.

We take the view that allowing any set of attributes to be a fact can result in
semantically meaningless facts. For example, given the set of attribEiNEd OYEE,
POSITION, ADDRESSSand the constraints EMPLOYEE - POSITION,
EMPLOYEE- ADDRESS interpreting the combinatioROSITION ADDRESSs a
fact does not seem to be meaningful. The only way tRQSAITIONis associated with
anADDRESSs through theeEMPLOYEE and without it there is no semantic connection
betweePADDRESSndPOSITION

Another researcher, Chan [Chan 1989], has also proposed that sets of attributes
which don't correspond to FDs should be allowed as facts. He argued that given a
relation schemeR = {STUDENT, COURSE, GRADENnd X = {STUDENT
COURSE- GRADE, STUDENTandCOURSErepresent independent entities and
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so both should be separate facts which can be independently stored in the relation. If one
allowed STUDENTandCOURSEto be facts, theR would be redundant since any
relation which contained at least two tuples with either the SaTkHDENTor the same
COURSEwould be redundant even thouBlis in BCNF.

We argue that the problem arises in this example from the assumption that all facts are
contained in a single relation scheme and it disappears if multiple relation schemes are
allowed. For instance, in the example of Cha8TIUDENTandCOURSEare separate
facts, then the situation would be best modelled by three relation schBmes:
{STUDENT, STUDENT_NAME, .}, R, = {COURSE, COURSE_NAME, .}, .

R; = {STUDENT, COURSE, GRADHere R; andR, record the existence of the
STUDENTandCOURSEentities and their properties while, as befde stores the
relationship between them. In this setting, the correct way to interpret redundancy, for
example in the case &TUDENT is that it occurs if two tuples iRy, rather tharRs,

contain the sam8TUDENT This is because the occurrence of the s8mgDENTIN

multiple rows ofR; doesn't represent duplicate information, it represents the distinct
pieces of information that the sarB@ UDENThas enrolled in multipl €COURSES

Hence, in defining redundancy in a multiple relation setting, one should specify both the
fact schemes and also the relation schemes that store them. We shall return to this issue
in the final chapter.

However, although we have argued that allowing any set of attributes to be a fact is
too general, the set of facts that we have defined in this chapter can be extended in a
semantically meaningful way such that the results which we have derived on the
relationship between the normal forms and redundancy remain valid. For example, if one
views an FDX - A in an entity-relationship framework [Batini et al. 1991; Chen 1976]
as meaning that "an entity nam¥das a property callefl’, thenX by itself could be
regarded as a fact. It is then easy to see that if the set of facts also included the sets of

attributes in the left-hand sides of dependencies and the definitions of redundancy
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correspondingly modified, then the equivalence between 4NF, BCNF and redundancy,
as given in Theorems 3.7 and 3.14, would be unchanged.

These results would also still remain valid if the set of facts was extended still further
to include any candidate key. From a semantic perspective, this extension would also be
plausible since there are cases where a candidate key does not appear on the left-hand side
of a dependency. For instance, if in the example by Chan given previously one removed
the GRADEattribute then, although there are no FDs in the relation scl8E)ENT
COURSEstill makes sense as a semantic unit representing the enrolmeSit ODENT

in aCOURSE

3.8. CONCLUSIONS

In this chapter, we have investigated the relationship between the absence of redundancy
and the normal forms BCNF and 4NF. Based on the commonly used approach of
interpreting the set of attributes in an FD or MVD constraint as the atomic unit of
information, we consider redundancy to occur in a relation scheme if there exists a
relation defined over the scheme with two or more tuples which are identical on the set of
attributes of an FD or MVD dependency. Depending upon three different choices for the
set of dependencies, we then defined three different types of redundancy in a relation
scheme. For the first type, called REhe set of dependencies is chosen t&,bibe
set of FDs and MVDs specified by the database design. For the second, callethRED
set of dependencies is chosen tahy@us all the MVDs which can be derived fr@n
and inference rule A4 (refer to Chapter 2). For the last type, called, RiitDset of
dependencies is chosen to be all the nontrivial dependencies impked by

The major results derived in this chapter are as follows. In Section 3.3 we proved
some preliminary results. The most of significant of these are the results that the 4NF,
BCNF and 3NF conditions all have the desirable property that they are invariant if the set

of constraints is replaced by an equivalent set of constraints. The result for 4NF is new,
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while the proofs for BCNF and 3NF use different techniques to those used in previous
proofs. In Section 3.4, the main result derived (Theorem 3.7) is that the three types of
redundancy are equivalent conditions on a relation scheme and their absence is equivalent
to BCNF. In Section 3.5, the main result established is that, in the case where the only
constraints are MVDs, the three types of redundancy are again equivalent conditions on a
relation scheme and their absence is equivalent to 4NF. However, in Section 3.6,
somewhat surprisingly, it was shown that the same result does not extend to the case of
FD and MVD constraints. In this case, it was established that an absengaRED

RED, are equivalent to each other and to 4NF, but an absence of IRBDveaker
condition on a relation scheme. While it's not surprising that REiBce it does not

reflect the symmetric nature of MVDs, is a weaker condition than,RIEED RED, it is
surprising that this weakness is only exhibited in the presence of FDs and MVDs and not
in the presence of MVDs alone. A corollary of these results is that, RE® the
desirable property that it is invariant if replaced by an equivalent set, whereas RED
possesses the same property in the case of FD constraints but not in the more general case

of FD and MVD constraints unless the set of dependencies is pure.
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CHAPTER 4

KEY-BASED UPDATE ANOMALIES AND NORMAL FORMS

4.1. INTRODUCTION

In contrast to the redundancy property analysed in the previous chapter which is a static
property of a relation, in this chapter we investigate the justification for normal forms in
terms of another desirable property of relations which is dynamic in nature. This
property, originally introduced by Fagin, is the requirement that the integrity of a relation
after an update beasily enforcedFagin 1979; Fagin 1981]. Hei@egrity means that a
relation satisfies the constraints and update is used in the most general sense, in other
words, an update can be either the insertion of a tuple into a relation, the deletion of a
tuple from a relation or the modification of an existing tuple. The work in this chapter is
also reported in the literature [Vincent 1992b; Vincent and Srinivasan 1993a; Vincent and
Srinivasan 1993c].

We start with a more precise definition of the phrase 'easily enforced'. In most
commercial relational database software, there are no facilities in the database software
for specifying a general set of constraints on a relation nor for ensuring that the integrity
of a relation is maintained after an update. Instead, the only facilities for integrity
enforcement in most relational systems are for the enforcement of candidate key
uniqueness and, less commonly, that of ensuring that an attribute value in a tuple is in a
fixed set (called alomain constraift The reason for these two facilities being
commonly available is that they can be simply and efficiently implemented. For instance,
to enforce candidate uniqueness, two well known data structures, B-Trees or extendible

hashing, are commonly used [Bayer and McCreight 1972; Fagin et al. 1979]. With
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extendible hashing, checking whether or not an attribute value already exists in a relation
can be done in one disk access with a probability very close to one and, with a well
designed B-Tree, at most two or three accesses are needed even for relations containing
several hundred million tuples [El-Masri and Navathe 1989]. So to all effective purpose,
checking key uniqueness can be can be done with a fixed, small number of disk accesses.
Similarly, checking domain constraints can be efficiently done since in general no disk
accesses are required. In contrast, checking that a general constraint, such as an FD for
instance, is satisfied may require accessing all the tuples in a relation, which is clearly
infeasible in most database applications.

Based on the arguments just outlined, Fagin proposed that a desirable property of a
relation scheme is that the integrity of any relation defined over the scheme be guaranteed
if the key constraints and domain constraints are satisfied. This formed the basis for his
definition of the normal form DK/NF (refer to Chapter 3). Converselewbased
update anomalyis considered as an undesirable property and is defined to occur if an
update to a legal relation results in a new relation which satisfies the key and domain
constraints but violates some other constraint(s). The following example illustrates the

concept of an update anomaly in the case of the update being an insertion.

Example 4.1. Let R = {EMP, DEPT, MNGRand letz = {EMP - DEPT,
DEPT - MNGR. The only candidate key EMP and the relatiom shown in Figure
4.1 satisfie. HoweverR has an insertion anomaly since the insertion of a tupith

the value €auchy, Math, Euler into the relatiorr results in the new relatiom’,

satisfying the key uniqueness property but violating theOHPT - MGR O

STo avoid repetition, in this chapter the term update anomaly will refer to a key-based update

anomaly.
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EMP DEPT MNGR
Hilbert Math Gauss
Laplace Math Gauss
Turing Physics Bohr

insert <Cauchy, Math, Euler>

U
[

EMP DEPT MNGR
Hilbert Math Gauss
Laplace Math Gauss
Turing Physics Bohr

Cauchy Math Euler

Figure 4.1. An example of an insertion anomaly

We now outline the contribution of this chapter to the key-based approach to
justifying normal forms. Fagin only considered the relationship between key-based
update anomalies and normal forms for the case where the update is either an insertion or
a deletion. Our major contribution is to extend this work to case of modifications of
tuples. We define modification anomalys occurring when the modification of a tuple
in a relation results in the violation of the constraints although both key uniqueness and a
new condition - that thelentity of the tuple be preserved by the modification - are
satisfied. This additional condition is motivated by the observation that in practice it is
often undesirable to change the identity of a tuple because of the need to also update
associated foreign key references as well as possible confusion as to which real world
entity the tuple refers to. In the relational model, a candidate key has the property of

being a unique identifier and so it is natural to equate the identity of a tuple with its value
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on a candidate key. In general, however, a relation scheme may have several candidate
keys and so there are several possibilities as to what could be interpreted as the identity of
a tuple. In this thesis, three cases are considered and these are: (i) at least one (arbitrary)
candidate key of the original tuple is unchanged by the modification; (ii) the primary key

of the original tuple is unchanged by the modification; (iii) all candidate keys of the
original tuple are unchanged by the modification. According to each of these
possibilities, three different types of modification anomaly are defined (and abbreviated
subsequently as MAMA, and MA,).

We then analyse the problem of determining necessary and sufficient conditions for
the absence of these three types of modification anomalies for two classes of constraints.
The first is the case where the only dependencies are FDs and the second is where the
dependencies may be either FDs or MVDs. The case where the only constraints are
MVDs is not considered since for this case, no modification anomalies can occur because
the only candidate in this case is the relation scheme itself. For the FD case, we show
that the first two types of modification anomalies, M&nd MA,, are equivalent
conditions on a relation scheme and a scheme is in BCNF if and only if it has neither type
of anomaly. For the third type, MAwhich leaves all candidate keys unaltered, we
prove that a relation scheme is free from this anomaly if and only if it is in 3NF and the
left-hand side of every FD contains only prime attributes. This last result is interesting,
since the condition lies between 3NF and BCNF but is not equivalent to any of the other
improvements to 3NF which have been defined in the literature [Ling et al. 1981; Smith
1978; Zaniolo 1982]. We refer to this conditionpaigne attribute normal form (PANF).

We then prove that a variation of the well known synthesis [Bernstein 1976] algorithm
generates relation schemes which are in PANF.

For the case where the set of dependencies includes both FDs and MVDs, we
establish that, provided the set of dependencies contains at least one FD, 4NF is both a
necessary and sufficient condition for a relation scheme to have no modification anomaly

of type MA, or MA,. However, for an MA the necessary and sufficient condition is
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weaker than 4NF provided that the set of dependencies contains at least one pure (refer to
Section 2.4.3) MVD. This new condition is that every attribute in the relation scheme is
prime (i.e. a member of some candidate key - refer to Chapter 2).

The second contribution of this chapter is to strengthen one of Fagin's results [Fagin
1981] concerning normal forms and an insertion anomaly. Fagin showed that if a
relation scheme is not in 4NF then there exists a relation defined over the scheme with an
insertion violation (refer to the definition in Section 5.2). We prove the stronger result
that, for each of the cases where the constraints contain either only FDs, or only MVDs,
or only FDs and MVDs, every relation defined over a relation scheme which is not in the
corresponding normal form (BCNF for FDs, 4NF for MVDs, 4NF for FDs and MVDs)
has an insertion violation.

The third contribution of the chapter is to establish a new characterisation of 4NF in
terms of an absence of a deletion anomaly. We prove that 4NF is equivalent to no
deletion anomaly in the case where the only dependencies are MVDs and, in the case of
the set of dependencies containing both FDs and MVDs, we establish the same result
provided that there exists at least one pure MVD in the set of dependencies.

The sections in this chapter are organised as follows. Section 4.2 contains formal
definitions and examples of all the types of key-based update anomalies. In Section 4.3,
for each of the types of modification anomaly previously discussed and for an insertion
anomaly, we derive necessary and sufficient conditions for a relation scheme to have no
anomaly of the corresponding type for the case where the only constraints are FDs. In
Section 4.4, we derive the results relating 4NF and an absence of an insertion and
deletion anomaly for the case where the only constraints are MVDs. In Section 4.5 we
investigate the relationship between all types of key-based update anomalies and 4NF for
the most general case where the constraints contain both FDs and MVDs. Finally,

Section 4.6 contains concluding remarks and comments on related work.
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4.2. THE DEFINITIONS OF KEY-BASED UPDATE
ANOMALIES

In this section, we present formal definitions of the different types of key-based update
anomalies. The definitions of an insertion anomaly and a deletion anomaly are taken
from the work of Fagin [Fagin 1981] whereas the definitions of modification anomalies

are new.

4.2.1. Insertion Anomaly

Definition 4.1. Let R be a relation schem&,a set of dependencies which apply
to R andr(R) a relation. A tuplg* is said to beompatiblewith r if r O {t*} is a

relation which is in SATIk).

As mentioned in Chapter 2, a relation satislig# and only if there are no duplicate

values in the relation for any candidate key, and so the compatibility condition can be

equivalently characterised by the condition thgK] O r[K] for every candidate kelt.

We now use this concept to define an insertion violation in a relation.
Definition 4.2. A relationr(R) has arinsertion violation(IV) if:
() rOSATE);
(i) There exists a tupler defined oveR such that* is compatible with butr [

{t*} violates Z.

Definition 4.3. A relation schem®& has arnnsertion anomalylA) if there exists a

relationr(R) which has an V.

The following example illustrates the previous definitions.
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Example 4.2letR={A, B, Gand ={A - > B,B - A,B - C}. The
only candidate key iB and the relatiom shown in Figure 4.2 satisfiegs HoweverR

has an IA becausehas an IV when the tupleag by, ¢,> is inserted into it since the

resulting relationt’, satisfies the key constraints but violates the MVAVD - B. 0O

r

A B C

a b, Cy

insert <a, b,, ¢,>

0

"
A B C
& b, C,
a, b, C,

Figure 4.2. An example of an insertion anomaly

4.2.2. Deletion Anomaly

Definition 4.4. A relationr has adeletion violation(DV) if:
() r O SAT(Z).
(ii) There exists a tuple [ r such thatr(- {t*}) O SAT(Zk) butr - {t*} violatesZ.

Definition 4.5. A relation schem® has adeletion anomalyDA) if there exists a

relationr(R) which has a DV.

The following example illustrates these definitions.
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Example 4.3LetR={A, B, GandX = {A - - B}. SinceX contains no FDs,

the only candidate key R. R has a DA because the relatioshown in Figure 4.3 has a

DV when the tuple is &, b,, ¢,> is deleted from it sinced SAT(Z) but the resulting

relation,r', satisfies the key constraints but violates. —» B. O
r
A B C
& b, C,
& b, C,
& b, C,
a, b, C,

delete <@ b,, ¢>

0

[
A B C
a b, C,
a b, C,
a b, C,

Figure 4.3. An example of a deletion anomaly

In the case of the set of constraints containing only FDs, a relation can have no

deletion violation because of the well known result [Maier 1983] that if a relation satisfies

a set of FDs then so does any subset of the relation.
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4.2.3. Modification Anomalies

In this section, we extend Fagin's approach to the modification of tuples and define a
new type of key-based update anomaly, called a modification anomaly. As mentioned
previously, the motivation for defining this new type of anomaly is based on the
observation that when modifying the contents of a tuple in a relation, it is often
undesirable to change the value of a candidate key although, strictly speaking, this
doesn't violate any of the fundamental properties of the relational model [Codd 1970].
There are several reasons for this. Firstly, from a purely relational perspective,
modifying a candidate key is undesirable because of the necessity to also modify all
foreign key references to the modified key. Secondly, if one interprets a candidate key as
representing the identity of a tuple, then from a more general data base perspective
[Khosafian and Copeland 1986], it is undesirable to have the identity of an entity change
since it creates possible confusion as to what real world entity the data actually refers to.
Codd supported this approach in his later extensions to the relational model [Codd 1979]
where he proposed the use of internally generated, unchangeable identifiers which he
referred to asurrogates Also, most of the new generation data base models, such as
object-oriented data models [Abiteboul and Kanellakis 1989; Kim 1990], support
immutable object identity.

Essentially, we define a key-based modification anomaly as occurring when the
modification of a tuple doesn't change the identity of a tuple or violate key uniqueness,
but the resulting relation still violates the FD and MVD constraints. However, unlike
many object-oriented data models which support only a single object identifier, in the
relational model there may be multiple candidate keys for a relation scheme and so there
are several possible interpretations as to what is meant by leaving the identity of a tuple

unchanged. In increasing restrictiveness, they are:
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(i) the replacement tuple is identical to the originahbleast one (arbitrary) candidate
key,
(i) the replacement tuple is identical to the originattma primary key

(iii) the replacement tuple is identical to the originakerry candidate key

For each of these alternatives, we now present a formal definition of a modification

anomaly by modelling a modification as a deletion followed by an insertion.

Definition 4.6. A relationr(R) has amodification violation 1(MV,) with respect
to a sek of FDs and MVDs if there exists a tuplel r and a tuplé* defined oveR such
that:

(i) r OSAT();

(i) t* is compatible withr(- {t});

(iii) tandt* are identical ot least one (arbitrary) candidate key

(iv) (r - {t}) O {t*} violatesZ.

Definition 4.7. A relationr(R) has amodification violation 2MV,) with respect

to a set of FDs and MVDs if it satisfies all conditions of Definition 4.6 except that
condition (iii) is changed to:

(iii") t andt* are identical on thprimary key.

Definition 4.8. A relationr(R) has amodification violation IMV;) with respect

to a set of FDs and MVDs if it satisfies all the conditions of Definition 4.6 except that
condition (iii) is changed to:

(iii") tandt* are identical orverycandidate key

We now use these definitions of violations in relation instances to define anomalies in

the corresponding relation schemes.
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Definition 4.9. A relation schem®& has amodification anomalyl (MA,) if there

exists a relation(R) which has an MY,

Definition 4.10. A relation schem® has amodification anomaly ZMA,) if there

exists a relation(R) such that has an MV.

Definition 4.11. A relation schem® has amodification anomaly 8MA,) if there

exists a relation(R) such that has an MV.

From these definitions, it is easily seen that the following implications hbkks an
MV,;0O r has an MY r has an MV, and hence the following implications also hold for

relation schemes: MA1 MA,0 MA,.

The following example illustrates the previous definitions.

Example 4.4. Consider the case &/ = {A, B, C, D and 2 = {ABC - D,

D - C,B - - A}. It can be verified that the candidate keys ABLC andABD. The
relationr shown in Figure 4.4 is in SATJ.

If the tuplet = <a,, by, ¢;, di> is changed td* = <a,, by, ¢, d»>, resulting in the
relationr' shown in Figure 4.4, thanhas an MV. To verify this, each of the conditions
of an MV, (Definition 4.6) will be shown to hold. Condition (i) is satisfied since, as
mentioned earlier, is in SATE). Condition (i) follows from the fact that both tuples in
r' are distinct on both candidate keys. Condition (iii) holds diaoelt* are identical on
the candidate kesxBC and condition (iv) is satisfied becauseiolatesB - — A.

If ABCis chosen as the primary key, thresiso has an MMwhent is replaced by*
sinceB - — A is still violated. IfABD is chosen as the primary key, then repla¢ing

by t* does not constitute an M\sincet andt* are not identical on the primary key.
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However, if instead is replaced by &, by, ¢,, d;>, resulting in the relatior’ shown in
Figure 4.4, them has an MV sincer" [0 SAT(Zk) butr" O SAT(X) because it violates
B - - A

It is interesting to note however that neitheror any other relation defined over
can have an MY This follows because every attributeRis prime and so any modified

tuple satisfying condition (iii") in Definition 4.8 must be identical to the original, but then

conditions (i) and (iv) cannot be satisfied simultaneously. O

r

A B C D

& by C, d;

& by Cy dy
[

A B C D

& b, C, dy

% by G dy
o

A B C D

& by C, d;

& by Cy dy

Figure 4.4. An example illustrating modification violations

4.3. THE CASE OF FD CONSTRAINTS

In this section we derive several of the main results of this chapter concerning the
necessary and sufficient conditions for an absence of key-based update anomalies in the

case where the only constraints are FDs.
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4.3.1. Insertion Anomaly and Normal Forms

In this section we derive a result which strengthens a result obtained by Fagin [Fagin
1981] concerning the relationship between BCNF and the absence of an insertion
anomaly in a relation scheme for the case of FD constraints. Fagin showed that if a
relation schem®& s not in BCNF, then there exists at least one legal relation defined over
R which has an insertion violation. We establish the stronger result that every legal
relation defined over a relation scheme that is not in BCNF has an insertion violation.
Our method of proof differs from that of Fagin's since ours is based on direct
construction, whereas his method is an indirect one based on the characterisation of
BCNF in terms of the satisfaction of key constraints (see Section 3.3). A simple
consequence of this result is that a relation scheme is in BCNF if and only if it has no

insertion anomaly. Firstly, a preliminary lemma is established.

