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Abstract

By (schematic) relation we mean a generalization of two other relation concepts: the
n—ary or ordinary relations from mathematics and the partial tables from database
theory. A theory algebra is similar to a boolean algebra. But next to this “seman-
tical” order structure it also comprises a “syntactical” structure, which is more or
less a boolean algebra as well.

This text introduces these kind of relations, a couple of operations on them and
investigates their properties. Certain classes of relations together with this operations
constitute these (powerful, flexible and elegant) theory algebras.

For the development of the whole theory some preliminary chapters are also covered:
On generalizations of partial order structures and lattices, called quasi—hierarchies.
On records, operations and order structures on records. On schemas and their
various products. On graphs (here defined as record classes) and certain operations
on them.
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2 Foreword

Foreword to version 1.0

This text is a generalization of the relation concept in mathematics and computer
science in a context of a whole algebra. As it is given here, the subject is a self—
contained, systematic and closed piece of mathematics.

On the other hand, it emerged as part of a bigger foundation project, one that puts
the emphasis on “relation” rather than “set” or “function” as the most important and
most basic concept for metamathematics. The main motivation for a theory algebra
of relations then lies in the idea that standard predicate logic has an insufficient
semantics. Given a first—order signature G and formulas ¢, 1) on that grammar, there
is a standard definition of the notions “p is valid’ and “p entails1)”. But this semantic
is only binary, a decision whether validity or entailment either holds or doesn’t hold.
It induces a (quasi-) boolean algebra and tells us how and when a formula is valid or
subvalent to another formula. But it doesn’t tell the “meaning” of the formula. The
theory algebra Prel(X) of relations does provide such a semantic. The schema X is
a translation of the signature & and every (closed or open) formula denotes a unique
relation in Prel(X).

Actually, there have been earlier and well-elaborated other works to fill this gap in
logical semantics. The one that comes closest to the design of theory algebras is
probably the cylindric algebra.' However, our text here is quite isolated and doesn’t
pay proper respect to these alternative approaches. The only excuse is the impression,
that they are still too artificial for our main purposes and that there is a much more
“natural” semantics. The relation concept in this text (together with terminology
like “record”, “schema” etc.) is taken from relational database theory.? But again,
the ongoing research in this area is neglected here as well.

In fact, in this text we don’t even deal with the connections to logical semantics.
We just present a self-contained definition of these “theory algebras of relations” and
we investigate their properties. Most readers will probably discover the postponed
potential applications for predicate logic themselves, since the boolean properties are
so similar.

This text will certainly need error updates, maybe even changes in content over time.
Therefore it carries a wversion number, starting with “1.0”. The idea is, to increase
the minor number for each minor error update. The major number is reserved for
significant changes.

Thanks to the numerous unselfish projects and people who created a whole new
dimension and platform for scientific work and communication over the last years.

TLeon Henkin, J. Donald Monk, Alfred Tarski: Cylindric Algebras, (two parts) North—Holland 1971.
2The foundation paper is: E.F. Codd: A Relational Model of Data for Large Shared Data Banks, Communications of the ACM, Vol.13/6,
June 1970. A classic text book is: C.J. Date: An introduction to Database Systems, Addison Wesley, several editions.
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Special thanks to the GNU/Linux and TEX/ITEX community. This text was entirely
written with Kile, a free INXTEX editor.
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3 Introduction to Theory Algebras of Relations

3.0.1 Overview.

This introduction has three subsections:

(1) First, we define a “relation” as a schematic relation. This
definition is a generalization of the usual relation concept in
mathematics, that we call ordinary relation. It also includes
the relation concept from database theory, called partial ta-
ble in our terminology.

schematic
relation

/N

ordinary relation partial table
(mathematics) (database theory)

(2) Relations are interesting only when we can operate with
them, i.e. in the context of an algebra of relations. We are
particularly interested in operations that altogether consti-
tute a theory algebra of relations, as we call it.

(3) One motivation for these algebras of relations is proposi-
tional logic, which can be reconstructed as a special exam-
ple. On the other hand, relation algebras can be seen as
generalizations of propositional logic in the sense that the
restriction on binary values is repealed and arbitrary values
are allowed for each atom.

3.1 What is a relation?

3.1.1 — What is a schematic relation?.

(1) A record (9.1.2) &€ = [&|i € I] has for each index or at-
tribute ¢ of its domain I a value &. If T = {i1,...,i,} is
finite, we also write £ as

i1 — &iy

in — iy
(2) A schema (9.3.1) is a record X = [X;|i¢ € I], where every
value X; is a class.

(8) The cartesian product (12.1.2) ®X of such a schema X
is the class of all records that fit into X. More precisely,

®X = {[ziliel]|ie€ X, forallie I}

(4) A schematic relation (17.2.1) R is essentially made of a
schema X = [X;|i € I] and a graph I", where I' C ® X. Our
default notation for such an R is

|:)If:| or [X,T]

For every z € ® X we write z € R, “x is a member of R” or
“R holds for z”, iff x € I'. Otherwise, we write z ¢ R.

3.1.2 —  Whatis a table?
If R = [X,T] is relation with X = [X;|i € I], and both the at-
tribute class I = {41,...,%,} and the graph ' = {z1,..., 2 }

are finite, then R is called a table (17.5.3), often written as

i1 Xy [ i Xy,
Tl || Tiig
Tmyiyg |-+ ] Tmyin

The head row of the table is the schema X, each subsequent
row is one of the members x; of the graph, where

i1 — Xy i1 Ty
X = . . and x; =

ip — X

in in = Tjip

For example, a table is given by

account_no : Integer | owner : String | balance : Real

12340 7alice” 243.25

12342 ”bob” —12.05

12347 ?carl” 2000.00
3.1.3 _ What is a partial table?

A partial table (18.1.2) is a table, but it allows gaps or so—
called null values in place of proper values. For example

account_no : Integer [ owner : String | balance : Real

12340 243.25
12342 ”bob”
12347 ”carl” 2000.00

is a partial table, where the owner component of the first record
and the balance in the second are not specified.

A partial table is very much the definition of a “relation” in
database theory, where it is used to manage and retrieve (large
amounts of) information. However, the interpretation of these
partial tables is a controversial issue in database theory. The
relational model was originally introduced by Codd?®, but soon
the various versions of the structured query language or SQL
applied a somewhat different understanding, which is some-
times critized for being less consequent and logical from the
original point of view. Nowadays SQL has become the stan-
dard in practical and commercial systems, but this dominance
has its critics.®

In our text we will not refer to this discussion. Our genuine

3E. F. Codd, “A relational model of data for large shared data banks”, 1970, Communications of the ACM, 13(6):377-387.
4For an introduction to these issues, see e.g. the article “Relational model” on en.wikipedia.org.

forj=1,...,m
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motivation is a generalization and reconstruction of logical cal-
culi rather than the implementation of a database management
system. However, in digression 18 we present an interpreta-
tion of null values, that allows us to properly subsume partial
tables under schematic relations. In our approach we obtain

tables C  partial tables C  schematic relations

That way, we are probably more close to Codd and his prede-
cessors than to the SQL approach.

3.1.4 __ What is an ordinary relation?

It is pretty much the standard in mathematics to define:

(1) A (n-ary) tuple (5.4.1) & = (£1,...,&n) is a sequence of
n components &1, ...,&n.

(2) A (n-ary) cartesian product (5.6.9) of classes C1,...,C,,

is the class of all n—tuples that fit in, i.e.
CiX...xCn = {{z1,.-.,2pn) |21 €C1,...,2n € Cp}
(3) An ordinary relation R (5.7.10) is essentially given by its

domain, which is a cartesian product C; X ... x C,, and its
graph I'; which is a subclass of this domain.

In our default notation (5.7.10) we write such an ordinary
relation as

R |:Cl<'w~>.4.<~w~>cn:|

(11,--»,9371) ~r P
where “Cy e~ ... «w C,7 is the type expression for R and ¢
is a formula that determines which (z1,...,z,) is a member
of I'.

For example

L o~s 1L s 1
R =
|:(a,b,c>wa+b:c:|

defines R to be the ordinary relation that holds for three in-
tegers a,b,c iff ¢ is the sum of a and b. “Ordinary” can
be rephrased “ordinal arity”. This example R is “3—ary” or
“ternary”.

3.1.5 What makes every ordinary relation a schematic relation?
A tuple (&1,...,&,) can be %re—)deﬁned (9.2.1) as a finite
record on the ordinal number® {1,...,n}, i.e. we could de-
clare

(€1, &n) = [&lie{l,...,n}]

That way and with some changes in the notation, every or-
dinary relation turns into a schematic relation: The cartesian
class product C; X ... X C, now is the special case of the
more general cartesian product applied to the ordinal schema
(C1,...,Ch), ie.

Ci X...xCp, = ®(C1,...,Ch)

The change of an ordinal relation

R — |:Cl<~v~>...«w~>cn:|

(T1,...,Tn) ~ @

www.bucephalus.org 8

into a proper schematic relation is then merely a change in the
notation
(C1,...,Chn)

R = {{z1,...,2n) €ER(C1,...,Cy) | ¢}

so that we may state that it actually is a schematic relation,
ie.
ordinary relation C  schematic relation

3.1.6 _ Whatis a relation?

A schematic relation is a generalization of both the “relation”
from mathematics and the “relation” in database theory, at
least in some particular version of database theory. Due to this
general character we usually say relation instead of schematic
relation.

3.2 What is a theory algebra of re-
lations?

3.2.1  _What do Proj(X), Rel(X) and Prel(X) stand for?_
P(C) := {A ]| A C C} is the power class (5.6.13) of a given

class C.

Let X = [X;|¢ € I] be a proper schema from now on. Then
Proj(X) == {[X,lj € J] | JC I}

is the projection class (10.2.6) of X

is the relation class (17.2.6) on X

Prel(X) := U Rel(Y)
Y €Proj(X)

is the projection relation class (17.8.1) on X

3.2.2 _ What makes Proj(X) a boolean algebra?

For two records, in particular for two schemas Y = [Yj|j € J]
and Z = [Z;|k € K] we define (10.3.2)

Y<Z if JCKandY; =2 foralljeJ

Thus Proj(X) is the class of all the schemas Y with ¥ < X.
And together with <, this class makes a poclass (i.e. < is a
partial order on Proj(X)).

(Proj(X), <) even turns out to be a boolean algebra (11.9.4)
with

& YANZ:=[X;]i € (JNK)] the meet of Y and Z

5 More often, the n—th ordinal number is defined as {0,1,..

difference.

.,n — 1} rather than {1,...,n}, but that wouldn’t make a significant
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& YV Z:=[X;li € (JUK)] the join of Y and Z
& X\Y :=[X;lie (I\J)] the complement of Y
* () the bottom element
& X the top element

for all Y = [X;|j € J] and Z = [Xi|k € K] in Proj(X).

3.2.3 _ What makes Rel(X) a boolean algebra?________

We can inherit the inclusion C from the algebra of classes, i.e.
we put (19.5.1)

X

r

That way Rel(X) turns into a poclass, isomorph to
(P(®X),C). As such, it even is a (complete) boolean alge-
bra (19.5.10), denoted by Rel(X), with
X
rux

)=l ol

as meet and join and

ﬁm . L@g \F} s [ﬂ T [@ﬂ

as complement, bottom and top, respectively.

X

C
P

} if TCY

3.2.4 — What makes Prel(X) a quasi-boolean algebra?____

Prel(X) is a superclass of Rel(Y), for every Y < X, and each
Rel(Y) is a boolean algebra. So let us seek for a structure
Prel(X) on the carrier class Prel(X) which is a superstruc-
ture of each of the Rel(Y). And this time, let us use the square
symbols “C, =,M,U” to denote the according operations. The
unary - remains the same with the definition from in 3.2.3.

For all R = [Y,T] and S = [Z,%] in Prel(X) the new op-
erations must satisfy the embedding properties (20.4.4): If
Y = Z, then

RNOS:=RNS RUS:=RUS RCSIfRCS

The problem is the definition of the more general case, where
Y # Z may occur.

Later on, we will succeed in defining these operations properly
and Prel(X) will be a kind of boolean algebra as well, but
only a “quasi” kind. Different to C, this C is not a partial
order, but a only a quasi—order. It is not canonic (or anti—
symmetric) anymore, i.e. R and S may be equivalent (R = S,
i,e. RC S and S C R), but still not the same.

For example, for Y # Z, the two relations Ly and 1z are
equivalent, however not identical.

3.2.5 — What makes Prel(X) a theory algebra?________

That it is not just one, but a special combination of two quasi—

www.bucephalus.org q

order structures is the characteristic feature of a theory alge-

bra. For this particular structure Prel(X) this means:

& The semantic structure is given by the subvalence relation
C (and the derived =, M, U etc.), which essentially compares
the graphs of the given relations.

& The syntactic structure on the other hand is given by the
subschema relation < (and the derived 2 1m0 etc.).

The definition (19.1.2) of < on Prel(X) is simply

el o e

Again, < is not a proper partial, but only a quasi-order on
Prel(X), because there are equi—schematic (19.1.2) relations
(R £ S, ie. RIS and S 4 R), which are not identical. For
example, L x 2 Tx.

For this particular theory algebra Prel(X), identity means
“bi—equivalence” in the sense that

Z

P

Y Z Y

= iff L z and Y
r b r ) T

Similar to the operations M, L etc. we could introduce say

“A, V7 etc. by specifying the “...” in the definitions

Y Z Y Z YVZ
A = and \Y =
r b r b S
etc. But we use a different approach, one that is less elegant
from an algebraic point of view, but more practical for the
application fields we have in mind. We define ||, f}, | not as

binary functions on Prel(X), but as binary operations of the
mixed type

YNZ

Prel(X) x Proj(X) — Prel(X)
So let R =[Y,I'] € Prel(X) and Z € Proj(X) be given.

First of all, the ezpansion (20.1.1) of R by Z has the form
YVZ
R| Z = |: o ]

where I'” is uniquely determined by demanding that R || Z = R
shall hold.”

On the other hand, we should have a similar equivalent reduc-
tion (21.1.2) of R onto Z,

Z

l—\//

where again I'" is determined by R § Z = R. But different

to the expansion, such a graph for an equivalent schema re-

duction does not always exist. However, we have two unique

reductions onto Z, that come closest to R, namely

& a supremum reduction (21.6.1) R | Z, that is the least su-
pervalent relation on Z, i.e. the least of all the R’ € Rel(Z)
with R C R’, and similarly,

& a infimum reduction (21.6.1) R ¢ Z, which is the greatest
subvalent element of Rel(Z).

Ry Z =

6 Important structures on poclasses (7.2.2), in particular lattices (7.4.9) and boolean lattices/algebras (7.6.2), have become standard

concepts in mathematics. But a generalization of order— and lattice theory on the basis of quasi—ordered classes (7.2.2) that introduces

quasi-lattices (7.4.9) and quasi-boolean algebras (7.6.2), is not that common. We therefore give an overview of such a generalization in

the special chapter of III .

7 In fact, this T is given by I = {£ Vv | £ € T,v € ®(Z \ Y)}. In the main text we actually turn around the order of the definitions
and use || to define C,=,M etc. For R = [Y,I'] and S = [Z,%] we put (20.2.2): RCSiff (R||Z)C(S||Y),RNS:=(R|| Z2)N(S|Y),

etc.
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So we always have

RN Z C R = R| Z C RyZ
€ € € €
Rel(Z2) Rel(Y) Rel(Y Vv 2) Rel(2)
3.2.6 What else?

The main subject of this text is the introduction and investiga-
tion of these theory algebras of relations. In order to provide
suitable tools for practical applications, we provide more op-
erations on relations and discuss some other relational struc-
tures. But most of them are merely variations of the same
theme.

‘We will not discuss possible applications and implementations
of these algebras.® We only demonstrate how propositional
logic can be reconstructed as a special case of relation alge-
bra. Or the other way round, how relation algebras can be un-
derstood as arbitrary value generalizations of the two—valued
propositional logic.

3.3 Besides, what makes proposi-
tional logic a special case of re-
lation algebra?

3.3.1 __What is the boolean table of a propositonal formula?__

Two examples of propositional formulas (6.4.1) are
-lan-b] and [aV]aAb]V-b]

Their semantics can be defined by so—called truth tables or
boolean tables. For example

=O|=|O
==lOo|lO
=l

is the same boolean table for both given formulas (which is
why they are called equivalent). Beside the head row, the ta-
ble has four rows, each one for each possible valuation of the
two atoms a and b with either a 0 (or false) or a 1 (or true).
And the value in the extra right column tells us if the particu-
lar valuation turns the formula into a true (=1) or false (=0)
statement.

3.3.2 __ How does a formula turn into a relation?

Each of the four valuations can be defined as a record, which
maps the atoms a, b to values of B = {0,1}. The collection of
these four records can accordingly be defined as the cartesian
product ® X of the schema

X = a—B
b— B

So

www.bucephalus.org ] 0

®X = a—0 a—1 a— 0 ar—1
N b—O0 |’ | b—0| | b—1|"|b—1
Now if ¢ is one of the two example formulas, say -[aA-b], then

three of the four valuations hold for ¢ and the semantics of ¢
is represented by the (schematic) relation

(fs=2) e o)

according to 3.1.1, and element of Rel(X).

And this relation can as well we written in the table form of
3.1.2

That way, we can say that every formula ¢ with atom class A is
just a representation of an element of Rel([B|A]) where [B|A] is
only another notation (9.2.4) for the schema X = [X,|a € A]
with X, = B for all a € A.

More general and in this interpretation, the class Form(A)
of all propositional formulas with atoms taken from a class
A quasi is just a class of representations for the relations in
Prel ([B|A]).

3.3.3 _What makes propositional logic an algebra of relations?_

Both structures are quite the same or isomorph in the sense
that the formula constructors -, A, V behave like the —, M, L.

For example, for A = {a,b,c,...} let ¢1,92 € Form(A) be
two formulas with their corresponding Th,T> € Prel ([B|A])
be given by

o1 = -lan-b] p2 = [-bV[cA-c]]
1]
oot oot

T, = [1]o]fo To = [1]o]o
o111 o111
111 1|10

Then

8Please, check out www.bucephalus.org for more information.
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a|b|c
ofofof1
1]o]olo
o[1]o]o

T1MNT> = [1]1]o]o is the table of [p1 A @2 ]
olo[1]1
1[o][1]o
o[1]1]o
1[1]1]o
ofofof1
1]ofof1
o[1]of1

Ty UT> = [1|1]of 1] is the table of [p1 V 2]
olo[11
1011
of1]11
1111
al|b
ofofo

=T = [1]of[1 is the table of -¢1

o[1][o
1]1]o

That way, Prel ([B|A]) is a quasi—boolean algebra. It behaves
as propositional logic.

3.34 __Are there expansions and reductions for propositons?__

Even more, Prel ([B|A]) is a theory algebra according to 3.2.5
with the well-defined <, ||, 1}, { etc. But here, we can simplify
their type from
Prel ([B|A]) x Proj([B|A]) — Prel ([B|A])
to
Prel ([B|A]) x P(A) — Prel ([B|A])
because each [B|A’] € Proj([B|A]) is entirely given by A’ only.

So if we take Ty again, we have e.g.

]

ofofo[[1
[aTt] 1]olo]o
ooz ol[1[o]f1
T || {c} = 1]of[o] || {b,c} = 11|01
o[1]1 ofof1]1
111 1]o1]o
o[1]1]1
ARAE
Now ¢1 = -[a A-b] is a formula for Ty. And Ty || {c} is a

truth table for ;1 as well, it only has one more atom c.

If we want a proper definition of || on formulas, we need to
look for a transformation that returns an equivalent form, but
adds the specified atoms. This task can be solved e.g. by the
following approaches:
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el {a1,...,an} [ A[a1V-a1V...VapV-a,]]

el {ar,...,an} = [@V[0OAa1 A...Nap]]

We can define the expansion within the usual framework of
propositional logic. But this is not possible anymore with the
reductions {} and |}. The perform an operation that is usually
calledq quantification: { is similar to “V” and |} is similar to
PETIE

3.4 What is a theory algebra, any-
way”?

3.4.1 — Whatis a theory algebra?

In 3.2.5 we already mentioned that the characteristic feature of
theory algebras would be a certain combination of two more or
less lattice—like structures, one “syntactic” and one “seman-
tic” structure.

It is common in logic to formally characterize a theory T as a

pair, made of

& the syntaz or language A, which is defined as a formal lan-
guage, i.e. a class of sentences, (closed) formulas or expres-
sions, defined by means of a signature.

& And a semantic, axiom class or theorem class ©, which is
a selection of all the sentences, namely the ones that are
(supposed to be) valid.

This pair character of theories induces two order structures on
the class of all theories:

& A syntactical order, Th < Ty iff A; C Ag, and
& a semantical order, where 77 C T3 iff ©1 C Og,

for any two theories T4, T2 with languages A1, A2 and theorem
classes ©1, O3, respectively.

The semantical order, the consequence or entailment relation,
is a (quasi—) boolean lattice, theories can be negated, conjunc-
tively and disjunctively combined to new theories. All that is
part of daily live in mathematics. But the syntactical order is
very lattice—like as well. For certain classes of theories, this is
a (quasi—) boolean lattice as well. The combination of these
two lattices makes a certain kind of structure with very specific
features.

A theory algebra is the abstraction of this kind of structures
on theories. Is is an attempt to capture the features and prop-
erties of these double order structures. *°

3.4.2

So now we have a text on the “theory algebras of relations”,
but without an appropriate definition of a “theory algebra”.
However we choose to keep the “theory” in the title, because
there are some other designs of “relation algebras” out there
and it ought to be useful to have a distinguishing and descrip-
tive component in the title.

Again, what is a theory algebra of relations?_______

9 For more information on these enriched versions of propositional logic as theory algebras, see other introductions on www.bucphalus.org,

e.g. “The Algebra of Worlds”.

10 11 a paper called “Axioms of Theory Algebras” we presented an elaboration of this principle. But it was too closely related to

propositional logic, and certain features are chosen too specific to cover a structure such as Prel(X) as well.
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4 Idiosyncratic features

4.0.3 —  Reading advice

In 5, we introduce the basic syntax of the language we are
about to use, i.e. we provide a formal definition for expres-
sitons. The syntax is complete in the sense, that it is sufficient
to express every mathematical statement that can be made at
all. We intended to use standard terminology and symbolism,
as far as there is one. However, in some cases we departed from
conventions or created something unusual and these novelties
shall be motivated and explained first here in section 4 .

4.1 Text arrangement, style and
layout

4.1.1 _ Text pieces and addressing

The main parts are called chapters and they are identified by
big romans numbers. Every proper sentence of this text oc-
curs in a paragraph, and each paragraph is uniquely identified
by three decimal numbers “n.n.n” as its index. The overall
structuring of this text is done as follows:

index | titles of the parts and subparts
11 this chapter
4 this section
4.1 this subsection

4.1.1 this paragraph

To provide some reference and structure inside paragraphs, we
use

1), (2), (8); -+ (a); (b), (e), --- (1), (i1), (iii), ...

and in case there is no order required, we use item list:
& top level item
& second level item
© third level item
& fourth level item

4.1.2 - Textstylefeatures____

This text uses a couple of features to support efficient read-
ing and the search of more important parts and key words.

www.bucephalus.org ] 3

this indicates the definition of a new notion, which
is also listed in the index register at the end
this indicates the definition of an important new
symbol or formalization, which is also listed
in the summary of symbols register at the end

4.1.3 _ Two—dimensional expressions____

If expressions become long, we sometimes use compact two—
dimensional'! versions. For class expressions, for example, we
sometimes use

zeC
il - ¥1,
T2, $P1,
or . and zeC
y ) ®
n Pn "
(often without the commas) for the usual {z1,z2,...,z,} or
{z € C| ¢1,...,¢n}. Similarly for tuples (...,...,...) and
other kind of expressions (...,...,...) we may write
< > and
instead.

4.2 Deviant use of common notions

4.2.1 _ General concepts.

Operation In algebra, an “operation” is usually a binary endo-
function on a given class C, i.e. a function of type C x C —
C'. Instead we use operation as an informal collective notion
for “relation, constant or function”. Accordingly, we can say
that a structure is made of one or more classes with a couple
of operations on them.

Class A class is any collection of elements. Usually in mathe-
matics, the term “set” is preferred over “class”, as a kind of
well-defined class, since an all too naive class concept can
lead to paradoxes. But we do not care about the “dangers”
here and consequently favor the more general concept.You
may read “set” everywhere you find a “class”, the difference
does not concern this text.

Identifier We occasionally say something like “let I be a class
of identifers”. In a proper mathematical sense that only
means that I can be just any class. The term identifier will
remain an undefined notion, like point is undefined in geom-

T G. Frege introduced a two—dimensional notation for mathematical logic in his Begriffsschrift. That didn’t survive and G. Peano’s
linear symbolism (with 3 and V etc.) became established instead. But our proposal here is made in times of TEX KTEX and other tools,
where beautiful layout doesn’t take extra efforts and really supports efficient reading.

12 1% is probably fine to think of identifiers as strings like "examplel", including decimal numerals like "2345" as numerical strings. This

is useful, because we define records as mappings from identifiers i1, ..

identifiers 41, ..., 7, are the integers 1,...,n.

-, in to objects zi,,...,Z;,, and tuples as special records, where the

13 We could take strings as identifiers, but these strings can themselves be defined as character tuples. The same way we can define

decimal numerals as tuples of the decimal digits 0,1,...,9. Leaving identifiers undefined provides us with a certain flexibility.
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etry.!2The point is, that I should be a pretty primitive type which is defined by the formula ¢. The predicator expres-
in practice, e.g. strings, integers, or even just finitely many sion defines what we call the predicator. Neither the pred-
character. icator notion nor a separate notation like our ~» are com-

mon concepts and that is a gap in the tradition.'®Note,
that we again make a clear distinction between the (un-
typed) predicator and the (typed) relation.®

For the time being we assume, that operations are ordinary

4.3 Default SyntaX for OperatIOHS or n—ary in the sense that their domain is an n—ary cartesian

product Dy X ... x D,. An then, we use tuples (ai,...,an)
of variables in place of the single variable a and summarize:

& The default n—ary function expression has the form

4.3.1 __ Standard notation for operations
‘We propose
prop Dy X ...xX Dy — C
<a1:<~<7an> =7
syntax
symbol :=
semantics where f is an identifier, the D’s and C are class expressions,
the a’s are variables and 7 is a term with no more free vari-
ables than the given a’s.
as our standard form for the definition of functions and rela- & The default n—ary relation expression is
tions.'*

& The “symbol” is an identifier, sometimes together with
some graphical features pictured by means of placeholders

®, ®,. .. (a1, ...,an) ~ ¢

For example, “ @ + @ ” means that “+” is used as a bi-

Dy e~ ... e Dy,

. L . o~ f . where R is an identifier, the D’s are class expressions, the
nary operation symbol in infix notation. “ @ explains, a’s are variables again and ¢ is a formula with no more free
that the unary operation f is used in superscript notation variables than the given a’s.
when applied to arguments. As it is common in mathemat-

ics, we consider ¢ f(@) ” as the default arrangement for the

application of an operation f. And in that case we simply
write “f” again on the left side of such a definition.

& The “syntax” is a type expression, i.e.

& D — C for functions, and

4.3.2 Examples

& Dy e ...«w D, for n-ary relations'®1¢

g P ing-
# The “semantics” is one of the following: (1) The square function on the class Z of integers can be de-

(a) A map(ping) expression'” a7, saying that any fined in our standard notation by
value for the variable a turns into the value which is de-
fined by the term 7. A map expression on its own defines 7 — 7
a mapping and we make a clear distinction between the @2 =

(untyped) mapping and the (typed) function. nenen

(») A predicator expression a ~ ¢ , saying that any value (2) The usual linear order relation on the class N := {0,1,...}
for the variable a turns into the (false or true) expression, of natural numbers is given by

™1n my opinion there is the unfortunate tradition in mathematics that even the most precise authors not even try to invent a standard
form at least for functions and use tiresome prose instead. Masses of clumsy sentences could be condensed into a proper notation and that
can really ease the reading of texts. On the other hand, we try to be rather pragmatic than formalistic here ourselves and don’t apply the
proposed notation everywhere.

15 Different to function type expressions D — C, there is no common standard for (ordinary) relation type expressions yet. Paul

Taylor: A practical foundation of mathematics, 2000, suggests Dj; +— D5 instead of our Dy «~ Do>.

16 We occasionally also need a relation type expression like R : Dy «~ ... «~ D, for the cases n = 1 and n = 0. In this text we often
say that, for an operation symbol e, a dotted @ o @ e ... e (@ is just a convention for the more precise 7‘£1®’ which can actually be

written for n = 1 and n = 0. So when it comes to relation type expressions, it would be R «l«; D; and R :f'\gﬁi D; . But it is probably
1= 1=

nicer and makes sense to agree (see 5.6.8) on R : Pty (D1) for the unary and R :B for the nullary case. (Recall, that B = {0,1} and
there are exactly two nullary relations.) Later on (in 17.2.6), we introduce a notation that will also cover these cases. In this notation we
would write R :Rel({(D;)) for unary and R : Rel(()) for nullary relation type expressions.

17 Another tradition (going back to A. Church) uses the lambda expressions Aa .7 instead of our map expression a+— 7 .

18 Be aware, that there is a difference between the formula ¢ and the predicator expression a ~ ¢. The variable a occurs free in ¢, but

@ @ @

is bound in a ~» ¢.
Recall, that a map expression a — 7 can be applied to an argument ¢, often written (a +— 7)(¢) . The result of this application is the
term 7', obtained from 7 by replacing c for every free occurence of a in 7. Similarly, we can apply a predicator expression a ~ ¢ to an
argument c, written again as (a ~» ¢)(c) , and the result is ¢’, where each free occurence of a is replaced by c.

19T6 memorize this non-standard taxonomy of typed and untyped operations we could use “function=domain+codomain+mapping” and
“relation=domain+predicator”.
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N «v N

(n,m) ~ (IdeN.n+d=m)

N «w N

(n,m) ~ (m —n > 0)

(3) If Z' := N\ {0} denotes the positive integers, the division
rest function can be defined recursively by

NxZr— N
® mod @ :=

(n, m) ifn<m
’ (n —m) mod m else

(4) An example of a ternary (3—ary) relation on N is the well-
known “m and n are equivalent modulo d”, for d # 0. We
put

N e N e ZF
® =@ MOD ® :=

(n,m,d) ~» (n mod d =m mod d)

(5) Structures, basically a collection of operations on given
classes, can be defined accordingly. For example, take a
look at definition 5.8.4 to see how compact and lucid these
declarations can become once the notation is accepted.

4.3.3 _ More complicated examples_—___
Higher—order operations (i.e. operations with operations as ar-
guments or results) can be elegantly formalized. Consider the
previous relation
® =@ MOD @ : N aw N aw ZF
again. It could alternatively be defined as a function
MOD @ : Z" — (N «w N)
which returns, for every positive d, the equivalence relation

(® = @ MOD d) on the natural numbers. Written as an
anonymous function this is

Z+—>(N<«->N)

N e~ N
d—
(n,m) ~ (n mod d =m mod d)

Alternatively the symbol definition can be integrated in the
whole definition:

ZT — (N e N)
d»—»(@E@MODd)
MOD @ := N

(n, m) ~ (n mod d = m mod d)
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4.4 From ordinal to schematic
mathematics

4.4.1 __ Variations and generalizations.

Having proposed a standard for relation expressions, we are
about to modify it again in the main part of this text, when we
generalize the ordinary relation concept (in definition 17.2.1).
We still use the general form

syntax

semantics

for (typed) operations. But our default form for ordinary re-
lations

Dy e~ ... e Dy,

<a1,...,an>v~><p

will be changed:

& The “syntax”, formerly given by the ordinary relation type
expression Di «~ ... «~ D, , will now be the class tuple
(D1,...,Dy). A class tuple is the special ordinary case of
a schema®and such a schema is the type of the new gener-
alized type of relation. The relations domain is always the
cartesian product ®X of its schema X. So the information
is unchanged really.

& The “semantics” may be specified by the graph of the re-
lation, i.e. the characteristic subclass of its domain. The
predicator expression & ~~» ¢ can then be replaced by the
class expression {z € ® X | ¢}. But obviously, the informa-
tion again is still the same.

4.4.2 _ From "ordinary” to “schematic”

Modern mathematics is “ordinary” in the sense that operations
have “ordinal arity”: their arguments are arranged as tuples
and they are identified by their order in which they appear
in writing. This ordinal design can be generalized towards
a “schematic” form of mathematics, where the components
are freed from their ordinal determination and arbitrary index
classes are allowed instead. The key terms of this transforma-
tion are the following:
& The main role of the tuple is now taken by the record, i.e.
functions that return certain values §; for given indices 7.
‘We often use the form

i1 = &iy

in — fin
for finite records. Now, a tuple is just a special case of a
finite record, defined as
1— &

10y €n) =

n+— &y
& A schema is the name of a record, in which each value is a
class.
& The ordinary cartesian product operator X now becomes
a special case of the more general cartesian product ® , i.e.

Dy X ...X D, can be redefined as ®(D1, ..., D,), and such
a catesian product is defined for every schema, not just for

20 The “schema” is standard terminology in relational database theory.
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class tuples (Dy,...,Dy).

& Consequently, “ordinary relations” have now become special
instances of “schematic relations”.

www.bucephalus.org ] 6

This “schematization” of ordinary mathematics can be taken
much further and one highlight will be the translation of whole
structures into one relation. But all this will be properly in-
troduced in due course.
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5 Basic concepts and notations

5.1 Stylistic conventions

5.1.1  Definition Stylistic conventions—____

iff is an abbreviation of “if, and only if”

new word this is how we mark the definition of
new notions in the text

new symbol indicates the definition of an important
new symbol or formalization

5.2 Expressions

5.2.1 Definition Expressions.

An identifier or symbol is a basic building unit for expres-
sions.
An expression is

(1) either a primitive expression
L
i.e. an identifier or symbol ¢ itself

(2) or a complex expression

AN\,

i.e. an application of the (operator) expression o to its
(argument) expressions £1,...,&,.

5.2.2 Example

For example, suppose

+ . - a 2 4 7

are seven identifiers, then

N
AN
a/ \2

is an expression.
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5.2.3 Remark

Expressions, identifiers and symbols_______

(1) The “tree” definition 5.2.1 of complex expressions and the
example expression in 5.2.2 may look strange and is proba-
bly not what one usually imagines.

Well, first of all note, that a tree is not the picture of a

tree. The point is only, that the complex expression can be

uniquely decomposed into its components again, and that

this deconstruction is a primitive syntactical operation. In-
31

stead of writing
o
2 - &n
we could have written
o(&1,---,&n) or (0,61,---56n)
and that would turn our example into
+(4,-("(a,2))) or (+:4,( (%, a,2),7))

But that might still look strange, because one rather expects
some picture like

“g g2 .
(2) For a proper understanding of the expression concept, it is
important to understand the following distinction:

(a) An wutterance is the material appearence of an expres-
sion. This can be as speach, i.e. a sequence of phonems,
as computer code, i.e. a sequence of keyboard characters,
or as a graphic on screen or paper, i.e. a two—dimensional
display of graphems.

(b) A parse tree reflects the inner structure of an expression.

For example, “FourPlusSmallASquareTimesSeven” or the
KTEX code “4+2°2\cdot7” or the graphical “4 + a2 - 77 are
utterances that, given the usual syntax rules, stands for a
parse tree which might be represented by

AN
aN
a/ \2

It is important to note, that mathematics is (almost) always
communicated by means of utterances, but that the notion
expression means the parse tree, i.e. the unambiguous syn-
tactical structure.

In computer science, this utterance—parse-tree conversion is
an issue and solutions are implemented in parsers, compil-
ers, speach recognition devices etc. But in mathematics,
a proper understanding of this process is usually taken for
granted and entirely left to the reader. We will also take
this easy way, usually just talk about ezxpressions and trust
on the readers intuition and education.

