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NEW APPROACH IN THE DESIGN
OF LOGICAL DATA BASE SCHEMA*®

C. DELOBEL, M. LEONARD

An important step of data base disign is to convert user's knowledge on the meaning of
the informations into a logical data base schema. After a presentation of the most important
concepts of the relational model we study two particular types of integrity rules, the properties
of which are given; one of these types is new. Then we show the importance of integrity
rules to represent a relation into a logical data base schema. At last we give one example to
explain the conversion of a relation into a logical data base schema.

Introduction. How to convert user's knowledge on the meaning of the
informations into a logical data base schema is an important step of data base
design. This step often is called design of the logical data base schema. It bas
been generally accepted that there should be at least six basic levels of system
abstractions namely:

(1) data semantics or user’s level of abstraclion, reflecting user’s descrip-
tion of the information;

(2) conceptual model, combining the views of all users for all applications
into an integrated logical data model;

(3) external model, describing one view of some users for some applica-
tions with a logical data model;

(4) internal model, reflecting all the physical implementation details of the
system;

(5) data base implementation ;

(6) performances measuring;

The domain of design logical data base schema is the first two levels
and also converting the first one into the second one.

The purpose of the level data semantics consists of providing formal
concise description of user's knowledge on the meaning of the information
without any considerations about future data manipulations. Such a description
contains:

@ all necessary informations;

@ groups of informations which appear obvious to the users;

@ properties of these informations and interrelationships among them.

We introduce new integrity constraints which are different to functional
dependencies. We study how to find a set of nonredundant integrity constraints
and how to avoid information redundancy during assembling informations into

roups.
« "l)'he purpose of the level conceptual model is to design a logical
data base model. This step contains a choice between different solutions and
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decision making needs surveying future data manipulations. Our purpose con-
sists only of converting the results of the first step data semantics into a
particular conceptual model: this one uses as framework either relational model
or network model or hierarchical model.

1. The relational model. This section is intended for reviewing some
fundamental definitions which are presented completely in [2; 4]

® A relation R is defined over asequence of attributes X={A,. .. A,}
with one and only one predicate whose variables are the attributes of X"; this

predicate denoted = R (A, Ay... A, expresses the semantic meaning which
relates these attributes. We denote R* the name of the relation R.
@® [et a,a...a, be respectively objectsof A,... A,:if | R (a,, ay...a,)||

is true, then x (a,, a, ..a,) is an entity of R. We denote: x¢R.

An integrity rule of R is a part of the predicate R | defined on a
subset Y of A\"; it must be satisfied automatically by the result of every data
base change (i. e. update insert create or delete entity), for the change to be
allowed; generally at one integrity rule is associated one validation process.

A relation schema (R* '7) consists of one relation represented by its
name R* and the set 7 of integrity rules which are defined upon.

A data-collection C of R is a set of distinct R-entities; it may be
seen as a table in which each column corresponds to a distinct attribute and
each row to a distinct entity.

®@ Asubrelation R, of Ris a relation defined on a subset Y'={A,... A}
of X such that: if x (a,, a,...a,..a,..a,) is an entity of R, then g=
(@p. .. a,) is an entity of R,. We denote: R, [A, .. A} R.

® Let A and B two subsets of X.

B is said to be functionally dependent on A in R if \ya¢|A] R, vb,
b €[BIR, e ¢ €[CR
R(a, b, ¢) true and | R(a, by, ¢,) | true ) b=b,

We note A B and we name it functional dependency (FD).

A, B .Cis an elementary functional dependency (EFD) if
neither A > C nor B - C are functional dependencies.

® / attribute of X is a key of R iff:
vAEX T A
wvBCl jA,¢ X A, is not functionally dependent on B in R.

® R is said nonfunctional if its key is .\ itself.

We denote it: [A,, A,... A,

® Operations on relations.

There are two basic operations which interest us, namely: projection and
natural join.

The projection of a relation R over the subrelation R, is the restric-
tion of R over the only attributes of R,. )

The natural join operation is used to make a new relation 7(A, B, C)
from two relations R(A, B) and S(A, C), where A, B, C are disjoint sets of
attributes, such that

T(A B, C)| = RA B) .[|S(A, C) ; the new relation is so defined on the
union of the attributes sets of the old relations. We denote: T(A, B, C) -
R(A, B)» S(A, C).

