Chapter 11

Further Nor mal i zati on I

1 NF, 2 NF, 3 NF, BCNF

11.1 Heath's theoremstates that if R{A B, C satisfies the FD A -
B (where A, B, and C are sets of attributes), then Ris equal to
the join of its projections RL on {A B} and R2 on {A/C. 1In the
foll owi ng proof of this theorem we adopt our usual inform
shorthand for tuples, witing, e.g., (a,b,c) for {A a, B b, Cc}.

First we show that no tuple of Ris |lost by taking the
projections and then joining those projections back together

again. Let (a,b,c) ¢ R Then (a,b) ¢ Rl and (a,c) € R2, and so
(a,b,c) e R1 JON R2. |

Next we show that every tuple of the join is indeed a tuple of
R (i.e., the join does not generate any "spurious" tuples). Let

(a,b,c) e RL JONR2. In order to generate such a tuple in the
join, we nust have (a,b) € Rl and (a,c) € R2. Hence there nust
exist a tuple (a,b',c) ¢ Rfor sone b', in order to generate the
tuple (a,c) ¢ R2. W therefore nust have (a,b’') € RL. Now we
have (a,b) € Rl and (a,b') € Rl; hence we nust have b = b',
because A -~ B. Hence (a,b,c) ¢ R |

The converse of Heath's theoremwould state that if R{A B, C
is equal to the join of its projections on {A B} and on {A C
then R satisfies the FD A - B. This statenent is false. For
exanple, Fig. 12.2 in the next chapter shows a relation that is
certainly equal to the join of two of its projections and yet does
not satisfy any (nontrivial) FDs at all.

11.2 The claimis alnost but not quite valid. The follow ng

pat hol ogi cal counterexanple is taken fromreference [5.5].

Consi der the relvar USA { COUNTRY, STATE}, interpreted as "STATE is
a nmenber of COUNTRY," where COUNTRY is the United States of
Anerica in every tuple. Then the FD

{ } - COUNTRY

holds in this relvar, and yet the enpty set {} is not a candidate
key. So USAis not in BCNF (it can be nonl oss-deconposed into its

Copyright (c) 2000 C. J. Date page 11.1



two unary projections -- though whether it actually should be
further normalized in this way could be the subject of debate).

Note, incidentally, that it is quite possible in general to
have a candi date key that is the enpty set! See the answer to
Exercise 8.7 in Chapter 8 for further discussion.

11.3 The figure bel ow shows the nost inportant functional
dependenci es, both those inplied by the wording of the exercise
and those correspondi ng to reasonabl e semantic assunptions (stated
explicitly below). The attribute nanes are intended to be self-
expl anat ory.
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Semanti c assunpti ons:

* No enployee is the nmanager
tinme.

of nore than one departnent at a

* No enployee works in nore than one departnent at a tine.

* No enployee works on nore than one project at a tine.

* No enployee has nore than one office at a tine.

* No enployee has nore than one phone at a tine.

* No enployee has nore than one job at a tine.

* No project is assigned to nore than one departnment at a tine.



* No office is assigned to nore than one departnent at a tine.

. Depart ment nunbers, enployee nunbers, project nunbers, office
nunbers, and phone nunbers are all "globally" unique.

Step 0: Establish initial relvar structure

Qbserve first that the original hierarchic structure can be
regarded as a INF relvar DEPTO with rel ation-val ued attri butes:

DEPTO { DEPT#, DBUDGET, MGR_EMP#, XEMPO, XPRQJO, XOFFI CEO }
KEY { DEPT# }
KEY { MGR_EVP# }

Attributes DEPT#, DBUDCGET, and MGR EMP# are sel f-expl anatory, but
attributes XEMPO, XPRQJO, and XOFFI CEO are rel ation-valued and do
require a little nore explanation

* The XPRQJO value within a given DEPTO tuple is a relation with
attributes PROJ# and PBUDGET.

. Li kewi se, the XOFFI CEO value within a given DEPTO tuple is a
relation with attributes OFF#, AREA, and (say) XPHONEO, where
XPHONEO is relation-valued in turn. XPHONEO rel ati ons have
just one attribute, PHONE#.

