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A New Category of Relations:
Combinationally Constrained Relations

S.M.T. Rohani Rankoohi! and S.H. Mirian Hosseinabadi®*

Abstract. The normalization theory in relational database design 1s a classical subject investigated
wn different papers. The results of these research works are the stronger normal forms such as 5NF,
DKNF and 6NF. In these normal forms, there are less anomalies and redundancies, but it does not mean
that these stronger normal forms are free of anomalies and redundancies. Fach normal form discussion
1s based on a particular constraint. In this paper, we introduce relations which contain a new kind of
constraint called “combinational constraint”. We distinguish two important kinds of this constraints,
namely Strong and Weak. Also we classify the Combinationally Constrained Relations as Single and
Multiple. We introduce all kinds of such relations and specify them using their quantitative properties,
formally. It can be shown that these relations are in 5NF or 6NF and still they contain redundancies and
have some anomalies.

Keywords: Relation; Constrained attribute; Free attribute; Combinational constraint; Combinationally

constrained relation; Weak combinational constraint; Strong combinational constraint.

INTRODUCTION

The subject of normalization in the process of re-
lational database design and even in the process of
object-oriented database design is a classical and well-
known subject. In everyday-life applications and,
in particular, when we have many relations and a
large amount of data, normalization of relations is
still one of the important phases in the designing of
application systems. However, there are situations and
applications in which non-normal relations are more
efficient.

The main objective of the normalization process
is to reduce the redundancy and anomalies as much
as possible. Different normal forms are introduced,
among which the strongest form is 6NF [1,2] (leave
aside Domain Key Normal Form (DKNF) which is not
reachable in practice [3]). Based on the main objective
of the normalization process [4], a relation which is in
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5NF should have less redundancies and be free of 4NF
relation anomalies. This is the same in 6NF which is
the latest and strongest normal form.

As we will see later in the related works, the
research on the normalization theory was done until
the late 80s, but less in the 90s. In particular, there
is not much theoretical research on the subject of
5NF and 6NF relation schemas. FEach normal form
discussion is based on a particular constraint, for
example in the 4NF relations, there exists a special
semantic constraint, i.e. the so called “Cyclic Nature
Constraint [4]”.

In this paper, we introduce another kind of con-
straint in relations, which we call the “combinational
constraint”. First, we introduce two types of this con-
straint, namely Strong and Weak. Then, we distinguish
two kinds of relation, namely Single and Multiple. And
finally, based on these two types, we introduce various
kinds of Combinationally Constrained Relations and
investigate some of their quantitative properties. In
our future paper, we will show that these relations
are in 5NF or 6NF and despite their high level of
normality, they can have a lot of redundancies and
some anomalies.

From now on, we use the basic symbols given
in Table 1. The complete set of symbols that are



Combinationally Constrained Relations

Table 1. Basic Symbols

Symbol Definition
C Combinational constraint
R Combinationally Constrained Relation
r Body of R
c The number of C in a r

#r Cardinality of R

(the number of tuples in r)

n Degree of relation

[A]+ Attribute(s) A of tuple ¢

[A]¢ Value of attribute(s) A in tuple ¢
P Power set
0 Empty set

presented and used in this paper will be given in the
nomenclature at the end of paper. To present the
formal definitions, we use the First Order Logic and
Predicate Calculus and follow the notation suggested
by Spivey in the Z notation manual [5].

The rest of the paper is organized as follows:
First, an overview of related works is given. Then,
basic definitions and concepts are introduced. Next,
the main categories of R, namely Strong, Weak, Single
and Multiple R, are discussed. This is followed by
other kinds of R, and their properties. Subsequently,
a case study is given to show that there are ev-
eryday used relations having this type of semantic
constraint. Finally, the conclusion and future works
are discussed.

RELATED WORKS

Each normal form in the normalization theory is based
on a specific constraint. Beside Codd classical normal
forms (INF, 2NF and 3NF), in stronger normal forms
these constraints are:

o In BCNEF: Each determinant must be a candidate
key;

o In 4NF: “Multivalued dependencies” must not exist;

o In 5NF: “Join dependencies” not implied by the
candidate keys must not exist;

o In 6NF: Join dependencies must not exist, either im-
plied by the candidate keys or by non-key attributes.

But, the constraint we introduce in this paper, namely
combinational constraint, to the best of our knowledge,
has not been considered before. It can be shown that,
although some of the Combinationally Constrained
Relations are in 5NF and even some in 6NF, these
relations still contain a lot of redundancies and, as a
result, they have anomalies.
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Many of the advanced normal forms are due
to Fagin. Specifically the discussion on 4NF, 5NF
(PINF) and DKNF can be found in [6-8]. Since
their introduction, many database texts have discussed
them [3,4,9-11], but mostly through a simple example.
During the 1980s, there were a number of research
works on relational database design, particularly on
decomposition and join dependency. The decompos-
ability phenomenon for relations with a degree of n,
where n > 2, was first noted in [12]. The work of
Gyssens can also be mentioned in this respect [8,13,14].
The justification for 4NF can be found in [15]. Other
work by Vincent on normal forms [16-19] are also
notable. Since 2000, there have been a number of
works done on the decomposition of relations and
in [20], a justification for inclusion dependency can be
found. In [21], partitioned normal form relations are
discussed. An information theory based approach for
normal forms (4NF and 5NF) is proposed in [22]. The
6NF is solely introduced in [1,2].

BASIC DEFINITIONS AND CONCEPTS

In this section, the concept of R as well as other
preliminary concepts are introduced.

Definition 1

Combinationally Constrained Relation

Let R(Ay, A, -+, A,) be a relation schema and n and
k two integers such that n > 2and 2 <k <n—-1. Ris
combinationally constrained if, and only if, R satisfies
the following conditions:

1. Attributes Ay, As,---, A, take their values from
the disjoint domains Dy, Ds,---, D,,, respectively.

2. The body of R satisfies the following two time-
independent constraints:
(a) The cardinality of R(#r) is greater than or
equal to C} = #')uw i.e. the number of
combinations of k from n.

(b) The values of each attribute in C}'_| tuples of
r are equal. We call such attributes, in each
tuple, “combinationally constrained attributes”

and the set of such attributes for each tuple, t,
is denoted by [A°];.

As said before, we call such a relation a Combination-
ally Constrained Relation, which is denoted by R.O

It is worthy to mention that there are many
subsets of D1 X Ds X --- x D,, which satisfy the above
constraints and they are not rare in practice. We
will show some samples of these relations in our case
study.
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Definition 2

Constraint Degree

The constraint degree of R is defined as the number of
attributes under the C in 7 and we denote it by #.A¢
cardinality of A¢).00

Definition 3

Free Attributes

In each tuple of r there exists the same number of
attributes that are not combinationally constrained,
which we call Free. The set of “free attributes” of a R
in each tuple ¢ is denoted by [A”];, and the number of
such attributes is shown by #A7 (cardinality of A”).00

Motivating Example

Here, we discuss a real example to show the effect of
such a constraint on a relation. We will continue this
example in the case study. Consider a university as a
micro real world. Assume the following entities in this
environment: Professor, Course, Department, Book,
Room. Consider the following semantic rules:

o A professor may teach more than one course in a
term;

o A professor may teach in more than one department;

o A course may be offered in more than one section;

o A course may be taught based on more than one

book.