(8) We will not define identifiers. They could comprise dec-
imal numerals like “2435”. But they could as well be re-
stricted to digits and letters, in which case “2435” is not a
primitive, but a complex expression, made of four digits.
However, for our purposes it is probably the best to asso-
ciate identifers with short strings like “sample”, including
numerical strings like “2435” and special characters like “4”,
“” or ufn_

We summarize these remarks as follows.
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5.2.4

Definition

Meta—syntactical conventions

of or ofg)
0({:17 cco 7‘571)

for the unary case and more general

for the n—ary case is the default notation
for the application of an operator o on
arguments &1,...,&,. In other words,
it is the default graphical representa-
o
tion for the expression &1 52/' "\ﬁn.
But depending on the symbolization of
o, there are many deviant notations and
alternative configurations in mathemat-

ics. For all these non—default cases we
use the following

placeholders for anonymous expressions
or the definition of syntax features. For
example, “@ < (@7 explains, that the
identifier < is used as a binary operator
symbol in infix notation.

Parentheses are used to disambiguate
the formal structure of expressions.

5.2.5

Remark

(1) Placeholders

enable us to turn an identifier (or token) (like

“+” or “<” or “pr”) into a proper symbol, i.e. the to-
ken plus its graphical outfit when the according operator is

applied (e.g.

“D+ @ or “@© < @7 or “pr®u)' Oc-

casionally there are more identifiers to make one symbol

(e.g. the three

ones “if”, “then”, and “else” in the symbol

“if @ then (@ else (®”) or even no identifier at all (e.g.
the binary symbol “@ @” for the default operator appli-

cation or “Q@©

? for the exponentiation). However, in the

sequel we will not be precise on the distinction between iden-

tifiers and symbols and just talk about symbols in general.
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(2) Parentheses are no symbols in the just mentioned sense,
but only auxiliary tokens to generate expressions from given
utterances (see 5.2.3(1)). Due to the common conventions,
we do use parentheses explicitely in particular in “f(z)”,
i.e. applications of an operator f on an argument x. But
it usually doesn’t lead to ambiguities to write “(fz)” or

“fx” instead.
use parentheses in “f(z1,...,2n)

»

There are however some exceptions: we
as an abbreviation for

“f({z1,...,xn))”, which is standard notation in mathemat-

ics.

(8) When choosing words or acromyms for identifiers, we try
to follow the standard if there is some. For example, “dom”,
“false” and “id”. In our own creations we loosely apply the

rule to

(a) start with a capital letter, e.g. “Rel”, if the whole thing
stands for a class, in this case a class of relations,

(b) start with a small letter, e.g. “rel”, if the whole expres-

sion stand for a single say relation, and

(c) use capital letters exclusively, e.g.

“REL”, for the

proper class of relations (i.e. a class too big to be a set).

5.2.6

Example Example.

So if we consider example 5.2.2 again, this time with sym-

bols instead of identifiers, then “4 + a?

- 7”7 or more precisely

“4 4 ((a?) - 7)” would be a graphical representation for the

expression

5.2.7  Definition Two—dimensional expressions.
If expressions become long, we sometimes use compact
two—dimensional versions. In particular, we may write
&1 &1,
&2 &2,
or | | for (&,...,6n),
&n &n
&1 il
&2 €1,
or . for {&1,...,&n},
&n &n
§:C
$1
Y1
or g £:C for {£:C | ¢1,...,0n}
#n
Pn
etc.
5.2.8  Definition Substitution
lz/v]  the “substitution of v for z in £” or “€ with
x replaced by v”, denotes the expression &,
where every occurence of the identifier or sym-
bol z is replaced by the expression v.
5.2.9 Example Example
(4+a® - T[a/—1] is 4+ (-1)2.7
5.2.10 Remark

We define expression classes, e.g. the propositional formula
class Form (A) in 6.4.1, in a traditional way: in prose. But
later on in 13.2, we present a proper formal and much more
elegant way to (context—free) formal languages, namely as co-
products of schemas (12.1.2).

5.3 A sketch of mathematical se-
mantics

Introduction

5.3.1

The explanations here in this subsection 5.3 about the seman-
tics of mathematics are not very thorough. One goal of the
whole text is the attempt to fill this gap later on.

Remark
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5.3.2  Definition

An expressions £ can have a type 7, which is a class, and
a value w, which is an element of 7.

An environment (or context) is a collection of expressions
together with their possible types and values.

In a given environment, an expression is called
(well-) typed if it has a well-defined class as type,

Types, values and environments_______

(well-) instantiated if it has a well-defined value, and
(well-) defined if it is both well-typed and well-
instantiated and its value is a proper element of its type.

There is also an alternative terminology that we are going
to use: If, in a given environment, an expression does have
a unique value assigned, we call it closed and its potential
value is a constant (value). Otherwise, the expression is

open and its value is a variable (value).

5.3.3 Remark

(1) Not all the expressions need to be typed and instantiated
explicitely in an environment. Often, their types and values
are derivable. For example, if “5” is the usual well-defined
integer and “@ - @” the usual integer multiplication, we
can evaluate the value and type for “5-5” according to the
usual method from 5.3.4.

(2) If again “5” and “@ < (@7 are the usual constant opera-
tors on the class Z of integers and v is a new identifier in the
given environment, then “v < 5” is an open expression, or
more precisely, an open formula (5.3.11). “VYv.v < 5” is a
closed formula, however not a well-typed one, because v is
not yet typed. “Vv : Z.v < 5” on the other hand would be
typed and the whole formula is well-defined. Also, if “v : Z”
has modified the envionment before so that v is typed, then
“Yov.v < 5” would as well be a well-defined formula and its
value would be true.

(3) The previous example also shows that an environment is
a somehow dynamic concept, often varying between an ex-
pression and its subexpressions because some operators like
the ones in 5.3.5, but also closing operators like “V” or “—”
create (temporary) bindings for their arguments.

(4) Two special and important environments in mathematics
are created in the following two cases.

(a) The definition of a (concrete) structure, see for example
the boolean value algebra in 5.8.4, introduces a couple of
well-defined identifiers or symbols.

(b) A theory or abstract structure first introduces a signa-
ture, i.e. same class variables and some typed operator
variables, and second names some axioms, i.e. closed for-
mulas based on this vocabulary.

5.3.4 Remark

Given an environment € and an expression &.
(1) If € is an identifier ¢, the type of £ is the type of ¢ and the
value of £ is the value of ¢ in e.

Type and value evaluation

(2) If ¢ is an complex expression o({1, ..., &y ), then

(a) & can be well-defined only if o is an operator expression
and the codomain types of the &1,...,&, are compatible
with the domain type of o,

(b) the type of £ is the codomain type of o, and
(c) the value of £ is the result of the &1, ...,&, under o.

As it is common in mathematics and some computer languages
(while forbidden in others), we allow symbols to be overloaded,
i.e. one symbol may be used to represent several different op-
erators, if the domains of these operators are clearly distinct.
For example, “@ < (@” denotes the linear order between in-
tegers as well as real numbers, we will use it to compare two
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records etc. In all these cases, it is the type of the used argu-
ments that determines which of the operators is intended in a
given application.

5.3.5  Definition

Operators on environments___

§i=w is the general form of an assignment (or
instantiation) and it defines w to be the
(new) value of £ in the current environ-
ment. Usually, £ is an identifier or symbol,
but occasionally it may be a more complex
expression.

£ 3ar is the general form of an type expression,
which is a constraint to the possible val-
ues of &, that now has to be element of the
class 7.

€= stands for (£ : 7) := w or £ := (w : T)
and is our default notation for a full op-
erator definition, i.e. a simultaneous type
constraint and instantiation.

5.3.6 Remark

(1) “¢: 77 is what we call a type expression, but sometimes,
that notion only applies to the class expression “7”. This
ambiguity shouldn’t cause major problems in the sequel.

(2) Somehow, the type expression “€ : C” is similar to the
element expression “¢ € C”. But “¢ € C” denotes a truth
value, “€ : C” denotes the value £ and causes a kind of side
effect on the environment that restricts the possible values
for £&. However and despite these fundamental differences,
both expressions are often confused and it is very common to
use the element expression instead of a type expression. We
will also do so and write something like “{n € N | n > 7}”
(see 5.6.2) or “Vn € N.n+7 > 5" (see 5.5.5).

(8) According to the derivability of types (5.3.4) there is a
certain freedom on the location of type expression. Using
the “@ : @7 notation is a side effect on the environment
but does not change the value. Let us take the two most
important kinds of operators to explain that:

(a) A function is a mapping with an explicit domain and
codomain (see 5.7.3) But this could also be written as a
map expression with implicit type exprssions. For exam-
ple, the square function (@2 on the integers is in our de-
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fault notation (see 5.7.3) written as 7. But
n—mn-n

one would get the same information with “(n : Z) —
((n-n):2Z)" or “(n+—mn-n):(Z— 7).
(b) An ordinary relation in our default notation (see 5.7.10),
e.g. the linear order on the natural numbers
N e« N
(n,m) ~ (Ad € N.n+d=m)
can as well be written as
(n:Nym:N)~ (3deN.n+d=m)

({(n,m) ~ (3deN.n+d=m)): New N

However, these forms are usually not our first choice and we

use the {g} ” as the default version.

(4) An assignment “x := £” is a kind of abbreviation. It al-
lows us to use the simple “z” for the complex “£” in new
expressions. From a sematical point of view, this is no real
contribution and no new information.

So somehow, the assignment “z := £” is similar to the equa-

tion “x = £”. But actually, this is not so. The equation



is a statement, thus a truth value, but the assignment —
if we want it to have any sematical meaning at all — de-
notes the entity &, and the fact that it also defines z, is
just a side effect on the given environment. For example,
“(7+ (x = 3)) - 2" is a well-defined expression, meaning
“20”, with the side effect that x is defined to be 3. On the
other hand, “if z = 0 then 1 else — 1”7 is a well-defined
expression, but “if x := 0 then — 1 else 1” is not. How-
ever, we will usually avoid to use assignments inside other
expressions, although it often makes sense (see example 4.3.3
again).

(5) When “¢” in “¢ := w” is not only an identifier or sym-
bol, but a more complex expression, then all the free vari-
ables in “¢” are defined via pattern matching. For example,
“(x,y,z) = (5,52,5°)” is in a certain sense just an ab-
breviation for the three subsequent assignments “z := 57,
“y =527 and “z:= 537,

(6) We said that each expression can have a value and a type.
According to the previous remarks, these are as follows.

(a) The type of an assignment “§ := w” is the type of “€”,
which is identical with the type of “w”, if “£” isn’t typed
yet. Its value is w itself.

(b) The type of a type expression “€ : 7”7 is 7, its value is

the value of “¢”, if such a value is defined in the current
environment, and undefined otherwise.

5.3.7 Definition —___________Local definitions

let @ in @ or alternatively

@ where @ is our formalization of a
local definition, where the assign-
ments made in @ only hold for the
expression (2).

5.3.8 Example —___ |ocal definition

For every two real numbers p,q € R there are two complex
numbers 1,z € C that satisfy the equation 2 +p-z+q = 0.
The function r with r(p, ¢) = (z1, z2) is defined by

RxR—CxC

(p,q) — (-5 +w,—% —w) where w:=

5.3.9  Definition

‘We distinguish two kinds of values in mathematics:

Two kinds of values

(1) classes, i.e. collections or sets (see 5.6) or

(2) operators (see 5.7), i.e. values that may take argu-
ments from some domain and return new values from
some codomain; besides they may modify the given en-
vironment.

Accordingly, every expression is a class expression or an
operator expression.

5.3.10 Remark

Theory algebras on relations

(1) We introduce the essential kinds of operators in 5.7:
(a) untyped mappings and typed (partial) functions,

(b) untyped predicators and typed ordinary relations, oper-
ators with the truth value codomain, which is abstracted
away in the notation, so that only the domain remains.
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Other basic concepts which we are about to define can be
derived:

(i) constants as nullary functions,
(ii) truth wvalues as particular constants,
(iii) tuples as functions with an ordinal number domain,

(iv) records (to be introduced in the main text) as general-
ized tuples,

(v) structures as tuples or records,

(vi) environments themselves as records or a pair of (par-
tial) functions that attach types and values to expressions,

etc. Other familiar concepts in mathematics depend on
their actual definition. For example, a number might be
a class (as given by the ordinal number definition 0 := 0
and n + 1 :=nU{n}) or a numeral (i.e. a tuples of digits),
but also as a member of a given class. Expressions them-
selves can be formalized as trees (i.e. recursively defined
tuples on the class of identifiers). Identifiers again may be
implemented in various ways as well (see 5.2.3(3)).

Also, there are a couple of predefined operators like the con-
ditional (5.4.3), the descriptor (5.4.4), operators on tuples,
classes, formulas etc (see below).

(2) Our operator terminology is quite uncommon. (In algebra
this usually means a binary endofunction.) But it is very
helpful in our text here and there is no standard equivalent
to denote the common features of functions, relations and
their relatives. It also allows some elegant reconstructions,
such as the introduction of “structures” as “certain opera-
tors on given classes”.

5.3.11  Definition

Expressions are also divided into

Terms and formulas. -

(1) formulas, i.e. expressions with truth or boolean value
(see 5.5.2)

(2) terms, i.e. expressions that stand for “(real) things”
and all other values.

5.3.12 Remark

(1) For example, given the context of the usual integer struc-
ture (5.8.5), then “5”, “3+2” and “(z — 9—x)(4)” are three
example terms that denote the same value five. “3 < 5” and
“In.n < 5” are two examples of formulas, both (of value)
true.

(2) We now have two classifications for expressions: The term—
formula difference and the distinction between operator ex-
pressions and class expressions.

(8) The term—formula distinction has its origin in a long philo-

sophical tradition that distinguishes two meaningful cate-
gories in every proper language: concepts and statements
(neither title is a standard). Concepts denote more or less
abstract things (“a horse”, “the tail of my horse”, “the in-
telligence of horses”, etc.) and statements are true or false
assertions (“This horse is not intelligent.”).
In mathematics this view is still dominant and in math-
ematical logic there usually is a constructive hierarchy of
first terms and formulas second. But this design is some-
what artifical and does not realy capture the real live of
mathematics. Take for example the conditional expression
“if ¢ then 0, else 03” (5.4.3), which is a basic ingredi-
ent of the mathematical language, but is hard to fit into
the philosophy because it is a term that has a formula as
argument, thus turns around the hierachy. Many program-
ming languages don’t suffer from this tradition anymore and
subsume formulas under terms, e.g. as boolean terms.

(4) There is a close relation between terms and formulas on
one hand and the taxonomy of operators (5.7) on the other:

(a) A mapping “x +— 0 is the closure of the open term “07,

the free variable “z” in “0” is now bound and “z +— 6” can

now be applied to an argument “y”, written “(z +— 0)(y)”.
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A function is a typed mapping.

(b) Similarly, a predicator “z ~» ¢” is the closure of the
open formula “¢” and a relation is a typed predicator.

5.4 Special terms and tuples

5.4.1 Definition Tuples
(Z1,...,2n) mn-tuple, for n € N.
() is the empty tuple
1g(z) := n is the length of a given tuple z =
<1317 cee In)
x (1) :=x,; the i—th component of a tuple =z =
(Z1,...,2n) and ¢ € n
zty = (21,---,ZTn,Y1,---5Ym) is the
concatenation of two given tuples
2= (@1 s 0n) a0d Y = (Y1, - - s Ym)-

5.4.2 Remark

Tuples and products.

(1) 2—, 3—, 4-, etc —tuples are also called (ordered) pairs,
triples, quadruples, etc.

(2) Note the clear difference between an element z and an
unary tuple (z). Accordingly, the three expressions

(a;b,c)  (a,(b,c))  ({a),b,c)
denote three different things. In many approaches, this dis-
tinction is blurred, but we will have to be consequent on this
matter.

(8) Many texts and programming language consider tuples
(also called sequences, lists, stacks, arrays, strings, etc,
depending on the available operations) as zero—based and
rather write (zo,...,zn—1) than (z1,...,2z,). But we fol-
low the older tradition in mathematics which is to start with
1.

(4) In 9.2.1, we redefine tuples like (z1,...,z,) as (a special
notation for) the surjective function (see 5.7.5)

n— {z1,...,Tn}
(T1,...,Tn) =
1 T,
with n :={1,2,...,n}. That way, tuples can be subsumed

under the more general notion of records (see 9 ).

5.4.3  Definition

Conditional terms.

if ¢ then 6, else 2 is the wusual form of a

conditional expression, where
¢ is a formula and 61,02 are
terms.
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91 if ®Y1
° is a more compact notation for the
0., if ¢,,  nested conditional expression
0 else (if @1
i then 604
else (if o2
then 02
else (... (if ¢,
then 0,,
else 0,41)...)))
6 if
91 if Y1 ! e
stands for o o
PR O if on
if
On i on undefined else
But usually, the ¢1,...,p, exhaust all
possible cases and the “undefined” sce-
nario never occurs.
5.4.4  Definition _ Descriptions
the x with ¢ is the general form of an

(untyped) description, where =z
is a variable and ¢ is a formula
(with z as free variable). It denotes
the allegedly unique element = that
makes ¢ true.

the z : C with ¢  or alternatively

the z € C with ¢ is the typed description that re-
stricts the « to be a member of the
class C'.

sing (C) stands for “the z with z € C” and
denotes the unique element of C
and is well-defined iff C' is a sin-
gleton (i.e. a one—element class,
5.6.14(1))

5.4.5 Remark

(1) For example “then : Nwithn -n = 27”7 is a description
for 9 and “then : Nwithn -n = 10” is undefined, because
10 doesn’t have a square root in N.

(2) In the constitutive days of modern logic, Russell and oth-
ers used the iota symbol “/” for descriptions, Ackermann
and Hilbert the “€”, but most mathematical texts don’t use
an explicit formalism for descriptions at all. However it is
an essential feature in (meta)mathematics, in particular for
the function concept (5.7.4).

5.5 Formulas

5.5.1 Definition Equation

@® = @ is the general form of an equation, expressing
that @ and (@ are equal or identical.
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5.5.2 Definition — truth values.

false or 0 is the zero bit or false value
true or 1 is the unit bit or true value

B := {0,1} is the truth or bit or
boolean value class

5.5.3  Definition

Junction of formulas.

Let ¢, ¢1, p2 be given formulas.

- “not ¢” (negation)
©1 A pa  “p1 and @s” (conjunction)
©1 Vs  “p1 or p” (conjunction)
Y1 — P2 = 1 Vs (subjunction)
p1 < 92 = (p1 — 1) A(p2 = p1) (equijunction)

5.5.4  Remark

(1) For every n € N and formulas ¢1, ..., ¢, we put
A A ) true ifn=0
1A 2 =
@ 2 Y1 A(p1 A...ANpn) else
false ifn=0
Y1 V...V =

©1V(p1V...Vpn) else

(2) We also suggest an n—ary generalization for the sub— and
equijunction:

P1 = o= n = (1= P2) A A (Pt = Pn)
P1Le o n = (1= = ) AP — = 1)

occasionally useful to express a chain condition or an equiv-
alence class condition, respectively.

(8) We are not consequently formalistic and often use “not”,

“and”, “or” etc. instead of the just defined “—” etc. Also
R Z TR
is an often used alternative notation for “p1 A ... A ¢,” to

express the simultaneous truth of multiple formulas. This is
often applied in class expressions “{z | p1,...,¢n}".
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5.5.5  Definition

Quantifications

dz . ¢ is a existentialization, where x is a vari-
able and ¢ a formula, is saying that “there
is (at least) one x such that ¢ (is true)”.

V. ¢ is a generalization, where x is a variable
and ¢ a formula, is saying that “for all z,
¢ (is true)”.

Jdz: C.¢p is the explicitely typed existentialization
that restricts the  to be members of the
class C.

Vz : C . ¢ is the explicitely typed generalization that
restricts the = to be members of the class
C.

Jdz € C.¢ stands for 3z : C . ¢ and

Ve € C.¢ stands for Vo : C . .

5.5.6 Remark

(1) Again we often use the words “for each” and “for all” in-
stead of the just defined symbols.

5.5.7  Definition __Sub- and equivalence of closed formulas__

w1 = p2  “p1 entails @w2” or “po
follows (or derives) from  ¢1” is  the

subvalence (or entailment or consequence)
relation, and

w1 & 2 “p1 is equivalent to ¢2” is the equivalence
relation, on closed formulas (i.e. sentences)
1, P2

5.5.8 Remark

(1) Note the difference between the subjunction —, which
takes two formulas and returns a new one, and the subva-
lence relation =, which compares two closed formulas (also
called sentences) and is an either true or false statement.
The same goes for the equijunction < and the equivalence
.

(2) However and despite the differences we often inaccurately
use the phrases “@ implies ®” or even “if @ then @” to
verbalize both “@ — @7” and “@ = @”. And similarly
we follow the common habit and use “iff” for both < and
.

(3) There are two different approaches to define the subvalence
relation =:

(a) Semantically, = is introduced as the model-theoretical
relation |= , saying that ¢1 |= @2 iff each model of ¢, is
a model of 2 as well.

(b) Syntactically, = is introduced as the proof-theoretical
relation F , saying that @1 F @2 iff p2 can be derived

by transforming ¢; according to simple replacement rules
(such as 5.5.9, 5.5.10, 5.5.11)

Most of the time (i.e. in first—order predicate logic), these
two approaches are equivalent. That allows us to use our =
for both |= and F.

(4) Now given the subvalence relation, the equivalence can be
properly defined as its equivalence relation in the sense that
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p1 & o2 iff (p1 = @2 and p2 = ¢1).

5.5.9 Llemma_____ Boolean laws

For all formulas ¢, 1, x, @1, .., 9n with n € N and every
bijective function ¢ : {1,...,n} — {1,...,n} the follow-
ing statements hold:

1) 0= ¢ (least element)
2 =1 (greatest element)
B 1hNp &S (neutral element of A)
@ OVep&ep (neutral element of V)
B) pAp <0 (conjunctive complement)
6 pV-pesl (disjunctive complement)

o)

PLA. - APn & Qi) A APi(n) (commutativity of A)

(8) P1V...Vpn & @i1)V...Vein) (commutativity of V)
9 pANp @ (idempotency of A)
(10) V& @ (idempotency of V)
1) pAWAX) S (PAY)AX (associativity of A)
12) V(@ VXx) e (pVY)Vx (associativity of V)
18) PA(p1V...Von) & (PAp1) V...V (¥ Apn)
(A distributes over V)
a4 YV (1A Apn) S @V e)A. AWV pn)
(Vv distributes over A)
15) (p1A...Apyn) & Tp1V...Vop, (de Morgan’s law)
@16) —(p1V...Vn) & 2p1A...A-p, (de Morgan’s law)
5.5.10 Lemma Laws on sub— and equijunctions.
For all formulas ¢ and 1 holds:
@D p— e VY
@ e (=YW=
@) pohe (e A) V(e AY)
@) o0 p
(B) polep
®) ¢ =0 ¢
(7 p— 11
8 0—-ps1
® 1—-pep
1) p=>vYiff p oYY &1
a1) poYviff po v o1
5.5.11 Lemma _—_ laws on quantifications
Let v, w be variables and C, D class symbols and ¢, 1) for-
mulas.
(1) The following statements hold in general:

(a) Ywel.p&Ivel. -y
) " Fvel.peaVvel. ~p
(c
@ (el .o A (Fvel.¥)=>TvelC. (pAd)
e (VWweCl.p)VVMveCl . .¥p)<=VYveC. (pV)
# (Fvel.p)V (el . ¢¥)=Tvel. (V)

) (VWwel.p)AMv el . ¥)&Vvel. (pAD)

(2)

(a) VveC . YweED.p&sYweD . VoeC.
() IwelC.dweD.psIJweD.Jvel.
(¢) WelC.YweED.p=VYweD.JveCl.
@ YvelC.qweD.p<=3weD . YveC.

The following statements are true as well:
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(8) If w does not occur in ¢, then
(@ YweCl.p&p (redundant variable)
® Jwel.ps @ (redundant variable)
© YWeC.p & YweC. plv/w] (renaming)
@ WeEC.p& Iwel. plv/w] (renaming)

(4) If v is not a free variable in v, then

(a) Yvel .y &9

(b) el . Y=y

@ YWeEC. (pAY) & VWweC. o)Ay

@ IEC. (pAY) e (Fvel.p)AY

) YeC. (pVY) e Vwel. o)V

# Fvel. (pV)e (Fvel.p) VY

 Ywel.(p—Y)e (Fvel.p)—
h) YwelC. () >VYoeClC. o

G eC.(p—yY)& VWwWel.p) =Y
G) eC. W—op)eyp—TFvel.p

N

() If C denotes a non—empty class, then
(@ YWeClC.p=>TFvel.p

5.6 Classes and numbers

5.6.1 Introduction

(1) A class is a collection of its members (or elements). A pre-
cise definition is presented by the syntax of class expressions,
as introduced below.

(2) A set is a special kind of (“small”) class, which must be
specified according to certain constraints (e.g. specified by
the Zermelo-Frdinkel azioms) that guarantee the class to be
well-defined. Most mathematics can be done with the set
concept. However, we prefer to talk about “classes”.

(2) A class family is (another name for) a class of classes.

5.6.2 Definition — Class expressions______

{z | ¢} “the class of all x satisfying ¢” is the
default form of a class expression,
where z is a variable and ¢ a formula
with no more free variables than z.

{x € C|p(x)} is a common version for the proper
class expression {z : C | ¢(z)}.

{@ng 000 @} = {z | x = =z V ...V
xz = z,} is the default form of a
finite class expression

(] := {} is the empty class

{6 | v} is a generalization of the default
class expression, where 6 is any term,
¢ a formula, and 0 and ¢ have the
same free variables z1,...,x,. This
form is equal to the proper class ex-
pression {y | (y = 0 A ¢}, where y is
a variable different to the x;.

{0 | ¢1,....,0n}t standsfor {6 |1 A...Apn}

{01,...,0, | ¢} stands for _Ql{ai | o}
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5.6.3 Definition — The element relation____ 5.6.6 Definition ____ Oppositions
For every class K of classes we define
e € C  “eisin or belongs to (class) C” is an instance
of the element or membership relation, where e L
is a term and C a class expression. If a default VK = CLeJ)C (@AUEA{CH)
class expression for C is given by C = {z | ¢},
the relation is defined as: e € C iff p[x/e] is the opposition of K
true.
For any finite number of classes Cy, ..., C, we put

egZ C iff ~(e € C), “eis not in C”.

C19 ...vC, = V{Ci,...,Cn}

the opposition of Cy,...,Cy,

5.6.4  Definition __ Operationsonclasses___

C1 CCy iffVa. (ze€Cy —xeCs) (inclusion) 5.6.7 Remark opposition and other class operations______

Cy Z Cy iff =(Cy C C2)
Ci1 CCy iff (C1 CC2NACy #C2) (proper incl.)
Cy ¢ Cy iff —\(C1 C Cz)

Cy 2 Cy iff (Cy CCh)

X i (1) For three given classes A, B,C the following Venn dia-
CinCy ={z|zecCinzels} (intersection) grams (the shadowed area is the result of the operation)
CLUCs = {z|z€CiVaeCs) (union) visualize the basic operations on classes:

A A
CiwCs := CiUCs, only defined if C1 N Cs = 0 m ‘

(disjunct union)
nK :={z|VC € K.z e C} (big intersection) '%,
UK ={z|3CeK.zeC} (big union) '
Ci1\C: ={z|zeCiAx¢glC} (difference) B c
P(C) —{D|DCC} (power class) jlion AUuBUC intersection AN BN C
Fin(C) :={D|D C C,D is finite }

(finite classes)
Sg(C) = {{z} |z € C} (singleton class)
sing (C') (see 5.4.4) is the unique member of the given

class C, which is undefined in case C' is not
a singleton (5.6.14(1)).

difference A\ B opposition AV BV C

(2) The opposition AVB = (A\ B) U (B \ A) is more often
called the symmetric difference, but there is no real standard
5.6.5 Lemma _____ Properties of class differences_________ symbol.

For all classes A, B, C holds (3) The result of the opposition is the class of all the elements
1) A\(BNC)=(A\B)U(A\C) that occur in exactly one of the argument classes. In other

words, for every class family K holds:
2 A\(BUC)=(A\B)N(A\C)

@) (BNC)\A=(B\A)N(C\ A) VK = {z € UK |z e C for exactly one C € K}
4 (BUC)\A=(B\A)U(C\A) (4) Note, that the opposition shows some unusual behavior for
) (A\B)\C=A\(BUA) a class operation, e.g.

6) A\ (B\C)=(A\B)U(ANC)
7 (A\B)NnC=(AnC)\B
(8 (A\B)UC =(AUC)\(B\C)

AVBVC # (AVBVC)U(ANBNO)

(AvB)vC

Av(BVC)

(5) An often used (but hardly ever formalized) operation is
the inverse operation of “x +— {z}”, used to extract the
(unique) element z of a given class C. We use the descriptor
“sing (C)” (5.4.4) to achieve that. The result is well-defined
iff C is a singleton.
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5.6.8  Definition

Operator classes.

D --»C the partial function class from D
to C (see 5.7.15)

D—C the function class from D to C (see
5.7.3)

Dy e~ ...~ D, the (ordinary) relation class on
Dy,...,D, (see 5.7.10), which is
written

Pty (D1) in case n = 1, because the unary

relation is a property on Dj, and

B for n = 0, because the nullary re-
lation is a constant one of two pos-
sible truth values (5.5.2).

5.6.9  Definition

Cartesian products.

Ci1X...xCpn = (z1,- s 2n)
1 €C1,...,2n € Cp
is the cartesian product of classes
Ci,...,Cn

cn L (x1,---,%n)
' T1,...,Tn € C
the n—th (cartesian) power of a class C
and n € N

c* = U C™ the tupleclass (or
neN -
Kleene closure) of a class C'

{0} = 0% = @° is the nullary product,
which is the same for every class C

5.6.10 Remark

Cartesian products

(1) The “Cyi X ...x C,” notation is properly writable only for
n > 2. If we actually need to write an unary product, we
use “C'”. (In section 12 we generalize the product notion
and provide alternative notations.)

(2) We already emphasized (5.4.2) the difference between an
element z and an unary tuple (z). Accordingly, a class C and
its first power C' = {(z) | € C} are different. As another
consequence, our strict version of the cartesian product is
not associative:

Ax (BxC) (Ax B)x C AXx BxC
are three different tuple classes.

(3) In 12.3.2 we define, for any two tuple classes = and =’ the
concatenation

EtE = {t¢ eS¢ e}

This provides us with the means to combine cartesian prod-
ucts

(AXxB)T1(CxD) = AxBxCxD
and to attach classes to existing cartesian product
A'1(BxC)=(AxB)tC'=AxBxC
(4) Often used in computer science are

(a) Char , a finite class of characters, made of elements
like
O L < L AR L A
Often used ensembles are the 7—bit or 8—bit ASCII code
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with either 128 or 256 different elements.
(b) String := Char*, the strings, where the usual nota-

tion for these character tuples is

”Hallo!” instead of  (‘H,‘a‘, ‘1%, ‘1%, ‘o*, ‘1)
5.6.11 Definition Number classes
N :={0,1,2,...} the natural numbers
zZ :=4{..,-1,0,1,2,...} the integers
Q :={n/d|n,d€Z,d#0} the rational numbers
R stands for the real numbers
n :={1,2,...,n—1,n} for every n € N

5.6.12  Definition

Operations on numbers.

0 1 + - - / < < min max

are the usual operations on numbers

5.6.13  Definition

Cardinality of classes.

card(C) the cardinality of C, a (possibly transfinite)
cardinal number

5.6.14  Definition
A class C' is called

(1) a singleton, if card(C) = 1, i.e. C = {e} for some e.
(2) finite, if card(C) € N
(3) countable or enumerable, if card(C) < card(N)

Properties of classes.

5.6.15 Remark

Cardinal number arithmetic

A generalization of the arithmetic of natural numbers (i.e. N
together with the linear order <, addition 4, and multiplica-
tion -) is the arithmetic of cardinal numbers. The finite cardi-
nal numbers are exactly the natural numbers 0,1,2,.... But
there are also infinite (or transfinite) cardinals, beginning with
the cardinality N := card(N), which is the cardinality of enu-
merable classes, and RXj, the cardinality of the real numbers.
The arithmetic operations can be generalized and we have,
e.g.

2<9 2< RNy Ng <Ny
24+9=11 2+Rg=Rp Ro+ Vg =Ng
2.9=18 2Ry =Yg

The addition and multiplication can also be generalized to an
arbitrary number of arguments. For any class {x; | ¢ € I} of
cardinal numbers,

SA{ri|i €I} or > kg denotes the sum of the x;
i€l

[I{xi | i€ I} or []ki denotes the product of the k;
i€l
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where in particular

S0=0 and J[[0=1

The generalization is given by the fact that for finite cardinal
number records

Ki = Kip +...+ Kip,
i€{ig,.-yin}

Ki = Kiyp ... Kip
i€{i1,...,in}

5.7 Operations

5.7.1  Definition Mappings

x +— 0 is a map(ping) (expression), where

x is a variable and 0 a term.

(z +— 0)(o) is the application of the map on a
given term o. The result of this ap-
plication is the term 6’, obtained
from 6 by replacing each free oc-
curence of x in 6 by o.

(T, @) — 6 s a n—ary or
ordinary map(ping) expression,
where n € N, the z1,...,z, are

pairwise different variables and 0 is
a term with no more free variables
than the z;.

p(o1,...,0n) is the application of the n—ary map
# = ((z1,...,2n) = 0) on a tuple
(01,...,0p) of terms. The result
is @', obtained from 6 by simultane-
ously replacing each free occurence
of an z; in 6 by the according o;.

0, ifx=¢
Shadle 0; ifa =t
stands for T —
) S
e = B 6 ifz=¢n

5.7.2 Remark

(1) For example, “z +— (7 -z + 2)” is a map expression, which,
applied to 5, returns (z +— (7-2+2))(5) =7-5+2 = 37
under default interpretations of the symbols involved.

(2) There is also a tradition to write “z +— 6” as a so—called
lambda expression “ Az .0 7.
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5.7.3 Definition Functions
D — C
7= is our default form of a
z 0 (total) function definition,

saying that the identifier f is
defined to be a (total) function
from a class D into a class C. 6
is a term of type C with no more
free variables than z.

dom(f) := D is the domain of f
cod(f) := C is the codomain of f
f(a) or fa “f of a”, the default notation for

the application of f onto a, is the
unique value or image b € C for
the given argument a € D, given
by b = (z — 0)(a).

Df® @F h% etc., usually on the left side of a
function definition, denotes that
an application of a n—ary function
f is not written in its usual prefix
notation “f((z1,...,xzn))”, but
in the specified way, i.e. that we
write “zfy” instead of “f(z,y)”,
“r9” instead of “g(x)”, “hy” in-
stead of “h(z,y)”, etc.

5.7.4 Remark

(1) In set-theoretical terms a function f is usually defined
as a triple f = (D, C,T'), where D and C are classes and
I' C D x C is left total and right unique (i.e. for each a € D
there is exactly one b € C with (a,b) € T'). This definition
is easily converted to our default function form via

D —C

z +— (theb: C with (z,b) € T)

(2) Functions are usually defined as ordinary or n—ary func-
tions, which means that the domain is meant to be
an n—ary cartesian product Dj X ... X D,. So our
standard form of an ordinal function definition becomes

Dy X...x D, —C

(0000 o mom) = @

And the application of such an n—ary f to and argument
(a1, ...,ay) is usually written

f(ai,...,an) asashort form for  f({ai,...,an))

5.7.5  Definition
A function f: X — Y is
(1) injective or an injection,
if ©1 # x2 implies f(z1) # f(z2), for all z1,z2 € X.
(2) surjective or a surjection,
ifY ={f(z) |z € X}.

(3) bijective or a bijection,

Properties of functions

if it is both injective and surjective.




5.7.6  Definition

Operations on functions,

() := (the f:0 — 0)
is the empty function (or empty tuple, see 5.4.1)
[z —cC
flz = . f(:c)]

is the (domain) restriction of a given function
f: D — C onto some Z C D.

A— C
gof =
Lz — g(f(2))
is the composition of two given functions f :
A— Bandg: B— C.
[c — ¢
idoe = |7 ]
CcH— C

is the identity function of a given class C.