Lemma 4.1. If a set of attributes X is not a superkey, then for every candidate key

K,K-X=0@.

Proof. If K OO X, then a simple application of the inference rules derives the

contradiction thaX is a superkey. O

Theorem 4.2. Let R be a relation scheme afd set of FDs which apply to R. If

R is not in BCNF then every nonempty relation ((RFATE) has an IV.

Proof. If Ris not in BCNF then there exists a nontrivial KD~ Y 0 £* where

Xis not a superkey. Lébe any tuple im and lett* be the tuple defined k[ X] = t[X]
andt*[A] O r[A] for all other attributeA [ (R - X). Such a tuple exists because a

relation contains only a finite number of tuples but attribute domains are assumed to

92



Chapter 4. Key-Based Update Anomalies and Normal Forms

contain an infinite number of values. The claim is thas an insertion violation when
t* is inserted into it.

To verify this claim, one firstly has to show thatis compatible withr. It follows
from Lemma 4.1 that for every candidate k€K - X = @ and so by definition df,
t*[K] O r[K] and thus the compatibility condition is satisfied. Next, we showrthat
{t*} violates Z. SinceX - Y is nontrivial,Y - X = @ . So by construction af,

t*[Y] #t[Y] and soX - Y is violated inr O {t*}. O

The main result of this section is the following theorem.

Theorem 4.3. A relation scheme R is in BCNF iff it has no IA.

Only If

Let R be in BCNF and suppose to the contrary Bhhais an insertion anomaly where
a nontrivial FDX - Y is violated. For this to occur, there has to be a relatamd at
least two distinct tuplets andt, in r such that,[X] = t,[X]. But by definition of 1A [
SAT(Zk) and soX cannot be a superkey which contradicts the assumptiomiRtisan
BCNF.

If

The contrapositive follows from Theorem 4.2 and the fact that, since any relation
which contains no duplicate values for any attribute satiiethere is an infinite

number of relations which satiskysince attribute domains are assumed to be infidite.

It is assumed that the domains for attributes are infinite in the above result. If this
assumption is dropped, then Theorem 4.2 is no longer valid since the proof requires that
we can always choose an attribute value which is not in a relation. However, provided

that each domain contains at least two values, Theorem 4.2 (and thus Theorem 4.3 as
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well) will still be valid provided that Theorem 4.2 is replaced by a weaker statement that

every relation containing one tuple has an IV.

4.3.2. MA, Anomaly and Normal Forms

In this section, we investigate the necessary and sufficient conditions for a relation
scheme to have no MA The main result that we derive (Theorem 4.7) is that BCNF is

eqguivalent to no MAin a relation scheme. Some preliminary lemmas are derived first.

Lemma 4.4. Let > be a set of FDs and let X A be an FD inz. If X is not a

superkey then XA is not a superkey.

Proof. By the simple application of the inference rules. O

Lemma 4.5. Let r(R) be a relation in SAZJ and let X be a set of attributes. If X
is not a superkey, then for any tupl@'t there exists a tuple t' such that t[X] = t'[X] and
the relation r[J {t'} [J SATE).

Proof. The construction and proof is similar to that used in establishing the
completeness of the FD inference rules [Armstrong 1974; Fagin 1977b; Maier 1983].
Define the tupld' as follows. For every attribue 0 R, if A 0 X' then lett'[A] = t[A]
otherwise set'[A] to a value such thafA] O r[A]. This can be done since attribute
domains are assumed to be infinite. The claim istttsstisfies the conditions of the
theorem. Firstly, it satisfiegX] = t'[X] because, from inference rule AX,0 X*.
Secondly, sinc is not a superkeys” # R and so there has to be at least one attribute
B O (R-X"). But by construction of', t'[B] O r[B] and sor O {t'} is actually a
relation. Next it has to be verified thall {t'} O SAT(). LetZ - Y be any FD ir&.

If Z- X" =@, then by the inference rule ABmust also be a subsetXf and so by the
construction oft', t'[ZY] = t[ZY]. This implies that [0 {t'} must satisfy Z - Y since
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r 0 SAT(Z). Alternatively, ifZ - X* # @ then by construction df, t'[Z] O r[Z] and so

Z - Y is again satisfied. O

We now use these preliminary lemmas to show that for every nonempty relation
defined on a scheme which is not in BCNF, one can always add a tuple so that the

resulting relation has an MV

Lemma 4.6. Let R be a relation scheme and kEbe a set of FDs. If R is not in
BCNF, then for every nonempty relation r(RpATE) there exists a tuple t' such that r
[ {t'} has an M\{.

Proof. SinceR is not in BCNF, there exists a nontrivial BD- A in Z* such
that X is not a superkey. Letbe any relation in SAR{)). SinceX is not a superkey,
then by Lemma 4.4XAis not a superkey and so by Lemma 4.5 there exists attuple
and a tupld' such that[XA] = t'[XA] andr O {t'} O SAT(Z). Lett* be the tuple
obtained by changing the valuetgA] to some other value such th&afA] O r[A] and
modify r by replacingt’ with t*. The claim is that O {t'} has an M\{ whent' is
replaced by*. Each of the conditions of an M{Definition 4.6) will be verified in turn.
Condition (i) follows from Lemma 4.5. Next, if a candidate kegoesn't contair,
then by definition ot*, t*[K] = t'[K] and sa* is compatible withr(- {t'}) becausd' is
compatible withr sincer O {t'} O SAT(Z). If K containsA, thent*[K] U r[K] by
construction ot* and so (ii) is again satisfied. Sin€e- A is nontrivial, applying the
inference rules shows th& - A is a superkey and so there must exist at least one
candidate keK' [J (R-A). Then since* andt' only differ onA, it follows thatt*[K']
=t'[K'] and (iii) is satisfied. Lastly, again sin&e— A is nontrivial, it follows by the

construction ot* thatX — A'is violated and so (iv) is satisfied. O
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We note that this lemma cannot be strengthened to show that any nonempty relation
defined over a scheme which is not in BCNF must have apn NIKis is demonstrated in

the following well known example.

Example 4.5.LetR={A, B, G, Z ={AB - C, C-> B} andr = {t;, t;} where
t,= <ay, by, > andt, = <a,, by, 6> . The relatiorr is shown in Figure 4.5. Since the
candidate keys ar&B andAC, R is not in BCNF because of the RD- B. We shall
show thatr has no M. Consider the modification of eithigrort,. Any modification
which leaves both candidate keys unchanged cannot result in asifd¥ every attribute
in Ris prime. Suppose firstly thatis modified tot' so that, as shown by the relation
in Figure 4.51'[AB] = t;[AB]. ThenAB - C is still satisfied sincé&'[AB] # t,[AB]
andC - B is still satisfied sincé€[B] = t,[B]. Alternatively, ift; is modified tot' such
that, as shown by the relatioh in Figure 4.51'[AC] = t,JAC] thenAB - C is still
satisfied becausg[A] # t,[A] andC - B is satisfied becausd§C] # t,[C]. Similar

arguments apply it is modified and so does not have an MV O

r

A B C

2] bl C1

(22 by C
r 1

A B C

el bl Cs

& b, G
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A B C
2] b, C1
(22 bl Co

Figure 4.5. An example of a relation with no MV

These lemmas lead to the main theorem of this section.

Theorem 4.7. A relation scheme is in BCNF if and only if it has no,MA

Proof.

Only If
As for Theorem 4.3.

If
The contrapositive, that Ris not in BCNF then it has an MAollows directly from

Lemma 4.6 and the fact that there is an infinite number of relations inZ}/Aslifce

attribute domains are infinite and any relation which contains no duplicate values for any

attribute satisfieX. O

4.3.3. MA, Anomaly and Normal Forms

We investigate in this section the necessary and sufficient conditions for a relation scheme
to have no MA. The main result that we derive (Theorem 4.12) is that BCNF is

equivalent to no MAin a relation scheme. Firstly, we present some preliminary lemmas.

Lemma 4.8. Let 2 be a reduced set of FDs. If, for any FD-XA O 2, X is a

superkey then it must also be a candidate key.
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Proof. If X is a superkey but not a candidate key then there must exist a proper
subsetX' of X such thafX' is a candidate key. But then a simple application of the
inference rules shows that- {X - A} O {X' - A} = X which contradicts the

assumption thal is reduced. O

Lemma 4.9. If K is a candidate key then there cannot exist a nontrivial FD

X = A in 2" such that XAJ K.

Proof. Assume to the contrary that there is such an FD. KLetK - A. Then
sinceX — A is nontrivial, A X and soX [ K" and thuK' - A follows from rules
Al and A3. But using rule A2 and augmenting both side&'ofs A by K', this
implies thatk' » K and henc&' - R from rule A3 and the fact tht is a candidate
key. This is a contradiction since by definition a candidate key cannot have a proper

subset which is a superkey. O

Lemma 4.10. If X is a set of FDs and X A an FD inX such that X is not a

superkey, then for every candidate key K, K -248.

Proof. Suppose that there is a candidate Keguch thaK [0 XA. From Lemma

4.4, sinceX is not a superkeyA cannot be a superkey, but sirCés a candidate key

applying rules Al and A3 shows théA — R contradicting the fact tha€¢A cannot be

a superkey. O

The next lemma is needed for the construction of counter-examples in the proofs of

the main theorems concerning Mand MAs.
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Lemma 4.11.Let > be a reduced set of FDs and let-X A be an FD inX such
that X is not a superkey. Also, let V and Y be two subsets of X such that XY5 V
nY=@,V£@, YZ@. Construct a relation r of two tupleg.and ¢, such thatitand ¢
are identical on V and different elsewhere. Then r has the following properties:

(i) r OSATE);

(if) ta[V] = t[V];

(i) ta[Y] Z &[Y];

(iv) t[A] Z t[A].

Proof. Properties (i) and (ii) follow from the fact thatis not a superkey since
is not a superkey and a well known result on two tuple relations (Theorem 4.1 in [Maier
1983]). To establish (iii), assume to the contrary th] = t;[Y]. Then by the
definition ofr, V - Y must be ir=" and a straightforward application of the inference
rules shows tha¥ - A is inZ* which contradicts the assumption tl¥ats reduced
sinceV is a proper subset of. Similarly, (iv) holds since otherwise the reduced

assumption would be violated by again replackhg AinZ byV - A. O

These results are now used to establish the main theorem of this section.

Theorem 4.12. If R is a relation scheme antfl a set of FDs which apply to R,

then R is in BCNF if and only if it has no MA

Proof.

Only If
As for Theorem 4.3.
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If

The contrapositive, that R is not in BCNF then it has an MAwill be established.
If Ris not in BCNF then there exists a nontrivial KD- A in " such thaiX is not a
superkey. Then, from Corollary 4.3, there has to be a nontrivial EDtself such that
the left-hand side of the FD is not a superkey. However, by the construction shown
earlier in Chapter 2, every set of FDs has a reduced cover antesca BCNF violation
if and only if a reduced cover f&r also has a BCNF violation. So without loss of
generality> can be assumed to be a reduced seXandA an FD inZ which violates
BCNF. The proof is divided into three separate cases which cover every possibility.
These cases are:

() AO K whereK is the primary key oR;

(i) AOKandX n K = @&;

(i) ADKandX n K# @.

(i) AOK

Since by assumptioX is not a superkey then, by Lemma 44\ is not a superkey.
Letr be a relation of one tuptavhose attribute values are chosen arbitrarily from each of
the domains. Thenautomatically is in SATY), so by Theorem 4.2 there exists a tuple
t' such that'[XA] = t[XA] andr [0 {t'} O SAT(X). Lett* be the tuple obtained by
modifying t'[A] to a value distinct from{A], i.e. t*[A] # t[A]. It can be easily verified
thatr has an MV whent' is updated td*.

(i) AUKandXn K=0

In this case, construct a relatioof two tupleds, t, such that for every attribui[]
R, t1[B] # t5[B]. Obviouslyr [0 SAT(Z). Lett* be the tuple such th&t[X] = t;[X] and
t*[R- X] =t,[R- X]. The claim is that has an M\ whent, is updated td¢*. To verify

this, condition (i) of M4 follows by construction af, andt,.
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To verify (ii), sinceX is not a superkey then, by Lemma 4.1, for every candidate key
K',K'- X # @. Hence by the construction ©f, t*[K'-X] = t;[K'-X] and sot*[K'] #
t1[K'] by construction of; andt,. Condition (iii") follows by the construction tf and
the fact thak n K = @. Condition (iv) follows by construction of and the fact that

t*[A] # t1]{A] sinceX - A is nontrivial.

(i) ADKandXn Kz @

LetV=Xn KandY =X-K. It follows directly from these definitions thdt= V
OY,Vn Y=@. Also,V # @ by assumption an¥ # @ since otherwise it would
follow that XA O K sinceA [ K, and so from Lemma 4.9 one would derive the
contradiction thaK is not a candidate key. Thus the conditions of Lemma 4.11 are
satisfied and the two tuple relatiofior which the tuples are identical d and different
elsewhere has the properties given by the lemmat* Lt the tuple defined bg[Y] =
t,[Y] andt*[R - Y] = t,[R- Y]. The claim is that has an MV whent, is replaced by*.

Each of the conditions of an MWill now be verified in turn.

Condition (i) is automatically satisfied by (i) of Lemma 4.11. By Lemma 4.9, for any
candidate ke', K' - VYAZ @. Also,K' - V' # @ or else a simple application of the
inference rules would imply the contradiction tawvas a superkey, and combining this
with the previous result gives' - V'YA# @. Thus by definition of, t,[K' - VYA #

t,[K' - V'YA] and so by definition ot*, it follows thatt*[K'] # t;[K'] and the
compatibility condition (ii) is satisfied. Condition (iii") follows since by definitiort*gf
t* andt, differ only on attributes iX - K. Condition (iv) follows from Lemma 4.11 and

the construction af*. O

It is also noted that since MAmplies MA,, then a corollary of the previous theorem

is an alternative proof of Theorem 4.7.
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4.3.4. MA, Anomaly and Normal Forms

The relationship between an MAnomaly and the syntactic normal forms BCNF and
3NF is investigated in this section. We show that BCNF is a stronger condition than is
needed to avoid an MjAand the necessary and sufficient is a new normal form, called
PANF, which lies in between 3NF and BCNF. Firstly, as shown in the following
lemma, it is straightforward to verify that BCNF is a sufficient condition for a relation

scheme to have no MA

Lemma 4.13. If R is a relation scheme anda set of FDs which apply to R, then

if R is in BCNF it has no MA

Proof. As for Theorem 4.3. O

Unlike the case for MAand MA;, the converse to Lemma 4.13 doesn't hold. As the
following example demonstrates, a relation scheme may have nyédAot be in

BCNF.

Example 4.6.LetR = {STUDENT, COURSE, TEACHERNd let

> = {STUDENT COURSE. TEACHER, TEACHER, COURSE. Then both
STUDENT COURSE and STUDENT TEACHER are candidate keys and so every
attribute inR is prime. No relation defined ov& can have an MY This follows
because every attribute s prime and so any modified tuple satisfying condition (iii")
in Definition 4.8 must be identical to the original, but then conditions (i) and (iv) cannot

be satisfied simultaneously. O

In the following theorem, a necessary and sufficient condition for a relation scheme to

have no MA is derived.
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Theorem 4.14. Let R be a relation scheme and Etbe a reduced set of FDs
which apply to R. R has no M#:
() Ris in 3NF;

(i) For every FD X Ain 2, X contains only prime attributes.

Proof.

If

Suppose to the contrary that (i) and (ii) are satisfiedRbus an MA. Then there
exits a relatiorr and a tuple [ r such that at least one PD- A is violated whert is
modified tot*. For this to happen, there has to exist a ttipler and an FDX - Ain
> such that'[X] = t*[X] andt'[A] # t*[A]. Because of (ii) and the definition of an MA
t*[X] = t[X], and sincer [0 SAT(Z), t[A] = t'[A] and sot*[A] # t[A]. However,
becausé*[X] = t'[X] and the modified relation is in SATK) by definition of an M\,
X cannot be a superkey and so by (i) this impliesAlmatst be a prime attribute. Hence
by definition of an M\, this implies that*[A] = t[A] thus contradicting the fact that
t*[A] # t[A].

Only If

()

The contrapositive that R is not in 3NF then it has an MAvill be established.

If Ris not in 3NF then there is an PD- A in ¥ such thafX is not a superkey
andA is not a prime attribute. Then the same construction used in part (i) of the proof of
Theorem 4.12 shows thRthas an MA.

(ii)

As before, we shall establish the contrapositive that if there exists ah-F[A in

> such thaiX contains nonprime attributes thBrhas an MA. Suppose firstly thaxt
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contains only nonprime attributes. The same construction used in part (ii) of Theorem
4.12 shows thaR has an MA.

Alternatively, suppose that contains both prime and nonprime attributes. \Lbe
the set of prime attributes ¥and lety be the set of nonprime attributesin X cannot
be a superkey or else by Lemma 4.8 it would be a candidate key thus contradicting the
assumption that it contains nonprime attributes. Then the conditions of Lemma 4.11 are
satisfied and the same construction to that used in (iii) of Theorem 4.12 showlabat

an MV, O

As will be shown by the following examples, conditions (i) and (ii) in Theorem 4.14
are not comparable. There exist relation schemes that satisfy one condition but not the

other.

Example 4.7LetR={A, B, G andZ = {B - C}. The only candidate key iAB
and soR satisfies (ii) sincdB is prime but not (i) sincB is not a superkey ar@d is not

prime. O

Example 4.8.Let R={A, B, C, D and letZ = {AB - C,CD - AB,
BD - A}. The candidate keys aféD andBD and saR is in 3NF sinceC is a prime

attribute, buR is not in PANF sincd is not a prime attribute. O

Any relation scheme satisfying the conditions in Theorem 4.14 will be said to be in

prime attribute normal forniPANF.

4.3.4. Comparing PANF With Other Normal Forms

Two other normal forms which are improvements of 3NF, namynentary key
normal form(EKNF) [Zaniolo 1982] andmproved 3NHLing et al. 1981], have also

been defined and in this section we compare them to PANF. Firstly, improved 3NF only
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applies to the case of multiple relations and since we are only concerned with single
relations in this work we don't consider it any further. As for EKNF, which was
formally defined earlier in Chapter 3, we now construct examples to show that EKNF
and PANF are not comparable, i.e. there are schemes which are in PANF but not in
EKNF, and conversely there are schemes which are in EKNF but not in PANF. The
first example, taken from Zaniolo's work [Zaniolo 1982], shows that a scheme can be in

PANF but not in EKNF, while the second example demonstrates the converse.

Example 4.9.Let R = {D#, MGID, ACC# and £ = {D# - MGID,
MGID - D#}. Then the candidate keys apgt ACC#andMGID ACC# Neither of
these candidate keys is elementary because neither of the#BEC# - MGID nor
MGID ACC# - D#is an elementary FD and so there are no elementary key attributes.
HenceR is not in EKNF since if one considers the BB — MGID thenD# is not a
candidate key nor iISIGID an elementary key attribute. HowewRris in PANF since

every attribute irR is prime. O

Example 4.10As in Example 4.8, leR={A, B, C, D andZ = {AB - C,
CD - AB,BD - A}. Both the candidate keyBD andCD are elementary because of
the FDsCD - AB, BD - A and soB, C andD are elementary key attributes. Thus
R is EKNF since botlCD andBC are superkeys ard is an elementary key attribute.

However, we showed in Example 4.8 tRat not in PANF becauskis not prime. O

4.3.5. Achieving PANF

In this section we consider the problem of generating relation schemes which are in
PANF. We start with the simplest version [Ullman 1988a] of the well known synthesis

algorithm due to Bernstein [Bernstein 1976] for generating 3NF schemes.
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ALGORITHM 4.1. A synthesis algorithm for achieving 3NF.
Input: A relational schemR and a reduced sEtof FDs which apply to it.
Output: A dependency preserving, lossless decompositiétimmio 3NF.
Method:
For each FIX - Ain Z, create the schem¥A. If there is no scheme
which contains a candidate kkythen create an extra scheme which

containsK alone.

It can be shown [Biskup et al. 1979] that the relation schemes generated by this
algorithm are in 3NF and the decomposition is dependency preserving and lossless [Aho
et al. 1979a). There are several differences between Algorithm 4.1 and Bernstein's
original synthesis algorithm. Firstly, Algorithm 4.1 adds a candidate key, if necessary,
as one of the relation schemes. This enhancement was proposed [Biskup et al. 1979]
after the publication of the original synthesis algorithm and it ensures that the
decomposition is lossless, a property that the original synthesis algorithm did not
possess. Secondly, in order to minimise the number of relation schemes, the original
synthesis algorithm extends Algorithm 4.1 by merging relation schemes which are
generated from FDs with equivalent left-hand sides. In other words, if two scKémes
and YB corresponding to two reduced FBs— A andY - A are generated from
Algorithm 4.1 X andY may be the same) and both- Y andY - X are inZ", then
XA andYB are merged into a single scheXX¥AB A complication that then arises is
that the merged scheme may not then be in 3NF and extra steps are required to remove
3NF violations.