We assume that the reader of this paper is familiar with
the database conceptual modeling (for example, with
the EER method) and skip this phase. The relational
database for such an environment may include the
following relations:

o PROFESSOR (P#, PNAME, ---),

o COURSE (C#, CTITLE, -- ),

o DEPARTMENT (D4, DTITLE, ---),
o BOOK (B#, BTITLE, ---),

o ROOM (R#, RCAP, --),

e}

The following relation shows the relationship among
three entities, namely, PROFESSOR, COURSE and
DEPARTMENT.

PCD (P+#,C+#,D#).
The semantic of the relation PCD is: Professor p
teaches course ¢ in department d. The above relation-

ship can have some more attributes, e.g. YT year-
term and S#: section number.

PCD, (P#, C#, D#, YT, S#).
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The semantic of the relation PCD, is: Professor p
teaches section s of course ¢ in department d in year-
term yt.

Figure 1 shows a sample body for PCD 4 which
has a R. We categorized this relation as a Single and
Strong (see the next section for details) R (denoted
by ¢®) with the degree of five (i.e. n = 5) and its
constraint degree is equal to 4 (i.e. #.A° = 4 and
#A7 = 1). For instance, in the first tuple of the
body of PCD 4 given in Figure 1, we have: Professor
p = 1001 teaches section s = 2 of course ¢ = 40100 in
department d = 40 in year-term yt = 851.

This relation and, in general, all Combinationally
Constrained Relations of degree n and with Constraint
Degree n — 1 is in 6NF. In fact, it can be proved
that every combination of n — 1 attributes of such
a relation is a candidate key. For example, the
candidate keys of the relation shown in Figure 1
are {P#, C#, D#. YT}, {P#, C#, D#. S#},
{P#, C#, YT, S#}, {P#, D#, YT, S#}, and
{C#, D#, YT, S#}. Tt is obvious that there is
just one extra attribute in this relation in addition to
its candidate key. On the other hand, it is in 5NF
because it does not contain any Cyclic Constraint [4].
Therefore, according to the definitions given in [1,2], it
is in 6NF. But, still, this relation has anomalies such
as:

o Update operation: If the user wants to change
the value of one of the attributes, s/he has to
update four out of five tuples, otherwise the existing
combinational constraint will be violated. This
means that a tuple-level operation is transformed
to a set-level operation.

o Delete operation: If the user deletes one or more
tuples from such a relation, the combinational con-
straint will disappear. This means that the deletion
operation is not possible at all unless all the tuples
of the relation are deleted.

o Insert operation: If the user inserts an arbitrary
tuple into this relation, the Simple Combinational
Constraint will disappear and the relation will have
a combinational constraint from a different category.
It is possible to insert another set of tuples consisting

PCDys (P#, CH#, D#, YT, S#)
1001 40100 40 851 2
1001 40100 40 852 1
1001 40100 50 851 1
1
1

1001 40200 40 851
1002 40100 40 851

Figure 1. ¢° - Single Strong R.
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of another C into this relation. In fact, in these
cases, the relation will have a Multiple R (see next
subsection for different categories of R relations).

It should be noted that the combinational con-
straint imposes a type of “domain constraint” [8] (vice
versa is not true). From this point of view, it can be
said that the above mentioned anomalies are due to the
domain constraints too.

A General View

Now, we give a general view of the categorization that
is introduced for the relations having combinational
constraints. A R, based on its constraint degree, can
be categorized as Strong or Weak. In the case of Weak
R, it is possible to have more than one C in the relation
R. We introduce two types of relations, namely Unary
and Doubly (or Binary) Weak R. A Doubly Weak R
can be Symmetric or Asymmetric. A Symmetric or
Asymmetric Doubly Weak R can be Pure or Impure.
From another point of view, a R can be Single or
Multiple. To find other kinds of R, we combine the
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main categories of R, namely Strong and Weak and
Single and Multiple together. In the specification-
generalization tree shown in Figure 2, all kinds of R
are introduced. The formal definitions of all kinds of
R are given next.

STRONG AND WEAK R

A R, based on its constraint degree, can be categorized
as Strong or Weak. In the following, we give the
definitions of Strong and Weak R.

Definition 4

Strong R

A R is strong when its constraint degree is equal to
n—1,1e.:

n>3A(c=1 = #A =n—-1A#A" =1).

We represent such a constraint by C® and the relation
with such a constraint by R°.00

relation

Combinationally constrained

IS-A relationship
ona 1earionslib,

/\

Multiple
Single I
Weak Strong
Weak Strong
Unary Doubly Unary Doubly Composite
Symmetric Asymmetric Homogeneous Heterogeneous Homogeneous Heterogeneous
Pure Impure Symmetric Asymmetric Asymmetric
Pure Impure

Figure 2. The specification-generalization tree of all kinds of R
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Example 1

In the relation Ry(A4, B,C, D) with the body shown in
Figure 3, there is a C* where #A¢ = 3 and #A47 = 1.
The cardinality of this relation is C§ = 4 and, in C3 = 3
tuples, the values of each combinationally constrained
attribute are equal. Figure 3 shows the A¢ and A7 of
each tuple in the appropriate columns.{

Definition 5

Weak R

A R is Weak when there are less than n — 1 attributes
under the C, i.e.:

n>AN2<H#A  <n—1A1<#A <n-2.
Such a constraint is denoted by C* and the relation
with such a constraint is represented by R*.OJ

Example 2

In relation Ry(A, B,C, D, E) with the body shown in
Figure 4, there is a C* where #A¢ = 3 and #A47 = 2.
The number of tuples of this relation is C3 = 10 and

R* Sample [AC]1 [AFL

Ry (A, B, C, D)

a; b1 1 da {A,B,C} | {D}

ay by co dy {A,B,D} {C}
a; by 1 dp {A,C,D} {B}
az by 1 dy {B,C,D} | {A}

Figure 3. A sample of Strong R(R?®) (n =4, #r =4,
#A =3, # A7 =1).

R"™ Sample [.Ac]f [A]:]f
Ry (A, B, C, D, E)

a; b1 1 dy ez {A,B,C} | {D,E}
a by co dq es {A,B,D} {C,E}
a1 b1 c3 d3 e {A,B,E} | {C,D}
al ba c1 dq €4 {A,C, D} {B,E}
a1 by ¢ da e {A,C,E} | {B,D}
a1 by e d1 e {A,D,E} | {B,C}
az b1 c1 di ep {B,C,D} | {A,E}
az b1 c1 ds el {B,C,E} | {A, D}
ag b1 c5 d1 e1 {B,D,E} | {A,C}
as by c1 d1 el {C,D,E} | {4, B}

Figure 4. A sample of Weak R (R") (n =5, #r = 10,
#AC =3, #A47 =2).
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in C3 = 6 tuples, the values of each combinationally
constrained attribute are equal.{

For understanding the R", the frequency of in-
dexes of attribute values in the tuples of the relation
Ry (shown in Figure 4) should be noticed. For
example, the values of attribute A in six tuples have
the index (1), since the values of each combinationally
constrained attribute in six tuples must be equal.

