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Chapter

Normalization

Given any pool of entities and attributes, there is a large number of ways
you can group them into relations. In this chapter, you will be introduced to
the process of normalization, through which you create relations that avoid
most of the problems that arise from bad relational design.

There are at least two ways to approach normalization. The first is to work
from an ER diagram. If the diagram is drawn correctly, then there are some
simple rules you can use to translate it into relations that will avoid most
relational design problems. The drawback to this approach is that it can be
difficult to determine whether your design is correct. The second approach
is to use the theoretical concepts behind good design to create your rela-
tions. This is a bit more difficult than working from an ER diagram, but often
results in a better design.

Normalization theory relies heavily on the relational algebra operation
project. When moving a relation from one design stage to another, we
decompose a relation by taking projections to create more than one relation.
Normalization also occasionally uses the join operation.

In practice, you may find it useful to use a combination of both the ER
diagram and theoretical approaches. First, create an ER diagram, and
use it to design your relations. Then, check those relations against the
theoretical rules for good design, and make any changes necessary to
meet the rules.

Translating an ER Diagram into Relations

An ER diagram in which all many-to-many relationships have been
transformed into one-to-many relationships, through the introduction of
composite entities, can be translated directly into a set of relations. To
do so:
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Create one table for each entity.

For each entity that is only at the “one” end of one or more
relationships, and not at the “many” end of any relationship, create a
single-column primary key, using an arbitrary unique identifier if no
natural primary key is available.

m For each entity that is at the “many” end of one or more relationships,
include the primary key of each parent entity (those at the “one” end of
the relationships) in the table as foreign keys.

m If an entity at the “many” end of one or more relationships has a
natural primary key (for example, an order number or an invoice
number), use that single column as the primary key. Otherwise,
concatenate the primary key of its parent with any other column or
columns needed for uniqueness to form the table’s primary key.

Following these guidelines, we end up with the following tables for the
Antique Opticals database:

customer (customer_numb, customer_first_name,
customer_last_name, customer_street, customer_city,
customer_state, customer_zip, customer_phone)

distributor (distributor_numb, distrbutor_name,
distrbutor_street, distrbutor_city, distrbutor_state,
distrbutor_zip, distrbutor_phone,
distrbutor_contact_person, contact_person_ext)

item (item_numb, item_type, title, distributor_numb,
retail_price, release_date, genre, quant_in_stock)

order (order_numb, customer_numb, order_date, credit_card_numb,
credit_card_exp_date, order_complete?, pickup_or_ship?)

order item (order_numb, item_numb, quantity, discount_percent,
selling price, line cost, shipped?, shipping date)

purchase (purchase date, customer_numb, items_received?,
customer_paid?)

purchase item (purchase _date, customer_numb, item_numb,
condition, price paid)

actor (actor_numb, actor_name)

performance (actor_numb, item numb, role)

producer (producer_name, studio)

production (producer_name,item numb)

Note: You will see these relations reworked a bit throughout the remainder
of the first part of this book to help illustrate various aspects of database
design. However, the preceding is the design that results from a direct trans-
lation of the ER diagram.
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Normal Forms

The theoretical rules that the design of a relation must meet are known as
normal forms. Each normal form represents an increasingly stringent set of
rules. Theoretically, the higher the normal form, the better the design of the
relation.

As you can see in Figure 7.1, there are six nested normal forms, indicating
that if a relation is in one of the higher, outer normal forms, it is also in all
of the normal forms inside it.

B FIGURE7.1 Nested normal forms.

In most cases, if you can place your relations in third normal form (3NF),
then you will have avoided most of the problems common to bad relational
designs. The three higher normal forms—Boyce—Codd, fourth normal form
(4NF), and fifth normal form (SNF)—handle special situations that arise only
occasionally. However, the situations that these normal forms handle are con-
ceptually easy to understand, and can be used in practice, if the need arises.

In recent years, sixth normal form has been added to relational database
design theory. It is not precisely a more rigorous normal form than fifth

Normal Forms
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normal form, although it uses the same principles to transform relations
from one form to another. You will be introduced to it briefly at the end of
this chapter.

Note: In addition to the six normal forms in Figure 7.1 and sixth normal
form, there is another normal form—domain/key normal form—that is
of purely theoretical importance and to this date, has not been used as a
practical design objective.

First Normal Form

A table is in first normal form (1NF) if it meets the following criteria:

m The data are stored in a two-dimensional table.
m There are no repeating groups.

The key to understanding INF therefore is understanding the nature of a
repeating group of data.

Understanding Repeating Groups

A repeating group is an attribute that has more than one value in each row
of a table. For example, assume that you were working with an employee
relation, and needed to store the names and birthdates of the employees’
children. Because each employee can have more than one child, the names
of children and the children’s birthdates each form a repeating group.

Note: A repeating group is directly analogous to a multivalued attribute in
an ER diagram.

There is actually a very good reason why repeating groups are disallowed.
To see what might happen if they were present, take a look at Figure 7.2, an
instance of an employee table containing repeating groups.