® Decomposition of a relation. )

Let R be a relation. We shall say that R is decomposable into the sub-
relations R,... R, iff R satisfies the condition:
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R=R,+...+R,

We shall recall the main characterizations of when R is decomposable, which
have been proved elsewhere [6].

Proposition 1. R is decomposable if and only if for all a¢[AR
la, B, C]R~ |a, B|R+|a, CIR,
where the notation |a, B, C|R stands for the set of {(b,c) |R(a,b,c)—true }
la, BIR=1{b (a, b)¢[A, BIR}
[a, CIR={c (a. c)¢|A, CIR).
Proposition 2. Ris decomposable iff for all a¢[A|R b¢]a, BIR
la, b, CIR=a, C|R.

Proposition 3. If R is the relation of the relation schema (R*(A, B, C)
A — B) then

’

R—[A, BIR+[A, CIR.

2. Particular integrity rules: functional and relational dependencies.
2.1. Functional dependencies. The functional dependencies have

the following properties: let R(A, B, C, D) be a relation and 7 the set of FDs
for R then

(4) reflexivity A— A¢T

(5) projection if A— B, C¢5 then A B and A—C¢F

(6) augmentation if A— B¢F then A, C - B¢F

(7) additivity it A— B and A—C¢7F then A— B, C¢F

(8) transitivity if A— B and B-— C¢ 7 then A- LCEF

(9) preudo-transitivity if A B and B, C— D¢ then A, C—D¢F.

There are several axiomatizations of FDs from these properties [7]. The
one we will use is based on properties (4), (6), (9).

@ Graphical representation of a set of FDs
Let  be a set of FDs {f,, fo - - -,fa} Over an attribute set A {A,, 4,,..., A}
We define a graph, denoted G (), as follows. The graph includes two types
of nodes: the round nodes represent the attribute nodes, the square nodes
represent the FDs. An edge is directed from a round node A, to a square
node f, if f;: A, B —C, where B and C are attributes of A exists;

An edge is directed from a square node f, to a round node A, if
fo:B— A, exists.

Example 2. 0. Let 7 be the set of FR’'s over the attributes {A, B, C,
D, E, F, G}

F =111, f2, f3, f4, 5}
fl:AC —~ E, f2:F - E, f3:AD—F, f4:BC— D, f5: AC — B.

We give the corresponding graph in Fig. 1.

We say & is circuitless if G(F) is itself circuitless.

® We can consider all the previous properties of FDs as a set of rules
for obtaining new FDs from a given set 7. The closure of 7, denoted ¥, is
defined as the set of all FDs that are obtainable by successive applications of
these properties. An elementary closure of &, denoted 79, is a subset
of 5+ such every FD is a EFD. An elementary minimum covering

of 7, denoted 7*, is a part of F9D such that:
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(a) (F*)yt=F+
(b) vHCTF* G5t

® The concept of elementary minimum covering % of an initial set of
DFs is very important for the validation of integrity rules. Indeed the valida-

Fig. 1

tion of all FDs of & is obtained by the wvalidation of only all FDs of &*.
Therefore, it is very useful to build an algorithm to obtain one &* from .
® [5] proved the strong analogy beween a set of FDs and a boolean
function.
Example 2. 1.

F={A-B;B,C -D; A -E} ' ) f—ab+ bcd+ae.

This result permits to prove that 7P is unique and if F is circuitless,
F* is unique [14].

Other mathematical results have been proved and efficient algorithms [12;
15; 17| have been built to obtain the elementary minimum covering &*.

2. 2. Relational dependencies. A relational dependency (RD) of a
relation R is an integrity rule: it is a decomposition of some projection of
R or R itself.

Example 2. 2. R(SEMINAR, STUDENT, INSTRUCTOR) is a relation
of an education program planning.

The relational dependency :

R - [SEMINAR, STUDENT]R+[SEMINAR, INSTRUCTOR]|R
expresses all students attending a seminar are teached by all instructors of
this seminar.

We study now two types of RD: first order hierarchical decomposition
(FOHD), multivalued dependency (MD).