. Finally, the XEMPO value within a given DEPTO tuple is a
relation with attributes EMP#, PRQI#, OFF#, PHONE#, and (say)
XJOB0, where XJOBO is relation-valued in turn. XJOBO
relations have attri butes JOBTI TLE and (say) XSALH STO, where
XSALHI STO is once again relation-val ued (XSALH STO rel ations
have attri butes DATE and SALARY).

Thus the conplete hierarchy can be represented by the follow ng
nested structure:

DEPTO { DEPT#, DBUDGET, MGR_EMP#,
XEMPO { EMP#, PRQU#, OFF#, PHONE#
XJOBO { JOBTI TLE,
XSALHI STO { DATE, SALARY } } },
XPRQJO { PRQJ#, PBUDGET },
XOFFI CEO { OFF#, AREA, XPHONEO { PHONE# } } }

Note: Instead of attenpting to show candi date keys, we have used
italics here to indicate attributes that are at |east "unique
within parent” (in fact, DEPT#, EMP#, PRQI#, OFF#, and PHONE# are,
according to our stated assunptions, all globally unique).

Step 1: Elimnate relation-valued attributes



Now | et us assune for sinplicity that we wi sh every relvar to have

a primary key specifically -- i.e., we wll always designate one
candi date key as primary for some reason (the reason i s not
inportant here). In the case of DEPTO in particular, let us

choose {DEPT#} as the primary key (and so { MGR_EMP#} becones an
al ternate key).

We now proceed to get rid of all of the relation-val ued
attributes in DEPTO, since as noted in Section 11.6 such
attributes are usually undesirable:”

* For each relation-valued attribute in DEPTO -- i.e.,
attributes XEMPO, XPRQJO, and XOFFICEO -- forma new rel var
wth attributes consisting of the attributes of the applicable
rel ations together with the primary key of DEPTO. The primary
key of each such relvar is the conbination of the attribute
that previously gave "uni queness within parent,” together with
the primary key of DEPTO. (Note, however, that many of those
"primary keys" will include attributes that are redundant for
uni que identification purposes and will be elimnated later in
the overall reduction procedure.) Renove attributes XEMPO,
XPRQJO, and XOFFI CEO from DEPTO.

. If any relvar R still includes any relation-val ued
attributes, perform an anal ogous sequence of operations on R

We obtain the follow ng collection of relvars, with (as indicated)
all relation-valued attributes elim nated. Note, however, that
while the resulting relvars are in 1NF (of course), they are not
necessarily in any higher normal form

DEPT1 { DEPT#, DBUDGET, MGR EMP# }
PRI MARY KEY { DEPT# }
ALTERNATE KEY { MGR EMP# }

EMP1 { DEPT#, EMP#, PRQI#, OFF#, PHONE# }
PRI MARY KEY { DEPT#, EMP# }

JOB1 { DEPT#, EMP#, JOBTITLE }
PRI MARY KEY { DEPT#, EMP#, JOBTI TLE }

SALHI ST1 { DEPT#, EMP#, JOBTI TLE, DATE, SALARY }
PRI MARY KEY { DEPT#, EMP#, JOBTI TLE, DATE }

PRQJ1 { DEPT#, PRQI#, PBUDGET }
PRI MARY KEY { DEPT#, PROJ# }



OFFI CE1 { DEPT#, OFF#, AREA }

PRI MARY KEY { DEPT#, OFF# }

PHONE1 { DEPT#, OFF#, PHONE# }

PRI MARY KEY { DEPT#, OFF#, PHONE# }

Step 2: Reduce to 2NF

We now reduce the relvars produced in Step 1 to an equival ent
collection of relvars in 2NF by elimnating any FDs that are not
irreduci ble. W consider the relvars one by one.

DEPT1:

EMPL:

JOBL:

SALHI ST1:

PRQJ 1:

This relvar is already in 2NF.

First observe that DEPT# is actually redundant as a
conponent of the primary key for this relvar. W can
take {EMP#} alone as the primary key, in which case the
relvar is in 2NF as it stands.

Agai n, DEPT# is not required as a conponent of the
primary key. Since DEPT# is functionally dependent on
EMP#, we have a nonkey attribute (DEPT#) that is not

i rreduci bly dependent on the primary key (the

conbi nation {EMP#, JOBTI TLE}), and hence JOBl is not in
2NF. We can replace it by

JOB2A { EMP#, JOBTI TLE }
PRI MARY KEY { EMP#, JOBTI TLE }

and

JOB2B { EMP#, DEPT# }
PRI MARY KEY { EMP# }

However, JOB2A is a projection of SALH ST2 (see bel ow),
and JOB2B is a projection of EMP1 (renaned as EMP2
bel ow), so both of these relvars can be di scarded.