We now show that the relation schemes generated by Algorithm 4.1 are in PANF.

Theorem 4.15.Each of the relation schemes generated by Algorithm 4.1 is in

PANF.
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Proof. If the relation scheme is a candidate key then the result is immediate, so
alternatively assume that it is the scheRe XA which corresponds to the FD - A
in Z. We note from the properties of projected FDs [Maier 1983; Uliman 1988a] that any
FD which holds irR' must also hold ifR. We show firstly thak must be a candidate
key inR". X is a superkey ilR' becaus&k’' = XA. It is also a candidate key since if not
there must exist a candidate ky(] R' with K O X, and thuK - A O X* which
contradicts the assumption th&at- A is reduced. LeY - B be any FD which holds

in R. We divide the proof into the two cades A andB # A.

B=A

For this case, one must have that X since the only other possibility is fard X
and this would violate the property thdt— A is reduced for the reasons outlined
previously. We have already shown tixats a candidate key iR' and so the result

follows.

BZA.

Firstly, sinceR' = XA thenB [0 X and so, from Lemma 4.%, cannot also be a
subset ofX and thusy can be written a8 X' whereX' [0 X. X'is prime inR' sinceX
is prime inR" and so it remains to show thatis prime inR'. Assume to the contrary
that it is not. Sincé&X' - B andR'= AX'B, AX' - Bis a superkey iiR' and so there
exists a candidate kd¢ such thaK [0 AX' - B Then sincé is not prime inR’, K 0 X
- B and soK 0 X which contradicts the fact tha¢ -~ A is reduced by the same

argument as before. O
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4.4. THE CASE OF MVD CONSTRAINTS

In this section, we derive results concerning the relationship between syntactic normal
forms and update anomalies for the case where the set of constraints contains only
MVDs. We don't consider modification anomalies in this section because, as mentioned
in the introduction to this chapter, modification anomalies don't exist in this case. This is
because no FDs are implied by a set of M¥&xsd so the only candidate key in a relation
scheme is the scheme itself, thus it follows directly from the definitions of the

modification anomalies that a relation scheme can have no type of modification anomaly.

4.4.1. Insertion Anomaly and Normal Forms

The main results derived in this section are to show that the results of Section 4.3.1

extend to the MVD case.

Theorem 4.16.Let R be a relation scheme aad set of MVDs which apply to R.

If R is not in 4NF then every nonempty relation r(R) which is in SA¥s an V.

Proof. If R is not in 4NF then there exists a nontrivial MMD- - YO X"
whereX is not a superkey. As per Theorem 4.2 le¢ any tuple im and lett* be the
tuple defined by*[X] = t[X] andt*[A] [I r[A] for all other attribute®\ [ (R - X). The
claim is that has an insertion violation whenis inserted into it.

To verify this claim, the compatibility condition is satisfied because the only candidate
key isRandX - - Yis violated inr O {t*} since, by the definition of* and the fact
that X - - Y is nontrivial, t*[X] = t[X] andt*[Y] O r[Y] andt*[R - XY O r[R -

XY]. O

6 Corollary to Theorem 8.11 in Maier [Maier 1983].
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The above theorem provides the following characterisation of 4NF in terms of an

absence of an insertion anomaly.

Theorem 4.17. A relation scheme R is in 4NF iff it has no |A.

Only If
As for Theorem 4.3.

If
The contrapositive follows from Theorem 4.16 and the fact that, since any relation
which contains no duplicate values for any attribute satiiethere is an infinite

number of relations which satisky O

4.4.2. Deletion Anomaly and Normal Forms

In the case of a deletion anomaly, the analogue of Theorem 4.16 does not hold since any
relation which satisfies a set of MVDs as FDs can have no deletion anomaly because no
legal relation can have a DV when the only dependencies are FDs. However, although
not every relation has a deletion violation, the following analogue of Theorem 4.17

shows that every non 4NF relation scheme has at least one relation defined over it which

has a deletion violation.

Theorem 4.18 A relation scheme R is in 4NF iff it has no .DA

Proof.

Only If

As for Theorem 4.3.

If

We shall show the contrapositive thaRifs not in 4NF then it has a DA. Kis not in

4NF then there must be a nontrivial MMD- — Y 0O =" with X not a superkey. Since
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the MVD is nontrivial,R - XY # @. Construct then the tabledy as shown in Figure
4.6 wherex, y andz indicate vectors of distinguished variables ghdndz' indicate
vectors of nondistinguished variables. Then the J-ruleXfer — Y can be applied
twice to yield the tableal" also shown in Figure 4.6. Since only MVDs are being
considered and the corresponding J-rule only adds rows to a tableau, and the result of the
chase is independent of the sequence in which the rules are applielf, ttwereT* =
chasg(Ty), must contain the rows ii. Letp be any one-to-one valuation f6¥. The
claim is thap(T*) has a deletion violation.

Firstly, since the rows i" are distinct ang is one-to-one, it follows that the
corresponding tuples (T*) are also distinct. If any of the tuples corresponding to the

rows of T' are deleted from(T*), it follows directly from the definition of an MVD that

the new relation violateX - - Y and sop(T*) has a deletion violation. O

Tx

X Y R - XY

X y z

X y' z
T

X Y R - XY

X y z

X y' z'

X y z'

X y' z

Figure 4.6. Generating a relation with a deletion violation
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4.5. THE CASE OF FD AND MVD CONSTRAINTS

The relationship between update anomalies and normal forms is investigated in this
section for the most general case where the set of dependencies includes both FDs and

MVDs.

4.5.1. Insertion Anomaly and Normal Forms

In this section, we demonstrate that Theorems 4.16 and 4.17 can be extended to the FD

and MVD case.

Theorem 4.19. Let R be a relation scheme aida set of MVDs and FDs which

apply to R. If R is not in 4NF, then every nonempty relatiorSAT¢) has an IV.

Proof. If R is not in 4NF then there exists a nontrivial MD- - YO =7

whereX is not a superkey. As per Theorem 4.2 le¢ any tuple im and lett* be the
tuple defined by*[X] = t[X] andt*[A] [I r[A] for all other attribute®\ [ (R - X). The
claim is that has an insertion violation whéehis inserted into it.

To verify this claim, the compatibility condition is satisfied because, from Lemma
4.1,K - X £ @ for any candidate kel and so, from the construction tf, t*[K] O

r[K]. Also, X - - Yis violated inr [0 {t*} for the reasons given in Theorem 4.16.

O

Theorem 4.20. A relation scheme R is in 4NF if and only if it has no IA.

Proof. As for Theorem 4.17 and using Theorem 4.19. O
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4.5.2. Deletion Anomaly and Normal Forms

In this section we show that Theorem 4.18 extends to the FD and MVD case provided
that there is at least one pure MVD in the set of constraints. Before establishing the main

results, we recall a preliminary result (Lemma 3.6) which we established in Chapter 3.

Lemma 4.21. Let R be a relation scheme and Ebe a set of FDs and MVDs

which apply to R. If X is a set of attributes that is not a superkey, then there exists a

relation containing at least two tuples that satisfieand for which all tuples are identical

on X.

We now derive a lemma which will be used later to construct a relation with a DV.

Lemma 4.22. Let R be a relation scheme aida set of FDs and MVDs which
apply toit. If X- - Y is a pure MVD in%, then there exists a relation r which
satisfiesZ and contains at least 4 distinct tuples, w,, w; and w, such thatw,[X] =
WAX] = WX] = w[X], w[Y]= @ Y], wfY]= wlY], wlY] = wlY], wlZ] = wlZ],
wilZ] = wylZ], wlZ] = wlZ] (Where Z =R - XY).

Proof. Form the tableady as described in Section 2.5 andTét= chasg(Ty).
The claim is thal* satisfies the conditions of the theorem from which it follows trivially

that so doep(T*) for any one-to-one valuatiop. The desired property @* can

perhaps be more easily illustrated by the figure below.
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T*
X Y Z
W, X Y1 Z;
0, X Y2 Z,
s X Y1 Z,
O X Y2 Z;

From Lemma 4.2T* consists of more than one row and every row is identicXl on
From Lemma 2.2, one row ifi* is the rowwywhich contains only distinguished
variables. For notational convenience in this pragfwill be relabelled asy,. Next, by
assumptionX - Y 0 2 sinceX — - Yis pure and so, by Lemma 2.2, there must
be at least one row ifi*, which we label as,, which contains a nondistinguished
variable in ay-column and soy,[Y] = wy[Y].

Suppose firstly thato,[Z] = w,[Z]. By Lemma 2.1T* satisfiesX - - Y and so
there must exist a row; with ws[X] = [ X], wy[Y] = w,[Y] andw,[Z] = w,[Z] and a
row w,with w,[X] = w[X], w,[Y] = w,[Y] andw,[Z] = w,[Z]. These conditions also
imply thatw,, w,, w; andw, are distinct and so satisfy the conditions of the theorem.

Alternatively, suppose thab,[Z] = wy[Z]. Since by Lemma 2.&, contains only
distinguished variablesy,[Z] contains only distinguished variables in #&olumns.
Hence sinceX - Z 0 2" becauseX - — Yis pure, there must exist a rawsin =
containing a nondistinguished variable id-aolumn and soy;[Z] = w,[Z] andw;[Z] =
w4[Z] and hencew; must be distinct fronw, andw,. There are then three exhaustive
sub-cases to be considered: Y] = w[Y], (i) ws[Y] = w,[Y], (i) ws[Y] = w,[Y]
andwy[Y] = wy[Y]. We consider each possibility in turn.
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(i) ws[Y] = wy[Y].
Since by Lemma 2T satisfiesX - — Y, there must be a row, in T* with w,[Z]

= wy[Z] andw,[Y] = w,[Y]. These conditions also imply tha, is distinct and sov,,

Wy, W; andw, satisfy the requirements of the lemma.

(i) ws[Y] = ,[Y]
Again, sinceT* satisfiesX - - Y, there must exist a distinct tuplg with w,[Y] =
w[Y] andw,[Z] = ws[Z]. Again these conditions imply that, is distinct and sovy, w;,

w,andw, satisfy the requirements of the lemma.

(ii)) ws[Y] = wy[Y] andws[Y] = wy[Y].
Again, to satisfyX — - Y, there must exist a row, with w,[Y] = w,[Y] andw,[Z]
= wz[Z] and a rowmws with ws[Y] = w,[Y] and ws[Z] = w4[Z]. Thenwy, ws, w, andw,

satisfy the requirements of the lemma. O

We now use this lemma to establish the main theorem of this section.

Theorem 4.23. Let R be a relation scheme and kEbe a set of FDs and MVDs

which apply to R and such thatcontains at least one pure MVD. R is in 4NF iff it has

no DA.

Proof.

Only if

As for Theorem 4.3.
If

We establish the contrapositive thatRfis not in 4NF then it has a DA. Let

X - - Y be a pure MVD irz. X cannot be a superkey since this would imply that

X - YO Z' thus contradicting the assumption théat- — Yis pure. By Lemma
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4.22, it follows that there is relation of at least four tuples with the specified properties,

and this relation has a DV since deleting any of the specified tuples resxilts in Y

being violated. O

While it is easily seen that the if part of this theorem remains valid even when the
restriction tha& be pure is removed, the following example shows that the only if part

does not remain valid & is not pure. In other words, a relation scheme may not be in

ANF yet have no deletion anomaly.

Example 4.12LletR={A, B, G and letZ ={A - - B,C - B}. The only
candidate key i®\C and so both of the dependencies violate the 4NF condition. By
inference rules A9 and A8 (see Chapter 2) it follows Ihatequivalent to the set of FDs
' ={A - B,C - B}. But it follows directly from the definition of a deletion
violation that if a relation has a deletion violation with respegttteen it must also have
a deletion violation with respect B8. However, as mentioned earlier, there can never

be a deletion violation if only FDs are present ang bas no deletion anomaly. 0O

4.5.3. MA, and MA, Anomalies and Normal Forms

In this section we establish the important results that a relation scheme has, an MA
anomaly if and only if it has an MAanomaly and an absence of either anomaly is
equivalent to 4NF. Before deriving these main results, we prove some preliminary
lemmas.

The first lemma is an important result which will be used in the main theorems.
Alternative proofs of the lemma have been given by Seigal. [Sagiv et al. 1981] and
by Vardi [Vardi 1988].
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Lemma 4.24.Let R be a relation scheme, [Etbe a set of FDs and MVDs which
apply to R and let X be a set of attributes which is not a superkey. As before, denote the

elements in DEP(X) by {X. .., %, X3, .. ., )q W, ..., W}. Any relation of two

tuples for which the two tuples are different on every attribute in one of the W's;, say W

but equal on all other attributes satisfies

Proof. For convenience, relabel the elements of D&RE thatw, is relabelled as
W;. Consider now the satisfaction of the dependenci&s iRirstly, letV - Z be any
FD in Z and suppose to the contrary that it is violated imetW =X, ... X% X] . . .

X7 Wa ... W. By the construction af, for V - Zto be violated one must have that
VOWandZn W; #@. FromV - Zand inference rules A5 and A8, it follows that
W - - Z and combining with the fact that -~ -~ W from rule Al1l, and using the
transitivity rule A6, givesX - — Z - Wwhich is the same as - - Z n W; since
DEP(X) coversR. Applying rule A10 toV - Z shows thatv - Z n W;. Then,
sinceV [0 W and the fact thatv andW, are disjoint, it follows tha¥ andZ n W, are
disjoint and so, by rule AX - Z n W; and thus, by property (v) of DERY (refer to
Section 2.4.2)Zn W, O X, ... % X{ ... X. Thisis a contradiction singgén W,

is a nonempty subset @, but, by property (ii) of DEPY), W, is disjoint fromX; . . .

Xp X1 ... X.

The next part of the proof is based on the method used by &esdr{Beeri et al.
1977]. Consider now the case of any MVD- — Zin 2 and suppose to the contrary
that it is violated. From the definitions tpfandt,, the only way for this to happen is for
VOW, ZnW, 2@ and R -V) n W, #@. We can note that these conditions imply
that Z n Wy is a proper subset a;. SinceV 0O W, it follows by rule A5 that
W - ZOZ" Also, by rule A11X - -~ WO X" and so using the transitive rule
X - - Z-W,thatisX - - Zn W, OZX". This is a contradiction since by property

(iif) of DEP(X), Z n W; must be a union of elements in DEPput this cannot occur
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since by property (ii) the sets in DB (are disjoint an& n W; is a nonempty proper

subset oW,. Hence satisfiesV — - Z and the result is established. O

We now illustrate this result by an example taken from the book by Parextadns

[Paredaens et al. 1989].

Example 4.13LetR={A, B, C, D, E, F, and% = {AB - - DE,E - - F,
E - C}. Standard algorithms [Beeri 1980] can be used to show thatiAB, then

X" ={A, B, G and DEPK) = {A, B, C, DE, F, &G The relation shown in Figure 4.7

satisfiesz. O
A B C D E F G
1 1 1 1 1
1 1 1 0 0 1 1

Figure 4.7. An example illustrating Lemma 4.24

We now use this result to derive another important lemma.

Lemma 4.25. Let R be a relation scheme, [Ethe a set of FDs and MVDs which

apply to R and let X be a set of attributes which is not a superkey. If K is a candidate key

for R and W is a set in DEP(X) such that\WK" = @ then Kn Wz @.

Proof. By Lemma 4.24, any two tuple relation for which the tuples are the same
except for those attributes W is in SATE). This implies that the relation is also in

SAT(2k) and hence the two tuples must be distinct on every candidate key from which

the result follows immediately. O

117



Chapter 4. Key-Based Update Anomalies and Normal Forms

This result also has another interesting corollary concerning the relationship between
the dependency basis and the structure of candidate keys. Let us denote the number of

sets in DEPX) which are disjoint fronX™ by |DEPK)| .

Lemma 4.26. If R is a relation scheme, a set of FDs and MVDs which apply to
R and X a set of attributes which is not a superkey, then every candidate key K contains

at least |DEP(X)| attributes.

Proof. Follows directly from Lemma 4.25 and the fact that\Wiein DEPX) are

disjoint (refer to Section 2.4.2). O

We now present one of the main results of this section which shows that 4NF is

equivalent to the condition that a relation scheme have ngp MA

Theorem 4.27. If R is a relation scheme anflis a set of FDs and MVDs that

apply to R and contains at least one nontrivial FD, then R is in 4NF iff it has po MA

Proof.

Only if

As for Theorem 4.3.

If

We shall show the contrapositive thaiRifis not in 4NF then it has an MA We
firstly note that since candidate keys and dependency violation are the same for equivalent
sets of dependencies, then the definition of an, MAndependent of which equivalent
set of dependencies is used and since, as shown in Chapter 2, every set of FDs and
MVDs has a pure cover then, without loss of generdlitgan be assumed to be pure.
If < contains only FDs, then Theorem 4.12 shows haas an MA. Alternatively, if

there is an MVDX - - Yin Z, thenX cannot be a superkey since this would imply
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that X — Y O Z* which violates the assumption thatis pure. We shall now show
that there exists a relation which has an M\h the following proof, we often want to
consider the complement of an MVD as well andXse — Y will often be written as
X - - Y|ZwhereZ=R - XY.

Let K be the primary key dR. Split each of the sel§ Y, andZ into a set which
intersects wittKK and a set which is disjoint frok and thus write the MVIX - - Y|
Z asX'Xx -» - Y'Y¢|Z'Zc whereX = X'X, Y = Y'Yy, Z = Z'Zc andX'Y'Z'n K =
@. Also, since by assumption there is at least one nontriviaKFED A 0 %, it
follows thatR - A is a superkey and $® cannot be a candidate key and hence every
candidate key must be a proper subseR.ofThus at least one of the s&tsY'andZ'

must be nonempty. We now consider several cases separately.

@) Xy =ad.

Define a relatiorr of two tuplest; andt,, such that the two tuples are different on
every attribute. Obviously, 0 SAT(X). Then define the tuple by t*[X] = t,[X],
t*[R-X] = t,[R - X]. The claim is that has an MV whent, is replaced by*. Condition
(i) of an MV, follows from the definition of. SinceX is not a superkey then, by
Lemma 4.1K' - X £ @ for any candidate kelf' and so from the definitions ¢f andr
it follows thatt*[K'] # t,[K'] and thus (ii) holds. Alsa*[K] = t,[K] sinceX, = @ and
so (iii") is satisfied. Condition (iv) follows from the fact ttatz @ (sinceX —» - Yis

nontrivial) and from the definitions ofandt*.

(b) X« # Q.

Firstly, we note that in this case neithgrnor Z, can be empty. To verify this,
assume firstly thatr, is empty. Sinc&K - Y [0 Z*becauseK is a candidate key,
combining this withX —» - Y and using rule A9 implies that - Y O Z* thus

contradicting the assumption ttiats pure. Similarly, iz, is empty then it follows that
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X - Z [ " which again contradicts the assumption that pure. We now break the

proof up into several sub cases.

(b.1) EitherY'2 @ orZ' £ @.

Assume thal'# @. By symmetry, exactly the same argument will appB/ # @.
SinceX - - Y is nontrivial andZ is pure, we firstly claim that there exist3\al]
DEP(X) which is disjoint fromY and fromX". To establish this, we suppose that it is
not the case and derive a contradiction. Wet. . ., W, be the sets in DERJ which are
disjoint fromX*. SinceX - - Y O Z, it follows from the properties of DER) that
Y is a union of elements from DBEB(and, since by assumption there isWiiodisjoint
from Y, thenW, .. . W, O Y. It follows thatZ =R - XYUX7 . . . Xj and thus
X - Zis a nontrivial FD inz*. This contradicts the assumption tlais pure and so
there exists &\, in DEPX) which is disjoint fromX" and.

Construct a relatiom of two tuplesyt, andt,, which are identical on all attributes
except those iWW and modifyr by replacing, by the tuplg* wheret*[Y] £ t,[Y] and
t* andt, are identical on all other attributes. The claim is tHads an MV whent, is
replaced byt*. Condition (i) of an M{follows from Lemma 4.24. Next, |&' be any
candidate key ilR. If K' n Y' =@, thent*[K'] = t,[K'] from the definition oft* and
thust*[K'] # t,[K'] sincer 00 SAT(Zk). Alternatively, ifK' n Y # @, thent*[K'] #
t,[K'] from the definition oft*. Thus the compatibility condition (ii) is satisfied.
Condition (iii") holds becaud® andt, differ only on the attributes in Y', and (iv) is valid

since the tuple® andt, agree orX but differ onY andZ.

(b.2) Y'=@ andZ' = @.
In this case we can write the MVR - - YasX'Xy - - Yy |Zx. We shall
consider separately the two possibilities: (1) there exists a dependenaytina subset

of X, as the left-hand side; (2) there does not exist such a dependency.
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(b.2.1) There exists a dependency iwith a subset oX as the left-hand side.

In other words, there exists eithér - - VorX; - A0 X with X; O X,.

Consider firstly the MVD case. As mentioned previously, since there is at least one
FD in Z, no candidate key coveRsand sinceX; [1 K, eitherV -K'# @ orR - X;V - K
# @. Then the same construction used in case (b.1) showliagtan MA.