Unary and Doubly RY¥

In the case of RY™, it is possible to have more than
one C in relation R. We now introduce two types of
relation, namely Unary and Doubly (or Binary) R™.
Theoretically, we can have a relation in which the
number of Cs are more than two. We call these types
of relation c-ary, i.e.:

c>2A

(Vi:1---co(#A%) <n—1A(F#AT); > 1),

but we will not consider them in this paper for the sake
of brevity.

Definition 6

Unary RY

A RY is unary if there is no other set of attributes dis-
tinct from the set of previously constrained attributes
in which another C can be found. In other words, the
values of each free attribute in at least two tuples are
not equal. This proves that there is only one C¥ in R",
ie.

c=1 <= 4 ti,t2 1 | t1 #tz‘[[A}-]]tl ;é [[A]:]]t2~

The relation with such a constraint is denoted by R/ .00

Definition 7

Doubly RY

A R™ is doubly if there is only one set of attributes dis-
tinct from the set of previously constrained attributes
in which another C can be found. In other words, the
values of free attributes in C";llfi1 tuples are equal.
This means there are two C* included in relation R,
ie.

c=2 <— ElrlzlP’r|#T1=C;j41f,1°

Vi, t2 171 | t1 £ tae [[Af]]tl = [[Af]]tz'

The relation having such a constraint is denoted by Ry .
The number of constrained attributes under constraint
C; is denoted by (#.A°);, 4 € {1,2}.0
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Symmetric and Asymmetric RY

A RY can be Symmetric or Asymmetric. The following
definitions specify them formally.

Definition 8

Symmetric RY

A Ry is Symmetric if the two C*s have distinct sets
of constrained attributes with the same constraint
degrees, i.e.:

(#A) = (#A ) AVE T o [(A)1]e N [(A)2], = 0.

The relation having such constraints is denoted by
Ry*.O

Definition 9

Asymmetric RY

A Ry is Asymmetric if the two C"s have distinct
sets of constrained attributes with different constraint
degrees, i.e.:

(#A)1 # (#A)2 AV o [(A)1]e N [(A)2], = 0.

The relation having such constraints is represented by
RyY.O

Example 3

Relation R3 in Figure 5 has two C¥s (i.e. (#A%)
3, (#A}-)l ) (#AC)2 ) (#AF)Z = ) Since
(#AC); # (#A°)2, then it is an example of R}}Y.¢

It is obvious that in the presence of two CYs,
each time that one of two C*s is considered, (#.4€);,
i € {1,2} attributes in each tuple are under that C*
and (#A7); < n — (#A°); attributes do not have that
constraint and are free with respect to that C*.
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Pure and Impure R%¥* or R

A Symmetric or Asymmetric Ry can be Pure or
Impure. For the definition of ImPure R}, we need
to define the concept of absolutely free attributes.

Definition 10

Absolutely Free Attributes

In a Doubly Weak R, Symmetric (Ry*) or Asymmetric
(R;Y), there can be at least one extra attribute which
is not under either of the two C%s. We call such
attributes ‘Absolutely free attributes’ and the set of
such attributes in a relation is denoted by A7. The
number of A7 in a relation is shown by #.A47 (the
cardinality of A7)0

The following definitions specify Pure and Impure
Ry formally.

Definition 11

Pure Ry

RY* or RyY is Pure if there is not an attribute in the
relation under either of the two C"s, i.e.:

n>AANH#HAT =0 = (Vi:1--- 2 (#A°);
+ (#AT)i =n)).

Such a relation is denoted by Ry or R ”.00

Definition 12

Impure RY
A RYy* or R;? is Impure if there is at least one
attribute in the relation which is not under the two

RV Sample (A | (AT de || A9 | [(AT)2le
Rs (A, B, C, D, E)

ar by c1 dy e {A,B,C} | {D,E} {D,E} | {A,B,C}
ar by c2 di e {A,B,D} | {C,E} {C,E} | {A,B,D}
a1 by c2 da e {A,B,E} | {C,D} {C,D} | {A,B,E}
ar by c1 di e {A,c,D} | {B,E} {B,E} | {A,C,D}
a1 ba c1 dy e {A,C,E} | {B,D} {B,D} | {A,C,E}
a1 bz c2 di e {A,D,E} | {B,C} {B,C} | {A,D,E}
ax by c1 di e {B,C,D} | {A,E} {A,E} | {B,C,D}
ax by c1 da  er {B,C,E} | {A,D} {A,D} | {B,C,E}
ax by c2 di e {B,D,E} | {A,C} {A,C} | {B,D,E}
az by e di e {C,D,E} | {A,B} {A,B} | {C,D,E}

Figure 5. A sample of Asymmetric Doubly Weak R(RYY) (n =5, #r = 10, (#A°)1 = 3, (#A%), = 2).
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C%¥s, i.e.

n>5ANH#HAT >0 = (Vi:1---2e
(#AC); + (#AT) + (#AL)i = n)).

Such a relation is represented by R4* or R3Y. O
It should be noted that in the Impure R, the
_ F
cardinality of R is greater than or equal to C,ZL #4s
AT
and the values of constrained attributes in C,?_l#A“ !
tuples are equal.

Example 4

The relation R3 shown in Figure 5 is an example of
R, too. O

SINGLE AND MULTIPLE R

A R can be Single or Multiple. In the following, we
give the formal definitions of these kinds of R. But
first, we define the concept of a Module Relation.

Definition 13

Module Relation

A Module Relation is a set of tuples with a C (Strong
or Weak) and is denoted by M. The Strong M
is a M having a C° and the Weak M is a M
having a C%, which are denoted by M?® and MY,
respectively.(]

In general, a R can include one or more than one
M. In the rest of the paper, we use the module symbols
defined in Table 2.

Definition 14

Single R
R is called Single if it contains just one M, i.e. m =
1 A #r = #ra. Such a relation is represented by o.0J

Table 2. Module Symbols

Symbol Definition
m The number of M
m?® The number of M*
m" The number of M™
'y The body of M
#r M The cardinality of M
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Definition 15

Multiple R

A R is called Multiple if it contains more than one M,
ie.

m> 1A 23" (#ra).

We denote such a relation by (u)™, where m > 1. In
other words we have (J7_, M’ C R since R can have
extra arbitrary tuples which are not necessarily under
the Cs.O0

A (p)™ with m = 1 is o, as defined in Defini-
tion 14, and we have ¢ = (u)'. The general form of
a ()™ with m = 2 and without extra tuples where,
in each module #A¢ = n — 1, is shown in Figure 6.
In other words, there are two M?® in this relation. It
is obvious that the order of tuples is not significant.
Figure 7 shows the same relation as Figure 6 with some

extra tuples.

OTHER KINDS OF R

To find other kinds of R, we combine the main
categories of R, namely Strong and Weak and Single
and Multiple together.