5.7.7 Remark

Operations on functions—

(1) Let f: D — C be a function. The essential characteriza-
tion of a function (see 5.7.4) is the fact that for each a € D
there is a unique b € C defined by f. Accordingly, if D = 0,
then f is uniquely defined for every class C. And if C = 0,
then f: D — C is defined only if D = 0, too (otherwise,
there would be a a € D without a corresponding f(a) in C).
In particular, the empty function, i.e. the unique function
of type 0 — 0, is well defined.

(2) The empty function is identical with the empty tuple, both
written “()”, because tuples will be redefined (see 5.6.10) as
surjective functions n — C, and for n = 0 = () there is
just one surjective function of type n — C, the one with
C = (), and that is the empty function.

5.7.8 Definition —__ Predicators

T~ is a predicator (expression), where

x is a variable and ¢ a formula.

(z ~ ) (0) is the application of the predicator
on a given term 6. The result of
this application is the formula ¢’,
obtained from ¢ by replacing each
free occurence of z in ¢ by 6.

(T, .y Tn) ~ @ s a n—ary or

ordinary predicator (expression),

where n € N, the z1,...,z, are
pairwise different variables and
¢ is a formula with no more free
variables than the z;.

7 (01,...,0y) is the application of the n—ary pred-
icator m = ({z1,...,Zn) ~ @) on a
term tuple (01,...,0,). The result

is ¢’, obtained from ¢ by simultane-

ously replacing each free occurence

of an z; in ¢ by the according 6;.
p1 ifrx=68

&1~ .
! a1 w2 ifx=4&

stands for T~
&n ~ ©n on ifz—gn

Theory algebras on relations
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5.7.9 Remark

(1) For example, a predicator 7 is defined by
m = (n~3Jr:N.r.r=nmn)

So 7(9) becomes true and 7 (10) is false (which is why we
would rather write =7 (10) in concrete situations).

(2) Not every predicator application is well-defined. For the
previously given example, 7((9, 10)) usually isn’t. A relation
now is a predicator together with a domain. Each of the do-
main members is guaranteed to be a well-defined argument
for an application. In fact, we hardly ever use predicators
as such, but only as part of a relation.

5.7.10 Definition

Ordinary relations.

Dy «~ ... e~ Dy
R :=
(1, .oy Tn) ~ @
is our default form of an ordinary or
n—ary relation definition, where the D, are
class expressions, the z; are variables and ¢
is a formula with no more free variables than
the x;.
dom(R) :=D; X :---X D, is the domain of R
gr(R) — <w1,4.‘7azn>6D1><---><Dn
16 TP

is the graph of R.

(01,...,0)ER or R(61,...,0,)

“R holds for (61,...,0,)”, are two ways of
expressing the same fact, that the applica-
tion of (z1,...,Zn) ~ @ on (01,...,0,) €
Dy X ... X D, is true.

(01,...,0n) ¢ R or  R(O1,...,0n)

“R does not hold for (01,...,60,)”, on the
other hand are saying that the application

of (x1,...,xp) ~ pon (01,...,0,) € D1 X
... X D, is false.

@OR®@ indicates the use of the infix notation “xRy”
for the application of a binary relation
R rather than the default prefix notation
“R(z, )"

5.7.11 Remark

According to 5.6.8 and 5.7.8, the default form for an unary
relation is then given by

Pty (D)

T~



5.7.12  Definition

__ Special notations_____

T1,...,Tn Ry is an often used abbreviation
for “c1Ry A ... Az, Ry”, where
OR® : A «» B is a bi-
nary relation in infix notation,
z1,...,xn € A, and y € B. For
example, “a,b,c € C”.

xoR1x1Ro ... Ryx,, is an often used abbreviation
for “zogRix1 A x1Roxo N ... A
ZTp—1Rnzy”, where the R; are
binary relations in infix nota-
tion and the x; are defined argu-
ments. For example, “0 # A C
BCC”.

5.7.13  Definition

relations.

image and coimage classes of binary

R[Z] ={yeY|ze(ZnNX) and (z,y) € R}

is the R-image class of Z, for R : X «w Y
and a class Z

R7'Z] ={z€X|ye(ZNY)and (z,y) € R}

is the R—coimage class of Z, for R : X e~ Y
and a class Z.

5.7.14  Remark

(1) In set—theoretical terms an n—ary relation R is defined as
a subclass I' C Dy X ... x D, of a cartesian product of
classes. This version is easily translated into our default
form by putting

R = D1 e~ ... e Dy
(T1, .. Zn) > (T1,...,2n) €T
(2) Every n—ary relation R : Dy «~ ... &~ D, can be repre-

sented by an n—ary function

Dy x...xD, —B

XR = 1 if R(z1,...,20)
<I1w~w®n>’—’{0 else

the characteristic function of R. On the other hand, every
function f : D — C can be represented by a binary rela-

tion
D «~ C
(z,y) ~ f(z) =y

So somehow, one of the two concepts could be reduced to
the other one. But in mathematical practice, it is common
to understand them as distinct notions (see the remarks in
5.3.12).

(3) However we introduce partial functions as a generalization
of the function concept which will be convenient in certain
circumstances (see definition 5.7.15). As usual, a partial
function is a kind of function f from D in to C, where f(a)
is not necessarily defined for every a € D. Let us redefine
a (total) function as a partial function f : D --» C, which
has a unique f(a) € C for each a € D.

Theory algebras on relations
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5.7.15 Definition

Partial functions___

D --»C
= is  our default form of a
z— 0 partial function definition, saying
that the identifier f is defined to
be a partial function from a class
D into a class C, such that every
x € D is mapped onto § € C. 6
is a term of type C with no more
free variables than z.

f(a) or fa f of a, is the unique value or im-
age b € C for the given argument
a € D, given by b = (z — 0)(a).

dom(f) =P is the domain of f

cod(f) =C
def(f) ::{aGD‘f(a)GC }

is well-defined

is the codomain of f

is the defined domain of f

5.7.16 Remark

(1) A typical example of a partial function is the division on
rational numbers
QxQ--Q

©/® (n,d) — thea: Qwitha-d=n
with def(/) = Q\ {0}.

(2) The generalization of functions to partial functions is
avoided in certain mathematical traditions, where “mean-
ingless” or “undefined” expressions are tried to be excluded
apriori. On the other hand, there are also strategies to deal
with the undefined cases. A partial function f : D --» C
can easily be translated into a total function

D—Cuw{l}
f = f(z) if x € def (f)
T —
1 else
where L ¢ C is a any element of the codomain. Another ap-
proach (used e.g. in Unix and C), is the introduction of two
channels for every output: a standard output and a stan-

dard error. In case of undefined arguments, a side effect is
issued to the standard error.

5.7.17  Definition

Operations on partial functions.

f_l .7 C --» D
" |b+— thea: Dwith f(a) =b

is the inverse of a partial function f: D --» C

. A--»C
= L - g(f(:r))}

is the composition of two given partial functions
f:A--» Band g: B --»C.
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5.7.18 Definition image and coimage classes_____

fIAl = {f(a) | a € Andef(f)}

is the f-image class of A, for every (partial or
total) f: D --» C and each A C D.
FHA] = {a € def(f) | f(a) € A}

is the f-coimage class of A, for every (partial
or total) f: D --» C and each A C C.

5.7.19

A constant is a nullary function, i.e. a function with do-

main {()}.

Definition Constants

5.7.20 Remark Constants

We usually think of a constant as a fixed entity. In a strongly
typed design of mathematics like ours here, that is a typed
entity ¢ : C, a particular member ¢ of a given class C. But
this can as well be described as the nullary function

. [{o} — o}

() —c
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5.8.2  Definition
Given an ordinary structure & = (K,0). In case K =
{Cy,...,Ck} and O = {o1,...,0,} are both finite, we

usually use
@ = {Chyeooy@hpy@npeooy@p)

as a default form for the given structure. And since each
each o; is either a constant, or an ordinary function, or an
ordinary relation, we can also agree on
&6 =(C1,...,Ck,C1,---5¢, f1,-- -, fm, R1,..., Rn)
——— — — ———
functions

carrier constants relations

as the default form for &. However in many cases, this
order of the operators is not maintained.

5.8.3

Remark

(1) We prefer to use “Culer Fraktur” for structure identi-
fiers."

(2) Often, an structures with exactly one carrier class and no
relations is called an algebra. We use it pretty much as a
synonym for the just defined (ordinary) structures.

5.8.4  Definition The boolean value algebra
beca}lse 'there is no differepce .between the function ¢ and the The boolean (or bit) value algebra is the structure
application ¢() = c¢. That justifies definition 5.7.19.

B := (B,<,0,1,-,A,V)
where
B := 0,1
5.8 Structures { }
B «~ B
®<@ =
(B1,B2) ~ 1 =00r B2 =1
[ B—B
-© = P 0ifg=1
5.8.1 Definition Structures. LGS
A (concrete) (ordinary) structure is a pair r
BxB—B
G =(K,0)
where ON® = 1iff1 =1and B2 =1
= i =1an =
(1) K is a class of classes, a collection of carrier classes, (B1,B2) — ! 2
(2) O is a class of (ordinary) operators. Deke
Normally, each o € O has one of the following three -
types (5.6.8): BxB—B
(a C (constant)
m) Dy x...x D, — C (n—ary function) OVvEe = (Br. o) 1ifBi=1lorfBy;=1
() Dy e~ ... e~ Dy (n—ary relation) Lle2 0 else
where all the C’s and D’s are members of IC. -
2T
A B|C|D|E[F|B[H|T|IJ|R m PIQR|S|T|U|T|W|X|D|3
A|B|C|D F|G|H K M PIQ|R|S|T|U|V|W|X|Y|Z
alb|c|dfe|f blilj|e |l |m plgle|s|tjulo|r |3
alb|lcld|e|lflg|h|it|g]|k|l]|m plg|lr|s|tlulv|iw|z|y|z
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5.8.5  Definition _________ Number structures
BE= <Z, 0,1,+,—,, §> is the usual (linearly or-
dered) integer ring.
0:=(Q,0,1,+,—,-/,<) is the usual (lin-
early ordered)

field of rational numbers.

5.8.6  Definition

If & = (K,0) and &' = (K, O") are two structures, then

616 = (KuK,0u0')

is the combination of & and &’

5.8.7  Definition

Given two ordinary structures in the normal form of 5.8.2

S =(Cr,---,Cks€1,---1C15 f1,- s fms Ry« - -5 B )
& = (@o0000@hp0@hn0 00 0@e diin o000 dagn Bin o oo p i)

(1) & and &’ are called similar, iff
(@) k' =k
(b) I’ =1 and for each i € {1,...,1} holds:

c; : Cp implies c; 3 C{,

(¢) m’ =m and for each i € {1,..., m} holds:
if fi : Cay X ... X Cay — Ch
thenfi':C{'11 ><.‘.><C{’1j — C}

(@) n’ =n and for each i € {1,...,n} holds:
if Ri : Coy o ... o Cq

J

thenR;:Cél ('VV*)(rMC;/
. J

(2) & is a substructure of &', iff
(a) & and &’ are similar
(b) C; C O foreach i€ {1,...,k}

(e) ¢; =c, foreach i€ {1,...,1}

@ fi(z) = fi(z), for all i € {1,...,m} and = €
dom (f;

(e) Ri(z) iff Ri(z), for all i € {1,...,n} and = €
dom (R;)
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5.8.8 Example

(1) Being similar means for two structures, that they have an
equivalent signature or type system.

(2) 3 and Q are not similar, Q has one more function than 3,
but <Z, 0,1,+,—,-, §> and <Q, 0,1,+,—,-, §> are similar.
In fact, the former is even a substructure of the latter.

(3) <IB, 0,1, A, \/> and <Z, 0,1,-, +> are similar.

5.8.9  Definition

Given two similar structures, each with just one carrier,
i.e. they have the general form

S =1 (G111 Cl il e ety Fomy B oy Ry

& = (Cchyn sl Floeees fs Ry RL)

A function
h:C —C’
is said to be

(a) a homomorphism from & into &’, written
h:6 — &’
if it has the following properties:
) b(e;) =c) foreach i € {1,...,1}
G b (fi (@1, ..,25)) = fi (B(@1), ..., b(=z5))

for all s € {1,...,m} and (z1,...,z;) € dom (f;)
Gii) R (z1,...,x;) implies R, (h(z1),...,bh(z;))
forall i € {1,...,n} and (z1,...,z;) € dom (R;)

(b) an isomorphism from & into &', written
h:6x26'

if b is a bijective homomorphism.

& and &’ are called isomorph, written
(CR=NcH

if there is an isomorphism h: & =~ &'.

5.8.10 Example

(1) If two structure are isomorph, then each formula holds in
one structure iff it is true in the other one two. From a logical
point of view, two isomorph structures are quasi—identical.

(2) For example, for every record n = [n;|i € I] (see 9.1.2),
Proj(n) = P(I), i.e. the record projection structure
PBroj (n) (see 11.9.1) is isomorph to the power class alge-
bra P (I) (see 6.2.2).

(3) In the proof of 19.5.10 we show that, for every schema
X = [X;li € I] (see 9.3.1), Rel (X) = P(®X), ie. the
equi—schematic relation algebra over X (see 19.5.9) is iso-
morph to the power class algebra P (®X) of the cartesian
product @ X of X (see 12.1.2). And since P (®X) is a com-
plete boolean algebra, Rel (X) must be one, too.
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6 Examples of quasi—structures

6.1 Introduction

6.1.1 _ introduction

Order— and lattice—theoretical concepts belong to the basic
toolkit of modern mathematics. Well-known key notions are:

& poclasses (or posets), i.e. partially ordered classes, i.e.
classes with a transitive, reflexive and antisymmetric rela-
tion,

& lattices, i.e. poclasses with well-defined binary meet and
join functions,

& complete lattices, i.e. lattices with ¢.l.b and l.u.b for every
subclass,

& boolean lattices or boolean algebras, i.e. distributive lattices
with complement functions.

Many structures of the main text can be subsumed under
these headings as well. For example, the record class structure
<Rec7 §> turns out to be a poclass and Rel(X) is a complete
boolean lattice, for every schema X.

However, there are other structures in the main text that al-
most fit in, but not exactly. These quasi—structures behave
very much like poclasses, but instead they are based on quasi—
ordered classes: they are still transitive and reflexive, but not
necessarily antisymmetric.

Therefore, we generalize the key concepts and introduce quasi—
lattices, boolean quasi—lattices and others. For example, the
relation structure Prel(X), the most important structure of
our main text, comprises two complete boolean quasi—lattices.
Of course, quasi—ordered classes are also well-known and well—-
investigated things in mathematics. But usually, these struc-
tures are are turned into proper poclasses by either using their
quotient structure (i.e. taking the equivalence classes as the
new elements) or applying a canonizer (i.e. all equivalent
representations are replaced by some unique canonic normal
form).

But we cannot do all that with our structures without losing
essential properties. In other words, if we want to integrate
our relation algebra into the framework of lattices and boolean
algebras, we need to generalize these concepts first.

6.1.2 _ overview of this chapter.

Section 7 is a summarizing survey of this generalized order—
and lattice theory. But that is just a dense and dry succes-
sion of definitions and statements. Therefore, we try to moti-
vate the new concepts by a couple of important examples from
mathematics and computer science here in section 6 first.

For these new key terms we add the references “(n.n.n)” which

point to the paragraph that actually defines the according new
notions.

6.2 Power algebras

Theory algebras on relations
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6.2.1 Repetition

Recall 5.6.13, that every class C' defines
& P(C) ={A|ACC}

& Fin(C) :={A]| ACC,Ais finite}

6.2.2 Definition

Given a class C.

P(C) = (P(C),C,0,1,n,U,N,U,C)

the power algebra or subclass algebra of C,

where

(a) 1 := C is the full class,

(b) () is defined on the entire domain P (C) by putting
N®:=C and

() C@® :=1\ @ is the complement function.

§in(C) = (Fin(C),C,0,n,U,\)

is the finite power algebra or finite subclass algebra of C'.

6.2.3 Remark

(P (C),C), i.e. the class of all its subclasses, ordered by the
usual set inclusion, is the standard example of a poclass (7.2.2).
In other words, C is a (partial) order (7.1.3) on P (C).

the power class algebra.

‘We generalize these notions: our basic concept is the quasi—
order (7.1.3) (i.e. a transitive and reflezive binary endore-
lation), that may or may not be antisymmetric (also called
canonic). A (partial) order is then a canonic quasi-relation.

The particular quasi-ordered class (P (C), C) has also the fol-

lowing features:

& A bottom element (7.4.1) @ € P (C), which is less that any
other member.

& A top element (7.4.1) 1 := C, which is greater than any
other member.

& A meet function (7.4.3) @ N @ : P (C)xP(C) — P (C)
that returns the greatest lower bound for each pair of classes.

& A join function (7.4.3) QU @ : P(C) x P (C) — P (C)
that returns the least upper bound for each pair of classes.

& A infimum function (7.4.7) () : P(P(C)) — P (C) that
returns the greatest lower bound for every class of classes.

& A supremum function (7.4.7) J : P(P (C)) — P (C) that
returns the least upper bound for every class of classes.

# It has a complement function (7.5.2) C: P (C) — P (C)
that returns the complement CA of every class A € P (C).

For canonic quasi—ordered classes, all these things are uniquely
defined, if they exists at all. But when a quasi-ordered class is
not canonic, there is usually more than one possible definition
(as we will soon demonstrate).

A quasi-ordered class with all these features, which is
also distributive (7.5.1), is a complete quasi—boolean lattice.



Theory algebras on relations

<P @), Q) is a standard example of a complete quasi—boolean
lattice. Canonic ones like this one are more often called com-
plete boolean lattices.

6.2.4 Remark

In case C is a finite class, every member of P (C) is a finite
class, so P (C) = Fin (C). If C is as small as {0, 1, 2, 3}, the
structure <Fin(C) s g) can be represented by its order dia-
gram or Hasse diagram (7.3.4):

the finite power class algebra

{0,1,2,3}

2} { 3} {0,2,3} {1

{0, 1, ,2,3}

But if C is an infinite class, Fin(C) # P (C), and
<Fin (@), Q) is not a complete boolean lattice anymore: There
still is the bottom element @, and N and U are the meet and
join function. But there is no top element anymore, thus no
complement function. However, there still is

& a relative complement function (7.5.5) @ \ @ : Fin (C) x
Fin (C) — Fin (C) that returns the relative complement
A\ B of B in A in the sense that always

(A\B)NB=0 and (A\B)UB=A

Distributive lattices with these properties are sometimes called

generalized boolean algebras (7.5.6) and (Fin (C),C) is the

typical standard example of such a structure. 22

6.3 A generalized quasi—boolean al-
gebra on tuples

6.3.1 Example
For every class C' we defined the tuple class on C by

c* = {(z1,...,zn)|n€E€Nand z1,...,z, € C}

Such a tuple (z1,...,x,) can be used to represent the finite
class {z1,...,2n,}. All the class operations on Fin (C) can be
defined for C* in a similar fashion as follows. For each e € C
and all alla = {a1,...,a,) and b = (b1, ..., by ) we put

& e€,a iffee{ar,...,an}
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& aC,b iff {a1,...,an} C{b1,...,bm}
& a=,b iff {a1,...,an} ={b1,...,bm}
& a \* b is a, but every component in b is deleted
& aUxb :={(a1,...,an,b1,...,bm)
& anNgb :=a\x (a\xb)
For example, for C = N we obtain
7€ (1,5,2,7,4,6,32)

(2,4,6) €. (2,2,3,3,4,4,5,5,6,6)

(2,4,6) =. (2,2,4,4,6,6) =. (6,4,2)
(2,2,3,3,4,4,5,5,6,6) \« (2,4,6,8) = (3,3,5,5)
(2,4,4,6) U. (2,2,3,3,4) =(2,4,4,6,2,2,3,3,4)

(2,4,4,6) Ny (2,2,3,3,4) = (2,4,4,6) \« (6) = (2,4, 4)
(2,2,3,3,4) Nx (2,4,4,6) = (2,2,3,3,4) \« (3,3) = (2,2,4)

The structure on C™ is very similar to the structure on Fin (C).
More precisely, the codomain function

C* — Fin (C)
cod =
(a1,...,an) — {a1,...,an}

is a quasi—isomorphism in the sense that

e€.a iff a€ cod(a)
aC,b iff cod(a)C cod(b)

a=.b iff cod(a)= cod(b)

cod(a\«b) = cod(a))\ cod(b)
cod(anN,b) = cod(a)Ncod(db)
cod(aU,b) = cod(a)Ucod(b)

for each e € C and all a,b € C*.

But unlike <Fin(C),g>, the structure <C*,g*> is not a
poclass (transitive, reflexive, and antisymmetric), but only a
quasi—ordered class (7.2.2) (i.e. transitive and reflexive), that
is just not canonic or antisymmetric (7.1.2).

The general criterion (7.3.3) for canonicity tells us that the
quasi—ordered class <C*, §*> is a poclass iff the equivalence
relation =, is the identity relation. And this is obviously not
the case here: (1,2) =, (2,1), but (1,2) # (2,1).

This non—canonicity makes that many notions uniquely defined
on (Fin (C), C) are defined on (C*,C.) only up to equiva-
lence.

For example, two finite classes, say {1,2,3} and {2,3,4} do
have a unique greatest lower bound (7.4.3) {2,3}. So the meet
function (7.4.3) on (Fin(C),C), that takes any two finite
classes and returns their greatest lower bound, is uniquely de-
fined, namely as N. The two tuples (1,2,3) and (2,3,4) on
the other hand have many greatest lower bounds (2, 3), (3,2),
(2,2, 3) etc. which are all equivalent, i.e. (2,3) =. (3,2) etc.
Accordingly, a meet function does exist on <C*, g} too, in
our case N,. But this meet function is not unique. We could
have defined another meet function N, by an. b := b\, (b\.a).
Then

22According to Garrett Birkhoff: Lattice Theory, the definition of a generalized boolean algebra goes back to M.H. Stone: The theory

of representations for Boolean algebras, Trans. AMS 40 (1936),p 35-52.
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(2,4,4,6) N, (2,2,3,3,4) (2,2,4)

(2,4,4,6) N. (2,2,3,3,4)

(2,4,4)

The results of the two meet functions are always equivalent,
here (2,2,4) =, (2,4,4), but they are not equal in general.

If a quasi-ordered class like <C*, §*>, also written together

with the equivalence relation as <C*, C., E*>, has a bottom
element (here: ()), a meet and a join function (like N, and
U ), and a relative complement function (here \.), we call it
a generalized boolean quasi-lattice (7.5.4), and the concrete
instance

<C*7g*,5*g <>vm*7u*s\*>

is a generalized quasi—boolean algebra (7.6.2).

6.4 The theory algebra of proposi-
tional formulas

6.4.1 __ propositional formulas.

Given a class A of so—called atoms (usually a countable set of
identifiers or symbols). The class

Form(A)

of all propositional formulas on A is inductively defined to
comprise the following expressions:

e for every o € A | (atomic formulas)
f (false value)
t (true value)
- for every ¢ € Form(A) (negation)
[ep1 Ao . Apn] | ©1,-..,9n € Form(A) (conjunction)
[e1V...Veon] | ¢1,...,9n € Form(A) (disjunction)

For example, if a,b,c,... € A, then

[aVbVaV-c]
[can-[bVa]l]AcAtA-a]
V]

[aVf]
[fV-tV[A]VL]

are example formulas (on A).

Note that Form(A) is an infinite class, even if A = (.

6.4.2

For two formulas ¢ and 1 we write

boolean relations on propositional formulas_—_____

& @ = v iff ¢ entails ¢, where this entailment or subvalence

relation = on the class of formulas is defined as usual.
& @& ¢ iff ¢ and ¢ are equivalent, ie. iff ¢ = 2 and
P = .

For example
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[an-a] & f
[an-b] = [aV-b]
[aAn-b] & -[-aVDb]
[anb] = b
[anf] = a
[anf] & -t

[A] & ¢t

The relation = is transitive and reflexive, but it is not an-
tisymmetric (7.1.2). For example f = -t and -t = f, i.e.
f & -t, but f # -t. So there are equivalent formulas which are
not equal. In other words, (Form(A), =) is a quasi—ordered
class, but it is not canonic, i.e. not a poclass (7.2.2).

6.4.3 _the standard quasi—boolean algebra on propositional

formulas

For a given atom class A we define the
Form (A) = (Form(A),=, <, f,t,M,U,-)

the standard quasi—boolean algebra on Form(A), where

[ Form(A) x Form(A) — Form(A)
@OnN@e :=

| (#:9) = [eny]

[ Form(A) x Form(A) — Form(A)
QU@ :=

| (»9) = [e V]

[ Form(A) — Form(A

— (4) (4)
oo

Such a quasi—boolean algebra is “quasi the same” as a proper
boolean algebra, except that things are not “canonic”, i.e.
identity is replaced by equivalence.

For example, de Morgans law (7.6.10) =(zMNy) = (—z) U (—y)
only holds in a weaker, more general version —(z My) <
(=z) U (—y).

Our standard quasi-boolean algebra on Form(A) is indeed a
quasi—boolean algebra (7.6.2), because in particular

& fis a bottom element (7.4.1) in the sense that it is a lower
bound of every ¢ € Form(A), i.e. f= ¢.

& tis a top element (7.4.1), accordingly.

& M is a meet function (7.4.3) in the sense that ¢ MY is a
(quasi—)greatest lower bound for every two formulas ¢ and
1. Again, note that next to ¢ M := [¢ A1) ] there are more
greatest lower bounds, e.g. [P A Y], 7[—p V =], etc. But
they are all equivalent.

& U isajoin function (7.4.3) that always returns a least upper
bound accordingly.

& — is a complement function, because —p := -y is indeed a
complement of ¢. But again, ¢ has more equivalent com-
plements like -[ ¢ A t], -—-¢, etc.

The fact that it is indeed possible to construct such a
quasi-boolean algebra on top of the quasi—ordered class
(Form(A),=) is emphasized by saying that (Form(A), =)
is a quasi—boolean lattice (7.4.9).
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For proper poclasses (C, E) there is no difference here: if they
exist at all, the bottom and top element and the three functions
are uniquely defined, the boolean algebra is uniquely deter-
mined, so the boolean lattice <C, E> “is“ the boolean algebra.
But if <C, E> is only a quasi—ordered class, then it either is or
is not a quasi—boolean lattice. If it is, then there are usually
more than one boolean algebras that can be defined on (C, g)

In our example, we could have defined another version of a
quasi—boolean algebra, say

(Form(A), =, <, [V],-[V],",U,=")

where, for all ¢, € Form (A),

'y = [pAtA@AD]
pUy = [V VF]
o = -[engp]

6.4.4 Exercise

Is the quasi—boolean lattice (Form(A), =) complete (7.4.9),
i.e. does it have an infimum and supremum function (7.4.7)7

6.4.5 ___ atomic relations on propositional formulas

The atom class function
@ : Form(A) — P(A)

returns all the atoms that occur in a formula. For example

Q@([avbVaVv-c]) = {a,b,c}
Q([-aAn-[bVa]AcAtA-a]) = {a,b,c}

@(-[V]) 0

We define the subatomic and equiatomic relation on formulas
by putting

pdy iff @(p) C @(y)

pEY  iff @(p) = @(y)

For example,

t

1A

[aV-b]

[avbVeVv-a]l & [aAbAc]

Similar to the subvalence relation, the subatomic rela-
tion is transitive and reflexive, but not antisymmetric.
<F0rm(A)7 §1> is a quasi—ordered class, but not a canonic one,
i.e. not a poclass.

6.4.6 Exercise

Does (Form(A), d) have a top and bottom elements, a meet
and join function, or even a complement function? Is it a
quasi—lattice or even a boolean one?

6.4.7 _ atom expansion and reduction
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Consider Form (A) = (Form(A),=,<,f,t,M,U, ) again,
for some arbitrary A, our standard quasi-boolean algebra on
Form/(A).

‘We observe that the operations M, LJ, = accumulate the atoms
of their arguments in the sense that

Q(pNy) = @(p)UQ(Y)
QpUy) = Q@(p)UQ(y)
Q(~p) = Q(p)

Operating on formulas increases the atom classes of the in-
volved formulas. It is easy to define an operation that only
expands the atoms of its argument and return an equiva-
lent formula. On the other hand, we can also try to con-
struct an operation that decreases the atom class. But this
equivalent reduction is not that easy to generate. It often
doesn’t even exist at all.

An (atomic) expander is an operation

@ || @ :Form(A) x A* — Form(A)

That takes a formula ¢ and atoms (ai1,...,a,) € A* and
returns a formula ¢’ := ¢ || (@1 ..., @) such that

& Qp =@pU{ai,...,a,} and

% oo

One instance of such an atom expander is obviously given by
the definition

el {ar,...,an) =[eV[fAa1 A...Aa,]]

We call the result the expansion of ¢ by ai,...,an.

An equivalent reduction on the other hand should take a for-

mula ¢ and atoms aq, ..., a, and return a formula ¢’, called
an equivalent reduction of ¢ onto a1, ..., ay,, such that

& @y ={a1,...,a,} and

* o

For example, if we put ¢ := [bVcV[aA=-a]] and ¢’ := [bVc]

then ¢’ is indeed an equivalent reduction of ¢ onto b, c.

But if we put ¢ :=[bV ¢V —a], no equivalent reduction of ¢
onto b, ¢ does exist.

6.4.8 — infimum and supremum reduction

Thus an equivalent reduction is not a well-defined notion in
general. However, there are two other reduction concepts:

& An infimum reductor is a function

@ Mt @ :Form(A) x A* — Form(A)

such that, for all formulas ¢ and atoms «;
& Qo (ar,...,an)) ={a1,...,an}

& ¢ ft (a1,...,a,) is a greatest lower bound of ¢ in
Form({a1,...,an})

& Similarly, a supremum reductor is a function

@ | @ :Form(A) x A* — Form(A)

such that

& Qe (ar,...,an)) ={a1,...,an}

& ¢ | (a1,...,a,) is a least upper bound of ¢ in
Form({a1,...,an})
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Different to the implementation of an expander, a method to
generate these two reductions is quite a complicated process
and we will not discuss the matter here.?

6.5 Quasi—ordered classes on num-

bers
6.5.1 _ linearly ordered number classes____
Recall, that N := {0,1,2,...} is the natural number class,
Z ={...,—2,-1,0,1,2,...}, the class of integers, Q the
rational number class, and <, <, +, —, -, / arethe

usual arithmetic operations.

<isa linear order (7.1.3) and < is a strict linear order (7.1.3)
on N, Z, and Q. In other words (N, <), (Z, <), and (Q, <) are
examples of linearly ordered classes or chains (7.2.2).

6.5.2 _ number structures as lattices.

A linearly ordered class is a special case of a (partially) ordered
class or poclass (7.2.2). Poclasses can have certain properties
(7.4), such as being a lattice (7.4.9) or even a boolean lattice
(7.5.4). Let us find out, in how far these properties hold for
the given number structures.

<N, §> has a bottom element (7.4.1), namely 0, because 0 < n,
for all n € N. But it has no top element, because for each nat-
ural number there is an even bigger one.

<Z, §> has neither a bottom nor a top element. But we can

add two new elements oo and —oo , put

Z*° = ZU{—o0,00}

and redefine the arithmetic operations on the extended class
Z°° as usual. For example, —oco < n, c0+9 = 0o, —00:7 = —00,
5/00 = 0. That way <Z°°, §> has a bottom and a top element,
what makes it a so—called bounded (7.4.9) chain.

A lower bound for two given natural numbers n and m is any
number k£ with £ < n and k < m. For example, 1, 2, and 3
are lower bounds of n = 23 and m = 3. In this case, 3 is the
greatest lower bound. Now, any binary function that always
returns the greatest lower bound for each pair of arguments is
called a meet function (7.4.3) (or conjunctor). In (N, <), each
number pair has a unique greatest lower bound, so there is a

unique meet function, namely min : N X N — N, the usual
minimum function.

Similarly, the binary function max always returns the least
upper bound of two given numbers and such a function is a
join function (7.4.3) on (N, <).

Now a poclass with a meet as well as a join function, such
as <N,§7min, max>, is called a lattice (7.4.9). Obviously,
(Z, <, min, max) and (Z*,<,min, max) are also lattices.
(27, <, —00, 00, min, max) is even a bounded lattice (7.4.9).

The meet function takes two arguments, its generalization for
any — even an infinite — class of arguments is called an in-
fimum function (7.4.7) (or big conjunctor). (N,<) has an
infimum function, because for every N C N, there is a unique
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greatest lower bound of N, namely the minimum of N. But
(Z,<) doesn’t have an infimum function. For example, the
infinite class {—2, —4, —6, —8, ...} does not have a (greatest)
lower bound in Z. And for similar reasons, <N, §> doesn’t have
a supremum function which would return the greatest upper
bound of every given subclass of N.

(z*°, <) actually has both, an infimum and a supremum func-
tion. Therfore, (Z%°, <) (together with these implicitely de-
fined functions) is an example of a complete lattice (77).

6.5.3 Exercise

Which of the three lattices (on N, Z, or Z°°) is a distributed
(7.5.1), complemented (7.5.2), or even boolean (7.5.4) lattice?

6.5.4 __ integers and the division relation

An often mentioned example of a poclass (7.2.2) is (N,|),
where N C N and the binary relation is defined by

N «~ N
Ole =

(m,n) ~» (m-d=n for some d > 0)
where m | n reads “m divides n”. For example, 7|63, because
7-9=63.

If say N = {1,2,...,10}, the poclass (N, |) is represented by
the following order or Hasse diagram (7.3.4)

4

N
NV

6.5.5 Exercise

Does (N,|) have a bottom element (7.4.1), a top element
(7.4.1), a meet function (7.4.3), a join function (7.4.3)7 Is
it a lattice (7.4.9)7

6.6 The quasi—field of fractions

6.6.1 fractions.

‘We define the clas of fractions as

F :=Z x (z\ {0})

and we write
"™a for (n,d) € F

23 More material can be found on www.bucephalus.org, along with software system that compute the results of all these operations on

propositional formulas.
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i.e. for the fraction with nominator n and denominator d.
Furthermore, we define a couple of relations and arithmetic
operations on F:

F s F
3@ = ,
"a ™ [gr) ~n-d <n'-d
F e~ F
®:® = <n/ n// _dli I'd
0" far) = m-d =n
0 = 0/1
1 =1
[ FxF—F
®+® = ’ / !
| Sy e Y
[ FxF—F
©-® = n, ' n-d’ —n’.d
_< fa,™ [ar) — /d-ar
FxF—TF
®® = n ’VL/ ’VL’Wr/
_< fa,™ [ar) — Jd-ar
[ FXF-»F
-1 = n-d’ .
R ORI S e
’ undefined ifd=0

The overall structure
(s o =2 @y Ty Ay = 25 &)

is the quasi—ordered field of fractions.

6.6.2 = the quasi—field

The title quasi—field indicates that this structure behaves like
a proper field, when the identity = in the defining axioms is
replaced by the equivalence relation. Our more general term
for these kind of algebras is quasi—algebra.

< is a quasi-linear order (7.1.3) (transitive, reflexive, and to-
tal), but not a proper linear order (7.1.3), because it is not
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antisymmetric (7.1.2). In other words, the equivalence re-
lation (7.3.1) ~ of 3 is not the equality, there are cases of
equivalent, but still different fractions, such as 5/2 and 10/4.

Accordingly, we could have defined the constants 0, 1 and
the other operations on F differently, and still obtain a quasi—
ordered field. For example, if we would have defined

’ !
fo o 0/57 1:— 13/13 n/d .n /d/ = Tn-n /7~d~d’

then 1 still is the neutral element of the multiplication etc.

6.6.3 - thequasi-lattice

The quasi-linearly ordered class <]F, j> is a quasi-—lattice.
Again (7.4.5), the minimum function (7.4.4) min is one ex-
ample of a possible meet function, and max is a join function
for the construction of such a quasi—lattice.

6.6.4 Exercise

Is this lattice on fractions bounded or even complete (hint: real
numbers)?