Consider next the FD case. Firstly, by Lemma A @annot be a member &f
becauseX; is assumed to be a subseKof Then, sinceX is not a superkey; is not a
superkey and so there exists a noneripty DEP(X;) such thatvV n X7 # @. Choose
arbitrarily any suciWand construct a relationof two tuplest, andt,, for which the
two tuples are identical on every attribute except for tho®e iModify r by replacing,
with the tuplet* which is defined by*[A] # t,[A] andt* andt, are identical for all other
attributes. The claim is thathas an MV whent, is replaced by*. Condition (i)
follows from Lemma 4.24. The compatibility condition (ii) holds since, by Lemma 4.25,
t, andt, differ onK' n W for any candidate kel(', and sa* andt, differ onK' since
t*[W] = t,[W]. Condition (iii') follows becausé, andt* differ only onA and, as
indicated earlierA is not part of the primary key, while (iv) holds becatisandt, agree

on X; yet differ onA.

(b.2.2) There doesn't exist a dependenc¥ imith a subset oK, on the left-hand
side.

Firstly, sinceR is not a candidate key, it follows thdtin the MVD X'X, - - Y\ |
Z, is nonempty.

Construct a relation of two tuplest, andt,, for which the two tuples are identical on
every attribute irX, and different on all other attributes. Define the tupley t*[X] =
t,[X] and for all other attribute® is identical ta,. We claim that has an MV whent,
is replaced byt*. Firstly,r 00 SAT(Z) becausd, andt, are distinct on all attributes
except those iX, and so the only dependency thabuld violate is one with a subset of

X, on the left-hand side and by (b.2.2) this cannot occur. So condition (i) of aisMV

121



Chapter 4. Key-Based Update Anomalies and Normal Forms

satisfied. Next, sinc¥'X, is not a superkey, it follows from Lemma 4.1 that, for every
candidate key', K' - X'X, # @ and so by definition of andt*, t*[K'] # t,[K'] and
thus the compatibility condition (ii) holds. Condition (iii') is satisfied bec&usadt,

differ only onX' and (iv) is satisfied becauseandt, agree orX yet differ onY andZ.

O

The requirement in the theorem that the set of dependencies must contain at least one
FD is necessary for the equivalence of 4NF and,MiAwe drop this requirement, in
other words there are only MVDs in the set of dependencies, then the only candidate key
is R since only trivial FDs are implied by a set of MVDs [Maier 1983]. So every attribute
in Ris prime and it follows from the definitions of modification violations R&ias no
MA,. However, any nontrivial MVD violates the 4NF condition siftes the only
candidate key and so a relation scheme with only MVDs in the set of dependencies is not
in 4ANF yet has no MA A simple corollary of the theorem is the following important

result that 4NF is also equivalent to an absence of andvdémaly.

Corollary 4.28. If R is a relation scheme anflis a set of FDs and MVDs that

apply to R and contains at least one nontrivial FD, then R is in 4NF iff it has po MA

Proof.

If

The contrapositive - that R is not in 4NF then it has an MAanomaly - follows
since by the theorem, R is not in 4NF then it has an MAanomaly, and it follows
directly from the definitions of the anomalies that if a relation scheme has an MA
anomaly then it must have an Manomaly.

Only If
As for Theorem 4.3. O

122



Chapter 4. Key-Based Update Anomalies and Normal Forms

4.5.4. MA, Anomaly and Normal Forms

We now address the problem of deriving necessary and sufficient conditions for a
relation scheme to have no MAWe proved earlier (Theorem 4.14) that in the case
where the set of constraints contains only FDs, the necessary and sufficient condition for
no MA; is a weaker condition than BCNF. The following example shows that similarly,

in the case where the set of constraints includes both MVDs and FDs, 4NF is a stronger

condition than is required for a relation scheme to have ng MA

Example 4.14 Consider the following relation schenfe= {G, S, T, . The
meaning of the attributes ai®:- represents the name of a tutorial grdbiprepresents
the name of a student,- represents the name of a tutdr; represents the time in the
week that a tutorial group meets. A tuplg s, t, » represents the information that a
students attends a tutorial groupwhich is conducted by a tutband the tutorial takes
place at houh. Suppose also that the following rules apply. Each tutorial group can
contain several students and students may belong to several tutorial groups. Each tutorial
group has only one tutor and a tutor may be a tutor to only one group. A tutorial group
may meet several times week with the same set of students and the same tutor. An
example relation is illustrated in Figure 4.8.

From these rules the following set of dependencies can be derived T,
T - G,G - - H}. It can be verified that the candidate keys @®HandHST and
that the MVDG - - His pure.Ris not in 4NF because none of the left-hand sides is

a superkey yet it has no MAnomaly because every attributdirs prime. O
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G S T H
Phyics1 Jones Fermi Mon - 10.00
Physicsl Smith Fermi Tue - 2.00

Databasel Jones Codd Tue - 2.00
Physicsl Jones Fermi Tue - 2.00
Physicsl Smith Fermi Mon - 10.00

Figure 4.8. A relation with no My

We now present the main theorem of this section which gives a necessary and

sufficient condition for a relation scheme to have ng;MA

Theorem 4.29. Let R be a relation scheme and Ebe a set of FDs and MVDs

that apply to R and which contains at least one pure MVD. R has naffMiery

attribute in R is prime.

Proof.
If

Letr(R) be any relation in SAT{). Since every attribute iR is prime, this implies
that any modification which leaves the prime attributes of a tuple unchanged doesn't
change the tuple and stas no MV violation since [ SAT().

Only If

We shall establish the result by showing the contrapositive that if there is a nonprime
attribute inR thenR must have an MAanomaly. Firstly, it follows directly from the
definition of the modification violations and modification anomalies that if a relation
scheme has a modification anomaly (of any type) with respect to one set of dependencies,
then it must also have a modification anomaly (of the same type) with respect to any

equivalent set of dependencies. Since, as outlined in Section 2.4.3 , every set of FDs and
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MVDs has a pure reduced cover then, without loss of genefaigyassumed to be pure
and reduced. Also, if the original set of dependerikiesntains a pure MVD then a pure
reduced cover foE must contain at least one MVD. To establish thisXlet - Ybe a
pure MVD inZ and suppose to the contrary thata pure reduced cover far contains
only FDs. By a well known result (Theorem 7.2 in Maier [Maier 1983]), there must
exist an FDX - Yor an FDX - R - XYin Z;, which are also iiX" sinceZ, is a cover
for Z, thus contradicting the assumption tat: — Yis a pure MVD.

We shall now prove th&® has an MA by showing that there always exists a relation
defined oveR that has an MY We note firstly that, becaugeis pure, for any MVD
X - - Yin Z, X cannot be a superkey since if it was it would imply tkat Y [J
3" thus contradicting the assumption tats pure. LetX — - Y be an MVD inZ.
SinceXYZ=R and by assumptioR contains a nonprime attribute, there are only two
cases to consider: (¥¥ contains a nonprime attribute or (b) oXygontains a nonprime

attribute. We now consider each case in turn.

(a) YZcontains a nonprime attribute.

In this case, the same construction as used in case (b.1) of Theorem 4.27
demonstrates th&t has an MA

(b) Only X contains a nonprime attribute.

In this case we writ&X asX'X, whereX' contains the nonprime attributesXnand
X, contains the prime attributes. We firstly show that we can restrict our attention to the
case where the dependencie& ihave the following property that is a subset of the
left-hand side of every MVD i. If this property is not satisfied then, sin€econtains
all the nonprime attributes R this implies that either the right-hand side of an MVD, or
its complement, contains nonprime attributes and so the same argument as in case (a)
above shows thd& has an MA

We now want to show that there exists aWeah DEP(X,) such thaWV is disjoint

from X§ andW has nonempty intersection with each of the Xet§' andZ. The proof
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of this assertion is rather lengthy and accordingly we present it as a separate following
lemma (Lemma 4.30). Construct then a relatiaf two tuplest, andt,, for which the

two tuples are different on every attributéband equal on all other attributes. Replace

t, by the tuplet* which is defined by*[X'] = t,[X'] andt*[R - X] =t,[R - X]. The

claim is thatr has an M\{{ whent, is replaced by*. Condition (i) follows from Lemma

4.24. Condition (ii) follows from the fact thasatisfies the key constraints aficandt,

are equal on prime attributes, which also implies condition (iii"). Finally, condition (iv)
follows from the fact thatWw has nonempty intersection with bothandZ and so by

definition ofr andt*, t, andt* agree orX but differ on bothy andZ. O

In order to derive the lemma needed for the completion of the theorem, we need the
following algorithm, taken from and based on that given by Beeri [Beeri 1980] and later
by Paredaenst al. [Paredaens et al. 1989], which correctly calculates REPQur
version is simpler than that provided by Paredasra. since we assume the set of
constraints to be reduced and thus each FD contains only a single attribute on the right-

hand side.

126



Chapter 4. Key-Based Update Anomalies and Normal Forms

ALGORITHM 4.2.

INPUT: A relation schem&, a reduced set of FDs and MVDs,which apply taR

and a set of attribute§

OUTPUT: DEPKX)
METHOD:

ar :U', U", V', V", W: sets of attributes;

OLD_DEP, NEW_DEP : sets of sets of attributes;
NEW _DEP = A | AOX} O{R-X;
repeat
for eachU - - Vor U - VIO ZZdo
U":= O{W | WONEW_DEP) and\n U # @)};
V'i=V-U";
ifvV'£0@
then
for eachW O NEW_DEPdo
if Wn V"£@)and (W n V"#W)
then
NEW_DEP := (NEW_DEP -Y}) O
{Wn V", W-V"};
od
od
until (NEW_DEP = OLD_DEP);

We now use the algorithm in the following lemma.

Lemma 4.30. Let X' be the set of all nonprime attributes in a relation scheme R

MVD 2 contains X'.
X Xj, ..

Proof. We shall prove the result by induction on the steps in Algorithm 4.2 used

and letZ be a pure reduced set of FDs and MVDs such that the left-hand side of every

X" and W = X'Y'Z' where Y' and Z' are nonempty subsets of Y and Z respectively.

for generating DER) by showing that if OLD_DEP in the algorithm has the stated
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property in the lemma at the start of the repeat loop, then the new basis, NEW_DEP, will
have the same property at the end of the loop. Initially, beéaas€XYZ OLD_DEP

is setto ¥, ..., % X'YZ4 where X =X;...X% and so obviously the property is
satisfied initially. Then assume inductively that OLD_DEP can be writteXgs { .,

Xpr X1, -« o X, X'Y'Z}. We consider separately the two cases of whether the

dependency that is tested at line 2 of Algorithm 4.2 is an MVD or an FD.

(@) The MVD case

By the assumption of the lemma, any MMD -, - V [0 2 can be written as
X'U" - - V whereU =X'U". ConsidervV" =V - U" which is defined at line 4 of
Algorithm 4.2. Obviously the set'Y'Z'is a subset df)" sinceX' n U = X"and soV"

must be disjoint fronX'Y'Z' and thus, by the inductive assumption, it must be a subset

of the setX; . . . X X7 ... X. Thus the test at line 6 of the algorithm fails sind #
X'Y'Z'then the first condition fails, and\i¥ is any other set in NEW_DEP then, by the
induction hypothesis, it contains only one attribute and so if the first condition in line 6
succeeds then the second one must fail. Hence no change is made to NEW_DEP and so

the inductive property still holds.

(b) The FD case
Consider the effect on NEW_DEP if instead the BD- V is applied at line 2.

Sincez is reducedy consists of a single attribute. We shall break the proof up into the

following exhaustive sub cases.

(b.1) VOX'Y'Z
If VO X'Y'Z'then, by the inductive assumptionmust be a single attribute set in
NEW_DEP and thus the test at line 6 will again fail for the same reasons as in case (a)

and so NEW_DEP is unaltered.
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(b.2) v OX

We shall show that NEW_DEP is unchanged by assuming the contrary and deriving a
contradiction. Sinc¥ is a single attribute and NEW_DEP is updated only if the tests at
lines 5 and 6 succeed, theh# @ and thud/" =V sinceV is a single attribute. Thus if
Wn V'"Z @ thenWn V"=V and so if the test at line 6 succeeds then line 7 is executed
and a set consisting dfalone is added to NEW_DEP. If this happens then, since at any
stage of Algorithm 4.2 and for any s&in NEW_DEP X - - Z[ %", it follows that
X - - VDO Z" and so, since the left and right-hand sides of MVDE are disjoint, a
simple application of the inference rules shows that the M¥D ) X - - YO X'
which contradicts the assumption thatis reduced. Thus NEW_DEP remains

unchanged.

(b.3)VOY".

From the same argument as in case (b.2), if NEW_DEP is modifie&/thecomes
an element of NEW_DEP and - -~ VO Z". We now want to verify that the
inductive hypothesis remains valid. Ml X then the hypothesis is still true so assume
to the contrary tha¥ O X*. It can be easily seen from Algorithm 4.2 that okce
becomes a member of NEW_DEP, it will remain a member andisa member of
DEP(X) and is disjoint fronX". From Lemma 4.24, any two tuple relatiowhich is
identical on every attribute iR exceptV is in SATE). Applying Lemma 4.25 then
shows thatv must be a member of every candidate key. However, since we are
assuming there is an FD - Vin Z, thenR - V is superkey and so contains at least
one candidate key which is disjoint frorrand thus contradicting the fa¢tis a member
of every candidate key. S60 X',

It remains to verify the other inductive property that the ¥&t§" andZ' remain
nonempty ifV is added to NEW_DEP. W becomes a member of NEW_DEP, then by
line 7 the seX'Y'Z'in NEW_DEP is replaced bX'Z'Y'- V. Since by the induction
hypothesisY' 00 Y, thenY'-V O Y and so it suffices to show that -V # @.
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Suppose to the contrary thét- V = @. If this happens, then from the argument in the

previous paragraph and the induction hypothesis, every attribMtenirst be inX* and

soX - YisinZ" and a simple application of the inference rules showsdat. Y is

in =*. However this contradicts the assumption thiat pure and s¥"'-V # @.
(b.4a)vOz

Same argument as in case (b.3) O

We note that in the case tl}atloes not contain a pure MVD (&ads equivalent to a
set of FDs), then the necessary and sufficient condition reduces to the one given in

Theorem 4.14.

4.6. RELATED WORK AND CONCLUSIONS

The results in this chapter build upon the work of Fagin [Fagin 1979; Fagin 1981] and in
this section we review his results and summarise the extension to those results contained
in this chapter. In his earlier work [Fagin 1979], Fagin showed that both BCNF, 4NF
and PJNF all have a similar structure in that each of the normal forms is equivalent to the
condition that any relation satisfying the key constraints must also satisfy a set of
constraints of the corresponding type (FDs for BCNF, FDs and MVDs for 4NF, FDs,
MVDs and JDs for PINF). In fact, for the case of PINF, this property is the definition
proposed by Fagin, whereas in the case of BCNF and 4NF it was proven to be
equivalent to the usual definitions. An immediate consequence of these results is that a
relation scheme is in the appropriate normal form if and only if it has no insertion
anomaly with respect to a set of dependencies of the corresponding type. Thus the
traditional normal forms can be justified on the grounds that they are precisely the
conditions which ensure that, by only checking key uniqueness, the satisfaction of

constraints can be guaranteed after an insertion into a relation.
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In his later paper [Fagin 1981] and as discussed in Chapter 2, Fagin generalised the
types of allowable constraints to include domain constraints and any sentence in first-
order logic involving the attribute names. Motivated by his earlier results just discussed,
he defined the normal form DK/NF (refer to Chapter 2) and proved that a relation scheme
is in DK/NF if and only if it has no insertion anomaly and no deletion anomaly. In the
case where the only constraints are MVDs, FDs and key constraints, this result reduces to
the statement that a relation scheme is in 4NF if and only if it has no insertion anomaly.
In this chapter we have extended this result for the case where the types of constraints
permitted are only FDs and MVDs. For the case of an insertion anomaly, whereas
Fagin's results showed that every relation scheme which is not in BCNF or 4NF must
have at least one insertion violation, we have shown the stronger result (Theorems 4.2,
4.16, 4.19) that every legal relation defined over the scheme which is not in BCNF or
4NF has an insertion violation.

The second contribution of this chapter has been to provide a characterisation of 4NF
in terms of the absence of a deletion anomaly. It was proved (Theorem 4.18) that in the
case of MVD constraints alone, 4NF is equivalent to no deletion anomaly; whereas in the
case of FD and MVD constraints we showed that the same result is still valid (Theorem
4.23) provided that there is at least one pure MVD (see Chapter 2) in the set of
constraints.

The other main contribution of this chapter has been to define a new type of key-
based update anomaly, called a modification anomaly, and derive necessary and sufficient
conditions for its absence in a relation scheme. We defined a modification anomaly as
occurring if the modification of a tuple in a relation results in the constraints being
violated while key uniqueness is satisfied and the identity of the tuple is preserved.
According to three different interpretations of what is meant by preserving the identity of
a tuple, three different types of modification anomalies were defined. For the case of FD
constraints, the main results that we have established are that for two of the modification

anomaly types, the anomalies are equivalent conditions on a relation scheme and they are
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absent if and only if the scheme is in BCNF (Theorems 4.7 and 4.12). However, for the
third type of modification anomaly, we proved (Theorem 4.14) that it is absent in a
relation scheme if and only if it satisfies a new condition that we call prime attribute
normal form (PANF). The PANF condition requires that the relation scheme be in 3NF
and all the attributes in the left-hand side of every FD be prime. PANF is thus a stronger
condition than 3NF but weaker than BCNF. We then showed (Theorem 4.15) that
PANF is not comparable to EKNF, another improvement of 3NF, and that a synthesis
algorithm can be used to generate relation schemes which are in PANF. The relationship
between normal forms and the key-based update anomalies for the FD case is illustrated

in the figure below.

3NF
PANF == MAS3

BCNF =" MA1 =" MA2

Figure 4.8. Relationship between normal forms in the FD case

We then showed that for the more general case where the set of constraints contains
both FDs and MVDs, similar results to those obtained for the FD case apply. In
particular, 4NF is equivalent to no MAnd MA; in a relation scheme provided that the
set of constraints contains at least one FD (Theorems 4.26 and 4.27), whereag for MA
the equivalent condition is that every attribute in the relation scheme be prime provided

that the set of dependencies contains at least one pure MVD (Theorem 4.28). The
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relationship between 4NF and these update anomalies is shown below for the FD and

MVD case.

7 MA3

ANF =7 MA1 = MA2

Figure 4.9. Relationship between normal forms in the FD and MVD case
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CHAPTER 5

UNPREDICTABLE INSERTIONS AND NORMAL FORMS

5.1. INTRODUCTION

In this chapter normalisation shall be viewed from another perspective, that of ensuring
that updates to relations do not behave imv@predictablemanner. This approach is
originally due to Bernstein and Goodman [Bernstein and Goodman 1980] and later
reformulated in a slightly different fashion by Vossen [Vossen 1988]. Both of these
works considered only the case of FD constraints and it was shown that for this case,
BCNF is a necessary and sufficient condition for predictable behaviour in updates to
relations. In this chapter we extended their approach to include MVD constraints. The
results of this chapter will also appear in the literature [Vincent and Srinivasan 1994d].
Firstly, let us explain what is meant by ampredictable updafteby the following
example taken from Codd's original paper [Codd 1972] on normalisation. Let the set of
attributes be E#, JC, D#, M#, Clrand the set of FD constraints bE# - JC D#
M# CT, D# - M# CT, M# - D# CT} where the meanings of these attributes are as
follows: E# - employee numbedC - job codeD# - department numbel# - employee
number of manager ar@T - contract type. The relation shown in Figure 5.1 satisfies

the set of constraints.

"The terminology used here differs from the terminology used by the authors just mentioned. What
is called arupredictable insertiotin this chapter is referred to asiasertion anomalyy those authors.
The reason for adopting a different terminology is to avoid confusion with the update anomalies defined in

other chapters.
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E# JC D# Mi# CT
1 a X 11 g
2 c X 11 g
3 a y 12 n
4 b X 11 g
5 b y 12 n
6 C y 12 n
7 a z 13 n
8 c z 13 n

Figure 5.1. An example illustrating an unpredictable insertion

If one considers insertions for the moment then, intuitively speaking, a relation
scheme has ampredictable insertioff an insertion into one relation defined over the
scheme requires information to be supplied for one set of attributes, while an insertion
into a different relation requires information to be supplied for a different set of attributes.
For example, if in Figure 5.1 one wants to insert the fact that an employeE#with
andJC=dis to work inD# = x then, to satisfy the FD constraints, the valuegi#fnd
CT are already determined by the tuples in the relation and so the inserted tuple must be
<9, d, x, 11, g. In this case, no new information has been supplieM#andCT. If
instead one wants to insert the information that an employe&#i#ti0andJC = cis to
work in a new department with# = w, then new information has to be supplied
concerning thé/# andCT#of departmeniv since there is no tuple with a department
in the relation. So the relation scheme is considered to have an unpredictable insertion
since the two different insertions require different information to be supplied, in other
words the effect of an insertion is not predictable. To be more precise and using the
terminology of Bernstein and Goodman, the insertion of a tupte a relatiorr affectsa

set of attributex if the projection of ontoX is not equal to the projection of] {t}
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ontoX, and conversely isnaffectedf the projections are the same. A relation scheme is
then defined to have an unpredictable insertion if there exists at least two different
insertions on relations defined over the scheme such that the attributes in an FD constraint
are affected by one of the insertions but not by the other. If one notes that every FD is
affected by the insertion of a tuple into a relation which is distinct on every attribute, then
the unpredictable insertion condition can be simplified to the requirement that there exists
an insertion which does not affect an FD.