Kinds of Single R
In the case of single relations (o), we can have:

o Strong (o), in which there is only one Strong C (i.e.
m* =1AmY = 0);

o Weak (o), in which we can have Weak Cs, has two
subcategories, namely Unary (i.e. m® = 0Am> = 1)
and Doubly (ie. Vi :1---2e(#A°); <n—-1A
(#A7); > 1), as follows:

R (A1, Az, o, Anr, Ay
a1y azq Tt O(n—-1), Angy
a1y @2yt Q(a—1);  Any
Module 1
a1y G2y An-1); 9nq
a1y G2 An-1); 9nq
by, by bn-1); bny
by b2y bn-1)y  bny
: Module 2
b1, b2, bn-1); bng
bi, b2y bn-1); bng

Figure 6. General form of Multiple R(()?)(#r = 2 * n).
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R (A1, Ao, , An—1, A
ayq azq A(n—1)q An o
ayq a2, A(p—1)y Anq
: Module 1
aiy az, A(n—1)1 Anq J
a1, azq A(n—1)q An g
2 (n—1) no
b1, b2y b . b
b1, b2y bn—1)5 bng
. Module 2
b1, b2, bin—1); bny
b1, b2y bin—1); bny
C1q C2q C(n—1)1 Cnq
Cly €29 C(n—1)9 Cnoy
Extra Tuples
Cly  C2 C(n—1)z  Cng

Figure 7. General form of Multiple R with extra tuples
((0)*)(#r = 2% n +2).

* Unary (o), in which there is only one Weak C;
*x Doubly (¢3), in which there are two Weak Cs.
This kind of R can be:
* Symmetric (0%%), which means the #.As of
Cs are equal;
* Asymmetric (0”), when the #.As of Cs are
not equal.

These two later kinds can be both:

* Pure (o7 or o)), in which no extra attribute

is available;

Impure (¢* or oy”), in which at least one

extra attribute can be found.

We will discuss the quantitative properties of the
various kinds of Single R in the next section.
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The general form of a ¢° is shown in Figure 8,
where a;, and a;, are two distinct values of the
attribute A4; from domain D;. The constrained and
free attributes of each tuple are shown in Figure 8.

Kinds of Multiple R
In the case of Multiple relations ((©)™) we can have:

o Strong ((u*)™) in which all module relations are
Strong. We gave the general form of a Multiple R
with two M? in Figure 6;

o Weak ((u*)™) in which at least one of the module
relations is Weak. This subcategory of Multiple
relations can be:

* Unary ((¢%)™) in which all module relations are
unary Weak;

Doubly ((x})™) in which all module relations are
doubly Weak;

Composite ((¢2)™) in which the module relations
can have different types, namely Strong or Weak.

The Unary or Doubly Weak subcategories can be

categorized in two different subcategories as follows:

* Homogeneous ((u,)™ or (uy,)™) in which all
module relations have the same properties;

* Heterogeneous ((p,)™ or (py,)™) when module
relations can have different properties.

The Homogeneous Doubly Weak subcategory can
be:

* Symmetric ((p47)™) in which all module rela-
tions are Symmetric;

*  Asymmetric ((p?)™) in which all module rela-
tions are Asymmetric with the same properties.

and each one of them can be:

* Pure ((ug,)™ or (pgn,)™);

« Tmpure ()™ or (j4%)™).

Notice that all Heterogeneous Doubly Weak rela-

tions are, by definition, Asymmetric ((u;”)™) and

they can be categorized as:

General Form of o* [ACT [AT],
R (A1, As, , o An—1, Ag)
a1, a2, A1), [N {A1, -+ A1} {A.}
a1y az, A1)y  Ony {A1, - A2, Ay} | {An-1}
a1, as, An—1); @nj {A1, Az, An} {A2}
ai,  as A(n—1); @nj {Az2,---,An} {A1}

Figure 8.

General form of Single and Strong R(c°) (#r =n, #AS =n — 1, #A4F =1).
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« Pure ((u%)™);
« Tmpure ((u42)™).

We will give the quantitative properties of various kinds
of Multiple R in the next section.

PROPERTIES OF R

We distinguish two classes of properties for Combi-
nationally Constrained Relations, namely quantitative
and qualitative properties. We discuss the first class of
these properties in this paper. Some of the quantitative
properties are as follows:

o ¢: the number of combinational constraints;
o m: the number of Module relations;
o Fr: the number of tuples in the body of a relation;

o Fraq: the number of tuples in the body of a Module
relation;

o m?®: the number of Strong Module relations;
o m™: the number of Weak Module relations;
o #AC: the number of constrained attributes;
o #A”: the number of free attributes;

o #AT: the number of “absolutely free attributes”.

There are some other quantitative properties such as
the number of candidate keys and the cardinality of
relation, which are not discussed here, since they are
related to some qualitative properties including the
candidate keys, the level of normality and decom-
posability of the relations. In the Appendices, we
specify properties of various kinds of R using predicates
based on the above mentioned quantitative properties,
formally. These properties are the conjunction of the
following properties for each kind appropriately:

o Strong: n>3A(c=1 < #A° =n—-1A#A" =
1);

o Single: m = 1 A #r = #rpg;

o Single Strong: m® =1 A m" = 0;

o Single Weak: m* =0Am" =1;

o Single Unary: ¢ = 1 <= Jty,ty : r|ty £ ta e
[[AF]]tl # [[A]:]]t2§

o Weak Unary: n > 4A2 < #A° <n—-1A1<
#AT <n -2

o Weak Doubly: Vi : 1---2 e (#A°); < n—1A
(#AT): > 15

o Single Doubly: ¢ = 2 <= 3Jr; : Pr|#r =
Clir_y oVt by ity # t 0 [AT], = [AT]s;

o Weak N-ary: Vi:1---ce(#A°); < n—1A(F#FA7);
L

\Y
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Single N-ary: ¢ > 2;

Single Pure: n > 4 A (#AL =0 < (Vi:1---2e
(#AC); + (#AT)i = n));

Single Impure: n > 5 A (#AL >0 «— (Vi :
120 (#AC); + (FAT) + (#AD)i = n));

Single Symmetric: (#A4%); = (#A)s AVt : 7
[(ANn]e N [(A)2)e = 0

Single Asymmetric: (#A%); # (#A)2 AVL : 1 @
[(A9)1]e N [(A)2]e = 05

Multiple: m > 1 A #r > Z;’;l(#r/\/{)j;

Multiple Strong: n > 3Am® >1AmY =0AVy :
L--me(c)) = 1A (#AY =n—1A(FAT)Y =1;
Multiple Weak: n > 4 Am® > 0 A mv
(35 : l---me (#AC) < n— 1A (FATY
U;n:1(TM)] Cr;

Multiple Unary: Vj : 1---me ((c)) =1 <<=
ity 2 orftn # b2 @ [(ATY ] # (A7) ]n) A
(#AT) =0;

Multiple Homogeneous Unary: 3ey, f; 1 1-- nfep +
fi=neVj:l---me(#A) =y A(FATY = fu;

1A

>
> 1) A

Multiple Heterogeneous Unary: deq, f1 0 1-- ~_n|cl +
fr=neVj:il---me(#A) =y AN#FATY = fi;

Multiple Doubly: Vj : 1---m e () =2 < T :
P(TM>.]|#’I’1 = C(n#_jf)jil .th,tg : 7’1|t1 75 tQ ]
[(A7)]e, = [(A7) ]

Multiple Homogeneous Doubly: Jey, fi, c2, fo :
lnlaa+fi=nAc+fo=neVj:1l---me
(#AN = a AFA)] = i A #FA) = 2 A
(#Af)% = f2

Multiple Heterogeneous Doubly: =3¢y, fi, ¢, fo:
lovnlaa+fi=nAca+fo=neVj:1l---me
(#A) = a AF#A)] = i NFA) = 2 A
(#AT)y = fo;

Multiple Symmetric: Vj : 1---m e (#Ac){_ =
#HARNGAT)] = (FAT ) AVE 2 (ra0) o [(AC){]N
[(A°)3)e = 0

Multiple Asymmetric: 3j : 1---m e (#AC){ #*
(#A) AVE: (rag)? o [(AC)]e 0 [(A)3)e = 0
Multiple Pure: #AT = 0 <= Vj:1---msu:
120 (#AC) + (#AT)] = n;

Multiple Impure: n > 5 A (#A7 >0 < 3Ja:
1--ne(#A7 =anvj:1---mji:1---20(#A)] +
(#A)] +a=n));

Multiple Composite: (3j:1---me(c)? =1)A(Fj :
1---me(c) =2).