6.6.5 - rationalnumbers______

As usual, the rational numbers can be introduced as equiva-
lence classes of fractions together with a generalization of the
arithmetic operations on Z. We put

3= a1 = "a)
Q = {%|nezdez\{0N}
0 =%
1= 1
FxXxF-—TF
O+® = [<n aly nd +n'-d
dal d-d’

The overall structure on Q is the linearly ordered field of

rational numbers.
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7 Quasi—structures and quasi—algebras

7.1 Special binary endorelations

7.1.1 Definition

7.2 Quasi—Hierarchies

7.2.1  Definition

restriction of binary endorelation______

A (binary) (endo—)relation on C' is a relation p : C «~ C.

We agree to write these kind of relations in infix notation
by default, i.e. we write

Op@ rather than p(@®, @)

A structured class <C, p> is a class C' with a relation on

C' (or more general, on a superclass of C).

If p: D «~ D is a binary endorelation on a class D and
C C D, we define

C e C
ple =
(c1,c2) ~ c1pca

the restriction of p onto C.

7.2.2 Definition — quasi—hierarchies.

7.1.2 Definition Properties of binary endorelations

A binary endorelation p : @ «~ Q on a given class Q is
said to be
(1) transitive,
if zpy and ypz implies zpz, for all z,y,z € Q
(2) reflexive,
if zpz, for all x € Q
(3) irreflexive,
if zpzr doesn’t hold for any = € Q
(4) symmetric,
if zpy implies ypz, for all z,y € Q
(5) asymmetric,
if xpy implies, that ypx doesn’t hold, for all z € Q
(6) antisymmetric,
if xpy and ypxr implies z = y, for all z,y € Q
(7) total,
if zpy or ypx, for all z,y € Q
(8) connex,
if either zpy, or ypx, or x =y, for all z,y € Q

Let p: D e~ D and C C D. We say that

(1) <C, p> is a quasi—hierarchy, if p |¢ is a transitive rela-
tion on C

(2) <C, p> is a hierarchy, if p |¢ is a transitive and anti-
symmetric relation on C

(3) (C,p) is a quasi—class or a partition, if p |¢ is an
equivalence relation on C

(4) <C, p> is a canonic class or a anti—chain, if p |¢ is a
equality relation on C'

(5) <C, p> is a quasi—ordered class, if p |¢ is a quasi—order
on

) {(C,p) is a  canonic quasi-ordered class  or
(partially) ordered class or poclass, if p |¢ is a

(partial) order on C
(1) {C, p) is a quasi-linearly ordered class or quasi—chain,
if p |¢ is quasi-linear order on C

(8) (C,p) is a linearly ordered class or chain, if p [¢ is a
linear order on C'

7.1.3  Definition

Special transitive relations______

7.2.3 Lemma

A binary endorelation p on Q, i.e. p : Q «~ Q is called

(1) an equivalence relation (on Q),
if p is transitive, reflexive, and symmetric

(2) an equality or identity relation (on Q),
if p is transitive, reflexive, symmetric, and antisymmet-
ric

(3) a quasi—order (on Q),
if p is transitive and reflexive

(4) a (partial) order (on Q),
if p is transitive, reflexive, and antisymmetric

(5) a quasi-linear order (or linar quasi-order) (on Q),
if p is transitive, reflexive, and total

(6) a linear order (on Q),
if p is transitive, reflexive, total, and antisymmetric

Let p: D «~ D and C' C C C D.

) If (C, p) is a quasi-hierarchy, then (C’, p) is a quasi—
hierarchy.

(2) If <C’7 p> is a hierarchy, then <C/, p> is a hierarchy.

3) If <C’, p> is a quasi—class, then <C', p> is a quasi—class.

(a) If <C, p> is a canonic class, then <C', p> is a canonical
class.

(5) If <C, p> is a quasi—ordered class, then <C',p> is a
quasi—ordered class.

(6) If (C, p) is a poclass, then (C’, p) is a poclass.
(7) If{C, p) is a quasi—chain, then (C’, p) is a quasi—chain.
(8) If <C, p> is a chain, then <C/, p> is a chain.

7.3 Quasi—ordered classes and
poclasses
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7.3.1  Definition

If C is a quasi—order on a given class @, then
Qe Q
(z,y) w2z CyandyCa

derived equivalence

is its equivalence relation.

7.3.2 Remark notation.

We often write
<C’7 C, E> instead of <Cv E>

to denote a quasi—ordered class, where = is the equivalence
relation of C.

On the other hand, the graphic symbol of the derived equiva-
lence relation is often designed similar to the quasi—order sym-
bol, and then we often use the pair notation again. The fol-
lowing table lists some common examples.

the relation | its equivalence relation

C =
3 =
<
c
= d
= -

7.3.3 Lemma

If C is a quasi-order and = its equivalence relation, then

(1) = is indeed a well-defined equivalence relation (see
7.1.3)

(2) L is canonic iff = is the identity relation.

In other words, a quasi—ordered class is canonic (i.e. a
poclass) iff the equivalence relation is the equality.

7.3.4 Remark

Order or Hasse diagrams—

Finite poclasses can be represented by so—called
order diagrams or Hasse diagrams:

The fact, that zpy holds for two elements = and y is expressed
by the feature that x stands below y in the diagram and there
is an upwards path from z to y.

Y

The transitivity reduces the number of lines that have to be
drawn. For example, the diagram

8 — K —
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says that zpy and ypz, and also that zpz.

The reflexivity, i.e. that zpx for all x, is not explicitly repre-
sented in the diagram. It is just always assumed.

For examples see: the order diagram of a finite power class
algebra in 6.2.4 or the diagram of integers with the division
relation in 6.5.4.

7.3.5 Remark

Quasi—order diagrams.

For finite quasi—ordered classes we generalize the idea of or-
der diagrams to quasi—order diagrams: To limit the number
of edges in the diagram we first put all equivalent elements in
a circle and then we draw the order diagram of these equiva-
lence classes. In other words, the quasi—order diagram is the
diagram of the quotient structure (see 7.7.3).

7.4 Quasi—lattices

7.4.1 Definition

Let <Q7 E> be a quasi—ordered class.

(1) L € Q isabottom or zero or least element in <Q, E>,
if L C z, for all z € Q.

(2) T € Qs a top or unit or greatest element in (Q, ),
ifx C T, for all z € Q.

7.4.2 Lemma

Let <Q7 E> be a quasi—ordered class.

(1) If 1; and L5 are two bottom elements in <Q, E>, then
J_l = J_Q.

(2) If T4 and T2 are two top elements in <Q, E>, then
Tl = Tg.

quasi—uniqueness of bottom and top_—___

7.4.3  Definition

Let <Q, E} be a quasi—ordered class.

(1) A meet function or conjunctor on <Q, E> is a function

ONE :(RxQ—Q
that always returns a greatest lower bound in the sense
that for all z,y € Q holds:
(a) zNyCzandazNyCy

(b) If z€ Q with zC z and z C y and x My C z, then
z=xzMy.

(2) A join function or disjunctor on (@, E) is a function

QU :@xQ—Q
that always returns a least upper bound in the sense
that for all z,y € Q holds:
(a) cCzUyandyCzUy

(b) If z€ Q with z E z and z C z and z C =z Uy, then
z=xzUy.




7.4.4  Definition

If <Q, ,‘j> is a quasi-linearly ordered class, then

QxQ
min := (Lw’_}{w ife~y
y else
is its minimum function
QxQ
T e {27
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7.4.8 Lemma _quasi—uniqueness of infimum and supremum_

Let <Q, E> be a quasi—ordered class.

(1) If [1; and [], are two infimum functions in (@, C),
then
[1,S =T11,S, for all S C Q.

(2) If[], and ], are two supremum functions in (Q, C),
then

1,8 =11,8, for all S C Q.

is its maximum function

7.4.5 Lemma

Every quasi-linearly ordered class <Q7§> is a quasi—
lattice. A meet and join function is given by min and
max, respectively.

7.4.6 Lemma

quasi—uniqueness of meet and join______

Let <Q7 E> be a quasi-ordered class.

(1) If My and My are two meet functions in <Q7 E}, then
rMiy=xlay, forall z,y € Q.

(2) If U3 and Us are two join functions in <Q7 E>, then
zlUy=xlay, for all z,y € Q.

7.4.7  Definition

Let (Q,C) be a quasi—ordered class.

(1) A infimum function or big conjunctor on (Q,C) is a
function

[T® :PQ) —Q
that always returns a greatest lower bound in the sense
that for all S C Q holds:
(a) [ISCuy, forallye S
() If z€ Q with 2zC yforally € Sand [[SLC z, then
z=TIS.
(2) A supremum function or big disjunctor on <Q, E> is a
function

Ho :P@ —Q
that always returns a least upper bound in the sense
that for all S C @ holds:
(a) yC IS, forallye S
) If z€ Q withy C zforally € SandzC[]S, then
z=1]S.

7.4.9 Definition

A quasi—ordered class <Q7 g} is called
(1) bounded, if both a bottom and top element exist

(2) a quasi-lattice, if a meet and join function exist

(3) a lattice, if it is a canonic quasi-lattice, in other words
a quasi—lattice on a poclass

(4) a complete quasi—lattice, if an infimum and supremum
function exist

(5) a complete lattice, accordingly, i.e. if it is a complete
canonic quasi—lattice

7.4.10 Lemma ____ canonicity theorem

On a given quasi—ordered class, bottom and top elements,
small and big con— and disjunctors may or may not exist.
But in case of a poclass, each of these items is unique if it
exists at all.

7.5 Distributivity and complemen-
tation

7.5.1  Definition

Let (Q, E) be a quasi-lattice. Let M and U be a meet and
join function on it. We say that (Q,C) is distributive, if

(zNy)lz = (zU2)N(yUz2)

(zUy)Nz = (zN2z)U(yMNz)
for all z,y,z € Q.

7.5.2 Definition — complement

Let <Q, E) be a bounded quasi—lattice. Let L, T,M, and L

be a bottom, top, meet, and join on (Q, ), respectively.

A negator or complement function on <Q, E) is a function
-@© :Q—Q

such that for all x € @ holds:

—zxMNae =1 and —rlUx =T

<Q,E> itself is a complemented quasi—lattice, if such a
complement function exists.




7.5.3 Lemma ____quasi—uniqueness of complementations.

Let <Q, E> be a complemented quasi-lattice and let —

and -2 be two complement functions on it. If <Q7 E> is
distributive, then =12 = -2, for all x € Q.

7.5.4  Definition

A Dboolean quasi-lattice (or quasi—boolean lattice) is a
complemented distributive quasi-lattice.

A boolean lattice is a canonic boolean quasi-lattice, i.e. a
complemented distributive lattice.

7.5.5  Definition

Let (Q,C) be a quasi-lattice with bottom element and
let L,M,U be a bottom, meet and join, respectively. A
relative complement function on <Q, E> is a function

®-® :QxQ—Q
such that for all z,y € Q holds:

relative complement—___

(z—y)Ny=L and (z—y)Uy==x
x — y is the relative complement of y in x, or simply x
without or minus y.

7.5.6 Definition

A generalized boolean quasi-lattice is a distributive quasi—
lattice that has a bottom element and a relative comple-
ment function.

A generalized boolean lattice is a canonic generalized
boolean quasi-lattice, i.e. a distributive lattice with a bot-
tom element and a relative complement function.

generalized boolean quasi—lattice

7.5.7 Lemma

(1) If a bounded quasi—lattice has a relative complement
function @ — @), it also has a complement function,
namely =@ =T — @.

(2) A generalized boolean quasi—lattice is a boolean quasi—
lattice iff it has a top element.

7.5.8 Remark

(1) Note, that due to 7.4.2 and 7.4.6, the concrete choice of
1, T,M, and U is not relevant in the definitions 7.5.1, 7.5.2
and 7.5.5, respectively.

(2) There are non—distributive complemented quasi—lattices,
where two complement functions do not always produce
equivalent results. However, these structures are not rele-
vant for us.

(3) Unfortunately, the definition of “generalized boolean” no-
tion is less common than the very established and stan-
dardized “boolean” structures and “lattices”. A simplified
slogan to memorize the concept is the definition of gener-
ized boolean quasi—lattices as “boolean quasi—lattices with
or without top element”.

Theory algebras on relations

www.bucephalus.org 41

7.6 Quasi—algebras

7.6.1 Remark — Introduction

A quasi-ordered class (Q,C) together with a couple of junc-
tions (e.g. T,M,I] etc. as defined earlier) are called
quasi—algebras. “Quasi” is a generalization of the usual “non-—
quasi” or “canonical” notion in the sense that the equivalence
relation = is a generalization of the identity relation =.

If <Q, E> is a poclass, then a junctor like a meet function M is
uniquely defined if it exists at all. So, if <Q, E> is say a lattice,
then the algebra (@, C, M, U) is given by (Q,C) only. In other
words, a “lattice” is a “lattice algebra”. That makes the term
“lattice algebra” a pleonasm and superfluous.

However, if <Q7 ;> is a quasi-lattice, then there may be more
than one way to define a “quasi-lattice algebra” <Q, cC,m, |_I>.
In other words, a “quasi-lattice” is not yet a whole “quasi—
lattice algebra”.

So, when the traditional order and lattice theory, which is
based on poclasses, is generalized for quasi—ordered classes, it
makes sense to distinguish “quasi—structures” from their con-
crete “quasi-structure algebras” instances.

We define the following particular quasi—algebras:

7.6.2 Definition

quasi—algebras___

(1) A (distributive) quasi-lattice algebra is a structure

(Q,C,=,m,u)

where <Q, E) is a (distributive) quasi-lattice, = is the
equivalence relation of C and MM is a meet and U is a join
function.

(2) A (distributive) bounded quasi-lattice algebra is a
structure

(@, By =, I, T, )

where <Q, c,=,n, u) is a (distributive) quasi-lattice al-
gebra and L is a bottom and T is a top element.

(38) A (distributive) complete quasi-lattice algebra is a
structure

(Q,C, =L, T,mu,IILI)

where (Q,C,=, L, T,M,U) is a (distributive) bounded
quasi-lattice algebra and [] is an infimum and [] is a
supremum function.

(4) A quasi-boolean algebra is a structure

(@ By =, I, T M, 1 =)

where (@, C) is a boolean quasi-lattice, = is a comple-
ment function, and <Q, C,=1,T,Mm, I_l> is a bounded
quasi-lattice algebra (which is distributive).

(5) A complete quasi—boolean algebra is a structure

(Q,C,= 1, T,mu,[L LI, —)

which is both, a quasi—-boolean algebra and a complete
quasi-lattice algebra (which is distributive).
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(8) A generalized quasi—boolean algebra is a structure

(@, E, =, L, 4, =)

where <Q7 C,=,m, I_I> is a distributive quasi-lattice al-
gebra, L is a bottom element and — is a relative com-
plement function on Q.

7.6.3 Remark

[T and [] in the previous definitions both have P (Q) as their
domain, not just Q. According to the structure notation 5.8.2,
we should therefore include P (Q) among the list of carrier
classes and write e.g.

(Q,P(Q),C,= L, T,Mu,TILII-)

for complete quasi-boolean algebras. But it is custom to omit
the “P (Q)” and we will usually share this habit.

7.6.4 Lemma

If <Q E) is a quasi—ordered class, there is

1 zLCy (reflexivity of C)
(2) * Cyand y C z implies z C z (transitivity of C)
3) z=y (reflexivity of =)
(4) =y and y = z implies z = 2 (transitivity of =)
(5) =y impliesy ==z (symmetry of =)

6) z=yiff (@ Cyand yC z) (= is equivalence of C)

for all z,y,2z € Q.

M

7.6.5 Lemma

If Q = (Q =, =,Mm, I_I> is a quasi-lattice algebra, there is

1 zClyiffzNy== (order as meet)
2 zLyiffzUy=y (order as join)
@) zNyLCux (meet is lower bound)
@ zCzUy (join is upper bound)

) (zMy)MNz=xMN(yNz) (quasi—assosiativity of meet)
6) (zUy)Uz=zU(yUz) (quasi-assosiativity of join)

(M zNy=yNaz (quasi-commutativity of meet)
® zUy=ylUz (quasi-commutativity of join)
@ zMNzx==x (quasi-idempotency of meet)
(10) zUz == (quasi-idempotency of join)
a1 zN(zUy) ==z (quasi—absoption)
(12) zU(zNy) ==z (quasi—absorption)

And in case 9Q is distributive, we also have

@3) zM(yUz)=(zNy)U (zMz) (distr. of M over L)
(14) zU(yMNz)=(zUy)MN(zUz) (distr. of U over M)
for all z,y,2z € Q:
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7.6.6 Lemma

If <Q C,=,1,T,m, I_I> is a bounded quasi-lattice algebra,
there is

1) LCz (bottom is least element)
2 zC T (top is greatest element)
@ zNl=1 (bottom cancels meet)
@ zUT=T (top cancels join)
() zU L ==z (bottom is quasi-neutral element of join)
6 zMNT =z (top is quasi-neutral element of meet)
for all z € Q.

7.6.7  Definition

If (QC,=,1,T,M,u) is a bounded quasi-lattice algebra,
we define the following notation for every n > 0:

T ifn=0
On..ne := @ON@nN...Nn®) ifn>0
® U U® T ifn=0

OuU(@UuU...d®) ifn>0
And for all n,m € N we also put:

m
Mz = TpMNTpp1 M. .M Ty
i=n
m
U oxy = xpUxppa U, . Uxy,
1=n

7.6.8 Lemma

Let <Q C,=1,T,Mm, I_l> be a bounded distributive quasi—
lattice algebra.
For all n,m € N and z,yn,...,Yym € Q holds

o
U (zMy;)
i=n

m
) xz Uy,
=

- -
@ U My = M (zUy;)
L e

More general, for all mni,mi,nz,mo € N and

Tnqgse--rTmysYngy -+ Ymg € Q holds
aei 03) e TG

@ ( Uz ) Uy )= U U (2;M0y;)
i=nq j=ng i=nq j=ng

(4) ( m xl> (] ( (] yj> = m (z Uyy)
i=nq 2

j=no i=nq j=n

7.6.9 Lemma

If (QC,=,L,T,M U, II) is a complete quasi-lattice
algebra then

@ T=T]0 (empty infimum)
2 L=1I0 (empty supremum)
@) zNy=[[{=z,y} (small as big conjunction)
@ zUy=][[{=z, vy} (small as big disjunction)
and in case of distributivity, there also is

) zN[[S=[[{zNy|yeS} (distr. of M over [])
6 zU[[S=[[{zuy|yeS} (distr. of Ll over [])

for all z,y € Q and S C Q.
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7.6.10 Lemma 7.6.14 Lemma
If <Q C,=,1,T,M,u, ﬁ> is a quasi-boolean algebra, there If <Q C,=,1,T,nu,TIT, ]_[> is a complete quasi-lattice
is algebra, there is
1) L =-T (negated top) 1) (yCaxforallye S)iF[[SCx
2 T=-1 (negated bottom) (2) (y C z for one y € S) implies [[S C =
@) zMNz =1 (meet of complements) @) (zCyforallyeS) iff z C T[S
@ —zUxz=T (join of comlements) (4) (xz C y for one y € S) implies x C [[S
(5) - iil T; = igl—\mi (de Morgan’s law) forallz,y,2 € Q and S C Q.
©) — igl T, = iil—\mi (de Morgan’s law)
(7) T ==x (double negation) 7.6.15 Lemma
@®) zLCyiff vy C -z (order inversion)
9 zCyiff -aUy=T (top criterion of order) If (Q,C, =, J_-, M,U, —) is a generalized quasi-boolean al-
(o) zCyif M-y =1 (bottom criterion of order) gebra, there is
for all z,z1,...,2n,y € Q with n € N. @ dL=e=d
2 z—LlL==x
@ z—(yNz)=(z—y)U(z—2)
@ z—(yUz)=(z—y)N(z—2)
7.6.11 Lemma ) (yNz)—z=(y—=z)N(z—x)
If (QC,=,L,T,Mu,TI[II,—) is a complete quasi- © (yl_lz)—ri(y—:v)l_l(z—z)
boolean algebra, there is M (z-y)—z=2z—(yUz)
@ -JIS=1l{—-vy|lyesS} (de Morgan’s law) ® c—(y—2)=(-—y)U(zNz)
@ -[IS=Tl{-v|lyesS} (de Morgan’s law) ® (e=—y)Nz=(zNz) -y
for all 5 C Q. 10) (z—y)Uz=(zUz)—(y—2)
for all z,y,z € Q.

7.6.12 Lemma

7.6.16 Lemma

@) If (Q,C,=,M,U) is a quasi-lattice algebra, then the If (Q,C,=, L, T,M,u,~) is a quasi-boolean algebra, then
following statements are equivalent for all z,y € Q:
QXQ—Q
(@ zCy ©-@ =
) B lm= (z,y) — M-y
() zMNy==x is a relative complement function with
(2) If <Q, C,=,1,T,n,u, —\> is a quasi-boolean algebra, @ z—-T=T
then the following statements are equivalent for all 2 T—-—z=-z
T,y € Q: for all z € Q.
() zCy
() —y L -z
(c) zM-y=_1
(@ —zUy=T 7.7 Quotient structures
7.6.13 Lemma
7.7.1  Definiti
If <Q, C,=1,T,M, I_I> is a bounded quasi-lattice algebra ehnition
and z,y € Q, then Let ~ be an equivalence relation on a given class Q.
1) (z=Tandy=T)ifzNy=T (1) For every z € Q we define
2 (z=landy=1l)iffzUy=_1
@) (z=Tory=T) implieszUy =T z/~ = {yeQ|y~z}
4 (x=Llory=_1)implieszNy=_1
If (Q,C,=,L,T,M,UT[LI) is a complete quasi-lattice
algebra and S C Q, then the equivalence class of * modulo ~
) VyeS.y=T)IF[[S=T
6 (VyeS.y=1)if[[S=1 (2) We define
() (3y e S.y=_1) implies [[S= L
® (ByeS.y=T) implies [[S=T Q/~ = {=z/~|z€Q}
If (Q,C,=, L, T,M,U,—) is a quasi-boolean algebra and
z € Q, then
(9 z=Tif z = L the quotient class of @ modulo ~
(10) ~z=Lifx=T




7.7.2  Definition
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7.7.3  Definition

Given an equivalence relation ~ on a class Q.

(1) Let f be an n—ary function on Q, i.e. f: Q" — Q.

We say that f is ~—compatible, if 1 ~ y1,..., 2, ~
yn implies f(z1,. . @n) ~ f(1,---,yn), for all
Ti,.0y Tn,Y1,---,Yn €

And in that case the following function is well-defined

(Q/~)" — (Q/~)

.
(z1/~ oy Tn/~) = (@1, .. Tp) [/~

the quotient function of f modulo ~

Given an ordinary structure

€ B {Ch@yococndiigoconBigoos)

i.e. C is a class, the ¢; are constants from C, the f; are
ordinary functions on C and the R; are ordinary relations
on C.

If ~ is an equivalence relation on C, we say that € is
~—compatible or ~ is a congruence relation on €, if each
fi 1s ~—compatible and each R; is ~—compatible.

And in that case, we define

€/~ = (Cf~y e~y fif~ o, Ra/~)

the quotient structure of € modulo ~

(2) Let R be a n—ary relation on Q, i.e. R: Rel({Q | n)).

We say that R is ~—compatible, if ©1 ~ y1,..., 2, ~
yn implies R(z1,...,Zn) < R(y1,...,Yn), for all
Tl Ty Y1, -5 Yn € Q.

And in that case the following n—ary relation is well-
defined

(Q/) e o o (Q/)

R/~ =
(1)~ sy /~) ~ R(z1, ..., Ty)

the quotient relation of R modulo ~

7.7.4 Lemma

For every quasi—ordered class Q = <Q, c, E> holds:
(1) /= is a (well-defined) poclass.

(2) 9 is a quasi-lattice iff Q/= is a lattice.
And if that is the case, then
(a) 9 is bounded iff Q/= is bounded
(b) 1 is distributive iff Q/= distributive
(c) £ is complemented iff /= complemented
(d) £ is boolean iff Q/= is boolean
(e) £ is complete iff Q/= is complete
(f) 9 is generalized boolean iff /= is generalized
boolean
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8 Additional junctors for quasi—boolean structures

8.0.5 Remark

We introduce two additional junctors that can be derived from
every quasi-boolean algebra: the subjunctor “—” and the
equijunctor “—”, both not in their common binary version,
but more general as multiary functions.

This whole section 8 is not an essential part of the overall text.
It can and probably should be skipped on a first reading.

8.1 Junctor sets

8.1.1 Remark

Given a quasi—boolean lattice <Q, C, E>. ‘We can add the usual
operations L, T,M, L, - to turn it into a quasi-boolean alge-
bra, as described before. This set of operations is (quasi-)
complete in the sense that we can define any (C-related) n—
ary junction j : Q" — Q in terms of these five.?* But this
set is not minimal, because we can remove some of them and
the remaining ones are still complete. For example, we can
remove L and M, because they are given in terms of T, LI, —
via L =T and 2 Ny = =(—xz U —y).

There are plenty of alternative definitions for alternative junc-
tor set, in particular in the logic tradition, and there are also
more general investigations that compare these systems. For
our part here we concentrate on two additional derived junc-
tors that are useful for our purposes, such as logic.

8.2 Multiary sub— and equijunction

8.2.1 _ introduction

In particular in logic, two other junctions are often used:2° the
subjunction — and the equijunction <. Their usual idea is
the resemblence with the sub— and equivalence, respectively,
in the sense that

r—y=T iff zCy

re—y=T iff z=y

The following definition is accordingly (see 8.2.18), but is gen-
eralized to arbitrary numbers of arguments.

This multi-ary generalization is not very common, maybe a
novelty, but for us it has two advantages: For (propositional)
logic (6.4.1) the restrictions to binary forms like [ @ A @ ] do
not really make a modern calculus, because they make (dis-

junctive or conjunctive) normal forms very nested and awk-
ward. And since we use multiary forms like [ O A...A @ ] in
our formula syntax anyway, it seems more elegant to remove
binary restrictions altogether and have the [@® — ... — @ ]
and [@® < ... < @] available, as well. Secondly, these
two multiary junction are direct representions of two impor-
tant notions: “@,..., @ are in order (or a chain)” and “the
@®,..., @ are an equivalence class”, respectively.

8.2.2 Definition

Let <Q, Cy S, AL, T, [, L, —\> be a quasi-boolean algebra.
We define

QT —Q
(= @) := ot
<ZD1, 5009 wn) — .!_\1 (—m:i [N} wi+1)
i=
the subjunctor
Q" —Q

C = (21,0 @n) = <iﬁ1_|mi) - (ﬁ z1)

the equijunctor

8.2.3 Definition notation

‘We usually write
Ty — ... — Tp instead of (— (x1,...,2Zy))

1 < ...z, instead of (= (z1,...,%n))

and if these expressions have to be written explicitely for
n < 1, we write

(=) for (= () (&) for (= ()

(@) for (= (@)  (oa) for (o (2)

Furthermore, we also use yet another version and write

m
— x; for xp — Tmg1 — ... — Tn
=n
m
= T4 for T < Tongl < ... <> Ty
i=n

for arbitrary m,n € N.

8.2.4 Remark

Of course, if n > m then

m
;= (—>) = ign ("327‘, LJ xi+1) =T

Ils

2411 terms of propositional logic, this completeness of opertions means that every truth table can be represented by a formula.

25There is no real standard for their names. Our “subjunction” and “equijunction” here is not very common, but it fits nicely into the

“—=m

overall terminology, in particular due to their familiarity with the “subvalence” (“=" or “C”) and “equivalence” (“<” or “="), respectively.

«

The symbols

w_

uses “C” for “—7.

‘—” and “<” have become more or less standard in mathematics now, although there is another tradition in logic that often
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and
1” z; = (o) = (:I‘In ﬁxlv) u (EIL x,) =TuT=T
according to the definition of nullary conjunctions (in 7.6.7).

And if n = m then

m

i=n

n—1
i =(— an) = s (mz; Uxipr) =T

and

[RE

n—1 n—1
xl:(Hwn)z (D ‘132,;) ] (_ﬂ xl> =TUT=T

8.2.5 Lemma

Let <Q7 C,=1,T,m,u, ﬁ> be a quasi—boolean algebra.
For all z,y,z € Q and z1,...,Zn,Y1,...,Ym € Q with
n, m € N holds:

(1) Nullary and unary cases:
@ (=)=T
®) (=)=T
@ (—2)=T
@ (=z)=T

(2) The common binary case:

(a) T —y= Uy

() v y=(x—y)N(y— )

But also:

(@ zoy=(-zN-y)U(zNy)

d Toy=x >y 2=y > —Y
(3) Unipotency:

(@ z—x=T

(b) T x =T
(4) For the combinations with 1 and T holds:
(a) L—-a=T

() Toz=x

(c) ¢ — L =z

@ z—T=T

(e) Loz=—x

€ T ox=

(g) © <« L
(h) z T =2

See also 8.2.16 for more general laws.

8.2.6 Proof of 8.2.5

(1) Immediate consequences of definition 8.2.2; see 8.2.4.

(2) (a)is an application of definition 8.2.2. For (b) holds:

(z—y)N(y — )

= (~zUy)N(~yUz) due to (a)
= (mzMN-y) U (mzM—z)U (y M -y) U (yMNaz) distributivity
= (rzN-y)u LU lu(ynez) complement
= (mzN-y)U(yNa) because L is neural for U
= (mzN-y)U (zMNy) commutativity of U

=zeovy def. of <

(c) is definition 8.2.2 for two arguments, and (d) is true be-
cause

Ty
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= (meN-y)U(zNy)

= (rzUz)N(mzUy) N (~yUz) N (-yUy)
due to the distributivity

= TnN(—zUy)N(-yUz)NT

= (rzUy) N (~yUx)

=Tr—Yy—x definition 8.2.2

and similarly forz -y =y — =z — y.

(3) A proof for (a) is

xr — T
= Uz due to (2)(a)
=T complement

A proof of (b) is

T < T
= (mzMN-z)U (zMNa) def. 8.2.2
= Uz idempotency of M
=T complement

(4) For the combination with 1 and T we use (2)(a) and the
common laws for L and T (7.6.6 and 7.6.10) and obtain:

(a) L—oax=-1lUz=TUz=T
) Toz=-TUz=1lUz==x
() z—Ll=—-2zUl =z
@ z—T=-2xzUT=T

(e)
(f)
(=)

lez=C-ln-z)u(Llnz)=-zUu L
Teoezs=CTNoz)Uu(TNe)=Luz =
zeo l=(zn-L)u(@znl)=-2zUl =z

T

8

h) zoT=(znN-T)U@EnNT)=Luz==a

8.2.7 Lemma

Let (Q,C,=, L, T,M,U,~) be a quasi-boolean algebra.
For all z1,...,2, € Q with n € N holds:

1) (1 — ... = zp) = (1 MNoz)U. ..U (Tp—1 M zy)
2) (z1 ... o zp) = (z1U.. .Uzy)MN(-z1U. . .U-zy)

8.2.8 Proofof 8.2.7

In both cases, de Morgans law is applied to definition 8.2.2:

(z1 — ... > Ty)
= a((rzr U)o M (mzp—1 Uzy))
= a(hziUzo)U...U(mzp_1 Uzy)

(—\—\zl mn —\mg) L...u (_‘_‘mn—l U —\:En)

(xy M—z2) U ... U (p—1 M —xy)

and

= = ((mz1 M. Nozy) U (zr N Mxy))

S(mzy ML Moxy) M a(z M. May)

(=i U U—=zy) N (mz UL U —zy)

(1 U...Uzp) N (mzy U...U-zy)
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8.2.9 Remark

Let (Q, C,=,L1,T,mu, —|> be a quasi—boolean algebra. For

the commutativity and associativity of — and < holds:

(1) — is not commutative.
Even binary subjunctions like * — y and y — z are not
equivalent in general. For example, T — L = 1L # T =
1 —T.

(2) < is commutative in general, i.e.

(@) Ty(1) <2 ... S Ty(n) ST < ... < Ty
for every n € N, all z1,...,z, € Q and every bijection
v:{l,...,n} = {1,...,n}.

This derives from the commutativity of both M and U, be-
cause

zu(l) AU g a:,,(n)

(Fzoy M M mzy ) U (20@) M- N 2y(ny)
= (mzi M. .Mozy)U(zr M. May)

Tl < ... Ty

(3) — is not associative.
For example, z — y — z and (x — y) — z are often not
equivalent:

l—-1—-1=T # L=(L—->1)— 1

Tol—-1l=1 %2 T=(T—-1)—1
However, we have a law saying that

(@ (z—y)—z2Cz— (y— 2) for all z,y,z € Q

because
(z —y)—2 = —(~zUy)Uz
= (zN-y)Uz
C —yuUz
C ~zU-yUz

-z U (—y U z)

(4) <« is not associative.