We adopt a similar approach for the case of MVD constraints. Given a relation
schemer and a sek of FD and MVD constraintsR is defined to have ampredictable
insertionif there exists a nontrivial dependency, eitker» Yor X - - Y,inZ and a
relationr defined ovelR and a tuplé such that andr O {t} have the same projection
onto XY. A relation scheme is then defined to béngertion normal formif it doesn't
have an unpredictable insertion. However, as described in Chapter 3, there are three
equally plausible choices for the set of constraints - the eeFDs and MVDs derived
from the database designplus all MVDsX - — R - XYcorresponding to the MVDs
X - - Yin Z; and lastly,=*, the set of all nontrivial FDs and MVDs implied By
We allow for each of these possibilities and define an insertion normal form
corresponding to each case as {NNF, and INF.

The structure of this chapter and the main results obtained in it are as follows. In
Section 5.3, the relationship between the insertion normal forms and 4NF is investigated
for the case where the only constraints are MVDs. The main results derived are that
INF41, INF, and INF; are all equivalent to each other and to 4NF. In Section 5.4, the
investigation is extended to the case of FD and MVD constraints. Somewhat
surprisingly, for this case, although IN&nd INF are again equivalent to each other and
to 4NF, INR is a weaker condition; in other words, 4NF is a stronger condition than is
necessary to avoid the presence of update anomalies if the only facts allowed are those
which correspond to the dependencie&.inFinally, Section 5.5 contains concluding

remarks. The relationship between the insertion normal forms and BCNF for the case of
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FD constraints alone is not investigated in this chapter since, as discussed previously, it
has already been shown that the insertion normal forms and BCNF are equivalent in this

case [Bernstein and Goodman 1980; Vossen 1988].

5.2. THE DEFINITIONS OF UNPREDICTABLE INSERTIONS

In this section we present formal definitions of unpredictable insertions and the
corresponding normal forms in which these difficulties are absent. Firstly, the only
insertions of interest are those which result in a relation being changed from one valid

state to another valid, but different, state. This motivates the following definition.

Definition 5.1. Let R be a relation scheme and kEbe a set of FDs and MVDs

which apply to it. The insertion of a tuglento a relatiorr(R), denoted byr( +), is said
to be avalid insertionif:

() r O SAT(R);

(htdr,

(i) r O {t} O SAT(EZ).

We illustrate this definition by the following example.

Example 5.1letR={A,B,C}, 2 ={A - B,B - - C}, r ={<1, 1, b, <1,
1, 0> andr, ={<1, 1, , <1, 0, O} (refer to the relations shown in Figure 5.2). Then
(r, +<0, 0, ), resulting in relatiom,, is a valid insertion, but not the insertions:

(@) (4, +<0, 0, B), resulting in relatiom,, violates (i) since, violatesA - B;

(b) (r, +<1, 1, 0), resulting in relatiom,, violates (ii);

(©) (r, +<0, 1, ), resulting in relatioms, violates (iii) sinceB - - C is violated in

ls. O
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r I

B C insert <0, 0,13 A B C

1 1 U 1 1 1

1 0 1 1 0
0 0 1

r s

B C insert <0, 0,13 A B C

1 1 0 1 1 1

0 0 1 0 0
0 0 1

r r,

B C insert<1, 1,03 A B C

1 1 U 1 1 1

1 0 1 1 0
1 1 0

r Is

B C insert <0, 0,13 A B C

1 1 U 1 1 1

1 0 1 1 0
0 1 1

Figure 5.2. Examples of valid and invalid insertions
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We now define the notion of a set of attributes being unaffected by an insertion
which, in the interpretation of Bernstein and Goodman [Bernstein and Goodman 1980],

is the reason for update difficulties in a relation.

Definition 5.2. A set of attributesX is unaffectedby a valid insertionr( +t) if

T (r) = 1i¢(r') wherer' =r O {t}.

For example, leR andZ be as defined in Example 5.1 andrlet{<1, 1, }. Then
BC is unaffected by the valid insertion, (+<0, 1, ) but is affected by the valid

insertion ¢, +<1, 1, 0>). The relations resulting from these insertions are shown in

Figure 5.3.
A B C insert <0, 1, 13 A B C
1 1 1 O 1 1 1
0 1 1
A B C insert <1, 1, 03 A B C
1 1 1 0 1 1 1
1 1 0

Figure 5.3. An example showing the affectation of attributes

As discussed previously in Chapter 3, only certain sets of attributes, called facts, are
usually considered as semantically meaningful for the purpose of update. We adopt the
same approach as in Chapter 3 and consider the following three possible sets of facts.
The first is to define the set of facts to contain the attribute sets corresponding to the

dependencies in the sEtof MVDs and FDs derived from the database design. The
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second is to take into account the special symmetrical nature of an MVD cofsindint
allow the set of attributes in any MVR - - R - XY corresponding to an MVD

X - 5 Yin Zto also be a fact. The final possibility is to extend the set of facts still
further and allow the set of attributes in any nontrivial FD or MVD implie& by be

fact. We now define unpredictable insertions for each of these possibilities.

Definition 5.3. Let R be a relation scheme and kethe a set of FDs and MVDs

which apply toR. A valid insertion ((R), +t) is anunpredictable insertion {referred to

subsequently as a YIif there exists a nontrivial dependertty! Z such that ATTd) is

unaffected by the insertion.

Definition 5.4. Define the set' by ' =20 {X - - R-XY|X 5 - Y[
>}. Avalid insertion ((R), +) is anunpredictable insertion Zreferred to subsequently
as a U}) if there exists a nontrivial dependerety] X' such that ATTq) is unaffected by

the insertion.

Definition 5.5. A valid insertion ((R), +t) is anunpredictable insertion Breferred

to subsequently as a d)if there exists a nontrivial dependertty =" such that ATTd)

Is unaffected by the insertion.

These definitions are illustrated by the following example.

Example 5.2LetR={A, B, G, Z={A - - B}andr =<1, 1, . The insertion
(r, +<1, 0, ) is a Ub and a U4 sinceA - - C is in bothZ' andX*and AC is

unaffected by the insertion, but it is not g BihceAB is affected by the insertion. O

8Refer to rule A4 in Section 2.4.
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A B C insert <1, 0, 13 A B C
1 1 1 O 1 1 1
1 0 1

Figure 5.4. An example of a bJand a U}

Both Bernstein and Goodman [Bernstein and Goodman 1980] and Vossen [Vossen
1988] also considered unpredictable deletions. According to their definitions, a relation
has an unpredictable deletion if the deletion of a tufslemr results in a relation and
bothr andr' are in SATE) and the projections afandr' onto the attributes of some
dependency in Z are identical . However, it follows from this definition that ifas an
unpredictable deletion whernis deleted from it theri has an unpredictable insertion
whent is inserted into it, and conversely iif ¢t) is an unpredictable insertion then the
deletion oft from the resulting relation is an unpredictable deletion. So, since the
occurrence of an unpredictable deletion always implies the existence of an unpredictable
insertion and conversely the occurrence of an unpredictable insertion always implies the
existence an unpredictable deletion, unpredictable deletions will not be considered.

Now, using these definitions of unpredictable insertions in relation instances, the

corresponding normal forms which are free of these difficulties are defined.

Definition 5.6. A relation schemeR is said to be innsertion normal form 1
(abbreviated subsequently to INFf for every legal relatiom defined ovemR, there

doesn't exist a tuplesuch thatr(R), +t) is a Uk.

Definition 5.7. A relation schemeR is said to be innsertion normal forn?2

(abbreviated subsequently to INFf for every legal relatiom defined ovemR, there

doesn't exist a tuplesuch thatr(R), +t) is a Ub.
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Definition 5.8. A relation schemeR is said to be innsertion normal form3
(abbreviated subsequently to INFf for every legal relatiom defined ovemR, there

doesn't exist a tuplesuch thatr(R), +) is a Uk.

We note that sincg 0 ' [0 =¥, it follows directly from the definitions that YO
Ul, O Ulzand so INkKO INF, O INF;. Since INkFand INF are defined in terms of

the set of dependencies rather than its closure, a question that then arises is whether either
of these normal form properties change< ifs replaced by an equivalent set of

dependencies. We shall see in a later section that thetperty does not changeif

is replaced by an equivalent set, but the ,Ip®perty may change in the case of FD and

MVD constraints but not in the case of MVD constraints alone.

5.3. THE CASE OF MVD CONSTRAINTS

5.3.1. The Relationship between Insertion Anomalies

We now consider the relationship between the different types of unpredictable insertions
defined in the previous section. Firstly, the following result from Chapter 3 (Lemma
3.1) is recalled.

Lemma 5.1.If R is a relation scheme ariis a set of MVDs and FDs that apply to

R, then for any nontrivial dependency X- W or X~ W in 2" there exists a

nontrivial dependency X5 — Y or X'— Y in 2 such that X77 X.

Using this result, it is now shown thatldind U} are equivalent.

Lemma 5.2. An insertion (r, +t) is a UJ if and only if it is also a Ul
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Proof.

If

Immediate sinc&' 0 3"

Only If

Suppose that a nontrivial MV - - W in Z"is unaffected by the insertiom, (
+t). Since, by definition of a Ultw(r) = Tew(r') wherer' =r [ {t}, there must exist a
tuplet' O r such that[XW] = t'[XW]. Also, by Lemma 5.1, there exists a nontrivial
MVD in Z of the formX' - - Y whereX' [0 X. Suppose to the contrary that {t) is
not a Ub and so botiX' - - Y andX' - - Z whereZ =R - X'Y are affected byr(
+t). PartitionR into the setX', Y n W, Y-W,Zn W, Z-W and denote the value of
the tuplet on these sets bywg w, V3, W, V5> wherevy =t[X'], vo =t[Y n W], v3 =
t[Y-W], v4 =t[Z n W] andvs =t[Z - W]. Becauser( +t) affectsX' - - Y and
X' - - Z but notX - - W, it follows thatt' = <vq, W, \§, V4, > wherevz #Z v,
andvs # Vi . Since, from the definition of a glr O {t} satisfiesx' - - v, it
follows that there has to be tuplgsandt, inr O {t} with t; = <vi, W», \, V4, V5> and
tr = <vi, Vo, V3, Vg, \&>. However, sinces # v andvs # v thent; andt, are distinct
and neither can be equal tand so both must be m Then, because satisfies
X' - - Y and using; andty, it follows that there is a tuplevg Vo, V3, Vg, V5> [ r

which contradicts the definition of a 4Jihich requires thédt O r. O

We consider now the relationship between a &hid a Uj. In contrast to the
previous result, the following example shows that an insertion that is & Wdbt

necessarily a Yl

Example 5.3 LetR={A, B, G, Z={A - - B}andr ={<1, 1, >, <1, 2, B}.
Then the insertionr( +<1, 3, ) is a Ub sinceA - -~ C [0 X' and the insertion does
not affectAC, but it is not a Ul since the insertion affec -~ - B. In fact, there

doesn't exist a tuplesuch thatr +t) is a Uk since any tuplé which is not a duplicate
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and doesn't affedB can only be of the formls 1,c,> or <1, 2 c,> withc, #1, and
in both cases [ {t} violatesA — —» B. However, there is another relation defined
over the same relation scheme, nanrely{<1, 1, }, such that(, +<1, 1, 2>) is a
Ul,;. It will be shown in the next section that this property holds in general, ig.+j (

is a Ub then there exists andt' such thatr(, +t') is a UL. These insertions are shown

in Figures 5.5 and 5.6. O
r I
A B C insert<1, 3,13 A B C
1 1 1 U 1 1 1
1 2 1 1 2 0
1 3 1

r r
A B C insert <1, 1, & A B C
1 1 0 1 1 1
1 2 1 1 2 1
1 1 Co

r I
A B C insert <1, 2, & A B C
1 1 1 U 1 1 1
1 2 1 1 1 0
1 2 Co

Figure 5.6. Insertions which are not g Ul
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5.3.2. Insertion Normal Forms and 4NF

In this section the main results concerning the relationship between the insertion normal
forms and 4NF when the constraints are restricted to MVDs will be derived. Firstly, it is

shown that 4NF is equivalent to INF

Theorem 5.3.A relation scheme is in 4NF if and only if it is in INF

Proof.

Only If

We shall show the contrapositive thaRifs not in INF; then it is not in 4NF. IR s
not in INF; there exists a relatianand a tuplé such that*, wherer* =r [J {t}, is in
SAT(Z) (and thus also in SALE()) and there is a tuplein r such that[ATT(d)] =
t'[ATT(d)] for a nontrivial dependenayin Z*. So two tuples inr* are identical on the
left-hand side ofl and, since* [0 SAT(Zk), the left-hand side af cannot be a superkey
and soRis not in 4NF.

If Part.

We shall show the contrapositive thaRifs not in 4NF then it is not in INF We
will do this by constructing a valid insertion that does not affect Ao a nontrivial
MVvDd O3*

As Ris not in 4NF, there exists a nontrivial MO - — Y [0 Z* such thai is not
a superkey. Sinc¥ andY are assumed to be disjoint axtl = X asX contains only
MVDs, it follows that DEP(X) can be written a¥X{, . . ., X%, Wy, . . ., W} (refer to
Section 2.4.2). From property (ii) of DE®(Y is equal to a union of elements of
DEP(X). However,Y #W;, ... W, since it would imply by property (i) of DEP th&t
= XY and hence th&X - - Yis trivial. SinceWy, . . ., W, are disjoint (property (ii)
of DEP(X)), this implies that there existdM such thatWV, n Y = @. Then construct a

relationr of two tupled; andt, which are identical on every attribute except thod&/in
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It follows then from Lemma 5.24 that - - Y is unaffected by the valid insertion

({ta}, +t2). O

A comment on the special nature of two tuple relations which has been used in this
proof and in other contexts [Sagiv et al. 1981; Thalheim and Al-Fedhagi 1990] is
appropriate at this point. If one starts instead with a relation of two or more tuples then,
as was demonstrated in Example 5.3, a relation may not have an unpredictable insertion
even if the relation scheme is not in 4NF. So the properties of two tuple relations is
crucial in establishing this result. Next, it will be shown that;INNF, and INF; are

equivalent.

Theorem 5.4.INF4, INF, and INF; are all equivalent conditions on a relation

scheme.

Proof. Since it follows directly from the definitions of the insertion anomalies that
INF3; O INF, O INF4, it suffices to show that INFJ INF; since it follows from
Lemma 5.2hat INF; and INR, are equivalent.

Suppose to the contrary tHats in INF; but not in INR. By Theorem 5.3R is not
in 4NF and so, by Theorem 3.2, there exists a nontrivial N\VD — Y in Z such that
Xis not a superkey. The same construction used in Theorem 5.3 then shows that there
exists a valid insertion that does not afié¥tand so one derives the contradiction Rat

is not in INR. O

One important corollary of the previous theorem is the following result which shows

that INF, and INR have the intuitively desirable property that they do not change if the

set of MVDs is replaced by an equivalent set.
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Corollary 5.5. If > and2; are two equivalent set of MVDs, then a relation scheme

is INF; (or INF,) with respect t& if and only if it is INR (or INF,) with respect t&;.

Proof.
Follows from Theorem 5.4 and the fact that equivalent sets of dependencies have the

same closure. O

5.4. THE CASE OF FD AND MVD CONSTRAINTS

5.4.1. The Relationship between Insertion Anomalies

In this section the results of the earlier sections are extended to the case where the set
constraints contains both FDs and MVDs. Firstly, we show that Lemma 5.2 remains

valid for this more general case.

Lemma 5.6. An insertion (r, +t) is a U] iff it is also a U}.

Proof.

If

Immediate from the fact that 0 =*.

Only If

Denote byd the dependency ik (either an FD or an MVD) which is unaffected by
the insertion. From Lemma 5.1, there are only two cases to consider - the first is when
the corresponding dependencyziis an FD and the other is when it is an MVD.

(i) The FD case.

Assume that the FD i corresponding ta is X - W. By definition of a U4,
Tlat7()(r) = Tat(@)(r') Wherer' =r O {t}. Then by Lemma 5.2X [ ATT(d) and since,
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by definition of a U4, r O {t} satisfiesZ it follows thattyw(r) = Tw(r') and so the
insertion is also a Ul
(i) The MVD case.

Follows from Lemma 5.2. O

As was demonstrated earlier in Example 5.3, this equivalence result doesn't extend to

Ul; and UL.

5.4.2. Insertion Anomalies and 4NF

In this section the other main results of this chapter relating 4NF and the semantic normal
forms INF, INF, and INFK; for the case of FD and MVD constraints will be derived.

Firstly, it is shown that Theorem 5.3 also extends to this case of FDs and MVDs.

Theorem 5.7.A relation scheme is in 4NF if and only if it is in INF

Proof.

Only If

As for Theorem 5.3.

If

We shall show the contrapositive thaRifs not in 4NF then it is not in INF Since
R is not in 4NF, there exists a nontrivial MV - - Y in " such thatX is not a
superkey. We now show thRtis not in INF by constructing a valid insertion that does
not affect eitherXY or XZwhereZ=R - XY

As before, denote the elements of DEPRY {Xy, . . ., %, X, . ., X, Wy, ..,
W,}. SinceXis not a superkey and DER(coversR, there is at least one elem#&Hjtin
DEP(X) which is disjoint fromX". By properties (ii) and (iii) of DEKX), there are only
two cases to consider: (a) there exisfsuch thatV, n Y=@, (b)W, ... W, OY.
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For (a), construct a relatianof two tuplest; andt, such that the two tuples are
identical on every attribute except for thos#\in It follows then from Lemma 5.24 that
XY is unaffected by the valid insertiont{}, +to).

For (b), consider the MVIX - - Z whereZ =R - XY. By inference rule A4,
X - = ZisinZ* and is nontrivial sinc& — - Y is nontrivial. SincéV; ... W, O
Y, it follows that there exists\/, such thaZ n W, = @ and the same construction as in

(a) shows a valid insertion that does not affect O

Next, we show that, as in the MVD case, NIRd INF; are equivalent.

Theorem 5.8.A relation scheme is in INFf and only if it is in INB.

Proof.

Follows immediately from Lemma 5.6. O

A simple corollary of this result is the following lemma which shows that INIS
the desirable property of being invariant under replacement of the set of dependencies by
an equivalent set.

Corollary 5.9. If R is a relation scheme ariland ¥ are two equivalent set of FDs

and MVDs which apply to R, then a relation scheme is iN#h respect t& if and only

if it is INF, with respect with respect .

Proof. Follows directly from Theorem 5.8. O

Next, the following example shows that INK not equivalent to 4NF (and hence

neither to INk nor INF; by Theorems 5.7 and 5.8) when the constraints contain both
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FDs and MVDs. This is in contrast to the case where the only constraints are MVDs,

where INFR is equivalent to 4NF (Theorems 5.3. and) 5.4

Example 5.4Consider the scheme ={A, B, GandZ ={A - - B,B - A,

B - C}. We claim thatR is in INF; but not in 4NF. It can be easily verified that the
only candidate key iR is B and soR is not in 4NF sincé - — B violates the 4NF
condition.

To see thaR is in INF; suppose that there is a valid insertion+f) that doesn't
affect a dependencg 0 . Thenr must contain a tuplé such that'[ATT(d)] =
t[ATT(d)] and, sincer 0 {t} OO SAT(X) and every dependency b contains the
candidate keyB, this implies that' =t which contradicts property (ii) of a valid

insertion. O

A syntactic characterisation of INK5 now provided by the following result.

Theorem 5.10.If R is a relation scheme anH a set of FDs and MVDs which
apply to R then the following are equivalent:

() Risin INF;

(i) For every nontrivial dependency X — Y or X Y inZ, XY is a superkey;

(i) For every nontrivial dependency X - Y or X- YinZ, X - R - XY is

alsoin §.

Proof.
(i) O (i)
Suppose to the contrary that there is a dependency suck¥lgnot a superkey.
The same construction used in Theorem 5.7 then shows that there is a valid insertion

which does not affectY which contradicts the fact thRtis in INF,.
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(i) O (iii)

If X -~ - Y is a nontrivial MVD inZ such thatXY is a superkey theKY - R -
XYis inZ*. Combining this with the fact that . — R - XYfrom rule A4 and using
rule A9 shows thaX — R- XYis also inZ*. Alternatively, ifX - Yis a nontrivial FD
in Z such thatXY is a superkey theX must also be a superkey, or else a simple
application of the inference rules derives the contradictiond¥i& not a superkey, and
soX - R-XYis again inZ".

(i) O (i)

If (iii) holds for any dependencX - Y orX - - YO X, then a simple
application of the inference rules shows tKdtmust be a superkey. Suppose to the
contrary thaR is not in INR. Then by definition there exists a depended¢y and
relationsr andr' =r O {t} in SAT(X) such that andr' have the same projection onto
ATT(d). However this implies that has at least two tuples which are identical on
ATT(d) and so ATT{) cannot be a superkey which contradicts the fact that the set of

attributes in every dependencyzins a superkey. O

As is illustrated by the following example, INRas the rather undesirable feature that
it may change when the set of dependencies is replaced by an equivalent set. This is in
contrast to the case where the constraints contain only MVDs where it was shown to be

invariant.