Combinationally Constrained Relations

CASE STUDY

Here, we continue the university example given earlier.
We can add another attribute, namely DY: day of the
week to PCD 4 and form new relationship PCDpg .

PCDy(P#,C#,D#,YT, S#,DY).

The semantic of the relation PCDpg is: Professor p
teaches section s of course ¢ in department d in year-
term yt on day dy of the week. And finally, the
attribute R#: The room number is added to the above
relationship.

PCDc(P#,C#,D#,YT, S#,DY, R#)

The semantic of the relation PC D¢ is: Professor p
teaches section s of course ¢ in department d in year-
term yt on day dy of the week in room 7.

As stated before, the number of attributes in the
keys of PCD,, PCDg and PCD¢ depends on the
number of Cs, the Constraint Degrees of Cs and the
tuples in the bodies of each relation.

In the following, we will show that the different
bodies of these relations satisfy the constraints of the
Combinationally Constraint Relation.

Figure 1 shows a sample body for PCD 4, which
is a Single and Strong R(c*®) with the degree of five
(i.e. n = 5). It is single, since it contains only one
M (ie. m =1). It is strong, since it has just one C
(i.e. ¢ =1) and its constraint degree is equal to 4 (i.e.
#AC =4 and #A7 =1).

A sample body for PCD 4, which is a Multiple
and Strong R((p°)?), is shown in Figure 9. Tt is
Multiple, since it contains two Ms (le. m = 2).
It is strong, since it has just one C in all module
relations (i.e. (c¢)! = 1 A (¢)? = 1) and the constraint
degrees of all module relations are equal to 4 (i.e.

PCDa (P#, C#, D#, YT, 5S#)
1001 40100 40 851

1004 60100 60 861

Figure 9. (1°)%-Multiple Strong R.
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(#AC) = (#AC)2 = 4, and (FAP)! = (#A7)? = 1).
The first module is exactly the same as the module
given in Figure 1. The second module contains exactly
the same constraint as the first module. However, the
values of attributes in the second module are different
from those of the first module.

In Figure 10, a sample body for PCD 4, which is
a Single Unary Weak R(sy’), is given. It is single, since
it contains only one M (i.e. m = 1). It is unary, since
it has just one C in the module relation (i.e. ¢ =1) and
the constraint degree of the module relation is equal
to 3 (ie. #AC = 3, and #A47 = 2). It can be seen
that the values of each constrained attribute in six (C3)
tuples are equal.

A Multiple Homogeneous Unary Weak R((p,)?)
is given in Figure 11. It is Multiple since it contains
two Ms (i.e. m = 2). It is unary, since it has just
one C in all module relations (i.e. (¢)! = 1A (¢)? =1)
and the constraint degrees of all module relations are
equal to 3 (i.e. (#A) = (#A%)2 =3, and (# A7) =
(#A7)2 = 2), so the relation is homogeneous. We
repeat the body of relations in Figure 10 as the first
module and the second module has the same constraint
as that of the first module.

Figure 12 shows a sample body for PC'D 4, which
is a Multiple Heterogeneous Unary Weak R((p%,)?). It
is Multiple, since it contains two Ms (i.e. m = 2). It is
unary, since it has just one C in all module relations (i.e.
(c)! = 1A (c)? = 1), but the constraint degree of the
first module relation is equal to 3 (i.e. (#A%)! = 3,
and (#A7)! = 2), and the constraint degree of the
second module relation is equal to 2 (i.e. (#.A4°)% =2,
and (#A7)%2 = 3), so the relation is heterogeneous.
The first module is again the same as the body of
relation given in Figure 10. In the second module, the
properties of the constraint are changed and as can be
seen, the values of constrained attributes in four (Cf)
tuples are equal.

PCDys (P#, CH#, D#, YT, S#)
1001 40100 50 842 2
1001 40100 60 851 3
1001 40100 70 861 1
1001 40200 50 851 4
1001 40300 50 862 1
1001 40400 80 851 1
1002 40100 50 851 5
1003 40100 50 841 1
1004 40100 90 851 1
1005 40500 50 851 1

Figure 10. o, '-Single Unary Weak R.
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PCDa (P#, C#, D#, YT, S
1001 40100 50 842
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Figure 11. (u;)%-Multiple Homogeneous Unary Weak
R.

A Single Pure Asymmetric Doubly Weak R(a,)
is shown in Figure 13. It is single, since it contains
only one M (i.e. m = 1). It is doubly, since it has
two Cs in the module relation (i.e. ¢ = 2), but, the
constraint degrees of (C); and (C), are not equal (i.e.
(#AC), = 3, (FAT); = 2, (#AC)2 = 2 and ($AT ), =
3), so it is Asymmetric. It is Pure, since there are no
extra attributes in the relation. Because of the first
constraint, (C);, the values of the constraint attributes
in six (C3) tuples are equal and because of (C)z, the
values of constraint attributes in four (C{) tuples are
equal.

To show the impurity property of relations, we use
the relation PCDpg. Figure 14 shows a sample body for
PCDpg, which contains a Single Impure Asymmetric
Doubly Weak R(o)”) with the degree of six (i.e. n =
6). It is exactly the same as the relation given in
Figure 13, except that it has an extra attribute, namely
DY. The values given for this attribute do not satisfy
any kind of combinational constraint, so the relation is
an Impure relation.

A Single Pure Symmetric Doubly Weak R(oy ")
is given in Figure 15. It is single, since it contains only
one M (i.e. m = 1). It is doubly, since it has two Cs
in the module relation (i.e. ¢ = 2) and the constraint
degrees of both Cs are equal to 3 (i.e. (#A°); = 3,
(#A7) =3, (#A%), = 3, and (#A7)y = 3), so it is
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PCDs (P#, C#, D#, YT, S#)
1001 40100 50 842 2
1001 40100 60 851 3
1001 40100 70 861 1
1001 40200 50 851 4
1001 40300 50 862 1
1001 40400 80 851 1
1002 40100 50 851 5
1003 40100 50 841 1
1004 40100 90 851 1
1005 40500 50 851 1
1006 60100 20 831 2
1006 60200 10 832 3
1006 60300 30 871 4
1006 60400 40 841 6
1007 60100 10 852 2
1008 60100 50 871 3
1009 60100 60 861 6
1010 60500 10 871 4
1011 60600 10 852 6
1012 60700 70 871 6

Figure 12. (u;)>-Multiple Heterogeneous Unary Weak
R

PCD, (P#, C#, D#, YT, S#)
1001 40100 40 841 2
1001 40100 50 851 2
1001 40100 50 841 1
1001 40200 40 851 2
1001 40200 40 841 1
1001 40200 50 851 1
1002 40100 40 851 2
1002 40100 40 841 1
1002 40100 50 851 1
1002 40200 40 851 1

Figure 13. 0;7-Single Pure Asymmetric Doubly Weak
R.