For example, z < y < z and (z < y) < z are often not
equivalent:

leolel=T £ L=(Le 1)L
Teolel=1l #2 T=(Te l)— L

However, we have a law saying that
(a) (e y)—z=x< (yo 2) for all z,y,z € Q

because

(z = y) oz

(m( = y)N-2)U((z < y)N2)

= (mzN-yNz)U(-zNyN-z)U(zMN-yMN-z)U(zMynz)

= (e ((-yN2z)U(yM=z) U (zn ((-y N -z) U (yMz)))

(2N =(y = 2)U(zN (y < 2))

o (Y« 2)

(mzy) U (zN=y)N-2z)U (((mz N -y) U (z0y)) M z)

(rzNyMN=—-2z)U(zMN-yN-z)U(~zMN-yNz)U(zMNyMz)
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8.2.10 Lemma

Let <Q, C,=,1,T,M,Uu, ﬁ> be a quasi-boolean algebra
and y € Q and z1,...,2, € Q with n € N.
(1) — distributes over M and U as follows:

n n
@ N(y—z)=y— (I‘Izz)
i=1 i=1
n n
® 0@ —y)=(Uzi)—y
n n
@ Uly—z)=y—( Uz

n n
@ Uz, —y) =Nz | -y
i=1 i=1
(2) For similar constructions with < holds:

n
@ NEez)=l oo, o)

n n n
® N (Yo )= (.I:lez) —y— (_Dlxi>

8.2.11 Proof of 8.2.10

(1) We have:
n
Oy — @)

= i‘l(“y Uax;) due to 8.2.5(2)(a)

i=1

n
=y — ( ﬂa:i>
i=1

n
N (z; —y)
i=1

= —yu (ﬁ 1:1> due to 7.6.5(14)

again, 8.2.5(2)(a)

= ﬁll(ﬂwi Uy) due to 8.2.5(2)(a)

= (mziN...N-zy) Uy due to 7.6.5(14)
= —(ziU...Uz,) Uy due to 7.6.10(5)
n
= vl_lla:i — Yy due to 8.2.5(2)(a)
i=
U (y — xi)
i=1
n
= U (~yUzy) due to 8.2.5(2)(a)

because U is associative, commutative and idempotent

=y— <Q1wb> again, 8.2.5(2)(a)

n
U (zi—vy)
i=1

n
= U (b Uy) due to 8.2.5(2)(a)

= (-z1U...M-zy) Uy
because U is associative, commutative and idempotent
= —(ziN...Uz,) Uy due to 7.6.10(6)

n
= (I‘l a:1> -y
i=1

due to 8.2.5(2)(a)

(2)(a) We proof by induction on n:

& For n = 0 holds:
fyeoe)=T=s(ey=@on o oo
& For n =1 holds:
Ayeoa)=@eoo)=@Gon o o)
& For n — n + 1 holds:

n+1
N (y < x;)
i=1



Theory algebras onrelations —______ www.bucephalus.org 48

(A=) e
8.2.12 Lemma

= (Yo w1 oo m) N (Y < Tpy1) induction step

(my M =zy M. .. 1 ay,) (m~y M =Zny1) Let <Q, C,=,1,T,m,u, ﬁ> be a quasi—boolean algebra..
_ L n L For all z,y,z € Q and z1,...,Zn,Y1,...,Ym € Q with
= n, m € N holds:

(yMayM...May,) (yMxpnt1) (1) Some alternative characterizations of — are
definition 8.2.2 n n—1
— x; = M (z; — x5

(=9 M =1 [ =) 1 (g 1) U @ o= 0o
_ |y M T may) M (y M @p ) U ® B oa= ('ikl wi>l‘l<.ﬁ>‘ w1> for1<j<n
= o= = =g

(yNzaM...Nay) N (-yN-zpge1))U
(yMziN...MNay) N (yMNapt))

(2) Other characterizations of « are

=il
distributivity 7.6.8(3) (a) i§)1 z; = ?E‘1 (zi < Tit1)
(~ryM—y M=oz M. Mo, N Zpg) U .
n — J . n . .
_ (ryMyM=ozy M. Ny M Tpgr) U () = xi:(»?ﬁ“)”(l}“) orll S j €@
(yM=yMazy N...Mz, M oz,) U © & xlg_ﬁ ﬁl(x,._)xj)

,.
Il
—
@
-

<

(yMyMNazy N...MNxy N Tpgt)

[§=E]

._.
<.
133
—

e

associativity and commutativity of M @@ S ;= D)

o
Il
e
o

(mpyM—ozy M. M@y, M n@pg1) U

U () &z = (3» xl> m (n;l xn_i)
= = =i i—0
1u
) S ox= (Iﬁ :z:l) — <F| xl>
(yMz1N...Nxy NTpgr) i=1 i=1 i=1

(mpyM—zy M. M@y, M nXpg1) U

(yMaiN...Nay Napgr)

Yo Ty . Ty def. 8.2.2, again 8.2.13  Proof of 8.2.12

(2)(b) We obtain

.ﬁl (y < z:) (1)(a) We derive
=
n n .
=0 (i = y) N (y — ) i
due to 8.2.5(2) (b) =g, — ... >
= <F‘ (zi — y)) n (,F\ (y — Ii)> = (mz1Uze) M. ..M (m@p_1 Uay,)
=t =1 def. 8.2.2

because MM is associative and commutative

n n = (1 —22) M. ..M (Tp—1 — Tn)
i‘ilmi -y iy — igoxi due to 8.2.5(2)(a)

due to (1)(a) and (1)(b)

n—1
n (I,_ — a?i+1)
i=1

= <ﬂ1zl> -y — (I%lah)
i= i= . .
dof. 8.2.2 of — (1)(b) We choose some j € {1,...,n} and obtain
z xZ;
i=1
= (z1 —x2) M. (Tp—1 — Tn) due to (1)(a)
(k1 — x2) M. N (xi—1 — z4)

(z; = zig1) N ... N (B—1 — Tp)
((z1 = z2) M ... (i1 — xi)) O

(i = zig1) Moo .M (X1 — )

associativity of M

= (1 — ... z)N(z; — ... > xy)

(4) ()
i=1 i=j

(2)(a) We proof by induction on n.
& If n =0 then

again, (1)(a)

z‘_;lll(xl czip) =T = (o)== o
& If n =1 then
iﬁl(xi S xip1) =T = (e x1) Elfi) T
& If n+— n+1 then

n
1 (zs & mig1)
i=1

n—1
(igl (zi < wi+1)> M (Tp < Tny1)

n—1
= < _I_Il m1> M (xn < Tpi1) induction step
i=



Tnt1) U (Tn MTni1))

n
I_Iﬁx u j‘lri
ﬁmnFWﬁ

def. 8.2.2

n n
(_V—W -z M —xy, M "xn+1> N} ('Hlﬁxi Mxy M $n+1>
= i=
n
L ( M ax; M —x, M ﬂ:vn_H) [} _l‘llzi Mz, MTpgr
i=

distributivity 7.6.8(3)
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n—1 n—1
= il:ll (i — xip1) | N 1D1 (Tigt1 — 4)

n—1 n—1
= — x; || — Tp_y
i=1 i=0

due to (1)(a) and the above statement

(2)(f) We derive

Ty

Il
I

n+1
M x;
i=1

because mxp May = L

1
n n

= Mn-xz; | U M x; def. 8.2.2
i=1 j=1

n n
= - Uax; | U M x; due to 7.6.10(5)
i=1 j=1

1]
< 3
It
Ll
J
8
s
N—
C

3
[fmps
e
8
N———

="&! T; def. 8.2.2, again
i=1
(2)(b) We select an arbitrary j € {1,...,n}.
If j = n then

n _ n n _ J n
— T, = — x; | M — x; | = — x; | M — T
i=1 i=1 i=n i=1 i=j

because <& z; = (« x,) = T.
i=n
Otherwise, 7 < n and we obtain

n
=T
i=1

—1
= jgl (zy < xit1) due to (2)(a)

= (J_vﬁl(zi - iEi+1)> n (7:‘;'_;(@1 o 1i+1)>

i=1

i=1 i=j

(2)(c) We obtain

associativity of M

due to (2)(a), again

n
— T4
=1
n n
= Mm-xz; | U U x; def. 8.2.2
i=1 j=1
n n
= N N (-z; Uxy) due to 7.6.8(4)
i=1j=1
n n
= 1N (zy — xj) due to 8.2.5(2)(a)

i
<,
-

(2)(d) We have

— T
i=1 "
n n
= n n (II — QZJ) according to (c)
i=1j=

n on n n
= (H Il (mi—rxj))ﬂ(l_l m (zlﬂz]))
i=1j=1 i=1j=1

idempotency of M

non n n
= ( n n (x; — :1:])) ( n n (z; — xl)>
i=1 ]— i=1j=1

n
= I‘I1 ﬂ (s = xj) N (x; — x3))
i=1j=
due to the associativity and commutativity of M
n n
= NN (x; & xy) due to 8.2.5(2)(b)
i=1j=1

(2)(e) First of all, let us note that

n—1
— Tn—q
i=0
n—1
= igo (Tnoi = Tp_(it1)) due to (1)(a)
= (xn = Tp—1)N...M(xg — x2) N (2 — 1)
= (2 — 1) NM(z3 = x2) M ... N (Ty, = Tp_1)

n—1
= N (zig1 — ;)
i=1

We apply this in

i=1 "
n—1
SPaN (Ti < @iq1) due to (a)
i
n—1
= 0 (@i = zip1) N (@41 — 24))

due to 8.2.5(2)(b)

due to 8.2.5(2)(a)

n n
( (] a:l) — ( [N} a:j>
i=1 j=1

8.2.14 Lemma

Let <Q,E,E,L,T,f‘l,u,ﬁ> be a quasi-boolean algebra.
For all z1,...,z, € @Q with n € N holds:

1) z1 — ... >y — L=z M...MNoxy

(2) T1 — ... = Tp = [ =1 — ... = T

3 L—-z1—...ozp, =21 — ... > T

@ T —oxy—>...ozc,=21MN...MNx,

8.2.15  Proof of 8.2.14

First of all, let us establish two auxiliary laws:

(@) (x—=y)N—y=-zM-y
because (z — y)MN-y = (mzUy)N-y = (mzMN-y)U(yMN-y) =
(mrzN—-y)UL=-znN-y

®) zMN(z—y)=xzNy
because z M (z — y) =zN(-zUy) = (zN-z)U(zNy) =
lUu(zny)=any

are true for all z,y € Q.
(1) If n =0 we use 8.2.5(1)(a) to derive
1 — ..oy, > L=(>L)=T =z N...M -y
If n =1 we use 8.2.5(4)(c) to derive

21— ..o Ty, > L=(z1 > L)= -z =z M. Moz,

If n > 1 we apply (a) to derive
1y — ... —>xy, — L
= (1 —x2) N M (Tp—1 — Tn) N (zp — L)
= (1 —x2) N M (Tp—1 — Tp) M Ty
=-x,_1MN-zpn

= (1 —22) N M (T2 = Tp-1) M Tp_1 Mz,

=-x, _ol—T,_1

(1 — 22) M=z Mozg M... T —xy,
| S —
=-azqMN-ay

= xy Moz M—xz M.z,

(2) We derive
T — ... — Ty — |
= (z1 —x2) ... .M (Tp—1 = ) M (zy — T)
= (1 —x2)N... .M (Tp—1 = Tn) T due to 8.2.5(4)(d)
= (1 —22) M. ..M (Zp—1 — Tn)

T — ... =Ty

(3) We derive

L—>x1—>...—>xn



(4)

= (L—-z1)N(z1 = x2) M. (1 — xp)
= TMN(zy —»a2) ... M (Tp_1 — Tp)
= (1 —2z2) M. .M (Zpo1 — Ty)

r]p — ... —> ITnp

If n = 0 we use 8.2.5(1)(a) to derive
Toz1— ..oz, =(—>T)=T=z1MN...MNx,
If n = 1 we use 8.2.5(4)(d) to derive

T—oz1—...ozp,=(Teoz) =1 =T

If n > 1 we apply (b) to derive

T—oxz1— ... > Ty

(T—oz1)MN(x1 »x2) M. N (Tp—1 — Tn)

z1M(z1 — z2) ... N (Tp_1 — Ty)
—_————
=z1MNay

=z MNazaN(ze = x3)M. ..M (Zp—1 — Tn)
—_—

(2)

(3)
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due to 8.2.5(4)(a)

x1M...Mxy

=xynag
=21 M. MNTp2MNTp_1 N (Tp_1 — Tp)
=z, _1Mzp
=z M. . MNxp_olMzp_1MNxy
8.2.16 Lemma
Let (Q,C,=,1,T,MN,U,~) be a quasi-boolean algebra.
For all z1,...,%n,¥Y1,.-.,Ym € Q with n,m € N holds:
1) 1 — ... >y > L —oy1 —> ... > yYnm
=z M. M ozp) N (Y1 = - - = Ym)
(2) T1 = ... =2 Tp — | = Y1 — ... = Ym
=(@1— ... 2 Tp) (W1 MN... M Ym)
B) T1 4 ... o0, > Loy o oy,
=z M. .Mz, Moy M. T Yy,
(4) T1 <> ... Ty < [ Yl <> o0 Yy
=1 MN...MNxy Ny N...MYym
8.2.17  Proof of 8.2.16
(1) There is
G —...—> Ty —> Loy — ... > yn
E(11—>...—>zn—>L)!_\(L—>y1—>...—>ym)

due to 8.2.12(1)(b)

= (mz1 M. Mw,) N (y1 — ...

— Ym)

due to 8.2.14(1) and (3)

Similar to (1) we obtain

1 — ... =Ty — | Y1 — ... = Ym

Loz, = T)M(T -y — .

C— @) (N M)
due to 8.2.14(2) and (4)

— Ym)

We first apply definition 8.2.2 and obtain

1 ...y o Loy o oy,

(mz1 Mo Mz, MLl Moy M T 2Yy)
U(za M. Nz, MLy M. Mym)
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(4) Again, we start with definition 8.2.2 and obtain

Ty o T, o T oy o oY,
(mz1 Mo Moz, MaT Moy M T 2Y)
U(zi M. Nz, MT Ny M. My)
(mz1 Mo Moz, MLy M M Yy,)
U(zi M. Nz, My Mo M y,)

= LU(zi M. MNe, My M Myy)

1M Nz, My M. My,

8.2.18

Lemma

Let <Q7 C,=,1,T,m,u, —‘> be a quasi-boolean algebra.
For all z1,...,z, € Q with n € N holds:

@ 21— ... oz, =1 iff 21 C...Cx,

(b) Ty > ... xy, =T iff x4 Bp,
8.2.19  Proof of 8.2.18
(a) We derive
L1 — ... > Ty =T
iff (z1 —22)0...MN(Tpo1 —mxp) =T
due to 8.2.12(1)(a)
iff 1 D22 =Tand ... andxp,_1 = xnp =T
due to 7.6.13(1)
iff -zyUze=Tand ... and-zp_1 Uz, =T
due to 8.2.5(2)(a)
iff 11 Czoand ... andz,—1 CE xpy

due to 7.6.12(2)

iff 21 C...Cay,

(b) We derive

w1<—>,..<—>wnET

iff (x1—...—zp)N(xp —...>x1)=T

due to 8.2.12(2)(e)

ifzy—...-2,=T and =z, — ... > xz1 =T

due to 7.6.13(1)

. and z,—1 C x,) and

. [
iff
(xn E xp—1 and ...

and z2 C z1)

due to (a)

®
&
-

C 22 and 22 C z1) and ... and
(xn—1 Exp and z, C xp_1)

iff 1 =x2 and ... and z,,_1 = =,

due to 7.6.4(6)

iff x4 Tn

8.2.20

Lemma

Let (Q,C,=, 1, T,M,U,—) be a quasi-boolean algebra.
For all w,x1,...,Tn,Y1,---sYm,21,---,2k € Q holds:

(a) 3 ... 2 T2 > W — Y1 — ...
.—>zkE(a:1—>4..

— Ym — W — 21 —

— Zy W — 21 — ... — zE) M

(1M Moz, T Moy M T myy,) UL

M T mzy, M=y M T2y,

(’w<—>y1<—>‘.‘<—>ym)
(a) T1 <> ... Tg > W > Y1 < ... Yy W > 2]
L2 S W T S L T YL S 2 Yy &

Z1 <& ... 2k




8.2.21

Proof of 8.2.20
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Left as exercise.
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9 Records, including tuples and schemas

9.1 Records

9.1.1 Remark —_ Introduction

A record assigns values?%to certain indices or attributes.

Mathematically, we introduce records as surjective functions.
The indices are always identifiers, i.e. primitive entities like
short character strings. (We will talk about identifiers in this
sense, but we won’t need a formal definition of the identifier
concept.) The values on the other hand might be quite com-
plex.

We will agree that a “P-record” is a record, where all values
are P. For example, a “function record” is a record, where
each value is a function, in an “integer record” every value is
an integer etc. Accordingly, we will even use the (awkward)
term “record-record” to denote higher—order records, where
each value is a record itself.

There are two important kinds of record that will be given an
own name: class records will be called schemas. And records
with the indices 1,2,...,n are the usual tuples. Often tuples
are also called wvectors or arrays, but we will only use the tuple
notion.

9.1.2 Definition record

A record is a surjective function £ : I — E.

The usual representation of such a record is
[ngi‘iEI] or [ﬁi‘iel]

where &; := £(i), for each ¢ € I. Since £ is surjective, E is
implicitely given with E = {&; | i« € I} and both notations
contain all the information.

Given such a record & = [§;]i € I| then

(1) I = dom(§) , the domain of &, is also called the index
or attribute class.
(2) The cardinality of I is the dimension of &.

(3) The ¢&; are called values.

(4) The value class E of £ is reconstructed from & via
=2 = {&(i) | © € dom(§)}. Taking £ as a surjective
function, = is also called the codomain of £ and given

by 2 = cod(§) .

9.1.3 Remark notation.

Recall 5.6.2, that the general class expression “{i € I | p}” is
the common version of the more correct “{i : I | ¢}”, since
“t € I” is in fact not an element of I as intended, but a true

or false statement. Similarly, “[£;]7 : I]” would be the formally
more appropriate version of our actual definition “[¢;|i € I]”.
However, having mentioned this convention, we may follow the
usual habits.

According to our convention (4.1.3 and 5.2.7) to use more com-
pact two—dimensional versions for (long) linear expressions, we
occasionally write

_ instead of [i— &;|i € I]
i€l
& . )
instead of [&;]i € I]

i€l

9.1.4 Definition record class
REC denotes the class of all records.

9.1.5  Definition finite records.

A record £ : I — Z is finite iff it is of finite dimension, i.e.
I is finite (and thus E is finite, too, since ¢ is a surjective
function).

If I = {i1,...,in} is the domain of such a finite record,
we often represent & by

i1 — &(i1)

in — E(in)
n is called the arity and £ is said to be n—ary. As usual,
O-ary, l—ary, 2—ary, etc records are called nullary, unary,
binary, etc. Unary records are also called singular or
literal.

9.1.6 Example record

Let us define a finite record by

year — 2003
. | month — 1
today := day — 17
title — friday

We can apply today as a function and get
today(year) = 2003 today(month) = 1

today(day) = 17 today(title) = friday

Writing today in our standard function form would result in a
rather awkward expression like

26 11 5

5 we introduced the title value as the general name for mathematical entities, the semantical counterpart of the syntactical ez-

pression. This metamathematical preliminaries will not be used explicitely in the sequel and values will be be associated with wvalues of

records for the remainder of the text.
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{year,month, day, title} — {1,17,2003, friday}

2003 if ¢ = year

1 if ¢ = month
i e

17 if ¢ = day

friday if i = title

So obviously, we usually prefer the initial version to represent
finite records.

9.1.7 Remark

The order in which we list the single maps in a finite record
expression doesn’t matter. For example, there is

a— &g _ b— &

b— & N ar— &,
But if there is some default order on the index class, we will
usually list them accordingly.

9.1.8 Remark

From a certain point of view, records are very similar to classes.
An arbitrary class C is often represented as C = {c¢; | ¢ € I}
or C = {c; | © € I}. I is an index class and each element
of C is addressed by its own unique index which is a kind of
name. Often, such a C = {¢; | © € I} is called a family, in par-
ticular if the ¢; are classes themselves. The resemblence with
the record [c;|i € I] is obvious, however classes and records
are different things with different operations defined on them.
But occasionally, we will take one for the other.

Classes as records.

Note, that for every class C there is at least one appropriate
index class, namely C itself. The identity function (5.7.6)

o — [CHC:|

cCH C

is a surjective function and thus a record with

ide = [e—clce C]

9.2 Tuples and other special
records

9.2.1 Definition

tuples as records

For each n € N, every n-tuple (&1,...,&,) (with
components &1,...,&,) can be (re—)defined as a record &
with I = {1,...,n} = n as its index class or domain. In
other words,
1— &
(511~-~7£n> =
n— &n

9.2.2 Definition

the empty record / function / tuple___

() is the nullary or empty record.
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9.2.3 Remark

() was already introduced as the empty tuple (5.4.1) and the
empty function (5.7.6). This unique function of type 0 — 0
is a well-defined function, and it is surjective in a trivial sense.
So it is indeed a record and all the titles empty tuple, empty
function, and empty record turn out to be different names for
the same thing.

9.2.4 Definition _____univalent record

A record § : I — E is univalent, if

(i) = €(39) forall i, € T
So if € is not empty, its codomain = is a singleton E = {c},
for some value c.
‘When we write such a nonempty univalent record in the
“[¢i]i € I]” notation, we could as well omit the index i,
since it all &; are the same ¢ anyway. Therefore, we often
write it as

el 1]

9.2.5 Example — univalent record

A boring menu for an entire week in record form is given by

monday +~ soup
[soup| {monday, . .., sunday}] =

sunday +— soup

9.2.6 Definition

For every ¢ and all n € N we define an additional simpli-
fied notation for the univalent n—tuple with component c,
namely

univalent tuple_____

1—c
(e n) =leln] = (c,c,...,c) =
——
n times n— c

9.2.7 Example

univalent tuple. -

(=215) =(-2,-2,-2,-2,-2)

9.3 Schemas

9.3.1 Definition schema

A record X = [X;|i € I] is called a schema, if all the
X, are classes. For each i € I, the class X; is the i— or
i-th domain of X.

9.3.2 Remark

We use “schemas” rather than “schemata” as the plural for
“schema”.
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9.3.3  Definition properties

A schema X = [X;|i € I] is called
(1) proper, if
X, #Z0,foralliel
(2) finite, if
it is a finite record, i.e. if I is finite

(3) locally finite or singular finite, if

X is finite, for every i € I
(4) completely finite, if
it is both finite and locally finite.
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9.34 Example schema

A proper finite schema is given by

Z

year —
th 1,...,12
Dates := | onon T {5, 12}
day — {1,...,31}
title — {monday,...,sunday}
For example, the month—domain is {1,...,12}. In other words,
Dates(month) = {1,...,12}. Dates is not completely finite, be-

cause the year—-domain Z is infinite.



10 Operations on records

10.1 Values, domains and codomains

10.1.1 Definition _the usual function operations on records_

Let & = [£;]¢ € I] be a record. Since a record is a function,
the following notions are well-defined (as in 5.7.3):

SR = ¢ the value of € at ¢ € I or the|
i—th component of &,

dom(¢) = I the domain of &, also called|
the index or attribute class of]
3

cod(§) := {& |i€ I} the codomain or value class of|

10.2 Projections

10.2.1 Definition projection
For every record & = [¢;|i € I] and every class J C I we
define

pr (£, J) = [&li € J]

the projection of £ onto J.

10.2.2 Example projection
For
l1—a
e=(aboed=|2""
3—c
4 — d
we have

pr(§,{2,4}):[j:f’i] and  pr(€,0) = ()

10.2.3 Remark

Note the difference between the projection pr (¢, J) and the
domain restriction £ |; (see 5.7.6). £ | is a well-defined func-
tion again, but it might not be surjective anymore, i.e. not
a record. The projection is a domain as well as a codomain
restriction and its result is a record.
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10.2.4 Lemma projection

For every record & = [£;]i € I] and every class J C I
@ pr(pr(§,J),J)=pr(J) (idempotency)
@) pr(,J)=¢iff J=1 (neutral projection)

10.2.5 Proof of 10.2.4

Both properties are immediate consequences of definition
10.2.1.

10.2.6 Definition ______ projection class

For every record £ we define

Proj(§) := {pr(¢,J)|J C dom(£)}

the projection class of §.

10.2.7 Example —____ projection class.

For £ = (a, b) we obtain

Proj(¢) = {o,[l Ha]7[2Hb]=[§:Z”

= {(), (a), [2 — b} ,<a,b>}

10.3 Relations between records

10.3.1 Remark — introduction

Suppose we have two records £ and v. We introduce the fol-
lowing notions to compare the two: £ and v are distinct iff
they have no index in common. They are compatible iff there
is no common index with a different value. And & is smaller or
a subrecord of v iff we obtain ¢ by deleting some indices (and
their corresponding values) from v, i.e. iff € is a projection of
v onto the domain of .
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10.3.2  Definition

We define
REC «~ REC
01O = , ,
([€ili € Il,[vlj € J) ~INJT =0
the distinctness relation
REC «~ REC
O =@ = | (glied],vlje )~
¢ =vp forallkeINJ
the compatibility relation
[ REC «w REC 1
O=@ = |(&liel,vlie )~
ICJand & =wv; foralliel
the subrecord or smaller relation
[ REC «» REC |
Q<@ = | (Glie],vlje )~
I CJand & =wv; foralliel
the proper subrecord or strict smaller relation
10.3.3  Definition notation

For two relations £ and v we write (see also 19.4.1)

§Qv §Ffv Efw §Lv
And for two or more records &1, ...,&, we write
§10...0&, iff & §¢&; for all ¢ and j with ¢ # j
&1 — ... — &, iff & —¢g; foralliandj
&1 <...<& iff & <& and ... and &1 <&

§1<...<& iMf & <& and ... and §n1 <&n

10.3.4  Definition

A class E of records is called

(1) (pairwise) distinct

iff £ # v implies £ () v, for all &, v € E
(2) (pairwise) compatible

iff £ — v, forall §,veE
A record-record p = [pi|k € K] is called

(1) (pairwise) distinct

iff {pr | K € K} is (pairwise) distinct.
(2) (pairwise) compatible

iff {pr | K € K} is (pairwise) compatible.

10.3.5 Remark

Note, that the definition of &1 § ... § &, and & — ... — &,
in 10.3.3 diverges from definition 5.7.12, where
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z1RzoR... Rx,, means x1Rxos ANxzoRx3 A...ANxp_1Rx,

Here, the we have another motivation for the n—ary sequence
notation: if 2 = {£1,...,&,} is a finite record class, then

E10...0&, i {&,...,&} is (pairwise) distinct

§1— ... — &, iff {&,...,&.} is (pairwise) compatible

10.3.6 Example

Suppose a # b and given six records

1—a 2+—b l—a
_|3—a _|4—0b | 2—0b
&= 5 a Y= 61— b ¢= 3—b
7T—a 8+—1b 41— b

o "o_ l—a "o 3—a
R R

We can see that:

1) € § v, because dom(¢) N dom(v) = . Thus £ — v. In
other words, £ and v are distinct and compatible.

(2) € and ¢ are not distinct, because dom(£) N dom({) =
{1,4}. And they are not compatible either, because they
disagree in their common index 3, i.e. £(3) = a # b = ((3).

(3) v and ¢ are not distinct, because dom(v) N dom(¢) =
{2,4}. But they are compatible, because v(2) = b = ¢((2)
and v(4) = b = ((4).

(a) ¢’ is the empty tuple, and as such it is distinct to and
compatible with every other record.

(5) The class {&,¢&',¢"”,€""} is not distinct (because e.g. & f
¢’”"), but it is compatible. The <-order on this class is rep-
resented in the following order diagram:

N
13 3
N

© & ¢du

ie. £ <€, € <€, ete.

10.3.7 Remark

The symbol — is the so-called “smile”. Records “smile” iff
they “agree”. Accordingly, we could have used the “frown”
symbol —~ for the opposite case. But we use the ¥ instead,
according to a general convention that denotes the complement
of a relation R by R.

compatibility notation

10.3.8 Remark

We state some obvious facts about the new relations:

(1) The compatibility relation — is reflexive, symmetric, but
not transitive (see the following counterexample 10.3.9). So
— is not an equivalence relation.

(2) Distinctness implies compatibility, i.e. & ( v implies
£ — v, but not vice versa in general.

3) If £ and v are <-comparable, i.e. £ < v or v < &, then

(a) £ — v, and
() & Quiff (§=() orv=)).
(4) For two tuples & = (£1,...,&n) and v = (V1,...,Um),
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there is
E§<v iff (n<m and (§1,...,&n) = (v1,...,Vn))

In other words, £ < v iff € is an initial section of v.

10.3.9 Example —— compatibility.

The following three records demonstrate, that the compatibil-
ity is not transitive in general. For

€= l—a b= 2—b ¢= 1—d
T l2—0b T3¢ T l2~0b
there is

E—wv and v — C but ELC

10.3.10 Lemma

Proj(¢§) is compatible, for every record &.

10.3.11  Proof of 10.3.10

Let & = [¢;]¢ € I] be a given record, v = [v;|j € J] € Proj(§),
and ¢ = [(x|k € K] € Proj(§). For every | € J N K holds:
v = ¢ = &. So v — (, each two members of Proj(¢§) are
compatible, thus Proj(€) is compatible.

10.3.12 Lemma _the new relations in terms of projections_

Let &€ = [§;]i € I] and v = [v;|j € J] be two records. Then

@ §Quepr(§Ind)=() <pr(v,INnJ)=)
@ &—vepr(§InJ)=pr(v,INJ)
@) E<vef=pr(v,INJ) & £ € Proj(v)

10.3.13  Proof of 10.3.12

Direct consequences of definitions 10.2.1 and 10.3.2.

10.4 Distinct joins
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10.4.1 Definition

For each two distinct records £ = [§;]i € I] and v = [v;]j €
J] we define
. & ifkel
\% 8= k k IuJ
gvo { = {vk itk |FEC )

the distinct join of & and v.

A generalization for n > 0 (pairwise) distinct records is
defined by

() ifn=0

&GV ... VE =g ifn=1

(E1VE)VEV ... V&, ifn>1

And for every (pairwise) distinct record class Z we define
k +— the ¢, with & € E and k € dom(§)

il = k € Ul{dom(é) | € € 5}

the distinct join of =

10.4.2 Remark

(1) In case the arguments are finite records, the result of a dis-
tinct join is intuitive, simply a merge or combination: For
example, given

_|p—€ | e
€_|:qu2:| U_|:s>—>US:|
then £ § v and

P’_’gp
q—&q

T Uy

EVo =
S Vg

(2) Later on (11.4.3) we define another generalization: the join
V, that is defined for every two records, not just for distinct
ones. But it is very useful to have the distinct version and
notation V available, because it allows us to emphasize the
distinctness of the arguments. We often apply it in distinct
decompositions of a given record or record partitions (see
16 in particular). Besides, V has some properties that do
not hold anymore for V, e.g. the associativity (see 11.5.3).

(8) The distinct join is associative, commutative, and () is its
neutral element. That makes the n—ary definition in 10.4.1
natural and obvious.

(4) The big version \/ is just a generalization of V for an
arbitrary number of records in the obvious sense that

Vo = V {0}

10.5 Concatenation of tuples



Theory algebras on relations

10.5.1 Definition —__________ concatenation
For all tuples & = (&1,...,&,) and v = (&1, ...,&m) we
define

Etv = (§1,.-,&n, V1, -, Un)

the concatenation of £ and v.
More general, we define for n < 0 tuples &1,...,&, their
concatenation

&1F...T&n =

no o ifn=0
disT {zmmmfan) clse

10.5.2 Example____ concatenation
(1,3,5) 1 (2,4,6) = (1,3,5,2,4,6)
(1,2,3) 10 = (1,2,3)
(1,3,5) 1 () 1 (2,4,6) 1 (1,3,5) = (1,3,5,2,4,6,1,3,5)

10.5.3 Lemma

properties of the concatenation

(X*,1,()) is a monoid, for every class X.
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10.5.4  Proof of 10.5.3

By definition, (X*,,()) is a monoid, if the following two

properties are satisfied:

(1) t is associative:
€t tc=€t (T

(2) () is the neutral element:

OtE=¢10 for all £ € X~

for all £&,v,( € X™

And these are quite obvious facts.

10.5.5 Remark

The concatenation looks similar to the distinct join of finite
distinct records in 10.4.2. But the concatenation is not sim-
ply the distinct join of two tuples. Two tuples are distinct
only, if at least one of them is empty. To actually define the
concatenation formally as a distinct join, we need an attribute
translation of the second argument. For example

l—a 1—b
(a,b,c) t(b,b,d) = 2—b | T]|2—0b
3—c 3—d
l—a 4—b
=|2—=b |V [5—=b| =(a,b,cb,b,d)
3—c 6—d

Attribute translations are also operations on records, but we
will postpone their proper introduction until 22.2.3.



Theory algebras on relations

_  www.bucephalus.org 60

11 Order structures and junctions on records

11.1 Poclasses of records

11.1.1 Lemma

1) (REC, <) is a poclass.

(2) (8, <) is a poclass, for every record class E.

11.1.2  Proofof 11.1.1

(1) <REC7 §> satisfies the following three defining properties

of a poclass (7.1.3 and 7.2.2):

& < is transitive on REC: If £ = [¢;]i € I], v = [v;]|j € J],
and ¢ = [(x|k € K] are three records with £ < v and
v <, then I C Jand J C K, & = wv; forall i € I and
vj = ¢; for all j € J, and thus I C K and &; = (; for all
4 € I, which means £ < (.

& < is reflexive on REC: £ < £ for every record £, which is
obvious.

& < is antisymmetric on REC: ¢ < v and v < & implies
¢ = v for all records § and v, and that is correct, too.

(2) Recall from 7.2.3: If <D,p> is any given poclass and
C C D, then (C,p) is a poclass, too. So if E is a record
class, then <E, S) is a poclass.

11.2 Lattices on records

11.2.1 Remark overview.

We will now investigate, in how far these poclasses (E, <) are
lattice—like structures. In other words, we try to define the
according operations (called junctions) such as the meet £ Av
and join £ V v. We define Rec (I, C), which is a more spe-
cific type than the general REC, but has the same structural
properties and is useful for illustrations (see example 11.2.3
below).

We will see soon, that neither <REC, §> nor <Rec (1,0), §>
is a lattice.?” A key concept here is compatibility: For exam-
ple, £ V v is the least upper bound of £ and v iff £ — v, i.e.
iff £ and v are compatible. So in order to have the full range
of lattice operations available, we later concentrate on record
classes Z, which are compatible and operationally closed. Such
classes are the projection classes Proj(¢). For every record &,
the poclass <Pr0j(§)7 §> is indeed a lattice, even a complete
boolean one.

11.2.2  Definition

For every two class I and C we define

Rec (I,C) := {£ € REC |dom({) C I,cod(§) C C}

the record class on I and C.

11.2.3 Example

Let us take I = {¢,j} and C = {a, b}. The whole structure of
Rec (I, C) is represented by the following order diagram:

i a i a i+—Db i+— b
jr—a jr—b jr—a jr—b

[ima] [ime]l [ime]  [im0]

The diagram of this simple example class is typical for all
classes Rec (I, C) and REC itself:

(1) There is no greatest or top element.
(2) But there is a least or bottom element, namely ().

(3) Every two records £ and v do have common lower bounds,
i.e. there are records ¢ such with ¢ < ¢ and ¢ < v. And
of all these lower bounds ¢, there is a unique greatest lower
bound or meet, which is written £ A v. For example,

i a i—a .
. VA . [ T a ]
|:] — a:| |:] — b :|
i a i—b
jr—a jr—b
(4) Not every two records £ and v have common upper bounds,
let alone a least upper bound. For example, take [i — a] and

[¢ — b]. But they have a least upper bound or join £ V v iff
they are compatible. For example

[ia]v[im]

oe]elimad

| |
—
L. s S s
11T 17
e 2 S 2
[ B S |

27 (REC, <) is a so—called complete partial order or cpo (i.e.

has bottom element and each chain has a supremum) and a

meet semi-lattice (i.e. the greatest lower bound is always defined). But we will not use this or any other terminology for this kind of

poclass.
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So the join operator or disjunctor is just a partial function,
in our notation @ V @ : REC x REC --» REC.

However, we enforce a join £Vv for every two records: if they
are incompatible, we simply delete the incompatible indices
first. For example:

[i — a] V[i— b]

i—a i a
. Vo

But these joins of incompatible arguments are not (least)
upper bounds of their arguments.

—~
<

[t — a]

So the structure (Rec (I,C), <, (), A, V) is well-defined, with
A and V defined for all its record pairs. But it is just not a
proper lattice.

11.3 Various domains of record
classes

11.3.1  Definition

For every record class = we define

Dz := |J dom(¢) the (total) domain,
¢cE =
k € D=
Dé' =< Ju,(EE. the incompatible domain,
v(k) # (k)

Dy :=D:z\DZ the compatible domain of =.

11.3.2 Remark notation

In the sequel and when there is only one record class = in-
volved in the given context, we sometimes leave the subscript

for the new domain symbols and simply write D , D* , and

D~ instead.

11.3.3 Example

Given two records

i—1 j—5
E=|j—2 and v= | k—3
k—3 l—4
S0
dom(¢) = {4,j, k} and dom(v) = {j,k, 1}
We obtain

D = {i,j,k, 1} D” = {j} D~ = {i,k,1}

(So here D is an abbreviation for D¢ .y etc.)
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11.3.4 Lemma

Let E be a record class. Then
(1) D= =DZ UDs and DZ NDz =0

(2) E is (pairwise) compatible iff D’Eb =

‘o #
3 D= U D
B gves &V}
(@ Df = | D}
- wCE
(5) If ¥ C E then Dy C Dz and D} C DZ.
But Dy C Dz is not true in general.

And if &, v, ¢ are records, then:
(6) Dy=D7 =D, =0

(1) Dy¢y = D¢y = dom(§) and D (]

fg}
(8) Drg v} = dOHI(f \% ’U)

_ ot ~
() D %= P, or VP leve, ¢

v
{&v.¢

11.3.5 Proof of 11.3.4

All statements are more or less trivial consequences of defini-
tion 11.3.2.
On the remark in (5) about the truth of “¥ C E implies

Dy <€ DgZ” consider the following counterexample: For

T = {(7,8,9),(7,8,6)} C {(7,8,9),(7,8,6),(9,8,7)} = E
holds Dy = {1,2} Z {2} = DZ.

11.4 Record junctions

11.4.1 Remark

introduction of the new junctors

The example 11.3.3 of two simple incompatible records is worth
investigating, because it motivates the following binary junctor
definitions.