22.1. First order hierarchical decomposition (FOHD) [6]

® let R(X,Y,Z U) be relation where X, VY, Z U are disjoint attributes.
X:Y|Z U is a first order hierarchical decomposition of R iff R—[X| V|R+
[X, ZIR«[X, U)R.

X is the root of the FOHD, Y, Z, UU the branches.

® Properties of the FOHD
It is not possible to give here all the proofs for the properties. These proots
can be found in [6].

(10) — Clustering of branches
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lLet X:Y|Z U be a FOHD, then if Y and Z are two chosen branches
X:Y, Z U is a FOHD.

(11) — Deletion of a branch
Let X:Y | Z|U be FOHD, then if ¥ and Z are two chosen branches X:Y|Z
is a FOHD.

(12) — Projection of a branch
Let X:Y|Z be a FOHD and 7 be a subset of V¥, then X:7|Z is a FOHD.

(13) — Projection of the root
Let X, Y, Z:U Vand X, Y:Z|U, V be two FOHDs, then X, Y:Z|U|V is
a FOHD. Let X, Y, Z:U V be a FOHD such that X, Y — Z then X, Y:Z U|V
is a FOHD.

(14) - Root modification
Let X: VY, Z U, V be a FOHD and Y, U be two chosen subsets among VY, Z,
U, V, then X, Y, U:Z| V is a FOHD.

(15) — Decomposition of a branch
Let X:U|V

X:Y Z be FOHDs such that YCU and ZCU,
then X: Y ' Z|V is a FOHD.

(16) — Complex generation of FOHD
Let X,:Y, Z, T, U,

Xy: Yy, Z,| T, Uy, be two FOHDs such that

Y., Z,, T, UDX, A\ X,

Yo, Zy Tow UyDXIA KX,
where X and X denote the complement of X, and Xj in A (where £={X
Yi, Z, T, U, Xy, Y, Z, T, U,)}),
if ¥, and Z, are two chosen branches then
X, (Y, ZINX:Y\AY YINZy iAT, | YiAU,

ZINYS | ZINZy | Z\NTS | Z NG| T, | U,y

is a FOHD.

(17) @ All these properties of FOHDs can be observed as a set of rules
for obtaining new FOHDs from a given set of FOHDs. Interactions between a
set 7 of FDs and a set § of FOHDs over the same relation were proved
like :
— Let X:V Z¢§ and Y — Z¢5F
then X — Z&F
—Let X:VY Z¢§ and Y — U¢F
then X' Y, U Z¢§
—Let V'V Z@ and X, Y — U¢5 and X, Z — Ut
tben A" —> U(q.
2.22. Multivalued dependencies (MD) [13]
® Let R(A,, A, ..., A,) be a relation over the set of attributes:
A={A,A,... A, )
then we say A, multi-determines A, in R ift wBC#, BA(A,, A))=@, A,: A, B
is a FOHD in R.
We write the multivalued dependency A, +— A,
(18) @ Let R(A,, A,...A,) be a relation over the set of attributes £ and
let A, — A, be a functional dependency,
then (6] proved simply that:



202 C. DELOBEL, M. LEONARD

vBC#, BA(A, A)=7 A:A,|B.

Therefore a FD of R is a particular MD of R.

® Properties of MD ([13, 16], and simplier proved in [18])
Let R(A, B,C, D, E, F) be a relation and let JC be a set of MDs on R
— full MD
Let A~~ A B be a MD of X, then A--B¢X and can replace the first
one in JC
A - B with A and B disjoint attributes is called full MD. We shall consi-
der only such MDs.

(19) — reflexivity A - AcJC

(20) — augmentation if A - BeIC then A, C-- BeXC

(21) — additivity if A »- BcI and A-- CeIC then A - (B, C)¢X

(22) — transitivity if A-- BeI and B —- CeJ then 4 - CeX

(23) — pseudo-transitivity if A-- BcJ and B, C—- DX then A, C -- DeXC.
Note that we give none conditions on the attributes about transitivity and
pseudo-transitivity. The new results concern these cases:
— it A, B->-Ce¥ and C, D - A EcX, where A, B,C, D, E are disjoint attri-
butes and F is their complement, then

A, B, D+ A E and so A, B, D~ E¢cX.