Note: The table in Figure 7.2 is not a legal relation, because it contains
those repeating groups. Therefore, we should not call it a relation.

emp# first  last children’s names children’s birthdates

1001 Jane  Doe Mary, Sam 1/9/02, 5/15/04

1002 John  Doe Lisa, David 1/9/00, 5/15/01

1003 Jane  Smith  John, Pat, Lee, Mary  10/5/04, 10/12/00, 6/6/2006, 8/21/04
1004 John  Smith  Michael 7/4/06

1005 Jane Jones Edward, Martha 10/21/05, 10/15/99

B FIGURE 7.2 Atable with repeating groups.
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Notice that there are multiple values in a single row in both the chil-
dren’s names and children’s birthdates columns. This presents two major
problems:

m  There is no way to know exactly which birthdate belongs to which
child. It is tempting to say that we can associate the birthdates with the
children by their positions in the list, but there is nothing to ensure that
the relative positions will always be maintained.

m Searching the table is very difficult. If, for example, we want to know
which employees have children born before 2005, the DBMS will
need to perform data manipulation to extract the individual dates
themselves. Given that there is no way to know how many birthdates
there are in the column for any specific row, the processing overhead
for searching becomes even greater.

The solution to these problems, of course, is to get rid of the repeating
groups altogether.

Handling Repeating Groups

There are two ways to get rid of repeating groups to bring a table into con-
formance with the rules for first normal form—a right way and a wrong
way. We will look first at the wrong way so you will know what not to do.

In Figure 7.3 you can see a relation that handles repeating groups by creat-
ing multiple columns for the multiple values. This particular example in-
cludes three pairs of columns for a child’s name and birthdate.

child child child child child child
emp#  first last name 1 bdatel mname2 bdate2 name3 bdate3

1001 Jane  Doe Mary 1/1/02 Sam 5/15/04

1002 John  Doe Lisa 1/1/00 David 5/15/01

1003 Jane  Smith  John 10/5/04  Pat 10/12/00  Lee 6/6/06
1004 John Smith  Michael 7/4/06

1005 Joe Jones  Edward 10/21/05 Martha  10/15/99

B FIGURE 7.3 Arelation handling repeating groups in the wrong way.

The relation is Figure 7.3 does meet the criteria for first normal form. The
repeating groups are gone and there is no problem identifying which birth-
date belongs to which child. However, the design has introduced several
problems of its own:

m  The relation is limited to three children for any given employee. This
means that there is no room to store Jane Smith’s fourth child. Should
you put another row for Jane Smith into the table? If so, then the

First Normal Form
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primary key of this relation can no longer be just the employee number.
The primary key must include one child’s name as well.

m  The relation wastes space for people who have less than three children.
Given that disk space is one of the least expensive elements of a database
system, this is probably the least of the problems with this relation.

m Searching for a specific child becomes very clumsy. To answer
the question “Does anyone have a child named Lee?” the DBMS
must construct a query that includes a search of all three child name
columns because there is no way to know in which column the name

might be found.

The right way to handle repeating groups is to create another table (another
entity) to handle multiple instances of the repeating group. In the example
we have been using, we would create a second table for the children, pro-
ducing something like Figure 7.4.

employee

emp# first last

1001 Jane Doe
1002 John Doe
1003 Jane Smith
1004 John Smith
1005 Joe Jones
children

emp# c_first c¢_birthdate
1001 Mary 1/1/02
1001 Sam 5/15/04
1002 Lisa 1/1/00
1002 David 5/15/01
1003 John 10/5/04
1003 Pat 10/12/00
1003 Lee 6/6/06
1003 Mary 8/21/04
1004 Michael 7/4/06
1005 Edward 10/21/05
1005 Martha  1015/99
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the children table.
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B FIGURE 7.4 The correct way to handle a repeating group.

Neither of the two new tables contains any repeating groups and this form of
the design avoids all the problems of the preceding solution:

m There is no limit to the number of children that can be stored for a
given employee. To add another child, you simply add another row to
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m  There is no wasted space. The children table uses space only for data
that are present.

m Searching for a specific child is much easier because children’s names
are found in only one column.

Problems with First Normal Form

Although first normal form relations have no repeating groups, they are
full of other problems. To see what these problems are, we will look at
the table underlying the data entry form in Chapter 3. (This table comes
from Antique Opticals’ original data management system, rather than the
new and improved design you saw earlier in this chapter.) Expressed in the
notation for relations that we have been using, the relation is:

orders (customer_numb, first_name, last_name, street,
city, state, zip, phone, order_numb, order_date,
item_numb, title, price, has_shipped?)

The first thing we need to do is determine the primary key for this table. The
customer number alone will not be sufficient, because the customer number
repeats for every item ordered by the customer. The item number will also
not suffice, because it is repeated for every order on which it appears. We
cannot use the order number, because it is repeated for every item on the
order. The only solution is a concatenated key, in this example, the combina-
tion of the order number and the item number.

Given that the primary key is made up of the order number and the item
number, there are two important things we cannot do with this relation:

m  We cannot add data about a customer until the customer places at least
one order because, without an order and an item on that order, we do
not have a complete primary key.

m  We cannot add data about a merchandise item we are carrying without
that item being ordered. There must be an order number to complete
the primary key.

The preceding are insertion anomalies, a situation that arises when you
are prevented from inserting data into a relation because a complete pri-
mary key is not available. (Remember that no part of a primary key can
be null.)

Note: To be strictly correct, there is a third insertion anomaly in the orders
relation. You cannot insert an order until you know one item on the order. In
a practical sense, however, no one would enter an order without there being
an item ordered.

First Normal Form
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Insertion anomalies are common in first normal form relations that are not
also in any of the higher normal forms. In practical terms, they occur because
there are data about more than one entity in the relation. The anomaly forces
you to insert data about an unrelated entity (for example, a merchandise item)
when you want to insert data about another entity (such as a customer).