Let £ = [§;]i € I] and v = [v;]|j € J] be two records. Their
(total) domain D = I U J partitions into the following parts:

I\J

But I N J itself partitions into D” and the remaining class
H:=(INnJ)\D* =INJND~. The situation is illustrated
by

I\J

D¥

I\

This partition of the total domain induces the following parti-
tion of records, induced by the two given ones:
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pr (&, I\ J)

pr (¢, D7)
# pr (U,D%>
pr (€, H)

=pr (v, H)

pr (v, J\I)

The first three new junctors \, X and A are just new notations
for these projections; we put

§\v = pr(§I\J)
EXv = pr ({,D%)

EAv = pr( H)

The corresponding diagram with the new notation is

E\v

EX v
FUKE
ENV
=vAE

v\ ¢

The other three junctors Vv, V and / are different distinct
joins of the previous ones:

Evu = (E\v)V(w\E)
EVo = (E\0)V@\EV(EAD)
EVu = (E\V)V(\EV(EAD)V (v KE)
so that
VVE = £€Vu
vVE = £V
vV E=(EVV)V (uKE) # (EVV)V(Exv) =ty

The closure of £ and v, i.e. the class of all the results produced
by these new junctions is displayed by the following diagram

v%i £¢v

§V'u

\v &€xv £€AvV w

\\//
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The diagram shows the most general situation. In special
cases, e.g. £ — v or £ < v, certain members of the diagram
collapse into one (see 11.4.5).

This closure of £ and v is their closure indeed in the usual

sense:

& The three records &, v, () are junction results as well be-
cause

3 ENE=EVE=EVE

0 EXE=EVE

& Applying the junctions again (and again) does not produce
new results.

11.4.2 Example

As an example, let us take the incompatible two records

i1 j—5
E=|j5—2 and v=|k—3
k—3 l—4

from example 11.3.3 again. Their closure (where each record
position in the picture corresponds to the record positions of
the diagram in 11.4.1) is given by

i1 i1
j2 j2
k3 k3
14 1—4

i— 1
k— 3
l— 4

i— 1
j2 i
k— 3

[i—1] [ —2] [k—3] [j—5] [l~— 4]



11.4.3 Definition
‘We define

REC x REC — REC

(§,v) — pr (§,dom(¢) \ dom(v))

O\® =

the subtraction, reading “@ without @”

REC x REC — REC

OANO® = | (v
pr (‘57 (dom(g) n dom(v)) \ Dé,v})

the meet, reading “@ and @7
REC x REC — REC

ore (¢,v) = pr (6,D% )

the rejector, reading “(the part of) @ rejected by @”

REC x REC — REC
(&) = (E\ V)V (v\§)

QOVE =

the opposition, reading “@ opposed to @7

[ REC x REC — REC
(& v) = (EAV)V (EVD)

@OV E =

the join, reading “@ or @”

REC x REC — REC
OV e =

(&,v) — (EVV) Vv

the updater, reading “@ updated with 2@”

11.4.4 Remark

This definition of six junctors is a lot of notation and sym-
bolism to digest. There doesn’t seem to be a standard notion
of an algebra of records or these kind of operations and our
suggestions here don’t pretend to be a final solution. But they
should become plausible and easy to memorize if one under-
stands the following phenomena:

(1) Our idiosyncratic creations of the updater y/ and rejector
X are motivated by the most common circumstances where
records are involved in mathematics and computer science.
An environment (or context) £ is a record that holds all the
current bindings, i.e. values for identifiers. And if at that
point some new (local or global) definitions v are made, then
the update £/ v is the new environment, while the rejection
& X v holds all the deleted bindings.

c— 23
— 5
When the command sequence “x:=7; y:= c+2;” is called, £

For example, let £ = be the current environment.

T — T .
needs to be updated by v = , the new environ-
Yy 25
c+— 23
ment is §&/v = | 2T and the lost bindings are given
y+— 25

by £ X v = [mv—>5]
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(2) The other four junctors A, V,\, V resemble the class op-
erations with the corresponding symbol, respectively. Each
of these junctions is produced by the same method: Given
two records & = [§;]i € I] and v = [v;]j € J], then first
determine their incompatible indices D* and second take
D” off the new domain. In detail that is

junction ‘ its domain
Evo|(IuJ)\ D"
EAnv|(INJ)\ D"
E\v|(I\J)\D* =T1\J
EVu |(IVJ)\D* =1vJ

This resemblence between the record junction and the class
operation becomes even more apparent in case £ — v, that
is D =0

3) If £ — v, then {/ and X become superfluous in the sense
that &4/ v = £ Vv and £ X v = (). The closure then is a
proper boolean lattice (see 11.4.5 below), a fact that holds
more general for every compatible record class =.

(4) The six chosen symbols reflect another property: the three
symmetric symbols “A”, “V” and “V” denote commutative
junctions. The remaining asymmetric symbols “\”, “/”
and “X” represent non—commutative junctions.

11.4.5 Remark

closure of compatible records
Let € and v be two records which are compatible. In that case,

certain elements of the diagram in 11.4.1 reduce to a single one,
namely

vWE=&/v=EVv
and
Exv=uxE=)

That makes the junctors y/ and X superfluous, the remaining
closure is entirely given by the diagram

EVv

/1N

3 fowv v

X X

E—wv END v—E£&

NP4

O

11.4.6 Example

Two compatible records £ and v are given by

i1 j—2
E=|j—2 and v=|k—3
k—3 l—4
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D” = and thus

i1
EVu = wyE = eve = |72
k—3
_l>—>4
(1]
fve = l—4
_ __j»—>2
ENV = k3
-ib—>1_
S\U - jr—2
[ k3]
v\e = I 4
Exv = vxéE = ()

The diagram (where the nodes in the picture correspond to
the nodes in the picture of 11.4.5) is

i1

j2

ki3

14

11.4.7 Remark

Again, the diagram in 11.4.5 shows the most general situation
for £ — v. In more special cases, certain elements become
equal and the structure becomes a less complex one. However,
in all cases the closure is a (complete) boolean lattice:

(a) If € § v the closure is given by

EVv=£§Vu

O=¢Av
(b) If &£ < v the diagram is given by
v=E&Vwv

E=EANv v\E=vVE
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(e) Finally if £ = (), only the trivial two—elementary boolean
algebra remains, which is

EVv=v=¢&vu=v\¢§

O=¢=8\v=¢Av

11.5 Properties of the junctions

11.5.1 Lemma

The following statements hold for all records &, v, .

(1) Distinct decomposition:

@ (E\v) 0 (Exv)Q(EAV)Q(vxE ] (v\E)
®) £=(E\ V)V (Ex )V (EAD)

(@ EVvu=(E\v)V (v\§)

@ EVv=(E\v)V(EAV)V (v\E)

@ &Vv=(E\ V) V(Exv)V(EAV)V (v\E)

(2) Distinct join:
If v § ¢ then
(@ vV¢=vV(
® vVE=vV{
() vV(=(Vuv
@ EA(VE) = (EAV)V(EACQ) (A distributes over V)
@ (vVO\NE=(W\EV(C\E)
# v<vV( (monotony)
And if £ § v ( ¢ then
@ (EVo)VE=EV(vV() (Vv is associative)
) (EVu<EVve e v<Q) (additivity)

(V generalizes V)
(V generalizes V)

(Vv is commutative)

o

(3) Commutativity:
(a) EAV=VAE
(b) EVu=vVE
(c) EVv=vVE

(commutativity of meet)
(commutativity of join)

(commutativity of opposition)

(\, X, 4/ are not commutative in general.)

(4) Argument duplication:

@ &E\§E=() (nilpotency of subtraction)
) ENE=E (idempotency of meet)
(@ ExE&=() (nilpotency of rejector)
@ &EveE= () (nilpotency of opposition)
(e) EVE=E (idempotency of join)
® EvE=¢ (idempotency of updater)




(5) Empty argument:

@ &\()=¢ (() is right neutral for subtraction)
® HO\NE=) (() left—cancels subtraction)
@ EAD=0ANE=() ({) cancels meet)
@ EVv()=()veE=E () is neutral for join)
(e Ex () =¢ (({) is right neutral for rejection)
® (Y x&E=() (() left—cancels rejection)
& EV()=(QveE=¢ (() is neutral for opposition)
M) V() =0vVE=¢E ({) is neutral for updater)

(6) Compatibility: Equivalent are:

@ £—wv

Gi) §<EV

(iii) € and v have an upper bound
(v) Exv=()

W &Jv=¢EVo

i) DY, =0

(vii) &, v € Proj(¢ Vv v)
(viii) &,v € Proj(n) for some record n

(7) Order properties:
(a) §AvV<E
() E\v<¢E
(@ E§Xv<E
@ §<vyvé
() §Vu<EVu
" EVuv<EVu

(8) Extrema:
(a) () is the least or bottom element, i.e. () < &
(b) & Aw is the greatest lower bound of £ and v
(¢) Equivalent are:
(i) &€V w is the least upper bound of £ and v
(i) € —wv

(See also (e) for more equivalent statements.)

(9) Associativity:
@ EAVAC=EN(VAQ)
(b) If &£ — v — ¢ then
(Evo)viE=¢Vv(vV()
(c¢) If &€ — v — ¢ then
(Evv)vE=¢V(vV ()
(v and V are not associative in general, see 11.5.3(1)
and (2). And \, X,/ are not associative anyway.)

(10) Distributivity:
(a) If v — ¢ then
EN(vV ) =(EAV)V(EACQ)
(See 11.5.3(3) for an example with v ¥ ¢.)
(b) If £ — v — ( then
EV(WAQ =(EVV)A(EVI)

11.5.2 Proof of 11.5.1

Let &€ = [§;]i € I], v = [v;|7 € J] and ¢ = [Ck|k € K].

(1) Distinct decomposition: These statements are an immedi-
ate consequence of the definitions in 11.4.3 and they have
been discussed in already.

(2) Distinct join: v § ¢ means JN K = 0, v\ ¢ = v and
¢\ v = ¢. And it implies v A ¢ = (), so that applying the
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definitions in 11.4.3 gives us

@ vv¢=@\V(\v)=vV(

® VVE= IOV A=YV =vVC

(e) Simply applying definition 10.4.1 gives us v V ( =

X v, ified |. .
K =
i ¢ ific K i€ JU ¢V
(d) We obtain
EN(VVQ)
= pr(§,(IN(JUK))\ DY,

{&v Vv
definition 11.4.3 of A and
because dom(v V ¢) = J U K

pr a((mJ)u(mK»\(D" ))
< {(&v3up

because J and K are disjunct, and that entails

Dlevvery = Dév UD¢ ¢
pr (6 (G \DZ ) u (1N K\DE )

NK =20,

* . #
lewy S1NJand DI

D{g,c}glﬁKandD{&c}ﬁJ:@

=pr(6UNN\DF ;) Ver (6 UNK)\Df

again, because J and K are disjunct

because D

= (EAV)V(EAQ)

definition 11.4.3 of A

(e) Note, that v\ & < v and ¢\ & < ¢ (see (7)(b) for a proof),
so that v () ¢ implies (v \ &) § (¢ \ &). Therefore

(W\&V(C\§)

pr (v, J\J) Vpr (¢, K\1T)
pr(vVv¢, J\J) Vpr(vV (¢, K\I)
pr(vV(, (NI U(K\T))
=pr(vV{¢, (JUK)\I)

due to 5.6.5(4)

= (vVvQ\¢
® v=pr(wV(J) <oV
(g) We have
(€Vv) V¢
& iflel
= |l—Qqu itleJ |le(TUIUK)
¢ itleK
=&V (VY

(h) By using 10.3.2 the definition of <, we derive
EVv<EVe & (IuJCIUK) and
(EVvv)l) = (V) foreach le TUJ
< JC K and vy =(; foreachl € J
& v<(

(8) The commutativity of A, V and V is a consequence of their
definition 11.4.3 and the commutativity 11.5.1(2)(c) of V .
(And it is easy to construct examples that demonstrate the
non—commutativity of \, x and /.)

(4) The statements about the result of two identical arguments
should be clear by now.

(5) If one of the arguments is the empty tuple, the accord-
ing result is an immediate consequence of the definitions in
11.4.3.

(6) Compatibility: To proof the mutual equivalence of all six
statements, we use the following roadmap
(viii) — (vii) — (i‘i)
) — (vi) — (i‘V) QY]
(iii)
The singular connections are justified in detail as follows:
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(i)<>(vi) is true according to 11.3.4(2). ITuJCL.
(vi)&(iv) is true because & X v = pr (5, Dé U}> according & B <EVoimplies LCdom(§Vu)=1UJ
to definition 11.4.3, so that & x v = () iff Dé L= 0. Both properties together demand that L = dom(§ V v),
) v and that means 3 = £ V v in the end. £ V v is indeed the
(iv)&(v) is true because &/ v = (£ Vv) V (£ X v) due to least of all upper bounds.

(1)(e) and (1)(d). Thus E/v =&V iff € x v = ().

9) A iativit,
(i) (iv) is true because we have the distinct decomposi- (9) Associativity

tions (1)(b) and (d) (a) We first concentrate on the domains of the generated
records and obtain
& = E\NV)V(EAV)V(Ex) dom((£ Av) AC)
EVo = (E\V)V(EAY)V(v\E) = (dom(§ Av)NK)\ DYy, )
def. 11.4.3 of A
so that £ < Vo iff € x v < v\ &, due to (2) and (2)(h) o v v
in particular. But dom(§ x v) Ndom(v \ &) = @, so that - (((1 nJ)N Dy ,u}) n K) \D{gm;,g}
§b<vgu\§iff§b<v:(). again due to 11.4.3
(iii)<>(vi) Assume that (iii) £ and v have an upper bound, = ((I NJNK)\ Dé 1]}) \Dé/\v &
i.e. there is a record 8 = [Bi|l € L] with ¢ < 3 and due 0 5.6.5(7), i.e. (A\B)NC = (ANC)\ B

v < 3. According to 10.3.12 that means £ = pr (3, ) and .
{jeINJNK) | =uv;}\DJ

v = pr (B, J). That entails pr (§,INJ) =pr(8,INJ) = {&Av,C}
pr (v, 111 J) and () D, = 0. = (G E€UNJINEK) | & =v; and (€ A0)() = ¢}
On the other hand, if (vi) Dé)u} = 0 is the case, then ={eNJNK)|& =v; =}
git[);olr}lsz v X & = () and so we have the distinct decompo- — (InJNK)\ Dé,v,(}
& = (E\v)V(EAD) Similar reasoning gives us
v o= (W\EV(EAD) dom(§A (vAQ) = (INJNK)\DJ ,
EVo = (E\v)V@\OV(EAD) so that
so that ¢ < € Vv and v < ¢ V v according to (2)(h). And dom((§ Av)A¢) = dom(§A (vAQ))

that is precisely statement (iii). Making use of (3)(a) the commutativity of A and 11.4.3

(i) E<EVv e E=pr(EVy,I) & € €Projé Vo) the definition of A, we can now derive the original state-
and the same holds for v. ment

(vii)<>(viii) That (vii) entails (viii) is a trivial truth; simply .
put 7 := £ Vv. On the other hand, £, v € Proj(n) = (EAVIAC = [vjlj € dom(vAEIAC
&V € Proj(n) = Vv =pr(nIUlJ)and so &,v € .
Proj(£ v v). = [v;lj € dom((v A &) A Q)]

(7) Order properties: Each of the statements (a) to (f) can be = [vj]j € dom((v A ) AE)]

prove by applying the additivity rule (2)(h) to the distinct

decompositions of each side of the <-expression. = [vjlj € dom(v A ()] AE

For example, for (e) this is

£V = (vAQOANE
= (E\v)V(v\¢) due to (1)(e) = EAMWACQ)
S EN VNV I(EAY) due to (2)(h) (b) See the proof of 11.6.1(4)(b).
=&V due to (1)(d) (c) See the proof of 11.6.1(4)(c).

Proving the other statements with the same method is just (10) Distributivity:

a trivial exercise. (a) If v — ( then

(8) Extrema: EN(vVQ)

(a) According to definition 10.3.2, () < £ & _ . .
(0 CIand ()(i) =¢&; forall e € 0). And that is always = A (O \/'(U ANOVIEA U)) due to (1)(d)
true in a trivial sense. = (EANNQ)V EAAQ) V (EAC\Y)

(b) According to (7)(a), EAv < and EAv <w,ie AV due to (2)(d)and (2)(g)
is a lower bound of both £ and v. = EAWNO)VEA(WAL)V(EA(C\D))
Suppose, there is another lower bound 8 = [3;|l € L] of due to (2)(b)and (9)(b)
¢ and v with § Av < 3. <€ and B < v implies L C I (€A (UAC)
and L C J, in other words L C TN J. € Av < 3 implies EA(UAQ
InJ \Dé v} But if there would be an k € Dé v} = (EA\Q)V \ vV (ENA(C\v))
with k € L, then either 8 ﬁ Eor B ﬁ v would be the case (EN(vAQ))
and (B couldn’t be the lower bound. Therefore L has to due to (4)(e)

be INJ and Bis £ Av. £ Av is indeed the greatest of all
lower bounds.

(En(w\Q) En(wAg)

(c¢) From (6)(1) and (6)(3) we know that £ — v iff £ and v = N v v
do have an upper bound at all. So if (1) V v is the least (EA(vAQ)) (EA(C\ V)
upper bound, it is certainly an upper bound and (2) { — v due to (9)(b)
must hold.
On the other hand, suppose that (2) £ — v is true. Then EN(v\Q) (EN(vAQ)
¢ < €&Vvand v < Vo due to (8), £V is an upper bound. = Vi \V; Vi
And it is the least of all upper bounds, because if we as-
sume that there is another upper bound 8 = [8;|l € L] (En(vAQ) (En(C\v)
with 8 < £V v, then due to (2)(b)

% & < fimplies I C L, v < B implies J C L, and thus EANO V@A)V EA((vAQVI(E\V))
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due to (2)(d)

= (EAV)V(EAQ)
because v — ¢ makes v X ¢
v=(v\¢) V(vA{¢) and ¢
according to (1)(b)

= (¢ X v = () so that
=(vAQV(¢C\v)

(b) See the proof of 11.6.1(5)(b).

11.5.3 Remark

Note the following phenomena that differ from the common

properties of lattice-like operations:

(1) V is associative for compatible arguments (11.5.1(9)(b)),
but it is not associative in general. For example, let

a+—1 ar— —1 ar— —1
6:|:b'—>2:| U:|:b>—>2 :| C:|:b>—>2 :|
then

(va)vc:{

ar— —1

s } # [sz}:gv(uvc)

(2) V is associative for compatible arguments (11.5.1(9)(c)),
but not in general. For example, for
E=[i— 1] v = [i+— 2] ¢=[i— 3]

we obtain

Evv)=[i—1] # [i—3]=({Vv)V(

(8) The condition v — ( is imperative for the distributivity
law 11.5.1(10)(a) EA(VV ) = (EAV) V(EAC) to hold in gen-
eral. Consider the following counterexample, where v ¥ ¢
with

b—1 ar—1 c— 3
E=]c—1 v=| b—1 C=|d—1
d—1 cr—1 er—1

For these records we obtain

bis 1 ar—1
EAWVE) = | et | a| bt :{le}
dis 1 d—1 d—1
e—1
b—1 b 1
£ | el :|:CH1:|V[d>—>1]:(EAU)V(f/\C)
d—1

11.6 Properties for compatible ar-
guments

11.6.1  Lemma _binary junctions of compatible arguments__

Let £ = [&i € I], v = [vj|j € J], ¢ = [Ck|k € K] be three
(pairwise) compatible records, i.e. £ — v — (. Next to the
properties of 11.5.1, we now have the following additional
facts.

(1) Compatible junction as projections: £, v, ¢ have an up-
per bound 7 (i.e. there is a record n with &, v,¢ < 7).
And for every upper bound 7 holds

(a) & v,¢ € Proj(n)
() & =pr(n,I)

(© E\v=pr(nI\J)
@ &EAv=pr(n,InlJ)
() EVv=pr(nIuUlJ)
#) EVu=pr(nIvJ)
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(2) Rejector and updater: they become superfluous in the
sense that

(a) EXv=)
(b) EV/v=EVo

(8) Subtraction together with meet and join:
@ E\(wAQ=(E\v)V(§\C)

®) E\(vV ) =(E\v)A(E\C)

© (WAQO\NE=(v\EA(C\E)

@ (VO\NE=(w\EVI(C\E)

@ (E\V)\¢=¢&\(vVQ)

® E\(w\ ¢ =(E\v)V(EAQ)

@ E\NVAC=(EAO\Y

m) E\NV)VE=(EVO\(v\(¢)

(4) Associativity:
@ (EAV)AC=EAN(VAQ)
®) (EVo)Vv(i=¢EV(vV()
() (EVu)v(E=¢€V(vV()

(5) Distributivity:
@ EA(WVE=(EAV)VI(EAQ
) EV(LAQ =(EVV)A(EV])

11.6.2  Proof of 11.6.1

(1) According to 11.5.1(6)and (8)(c), £ — v means that £ and v
have an upper bound, which is every record n with Vv < n.
< is transitive and similar statements hold for three argu-
ments as well: &, v, have a least upper bound and that
is given by any n with (£ Vv) vV ¢ < n. For each such
n = [m|l € L], we have £&,v,{ € Proj(n), the order struc-
ture on Proj(n) resembles the C—order structure on P(L)
(i.e. they are isomorph), so that each of the record junctions
\,A,V, V is a projections of n onto the according domain,
which is a result of the according operation \,N,U, V, re-
spectively.

(2) € — v implies Dé vy = 0, so that

@ exv=pr(&Df ;) =pr(&0) =0
(b) Applying the distinct decompositions from 11.5.1(1), we
obtain &/ v = (V) V(Exv)=(EVV)V()=EVo.

(3) Using (1), we are able to translate every record junction
on Proj(n) into a set operation on the junction domains.
And each of the eight statements (a)—(h) corresponds to the
according one of the eight statements in 5.6.5. For example,
for (a) we have

E\N(wAQ)

= pr(n, I\ (JNK))
pr(n,(I\J)U(I\K)) due to 5.6.5(1)
€\ V)V (E\Q)

(4) see 11.5.1(9).

see 11.5.1(10).

N

5

-

11.7 Big junctions

11.7.1 Remark —___ introduction
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‘We will now generalize the binary junctors to their big versions
and introduce \/, A and V. The recipe is given in 11.4.4(2).
The domain of the big junction is the according class operation
on the arguments, but without the incompatible indices, i.e.

junction its domain
VE U dom(¢) | \DZ = D= \DZ =Dz
£€E
AE N dom(¢) | \ DZ
€S
= m fagguen m
Ve (gyido (g)) \Dz =V dom(¢)

Deleting the compatible domain D’E/’ in each case ensures that
the value E(k) of the new record is well defined for each k of
the according domain.

11.7.2  Definition

Given a record class E. For each k € Dz we define

2(k) := sing{&(k)| £ € E,k € dom(&)}

the value of E at k
And so we can introduce

VE = [E(k) | ke Dz ]

the supremum or (big) disjunction of =

AE = { =2(k) |k € <£Q=dom(§)> \DZ ]
the infimum of (big) conjunction of =

Ve = [EWR)|ke Y dom(®) ]

the (big) opposition of =

11.7.3 Example ____ big junctions.

An example record class is

i1 j =2 jr2
- . k—3
= = j—2|,| k—3 s
l— —4
k— 3 l—4
m— 5
with
Dz = Udom(¢) = {i,jk,i,m}
£€E
N dom(§) = {j,k}
£eE
d = 3
Vdom(e) = {i,m}
D = {jl}
Dy = {i k,m}
so that
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11.7.4  Definition
For arbitrary records &1, ...,&, we define

E1V...VE& = V{&,....&n}
AN AN = A&, L&Y

11.7.5 Remark

(1) VE and V= are well-defined for all record classes =. But
A E is well-defined only if & # 0, because ()0 is unde-
fined. Accordingly, &1 A ... A &, exists iff n > 0, while
E1V...VE&, = () for n =0. In 11.9.1 we introduce a useful
mutation of A that is defined on its whole domain.

(2) Definition 11.7.4 is well-defined generalization of the bi-
nary A and V, because 11.7.6(1)(a) £ Vv = \ { v} and
EAv = A{& v} But we need to keep in mind, that paren-
theses are not arbitrary in case of incompatible records, be-
cause the join is not associative.

(3) A similar generalization of the opposition would not be
consistent, because { Vv = \Y% {&, v} is not true in general.
The opposition is nilpotent, not idempotent, so £V = (),

but V {¢,6} =V {¢} =¢.

11.7.6 Lemma

properties of the big junctions______

(1) Generalization: For every two records £ and v
(@ &Vv=V{{v}
®) EAv=A{§ v}

(2) Empty argument class:
@ V0=
) A0 is undefined
@ Vo=

(8) Compatibility: For every record class Z the following
statements are equivalent
(i) Z is compatible
(i) € < VE foreach £ € E
(iii) = has an upper bound
Gv)y DZ =10
(v) E CProj(VE)
(vi) E C Proj(n) for some record n

(4) Order: For every record class Z holds
(@ NESVE
®) VE<LVE

(5) Extrema: For every record class E holds
(a) If 2 # 0 then A E is the greatest lower bound of =
(b) The following statements are equivalent:
(i) Z is compatible
(i) V E is the least upper bound of =




(6) Compatible big junctions as projections: Let n be a
record and E C Proj(n). That means, that E is com-
patible and

(a) VE=pr (77; U dom(g)) = pr (n, D=)

£€E

() ANE=pr (n, N dom(£)>
£eE
(© VE=pr (n, geadom(€)>

(7) Subtraction and distributivity: For a record n and all
= C Proj(n) and v € Proj(n) holds

@ v\AE=V{v\¢|EeE} for all  # )
m) v\VE=A{v\¢|Ee€E} for all E # )
@@ (AE)\v=A{E\v|EEE} for all E # 0

@ (VE)\v=V{{\v|{eE}
@ vAVE=V{vAE|£€E}
# vWVAE=A{vVvE|EeED} for all 2 # 0

11.7.7  Proof of 11.7.6

(1) Generalization: If £ = [§;|¢ € I] and v = [v;|j € J] then
VA{& vt = [E(k)|k € Dig ]
_ [l e kel
- Vg ifkedJ
= &V
AE v} = EM®Ike InNH\DY )]
= pr(& ke InN\DL )

= {Av

ke Dy }

(2) Empty argument class: D(\Z/Jb =0, U{dom(¢) | € € 0} =
V{dom(¢) | ¢ € 0} = § and N{dom(¢) | £ € B} is unde-
fined, so that \/ @ = V0 = () and A @ is undefined.

(3) Compatibility: To proof the mutual equivalence
of all six statements, we wuse the following steps
() (iv)E (i) (v)<e (vi)& (i), which are justified as fol-
lows.

(i) (iv) See 11.3.4.

(v)y&Gi) If DZ = 0 then dom(¢) C Dz = dom(\ E) for
each £ € Z. On the other hand, if Déb # ( then there is
av € E and j € dom(v) with j ¢ D2 = dom(\ E). So
dom(v) ¢ dom(V E), i.e. v £ VE.

(ii)<(v) See 10.3.12(3).

(v)&(vi) Obviously, (v) implies (vi) when n := \/ E. On the
other hand, (vi) is saying that = has an upper bound 7,
so £ < VE < nqforall £ €E, and that is (v).

(vi)&(iii) E has a lower bound 7 iff § < 7 for all £ € E iff

¢ € Proj(n), again according to 10.3.12(3).

(4) Order:
(a) We have

N dom(¢) € U dom(§)
ceE ¢ex=

= () dom(¢)\DZ C |J dom(¢)\ DL
£ £€E

Theory algebras on relations

www.bucephalus.org 69

(b) Similar to (a)we obtain
V{dom(¢) | £ € B} C U{dom(¢) | ¢ € =}
= VE<VyE

(5) Extrema:

(a) Every non—empty = has lower bounds, at least (). Sup-
pose, v = [vj]j € J] is an arbitrary lower bound of Z, so
v < forall £ €8 ie JC (N{dom(§) | £ € E}. Now
if k € D?, there are ¢’,¢"” € = with ¢’ (k) # ¢/ (k). And
k cannot be in J, because otherwise v € ¢ or v £ ¢&”.
So D’Eb N J = 0, in other words, J C N{dom(&) | £ €
=} \Dé’ = dom(A E). Furthermore, v < A E, A E is not
only a lower bound of =, but the unique greatest lower
one.

(b) If E is compatible, Dé =0 and V E = [E(k)|k € Dz].

For every £ € E, dom(¢) C Dz and each ¢ € dom(§),
(i) = E(i), so &€ < VE. But not only is \VE an up-
per bound of E, it also is the unique least upper bound,
because for every upper bound v, the criterion £ < v
for all £ € E would imply that dom(§) C dom(v), i.e.
Dz C dom(v) and thus \VE < v.
On the other hand, if E is incompatible, it has at least
two incompatible members. And we know from 11.5.1(e),
that these two records don’t have an upper bound. So =
cannot have an upper bound, let alone a least one.

(6) Compatible big junctions as projections: Z C 7 means

that £ < n for all £ € E and the compatibility of = is a
trivial consequence. Also, Z(k) = n(k) for all k € D=, and
(a),(b),(c)follow immediately from definition 11.7.2.

v\ AE
pr(n,J) \ pr (n, N dom(E)) due to (6)
(€E

= pr <n7 J\ N dom(€)>
EEE

= pr (n, £LEJT(J \ dom(ﬁ))) see 5.6.5(1)

= V pr(n, J\ dom()) due to (6)(b)
£€E

= V pr(v,J\ dom(¢))

£€E

= V.(v\¢)
LeE

This is a proof for (a) and the other statements (b)—(f) are
proved likewise. The same idea is always, that in case we
operate on Proj(n), the structure on records is isomorph to
the power class structure on the domain of n, P(K). The
record operations behave similar to the according class op-
erations.

11.8 The general record structure

11.8.1 Definition

ReEC = (REC,(, —, <, (), \,A, %, V,V,v/, AV, V)

is the (general) record structure

€=
2(k) E(k)
7 ke Ndom@\DZ | = | ke U dom(e)\ DL
£eE £e=
= AE<LVE

11.8.2 Remark

Definition 11.8.1 combines the relations and junctions on
records into an overall structure. For the type of the oper-
ations in REC holds
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®©0e
D — @ %:REC «s REC () € REC
©<®
O\®
ON®@
85% :REC x REC — REC
OVve
oV e
A® : (P(REC)\ {#}) — REC
V©
. P (REC) — REC
Vo

Recall, that A 0 is not defined in general, so 0 is excluded from
the domain of A in REL.

11.9 The complete boolean algebra
of projections

11.9.1 Definition

For every record n we define

Proj (77) = <P!'0j (U) , <, <>777’ AV, /\a V7'>

the record projection structure of n
where A @ :=mn and -@ :=n\ @ is the complement.

11.9.2 Remark

(1) According to definition 5.8.1 for the usual form of an or-
dinary structure, we should have mentioned P (Proj (n)) as
a second carrier class, because that is the domain of A and
V. But, as it is common for complete boolean algebras (see
e.g. P(C) in 6.2.2), this class is not mentioned explicitely.

(2) Recall 11.7.6(2)(b) and 11.7.5(1), that A turns any record
class = into a single record A E, but it is not defined for
= = (. But when A becomes a part of Proj (n), this gap is
filled with the definition A ® := n. A full definition of this
modified A is given by

P (Proj(n)) — Proj (n)

E—~ A{ntuE)

AD =

(For a proof that this definition does the job, see in the proof
of 11.9.4 under (d).)

(3) In 11.9.4 we will see that Proj (n) is a complete boolean
algebra, for every record n = [n;]i € I]. This is basically
true due to the isomorphy

Proj (n) = PUI)
We illustrate this similarity in the following example 11.9.3.

11.9.3 Example

lattice of projections_—

Take for example the record
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i1
j—2
k+—3
l— 4

Proj(n) contains 2% = 16 subrecords and they are ordered
according to the following Hasse diagram:

N

—
—
—
—

~ T S s

i1
i 2
1 4

TS e
111

This structure is isomorph to the power lattice algebra (see
6.2.4) of a four—element class, i.e. P({1,2,3,4}).

11.9.4 Lemma

PBroj (n) is a complete boolean algebra, for every record
.

11.9.5 Proof of 11.9.4

Suppose, n is given by n = [l € L]. In the sequel, let
v, ¢ € Proj(n) and E C Proj(n).
(a) (Proj(n),<) is a poclass.
<REC7 S} is a poclass, according to 11.1.1, so Proj(n) C
REC together with < is a poclass, too.
(b) () is the least element.
This is true according to 11.5.1(8)(a).
(c) m is the greatest element.
True, because £ < 7, for all £ € Proj(n).
@) A({n}UE) is the greatest lower bound of =.
If = =0, then A({n}UE) = A {n} = n, and 7 is the greatest
lower bound of 7.
On the other hand, if E # 0, then the fact that {n} UZE C
Proj(n) allows us to apply 11.7.6(6)(b) and we obtain

A{ntUE) = pr mLﬁgQ:dom(&))
= pr|n, ﬂdom(f)>
I15=

= AZ
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and A\ E is the greatest lower bound of E for = # 0, accord-
ing to 11.7.6(5)(a).

(e) v A( is the greatest lower bound of v and (.
That is due to 11.7.6(1)(b), saying that vA¢ = A {v, (}, and
N {v, ¢} is the greatest lower bound of v and ¢, as proved
in (Q).

(£) V E is the least upper bound of =.
= is compatible according to 11.7.6(38), thus \/ E is the least
upper bound of E according to 11.7.6(5)(b).

(g) vV ( is the least upper bound of v and (.
vV ¢ = V{v, ¢} according to 11.7.6(1)(a) and due to (g),
that is the least upper bound.

(h) The whole lattice is distributive.
See 11.6.1(5).

(i) -v is the complement of v.
The criteria 7.5.2 of a complement are satisfied:

(-v) Av
= (n\v)Av
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= (mAv)\v due to 11.6.1(3)(g)
=v\v because v < 1, 50 N AU = v
= due to 11.5.1(4)(a)
and
(-v) Vo
= (m\v) Vo
= (mVo)\(v\v) due to 11.6.1(3)(h)
=n\( because v < 1, s0 NV v =7
=7 due to 11.5.1(5)(a)

Alltogether, the poclass (Proj(n),<) is indeed a complete
complemented distributive lattice, i.e. a complete boolean lat-
tice.



Part V

Schemas and their various products

72
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12 Various schema and power products

12.1 Various products

12.1.1 Repetition

Recall from 9.3.1, that a schema is a record X = [X,|i € I],
where each value X; is a class, called the i—th domain.

Furthermore, such an X was in 9.3.3 defined to be called
& proper, if all X; are non—empty

& finite, if I is finite
& completely finite, if I as well as each X; is finite

12.1.2  Definition

For every schema X = [X;|i € I] we define

various products of schemas______

®X = {[zj|lje€ J]|JCIand z; € X; forall j € J}

the star product or
the (general) record class of X,

®X = {[zs|t€I]|x; € X; foralli eI}
the (cartesian) product or
the expanded record class of X,
aX = {['L»—>z] |i€land z € X;}
the coproduct or
disjunct union or
the singular (or literal) record class of X.
12.1.3 Example product

A schema is given by

a — {2}
X = |bw~— {2,3,4}
c+— {5}
We obtain
(),[av—»Z},[bHQ],
[b—3],[b—4],[c—5],
ar— 2 ar— 2 ar— 2
b— 2| |b—3|"|br 4|’
®X =

amr— 2 b— 2 b— 3 b— 4
c— 5| le—=5"|c—5]|" |c—5]"

at— 2 ar— 2 ar— 2
b—2|,|b—3|,|b—4

crH— 5 cr— 5 c— 5

ar— 2 ar 2 ar 2
X = b—2|,|b—3|,|b—4

c—5 c—5 c—5

[an—»?],[b»—»Z},[bH3],
eX =

[b»—>4],[c>—>5}

12.1.4 Lemma

For every schema X = [X;|i € I] holds:
1) X C®X and & X C ®X
(2) Equivalent are:

(@ ®XNOX #0

® X =X =X\ {()}

(c) card(l) =1

3) ®X =U{®Y | Y € Proj(X)}

12.1.5 Proof of 12.1.4

From definition 12.1.2 we derive

®X = {z€®X |dom(z)=1I}

eX = {z € ®X |card(dom(z)) =1}

so that (1) and (2) follow. (8) is true, because

®X = {[zjljeJ]|JCTandz; € X; forall jeJ}
= U A{lzjlseJ]|z; € X; forall je J}
JCrI
= U opr(X,J) = U ev
JCrI Y €Proj(X)
12.1.6 Remark —_____ Record tables
In case a proper schema X = [X;|i € I] is indeed completely
finite, we can represent each of its products by a record table.
The ¢1,...,4, € I form the columns, and each record is a row.