As with JOB1, we can project away DEPT# entirely.
Moreover, JOBTITLE is not required as a conponent of the
primary key; we can take the conbinati on { EMP#, DATE} as
the primary key, to obtain the 2NF rel var

SALHI ST2 { EMP#, DATE, JOBTI TLE, SALARY }
PRI MARY KEY { EMP#, DATE }

As with EMP1, we can consider DEPT# as a nonkey
attribute; the relvar is then in 2NF as it stands.



OFFI CE1:

PHONE1L:

Hence

DEPT2

EMP2 {
PRI MARY KEY { EMP# }

Simlar remarks apply.

We can project away DEPT# entirely, since the relvar
(DEPT#, OFF#) is a projection of OFFICEl (renaned as

OFFI CE2 below). Also, OFF# is functionally dependent on
PHONE#, so we can take {PHONE#} al one as the primary
key, to obtain the 2NF rel var

PHONE2 { PHONE#, OFF# }
PRI MARY KEY { PHONE# }

Note that this relvar is not necessarily a projection of
EMP2 (phones or offices m ght exist wthout being

assi gned to enpl oyees), so we cannot discard this
relvar.

our collection of 2NF relvars is
{ DEPT#, DBUDGET, MGR_EWMP# }

PRI MARY KEY { DEPT# }

ALTERNATE KEY { MGR_EMP# }

EMP#, DEPT#, PRQJ#, OFF#, PHONE# }

SALHI ST2 { EMP#, DATE, JOBTI TLE, SALARY }

PRQJ 2

PRI MARY KEY { EMP#, DATE }

{ PROJ#, DEPT#, PBUDGET }
PRI MARY KEY { PRQJ# }

OFFI CE2 { OFF#, DEPT#, AREA }

PRI MARY KEY { OFF# }

PHONE2 { PHONE#, OFF# }

PRI MARY KEY { PHONE# }

Step 3: Reduce to 3NF

Now we reduce the 2NF relvars to an equival ent 3NF set by
elimnating transitive dependencies. The only 2NF rel var not
already in 3NF is the relvar EMP2, in which OFF# and DEPT# are
both transitively dependent on the prinmary key {EMP#} -- OFF# via
PHONE#, and DEPT# via PRQJ# and al so via OFF# (and hence via

PHONE#) .

EMP3 {
PRI MARY KEY { EMP# }

The 3NF relvars (projections) corresponding to EMP2 are

EMP#, PRQJ#, PHONE# }



X { PHONE#, OFF# }
PRI MARY KEY { PHONE# }

Y { PROJ#, DEPT# }
PRI MARY KEY { PROJ# }

Z { OFF#, DEPT# }
PRI MARY KEY { OFF# }

However, X is PHONE2, Y is a projection of PRQJ2, and Zis a
projection of OFFI CE2. Hence our collection of 3NF relvars is

sinply

DEPT3 { DEPT#, DBUDGET, MGR EMP# }
PRI MARY KEY { DEPT# }
ALTERNATE KEY { MGR EMP# }

EMP3 { EMP#, PRQJ#, PHONE# }
PRI MARY KEY { EMP# }

SALHI ST3 { EMP#, DATE, JOBTI TLE, SALARY }
PRI MARY KEY { EMP#, DATE }

PRQJ3 { PROJ#, DEPT#, PBUDGET }
PRI MARY KEY { PRQJ# }

OFFI CE3 { OFF#, DEPT#, AREA }
PRI MARY KEY { OFF# }

PHONE3 { PHONE#, OFF# }
PRI MARY KEY { PHONE# }

Finally, it is easy to see that each of these 3NF relvars is in
fact in BCNF. |

Note that, given certain (reasonable) additional semantic
constraints, this collection of BCNF relvars is strongly redundant
[5.1], in that the projection of relvar PROJ3 over {PRQI#, DEPT#}
is at all times equal to a projection of the join of EMP3 and
PHONE3 and OFFI CES.

bserve finally that it is possible to "spot” the BCNF relvars
fromthe FD diagram (how?). Answer: Loosely, there will be one
such relvar for each box that has an arrow enmerging fromit; that
relvar will include the attributes fromthat original box as a
candi date key, together with an attribute for every box pointed to
fromthe original box (and no other attributes). O course, sone
refinement is needed to this |oose statement in order to take care
of relvars |like DEPT3 that have two or nore candi date keys.