Symmetric. It is Pure, since there is no extra attribute
in the relation. It can be seen that because of (C); and
(C2), the values of constraint attributes in two distinct
sets of tuples with the cardinality of 10 (C3) are equal.

Again, we use the relation PCD, (Figure 16)
to show a Multiple Pure Asymmetric Homogeneous
Doubly Weak R ((pg,)%). Tt is Multiple, since it
contains two Ms (i.e. m = 2). It is doubly, since it has
two Cs in all module relations (i.e. (¢)! =2A(c)? = 2).
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PCDp (P#, C#, D#, YT, S+#, DY)
1001 40100 40 841 2 1
1001 40100 50 851 2 2
1001 40100 50 841 1 3
1001 40200 40 851 2 4
1001 40200 40 841 1 5
1001 40200 50 851 1 6
1002 40100 40 851 2 7
1002 40100 40 841 1 2
1002 40100 50 851 1 3
1002 40200 40 851 1 1

Figure 14. 0;”-Single Impure Asymmetric Doubly Weak
R.

PCDp (P#, C#, D#, YT, S
1001 40101 41 852
1001 40101 42 851
1001 40101 42 852
1001 40101 42 852
1001 40102 41 851
1001 40102 41 852
1001 40102 41 852
1001 40102 42 851
1001 40102 42 851
1001 40102 42 852
1002 40101 41 851
1002 40101 41 852
1002 40101 41 852
1002 40101 42 851
1002 40101 42 851
1002 40101 42 852
1002 40102 41 851
1002 40102 41 851
1002 40102 41 852
1002 40102 42 851

S

L VI VR 2 VR R VR VR VN

-

HHMHHND—‘MD—‘ND—NHNHNND—‘MM#

Figure 15. 037 -Single Pure Symmetric Doubly Weak R.

P

The constraint degrees of (C)1 and (C)3 are not qual
(le. (#A)] =3, (#AT) = 2, (#A%); = 2 and
(#A7)} = 3). The constraint degrees of (C)? and (C)3
are not qual either (i.e. (#A%)? = 3, (#A47)? = 2,
(#A°)2 =2 and (#A7)% = 3), so it is Asymmetric. It
is Pure, since there is no extra attributes in the relation.

Figure 17 shows a Multiple Impure Asymmetric
Homogeneous Doubly Weak R ((.%)?). It is exactly
the same as the relation given in Figure 16, except
that it has an extra attribute, namely DY, and it does

PCDa (P#, C#, D#, YT, S#)
1001 40100 40 841 2
1001 40100 50 851 2
1001 40100 50 841 1
1001 40200 40 851 2
1001 40200 40 841 1
1001 40200 50 851 1
1002 40100 40 851 2
1002 40100 40 841 1
1002 40100 50 851 1
1002 40200 40 851 1
1003 40300 60 841 2
1003 40300 70 851 2
1003 40300 70 841 1
1003 40400 60 851 2
1003 40400 60 841 1
1003 40400 70 851 1
1004 40300 60 851 2
1004 40300 60 841 1
1004 40300 70 851 1
1004 40400 60 851 1

Figure 16. (pg’fp)z—Multiple Pure Asymmetric
Homogeneous Doubly Weak R.
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PCDp (P#, CH#, D#, YT, S#, DY)
1001 40100 40 841 2 1
1001 40100 50 851 2 2
1001 40100 50 841 1 3
1001 40200 40 851 2 4
1001 40200 40 841 1 5
1001 40200 50 851 1 6
1002 40100 40 851 2 7
1002 40100 40 841 1 1
1002 40100 50 851 1 2
1002 40200 40 851 1 3
1003 40300 60 841 2 4
1003 40300 70 851 2 5
1003 40300 70 841 1 6
1003 40400 60 851 2 7
1003 40400 60 841 1 1
1003 40400 70 851 1 2
1004 40300 60 851 2 3
1004 40300 60 841 1 4
1004 40300 70 851 1 5
1004 40400 60 851 1 6

Figure 17. (p4Y)?-Multiple Impure Asymmetric
Homogeneous Doubly Weak R.
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not participate in any constraint, so it is an Impure
relation.

Figure 18 shows a sample body for PC' Dp which
is a Multiple Pure Asymmetric Heterogeneous Doubly
Weale R((j14:)?)- It is Multiple, since it contains two
Ms (i.e. m = 2). It is doubly, since it has two Cs in
all module relations (i.e. (c)! = 2 A (c)? = 2). The
constraint degrees of (C)} and (C)3 are equal to 4 (i.e.
(#AC)] = 4, (#AT)] =2, (#A%)] = 4 and ($A7)} =
2). But, the constraint degrees of (C)? and (C)3 are not
equal (i.e. (#A°)? =4, (#AT)? =2, (#A°)% =5 and

(#A7)2 = 1)), so it is heterogeneous and Asymmetric.

PCDp (P#, C#, D#, YT, S#, DY)
1001 40101 41 852 2 2
1001 40101 42 851 2 2
1001 40101 42 852 1 2
1001 40101 42 852 2 1
1001 40102 41 851 2 2
1001 40102 41 852 1 2
1001 40102 41 852 2 1
1001 40102 42 851 1 2
1001 40102 42 851 2 1
1001 40102 42 852 1 1
1002 40101 41 851 2 2
1002 40101 41 852 1 2
1002 40101 41 852 2 1
1002 40101 42 851 1 2
1002 40101 42 851 2 1
1002 40101 42 852 1 1
1002 40102 41 851 1 2
1002 40102 41 851 2 1
1002 40102 41 852 1 1
1002 40102 42 851 1 1
1003 60103 30 831 2
1003 60103 30 841 3 2
1003 60103 30 841 2 3
1003 60103 40 831 3 2
1003 60103 40 831 2 3
1003 60103 40 841 3 3
1003 60104 30 831 2 2
1003 60104 40 831 3 3
1003 60104 30 831 2 3
1003 60103 40 841 3 2
1004 60103 30 831 2 3
1004 60103 30 841 3 3
1004 60104 30 831 3 3
1004 60104 30 831 3 3
1004 60103 30 831 2 3

Figure 18. (M;”ti)2-Multiple Impure Asymmetric
Heterogeneous Doubly Weak R.
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It is Pure since there are no extra attributes in the
relation.

We use the relation PCDg to show a Multi-
ple Impure Asymmetric Heterogeneous Doubly Weak
R((py2)?). Figure 19 shows such a relation with the
degree of seven (i.e. n = 7). It is exactly the same as
the relation given in Figure 18, except that it has an
extra attribute, namely R, so it is an Impure relation.