If a record is not defined for a given ¢ € I, the according cell
is left empty. The following example demonstrates the general
idea.

12.1.7 Example — record tables

Consider the last example schema X again. X is proper and
completely finite, and its various products can be represented
by
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a|b|c
2 a|b|c
2 _ 2125
3 ®X = 571375
3 21415
5
2

®X = 213
o214 a|b|c
2 5 2
2|5 X = 2
35 © 3
4[5 3
212[5 5
213[5
2141]5

12.1.8 Repetition

Recall from 5.6.15, that for every class k = {r; | @ € I} of car-
dinal numbers, [[x or [] k; denotes the arithmetic product

i€l
(with result 1 for k = @), and >k or > k; is the arithmetic
i€l
sum (with result 0 for I = 0).
12.1.9 Lemma____ cardinalities

For every schema X = [X;|i € I] holds

card (®X) = []ecard(X;)
i€l

card (®X) = > card(X;)
i€l

12.1.10 Proof of 12.1.9

Suppose, X is completely finite, i.e. I = {i1,...,%,} and
card(Xy) = m; € N for each k € I. Then

i1 — T1 1 € X1,
card(®X) = card
in V> Tn Tn € Xn
= mi-ma-... my
and
card(@X) = card{[i —z]|i€ I,z € X;}

— eard ({ﬂ} w4 {M})
x € X1 Tz € X,

= mi1+me+...+my

where the last step is true, because the n classes {[ix — z] |
x € X} are pairwise disjunct. (Therefore, ®X is also called
the disjunct union of the classes Xj.) So far for the completely
finite X.

If X is not completely finite, we are dealing with arithmetic
sums and products which have infinitely many arguments or
the arguments are infinite themselves. In these cases our
lemma is correct by definition, because Cantor introduced e.g.
the product of transfinite cardinal numbers as the cardinality
of the cartesian product of transfinite classes. But we did not
define transfinite arithmetic and our proof remains incomplete
here.

12.1.11 Remark

cardinalities and special cases
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We emphasize, that 12.1.9 also holds for the following special
cases. Suppose, X = [X;|¢ € I] is a given schema.
(1) If I is empty, then X = () is the empty tuple and so

(a) ®X = {()}. The cardinality card(®X) is 1, which is
also the arithmetic product of zero arguments (i.e. 1 is
the neutral element of []).

(b) ®X = 0, obviously, and
© ®X = {0}

2 If I # 0 and X; = 0, for at least one i € I, then ® X = 0.
In fact, this also holds the other way round.

It is worth to keep these things in mind:

12.1.12  Lemma
For every schema X = [X;|i € I] holds:

(1) ®X = 0 iff X is not proper (i.e. X; = 0 for one i € I)
2 ®X = {()} iff X is empty (i.e. I =0)

12.1.13  Proof of 12.1.12

See 12.1.11.

12.1.14 Lemma

Given a schema X = [X;|i¢ € I]. Then

card(®X) = > [] card(X};)
JCIjET

cardinality of the star product—

12.1.15  Proof of 12.1.14

card(®X)
= card (U{®Y | Y € Proj(X)})

due to 12.1.4(3)
= > card(®Y)
Y eProj(X)
as the cartesian products are pairwise disjunct

> card (®[X;|7 € J])
JCI

> [T card(X}) due to 12.1.9
JCIjes

12.1.16 Remark

In 11.2.2 we defined

Rec (I,0) = {[@U € J]

JCI,
gjeCforall jedJ
‘We can now write this as

®[C|I] = Rec(l,C)

12.2 Various ordinal products

12.2.1 Remark

Recall, that a tuple is just a certain kind of record with a finite
ordinal as index class. In other words,



(1,...,2n) = [zi]t € {1,...,n}]

So, a class tuple (C1,...,Cy) is just a special kind of schema
and the various products ®(Ci,...,Ch), ®(Ci,...,Ch),
and @(Ci,...,Cp) are well-defined. And if we write
®(C1,...,Cp) as C1 X ...x Cy, we obtain the usual cartesian
product of classes. Accordingly, we also introduce a “+” and
“x” notation in analogy to “x”.

12.2.2  Definition
Let n € Nand Cq,...,C, be classes. We define

various ordinal products

Cix---xCp = ,’316’1- = @(C1,...,Cn)
1=

the (ordinal) star product of Cy,...,Cyp
n
Ci X---xXCp := XC; = Q(C1,...,Ch)
=1
the (ordinal or cartesian) product of Cy,...,C,,

Cit: 4Cn = £Ci = ®(C1,...,Cn)

the (ordinal) coproduct of Cq,...,Cp
or disjunct union of Cq,...,C,

12.2.3 Remark

various ordinal products

So, for n € N and classes C1,...,C, we obtain
[z;l7 € J]
Cix---xC, = JCA{1,...,n} and
z; € Cj for each j € J
CyL % xCy _ (xlw-wxn)
1 €Cy,...,xn € Cp
Ci+---+Cp = [
! {ie{l,...,n},meci}

12.2.4 Example ___ ordinal products.

Recall that

({a,b} , {c.d}) = [1H {a,b}]

2 — {c,d}
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so that
0>

[1>—>a],[1>—>b},

[2—c¢],[2—4d],
{a,b} x {c,d} = 1o a 1 b

2isc| |2—c¢c

(1—a] [1=0]

_2»—>d_’_2»—>d_

1—a 1—0

2i»c| |2—c¢c <a’2>
fabhxfeay = {4 =D

1—a 1—b (b, d)

_2»—>d_’_2»—>d_

[1—a],[1~0b],
{a,b} + {c,d} =

12.2.5 Lemma

Given n € N classes C1,...,Chp.
(1) If n =0 then
(@ Cix...xCp ={(}
b)) C1 X ...xCp =10
@ Ci+...+Cr=0
(2) If n =1 then
(@ Crix...xCh={()}U{{c)|ceCi}
®) C1 X...xCph={(c)|ceCr}
@ Ci+...4C,={{c) | ceCi}
3) If n > 1 then
(a) C1 X...xCp, CC1L*...xC)p
) C1+...4C, CCLx...xCy
@ (Ci1+...4C)N(C1 x...xCpr)=10

12.2.6 Proof of 12.2.5

These properties immediately follow from definition 12.2.2.

12.3 Concatenation of tuple classes

12.3.1 Remark

Note, that none of our product definitions is associative. For
our definition of the cartesian product holds (A x B) x C #
AXBxXxC# AXx(BxC). (Ax B) x C is a class of pairs,
A X B x C'is a class of triples. Also, the unary cartesian prod-
uct ®(C) is the class {(c) | ¢ € C}. And that is different to C
itself.

But there is a tradition to define these things differently. Usu-
ally — this is a common habit in formal language theory —
the difference between say the element ¢ and the unary tuple
(c) is neglected, a character *c’ and a string "c" are considered
the same thing. But from a strictly formal point of view or for
a computer programmer, this difference is real. And mathe-
maticians that define cartesian products as associative, are not
really able to define e.g. the set {({a,b),c) | a,b,c € N} with
their formalism.
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We next define the concatenation T which has the particular
property that (A x B)1(C x D) =Ax Bx C x D.

12.3.2  Definition

If Lq,..., L, are classes of tuples, then
Lit...TLp := + L; :=
i=1
{wlTTwnlwl €Li,...,Tn ELn}
the concatenation of Lq,...,L,.

12.3.3 Lemma

(1) For tuple classes L4, ..., L, we have
(a) LlTTLnZ{O}fOI‘n:O
) Lif...tLy,=L; forn=1

@) (P(C*),{{},1) is a monoid, for every class C, in the
sense that

@ @Ot® :P(C") xP(C") — P(C™) is associative
) {()} is the neutral element for @ t @
(3) For n € N classes Cy,...,C, and 0 < ¢ < n holds

(a) C'1><...><Cn:(01>< ‘XC,‘)T(C,'+1><...><C,«L)
) C1X...XCph # (C1 X ... X Ci)X(Cig1 X ...x Cy)

12.3.4  Proof of 12.3.3

In 10.5.1 we defined

() ifn=0

e den = {ElT(EzT»-»TEn) clse

We apply this definition and obtain:
(1) For tuple classes Li,..., Ly,

(a) n=01implies L1 t ... 1L, = {{) | }
(b) n=1implies L1 ... 1L, ={& () | & € L1} =L,
(2) fL,L",L" € P(C*) then
(a) @ t @ is associative, because:
LY TL) = {61(€1€") |€€L,& el ¢ €L}
{etehte")leeL, g el el”})
(LiLytL”

) {()} is the neutral element of @ t @, because Lt{()} =
{10 1§eL}t="Land {()} L =L, too.

3) For every i € {0,1,...,n} we have

(Clx..‘xCi)T(CHl><.‘,><Cn)

{{z1,. - zi) T (wig1, .o xn) |21 € Cr, .o ymn € Cn}

{{z1,...,zi, Tig1,. .., xn) |21 €C1, ..., € Cp}
= Ci x...xC,

and
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(C1 X ...xC;) X (Cig1 X ...xCh)

= {<<$1,~-~,$i>,<ﬂ?i+1,..-,$n>> Iajl €C1,...,Tn ec’n}
# {{z1,..., 2, Tig1,...,2n) |21 €C1,...,2n € Cp}
= C1 X...xChp

12.4 Distributivity

12.4.1 Remark distributivity.

The distributivity of the various products with class operations
is e.g. saying that

a — {2} a — {2} a — {2}
@b {2,3}n{3,4} | = ®|b— {2,3} | N® | b {3,4}
¢ — {5} c— {5} c— {5}

or more general and intuitive
® | k— CND = ®|k—C|N®|k+— D

Similar statements hold for ® and @ instead of ®, and U, (N, N,
and partially for \ instead of N.

We obtain an elegant formal expression of these distributivity
laws when we apply the updater y/ definied in . Recall, that
for a given schema X = [X;|i € I], an identifier k and a class
C holds

X; ifi#tk

X/ [k— C]=[Xili e TU{k}] where Xi::{c ifi=k

(Note, that it doesn’t matter if k is a member of I or not.) A
proper form for the previous distributivity law is then

®©XV[k—=CnD]) = @XV[k—=C)NA XV [k~ D)

12.4.2 Example

distributivity over intersections.

a— {1}
®[bH{2,3}m{3,4}]

{aH{u}
b— {3}
Va1, b 3], k:;”

®
[ [a’_’l] <>7[a’_’1]7

b—2],b+— 3], b 3],[b+— 4],

ar—1 aHl ar—1 ar—1
br—>2 bHS b—3| |br—4

_ a»—»{l} a— {1}
= @ b.—»{23}}ﬂ®{b»—>{3,4}}
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and

a— {1} :|
b— {2,3} N {3,4}

Il
® — ®

and

-ar—>{1}
@ _bH{z,g}m{s,zx}}

_bn—»{?)}
= {la—1],[b+— 3]}

_ @_GH{I}]

= {[aHl],[bH2],[br—>3]}ﬂ{[a»—»l],[bn—»S],[b»—»él]}

o _ab—>{1} aw— {1}
= @ _bH{z,S}] n ®[bH{3,4}]

12.4.3 Lemma _ distributivity.

Let X = [X;|i € I] be a schema and k an identifier.
(1) For every schema [C}|j € J] with J # @ holds

() ®<X\/ k HC}> N ® XV [k— C5])

JjEJ JEJ

=N & XV [k~ C))

JjeJ

(b) €B<X\/ k— ﬂC:|

jeJ >

(c)@(X\/ k— N Cj ) N ® (X [k— Cj])
L jed | Jj€J

(2) For every schema [C;|j € J] holds

U @ XV [k~ C5])

JjEJ jE€JT

(2 ®<X\/ k= U Cj
and if J # 0 then

(b) eB(X\/ k— U Cj

Jj€Jd

l)-
})-

U @ (X [k C))
JjeJ

() ®<X\/ k— ch]) = U & XV [k~ Cj])

JjeEJ JEJ

(3) For every two classes C7 and C32 holds

® (X [k— C1\ C2])

= XV [k= Ci)\ @ (XV [k — C2])

12.4.4  Proof of 12.4.3

Given the schema X = [X;|i € I] and the identifier k (which
may or may not be a member of I). We put

I:=T1U{k} I:=1\{k} X :=pr(X,I)

so that, for every class C,
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X[k Cl] = XV[ke C]

(1) Now we also have a given schema [C}|j € J] with J # 0.
‘We put

C = ﬂ Cj
jeJ
X = X[k~ C]
= XV[k—C]

I R PO X
c ifi=k

and for each j € J we put

ief}

o; = Xy [k O

= XV[kwe Oy
_ X, ifi#s|. -
- i
{’H{cj ifi=g '€ ]

With these notations our original statements now become

@ X =N ®a;

jeJ

® X =N ®o;
jeJ

© ®X = ®o;
JEJ

and their proof is as follows
®X

[eli € 1] zr € ({Cy |5 € J}

{ [zili € 1]

x; € X; fori €I, }

z; € X; foriel,
r €C;

= ﬂ
JEJ

X
={li—z]|iel,ze X}
= @X UB[k— C]

= ®XU N &k~ Cj]
jeJ

= N (@Xuelk~ Cj))
JjEJ

= N & (X Vik—Cy])
JjEJ

= N &o;
JjEJ

For a proof of (c)let us first note, that for each L C f, exactly
one of the following two situations is the case:

(i) k ¢ L and that implies
pr(X’,L):pr(X’,L):pr(aj,L) for each j € J
so that
opr (X,L) = ®pr(o;,L) = N @pr(o;,L)
Jj€J

because J # @ and ®pr (o, L) is the same for each j € J.

(ii) k € L and that implies
pr (XL) = pr (X,L\{k}) V[k— C]

pr (X’,L\{k}) v |:k>—>j@JC{|

so that



Rpr (X, L)

® (p!‘ (X L\ {k}) v [/@ - QJC,-D

z; € X forl #k
= [z1|l € L] zr € NG

j€J
_ ﬂ [wl\leL] a:zEleOI‘l;ék
jeJ zy € Cj
= () ®pr(o; L)
jEJ

So anyway, for every L C I we have
Rpr (X,L) = ) ®pr(o;, L)
JjeJ

and thus we obtain the following derivation for (c)
@®X

= ® pr (X7L) due to 12.1.4
LCT
= U N ®pr(o;, L)
LCiied
_ [zl € L] z; € X, for l € L\ {k}
fieJ x; € Cj for | € {k}

Lc
LCi
— [z:]l € L] z; € X, forl € L\ {k}
z; € (N Cy for l € {k}
jeJ

xz; € Cj for | € {k}

T € Xy forlEL\{k:}}

U { [zl € L]
JLci

U r(a_ivL)
LCT

® due to 12.1.4, again

(2) Again, we have a given schema [C;|j € J] and this time
we put

¢ = UCg
jeJ
X = X[k~ C]
= XV]k—C]
_ ) X; ifi#Ek |, -
= |:zn—>{c Fiek ZEI:|
and for each j € J we put
o) = Xy [k Oyl
= XV[k— Cj]

Cx, ifi#]

= 7 — X g

Cc; ifi=j

With these notations our statements are

@ @X=U ®o0;
JjEJ

ief}

That is proven similar to (1)(a):
®X

. ; € X; foriel

= Qlmilieny| TSR ST

e € UG |5 €0}

.|y € Xy foriel,
U [z;|i € I]
JeEJ

k € Cj
= U ®og;
JET
() If J# 0 then 8X = U & o;.
That is true because e

®RX
={[i—z]|iel,zecX;}

_ [i— z] U [k —z]
ielweX; zeC
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Il
.
m
< .
R ——~M

= U ®EXV[k—05))
JjeJ

= U ®og;
jeJ

(e) If J # 0 then ®X = U ®oj.
jeJ
Similar to the reasoning for the proof of (1)(c), let us note
that for each L C I we have

(i) either k & L, so that
r(X,L):pr(X,L):pr(aj,L) for each j € J

and thus
Rpr (X, L) = ®pr(o;,L) foreachjeJ
= U ®pr(o;,L) because J #0
i€J
(ii) or k € L, so that
r(X,L) = pr (X,L\{k}) v [k — O]
r(X,L\{k}) v {kH Uc]

jeJ

so that
Rpr (X,L) = ® <pr (X,L\{k}) i |:k — ngC’j:|>
z; € X for l #k
= [Il‘l S L] Tk € U Cj

JEJ
{ [z:|l € L]

z; € X forl #k
wkECj
= U T(O’j,L)
JjEJ

So anyway, for every L C I holds
@pr(X.L) = U @pr(o;,L)
jeJ

Using that in the derivation for (c) gives us
®X

U ®pr (X’, L) due to 12.1.4
LCT

U U ®pr(oy;, L)

LCliicJd

= U U @®pr(o; L)

jeJ LCi

= U ®o0j due to 12.1.4, again
jeJ

(3) Finally, we take any two classes C; and Cs and obtain

®(XV [k C1\C2])

. {[zHlEi] iGXiforief,}

$k€cl\02
[z i€ 1] [z i€ )
= i€ X;foriel, p\ i€ X; foriel,
z, € C1 z, € C1

= ®(XV[k— D\ ® (XY [k Cal)

12.4.5 Remark and example __distributivity over differences__

Note, that there is neither a statement
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®X =®X[k— C1]\ ®X Y [k — C2]
nor
DX =X [k— C1]\®XV [k~ C2]

in 12.4.3(3), because that would be false in general. Let us
illustrate that with an example, similar to the one in 12.4.2.

The cartesian product is distributive:

a— {1} :|
b— {2,3}\ {3,4}

But that neither holds for the star product

®

|:ar—>{1} :|
b— {2,3}\ {3,4}

a»—»{l}:|
b— {2}

(),[an—>1],[bn—>2],|:::;:|}

ar—1
b2
(O, la— 1], (), [a— 1],

b 2],[b— 3],
\

ar— 1 ar—1 a1 ar—1

b—2| | b—3 b—3| |b—4

_ a— {1} a— {1}

- ®{bH{2,3}:|\®|:bH{3,4}]

nor for the coproduct

[b—3],[b— 4],

*
—— N ®

T

1

L)

r;|

a— {1}
®[bH{2,3}\{3,4}}

a— {1}
@[bH{2}:|
{[a»—»l],[b»—»Q]}

{[bHZ]}
= {[a»—»l],[b»—>2],[b»—>3]}\{[a|—>1],[b»—>3],[b»—>4]}

ar {1} ar {1}
@a[bH{z,s}] \@{bH{sA}}

RN

12.5 Power products
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12.5.1  Definition

power products.

For all classes C and I, where at least one of the two is
non—empty, we define

it el
ol = gon=qzlied
z, € Cforalliel

the I-th power (product) of C.
For every every non—empty class C' and all n € N we define

cr = ®<C\n>:{<x1"">$n> }

z, €Cfori=1,...,n

the n—th power (product) of C or
the n—tuple class on C.
And for every non—empty class C, we define

(@l :— UC":{<I1""a$n> }

neN neNViel. .z, €C

the Kleene closure or
the tuple class on C.

12.5.2 Remark

‘We have the following special cases:
1) I=0and C #0. Then Cf = {()}, i.e. the power product
is made of one element, the empty tuple.

(2 I#0and C =0. Then CT = 0.

power products with empty classes

Now if I = C = 0, both these cases would apply and result
in an impossible situation. Therefore, I = C = () is excluded
from the definition of C?.

12.5.3 Example

power product_

|:cn—>a:| |:c>—>b:|
d—a |’ |d—al’
{a’b}{c,d}
c—a c—b
d—b | |d—b
{a,b}> = {(a,a), (b, a),(a,b), (b, )}
0,
(ara) bra) 1), ()
{a,b}" = (a,a:a}:(b:a,;t},2(1,2),117),7 s

12.5.4 Remark

Usually, the expression Ct for two classes C and I is defined
to be the class of all functions with domain I and codomain
C, ie.

¢l = {f|f:1—C}
In our design however, this is actually
c¢l:={f: I — D|DCC and f is surjective}

But there is an obvious bijection between these two function
classes and usually no context in practice, where this difference
in definition becomes significant. So we will allow to consider
our slightly modified definition as conform with the common
standard.
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The notation C! is tradition in mathematics. Most likely it
is again motivated by the following statement about its cardi-
nalities in an attempt to merge set theory and arithmetic.

12.5.5 Remark

_ cardinality of power products_____

For all classes C' and I holds

_  www.bucephalus.org 80

card(C!) = card(C)card(D)

where the right hand side denotes the power operation of (pos-
sibly infinite) cardinal numbers. Note that this correspondence
even holds for the case C = I = (), since neither ?? nor 0° are
defined.

In particular, the case I = {1,...,n} for some n € N and C
non—empty makes

card(C") = (card(C))"



13 Digressions

13.0.6 Introduction

In the first of the two following digressions we generalize the
binary product and coproduct definition towards a “product
construction” and “coproduct construction”. This kind of ab-
straction is often done in category theory, for example. Our
definitions depart slightly from the standard ones, but we will
find that the differences are insignificant. In other words, our
binary product (as defined in 12.2.2) is a proper product con-
struction, and our coproduct (defined in 12.2.2 as well) is a
proper coproduct construction.

In the second digression in subsection 13.2, we introduce a
practical application for schema coproducts: the definition of
formal languages or data structures.

13.1 Digression: Product and co-
product constructions

13.1.1  Definition

Given two classes A and B.

(1) A (binary) (cartesian) product construction for A and

B comprises

(i) P the so—called product class

(ii) p1: P — A the first projector

(iii) p2 : P — B the second projector

(iv) @ @ : Ax B — P the constructor

such that
(a) pi(a-b)=aforalla € Aandbe B
(b) pa(a-b)=0bforalla € Aandbe B

(2) A (binary) coproduct construction for A and B com-

prises

(i) S the so—called coproduct class (or sum or disjunct
ungion)

(ii) 41 : A — S the first injector

(iii) i2 : B — S the second injector

(v) 6 : S — (({1} x A) W ({2} x B)) the deconstruc-
tor

such that

(a) d(i1(a)) =(1,a) foralla € A

(b) 6(i2(b)) = (2,b) for all b € B

13.1.2 Remark

(i) In category theory and other mathematical branches, a
“product” usually is defined as the combination of P, p;
and p2, the “constructor” is not mentioned explicitely.
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Similarly, a “coproduct” is made of P, 71 and i2. A “decon-
structor” is absent.

(ii) The default product construction is the one, where the
constructor is the identity (see ?77).
Similarly, the most common coproduct construction is the
one where the deconstructor is the identity (see 13.1.5).

(iii) A “good” product and coproduct construction usually
have the additional property, that they motivate the product
and sum of cardinal numbers, respectively. More precisely,
if A and B are given classes and P and S are their product
and coproduct classes, then card (P) = card (A) - card (B)
and card (S) = card (A) +card (B). One way to character-
ize such a “good” product or coproduct is to demand that
the constructor or deconstructor must be a bijection.

13.1.3 Example

The default product construction of given classes A and B is

the ordinary cartesian product itself, i.e.?®
(i) A X B is the product class,

(i) @(1): Ax B — A is the first and
(i) @(2) : A x B — B is the second projection.

(iv) The constructor is of course the identity function on Ax B.

13.1.4 Example

The ordinary cartesian product is based on the tuple concept;
but there is also a set version.?”For given classes A and B their
Kuratowski product construction comprises:

@) P:={{{a},{a,b}} | a € A, b€ B} is the product class
(i) p1(m) :=sing ((m) for each w € P is the first projection.

So, p1({{a},{a,b}}) = sing ({a}) = a.

(iii) p2(m) := sing (Vﬂ') for each m € P is the second projec-

tion.

b507 p2({{a},{a,b}}) = sing ({a} V {a,b}) = sing ({0}) =

@(v) a-b:={{a},{a,b}} for a € A and b € B is the construc-
tor

13.1.5 Example

The default coproduct construction for given A and B puts

i) S:= ({1} x A) W ({2} x B) as the coproduct class
i) i1(a) := (1,a) for each a € A is the first injection
(iii) 42(b) := (2, a) for each b € B is the second injection
(iv) d(n,z) := (n,z) is the deconstructor

13.1.6 Example

28Recall 5.4.1, that (a,b)(1) = a and (a, b)(2) = b for arbitrary pairs (a, b).
29 Recall 5.6.13, that sing (C) denotes the unique member of a singleton C; and 5.6.6, that VK is opposition of a class family IC; in

particular V {C1,Ca} = C; VCs = (C1 \ C2) U (C2 \ C1).
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The binary version of our coproduct definition in 12.2.2 is a

coproduct contruction in the sense of 13.1.1. For two given

classes A and B we put
S:=A+B={[1l—al]|la€ AW {[2— b]|be€ B} as the
coproduct class

(ii) i1(a) :=[1+ a] for all a € A is the first injection

(iii) 2(b) :=[2+ b] for all b € B is the first injection

(iv) 6([n — z]) := (n,x) for all [n — x] € S is the decon-
structor.

13.2 Digression: Datastructures
and formal languages as co-
products of schemas

13.2.1 Introduction

Often in mathematics and metamathematics, we need to de-
fine formal languages. In computer science, these expression
classes are often called data structures. °°

Suppose, we want to define “(simple) arithmetic terms”. This
term class Arith is a formal language and should contain ex-
pressions like

[0+ [[[0+1]+0]+1]]

i.e. expressions that start with zero and wunit and allow more
complex constructions by means of addition and multiplica-
tion, embraced by square brackets.

We already discussed the mathematical nature of expressions
in 5.2, where we emphasized (5.2.3(2)) that expressions are ac-
tually parse trees and the example above is just a camouflage
for something like

[©+

7

Ne/ @

/8\e/ 8

0
/ON\3

We are going to introduce a convenient and elegant “coprod-
uct definition” for data structures in general. For Arith such
a definition is given in 13.2.4. But before that, let us start
with a “vulgar definition” for Arith in 13.2.2.

13.2.2 — wvulgar definition of arithmetic terms,

The arithmetic term class Arith is defined to be the smallest
class containing the following expressions:

(1) 0 (zero)
(2) 1 (unit)
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3) [£+v] for all £,v € Arith (addition)

@) [€xv] for all £, v € Arith (multiplication)

13.2.3 Remark

The arithmetic term class is a union of four disjunct classes

Arith:{O}&J{i}&J{[£+U] }&J{[gyﬂv] }

&, v € Arith &, v € Arith
Even more so — and that is essential for data structures
in computer programs — we can immediately “see” for each

arithmetic term, to which of the four classes it belongs. Our
example arithmetic term in 13.2.1 is an addition term, because
“@ + @7 is the root of parse tree.

This is a characteristic property of data structures compare
to other classes in general: each element is a transparent con-
struction; either a primitive one, like 0, or a more complex
one like [£ * v]. And the complex one is a combination of an
operator symbol or constructor “[ @ * (@ ]|’ and an argument
tuple, in this case “(£,v)”. And since “[£ % v]” is in fact just
the linear representation for the tree node

(@ + @]

the mathematical formalization would be more appropriately
something like a constructor—arguments pair

O *@1,(&v)”

or a singular record

MNO*x@]=(&u]”
We take this record representation “[[ @ * @ ] — (&, v)]” as
the general form of expressions, i.e. elements of data struc-
tures. And similar to the definition of “constants” as “func-
tions with zero arguments”, we can also subsume primitive

expressions under this form and represent “0” by “[0 +— ()]”.

Applying this approach to Arith, we now obtain the following
disjunct union

Arith = {[0— ()]}w
{lt—0hw
{lIO+ @] (&v)]| & v € Arith } w
{llO* @]~ (&v)]]& v € Arith }

And since

{lo—=0n elo—{(}]

{lt—=01} = &lt—{0}]

[O+®@]— (0]
§,v € Arith

[@*@]= (& v)]
&, v € Arith

®[[D + @] — Arith?]

®[[@ * @] — Arith?]

30" We only think of formal languages as context—free languages. There is of course a more general notion, as any standard book on

formal languages tells us. But the syntax of most mathematical formalisms or computer languages is indeed definable by a context—{ree

grammar.
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with Arith? = Arith x Arith as defined in 12.5.1, we obtain
Arith = @[0o— {()}]w
Bl1—{(}wv
[[® + @] — Arith® | v
@[[® * @] — Arith?]
0 {0}
1= {0}

[@ + @] — Arith?
[@ * @] — Arith?

S

And that is the final version of the following “coproduct def-
inition” of arithmetic terms.

13.2.4 _ coproduct definition of arithmetic terms________

The arithmetic term class is defined as

0~ {0}

1—{(0}
[® + ®] — Arith?
[@ * @] — Arith?

Arith = &

13.2.5 Remark

As a second example for the definition of an expression class,
let us consider the definition of propositional formulas. If a
given class A contains a and b, an example of such a proposi-
tional formula on A shall be given by

“[~aA[OVa[0V1]Va]ALAD]

These kind of expressions are covered by the following defini-
tion.

13.2.6

For every class A of identifiers we define

Coproduct definition of propositional formulas_—_

0—{()}
1— {0}
O~ A
=@ +— Form (A)
[OA...AN @]+~ Form (A)*
[®OV...V®]+— Form(A)*

Form (A) := @
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the propositional formula class on A.

13.2.7 Remark

This definition of Form (A) is another example of a schema
coproduct definition. It is recursive, as it is typical for many
data structures, but that does not cause a problem whatsoever.
And again, the whole class is a disjunct union of six different
kinds of constructions: the zero bit, the unit bit, the atomic
formula, the negation, the conjunction and the disjunction,
respectively.

Once again, there is a precise tree form and a convenient writ-

ten version of each construction:

& Each zero bit formula from @[0 — {()}] has the precise
form [0 — ()], which is simply written “0”, as usual.

& Each negation formula, each element from ®[-Q@© +—
Form (A)] has the precise form [-@® ~ ¢], for some

« 9

¢ € Form (A), and the usual written representation “—¢

& Each conjunction formula from G[[O A ... AN @] —
Form (A)*] has the actual form [[OQ A ... A @] —
(p1,...,¢n)], for some (p1,...,pn) € Form (A)*, and is

usually written as “[¢o1 A ... Ay ],

& Each atomic formula is an element of [ @ +— A]. Accord-
ingly, an atomic formula has the form [ @ +— a], for some
a € A, but it is usually written as “a” itself.

13.2.8 Example

Alltogether, a propositional formula like =[a A 0] has the ac-
tual form

(O~ [[OAN@]—~([® —al,[0~(D]]

which is the formalization of the tree

[@A@]




14 Order structures on schemas

14.1 The operations

14.1.1 Definition

Theory algebras on relations

www.bucephalus.org 84

14.2 The included schema class

14.2.1 Definition

If X = [X;|i € I] is a schema, then

Incl(X) := {[Yili € I]|Y; C X, for all i € I}

is the included schema class or inclusions of X.

For two schemas X = [X;|i € I] and Y = [Y;]¢ € I] with
identical index class I we define

XCY :iff X; CY;foralliel inclusion

14.2.2 Example

Taking the schema

XZY :iff X; ZY; for some i € I

XNnY := [X;NnY;lie€l] intersection
XUY = [X;UY;liel] union
X\Y = [X;\Yili €] difference

For every non-empty class ) of schemas, where all mem-
bers have the same index class I, we define

NY = NY = [N{Yi|YeY}|iel]
Yey
the (big) intersection of Y
Uy = UY =[UMilYed}|iel]
Yey
the (big) union of Y
14.1.2 Remark

p {a, b}
X=|q—0
r— {a}
then
p—0 p— {a} p {b}
q—0|,|qg—0 s ga—0
rr—>0 TH@ TH@
p+ {a, b} p—0 pr{a}
Incl(X) = g—0 v g—0 | a—9
=0 ri—{a} ri—{a}
p+— {b} p— {a,b}
g0 i a—0
r— {a} r— {a}

Note, that (Y is defined iff Y # 0.

14.1.3 Example

Given two schemas

p— {a,b,c} p — {a,b}
X=|q—0 Y =|q~— {a,b}
r+— {a} r — {a, b}

with the same index class I = {p,q,r}. Then

XZY and YZX

and
p — {a,b} p— {a,b,c}
XNY=|q— 10 XUY =|q+ {a,b}
r— {a} r — {a, b}
p — {c} p—0
X\Y=|qg— 0 Y\X=|qwr~ {a,b}
r— 0 r — {b}

14.3 The boolean algebra of inclu-
sions

14.3.1 Definition

The inclusion algebra of a given schema X = [X;|i € I] is
defined as
Jnel(X) := (Incl(X),C,[0|1],X,n,U,N,U,C)

where [ is defined on its whole domain P (Incl (X)) by

putting (0 := X and Y := X \Y is the complement of
every Y € Incl (X).

14.3.2 Theorem

Jncl (X) is a complete boolean algebra, for every schema

14.3.3  Proof of 14.3.2

Let W,Y, Z € Incl(X), then



(@ (W CY and Y C Z) implies (W, C Y; C
i € I) implies (W; C Z; for all © € I) implies W
transitive.

(b) W C W, because W; C W; for all + € I. C is reflexive.

() (W CY and Y C W) implies (W; = Y; for all i € I)
implies W =Y. C is antisymmetric.

Z,; for all
CZ. Cis

Altogether, C is a (partial) order relation on Incl(X). Fur-

thermore

(@) [0|/I] C W, because 0 C W, for all i € I. [@|I] is the least
element.

(e) W C X, because W; C X; for all ¢ € I. X is the greatest
element.

For every Y C Incl(X)

# NY CY for every Y € Y. And for every Z € Incl(X)
holds: If Z C Y for all Y € Y, then Z; C ({Y; | Y € YV}
for all ¢ € I, and so Z C (Y. In other words, (Y is the
greatest lower bound of Y.

(g) U is the least upper bound of Y, similar to (f).

Thereis @ N @ =N{®, @} and QU =U{D, @}. So

far, we have a complete lattice, which is distributive, because

the underlying class algebra is distributive. And finally, for

every Y € Incl(X) we have

m CY)nY = (X\Y)NY = [#|I] and (CY)UY = (X\Y)UY =
X. That makes C the complement operator.

That completes the proof.
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14.3.4 Example

If we take the schema X again from the previous example
14.2.2, the order diagram of the complete boolean lattice on
Incl(X) is

p— {a,b}
q—0
r— {a}
p+— {a} p+— {b} p+—{a,b}
q—0 q—0 q—0
r— {a} r— {a} r—
p—0 p—{a} p— {b}
q—0 q—0 g0
r— {a} r—0 r—0
p—0
q—0

r— 0
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15 Schemas and graphs

15.1 Schemas of record classes

15.1.1  Definition

Let E be a class of records. We define

Q(E) := U{dom(¢) | £ € E}

the attribute class of =
dom, (E) := {{(a)|& € E,a € dom(¢)}
the a—domain of Z, for each a € @(Z)
x(2) = [dom,(Z)|a € Q)]

the schema of =

15.1.2 Example

Theory algebras on relations

Given the record class

b— 3 d 1 d— 2
then
QE) = PU{a, b} U{a}U{a,b,d} U {a,d}
= {a,b,d}
dom,(E) = {2,4,5}

dom,(E) = {3,7}

domy(E) = {1,2}

a— {2,4,5}
b— {3,7}
d — {1,2}

X
[x
I

Note, that x(E) is proper and E C ®x(Z).

15.1.3 Remark

Table construction

Consider the record class = from the previous example 15.1.2
again. The construction of its schema can be done with a ta-
ble. First, list each record of = as a row in a table, the tables
head row is the attribute class. We obtain

www.bucephalus.org 87

N O Ot

Next, combine the entries of each column as a separate class.

a | b [ 4|
5 3

1

5 7

2 2

[{2,4,5} [(38, 7} [{1,2}]

The schema of E is finally given by
a— {2,4,5}

x(EB)= | b~ {3,7}
d— {1,2}

15.1.4 Lemma

(1) x(8) is a proper schema, for every record class =.
2) E C ®x(E), for every record class E.
(8) For every schema X holds
(a) x(®X) =X
(b) x(®X) =X
And if X is proper, then
() x(®X) =X
(4) For every schema X and record class E holds:
EC®X iff x(E)C pr(X,dom(X)NQ(E))

15.1.5 Proof of 15.1.4

(1) Obviously, x(E) is a well defined schema. If Q(E) =
then x(E) = (), which is a proper schema. If Q(E) #
then for every a € @(E) holds: dom,(2) = {&(«) | &
2, € Q(E)} # 0. So in every case, x(E) is proper.