Example 55letR={A, B, G, 2={A- - B,B- A B> C}land%; =
{A - - C,B- A B - C}. Itfollows from the inference rules th& is the only
candidate key and thatandZ, are equivalent sets of dependencies. From Theorem
5.11,Ris in INF, with respect t& because every dependency contains the candidate

key B, but is not INF with respect t&, becaus@C is not a superkey. O
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5.5. CONCLUSIONS

In this chapter the justification for normalisation has been looked at from the perspective
of avoidingunpredictable insertionso a relation. In this view, a relation scheme is
defined as having an unpredictable insertion if different insertions into relations defined
over the scheme require new values to be supplied for the attributes in an FD or MVD
constraint in one insertion but not for the other.

The contribution of this chapter has been to extend this unpredictable update view of
normalisation to the case of MVD constraints and then to FD and MVD constraints.
Extending the approach for the FD case in an obvious manner, we consider the set of
attributes in an FD or MVD constraint to be a fact and then define an unpredictable
insertion to occur if different insertions into relations defined over the scheme require
new information for a fact in one insertion but not in the other. Three equally plausible
alternatives for the set of facts were then considered. The first being the attribute sets
corresponding to the dependencie& ithe set of FD and MVD constraints supplied by
the database design; the second being the attribute sets corresponding to the dependencies
in £ augmented by the MVDX - — R - XYcorresponding to the MVDX - - Y
in Z; and the third being the attribute sets corresponding to the dependencies in the set of
all nontrivial FDs and MVDs implied by. Corresponding to each of these possibilities,

a relation scheme is defined to be in one of the normal formg INF, or INF; if the
scheme does not have an unpredictable insertion with respect to the set of facts.

The main results derived in the chapter are as follows. For the case of MVD
constraints, 4NF, INE INF, and INR were proved to be equivalent conditions on a
relation scheme. In the more general case of FD and MVD constraints, it was shown that
INF, and INF are equivalent to each other and to 4NF, but, liNFa weaker condition
than 4NF. A syntactic characterisation of |N#as also provided. A corollary of these

results that the normal form INMas the desirable property that it is invariant under
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replacement ok by an equivalent set but INEoes not possess the same property in
general.

We now compare the approach taken in this chapter to the redundancy approach taken
in Chapter 3. From the definition of an unpredictable insertion, if an insertiet) {s
an unpredictable insertion then it follows that {t} has at least two tuples which are
identical on ATT(l), for some dependency and so the relation is redundant according
to the definitions in Chapter 3. However, as the following example demonstrates, a
relation being redundant does not imply that it has resulted from an unpredictable

insertion because an unpredictable insertion has the more stringent requirement that the

relation on which the insertion was performed is in SAT(

Example 5.6.LetR = {A, B, G, £ = {A - - B} and consider the relation
shown in Figure 5.7. The relations in SATE) and contains two tuples which are
identical onAB. Howevery cannot have resulted from an unpredictable insertion since,
if any tuplet is removed fronm, the relatiorr - {t} is not in SATE), and so the insertion

(r - {t}, +t) is not an unpredictable insertion. O

L e B
© o r r |B
o »r o r (O

Figure 5.7. A relation which is not a result of an unpredictable insertion
In contrast, in terms of relation schemes, the results of this chapter show that the

insertion normal forms in the chapter are equivalent to the redundancy free properties

defined earlier in Chapter 3. To be more specific, the following equivalencestis|d:
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in INF, = Risnot RED < Risin INF = Ris not REQ (Theorems 3.14, 3.15, 5.7,

5.8) andR is in INF, = Ris not REDQQ (Theorems 3.17 and 5.11). Also, because of
these equivalences and Theorem 3.18, it follows that the three insertion normal forms
defined in this chapter, although they are not in general equivalent for the case of FD and

MVD constraints, are equivalent if the MVDs are pure (refer to Chapter 2).
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CHAPTER 6

FACT-BASED UPDATE ANOMALIES AND NORMAL
FORMS

6.1. INTRODUCTION

In this chapter, the relationship betwdaot-based update anomalfe@s distinct from

the key-based update anomalies analysed in Chapter 4) and the syntactic normal forms
BCNF and 4NF is investigated. This approach is closest to the original justification of
normal forms given by Codd [Codd 1972] and is also the informal justification often
given for normal forms in database texts [Date 1990; El-Masri and Navathe 1989; Uliman
1988a]. Similar to the work on key-based update anomalies in Chapter 4, this approach
is based on looking at desirable properties of a relation when it is updated, as opposed to
the approach in Chapter 3 where the desirable static property of an absence of redundancy
was investigated. However, similar to Chapter 3, the work in this chapter uses the fact-
based approach which interprets subsets of attributes of a relation scheme, rather than the
whole scheme, as being the fundamental units of information. Intuitively speaking, a
fact-based update anomaly occurs when as a result of a relation scheme storing several
independent facts, fact values in a relation cannot be independently manipulated without
violating a relational constraint. Normalisation then attempts to overcome this problem

by designing relations so that facts which cannot be independently updated are not stored

9 To avoid repetition, in this chapter the term update anomaly will always refer to a fact-based update

anomaly unless stated otherwise.
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in the same relation scheme. We now illustrate these ideas with an example based on

Codd's work.

Example 6.1.The set of attributes i, D#, M# and the set of FD constraints is
{E# - D#, D# - M#, M# - D#} where the meanings of these attributes are as
follows: E# - employee numbeD# - department numbel# - employee number of
manager. The primary key of the relation schentg#is The relation shown in Figure

6.1 satisfies the set of constraints.

E# D# M#
1 X 11
2 X 11
3 y 12
4 X 11
5 y 12
6 y 12
7 z 13

Figure 6.1. An example of update anomalies

Codd assumed that the facts correspond to FDs and so the set of faé¢tPig, D#
M#}. Codd allowed relations to contain null values but required that the primary key of
every tuple in a relation must be full (contains no null values). The relation shown above
then has the following processing difficulties. Firstly, one cannot insert a tuple
consisting of a fact value about a department and its manager, such as depathasent
managed.5, into the relation since this would imply that in the new tuple the value of the
primary key,E#, would be null. So a new fact value relating a department and its
manager cannot be independently inserted into the relation. This problem is referred to as

aninsertion anomaly We note that implicit in this approach is the assumption that
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containing null values are permitted in tuples. This differs from the work in Chapter 5
where it was assumed that partial tuples are not permitted in relations.

The second problem is that if one wants to delete the fact value that eniplesees
the organisation then, if this is done by deleting the tuple for empihytae fact value
that department has a managelr3 is also deleted because it is the only tuple in the
relation containing this information. This difficulty is referred to delation anomaly

The last type of processing anomaly occurs when the manager of a department
changes. For example, if the manager of departméento be changed td4 then, in
order to ensure that the updated relation will satisfy the set of constraints, several tuples
will have to be changed and in general the number of tuples to be changed will vary with
time. This problem is referred to aseplacement anomalyLooked at from another
perspective (which will be used later in the formal definitions), this difficulty occurs
when the replacement of a fact value in only a single tuple, rather than all the tuples

storing the same fact value, causes the constraints to be violated. O

As mentioned in Chapter 1, Codd didn't formally investigate update anomalies and it
was not until relatively recently that a formal analysis was undertaken by Chan [Chan
1989]. Chan provided formal definitions of the three types of fact-based update
anomalies 4nsertion anomaly, deletion anoma#nd replacement anomaly and
investigated their relationship to syntactic normal forms, both for single and multiple
relation schemes, in the case of FD constraints. Even though we feel that some aspects
of the relationship between insertion and deletion anomalies and normal forms require
further investigation, we don't pursue the issue in this chapter. This is because, as will
be discussed in more detail later in Section 6.6, we feel that a more thorough
investigation is outside the scope of this thesis since it requires the incorporation of null
values and their effect on dependency satisfaction. Instead, the contribution of this
chapter is to investigate the relationship between a replacement anomaly and the normal

forms 4NF and BCNF from a different perspective from that of Chan.
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Chan defined a replacement anomaly as occurring when the replacement of the values
of some attributes in a tuple results in the constraints being violated. The attributes
whose values in a relation can be modified are an arbitrary, user defined set and not
necessarily related to the FD constraints. Also, replacements which violate key-
uniqueness are permitted. We propose an alternative definition which we feel is more
consistent with Codd's original fact-based approach and the basic principles of the
relational model. No explicit limitation is placed on which attribute-values can be
changed in a tuple as long as the attributes are members of a single fact, but only
replacements which satisfy key-uniqueness are permitted. We then define a relation
scheme as having a replacement anomaly if there exists a legal relation defined over the
scheme such that the replacement of a fact value in a tuple results in key-uniqueness being
maintained but the FD and MVD constraints being violated; in other words, a fact value in
a tuple cannot be independently replaced. We now illustrate this definition by an

example.

Example 6.2.LetR={A, B, G, Z ={A - B, B- C} and let the set of facts be
{AB, BC}. Consider the relatioshown in Figure 6.2R has a replacement anomaly
sincewhen tuple &, 2, > is replaced by &, 1, 2>, so that a fact value f@C is

replaced, the new relation satisfies the key constraints (&irscthe only candidate key)

but violatesB - C. O
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A B C
1 1 1
2 2 1

replace <2, 2, 1> by <3, 2>

U
A B C
1 1 1
2 1 2

Figure 6.2. An example of a replacement anomaly

As we noted in Chapter 3, there are several approaches to determining the set of facts
in a relation scheme. In this chapter, as in Chapters 3 and 5, the original approach of
Codd is adopted and we assume that the set of facts contains the sets of attributes
appearing in the FDs and MVDs which apply to a relation scHenwe note that the
alternative approach, which was discussed in more detail in Chapter 3, is to assume that
the set of facts can be defined independently of the FD and MVD constraints [Beeri et al.
1981; Chan 1989; Desai et al. 1986; Maier et al. 1987; Maier et al. 1983; Maier et al.
1986; Maier and Ullman 1983; Sciore 1980]. In accordance with our approach in
Chapters 3 and 5, we allow for three different sets of facts which correspond to different
alternatives for the set of constraints. These alternative sets of constraints areX the set

of FDs and MVDs derived from the database desigplus all MVDsX - - R - XY

10this is a slight extension of Codd's approach since he considered only FDs and so assumed that
facts corresponded to the attribute sets in the FD constraints, whereas we have extended this approach and

assumed the set of attributes in an MVD to also be a fact.
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corresponding to the MVDX - - Yin Z; and lastly, the set of all nontrivial FDs and
MVDs implied byZ. According to each of these choices for the set of facts, different
subtypes of a replacement anomaly are defined along with three normal forms for relation
schemes, referred to BRNF;, FRNF, andFRNF; respectively, which are free of the
corresponding type of replacement anomaly.

The main results derived in this chapter on the relationship between syntactic normal
forms and the replacement normal forms are as follows. In the case of FD constraints,
FRNF;, FRNF, and FRNE are proven to be equivalent to each other and to BCNF. A
similar result is also shown to hold for the case where the only dependencies are MVDs
when BCNF is replaced by 4NF. However, in contrast to what occurred for the
redundancy and unpredictable insertion properties examined in Chapters 3 and 5, for the
most general case where the set of constraints includes both FDs and MVDs, the normal
forms FRNFR, FRNF, and FRNFE are again equivalent to each other and to 4NF. Thus
the normal form FRNfis not equivalent to the properties IN&hd not RED (defined in
Chapters 3 and 5) which are similarly defined in terms of only the dependerities in

The other contribution of this chapter is to define several subtypes of a more
restrictive type of replacement anomaly and investigate the relationship between their
absence in a relation scheme and the syntactic normal forms BCNF and 4NF. Motivated
by the works of Biskup and themtity-relationship approacto data modelling [Batini et
al. 1991, Biskup 1989; Biskup and Dublish 1991; Chen 1976], rather than regarding the
set of attributes in a dependency as an indivisible unit of information, the approach
adopted is to view the sets of attribu¥andY in a dependencX - YorX - - Yas
playing different roles X is interpreted as representing some entity and the attributes in
Y are interpreted as the propertieXofWe then consider fact replacements whererthe
values can change, but not tkealues which, in this approach, represent the identity of
an entity. A modification anomaly is then defined to be a replacement anomaly where the
only attribute values which can be modified are those belonging to the right-hand side of

a dependency. As for a replacement anomaly, we define three semantic normal forms
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(referred to a&MNF;, FMNF, andFMNF;) corresponding to the same three choices for
the set of facts. The main results derived in this chapter concerning these normal forms

is to show that they are equivalent to the fact replacement normal forms discussed earlier.

6.2. THE DEFINITIONS OF UPDATE ANOMALIES AND
FACT-BASED NORMAL FORMS

The formal definitions of fact-based modification and replacement anomalies are now
presented. As mentioned in Section 6.1, the definitions are based on the widely used
approach of interpreting sets of attributes in a relation scheme as representing the
fundamental units of information for retrieval and update. [Bernstein 1976; Chan 1989;
Desai et al. 1987; Hall et al. 1976; Jajodia and Ng 1983; Nijssen and Halpin 1989; Sciore
1980; Vossen 1988].

6.2.1. Modification Anomalies

The interpretation of a fact-based modification anomaly is based on differentiating
between the roles of the attribute Xetnd the attribute satin a fact corresponding to an

FD X - Yoran MVDX - - Y. The set of attributeX is interpreted as representing
the attributes of an entity and the set of attribitess the properties of the entiXy
Before giving the formal definition of the modification anomalies, we recall the definition

of a compatible tuple given in Chapter 4.

Definition 6.1. Let R be a relation schemé& a set of FDs and MVDs which

apply toR andr(R) a relation defined ove®. A tuplet* is said to beompatiblewith r if
r O {t*} is a relation in SATEK).

Using this definition and modelling the modification of a tuple as the deletion of the

tuple followed by the insertion of the new tuple, a modification violation is now defined.
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Definition 6.2. A relation r(R) has amodification violation (abbreviated
subsequently tvMV,) with respect to aeduced sek of FDs and MVDs if there exists a
tuplet O r and a tuplé* defined oveR such that:

() r OSAT(Z);

(i) t* is compatible withr(- {t});

(ii) t andt* differ only on some set of attribut®¥ssuch that there exists eithér—

YoX--YinZwithY'OY;

(iv) {r - {t}} O {t*} violatesz.

We note that a reduced set of dependencies is used in this definition because the
dependencies in such a set cannot have their left or right hand sides decomposed and so
are irreducible units of information [Desai et al. 1986; Desai et al. 1987]. We now use
the definition of a modification violation in a relation instance to define a normal form for

relation schemes which ensures that these violations can never occur.

Definition 6.3. A relation schemdR has amodification anomaly Yabbreviated
subsequently tMA,) if there exists a relatior{R) which has an MY. A relation scheme
Ris infact modification normal forg(abbreviated subsequentlyRMNF,) if it doesn't

have an MA.

As was done in previous chapters, we now extend these definitions to allow for

different sets of facts.

Definition 6.4. A relation r(R) has amodification violation 2(abbreviated

subsequently taMV,) if it satisfies all the conditions of Definition 6.2 except that

condition (iii) is changed to:
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(i) t andt* differ only on some set of attribut&s such that there exists either

XsYoX oo YinZ'withY'OY;

Definition 6.5. A relation schemdR has amodification anomaly Zabbreviated
subsequently tMA,) if there exists a relation(R) which has an MY. A relation
schemeR is infact modification normal form @abbreviated subsequentlyRMNF, ) if

it doesn't have an MA

We note that in the case where the set of constraints contains only FDs; amd1V

an MV, are identical and thus so are FMNifd FMNFE .

Definition 6.6. A relation r(R) has amodification violation 3(abbreviated
subsequently taMVs) if it satisfies all the conditions of Definition 6.2 except that
condition (iii) is changed to:

(i) t andt* differ only on some set of attribut&¥ssuch that there exists a nontrivial

dependencyX - Y orX - — Y inZ"withY'0Y

Definition 6.7. A relation schemdR has amodification anomaly 3abbreviated
subsequently tMAy) if there exists a relatior{R) which has an MY. A relation scheme
Ris infact modification normal forg abbreviated subsequentlyRMNF,) if it doesn't

have an MA.

The following example illustrates the previous definitions.

Example 6.3.Let R = {EMP, DEPT, MNGRand Z = {EMP - DEPT,
DEPT - MNGR}. The only candidate key IEMP. The relatiorr shown in Figure
6.3 has both an MVand an M\{ when the tuple Ball, Accounts, Jonesis updated to

<Ball, Finance, Joneg, resulting in the relatior, sincer andr' differ only onDEPT,
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which is the right-hand side &MP - DEPT, andr' satisfiesXk but violates

DEPT - MNGR O
r
EMP DEPT MNGR
Jones Tax Allen
Carter Finance Stark
Ball Accounts Jones

replace <Ball, Accounts, Jones> by <B#&lipance, Jones>

O

r ]

EMP DEPT MNGR

Jones Physics Allen

Carter Finance Stark

Ball Finance Jones

Figure 6.3. An example illustrating modification violations

We note that sincg 0 ' 0 =¥, the following implications follow directly from the
definitions: a relatior has an M\ O r has an M O r has an M\, and thus,
correspondingly in relation schemes: a relation schieisen FMNF; [0 Ris in FMNF,

O Ris in FMNF,. We also note that in the definitions of modification violations, the
dependency which is violated by the modification can be any dependehgy is not
necessarily the dependency whose right-hand side attribute values are modified by the
update that is violated. For instance, in Example 6.3, the attribute on the right-hand side
of EMP — DEPTIis modifiedbut the FD violated iPEPT -~ MNGR

A few comments on the relationships between the above definitions and the

processing problems defined in the previous chapters are appropriate at this point. For
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the redundancy properties introduced in Chapter 3 (refer to Definitions 3.1 - 3.3), it is
easy to prove that if a relation has two or more tuples which are identical on the set of
attributes in a dependency then, by changing the values of the right-hand side attributes in
one of the tuples to values which are distinct from any appearing in the relation, a
modification violation results. This implies that the following implications are valid for
relation schemes: FMNFE] -RED;, FMNF, 0 -RED,, FMNF; 0 =RED;. Interms

of relation instances firstly, the converse property - that if a relation has a modification
violation then it must contain redundancy - is not valid since, in Example 6.3, a relation
was constructed which has a modification violation but does not contain redundancy.
However, as will be seen later, in terms of relation schemes the converses do hold and
the fact modification normal forms defined above will be demonstrated to be equivalent to
the corresponding redundancy-free properties.

There are several differences between fact-based modification anomalies and the key-
based modification anomalies analysed in Chapter 4. Firstly, in the fact-based
definitions, only attribute-values in the right-hand side of a dependency can be modified,
whereas in the key-based modification anomalies either no restriction is placed on which
attributes can be modified (in the case of a key-baseg) EiVany attributes which are
not part of the primary key (in the case of a key-based MY part of any candidate key
(in the case of a key-based M)Vare allowed to be modified. Secondly, key-based
modifications require that the identity of a tuple be preserved during the modification.
These differences mean that the definitions are not comparable and reflect the fact that
they make different interpretations regarding the semantics of a relation. In the key-based
approach, a tuple is regarded as the fundamental semantic unit of information whose
identity is given by its candidate key values, whereas in the fact-based definitions it is
assumed that the set of attributes in a constraint is the atomic unit of information whose
identity in a tuple is given by the values of the attributes.

Lastly, in relation to the unpredictable insertions investigated in Chapter 5, it was

noted in Section 5.5 that if a relation has an unpredictable insertion then it contains
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redundancy and so, from the previous discussion concerning redundancy and fact-based
modification anomalies, it follows that the relation must also have a modification
violation. The following example shows, however, that a relation may have a

modification violation without having an unpredictable insertion.

Example 6.4.Let R ={A, B, G and letZ = {A - - B}. Consider the relation
shown in Figure 6.4. The relatiorhas an M\ when the tuple %, 0, @ is replaced by
<1, 2, 0>. We claim though that there is no tupkuch thatr, +t) is an unpredictable
insertion of any type. This is because the definitions of all the types of unpredictable
insertions require that[ {t} be in SATE) andt[A] = 1, but there is no tuple with this
property. To verify this assertion, because of the tuples alreadwittert[B] ort[C]
must be distinct from both andl in order fort not to be a duplicate of a tuple already in

r. It then follows easily from the definition of an MVD thail {t} violatesA - - B

and so(, +t) is not a valid insertion. O
A B C
1 0 0
1 1 1
1 1 0
1 0 1

Figure 6.4. A relation without an unpredictable insertion

In terms of relation schemes though, it will be seen later that the fact modification

normal forms are equivalent to the corresponding unpredictable insertion normal forms.
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6.2.2. Replacement Anomalies

In this section we define replacement violations, replacement anomalies and the
corresponding normal forms which are free of the anomalies. As discussed in Section
6.1, our definition of a replacement anomaly is based on interpreting the set of attributes
in a dependency as being an indivisible unit of information and thus the values of any
attributes in a fact can be replaced. So the modification anomalies defined in the previous
section are special cases of replacement anomalies where only some of the attributes in a

fact are allowed to be modified. Formal definitions are now presented.

Definition 6.8. A relation r(R) has areplacement violation Ilabbreviated
subsequently tdRV,) if it satisfies all the conditions of Definition 6.2 except that
condition (iii) is changed to:

(i) The set of attributes on whidrandt* differ is a subset of AT} whered is
an FD or MVD inZ.