First normal form relations can also give us problems when we delete data.
Consider, for example, what happens if a customer cancels the order of a
single item and the business rules state that cancelled items and orders are
to be deleted:

m In cases where the deleted item was the only item on the order, you
lose all data about the order.

m In cases where the order was the only order on which the item
appeared, you lose data about the item.

m In cases where the deleted item was the item ordered by a customer
you lose all data about the customer.

These deletion anomalies occur because part of the primary key of a row be-
comes null when the merchandise item data are deleted, forcing you to remove
the entire row. The result of a deletion anomaly is the loss of data that you
would like to keep. In practical terms, you are forced to remove data about an
unrelated entity when you delete data about another entity in the same table.

Note: Moral to the story: More than one entity in a table is a bad thing.

One of the most important things to keep in mind about insertion and
deletion anomalies is that they affect entire entities. If you want to insert
customer data but can’t because the customer has not placed an order, for
example, you can’t insert any customer data. The anomaly does not just
prevent you from entering a primary key value, but also anything else you
want to store about an instance of the customer entity.

There is a final type of anomaly in the orders relation that is not related to the
primary key: a modification, or update, anomaly. The orders relation has a
great deal of unnecessary duplicated data, in particular, information about cus-
tomers. When a customer moves, then the customer’s data must be changed in
every row for every item on every order ever placed by the customer. If every
row is not changed, then data that should be the same are no longer the same.
The potential for these inconsistent data is the modification anomaly.

Second Normal Form

The solution to anomalies in a first normal form relation is to break the
relation down so that there is one relation for each entity in the INF rela-
tion. The orders relation, for example, will break down into four relations
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(customers, items, orders, and line items). Such relations are in at least sec-
ond normal form (2NF).

In theoretical terms, second formal form relations are defined as follows:

m  The relation is in first normal form.
m  All nonkey attributes are functionally dependent on the entire primary
key.

The new term in the preceding is functionally dependent, a special relation-
ship between attributes.

Understanding Functional Dependencies

A functional dependency is a one-way relationship between two attributes,
such that at any given time, for each unique value of attribute A, only one
value of attribute B is associated with it throughout the relation. For example,
assume that A is the customer number from the orders relation. Each customer
number is associated with one customer first name, one last name, one street
address, one city, one state, one zip code, and one phone number. Although
the values for those attributes may change at any moment, there is only one.

We therefore can say that first name, last name, street, city, state, zip, and
phone are functionally dependent upon the customer number. This relation-
ship is often written:

customer_numb —> first_name, last_name, street, city, state,
zip. phone

and read “customer number determines first name, last name, street, city,
state, zip, and phone.” In this relationship, customer number is known as
the determinant (an attribute that determines the value of other attributes).

Notice that the functional dependency does not necessarily hold in the re-
verse direction. For example, any given first or last name may be associated
with more than one customer number. (It would be unusual to have a cus-
tomer table of any size without some duplication of names.)

The functional dependencies in the orders table are:

customer_numb-> first name, last name, street, city, state,
zip, phone

item_numb-—> title, price
order_numb —> customer_numb, order_date

item_numb + order_numb—> has_shipped?

Second Normal Form
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Notice that there is one determinant for each entity in the relation and the
determinant is what we have chosen as the entity identifier. Notice also that,
when an entity has a concatenated identifier, the determinant is also con-
catenated. In this example, whether an item has shipped depends on the
combination of the item and the order.

Using Functional Dependencies to Reach 2NF

If you have correctly identified the functional dependencies among the at-
tributes in a database environment, then you can use them to create second
normal form relations. Each determinant becomes the primary key of a rela-
tion. All the attributes that are functionally dependent upon it become non-
key attributes in the relation.

The four relations into which the original orders relation should be broken

are:

customer (customer numb, first_name, last_name, street, city,
state, zip, phone)

item (item numb, title, price)
order (order_numb, customer_numb, order_date)

order_items (order_numb, item numb, has shipped?)

Each of these should, in turn, correspond to a single entity in your ER
diagram.

Note: When it comes to deciding what is driving database design—functional
dependencies or entities—it is really a “chicken and egg” situation. What
is most important is that there is consistency between the ER diagram and
the functional dependencies you identify in your relations. It makes no dif-
ference whether you design by looking for functional dependencies or for
entities. In most cases, database design is an iterative process in which you
create an initial design, check it, modify it, and check it again. You can look
at either functional dependencies and/or entities at any stage in the process,
checking one against the other for consistency.

The relations we have created from the original orders relation have elimi-
nated the anomalies present in the original:

m Itis now possible to insert data about a customer before the customer
places an order.

m Itis now possible to insert data about an order before we know an item
on the order.
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m [t is now possible to store data about merchandise items before they are
ordered.

m Line items can be deleted from an order without affecting data
describing that item, the order itself, or the merchandise item.

m  Data describing the customer are stored only once and therefore any
change to those data needs to be made only once. A modification
anomaly cannot occur.