Proof. (1) A,B:C D,E, F
(2) C,D:AE B, F
> (3) A B,D:C|E,F (by application of (14))
(4) A,B,C,D:E|F
(5) A, B,D:C|E F (by application of (13))
and so A, B,D--E
—if A»->BeX and B - A, Ce, where A, B, C are disjoint attributes then
A A C and so A - CeX.
The proof is the same as the last one if A, B+~ C¢X and C-~ A, DX then
A, B DeX.

Example 2.3. We -onsider an education program planning with attribu-
tes: SEMINAR, TYPE, MONTH, DAY, ROOM, INSTRUCTOR, STUDENT,
SCORE, BOOK, RANK, SALARY. A SEMINAR is characterized by an identi-
fication number, each SEMINAR corresponds to a certain TYPE and is schedul-
ed for every month. Each SEMINAR has various INSTRUCTORS and STU-
DENTS, but has only one location characterized by the attribute SCORE. Each
TYPE of SEMINAR has a given set of BOOKS, which are used by all the
STUDENTS of the SEMINAR as references.

So here is the relation R (SEMINAR, TYPE, MONTH, ROOM, INSTRUC-
TOR, STUDENT, SCORE, BOOK, RANK, SALARY) with the following inte-
grity rules:

SEMINAR - TYPE

INSTRUCTOR, MONTH - » SEMINAR
SEMINAR > ROOM

STUDENT, MONTH -~ SEMINAR
INSTRUCTOR —» RANK, SALARY
STUDENT, MONTH, SEMINAR » SCORE

@ : MONTH | TYPE, INSTRUCTOR
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which expresses that the organisation is the same every month; one can no-
tice that the root of the FOHD is empty.

SEMINAR:STUDENT INSTRUCTOR

which expresses that all students attending a seminar are teached by all inst-
ructors of the seminar.

TYPE -~ BOOK

which expresses that the knowledge of the type of a seminar determined the
set of books.

3. Representation of a relation into a data base schema. We exami-
nate now how to introduce a relation into a data base schema. We shall prove
that several solutions are available but they 'are more or less efficient with
regard of only information validation.

3.1. Decomposition process. Let R be a relation and / the set of
integrity rules which are defined over R. The problem of the decomposition of
R is to find a set of subrelations of R(R,, Ry...R,) such R=R*R,...*R,.

A decomposition of a relation R is obtained by considering the properties
of FOHD as rules of decomposition.

Example 3.1. Let 7 (STUDENT, INSTRUCTOR, SEMINAR, MONTH)
be a subrelation of the relation R (example 2.3).

!/ contains the FDs (i,) INSTRUCTOR, MONTH — SEMINAR

(iy) STUDENT, MONTH - SEMINAR

and the FOHDS (i;) SEMINAR, MONTH:STUDENT INSTRUCTOR

(i;) @:MONTH  INSTRUCTOR.
The following decompositions of R are available:
(D,) R"=[INSTRUCTOR, MONTI!4{, SEMINARJR’+[INSTRUCTOR, MONTH,
STUDENT]|R" (by application of (18))
(D,) =[STUDENT, MONTH, SEMINARJR +[STUDENT, MONTH, INST-
RUCTORIR".
There are generally several available decompositions of the same relations R.
The choice of one of them is the beginning step of designing data base
schema. The chosen one is called the representation of R into the da-
ta base schema.

3.2. Maliunctions due to the data base schema. Malfunctions
in the manipulation of a data base can result from the representation of a re-
lation into the data base schema. They concern the integrity rules and the
main operations create, delete, update an entity; they induce either informa-
tion anomalies (like redundance or lost of information) or long executions of
validation processes.

There are two types of such malfunctions for the FD, MD and FOHD
integrity rules: within-relation malfunctions and between-relations malfunctions.

The first results concern only the FD integrity-rules (3]. We extend these
results by considering MDs and FOHDs [16].

32.1. Within-relation malfunctions. Let us show them with an
example.

Example 3.2
R, (TYPE, BOOK, STUDENT) as defined in the example and the integrity
rule TYPE - BOOK.

Furthermore we consider the following data-collection of R,:
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TYPE | BOOK | STUDENT

ty { by Sy

t, ] b, Sy
ty | b S
ty | by ‘i S2
ty | by | 54
ty by | S3

If the chosen representation (D,) of R into the data base schema is R itself,
so happen the following malfunctions about:
— creating entities.