Note: W do not claimthat it is always possible to "spot" a
BCNF deconposition -- only that it is often possible to do so in
practical cases. A nore precise statenent is the follow ng.
Gven a relvar R satisfying a set of FDs S, the al gorithm bel ow
(Steps O to 8) is guaranteed to produce a deconposition D of R
into 3NF (not BCNF) relvars that is both nonl oss and dependency-
preservi ng:

0. Initialize Dto the enpty set.
1. Let | be an irreducible cover for S.

2. Let X be a set of attributes appearing on the |eft-hand side
of sonme FD X - Y in I.

3. Let the conplete set of FDs in | with | eft-hand side X be X
- Yl X -5 Y2, ... X > Yn

4. Let the union of Y1, Y2, ..., Yn be Z

5. Replace D by the union of D and the projection of R over X
and Z.

6. Repeat Steps 3 through 5 for each distinct X

7. Let Al, A2, ..., An be those attributes of R (if any) stil
unaccounted for (i.e., still not included in any relvar in D).
Repl ace D by the union of D and the projection of R over Al,
A2, ..., An.

8. If norelvar in Dincludes a candidate key of R replace D by
the union of D and the projection of R over sone candi date key
of R

And the following algorithm (Steps O to 3) is guaranteed to
produce a deconposition D of Rinto BCNF relvars that is nonloss
but not necessarily dependency-preserving:

0. Initialize Dto contain just R

1. For each nonBCNF relvar T in D, execute Steps 2 and 3.

2. Let X - Y be an FD for T that violates the requirenments for
BCNF.

3. Replace Tin Dby tw of its projections, viz. that over X
and Y and that over all attributes except those in Y.



To revert to the conpany dat abase exanple: As a subsidiary
exercise -- not nmuch to do with normalization as such, but very
rel evant to database design in general -- try extending the
foregoi ng design to incorporate the necessary foreign key
specifications as well. Answer:

DEPT3 { DEPT# DBUDGET, MGR_EMP# }
PRI MARY KEY { DEPT# }
ALTERNATE KEY { MGR_EMP# }
FOREI GN KEY { RENAME MGR EMP# AS EMP# } REFERENCES EMP3

EMP3 { EMP#, PRQJ#, PHONE# }
PRI MARY KEY { EMP# }
FOREI GN KEY { PRQJ# } REFERENCES PROJ3
FOREI GN KEY { PHONE# } REFERENCES PHONES3

SALHI ST3 { EMP#, DATE, JOBTI TLE, SALARY }
PRI MARY KEY { EMP#, DATE }
FOREI GN KEY { EMP# } REFERENCES EMP3

PRQJ3 { PROJ#, DEPT#, PBUDGET }
PRI MARY KEY { PRQJ# }
FOREI GN KEY { DEPT# } REFERENCES DEPT3

OFFI CE3 { OFF#, DEPT#, AREA }
PRI MARY KEY { OFF# }
FOREI GN KEY { DEPT# } REFERENCES DEPT3

PHONE3 { PHONE#, OFF# }
PRI MARY KEY { PHONE# }
FOREI GN KEY { OFF# } REFERENCES OFFI CE3



11.4 The figure bel ow shows the nost inportant FDs for this
exercise. The semantic assunptions are as foll ows:
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* No two custoners have the sanme ship-to address.
* Each order is identified by a unique order nunber.

» Each detail line within an order is identified by a line
nunber, unique within the order.

An appropriate set of BCNF relvars is as foll ows:

CUST { CUST#, BAL, CREDLIM DI SCOUNT }
KEY { CUST# }

SHI PTO { ADDRESS, CUST# }
KEY { ADDRESS }

ORDHEAD { ORD#, ADDRESS, DATE }
KEY { ORDH }



ORDLI NE { ORD#, LINE#, |TEM¢, QTYORD, QIYOUT }
KEY { ORD#, LINE# }

| TEM { | TEM#, DESCN }
KEY { | TEM# }

P { | TEM¥, PLANT# QTYOH, DANGER }
KEY { | TEM¢, PLANT# }