Problems with 2NF Relations

Although second normal form eliminates problems from many relations,
you will occasionally run into relations that are in second normal form, yet
still exhibit anomalies. Assume, for example, that each new DVD title that
Antique Opticals carries comes from one distributor, and that each distribu-
tor has only one warehouse, which has only one phone number. The follow-
ing relation is therefore in second normal form:

item (item_numb, title, distrib_numb, warehouse_phone_number)

For each item number, there is only one value for the item’s title, distributor,
and warehouse phone number. However, there is one insertion anomaly—
you cannot insert data about a distributor until you have an item from that
distributor—and a deletion anomaly—if you delete the only item from a
distributor, you lose data about the distributor. There is also a modification
anomaly: the distributor’s warehouse phone number is duplicated for every
item the company gets from that distributor. The relation is in second normal
form, but not third.

Third Normal Form

Third normal form is designed to handle situations like the one you just read
about in the preceding section. In terms of entities, the item relation does
contain two entities: the merchandise item and the distributor. That alone
should convince you that the relation needs to be broken down into two
smaller relations, both of which are now in third normal form:

item (item_numb, distrib_numb)

distributor (distrib_numb, warehouse_phone_number)

The theoretical definition of third normal form says:

m  The relation is in second normal form.
m  There are no transitive dependencies.

Third Normal Form
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The functional dependencies found in the original relation are an example
of a transitive dependency.

Transitive Dependencies

A transitive dependency exists when you have the following functional de-
pendency pattern:

A—=> B and B—> C therefore A—=> C

This is precisely the case with the original items relation. The only rea-
son that the warehouse phone number is functionally dependent on the item
number is because the distributor is functionally dependent on the item
number, and the phone number is functionally dependent on the distributor.
The functional dependencies are really:

item_numb ->> distrib_numb
distrib_numb—->> warehouse_phone_number

Note: Transitive dependencies take their name from the transitive property
in mathematics, which states that ifa > b and b > ¢, then a > c.

There are two determinants in the original items relation, each of which
should be the primary key of its own relation. However, it is not merely the
presence of the second determinant that creates the transitive dependency.
What really matters is that the second determinant is not a candidate key
(could be used as a primary key) for the relation.

Consider, for example, this relation:
Item (item_numb, upc, distrib_numb, price)

The item number is an arbitrary number that Antigue Opticals assigns to
each merchandise item. The UPC is an industry-wide code that is unique to
each item as well. The functional dependencies in this relation are:

item_numb->> upc, distrib_numb, price

upc => item_numb, distrib_numb, price

Is there a transitive dependency here? No, because the second determinant is
a candidate key. (Antique Opticals could just as easily have used the UPC as
the primary key.) There are no insertion, deletion, or modification anomalies
in this relation; it describes only one entity—the merchandise item.
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A transitive dependency therefore exists only when the determinant that is
not the primary key is not a candidate key for the relation. For example, in
the items table we have been using as an example, the distributor is a deter-
minant, but not a candidate key for the table. (There can be more than one
item coming from a single distributor.)

When you have a transitive dependency in a 2NF relation, you should break
the relation into two smaller relations, each of which has one of the de-
terminants in the transitive dependency as its primary key. The attributes
determined by the determinant become nonkey attributes in each relation.
This removes the transitive dependency—and its associated anomalies—
and places the relation in third normal form.

Note: A second normal form relation that has no transitive dependencies is,
of course, automatically in third normal form.

Boyce-Codd Normal Form

For most relations, third normal form is a good design objective. Rela-
tions in that state are free of most anomalies. However, occasionally
you run into relations that exhibit special characteristics where anoma-
lies still occur. Boyce—Codd normal form (BCNF), fourth normal form
(4NF), and fifth normal form (SNF) were created to handle such special
situations.

Note: If your relations are in third normal form and do not exhibit the spe-
cial characteristics that BCNFE, 4NF, and 5NF were designed to handle,
then they are automatically in SNF.

The easiest way to understand BCNF is to start with an example. Assume
that Antique Opticals decides to add a relation to its database to handle
employee work scheduling. Each employee works one or two 4-hour shifts
a day at the store. During each shift, an employee is assigned to one station
(a place in the store, such as the front desk or the stockroom). Only one
employee works a station during the given shift.

A relation to handle the schedule might be designed as follows:

schedule (employee id, date, shift, station, worked shift?)

Given the rules for the scheduling (one person per station per shift),
there are two possible primary keys for this relation: employee_ID +
date + shift or date + shift + station. The functional dependencies in the
relation are:

Boyce—Codd Normal Form
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employee_id + date + shift —>> station, worked_shift?

date + shift + station->> employee id, worked shift?

Keep in mind that this holds true only because there is only one person
working each station during each shift.

Note: There is very little difference between the two candidate keys as far as
the choice of a primary key is concerned. In cases like this, you can choose
either one.

This schedule relation exhibits overlapping candidate keys. (Both candidate
keys have date and shift in common.) BCNF was designed to deal with rela-
tions that exhibit this characteristic.

To be in BCNF, a relation must meet the following rules:

m The relation is in third normal form.
m  All determinants are candidate keys.

BCNF is considered to be a more general way of looking at 3NF because
it includes those relations with the overlapping candidate keys. The sample
schedule relation we have been considering does meet the criteria for BCNF
because the two determinants are indeed candidate keys.

Fourth Normal Form

Like BCNF, fourth normal form was designed to handle relations that ex-
hibit a special characteristic that does not arise too often. In this case, the
special characteristic is something known as a multivalued dependency.

As an example consider the following relation:

movie info (title, star, producer)

A given movie can have more than one star; it can also have more than one
producer. The same star can appear in more than one movie; a producer
can also work on more than one movie (for example, see the instance in
Figure 7.5). The relation must therefore include all columns in its key.