@ Indeed the only key of R is the whole combination of the three attri-
butes. Therefore no attribute composing the primary key can have an un-
defined value; so is the information on students who read a book for a semi-
nar, available only when, currently, al least one type for that student and
that book is active.

® Otherwise, if we create the new entity (£, b,, s,), the validation pro-
cess of the rule TYPE --»BOOK must add the new entity (f,, b, s;) or reject
the first one.

® At last, if we create the new entity (¢,, s;) of the subrelation [TYPE,
STUDENT]R,, the validation process must immediately generate these new en-
tities of R:(¢,, by, s3) and (¢,, b,, s3).

— deleting entities

® When for instance the type ¢, is eliminated so are deleted all the enti-
ties composed with #, and consequently the following entities of the sub-
relations [BOOK, STUDENT]R, are definitively lost:

(b,, sg), (b3 s,) and (b, s,).

® Otherwise if we delete (,, 4, s,), the validation process must delete as
well either the entity (¢, b,, s,) or the other one (£, b,, s,).
— updating entities

® The updating of (4, &,) into (¢, b,) induces the updating of as many
entities of R as students who attend a seminar of type ¢,.

® The other one of (b,, s,) into (&, s,) induces a more complex valida-
tion process.

Remark. Another representation of R, is (Dg) [TYPE, BOOK]R, and
[TYPE, STUDENT]|R, because it is a decomposition of R,. Thus, two data-co-
llections are considered :

TYPE | BOOK TYPE | STUDENT
t; b| tl 8,
t b,y ty S
ty b 1 t, 8
ty S

In this case, all the previous malfunctions disappear; indeed the integrity rule
TYPE -»-BOOK automatically is checked and no validation process is needed.
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322 Between-relation malfunctions. Let us show them with an

example.
Example 3.3. Ry(SEMINAR, TYPE, BOOK) as defined in the example
2.3 and the integrity rules (r;):SEMINAR — TYPE
(r3) : TYPE -- BOOK.
Furthermore we consider the following data-collection of R; which satisfies
the integrity rules:

SEMINAR | TYPE | BOOK

sy { 4 ‘ by
S 4 |0
s |4 1 9
Sy t ‘ b

The chosen representation (D,) of R, into the data base schema consists of
the two subrelations [SEMINAR, TYPE|R, and [SEMINAR, BOOK]R, which
compose a decomposition of R,. Here are their two data-collections:

SEMINAR I TYPE SEMINAR | BOOK
— _‘___,,,,,,

5 ‘ 4 5 b,

Sz [ & Sy by

S ’ b,

Sy | b,

Such a representation of R, induces malfunctions about
— creating new entities like

(¢,, by) creating the entities (s,, &3) and (s, by)

(sg 2,) also creating the entities (s, b,) and (s, &,)
— deleting entities like

(s,, by) also deleting either (s,, &,) or (s,, by)

(¢,, by) also deleting (s,, b,) and (s,, b,)
— updating entities like

(sh bl) into (slv bs) also updat.i"g (52, bl) into (S,, b3)

(ty, b,) into (¢,, b,y) also updating (s,, b,) and (s,, b,) respectively into (s,, &;)

and (s,, b3).
All these operations may be very long to be executed; they are induced by
the validation process of the integrity rule (r;) TYPE -- BOOK which is defin-
ed through the two subrelations of R,

Remark. Another representation of R, could eliminate all these between-
relations malfunctions:
(D,) [SEMINAR, TYPEJR, and [TYPE, BOOK]R,.
Indeed every integrity rule is no more defined through several subrelations
but on only one subrelation; thus, no more validation process of (ry) is
needed.
3.3. Minimal representation Of arelation into a data base

schema. The previous examples show how the choice of a representation of
R induces malfunctions and how one representation may eliminate all them
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and does not need any validation process. We study now some relations with
a set F of integrity rules which are supposed to be only FDs.

May a malfunction-iree representation of such a relation exist?

[5] gave the answer when F is circuitless.

Deiinition a FDof F:Aof — B is transitive iff no FDs of F* are
such as:A — C and C — B.

Theorem 1. All FDs of F* are transitive.