CONCLUSION AND FUTURE WORKS

In this paper, we introduced the concept of Com-
binationally Constrained Relations and distinguished
two basic types of combinational constraints, namely

PCDe (P#, C#, D#, YT, S#, DY, R#)
1001 40101 41 852 2 2 1
1001 40101 42 851 2 2 2
1001 40101 42 852 1 2 3
1001 40101 42 852 2 1 4
1001 40102 41 851 2 2 5
1001 40102 41 852 1 2 6
1001 40102 41 852 2 1 7
1001 40102 42 851 1 2 8
1001 40102 42 851 2 1 9
1001 40102 42 852 1 1 1
1002 40101 41 851 2 2 2
1002 40101 41 852 1 2 3
1002 40101 41 852 2 1 4
1002 40101 42 851 1 2 5
1002 40101 42 851 2 1 6
1002 40101 42 852 1 1 7
1002 40102 41 851 1 2 8
1002 40102 41 851 2 1 9
1002 40102 41 852 1 1 1
1002 40102 42 851 1 1 2
1003 60103 30 831 2 2 3
1003 60103 30 841 3 2 4
1003 60103 30 841 2 3 5
1003 60103 40 831 3 2 6
1003 60103 40 831 2 3 7
1003 60103 40 841 3 3 8
1003 60104 30 831 2 2 9
1003 60104 40 831 3 3 1
1003 60104 30 831 2 3 2
1003 60103 40 841 3 2 3
1004 60103 30 831 2 3 4
1004 60103 30 841 3 3 5
1004 60104 30 831 3 3 6
1004 60104 30 831 3 3 7
1004 60103 30 831 2 3 8

Figure 19. (u5%)?-Multiple Impure Asymmetric
Heterogeneous Doubly Weak R.
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Weak and Strong. Then, we classified the relations
having such a constraint. In general, we have found
16 types of Combinationally Constrained Relation and
investigated their quantitative properties.

In our future work, we will study the qualitative
properties of these relations and show that some of
these relations are in 5NF and even in 6NF, but they
contain lots of redundancies and some of them are in
4NF and can be decomposed into 5NF or 6NF relations.

We will research the following issues in our future
works:

o Discussing the qualitative properties of various types
of R including the normality form of the above
mentioned relations;

o Determining the decomposition algorithms for each
one of these relations when possible;

o Defining the set of semantical dependencies among
module relations of Multiple R and determining
the effect of these dependencies on their qualitative
properties, especially the level of normality.

NOMENCLATURE

Basic

P power set

0 empty set

[A] attribute(s) A of tuple ¢

[A]: value of attribute(s) A in tuple ¢

n degree of relation

A€ the set of “constrained attributes” of a
tuple

#AC constraint degree (the cardinality of
A%)

AT the set of free attributes of a tuple

#A” the cardinality of AF

AT the set of absolutely free attributes

#AT the cardinality of A7

Constraint

C combinational constraint

c* Strong C

cv Weak C

Relation

R Combinationally Constrained Relation

r body of R

¢ the number of C in a r

#r cardinality of R (the number of tuples

in r)
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R® Strong R
RY Weak R
Ry Unary Weak R
Ry Doubly Weak R
Ry" Symmetric Doubly Weak R
Ry Asymmetric Doubly Weak R
dp Pure Symmetric Doubly Weak R
Ry Pure Asymmetric Doubly Weak R
o Impure Symmetric Doubly Weak R
Ry Impure Asymmetric Doubly Weak R

Module Relation

M Module Relation

M? Strong Module Relation
MY Weak Module Relation
m the number of M

m® the number of M?*

m* the number of MY

T M the body of M

#rpm the cardinality of M

Single Combinationally Constrained Relation

o Single R

ot Strong o

a¥ Weak o

oy Unary o

oy Doubly o*
oy Symmetric o
oy’ Asymmetric o/
Ty Pure o

Ta Pure o?

ot Impure o
oy’ Impure oY

Multiple Combinationally Constrained Relation

()™ Multiple R with m Module Relations
()™ Strong (p)™

()™ Weak (u)™

()™ Unary (p*)™

()™ Doubly (u*)™

(pe)™  Composite (u)™

(%)™ Homogeneous (42)™

(ngy)™  Homogeneous (uf)™

(p)™ Heterogeneous (ut)™

()™ Heterogeneous (pf )™



(u¥)y™  Symmetric ()™

(uE)™ Asymmetric (%)™

(1dnp)™  Pure (ugi)™

(Hgnp)™  Pure (pgy )™

(ugpi)™  Tmpure (pg?)™

(hgn;)™  Impure (ug)™

(tgp)™  Pure Asymmetric (pg)™

(pg)™  Impure Asymmetric (p4,)™
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APPENDIX A

Properties of Different Kinds of Single R

In the following, we give the specifications of various
kinds of Single R using the quantitative properties.

a

g

g

¢ (Single Strong R):

m = 1A #r = #rpA
m*=1Am"Y=0A

n>3A(c=1 = #A =n—-1AH#AT =1).

w (Single Unary Weak R):

(m =1A$r =H#rp)A
(Czl < E'tl,tg : Tltl ;étg ° [[A]:]]tl 75 [[A}-]]tz)/\
m® =0AmY = 1A

n>4AN2<FA <n—1AL<H#AT <n—-2.

4y (Single Pure Symmetric Doubly Weak R):
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((m =1AH#r =Hrp)A
m*=0Am" =1A
(=2 <= Ty Pri#r =Cl 5

Vi, to i ity # to @ [AT [ =[AT ]ea)A
(Vi:1---2e(#A%); <n—1A(#A); > 1)A
(#AT =(#A)2 AVE:To

[(A)]e N [(A)2]e = 0)A

(n >4 N (FAT =0 = (Vi:1---2e

(H#A)i +(#AT): = n))).

of® (Single Impure Symmetric Doubly Weak R):

((m =1AH#r =H#rp)A
m®=0Am" =1A
(c=2 <= Iy Pri#r =CJ 5 _ o

Vi, to:mi|ty 2 by @ [AT ], = [AF]e)A
(Vi:1---20(#A%); <n—1A(#AT); > 1)A
(FEAC) = (FA)2AVE: To

[(AN]e N I(A%)a] = DA

(n >5A(H#AL >0 <= (W:1---2e

(F#A)s + (#AT)i + (HFAD)i = 1))
0y, (Single Pure Asymmetric Doubly Weak R):

((m=1A#r=#ryu)A
m*=0Am" = 1A
(c=2 <= Iry :Prigr =C ko

Vi, to s 1|t # 1o @ [AT ]y, = [A]w)A
(Vi:1---2e(#A); <n—1A(#A); > 1)A
(AL # (#A)y AV 10

[(A]e N [(A)2]e = 0)A
(n >4 (#AT =0 <= (Vi:1---2e

(#A); + (#AT); =n))).

oy? (Single Impure Asymmetric Doubly Weak R):
((m=1A#r=#rm)A
m®=0AmY = 1A
(c=2 < Fr1: Pr|#r = C;&;‘lfilo

Vi, by ity # to @ [AT], = [AT ], )N
(Vi1 20 (#A%); <n—1A(#AT); > 1)A
(A # (#A)s AVE 10
[(A)1]e 0 [(A9)a]e = 0)A
(n>5A (#AT >0 <= (Vi:1---2e
(BA)i + (HAT )i + (HAD): =)
APPENDIX B
Properties of Different Kinds of Multiple R

In the following, we give the specifications of various
kinds of Multiple R using predicates based on the

quantitative properties.