Because there are no nonkey attributes, this relation is in BCNF. Nonethe-
less, the relation exhibits anomalies:

®  You cannot insert the stars of a movie without knowing at least one
producer.

®  You cannot insert the producer of a movie without knowing at least
one star.
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title star producer

Great Film Lovely Lady Money Bags
Great Film Handsome Man Money Bags
Great Film Lovely Lady Helen Pursestrings
Great Film Handsome Man Helen Pursestrings
Boring Movie Lovely Lady Helen Pursestrings
Boring Movie Precocious Child Helen Pursestrings

BFIGURE7.5 Arelation with a multivalued dependency.

m If you delete the only producer from a movie, you lose information
about the stars.

m If you delete the only star from a movie, you lose information about its
producers.

m  Each producer’s name is duplicated for every star in the movie. By
the same token, each star’s name is duplicated for each producer of
the movie. This unnecessary duplicated data forms the basis of a
modification anomaly.

There are at least two unrelated entities in this relation: one that handles the
relationship between a movie and its stars and another that handles the rela-
tionship between a movie and its producers. In a practical sense, that is the
cause of the anomalies. (Arguably, there are also movie, star, and producer
entities involved.)

However, in a theoretical sense, the anomalies are caused by the presence of
a multivalued dependency in the same relation, which must be eliminated to
get to fourth normal form. The rules for fourth normal form are:

m The relation is in BCNF.
m  There are no multivalued dependencies.

Multivalued Dependencies

A multivalued dependency exists when for each value of attribute A, there
exists a finite set of values of attribute B that are associated with it, and a
finite set of values of attribute C that are also associated with it. Attributes
B and C are independent of each other.

In the example we have been using, there is just such a dependency. First,
for each movie title, there is a group of actors (the stars) who are associated
with the movie. For each title, there is also a group of producers who are
associated with it. However, the actors and the producers are independent
of one another. As you can see in the ER diagram in Figure 7.6, the
producers and stars have no direct relationship (despite the relationships
being M:M).

Fourth Normal Form
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Actor Producer

Movie

WFIGURE7.6 AnER diagram of the multivalued dependency.

Note: At this point, do not let semantics get in the way of database theory.
Yes, it is true that producers fund the movies in which the actors are star-
ring, but in terms of database relationships, there is no direct connection
between the two.

The multivalued dependency can be written:

title —> star

title —> producer

and read “title multidetermines star and title multidetermines producer.”

Note: To be strictly accurate, a functional dependency is a special case of a
multivalued dependency where what is being determined is one value rather
than a group of values.

To eliminate the multivalued dependency and bring this relation into fourth
normal form, you split the relation placing each part of the dependency in
its own relation:

movie_stars (title, star)

movie_producers (title, producer)

With this design, you can independently insert and remove stars and produc-
ers without affecting the other. Star and producer names also appear only
once for each movie with which they are involved.

Another way to look at this is to notice that movie_stars and movie_produc-
ers are actually composite entities. When we add them to the ER diagram,
they resolve the M:M relationships (Figure 7.7).

Fifth Normal Form

Fifth normal form—also known as projection-join normal form—is de-
signed to handle a general case of a multivalued dependency known as a join
dependency.
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Actor Producer
Movie stars Mewie
producers
Movie

B FIGURE7.7 Creating fourth normal form with composite entities.

Consider the following relation that is in fourth normal form, but not fifth:

selections (customer_numb, series, item_numb)

This relation represents various series of discs, such as Star Trek or Rambo.
Customers place orders for a series; when a customer orders a series, he
or she must take all items in that series. Determining fifth normal form
becomes relevant only when this type of rule is in place. If customers could
request selected titles from a series, then the relation would be fine. Because
it would be all-key and would have no multivalued dependencies, it would
automatically fall through the normal form rules to SNF.

To make the problems with this table under the preceding rule clearer, con-
sider the instance of the relation in Figure 7.8.

Because this table has no multivalued dependencies, it is automatically in
fourth normal form. However, there is a great deal of unnecessary duplicat-
ed data in this relation—the item numbers are repeated for every customer
that orders a given series. The series name is also repeated for every item
in the series and for every customer ordering that series. This relation will
therefore be prone to modification anomalies.

There is also a more subtle issue: under the rules of this relation, if cus-
tomer 2180 orders the first Harry Potter movie and indicates that he or
she would like more movies in the series, then the only way to put that
choice in the table is to add rows for all five Harry Potter movies. You
may be forced to add rows that you don’t want to add and introduce data
that are not accurate.

Fifth Normal Form

Harrington, Jan L.. <i>Relational Database Design and Implementation : Clearly Explained</i>, Elsevier Science & Technology, 2016. ProQuest Ebook Central,

http://ebookcentral.proquest.com/lib/iupui-ebooks/detail.action?docID=4509772.

Created from iupui-ebooks on 2019-06-26 04:44:28.

157



158 CHAPTER7 Normalization

Copyright © 2016. Elsevier Science & Technology. All rights reserved.

customer item
number series number
1005 Star Wars 2090
1005 Star Wars 2091
1005 Star Wars 2092
1005 Star Wars 4689
1005 Star Wars 4690
1005 Star Wars 4691
1010 Harry Potter 3200
1010 Harry Potter 3201
1010 Harry Potter 3202
1010 Harry Potter 3203
1010 Harry Potter 3204
2180 Star Wars 2090
2180 Star Wars 2091
2180 Star Wars 2092
2180 Star Wars 4689
2180 Star Wars 4690
2180 Star Wars 4691

B FIGURE 7.8 Arelation in 4NF but not 5NF.