Definition 6.9. A relation schemdr has areplacement anomaly {abbreviated
subsequently t®A,) if there exists a relatiorn(R) which has an RY A relation scheme
Ris infact replacement normal form(abbreviated subsequentlyR&NF,) if it doesn't

have an RA

Definition 6.10. A relation r(R) has areplacement violation Zabbreviated
subsequently tdR\,) if it satisfies all the conditions of Definition 6.2 except that
condition (iii) is changed to:

(i) The set of attributes on whidhandt* differ is a subset of ATH) whered is
an FD or MVD inZ'.
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Definition 6.11. A relation schemd& has areplacement anomaly 2Zabbreviated
subsequently t&Ay) if there exists a relatior(R) which has an RY A relation scheme
Ris infact replacement normal form(abbreviated subsequentlyR&NF,) if it doesn't

have an RA.

As in the case of a modification anomaly, for the situation where the only constraints

are FDs we note that Rvnd R\ are equivalent and thus so are FRERd FRNE.

Definition 6.12. A relation r(R) has areplacement violation Jabbreviated
subsequently tdRV;) if it satisfies all the conditions of Definition 6.2 except that
condition (iii) is changed to:

(i) The set of attributes on whid¢randt* differ is a subset of ATT™) whered is
a nontrivial FD or MVD inz".

Definition 6.13. A relation schemd& has areplacement anomaly @Gabbreviated
subsequently t®Ay) if there exists a relatiorn{R) which has an RY A relation scheme
Ris infact replacement normal form(abbreviated subsequentlyR®NF;) if it doesn't

have an RA

The following example illustrates the previous definitions.

Example 6.5.LetR={A, B, G, Z ={A - B, B- C} and letr = {t;, t;} where
t;= <1, 1, B andt, = <2, 2, . The relatiorr is shown in Figure 6.5. Therhas both
an RV, and an RYwhen €, 2, > is updated to 2, 1, 2> since the attributeBC are
contained in the FIB - C and the resulting relatiom’, is in SATEk) (sinceA is the
only candidate key) but violates the BD- C. We also claim thathas no MV and so
RV, and MV, are not equivalent conditions on a relation instance. To verify this,

consider the modification of eithgrort,. From the definition of an My only the right-
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hand side of an FD can change and so onlBthalue or theC value (but not both) of a
tuple can be changed. Suppose firstly théd modified tot'. If t,[B] is changed then
A - B is still satisfied becausqA] # t,[A] and B — C is still satisfied becausqC]
=1,[C]. If insteadt,[C] is modified, therAB is still satisfied becaus§A] # t,[A] and

BC is also satisfied becausB] # t,[B]. Similar arguments apply  is modified and

sor does not have an MV O
r
A B C
1 1 1
2 2 1

replace <2, 2, 1> by <2,2>

O

r 1
A B C
1 1 1
2 1 2

Figure 6.5. An example illustrating replacement violations

We note that it follows directly from the definitions of replacement violations that the
following relationships hold between the different types of violations and anomalies: a
relationr has an RYO r has an RYO r has an RY, and thus in relation schemes: a
relation schem®is in FRNR O Ris in FRNR O Ris in FRNR. Also, the following

relationships hold between the replacement violations defined in this section and the
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modification violations defined in the previous section: MY RV, MV, [0 RV,, MV3

0 RVj3, and correspondingly between the normal forms: FRNAFFMNF;, FRNF, [
FMNF,, FRNR O FMNF;. Itis noted that, as shown in Example 6.5 where a relation
was constructed that had an Rahd an RY but neither an Mynor an M\4, some of the

converses to these implications are not valid.

6.3. THE CASE OF FD CONSTRAINTS

In this section, syntactic normal forms will be derived which are equivalent to the
semantic modification and replacement normal forms defined in the previous sections for

the case where the only constraints are FDs.

6.3.1. Modification Anomalies and Normal Forms

In this section we derive the main results concerning the relationship between BCNF and
the modification normal forms. Firstly, two preliminary lemma derived in Chapter 4

(Lemmas 4.10 and 4.5) are recalled.

Lemma 6.1. Let > be a set of FDs and let X A an FD in2 such that X is not a

superkey. Then for every candidate key K, K XA
Lemma 6.2. If r(R) be a relation in SAT) and X is a set of attributes that is not a
superkey, then for any tuplétr there exists a tuple t' such that P& t'[X '], t[A] O

rfA] for all A [J(R - X) and r 7 {t'} is a relation in SATE).

The next lemma is also a simple consequence of a result in an earlier chapter

(Corollary 3.3).

170



Chapter 6: Fact-Based Update Anomalies and Normal Forms

Lemma 6.3.Let = be a reduced set of FDs. If X A is a nontrivial FD inz"

such that X is not a superkey, then there exists an EDACin 2 such that Z is not a

superkey.

Some preliminary results will now be derived concerning the relationship between the
different types of modification violations. These results are both interesting in their own
right as well as being needed later in the proofs of the results concerning normal forms.

The first lemma shows the equivalence of an;MKRd an M\4.

Lemma 6.4. A relation r has an MYif and only if r also has an MV

Proof.

Only If
Automatic since (72",

If
Let A be the attribute updated and Yet- A the corresponding nontrivial FD K.
By Lemma 6.3 there exist8 -~ Ain X and so it follows immediately from the

definition of an M4 that the update is also an MV O

Consequences of the previous result are the following important corollaries which
establish the intuitively desirable results that the property of a relation having an MV
(and thus also a relation scheme being in FMNunchanged if the set of dependencies

is replaced by an equivalent set.

Corollary 6.5. A relation r has an MYwith respect to a set of FDs iff it also has

an MV, with respect to any equivalent set of FDs.
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Proof. Follows directly from Lemma 6.4 and the fact that equivalent sets of FDs

have the same closure. O

Corollary 6.6. A relation scheme R is in FMNRmith respect to a set of FDs if

and only if it is FMNFE with respect to any equivalent set of FDs.

Proof. Immediate from Corollary 6.5. O

Next, the main results of this section are derived.

Lemma 6.7. Let R be a relation schemg,a set of FDs which apply to R and
suppose that R is not in BCNF. For every nonempty relation r(R) in2pAthere
exists a tuple t' such that’r {t'} has both an Myand an MV.

Proof. SinceR is not in BCNF, by Lemma 6.3 there is a nontrivial ED> A in
> such thaf is not a superkey. Hence by Lemma 6.2, for any tulple there exists a
tuplet' such that[Z*] =t'[Z*], t[B] Or[B] forallBO (R-Z") andr' =r O {t'}is a
relation in SATE). Define the tuplg* by t*[R - A] = t'[R - A] and lett*[A] be assigned
a value such that[A] O r[A]. The claim is that' has an M\{ and an M\§ whent' is
modified tot*.
Conditions (i), (iii), and (iv) of the definition of an M\are automatically satisfied. For
the compatibility condition (ii), ifA O K, thent*[K] = t'[K] and so (ii) is satisfied
because is in SATE) and hence also iak. If A K, thent*[K] O r'[K] by the

construction of* and so (ii) is again satisfied. Hentéas an MY and also an My O

Although the previous lemma shows that for any relatialefined on a relation

scheme which is not in BCNF, there existsuch that O {t'} has an M4, in Example
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6.5it was shown that itself may not have an MMand hence neither an MYy Lemma

6.4)

We now present the main theorem of this section.

Theorem 6.8. If R is a relation scheme, then the following are equivalent:
() Ris in BCNF,;
(i) Ris in FMNF;
(i) R is in FMNF,.

Proof. We shall show (i)2 (i) O (iii) O (i).

(i) O (i)

Assume to the contrary thRtis in BCNF but is not in FMNJ§ Then there exists
tuplest, t* and a relatiom(R) such that the relatiarf, wherer* = {r - {t}} O {t*}, isin
SAT(Zk) but violates some FIX - AinX. If X — A'is violated inr*, there have to
be at least two tuples with identicdlvalues. But this implies tha¢ cannot be a
superkey because* [0 SAT(Zk) and so the assumption thRtis in BCNF is
contradicted.

(i) O (iii)

Follows directly from the definition of the normal forms.

(i) O (i)

We show the contrapositive thaRfis not in BCNF then it is not in FMNF Firstly,
since attribute domains are assumed to be infinite and any relation that contains no
duplicate attribute values automatically satistiest follows that there are an infinite
number of relations which satis®y. Letr be any such nonempty relation. It follows
from Lemma 6.7 that there exidtsuch thar O {t} has an M\{ and sOR is not in

FMNF;. O
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It is noted that the last part of proof in the above theorem is also a consequence of
Theorem 3.7 and the observation, mentioned earlier in Section 6.2.1, that if a relation

scheme is in FMNRhen it is not RER (refer to Definition 3.1 in Section 3.1).

6.3.2. Replacement Anomalies and Normal Forms

In this section, the relationship between BCNF and the replacement normal forms is

investigated. Firstly, a preliminary result is presented.

Lemma 6.9. Let R be a relation scheme and Xebe a set of FDs which apply to R. If
R is not in BCNF then every relation r(R) that is in SATdnd contains at least two

tuples has an Ry

Proof. SinceR is not in BCNF, then by definition there exists a nontrivial XD A

in =* such thai is not a superkey. A simple application of inference rules then shows
thatR - A - Ais nontrivial FD inZ" and so, by definition of a replacement violation,
every attribute irkR can be modified during a replacement. t @ndt, be any two tuples

inr. Define the tuple* by: t*[X] = t;[X], t*[R- X] O r. Such a tupl¢* always exists
because of the assumption of infinite domains. The claim is tiet an RYwhent, is
replaced by*.

Conditions (i), (iii) and (iv) of the definition of an R¥re automatically satisfied by the
definition oft*. For condition (ii), it follows from Lemma 6.1 that for any candidate key
K,K-X# @ and so by definition of*, t*[K - X] O r[K - X] and so (ii) is also

satisfied. O

The following example demonstrates that a relation defined over a scheme which is
not in BCNF may not have an R¥nd so, in contrast to the situation for Mdhd MV;
where they were shown in Lemma 6.4 to be equivalent conditions on a relatipandV

RV, are not equivalent conditions on a relation.
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Example 6.6Let R ={A, B, G and letZ = {A - B}. The only key isAC and soR
is not in BCNF. Let be the relation shown in Figure 6.6. We claim thiaas no RY.

Suppose that the first tuple, callegdis changed. If has an RYwhent, is replaced by
t*, then sinceA - B is the only FD, the update must violate this FD and*§A] =

t,[A]. But by definition of an RY, t; andt* can differ only orAB and hencé*[AC] =

t.{AC] = t,[AC] which violates the key uniqueness condition. Similar arguments apply if

the other tuple is changed andratoesn't have an RV O
A B C
1 1 1
2 2 1

Figure 6.6. A relation which has an Rbut not an RY

Although the previous example showed that a relatioray have an Rybut not an

RV, the next result shows that there always exists a tupleh that [0 {t'} has both

an RV, and an RY.

Lemma 6.10. Let R be a relation schemg,a set of FDs which apply to R. If R is
not in BCNF then, for every nonempty relation r(R) in SATihere exists a tuple t'

such that r7 {t'} has both an RYand an RY.

Proof. Immediate from Lemma 6.7 and the fact that an;MValso an Ryand an

RV, is also an RY. O
Also, in addition to the fact that a relation may have an BM not an RY, the

following example shows that a relation may have an RY not an M\ (and hence

neither an M\ by Lemma 6.7).
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Example 6.7As in the previous example, IB= {A, B, G and letz = {A - B}.
The only key isAC and saR is not in BCNF. Let be the relation shown in Figure 6.7.

r has an RYwhen <2, 2, 2> is replaced by, <2, 2>. Howevery does not have an

MV ; since modifying the value & in either of the two tuples does not caBse Bto

be violated. O
A B C
1 1 1
2 2 2

replace <2, 2, 2> byk 2, 2>

U
A B C
1 1 1
1 2 2

Figure 6.7. A relation with an R\but not an M\{

However, despite the different types of modification and replacement violations in
relation instances not being equivalent, the next theorem shows that an absence of any of

the replacement anomalies in a relation scheme are equivalent conditions to each other and

to BCNF.

Theorem 6.11. If R is a relation scheme, then the following are equivalent:
() Ris in BCNF;

(i) R is in FRNF;

(i) R is in FRNFR,.
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Proof. As for the proof of Theorem 6.8 and noting that FRNFFMNF. O

6.4. THE CASE OF MVD CONSTRAINTS

In this section, the relationship between the semantic normal forms and 4NF is examined

for the case where the only constraints are MVDs.

6.4.1. Modification Anomalies and Normal Forms

In this section we look at extending the results of Section 6.3.1 to the case of MVD
constraints. As we now indicate, several of the lemmas established in that section are not
valid for this case. Firstly, Lemma 6.2 is not valid since it was shown in Example 6.4
that, for a relatiom in SAT(Z), there doesn't always exist a tupkuch that O {t} is

also in SATE). Next, the following counter-example demonstrates that Lemma 6.3 is

not valid in the MVD case.

Example 6.8.Let R ={A, B, G and letZ = {A - - B}. It follows from inference
rule A4 (see Chapter 2) that—. —. Cis a nontrivial MVD inZ" but there is no MVD in
> of the formX - - C. O

Similarly, the following counter-example shows that even if we weaken Lemma 6.3

by requiring that the corresponding dependency 2, irather than irx as required by

the lemma, then the modified lemma is still not valid for the MVD case.
Example 6.9.LetR={A, B, C, D and letZ = {A -~ - BC,A - -~ CD}. By

applying rule A4,2' ={A - - BC,A- - CD, A- - D,A - -5 B} It

follows from a simple application of the inference rules that - C is a nontrivial
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MVD in Z* yet there is no MVD irix' of the formX - - C.

O

However, the following result shows that a weaker result than Lemma 6.3 holds for

the MVD case.

Lemma 6.12. If X - - AY is a nontrivial MVD inz" such that X and AY are

disjoint then there exists a nontrivial MVDV - AW in2".

Proof. From Lemma 4.1, there exists a nontrivial MVD - - Y'[J X with X'
O X. A is disjoint fromX' sinceA is disjoint fromX, and soA must either be a
member ofY' or Z' whereZ' = R - XY. The result follows immediately sin¢é— - Z

O X from inference rule A4. O

We now explore the relationships between the different types of modification
violations. Firstly, the following example shows that a relation may have aybhtV

not an M\ and so Lemma 6.does not extend to the MVD case.

Example 6.10 LetR={A, B, C,D, Eand letz ={AB - - C,CD - - A} It
follows from an application of the inference rules that {AB -~ —~ C, AB - — DE,
CD - - A CD - - BE}andABD - - CDis a nontrivial MVD inZ*. Consider the
relationr shown in Figure 6.8. It can easily be seen thats an M\ when 9, 0, 0, O,
0> is replaced g, 0,1, 1, 0> since only the value &D, which is the right-hand side of
an MVD in Z*, is modified by the replacement and the modified relation violates
CD - - A. Howeverr does not have an M\&ince only the attribute values of one of
the attribute setsd, DE, A, BE can be modified and no change to these values in either

of the tuples results in an MV O
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A B C D E
1 1 1 1 1
0 0 0 0 0

replace <0, 0, 0, 0, 0> by <0, 0,1, 0>

U

[
A B C D E
1 1 1 1 1
0 0 1 1 0

Figure 6.8. A relation with an Mybut not an M\

Next, we show that a relation may have an,Nout not an MV.

Example 6.11.As in Example 6.8, leR = {A, B, G and letZ = {A - - B}.
Consider the relationshown in Figure 6.9r has an M\ when the tuple ¥, 0, > inr
is replaced by the tuplel<0,0> since the MVDA - - CisinZ* and the resulting
relation,r', violatesA - — B. Howeverr does not have an M\since no change to

theB value of a tuple im can result irA - — B being violated. O
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A B C
1 1 1
1 0 1

replace <1, 0, 1> by <1, 0>

U
r
A B C
1 1 1
1 0 0

Figure 6.9. A relation with an Mpbut not an M\

This example also demonstrates that Corollary 6.5 is not valid for the MVD case; in
other words, a relation can have an MMth respect to one set of MVDs but not with
respect to an equivalent set. This is because the relation given in the example was shown
not to have an MY with respect to the setA{ —~ - B}, but the argument used also
shows that the relation has an Mwith respect to the equivalent seA { - C}.
However, as will be seen later, Corollary 6.6 is still valid for the MVD case. In addition,
Example 6.11 shows that Lemma &hot valid in the MVD case since it can easily be
verified that there is no tuptenvhich can be inserted into the relation so that{t} has
an MV; because, for this to happen, one must have[iigt 1 and then it can easily be

verified thatr O {t} O SAT() and so does not have an MV
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Despite many of the preliminary lemmas of Section 6.3.1 not being valid for the MVD
case, we now show that the main theorem of that section, Theorean Gi&
relationship between the BCNF and the modification normal forms, also extends to the

MVD case.

Theorem 6.13. If R is a relation scheme, then the following are equivalent:
() Ris in 4NF;

(i) R is in FMNF;

(ii) R is in FMNFR;

(iv) R is in FMNR.

Proof. We shall show (iYJ (i) O (iii)) O (iv) O (i).

(i) O (i)

As for Theorem 6.8.

(i) O (iii)

Follows from the definitions of the normal forms.

(i) O (iv)

Follows from the definitions of the normal forms.

(iv) O ()

As mentioned earlier in Section 6.2.1, if a relatiosin SATE) and contains two or
more tuples that are identical on the set of attributes of an MVD- Yin Z, then it is
easy to verify that the relation has an MWhen theY-value of one of the tuples is
changed to a value which is distinct from thealues inr. Taking the converse, this
implies that if a scheme is in FMNEhen it is not REPand so by Theorems 3.10 and
3.11 itis in 4NF. O

6.4.2. Replacement Anomalies and Normal Forms
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In this section, we consider the extension of the results of Section 6.3.2 for the case of
MVD constraints. Firstly, we show that the analogue of Lemma 6.9 is still valid in the

this case.

Lemma 6.14.Let R be a relation scheme and Xebe a set of MVDs which apply to
R. If Ris not in 4NF then every relation r(R) in SBThat contains at least two tuples

has an RY.

Proof. SinceR is not in 4NF, then by definition there exists a nontrivial MVD
X - - Yin X" such thai is not a superkey. A simple application of inference rules
then shows thaX (R - XY)- - Y is nontrivial MVD inZ* and so, by definition of a
replacement violation, every attributeRcan be modified during a replacement. The

same argument used in Lemma 6.9 shows that there exists a relation that has an RV

O

With regard to the equivalence of the different types of replacement violations in
relations, a relation may have an f)it not an RYand a relation may have an Rbut
not an R\{. These conclusions follow from the results of Section 6.3.2 and the fact that
if a relation has a modification violation then it also has a replacement violation of the
same type. Also, Lemma 6.10 is not valid for the MVD case because it was shown in
Example 6.4hat, for any relatiom, there doesn't always exist a tupkich that O {t}
satisfies a set of MVD constraints and so, by definition of a replacement violation,
r O {t} does not have a replacement violation of any type. However, we now show
that, as for modification anomalies, the analogue of Theoremsyvhlid for the MVD

case.

Theorem 6.15 If R is a relation scheme then the following are equivalent:

() Ris in 4NF;
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(i) R is in FRNF;
(ii) R is in FRNF;
(iv) Ris in FRNH.

Proof. (i) O (ii) follows from the same argument used in the first part of Theorem
6.13. (i) (i) and (iii) O (iv) follow directly from the definitions of update anomalies

and (iv)O (i) follows from Theorem 6.13 and the fact that FRNFFMNF,. O

6.5. THE CASE OF FD AND MVD CONSTRAINTS

In this section, we investigate the relationship between the various types of replacement
normal forms and the syntactic normal forms for the most general case where both FDs

and MVDs are present.

6.5.1. Modification Anomalies and Normal Forms

We firstly prove that Theorem 6.13 extends to the case of FD and MVD constraints.

Theorem 6.16. The following are equivalent conditions on a relation scheme R:
() Ris in 4NF;

(i) Ris in FMNF;

(ii) R is in FMNR;

(iv) R is in FMNR.

Proof.

(i) O (i)

As for Theorem 6.8.
(i) O (iii)

Follows directly from the definitions of the normal forms.
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i) O (iv)

Follows directly from the definitions of the normal forms.

(iv) O ()

We shall prove the contrapositive thaRifs not in 4NF then it is not in FMNF If R
is not in 4NF, then by Theorem 3.2 there exists a nontrivial dependéngyY or
X - - Yin Z such thaX is not a superkey. We now show how to construct a relation
r which has an Mywhich implies thaR is not in FMNF.

As discussed in Section 2.4.2, the dependency baXisREPX), can be written as
{Xe, oo % XL, X, Wy, L., W) Since DEPK) coversR andX is not a
superkey, then at least one of Wéesmust be nonempty.

Suppose firstly that the dependencyiniolating 4NF is the FIX - Y. Construct
a relation of two tuples in which the tuples are identical on all attributes except one of the
W's It follows from Lemma 4.24 that the relation is in SEY.( Set the value of in
one of the tuples to a distinct value such that the tuples are now differéntitocen be
easily verified that this update satisfies the requirements of anavi/ soR is not in
FMNF,.

Alternatively, suppose that the dependency¥ inolating4NF is the MVDX - - Y.

We now consider separately the cases whereXYa3 a superkey and (Y is not a

superkey.

(a) XY is not a superkey.