Theorem 2. Let |f, f,...f.} be the FDs of F* [ the key of R, |R,,
Ry ... R} the subrelations of R which are defined respectively on the attri-
butes of f,fo.. [fu

Then either R=R, +Ry+...R, when [ is included in some R, or R=
[«R «R,...« R, when not.

This decomposition is unique and called minimal decomposition.

Theorem 3. When the minimal decomposition is chosen to represent
a relation R into a data base schema, it includes no malfunctions about the
FDs integrity rules.

Remark. To obtain the minimal decomposition of R is equivalent to ob-
tain the key of R and the elementary minimal covering F* of F.

Example 3.4. Let us consider always the same relation about education
program planning with the set F of only FDs integrity-rules.

F*:SEMINAR  TYPE

INSTRUCTOR, MONTH — SEMINAR

SEMINAR — ROOM

STUDENT, MONTH -» SEMINAR

INSTRUCTOR > RANK, SALARY

STUDENT, MONTH » SCORE
The only change concerns the last FD f; indeed if
fy  (STUDENT, MONTH — SEMINAR) and f,=(STUDENT, MONTH, SEMI-
NAR — SCORE) belong to F, then f may be formed and removes f,from F*
The key of R is composed by (INSTRUCTOR, STUDENT, MONTH) and here
is the minimal decomposition of R:

R [INSTRUCTOR, STUDENT, MONTH|R « [SEMINAR, TYPE, ROOM|R

« [INSTRUCTOR, MONTH, SEMINAR]R + [STUDENT, MONTH, SEMINAR,

SCORE|R« [INSTRUCTOR, RANK, SALARY|R.

4. Conversion of a relation into a conceptual schema. There are seve-
ral conceptua! models but we introduce one [12] which uses as [ramework
either relational or network or hierarchical model.

4.1. Conceptual model Let G(#8, £, N, y, u) be a graph where

— @ is the set of block names: a block the name of which is B is a set
of attributes A(A,, A, ..., A,); B is always associated with one (or several)
other set of attributes denoted k(B) which is the key of B. It means that one
instance of k(B) corresponds to only one instance of B.

On one hand, k(B) may notbe included; in A and in this case the attributes
which belong to k(B)—(k(B)N\A) are named foreign key attributes (|3]). On
the other hand, if £(B) is included in /, then B is a name of a relation.

— £ is a set of names which correspond to the names of links between
blocks. The set £ contains the element // to denote hierarchical link.

— N is the following set: [|F, H, B} (F ftunctional, / hierarchical,
B binary).
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— y is a partial application and « a partial function:
7iBXEL > B
WiBXBXEL — N,

which are defined by the following table. Let B, and B, be the names of two
blocks:

i Cc;ndm'o;s’ o | y [ “
| LiikBY) — KBy | HB. L)=B, w(By, By, L)~F
’ elementary FD l j ;
k(B,)) < k(B) ' HBu H)=B, | w(By, By, H=H
Lk(By), k(B.)| | ABy Ly=B, w(By, By L)=B |
|
|

!
|

|
By, L,)=8, | wBy By, Ly)=8
Then the graph of a data-structure includes nodes which correspond to
blocks edges which correspond to links.

An edge is directed from B, to B, iff »B,, L)~ B, and

w(By, By, L))=F or H; it is not directed iff »(B,, L,)= B,

and w(B,, By, L,)— B.

4.2. Conversion process of arelationrepresentationinto
a conceptual schema. We will now show it with the same example of
education program planning. The minimal decomposition was: R=R,* Ry*... Ry

R, :[INSTRUCTOR, STUDENT, MONTH]

R,y : SEMINAR — TYPE, ROOM

R3: INSTRUCTOR, MONTH — SEMINAR

R,:STUDENT, MONTH - SEMINAR, SCORE

Rg: INSTRUCTOR - RANK, SALARY
According to the previous table we can form the following graplH where each
node corresponds to a relation:

T
C j DA B D)
C : ) C ' )

Fig. 2
1 ,:,1 . INSTRUCTOR STUDENT MONTH ;2= Ry SEMINAR TYPE—ROOM 3 /(;' INSTRUKTOR
MONTH SEMINAK: 4 24 : STUDENT MONTH SEMINAR SCORE; 5—Rs . INSTRUKTOR KANK SALARY
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