Note: There is no official term for the preceding anomaly. It is precisely
the opposite of the insertion anomalies described earlier in this chapter,
although it does involve a problem with inserting data.

By the same token, if a customer doesn’t want one item in a series, then you
must remove all the rows for that customer for that series from the table. If
the customer still wants the remaining items in the series, then you have a
deletion anomaly.

As you might guess, you can solve the problem by breaking the table into
two smaller tables, eliminating the unnecessary duplicated data, and the in-
sertion and deletion anomalies:

series_subscription (customer_numb, series)

series_content (series, item_numb)

The official definition for SNF is as follows:

m  The relation is in fourth normal form.
m  All join dependencies are implied by the candidate keys.

A join dependency occurs when a table can be put together correctly by joining
two or more tables, all of which contain only attributes from the original table.
The original selections relation does have a join dependency, because it can be
created by joining the series subscription and series content relations. The join is
valid only because of the rule that requires a customer to order all items in a series.
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A join dependency is implied by candidate keys when all possible projec-
tions from the original relation that form a join dependency each contain a
candidate key for the original relation. For example, the following projec-
tions can be made from the selections relation:

A: (customer numb, series)

B: (customer numb, item numb)

C: (series, item_numb)

We can regenerate the selections relation by combining any two of the pre-
ceding relations. Therefore, the join dependencies are A+ B, A+ C, B + C,
and A + B + C. Like other relational algebra operations, the join theoretically
removes duplicate rows, so although the raw result of the join contains extra
rows, they will be removed from the result, producing the original table.

Note: One of the problems with SNF is that as the number of columns in a
table increases, the number of possible projections increases exponentially.
It can therefore be very difficult to determine SNF for a large relation.

However, each of the projections does not contain a candidate key for the
selections relation. All three columns from the original relation are required
for a candidate key. Therefore, the relation is not in SNF. When we break
down the selections relation into series_selections and series_content, we
eliminate the join dependencies, ensuring that the relations are in SNF.

Sixth Normal Form

Normalization theory has been very stable for more than 45 years. However,
in the late 1990s, C. J. Date, one of the foremost experts in database theory,
proposed a sixth normal form, particularly to handle situations in which
there is temporal data. This is technically not a project-join normal form, as
were all of those discussed earlier in this chapter.

Consider the following relation:
customer (id, valid_interval, street, city, state, zip. phone)

The intent of this relation is to maintain a history of a customer’s locations
and when they were valid (starting date to ending date). Depending on the
circumstances, there may be a great deal of duplicated data in this relation
(for example, if only the phone number changed) or very little (for example,
if there is a move to a new state with a new phone number). Nonetheless,
there is only one functional dependency in the relation:

id + valid_interval —> street, city, state, zip, phone

Sixth Normal Form
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There are no transitive dependencies, no overlapping candidate keys, no
multivalued dependencies, and all join dependencies are implied by the can-
didate key(s). The relation is therefore in fifth normal form.

Sixth normal form was created to handle the situation where temporal data
vary independently to avoid unnecessary duplication. The result is tables
that cannot be decomposed any further; in most cases, the tables include the
primary key and a single non-key attribute. The sixth normal form tables for
the sample customer relation would be as follows:

street_addresses (id, valid_interval, street)
cities (id, valid_interval, city)

states (id, valid_interval, state)

zip_codes (id, valid_interval, zip)

phone_numbers (id, valid_interval, phone)

The resulting tables eliminate the possibility of redundant data, but in-
troduce some time consuming joins to find a customer’s current address
or to assemble a history for a customer. For this reason alone, you may
decide that it makes sense to leave the relation in SNF and not decompose
it further.

Going to sixth normal form may also introduce the need for a circular
inclusion constraint. There is little point in including a street address
for a customer unless a city, state, and zip code exist for the same date
interval. The circular inclusion constraint would therefore require that if
a row for any given interval and any given customer ID exists in any of
street_addresses, cities, states, or zip_codes, matching rows must exist
in all of those tables. Today’s relational DBMSs do not support circular
inclusion constraints nor are they included in the current SQL standard.
If such a constraint is necessary, it will need to be enforced through
application code.

For Further Reading

There are many books available that deal with the theory of relational databases. You can
find useful supplementary information in the following:

Date, C.J., 2012. Database Design and Relational Theory: Formal Forms and All That
Jazz. O’Reilly Media.

Date, C. J. On DN/NF Normal Form. http://www.dbdebunk.com/page/page/621935.htm

Date, C.J., Darwen, H., Lorentzos, N., 2002. Temporal Data and the Relational Model.
Morgan Kaufmann.
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Earp, R., 2007. Database Design Using Entity-Relationship Diagrams. Taylor & Francis.

Halpin, T., Morgan, T., 2008. Information Modeling and Relational Databases, third ed.
Morgan Kaufman.

Hillyer, M. An Introduction to Database Normalization. http://dev.mysql.com/tech-re-
sources/articles/intro-to-normalization.html

Olivé, A., 2007. Conceptual Modeling of Information Systems. Springer.

Pratt, P.J., Adamski, J.J., 2007. Concepts of Database Management, sixth ed. Course
Technology.