(1*)™ (Multiple Strong R):

(m>1A#r > (#rm)))A
j=1

n2>23Am”>1AmY =0A l---moe
(n>3Am*>1AmY =0AVj:1

() = 1A (#AY =n—1A(#AT) =1).
(e )™ (Multiple Homogeneous Unary Weak R):

(m>1A#r > (#rm)))A
j=1

(n>4Am*>0AmY>1A(35:1---me

(#A) <n—1A(#AT)
>1)A U(W)j Cr)A
(Vj:1l---me((c)) =1 <= 3ty,ty:7|t; # toe
[(A7) ], # [ATY]e,) A GATY =0)A

(Fer, il njer+ fr=neV¥j:1---me

(#Ac)j =c A (#ATY = f1).
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()™ (Multiple Heterogeneous Unary Weak R): (pE)™ (Multiple Impure Symmetric Homogeneous
Doubly Weak R):

(m > LA#r > (#ram)))A
j=1 m _
(m>1A#r > (#rm)))A
n>4Am*>0Am*>1A(E5:1---m j=1
(#AY <n—1AFATY (R>4Am*>0Am“>1A(3j:1--m

m

> 1) A U(TM)j Cr)A

(#FACY <n—1A(#ATY

) YA r ]CT
(Vj:l...mO((C)]zl<j,>5|t1,t221“|t1 ;étQO ]L:Jl M

(A7) L, # (A7) 1) A (AT = 0) (551 e () =2 <> Sy iBrac)
(e fuzloomle+fi=ne¥i:1m #r = On#/l\F) LoVt ty it £ toe

(#AY =c1 A (#ATY = fu).

(i)™ (Multiple Pure Symmetric Homogeneous
Doubly Weak R):

[(A"Y]e, = [(AT)Te,)A
(Fer,fisea, forl--mler + fi =nAca + fo =ne
(m>1AHr> Z(#T/\/t)j)/\ Vi:1l---me (#A%) = ¢ A (#AT)]
=1

_ cyi_ . F\i _ g
(n>4Am*>0Am® >1A(3j:1---m = hnGEAT = e AGEAT): = F)A

(#ACY < — 1A (AT (Vi1 me (#A%)] = (FA A
m . A” 1= .A]: AV : Je

o (Jeemy € in (# ) <#4> (raa)
=t (A7) N [(AC)]e = B)A

(Vj:l---me(c) =2 < Ir; : P(rag)’|
(n>5A(#AT >0 <= Ja:1---ne

#Tl CTL j}')] 1

[(A7) D = [(A7) Do)

(Jer,fryca, fa i1 omler + fr =nAca+ fa =ne

oVt by i1ty # tye
(#Af:a/\‘v’j:1~-m;i:1~~20

(#AO)] + (#AY)! + a=n))).

. . (1tgn,)™ (Multiple Pure Asymmetric Homogeneous
Vi:l-me (#AYY = A(#AT)] Doubly Weak R):

= fi A#ACY]) = ey A (#FAT)) = fo)A m
(m>1AF#r > Z#TM

(V5 1 me (#AC)] = (FAPA i=1

(#AT)] = (HAT) AV (rpg) o (Vj:l---me(c)) =2 <= Iry: P(ram)|
[(A€)]]e N (AL = 0)A #r1 = Clyary1®
(#Af:O@V‘]lm,112o th,tgi’rﬂtl?ﬁtg.

(#A)] + (#AD)] = n). [(A7) Do = [(A”)Te)A



Combinationally Constrained Relations

(Jer,fiyea, fa 1o omler + fi =nAca+ fa =ne
Viiloome (#AN = oo A (#AT)]
= fi AF#AN = s A (#AT)y = fo)A
(Fj 1 -me (#AD] # (BAAVE: (rpa) o

[(A9)]e N (A

DA

(#AZL::O <~ Vj:1---m;i:1---2e
(#A) + HAD)] =n)
(1gy;)™ (Multiple Tmpure Asymmetric Homogeneous

Doubly Weak R):

(m>1A#r > (H#rm) A
j=1

n>4Am*>0AmY>1A(E5:1---m

Cs

(#AY <n—1n(HFAT)Y

(rm)? Cr)A
(Vi:1---me(c) =2 < Fry:Plra)’|

#Tl CTL j}')] 1

[(A7) D = [(A7) Do)

(Fer,frieo, fai 1

.th,tg : ’I“1|t1 ;é toe

cnley + fi =nAca+ fo =ne
Vji:l---me(#A9)] = 1A
(#AT) = f A (FAO), = 2 A (#AT)]
= f2)A

(3 : 1 -m e (FAN # (FAVAVE: (rpa) o

[(AX)]e N I(A)]e

DA
(n>5A#AL >0 <= Ja:1--ne
(#FAF =aAVj:1---myi:1--2e

(#A) + HA)] +a=n)).

(#gs)™ (Multiple Pure Asymmetric Heterogeneous
Doubly Weak R):

(m>1A#r > (#ram)) A

j=1
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(n>4Am*>0Am*>1A(E5:1---m

(#AY <n —1A(#ATY
) A U ra)? Cr)
J=1

(Vj:l---me(c)y =2 < Iry: Pray)|

1
#r1 = Cn#AF

[(A7) Do = [(A)Ten)A

(—m3ei,fi,e, fa i 1

.th,tg . 7’1|t1 75 tg'

cnler 4+ fi =nAcy+ fo =ne
Vjilome (#A) = o A (#AT)
= fi N #AY, = 2 A (#AT)) = o)A
(Fj:1---me (BA) # (FAAVE: (rar) o
[(A“)]e O [(AC)3]e = 0)A
(#AT =0 <= Vj:1---m;i:1---2e
(#A)] + (#AT)] = n).

(pgy™ (Multiple Impure Asymmetric Heterogeneous
Doubly Weak R):

m>1/\#r22#r/\4

n>4Am*>0AmY>1A(F5:1---m

(#AY <n —1A(#ATY
/\ U TM j - 7"
=1

(Vj:l--me(c)) =2 < Ir; :P(ry)|

#Tl Cn#.j‘}')

[(A7) D = [(A) Do)

(m3erufiye, fo i 1

o Vi, by i1ty # tye

nley + fi=nAca+ fr =ne
Vil me (#AY
=1 A(#ATY = fy A (#AO)]

=y A (#AD), = o)A
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EF:1--m
[(AO)]e 0 [(A)],
(n>5A(#AT >0 <= Ja:1---ne
H#AT =aAVj:1-msi:1--

(F#AY] +

DA

(#A9)] +a=n))).

o (#AY] # (HFAN AVE: (r

2e

)]
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(p)™ (Multiple Composite Weak R):

(m>1AF#r > Z #TM
((3:1 (e =1 A(F:1
(¢) =2))