Form the tablealxy as described in Section 2.5, Tet = chase(Txy) and letr =
p(T*) be the relation derived from any one-to-one valuagion From Lemma 3.4,
consists of two or more tuples and every tuple is identicxYend thus every tuple n
is distinct onZ whereZ =R - XY. By changing th&-value of any tuple im to a new

value, it follows that has an MV.
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(b) XY is a superkey.

Form the tablealy as described in Section 2.5, Tet = chaseg(Tyx) and letr =
p(T*) be the relation derived from any one-to-one valugiioBy Lemma 3.6, all tuples
inr are identical ofiX andr contains at least two tuples. Suppose firstly that there exist at
least two tuples in which don't have identical-values. In this case, change ¥ealue
of one of the tuples to a new value that is nat itt follows that the new relation is in
SAT(Zk) but violatesX — - Y and sa has an MV. Alternatively, suppose that every
tuple inr is identical orZ. From Lemma 2.2, this implies thét— Zis an FD in=* and
it is nontrivial sinceX andZ are disjoint. From a straightforward application of Lemma
2.2 ([Beeri and Vardi 1981b]), there has to be a nontriviaM~D Ain Z for every
attributeA in Z. Modify theA-value in any tuple of to a new value. It follows that the

new relation is in SAT{k) but violatesv - A and sa has an MV. O

We note that the equivalence between FNB&iRd 4NF demonstrated in this theorem
is in contrast to the results obtained in Chapters 3 and 5 for the semantic properties
similarly defined using the attribute sets3nas facts. It was shown in Chapter 3
(Example 3.1) that the property of a relation scheme not being, RE® weaker
condition than 4NF and in Chapter 5 it was similarly shown (Example 5.5) that the
semantic normal form INFs a weaker condition than 4NF. It is now demonstrated that
the differences between these semantic normal forms disappear when the set of

dependencies is pure (refer to Section 2.4.3).

Lemma 6.17.If R is a relation scheme ardis a pure set of FDs and MVDs that

apply to R then R is in FMNHf it is not RED.
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Proof.

Only If
As for Theorem 6.13.

If

The contrapositive, that if a scheme is not in FMN#en it is in REDR, will be
shown. Using Theorem 3.17, it is sufficient to show that there is a dependiency
or X - - Yin Z such thatXY is not a superkey. We recall thatRfis not in FMNF,
there exists a relationin SAT(Z) such that if a tupléin r is modified to a tuplé¢' by
changing the values of', thenY' [0 Y for some dependency - YorX - - YinZX
and the new relatiom,, violatesX but satisfiezk. Thus inr', either an FDV - W or
an MVDV - - Wis violated and, for this to happen, there has to be at least two tuples
in r' which are identical oW and, since" satisfies>k, V cannot be a superkey. In the
case of the dependency violated being the\FD W, a simple application of the
inference rules shows thetV cannot be a superkey. Alternatively, if the dependency
violated is the MVDV - - W, thenVW cannot be a superkey or else Lemma 3.12

would imply thatV — R - VWis in X" contradicting the assumption thats pure. O

Since INF was shown in Chapter 5 to be equivalent RED,, it follows from this

lemma that INFis also equivalent to FMNRwhen the set of dependencies is pure.

6.5.2. Replacement Anomalies and Normal Forms

In this section, we investigate the relationship between the replacement normal forms and
ANF. We prove that a similar result to Theorem 6.16 is valid for replacement normal

forms.

Theorem 6.18 If R is a relation scheme then the following are equivalent:

() Ris in 4NF;
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(i) R is in FRNF;
(ii) R is in FRNF;
(iv) Ris in FRNH.

Proof.

(i) O (ii)

As for Theorem 6.8.

(i) O (iii)

Follows directly from the definitions of the normal forms.

(i) O (iv)

Follows directly from the definitions of the normal forms.

(iv) O ()

Follows from Theorem 6.16 and the fact that FRNFFMNF;. O

6.6. RELATED WORK AND DISCUSSION

The work of Desagt al.[Desai et al. 1986; Desai et al. 1987], while not directly related

to normalisation, gives an interesting perspective on the fact-based approach to
interpreting database semantics. They proposed, as we have assumed in this chapter, that
a tuple in a relation is not the atomic unit of information. For instance, taking an example
from their work, given the relations scheRe {Student, Course, Grafand a tuple

<Smith, Comp352,3A then the tuple contains more than the fact valueimthhas a

grade ofA in Comp352 It also contains the following subfacts values:

Smith is a student,
COMP352 is a course,
Ais a grade,

Smith has taken COMP352,
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Smith has an A,
Somebody has an A in Comp352, and

Smith has an A.

Since some facts are subsets of others, they consider the facts in a relation scheme to
have a lattice structure based on set inclusion. They then defined procedures for defining
the insertion and deletion of fact values in a relation. In general, these procedures may
result in more than one tuple being modified since they allow for a fact value to appear in
several tuples and also permit null values. This is contrast to the work in this chapter
where only a single tuple is modified during an update and null values are not allowed.
The main result of their first paper was to show that if one defined a view mapping by
extracting all the distinct values of a fact in a relation, then the view mapping has several
desirable properties [Dayal and Bernstein 1982; Furtado and Casanova 1985] with
respect to insertions and deletions. We note that in this paper, dependencies were not
considered and so the procedures for inserting or deleting fact values do not involve
checking for dependency violations.

In the second paper, they considered the presence of FD constraints and assumed that
the set of attributes in an FD is always a fact. The procedures for the insertion and
deletion of facts were then modified to ensure that the updated relation satisfies the set of
FD constraints. It was then noted that it some cases it is not possible to delete a fact and
satisfy a set of FD constraints and they derived an algorithm for testing if a fact is
deletable. In contrast again to the work in this chapter, key constraints were not explicitly
considered.

The work by Chan [Chan 1989] is more closely related to our approach than the work
of Desaiet al.just discussed. Chan investigated the relationship between the three types
of update anomalies and normal forms in the case of FD constraints. He initially adopted
a general approach and allowed the set of facts to be independent of the FD constraints

and, based on Codd's original assumption that the primary key values in a table not be
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null, he defined a relation scheme to be free of insertion and deletion anomalies if every
fact contains the primary key of the relation sch@&nélis rationale for this definition is

that if this condition is satisfied, then the insertion of a fact value results in the satisfaction
of the constraint that the primary key be non null and similarly, in the case of a deletion,
the deletion of a tuple containing a fact can only result in the removal of fact values that
include the primary key. Chan then adopted a more restricted approach to defining the set
of facts and proved that if the set of facts is chosen to correspond to the nontrivial FDs in
>*, then a relation scheme is free of insertion and deletion anomalies if and only if the
scheme is in BCNF. Although Chan's approach implicitly assumes that nulls are
permitted in relations, no account was taken of the effect of null values on the definitions
of FD satisfaction, key values or normal forms. We feel that a more complete
investigation of the relationship between normal forms and fact-based insertion and
deletion anomalies requires the incorporation of null values and so, as mentioned in the
introduction to the chapter, we have not pursued the matter as it is outside the scope of
the thesis. Also, in the case of deletions, deleting a tuple in order to delete a fact value is
only one possible approach and, as noted by others [Desai et al. 1986; Desai et al. 1987;
Fagin et al. 1986; Fagin et al. 1983], other approaches are possible since defining
precisely what is meant by a fact deletion is a rather subtle issue. We noted in Section
6.1 that Chan also investigated the relationship between a replacement anomaly and
normal forms but, as discussed previously, his definitions differ from ours and so his

results are not comparable to ours.

6.7. CONCLUSIONS

In this chapter, we have investigated the relationship between the absence of several types
of fact-based replacement anomalies in a relation scheme and the syntactic normal forms
ANF and BCNF. We defined a relation scheme to have a replacement anomaly if there

exists a legal relation defined over the scheme such that the replacement of a fact value in

189



Chapter 6: Fact-Based Update Anomalies and Normal Forms

a tuple results in key uniqueness being satisfied but the set of dependencies being
violated. As in Chapters 3 and 5, we assumed that the set of facts contains the sets of
attributes appearing in the FD and MVD constraints. Three possible alternatives for the
set of constraints were then considered. The first being the afeED and MVD
constraints supplied by the database design, the second beingifaigaiented by the

MVDs X - - R - XYcorresponding to the MVDX - - Yin Z, and the third being

the set of all MVDs logically implied by. Corresponding to each of these possible sets

of facts, a relation scheme is defined to be in the normal forms ERMNENF, or

FRNF; if the scheme does not have a replacement anomaly with respect to the set of
facts.

The other contribution of the chapter has been to investigate the relationship between a
more restricted type of replacement anomaly, called a modification anomaly, and the
normal forms BCNF and 4NF. The definition of a modification anomaly is based on
distinguishing between the roles played between the sets of attiibateby in the FD
X - Yor MVD X - = Y. Xis interpreted as representing an entity and the attributes in
Y as being the properties of the entity. A modification anomaly is then defined as a
special type of replacement anomaly which occurs when only-tadues in a tuple can
be changed. As for a replacement anomaly, three normal forms for a relation scheme
were defined which guarantee an absence of a modification anomaly in the scheme
according to which set of constraints is chosen.

The main results derived in the chapter are as follows. For the case where the only
constraints are FDs, the modification normal forms FNNFMNF,, FMNF; and the
replacement normal forms FRNFFRNF, and FRNEk were shown to be equivalent to
each other and to BCNF. For the cases where the set of constraints contains only MVDs
or, most generally, where the set of constraints contains both FDs and MVDs, the
modification normal forms FMNf FMNF,, FMNF; and the replacement normal forms
FRNF;, FRNF, and FRNEK were shown to be equivalent to each other and to 4NF.
This equivalence between FMNFRNF and 4NF in the case where there are both FD
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and MVD constraints is in contrast to the results of Chapters 3 and 5 where the semantic

normal forms, which were similarly defined using only the dependenciEs were

shown to be weaker conditions than 4NF.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1. CONCLUSIONS

In this thesis, we have addressed the problem of providing a formal justification for the
use of normal forms in relational database design. We have formally defined four
different properties that it is desirable that a relation scheme should possess. These
properties are: an absence of redundancy, an absence of key-based update anomalies, an
absence of unpredictable insertions and an absence of fact-based update anomalies. The
motivation for each of these properties is as follows. An absence of redundancy ensures
that a relation will not contain duplicate information; an absence of key-based update
anomalies ensures that as long as a simple type of constraint, called a key constraint, is
satisfied by a relation after an update then the new relation will automatically satisfy all
the more complex types of constraints (such as FD and MVDs); an absence of
unpredictable updates ensures that in making insertions to a relation, different insertions
do not require different information to be supplied; and lastly, an absence of fact-based
update anomalies ensures that the atomic units of information stored in a relation can be
independently updated.

For each of the properties just mentioned and for three possible choices for the set of
dependencies, normal forms were defined (called semantic normal forms) which
encapsulate the desirable processing properties with respect to the set of dependencies.
The problem of deriving equivalent conditions (called syntactic normal forms) to these
semantic normal forms, in terms of the properties of the set of dependencies, was then

addressed. For some of the semantic normal forms, we proved that, depending on the
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types of constraints permitted, either BCNF or 4NF are equivalent conditions to the
semantic normal forms, but for other semantic normal forms the equivalent syntactic
normal forms are weaker than BCNF or 4NF. In particular, we proved that if the set of
dependencies includes both FDs and MVDs but not the symmetric counterparts of MVDs,
then the semantic normal forms defined with respect to this set of dependencies are
weaker than 4NF. For another desirable property of a relation scheme, an absence of a
key-based modification anomaly in which no candidate key value is changed, we proved
that in the case of the only constraints being FDs, the equivalent syntactic normal form is
a new normal form which lies between 3NF and BCNF and, in the case of both FD and
MVD constraints, the equivalent syntactic normal form is a weaker condition than 4NF.
An overview of the relationships between the various semantic normal forms defined in
this thesis and the syntactic normal forms BCNF and 4NF is presented in Figures 7.1 -
7.3 for the cases where: the only constraints are FDs, the only constraints are MVDs,
and lastly, when the constraints include both FDs and MVDs (REED, and RER are

defined in Chapter 3; MA MA,, MA; and PANF are defined in Chapter 4; INENF,

and INF; are defined in Chapter 5; FMNFFMNF,, FMNF;, FRNF, FRNF, and

FRNF; are defined in Chapter 6).
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3NF

PANF =- MAS

BCNF =" RED1 = RED3
= MA1= MA2
= INF1 = INF3
= FMNF1 = FMNF3
= FRNF1 = FRNF3

Figure 7.1. The relationship between normal forms for the FD case

ANF == RED1 = RED2 = RED3
= INF1 = INF2 =INF3
= FMNF1 = FMNF2 = FMNF3
= FRNF1 = FRNF2 = FRNF3

Figure 7.2. The relationship between normal forms for the MVD case
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- MA3

7 RED1 = INF1

ANF == RED2 = RED3
=" MA1 = MA2
INF2 = INF3
FMNF1 = FMNF2 = FMNF3
FRNF1 = FRNF2 = FRNF3

Figure 7.3. The relationship between normal forms for the case of FDs and MVDs

7.2. FUTURE WORK

The approach taken in this thesis also suggests several other areas of research where a
similar approach would be useful. These areas include: normal forms in the presence of
more general constraints than FDs and MVDs, generalisation of the model to allow nulls

in relation, normalisation in the presence of multiple relations, normal forms for some of
the newer data models such as the nested relational model and deductive data models.

We now discuss each of these extensions in turn.

7.2.1. Normal Forms and Join Dependencies

As discussed in Chapter 2, several normal forms have been defined, both in the research
literature and well known database texts [Date 1990; EI-Masri and Navathe 1989; Yang
1986], for the case where the constraints can also in¢gtudedependenciegIDs).

However, it has been shown [Orlowska and Zhang 1992] that many of these normal
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forms are not equivalent and it is not clear what their properties are. There is some
justification for the original normal form &J/NF defined by Fagin since its definition is
semantic in nature and implies that a relation scheme being in PJ/NF is equivalent to the
condition that the relation scheme has no key-based insertion anomaly. Most of the other
normal forms, though, are defined syntactically. For instance, Maier [Maier 1983]
defined a relation scheme to beweak 5NFf every component of the nontrivial JDs
implied by the set of constraints is a superkey and noted that this condition is weaker than
PJ/NF. An interesting area of research would be to extend the definitions of the
semantically desirable properties introduced in this thesis to the case of JDs and
investigate if any of the definitions of normal forms for this case can be derived from

some desirable semantic property.

7.2.2. Normal Forms and Null Values

Another natural extension of the work in this thesis is to generalise the type of values
allowed in a relation and permit the presenceuwf values[Codd 1979; Codd 1986;

Codd 1987]. We noted in Chapter 6 that a more thorough examination of the relationship
between fact-based insertion and deletion anomalies and normal forms requires null
values to be taken into account since this approach implicitly assumes that null values are
permitted. From a purely practical point of view, it is also desirable to investigate the
implications of permitting null values since incomplete information occurs frequently in
practical database applications.

There are at least three interpretations for null values that are commonly used [Atzeni
and DeAntonellis 1993] (although some people have argued that there are more [Date
1990]). These interpretations are: to represent a value that is known to exist but whose
current value is unknown (referred to asearstential nul); to represent a value that is
not applicable (often referred to asiaapplicable nul); and lastly, to represent a value
for which nothing, neither its existence or applicability, is known (referred tanas a

information nul). While most of the research on nulls has concentrated on their effect on
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guery interpretation, some researchers have also investigated the changes required to the
definitions of dependency satisfaction and the corresponding dependency inference rules
when null values are permitted [Atzeni and Morfuni 1984; Lien 1979; Vassilou 1979;
Vassilou 1980; Zaniolo 1984]. As would be expected, one effect on the inference rules is
that the rules are weaker than in the case where nulls are not permitted and, in particular,
the transitive rule (see rule A3 in Chapter 2) is no longer valid. Another topic of research
would be to investigate whether the results obtained in this thesis remain valid when null
values in a relation are permitted and the definitions of normal forms correspondingly

altered.

7.2.3. Multiple Relations

In this thesis, normalisation has been studied only in the context of a single relation. A
natural generalisation is to consider the justification for normal forms in the presence of
multiple relations. This adds a level of complexity because, in the presence of multiple
relations, constraints may span relations and so one firstly has to consider precisely what
it means for a set of relations to satisfy a set of constraints. This issue has been
extensively investigated in the contextumiversal relation databasdgkorth et al. 1984;

Maier and Ullman 1983; Maier et al. 1984; Ullman 1983b] and the common consensus
today on what it means for a set of relations to satisfy a set of constraints is based on the
weak instancapproach first formulated in the early 1980's by Honeyman and Sagiv
[Honeyman 1980; Sagiv 1981]. Roughly speaking, a set of relations is defined to satisfy
a set of constraints if there exists a single relation, called the universal relation, containing
every attribute in the set of relation schemes such that the universal relation satisfies the
set of constraints and each relation is contained in the projection of the universal relation

onto the set of attributes in the relafibn

1we note though that while this is a relatively natural definition of the satisfaction of constraints in

the FD case, it is not entirely satisfactory in the case of MVD constraints because, in this case, every set
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The question of whether some sets of relation schemes have more desirable properties
has been researched by several people. The earliest was by Sagiv [Sagiv 1983] who
investigated the property ehidependencevhich ensures that the satisfaction of the
constraints in each relation is sufficient to imply satisfaction by all the relations in the
weak instance sense. Since then, many other desirable properties have been proposed
[Atzeni and Chan 1987; Chan and Atzeni 1992; Chan and Hernandez 1991; Chan and
Hernandez 1988a; Chan and Hernandez 1988b; Chan and Mendelzon 1987; Graham and
Yannakis 1984; Hernandez and Chan 1991; Sagiv 1988] but, apart from the work of
Chan [Chan 1989], the issue of normalisation in the context of multiple relations has not
been investigated. As mentioned in Chapter 7, the approach of Chan, although utilising
the fact-based approach which has been widely used in this thesis, differs from our
approach and so another avenue of research would be to investigate the extension of our

approach to multiple relations.

7.2.4. Normal Forms in other Data Models

One natural generalisation of the relational model which has been extensively investigated
in the last decade is timested relational modé¢also referred to ason first normal form

or NF2) [Jaeschke and Schek 1982; Makinouchi 1977; Schek and Scholl 1986]. The
nested relational data model relaxes the rule that attribute values in a relation be atomic
and instead allows a set of values. For some applications where the data has a naturally
nested structure, modelling the application data as nested relations can result in a more
natural model of the application. Even for applications implemented as flat relations,
being able to group attribute values and apply set operations is still often required and

such queries can be formulated more naturally in a nested query language [Levene and

of relations has a weak instance by adding the appropriate humber of tuples. For MVDs a different

definition of satisfaction (called completeness) has been propegeham et al. 1986]
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Loizou 1989; Roth et al. 1987; Roth et al. 1988] than in a flat query language, such as
SQL [Date 1987], where such operations have to be done in a rather unnatural fashion
using the GROUP BY operator.

Several syntactic normal forms have been proposed for nested relations [Embley et al.
1993; Mok et al. 1992; Ozsoyoglu and Yuan 1985; Ozsoyoglu and Yuan 1987a; Roth and
Korth 1987] but, with the exception of the work by Embégyal, most of the research
has not addressed the issue of providing a formal justification for the normal forms and
so this is an issue that needs further research. It is interesting to note that in respect to
nested relations, normalising these relations can result in less fragmentation than for the
flat relational model. For instance, if one takes the well known example [Date 1990] of a
relation with attribute€COURSE TEACHER TEXT with the constraint that a
COURSEcan have multipl&f EACHERsand multipleTEXTs but theTEACHERsand
TEXTsof aCOURSEare independent, then this can be naturally modelled by allowing
the attributesSTEACHERandTEXT to be set valued. An instance of such a nested

relation is shown below in Figure 7.4.

COURSE TEACHER TEXT
Physics {Allan, Jones} {Mechanics, Optics}
Maths {Jones, Smith} {Calculus, Algebra}

Figure 7.4. A nested relation

This relation has no processing difficulties and is normalised according to the
definitions of nested normal forms in the works previously cited. However, when this
nested relation is converted to a flat relation, the MMDURSE- — TEACHERnhoIlds
in the flat relation and so violates 4NF. In order to avoid processing difficulties, the
relation scheme must be split iM@®OURSE TEACHERNdCOURSE TEXT

Another generalisation of the relational model which has been the focus of

considerable research ateductive data mode|€eri et al. 1989; Ullman 1985; Ullman
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1988a; Ulliman 1988b]. These models are basddgia programmingLloyd 1987] and
extend the power of relational systems by the incorporation of deductive processing. In
most deductive data models, information is divided into two clasgéensional (EDB)
predicateswvhich correspond to tuples in relations ameénsional (IDB) predicateshich

are rules defined in terms of EDB predicates or other IDB predicates.

Viewed in this framework, relations are simply sets of EDB predicates of the same
type and the work in this thesis can be viewed as providing a framework for deciding
how to structure the EDB predicates. However, some recent research [Debenham 1989;
Debenham 1993] has demonstrated that some ways of structuring IDB predicates are
inferior to others and problems may occur that are similar to the problems occurring in the
EDB predicates. For instance, an IDB predicate may be implied by a set of other IDB
predicates, or an IDB predicate may be able to be replaced by an equivalent IDB predicate
with the same head but fewer elements in the body. So another area of research would be
to investigate more formally what are the desirable structural properties of deductive
database programs, as well as devising methods of detecting and converting incorrectly

structured programs to correctly structured ones.
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