Ritchie, C., 2008. Database Principles and Design, third ed. Cengage Learning Business
Press.
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Chapter

How long are you willing to wait for a computer to respond to your request for
information? 30 seconds? 10 seconds? 5 seconds? In truth, we humans are not
very patient at all. Even five seconds can seem like an eternity, when you are
waiting for something to appear on the screen. A database that has a slow re-
sponse time to user queries usually means that you will have dissatisfied users.

Slow response times can be the result of any number of problems. You
might be dealing with a client workstation that is not properly configured,
a poorly written application program, a query involving multiple join op-
erations, a query that requires reading large amounts of data from disk, a
congested network, or even a DBMS that is not robust enough to handle to
the volume of queries submitted to it.

One of the duties of a database administrator (DBA) is to optimize database
performance (also known as performance tuning). This includes modifying
the design—where possible, without compromising data integrity—to avoid
performance bottlenecks, especially involving queries.

For the most part, a DBMS takes care of storing and retrieving data based
on a user’s commands without human intervention. The strategy used to
process a data manipulation request is handled by the DBMS’s query opti-
mizer, a portion of the program that determines the most efficient sequence
of relational algebra operations to perform a query.

Although most of the query optimizer’s choices are out of the hands of a
database designer or application developer, you can influence the behavior of
the query optimizer and also optimize database performance to some extent
with database design elements. In this chapter, you will be introduced to
several such techniques.
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Note: In Chapters 6 and 7 we discussed the impact of joins on queries as
part of the theory of relational database design. You will learn about SQL
syntax to avoid joins in Chapter 17.

Indexing

Indexing is a way of providing a fast access path to the values of a column
or a concatenation of columns. New rows are typically added to the bottom
of a table, resulting in a relatively random order of the values in any given
column. Without some way of ordering the data, the only way the DBMS can
search a column is by sequentially scanning each row from top to bottom.
The larger a table becomes, the slower a sequential search will be.

Note: On average, in a table of N rows, a sequential search will need to
examine N/2 rows to find a row that matches a query predicate. However,
the only way for the DBMS to determine that no rows match the predicate is
to examine all N rows. A table with 1000 rows requires, on average, look-
ing at 500 rows; an unsuccessful search requires consulting all 1000 rows.
However; the fast searching techniques provided by some indexes require
looking at about 6 rows to find a matching row in that table of 1000 rows;
an unsuccessful search requires consulting about 10 rows.

The alternative to indexing for ordering the rows in a table is sorting. A sort
physically alters the position of rows in a table, placing the rows in order,
starting with the first row in the table. Most SQL implementations do sort
the virtual tables that are created as the result of queries when directed to do
so by the SQL query. However, SQL provides no way to sort base tables ...
and there is good reason for this. Regardless of the sorting method used, as
a table grows large (hundreds of thousands to millions of rows) sorting takes
an enormously long time. Keeping a table in sorted order also means that,
on average, half the rows in the table will need to be moved to make room
for a new row. In addition, searching a sorted base table takes longer than
searching an index, primarily because the index search requires less disk
access. The overhead in maintaining indexes is far less than that required to
sort base tables whenever a specific data order is needed.

The conceptual operation of an index is diagrammed in Figure 8.1. (The
different weights of the lines have no significance other than to make it
easier for you to follow the crossed lines.) In this illustration, you are look-
ing at Antique Opticals’ item relation and an index that provides fast access
to rows in the table, based on the item’s title. The index itself contains an
ordered list of keys (the titles), along with the locations of the associated
rows in the item table. The rows in the item table are in relatively random
order. However, because the index is in alphabetical order by title, it can
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Index Merchandise item table

Title A

Title C
Title D
Title E

MEE I
itle I Title |'s data
Title | H Title C's data

Title J e

B FIGURE 8.1 How an index works.

be searched quickly to locate a specific title. Then, the DBMS can use the
information in the index to go directly to the correct row or rows in the item
table, thus avoiding a slow sequential search of the base table’s rows.

Once you have created an index, the DBMS’s query optimizer will use the
index whenever it determines that using the index will speed up data retrieval.
You never need to access the index again yourself, unless you want to delete it.

When you create a primary key for a table, the DBMS automatically creates an
index for that table using the primary key column or columns in the primary
key as the index key. The first step in inserting a new row into a table is there-
fore verification that the index key (the primary key of the table) is unique in
the index. In fact, uniqueness is enforced by requiring the index entries to be
unique, rather than by actually searching the base table. This is much faster
than attempting to verify uniqueness directly on the base table because the or-
dered index can be searched much more rapidly than the unordered base table.

Deciding Which Indexes to Create

You have no choice as to whether the DBMS creates indexes for your pri-
mary keys; you get them regardless of whether you want them. In addition,
you can create indexes on any column or combination of columns you want.
However, before you jump headfirst into creating indexes on every column
in every table, there are some trade-offs to consider:

m Indexes take up space in the database. Given that disk space is
relatively inexpensive today, this is usually not a major drawback.

m  When you insert, modify, or delete data in indexed columns, the DBMS
must update the index as well as the base table. This may slow down
data modification operations, especially if the tables have a lot of rows.

m Indexes can significantly speed up access to data.
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The trade-off is therefore generally between update speed and retrieval
speed. A good rule of thumb is to create indexes for foreign keys and for
other columns that are used frequently for queries that apply logical criteria
to data. If you find that update speed is severely affected, you may choose at
a later time to delete some of the indexes you created.

You should also try to avoid indexes on columns that contain nondiscrimina-
tory data. Nondiscriminatory columns have only a few values throughout the
entire table, such as Boolean columns that contain only true and false. Gen-
der (male or female) is also nondiscriminatory. Although you may search on
a column containing nondiscriminatory data—for example, a search for all
open orders—an index will not provide much performance enhancement,
because the DBMS must examine so many keys to complete the query.

Clustering

The slowest part of a DBMS’s actions is retrieving data from or writing data
to a disk. If you can cut down on the number of times the DBMS must read
from or write to a disk, you can speed up overall database performance.

The trick to doing this is understanding that a database must retrieve an
entire disk page of data at one time. The size of a page varies from one com-
puting platform to another—it can be anywhere from 512 bytes to 4 K, with
1 K being typical on a PC—but data always travel to and from disk in page-
sized units. Therefore, if you can get data that are often accessed together
stored on the same disk page (or pages that are physically close together),
you can speed up data access. This process is known as clustering, and is
available with many large DBMSs (for example, Oracle).

Note: The term “clustering” has another meaning in the SQL standard. It re-
fers to a group of catalogs (which in turn are groups of schemas) manipulated
by the same DBMS. It has yet again another meaning when we talk about
distributed databases, where it refers to a networked group of commodity PCs
maintaining the same database. The use of the term in this section, however, is
totally distinct from the SQL and distributed database meanings.

In practice, a cluster is designed to keep together rows related by matching
primary and foreign keys. To define the cluster, you specify a column or
columns on which the DBMS should form the cluster and the tables that
should be included. Then, all rows that share the same value of the column
or columns on which the cluster is based are stored as physically close to-
gether as possible. As a result, the rows in a table may be scattered across
several disk pages, but matching primary and foreign keys are usually on
the same disk page.
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Clustering can significantly speed up join performance. However, just as
with indexes, there are some trade-offs to consider when contemplating cre-
ating clusters:

m  Because clustering involves physical placement of data in a file, a table
can be clustered on only one column or combination of columns.

m  Clustering can slow down performance of operations that require a
scan of the entire table because clustering may mean that the rows of
any given table are scattered throughout many disk pages.

Clustering can slow down insertion of data.
Clustering can slow down modifying data in the columns on which the
clustering is based.

Partitioning

Partitioning is the opposite of clustering. It involves the splitting of large
tables into smaller ones so that the DBMS does not need to retrieve as
much data at any one time. Consider, for example, what happens to Antique
Opticals’ order and order item tables over time. Assuming that the business
is reasonably successful, those tables (especially order item) will become
very large. Retrieval of data from those tables will therefore begin to slow
down. It would speed up retrieval of open orders if filled orders and their
items could be separated from open orders and their items.

There are two ways to partition a table, horizontally and vertically. Hori-
zontal partitioning involves splitting the rows of a table between two or
more tables with identical structures. Vertical partitioning involves splitting
the columns of a table, placing them into two or more tables linked by the
original table’s primary key. As you might expect, there are advantages and
disadvantages to both.

Horizontal Partitioning

Horizontal partitioning involves creating two or more tables with exactly
the same structure, and splitting rows between those tables. Antique Opti-
cals might use this technique to solve the problem with the order and order
items tables becoming increasingly large. The database design might be
modified as follows:

open_order (order_numb, customer_numb, order_date)

open_order_item (order_numb, item_numb, quantity, shipped?)

filled_order (order_numb, customer_numb, order_date)

filled_order_item (order_numb, item_numb, quantity, shipped?)

Partitioning 167
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Whenever all items in an open order have shipped, an application program
deletes rows from the open order and open order item table and inserts
them into the filled order and filled order item tables. The open order and
open order item tables remain relatively small, speeding up both retrieval
and modification performance. Although retrieval from filled order and
filled order line will be slower, Antique Opticals uses those tables much
less frequently.

The drawback to this solution occurs when Antique Opticals needs to access
all of the orders and/or order items, at the same time. A query whose result
table includes data from both sets of open and filled tables must actually
be two queries connected by the union operator. (Remember that the union
operation creates one table by merging the rows of two tables with the same
structure.) Performance of such a query will be worse than that of a query
of either set of tables individually. Nonetheless, if an analysis of Antigue
Opticals’ data access patterns reveals that such queries occur rarely and that
most retrieval involves the set of tables for open orders, then the horizontal
partitioning is worth doing.

The only way you can determine whether horizontal partitioning will
increase performance is to examine the ways in which your database
applications access data. If there is a group of rows that are accessed
together significantly more frequently than the rest of the rows in a table,
then horizontal partitioning may make sense.

Vertical Partitioning

Vertical partitioning involves creating two or more tables with selected col-
umns and all rows of a table. For example, if Antique Opticals accesses the
titles and prices of their merchandise items more frequently than the other
columns in the item table, the item table might be partitioned as follows:

item_title (item_numb, title, price)

item_detail (item_numb, distributor, release_date, ..)

The benefit of this design is that the rows in the smaller item title table will
be physically closer together; the smaller table will take up fewer disk pages
and thus support faster retrieval.

Queries that require data from both tables must join the tables over the item
number. Like most joins, this will be a relatively slow operation. Therefore,
vertical partitioning makes sense only when there is a highly skewed access
pattern of the columns of a table. The more often a small, specific group of
columns is accessed together, the more vertical partitioning will help.
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