(2) According to definition 15.1.1 and 12.1.2 we have

@x(E) = ®[doma(E)|a € @(E)]
-~ w J C @Q(E) and
= ®{[5’|JEJ] ¢; € dom; () forallje.]}

So let v = [v;j|j € J]. Q(E) = U{dom(§) | £ € &} implies

J C @(2). And for each j € J, dom;(E) = {£(j) | € €

=Z,j € dom(¢)} implies v; € dom;(E). Thus v € ®x(E).
3) Let X = [X;|i € I] be the given schema.

(a) For the schema of its star product holds:
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ox — {1&li€J]
JCI & eX,foralljeJ

a@X) = UJ|JCIy=1
dom;(®X) = {& | &€ ®X,i € dom(£)}
= X; for each 7 € I
x(®X) = [Xsliel]=X

(b) For the schema of the coproduct holds:

OX = {LHE] }
i€LE€X;

Qex) = U{iliely =1

dom;(®X) = {¢|[im¢&] € ®X)
= X; for each 1 € T
x(®X) = [Xiliel]=X

(¢) And if X is proper, then

®X = {[&liel]|& € X; forallie I}

# 0 (see 12.1.12)
Q@(®X) = U{dom({) | € ®X}
=1 (because X # ()
dom;(®X) = {&|&€®X}
= X; for each i € T
x(®@X) = [Xiliell=X
(4) Let X = [X;]i € I] be the given schema and x(E) =
[Y;lj € J] = Y the schema of the given record class =.

‘We need to show that
EC®X Y Cpr(X,INJ)
‘We proof this equivalence in both directions:

(a) Suppose, = C ®X. That means, that for every £ € E,
dom(¢) C J and £(j) € E; for all j € dom(§). J :=
Utdom() | & € Z} implies J C I'and Y; = {£(j)
¢ € 5,5 € dom(§)} implies Y; C X, for all j € J. So
Y Cpr(X,INJ).

(b) On the other hand, suppose Y C pr(X,INJ). Then
J=1INnJ,ie JCI. £€Eimpliesdom(¢() CJ C 1T and
j € J implies £(j) CY; C X;. Thus E C ®X.

15.2 Graphs

15.2.1 Definition

A record class E is also called a graph. More specifically,
we call E a

(1) star graph, Kleene graph, general graph or
quasi-relation graph, if 2 C ®X for some schema
X

(2) cartesian graph, expanded graph or relation graph, if
= C ®X for some schema X

(8) cograph or singular graph, if 2 C @ X for some schema

15.2.2 Example

Let us take the record class = from example 15.1.2 again
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5 @5 2

_— a — a —

- <>7|:bn—>3:|7|:a}_)4}7 b= 7 7[d»—>2:|
d— 1

(1) E certainly is a star graph, because with 15.1.4(2)we can
derive
a— {2,4,5}
EC®x(E)=® | b— {3,7}
dw— {1,2}
(2) E is certainly not a cartesian graph. The members of =
have different domains: 0, {a,b}, {a}, {a,b,d}, {a,d}. But
for every cartesian product, they would have to be identical.

(3) E is coproduct neither. Therefore, every of its members
would have to be a singular record, i.e. with exactly one
index. But one [a — 4] is actually singular, the others are
not.

15.2.3 Lemma

Every record class E is

(1) a star graph

(2) a cartesian graph iff 2 C @x(E)

(3) a cartesian graph iff dom(¢) = dom(v) for all £, v € E
(4) a cograph iff 2 C dx(E)

(5) a cograph iff card(dom(&)) =1 for all £ € E

15.2.4  Proof of 15.2.3

(1) Each record class = has a schema X such that 2 C ®X,

namely X := x(E). = C ®x(Z2) holds, according to
15.1.4(2).
(2) In case £ = 0, = is a cartesian graph and E C {{)} =

®(() = ®x(5).
Otherwise, E # (), and then

Z is a cartesian graph

E
I

= C ®X for some schema X

=
[r

2 CA{[zili €] | x; € X; foralli € T}
for some schema X = [X,|i € I]

iff 2 C {[zi]i € QE)] | z; € X; for all i € Q(E)}
for some schema X = [X;|i € Q(E)]

ifft ECexE) CeX
for some schema X = [X;|i € Q(E)]

if EC ®x(E)

So in every case, Z is a cartesian graph iff E C ®x(E).

(8) If 2 is a cartesian graph, then dom(§) = dom(v) = Q(E),
for all £,v € E (regardless, if Z is empty or not). On the
other hand, if dom(¢) = dom(v) for all £,v € E, then
£ € @x(E) for all £ € E, and E is a cartesian graph accord-
ing to (2).

(4) For every record class = holds
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is a cograph

(1

[1

C @ X for some schema X
EC{[i—w]|i€l,z; €X;}

for some schema X = [X;|i € I]
EC{[i—=i]|i€QE),x; €dom;(E)}

= C ox(E)

89

www.bucephalus.org

(5) If 2 is a cograph, then every member has the form
i— x; |, i.e. card(dom(§)) = 1. On the other hand,
if card(dom(¢)) = 1 is the case, then £ € @®x(E), i.e.

= C ®x(E), so that E is a cograph according to (4).

—
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16 Partitions and distinct products

16.0.5 Repetition

(1) Recall (10.3.2 and 10.3.4), that we call two records £ =
[&]i € I and v = [v;]|j € J] distinct, written & § v , iff
INJ=0. In case they are distinct, their distinct join

. . &k ifkel
EVuv = {kH{uk ifkeJ

k:EIUJ]

is well-defined (according to 10.4.1). And more general,
a class E of records is (pairwise) distinct, if € {§ v for all

&,v € E with £ # v. And in that case, its distinct join
v E is well-defined
(2) Recall 9.1.1, that a “record-record” is a record
p=lprlk € K] = [[pr|l € Li]|k € K]
l € Ly] is a record itself.

where every pr = [pr,1
So a special record-record is a schema record

o = [orlk € K] = [[ok,1|l € Li]|k € K]
where each o) = [0k,1|l € Li] is a schema.

(3) Recall 15.2.1, that a record class = is also called a graph.

16.1 Class partition (record)

16.1.1  Definition

A class partition (record) is a schema P = [Pylk € K],
such that

P;NP; =0 forall 4,5 € K with i # j
P is also called a class partition of C, where C is the class
defined by

C:=U{Pr | k€ K}
Furthermore, P is called a proper class partition, if P is a
proper schema.

16.1.2 Remark and example _________ class partitions.

Let C = {1,2,3,4,5,6}. Usually in mathematics, a partition
of C is a distribution of C’s members into mutually disjunct
subclasses, e.g. {{1,3},{2,4,5},{6}}. We use the same idea
here, except that each subclass in a partition is indexed, i.e. a
class partition (record) of C is a schema, say

a — {1,3}
P=|b— {2,4,5)
¢ — {6}

or with an alternative index class
1+ {1,3}
P = |2 {2,4,5} | =({1,3},{2,4,5},{6})
3 — {6}

P and P’ are (class) partitions of C. And they are proper be-
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cause they are proper schemas. Two examples of non—proper
partitions of C are

a — {1,3}
b {2,4,5)
c— {6}
dw— 0

pl =

and

P = ({1,3},0,{2,4,5},0,{6})

16.1.3 Lemma

For every schema P = [Py |k € K] the following statements
are equivalent:

inclusion criterion.

(1) P is a class partition.
(2) There is a class partition P’ = [P/|k € K] with
PC P,

16.1.4  Proof of 16.1.3

(1) implies (2): Suppose, P is a class partition. There is
P CP.

(2) implies (1): Suppose P’ = [P/ |k € K] is a class partition
with P C P’. P’ being a class partition means Pi' N P]{ =0
for all i,j € K with i # j. P C P’ means P, C P,é for all
k€ K. So P,NP; =0 forall ¢,j € K with i # j, P is a class
partition as well.

16.2 Record and schema partition

16.2.1  Definition

If p = [pr|k € K] is a record-record, then

doms(p) = [dom(ps)|k € K]

is the domain schema or index schema of p.

16.2.2 Example

(1) A record-record p and its domain schema are given by

|:d|—>u):|
a —
e a— {d, e}
p=1|br () doms(p) = | b— 0
{ny] c— {f,g}
c —
gr—»Z

(2) A tuple of tuples is a special case of a record—record:

o= ((1,2,3),(2,3,4), (), (), (3,4,5))

doms(p’) = ({1,2,3},{1,2,3},0,0,{1,2,3})
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16.2.3  Definition

A record partition is a record-record w = [ |k € K], such
that

my § m; forall 4,5 € K with i # j
In that case, it is also called a (record) partition of &,
where ¢ is the record, W(.ellfdeﬁned by
&=V {m | ke K}
Furthermore, 7 is called a proper record partition, if
7, # () for every k € K

A (record) partition m = [mi|k € K] of a schema X is also
called a schema partition of X.

16.2.4 Lemma

For every record-record p = [px|k € K| holds

(1) p is a record partition iff doms(p) is a class partition

(2) p is a proper record partition iff doms(p) is a proper
class partition

16.2.5 Proof of 16.2.4

Let p = [prlk € K] = [[pr,|l € Li]|lk € K] be the given
record-record. Then doms(p) = [Li|k € K] and we obtain:

(1) p is a record partition iff (p; ( p; for all 4,5 € K with
i # §) iff (L;NL; = O for all i,j € K with i # j) iff
doms(p) is a class partition.

(2) pisproperiff p, # () forallk € K iff Ly, # 0 forallk € K
iff doms(p) is proper.

16.2.6 Remark and example record partitions.

Let £ be a record, given by

a’_)ga
b— &
§=lc— &
d— &q

e — e

We cut up & into pairwise distinct records, say
|:a’_’§a:| [ngb} |:d’_’§d:|
cr— & er— &

We index these records, i.e. we define a record—record such as

a— &

b CH€C:|
m=la—[b—&]
d— &4

e EHEC:|

which is then a record partition of &.

Lemma 16.2.4 is easily confirmed:

p — {a,c}
P :=doms(w) = | ¢ — {b}
r— {d,e}

is a class partition, namely a class partition of
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dom(¢) = {a,b,c,d, e}

No value of 7 is (), P is not a proper schema, so 7 is a proper
record partition of &.

Examples of non—proper record partitions of £ are given by

a— &aq
L c— &
S I b— &
d— &
o
e §e
s — ()

and

wu:<[3:§:},<>,[b~>€b]!<>’[i:§j>

Their domain schemas

p — {a,c}
P’ := [dom(m})|k € dom(n")] = g : }Z}je}
s 0
P"” := [dom(r} )|k € dom(r"")]
1— {a,c}
2 0
= 3 — {b} = ({a,c},0,{b},0,{d, e})
44— 0
5+— {d,e}

are class partitions of dom(¢), but not proper.

16.2.7 Remark

So if £ = [¢;|i € I] is a record and p = [[pk,i|l € L]k € K] is

a record-record, the following statements are obviously equiv-

alent:

(1) p is a record partition of &

(2) doms(p) = [Li|k € K] is a class partition (record) of I
and pg,; = ¢ forallk € K and [ € Ly.

16.2.8 Lemma

For every schema record o = [ok|k € K] the following
statements are equivalent:

inclusion criterion

(1) o is a schema partition

(2) There is a schema partition ¢’ = [0} |k € K] with
o Co.

16.2.9  Proof of 16.2.8

(1) implies (2): If o is a schema partition, then o’ = [0} |k €
K] := o obviously satisfies o, C o}, for all k € K.
(2) implies (1): Suppose ¢’ = [0} |k € K] is a schema parti-

tion with o) C cr;C for all k € K. ¢’ being a schema partition
means that dom(o;)Ndom(c%) = @ for all i, j € K with i # j.
o, C o}, presupposes dom(oy) = dom(o},) (definition 14.1.1
of the schema inclusion C). So dom(c;) N dom(c;) = @ for
all i,j € K with i # j. o is a schema partition.



16.2.10 Lemma

() If &€ = [&|i € I] is a record and [Py|k € K] a class
partition of I, then

&€ = V pr(& P
keK

(2) If &€ = [§|i € I] is a record, J C I, and [Pylk € K] is
a class partition of J, then

pr(6.J) = V pr(& Pr)
kEK
3) Let @ = [mi|k € K] be a record partition and P =

[Px|k € K] a schema with P, C dom(mj) for each
k € K. Then

PI‘< vV ome, U Pk) =V pr(m, Py)

keEK keEK keEK

16.2.11  Proof of 16.2.10
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@ e=lglie U Pl=V [&li€ P)= V pr(g Pr)
keEK keK keEK
(2) We have
pr (&, J)

= pr (& U Pk>
KEK

= [&Glie U Pl
kEXK
= V [&li € P due to (1)
KEK

(8) m is a record partition, so the dom(wy) are pairwise dis-
junct. With P, C dom(7y), the Pj, are pairwise disjunct as
well and [Py |k € K] is a class partition. We can apply (2)

and obtain
pr(\/ ‘“’kaUPIc) Vpr(V Wkapk>
kEK kEK
V pr(mk, Pr)
kEK

keK keK

16.3 Relative distinctness

16.3.1  Definition

Two graphs (i.e. record classes) I' and A are called
relatively distinct, written I'§ A, if £ § v for all £ € T

and v € A.
A graph record [['y|k € K] is called

& relatively distinct, if I'; § T'; for all 4,5 € K with ¢ # j.
& proper, if I'y # 0 for all k € K
Graphs I'y,...,I';, are called relatively distinct, written

T'y(§...00, ,if (I't,...,Ty) is relatively distinct.

16.3.2 Example

Let
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{o.ta=11]522])

A [

Pl

then ' § A, "' § £, and A § . In other words, I' § A §j .

T

Recall, that this is the relative distinctness. For the (pair-
wise) distinctness (see definition 10.3.4) of each of the three
graphs holds: A and X are (pairwise) distinct each. But I' is
not, because

[am1]u[522]

However, I' § A (j ¥ is saying that a graph record with these
three graphs as values, say (I', A, X), is a relatively distinct
graph record. If we generate

(@), @A), QX)) = {({a,b},0,{c,d})

we see that this is a class partition. In fact, it is a class
partition exactly because the graph record (I', A, X) is rela-
tively distinct. This gives us an alternative criterion of relative
distinctness. Yet another equivalent criterion comes with the
schema record

(x(1), x(A), x(2))

:<|:a0—>{1,2}:| 0 [CH{4}}>
b {31 "V d e {3}

This schema record is a schema partition.

16.3.3 Lemma

If ' = [IT'x|k € K] is a relatively distinct graph record,
then every member of Incl(T"), i.e. every graph record
I'' = [I}|k € K] with I C T, is relatively distinct as
well.

16.3.4  Proof of 16.3.3

This is quite obvious. If I C T, then I'j, C Ty, for all k € K.
So the fact that I'; § I'; holds for all 4,5 € K, i # j, immedi-
ately implies '} § T';.

16.3.5 Lemma

Let I = [I'x |k € K] be a graph record. Then the following
statements are equivalent:

(1) T is relatively distinct.

) [@Q(Tx)|k € K] is a class partition.

(8) There is a class partition [Pgy|lk € K] such that
[@(Tr)|k € K] C [Pr|k € K].

(@) [x(T'x)|k € K] is a schema partition.

(5) There is a schema partition [oy|k € K| with x(I'y)
o for every k € K.

(6) There is a schema partition [ox|k € K] with I' C
[®ok|k € K].

N

16.3.6 Proof of 16.3.5

Let I' = [I'y |k € K] be the given graph record.
(1)< (2) We have
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T" is relatively distinct
iff ¢€Quforalli,je K,i#jandall§ €l'; andv €T
iff dom(§) Ndom(v) =0
forall i,j € K,i# jand all { €T'; and v € T';
iff U{dom(¢) | £ e} nU{dom(v) |vel,} =0
for all 4,7 € K,i # j
iff @(Ty) N @(T,) =0 for all i,j € K,i # j
iff [@(Tx)|k € K] is a class partition

(2)<(3) see lemma 16.1.3.

)@ [Q(Tg)|k € K] = doms([x(T'x)|k € K] so accord-
ing to 16.2.4, [x(I'y)|k € K] is a record/schema partition iff
[@(Ty)|k € K] is a class partition.

(4)&(5) see lemma 16.2.8.

(1)< (6) If T' is relatively distinct, then [x(I'y)|k € K] is a

schema partition according to (4) and I'y, C ®x(I') accord-
ing to 15.1.4(2) for each k € K.
On the other hand, if there is a schema partition [ok |k € K]
with I' C [®ok|k € K], then all k,l € K with k # [ satisfy
dom(oy) Ndom(o;) = @ and thus @Q(T'y) N @Q(T;) = 0. In
other words, I'y, § I'; and T is relatively distinct.

16.3.7 Lemma

If [ox|k € K] is a schema partition, then each of the fol-
lowing three graph records

[®ok|k € K] [®ork|k € K] [®ok|k € K]
is relatively distinct.

16.3.8  Proof of 16.3.7

Let 4,5 € K with ¢ # j and let §; € ®0o; and §; € ®c;. Then
dom(&;) C dom(o;) and dom(¢;) C dom(o;). [ok|k € K]
is a schema partition, so dom(o;) Ndom(c;) = 0. Therefore
dom(&;) Ndom(§;) = 0, i.e. ®o; | ®oy, ie. [®oklk € K] is
relatively distinct.

For every k € K, ®or C ®or and Gor C ®oy, so [Qoklk €
K] C [®oxlk € K] and [@oy|k € K] C [®orlk € K]. With
16.3.3 we infer that both graph records are relatively distinct,
too.

16.4 Distinct products

16.4.1 Definition

If ' = x|k € K] is a relatively distinct graph record,
then

Or == OT :={Vp|peal}
kEK

is the distinct product of T’

And for graphs I'y,...,I'y, with 'y § ... § '), we define
rnhneo..or, = _eri = ®<F1,...,Fn>
the distinct product of 'y, ...,y

16.4.2 Remark
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(1) Note, that the OI" is well-defined, because the relative dis-
tinctness of I' guarantees that \/p exists for each p = [py |k €
K] € ®I.

(2) For graphs I'y,..., T, with 'y (... ) I';, we obtain
0 itn=0
- - I ifn=1
R N R R 2
else
p1€L1,...,pn €Ty

(3) An immediate consequence of its definition are the asso-
ciativity and commutativity (see lemma 16.4.3 below). We
may place parentheses arbitrarily:

INer0ll3=T160T2)0l3=T10 (T200;s)
where each of the three terms is well-defined iff the other
two are.

16.4.3 Lemma
If I', A, X are pairwise distinct record classes, i.e. T' § A §
3, then
1) TeA)OEZ=TO(AGY)
@2 FOA=AQT
@ rod=20 (® with empty class)
@ ro{()}=r (® with empty product)

(associativity of ®)
(commutativity of ®)

16.4.4  Proof of 16.4.3

(1) Forall¢ eT,v € A, €XZ holds EVvV{=((£Vv)V(=
EV(WVE),0oTOAOGE=TOA)OES=T06(AQ ).
@2 FroA={vuv|felve At ={vVE|vEAEeT}=

AOT.

@) Teod={Vvv|Eet&vedt=0
@ FroA={Vvu|eeT,ve{()}}={{V( e} =T

16.4.5 Example

Take the graphs I') A, ¥ from 16.3.2 again. Due to their rela-
tive distinctness, the following two examples of distinct prod-
ucts are well defined:

ool [s23] [a23)

roz= a— 1 a2
b— 3
c— 4|,
dis 3 c— 4
d— 3

roAeE={yVéVvVo|vel,sehoec}=0

16.4.6 Remark

Consider the cardinalities of the graphs and their products in
the previous example 16.4.5:

card(' ® £) = 6 = 3 -2 = card(T") - card(X)

cardTOAOX)=0=3-0-2=card(T') - card(A) - card(X)

This behavior is typical for distinct products (hence one moti-
vation for the term “product”) as we will point out in lemma
16.4.10 below. Obviously, the distinct product ' ©® A ® ¥ has
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the same cardinality than the cartesian product I' x A x X.
There is even a bijection between the cartesian and the dis-
tinct product and this correspondence allows us to uniquely
reconstruct the arguments from the result.

16.4.7 Lemma

Let I' = [['x|k € K] be relatively distinct graph record,
then

QI — OT

p=\p
7r is a bijection with the inverse

oI — ®T

£ [ pr (¢, dom(£) N @(Tx) | k € K ]
Furthermore, if P = [Py|lk € K] a class partition with
[@(Ty)|k € K] C P, then

o — QT

§|—>[pr(£,dom(§)ﬁPk)‘k€K]

16.4.8  Proof of 16.4.7

First of all, let us mention that @I' and the function nr are
well defined because I is relatively distinct.

7r is ought to be a bijection, i.e. it must surjective and in-
jective. The surjectivity is a trivial truth, ©I" is in 16.4.1 just
defined to be the image class {m,(p) | p € '} of wr. It re-
mains to show that 7 is injective as well.

Let p = [px|k € K] and p’ = [p}|k € K] be any two members
of @I, i.e. pr € I'y and pj, € I'y for all k € K. We put
¢€:=mr(p) = V{px | k € K} and & := mr(p/). Suppose,
p # p’. This means, there has to be a k € K with py # p}.
These pp and p;c are records and not being equal means ei-
ther (a) dom(pr) # dom(p},) or (b)dom(p;) = dom(p},) and
pi(i) # p}(i) for some i € dom(pr). If (a)is the case,
dom(pr) # dom(p}) implies dom(§) = J{dom(pr) | k €
K} # U{dom(p},) | k € K} = dom(¢’), thus £ # ¢'. If (b) is
the case, then £(i) # £'(i) for some i € dom(py), thus again
& #¢'. So mr is indeed injective.

Since 7r is a bijection, it has an inverse 71-1?1, i.e. 71-1?1 O —
QT with W;l(ﬂr(p)) = p for all p € T'. We gave a charac-
terization of Trlfl in our lemma above and we now need to
ensure that this characterization is correct. So let p = [pi|k €
K] = [[pr,ill € L]k € K] € QT and ¢ := ©r(p). Note, that
dom(¢) = U{Lr | k¥ € K} and dom(§{) N Q(T'y) = Ly for
every k € K. So applying our definition of 771?1 on £ we obtain
7 () = [pr (&, dom(€) N @(Ty)) |k € K] = [pr (&, Ly) [k €
K] = [pr|k € K] = p. Our characterization of 71';1 is indeed
correct.

Finally, let us assume that P = [Px|k € K] is a class parti-
tion with [@Q(T'y)|k € K] C P. Again let p = [pr|lk € K| =
Ikl € Lillk € K] € QT and £ := nr(p). Note, that for
all ki,k2 € K, k1 = ko implies I'y; C Pi, and k1 # k2
implies T'y; N Pr, = 0. That leads to dom(§) N P = Ly
for each £ € K. So applying the second characterization of
7' on € we obtain . '(€) := [pr (¢, dom(§) N Py) |k € K] =
[pr (§, Lk) |k € K] = [pr|k € K] = p.

16.4.9 Example

Consider the graphs
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e - {ole~11[523])

A =0

)

again with ' § A § £. So

= {o Lol [522])
(%) =

2 {0275}

is a relatively distinct graph record and its distinct product
I' ® ¥ is well-defined with the result given in 16.4.5.

The function m(r x) is a reconstruction of I' © ¥. It is given
by

e = || (o] [521]

a— 2]
b— 3
c— 4
_d'—>3_

T

(SIS

11
~_— \/_\>/ ~_—
1 1

.@D.

11

Obviously, it is a bijection, and its inverse is

roxx—I'xX

&€ — (pr (¢, dom(£) N {1}), pr (¢, dom(£) N {2}))

T
™r,z) =

Another example of a relatively distinct graph record is

v {o el [522])

(T,AS) == |20
s {521

But here, their cartesian as well as their distinct product is
empty, ie. TXAXE=TOQAOX=0. Somraxsy :0—90
is the empty function, but by definition it is a bijection which
is identical with its inverse ;!

rax0—10
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16.4.10 Lemma

If ' = 'k|lk € K] is a relatively distinct graph record,
then

card (OI') = T[] card(T'x)
keK

16.4.11  Proof of 16.4.10

According to 16.4.7, there is a bijection between OI' and
®T', so card(®I') = card(®I'). And according to 12.1.9,
card(®T') = [] card(T'y).

keEK

16.5 Projections of graphs

16.5.1 Definition

For every graph I' and each class J we define

pr (T, J) := {pr({,dom({)nJ)|{eT}

the projection of I" onto J

16.5.2 Lemma

If [Tx|k € K] is a relatively distinct graph record and J
any class, then

pr (OCklk € K],J) = Olpr Ty, Q)N J) |k € K]

16.5.3  Proof of 16.5.2

[Cklk € K], J)

r(§,dom(§) NJ) | £ € Ol'k|k € K]}
def. 16.5.2

kEK keEK

/ prs U <dom<pk>m>)

[prlk € K] € Q[Tk|k € K]
def. 16.4.1

pr(©

= {p

{ V_pr (o, dom(ps) mJ)‘ [orlk € K] e@[mkem}
due to 16.2.10(3)

=0

v Py | loklk € K] € ®[pr (T, @(Tx) N J) |k € K]

def. 16.5.2

[pr (I'x, @(Tx) N J) |k € K]
def. 16.4.1 again

16.6 Distributivity
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16.6.1 Lemma distributivity.

Let X be a schema and Y, Z € Proj(X) with Y § Z. For
allT'y, Iy € P(®Y), every {I'; | i € I} C P(®Y) and each
3 € P(®Z) holds:
@ M1NT)eT=(Te2)N(([T20%)
@ (M UM)eZ=(Te2)U([20%)
@) T1\I'2) 02 = (T10X)\(T'2 0 %)
@ Ui |ieltox=U{T:;02|ie I}
(5) If I # (0 then
ML |tel}oT={TI;:02|i€e I}

16.6.2  Proof of 16.6.1

Recall 5.7.18, that for every function ¢ : D — C and each
D’ C D, the f-image class of D' was written

e[ D'] = {p(d) | d € D'}

We will make use of the fact, that if ¢ : D — C'is a bijection,
then
(a) for every {D; | i € I} C P(D) with I # 0 holds

e[M{D;|iel}t]=N{p[D:i]|iecl}
(b) for every {D; | i € I} C P(D) holds
el[U{D; | i eI} =U{w[D:i]| i€ I}
(e) for all D1, Dy € P(D) holds
e[D1\ D2] = ¢[D1]\ ¢[D2]

Furthermore, we will use the facts (which are special cases of
12.4.3) that

(a) for every schema [C}|j € J], J # 0, and each class D,
N{CilieJ}xD=N{C; xD|jeJ}
(e) for every schema [C}|j € J] and each class D,
U{Cjlied} xD=U{C; xD|jeJ}
(f) for all classes C1, C2 and D holds
(C1\C2) x D= (C1 x D)\ (C2 x D)

IfI' e P(®Y) and ¥ € P(®Z), then Y () Z implies ®Y § ®Z
and I Q 3, so that ®Y ©®Z and I' © X are well-defined. Using
the image class notation and the definition of the bijection in
16.4.7, we have

@ o= 7T<®Y,®Z>[F x X

We can now put everything together:
(4) For every {I'; |i € I} C P(®Y) and ¥ € P(®Z) holds

U{r; |ieryor
= mevezn U{lilie I} xS] dueto (g)
= mevez) [U{lixZ|iel}] dueto (e)
= U{mer.ezn[li©Z]|ic€ I} due to (b)
= UloZliel} due to (g)
(5) If additionally I # 0, then
M{T;|iel}oTl
= mevez)[{lilie I} xX] due to (o)
= mevez) [(HTIixZ|i€I}] dueto (a)
= N{merez)[l:©L]|ie I} dueto (a)

= (I, OX|iel} due to (g)
(1) ForeveryI'1,I'; € P(®Y) and ¥ € P(®Z), (1) is just two
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special cases of (5) with I = {1,2}
(2) Similar to (1), (2) is a special case of (4).
(3) There is

(T1\I'2) © %
= mev.ez)[T1\T2) x I] due to (g)
= Tev,ez)[(T1 X))\ (T2 x )] due to (f)

= ﬂ(@yy@z)[rl\Z]\ﬂ'(@yy@z)[rz\z] due to (c)

= (F1®E)\(F2@E) due to (g)

16.6.3 Remark

The distinct product is only partially defined, it is restricted
to relatively distinct graphs. It is not difficult to find more
general definitions of “graph products” (see the < operator
below). But the constraint pays off: the distributivity with
the class operations (given in 16.6.1) holds for the distinct
product, but is violated for generalizations like the following
<.

more general products

Suppose, we define for any two (not necessarily relatively dis-
tinct) record classes I' and ¥ a more general product > by
putting31

I':={{vo|elve s € — v}

Obviously, if I' § ¥, then I'>t ¥ = T' © ¥ and < is a general-
ization of @®.

But a distributivity statement like
(FlﬂFg)lxlE:(FllxlE)ﬁ(szdz)

is not true in general. For example, let

then

(M1 NT) < 8

D S
]

st}
o [ peee e [R2])

(1 1 2) N (I 1 5)

H

16.6.4 Remark

There is another form of distributivity in connection with

distinct products. Suppose, Xi,...,X, are schemas with
X1 0§ ... 0 Xn. In other words, they make are a schema
partition of X = X; V ... V X,,. Then it doesn’t matter

if we either first generate their cartesian products ®X; and
then the distinct product of these cartesian graphs, or if we
first join these (pairwise) distinct schemas and then generate
their cartesian product. Put formally, (X1)©®...0 (®X,) =
®R(X1V ... VX,)=®X. A similar statement holds for the
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star product ®X.

16.6.5 Lemma

If [ox|k € K] is a schema partition of a schema X, then

1) ®X = O[®ox|k € K]
2 ®X = 0[®ox|k € K]

So in particular, if X1,..., X, are (two or more) schemas
with X1 (... (§ X,, then

@) (®X1)0...0 (®X,) =80(X1V ... VX,)
@ (®X1)0...0(®X,) =0(X1V ... VX,)

16.6.6  Proof of 16.6.5

Let 0 = [ox|k € K] = [[ox,1]l € L]lk € K] and X = [X;]i €
I] be given, where o is a schema partition of X.
(1) Since o is a schema partition of X, there is (see 16.2.7)
Ok, =X, forall k € K andl € L
as mentioned in 16.2.7. From 16.2.3 and 16.2.4 we know that
[Li|k € K] is a class partition of I, so
WLk |keK}y=1
This implies the following equation

{ U Mg | [Mr|k € K] C[Lelk € K]} = {J|JCI}
keEK

which we will use below. Now,

M C Ly, }

®oy = [pjlj € M
7 {[pm W ooy € X, foralljenm

for each k € K, so that
Ol®ok|k € K]

= {Vrlpe®@oxlk € K]}
llpjli € Mi]|k € K]
= 3 Ve|p€ [Mylk € K] C [Lylk € K],
pj € Xj forall k € K and j € My,
[My|k € K] C [Lilk € K],

= §lpilie kLEJKMk] pi € X forallje | My
keK

= {[Pj\j € J]

JCI

pj € Xj forall jeJ
= ®[X;|i € I]

- ®X

(2) For every k € K,
®ok = {lp;li € Lkl | p; € X; for all j € Ly}
so that

Ol®or|k € K]
= {Volpel@mlke K]}
. ilj € Li]lk € K
Lol fticnakery
pj € Xj forallk € K and j € Ly

[pjli € U L]
kEK

pjer for all k € K and j € Ly,
— {lpili €1 | p; € X, forall j € T}
= ®X
If X1,...,X, are (two or more) schemas with X1 § ... § X,,
y vV X

then (X1,...,X,) is a schema partition of X; V ... n-
Thus

31 The notation > resembles the natural join operation < on relations, a common operation and notation in relational databank theory.



(3) 1is just is special case of (1), and
(4) derives from (2)

16.6.7 Example
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Let

a— {1,2}
X =|b— {3}
c— {2,3}

A schema partition of X is given by (X, X2) with

wo[if] e s lemen)

A verification of 16.6.5(4) is then given by:

(®X1) © (®X2)
= O(®X1,®X2)

= {\'/p\pe®<®xl,®X2>}

pe 1—p1 p1 € @X1
2—p2 p2 € @X2
aHm,a] p1a € {1,2}

pip € {3}
p2,c € {2,3}

Vo

1—

Velpe b piy

2 | e pac

ar pia p1,a € {1,2}

b p1p P16 € {3}

€ P2 p2,c € {2,3}

ar pa | | pa €1{1,2}

b— py Py € {3}
c—pe | | po €{2,3}

a— {1,2}

= ®| b~ {3}

c— {2,3}

= NRET)

®(X1 Y, XQ)

97
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16.6.8 Lemma

For every schema X = [X;|i € I] holds:
@) O®[i— X;]liel] =X
@) Olir X;]liel]=8X
3) O~ X;]li €Il =X

16.6.9 Proof of 16.6.8

[[¢ — X;] |i € I] is obviously a schema partition of X. So
(1) is just a special case of 16.6.5(1), and

(2) is a special case of 16.6.5.

(8) Thereis @ [i — X;] = ® [t — X;], for every i € I, so that

OBi— Xliell=0@[i— X;]lie Il =®X
according to (2).

16.6.10 Example

If we consider the schema

a— {1,2}
X=|b— {3}
c— {2,3}

from example 16.6.7 again and put

Xo:i=la—{1,2}] Xp:=[br— {3}] X.:=[c— {2,3}]

we obtain a confirmation of 16.6.8 by

(®X.) O (®Xp) O (®X,)

0 0
0
1], — 2],
{[EZM]J}@{“’ 3]}®{[ch?5}

®X

(®Xa) O (®X) © (®X,)

la—1], [e — 2],
{{GHQ]}G{[bH:’»}}@{[CHg]}
= ®X

(BXa) O (BXp) © (BXC)

la—1], [c—2],
{[GHQ] }@{[ng]}@{[CHg]}
®RX



Part VII

Relations

98



Theory algebras on relations

17 Relations

17.1 Introduction

17.1.1 Remark

We already introduced and used quite a lot ordinary (or ordi-
nal) relations, they are essential and standard in mathemat-
ics.®2 In database theory there is another relation concept,
the partial table, as we call it here. We will now introduce a
more general definition of a (schematic) relation which is able
to treat both ordinary relations and partial tables as special
cases.

a more general relation concept____

schematic
relation

/N

ordinary relation partial table
(mathematics) (database theory)

17.1.2 Remark —___ representations

One main objective here in chapter VII is an understanding

of the many ways in which relations can be represented. This

whole variation may be tiresome at first, but it really pays off

for a good understanding of the many facets of these things

called relations.

& Our default and most general representation is conform to
the standard appearance of operations

syntax
semantics
described in 4.3.1 and 5.3, which was already applied to
ordinary relations. However, even this representation has

some variations, which are supposed to be convenient, not
confusing.

& Every relation R can be seen as a function, the character-
istic function xr (17.4.2).

& A certain subclass of relations, called tables (17.5.3), can be
represented as such.
& And a certain class of tables, called completely finite rela-

tions, can also be displayed by either their boolean tables
(17.5.4) or their double tables (17.6.1).

& Allowing null values at first leads to a generalization and we
call that a quasi—relation. But we will understand null val-
ues in a way that turns quasi-relations into relations again.

There are other suggestions for representations which are very
suitable for implementations in common computer systems.
But for now and our purposes here, that will do.

17.1.3 Remark

partial tables and database theory___
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A partial table (or Codd relation) is a table that allows possi-
ble null values, similar to a partial function that is a function
with possibly undefined arguments. Partial tables are pretty
much the kind of relations used in database theory. However,
the terminology is not standard, just “table” or “relation” is
more common. Neither is the interpretation of partial tables
and null values seem to be undisputed, not even in database
theory itself.

Our interpretation is closely related to our concept of rela-
tion expansions and that smoothly fits into an elegant algebra
that is very close to the behavior of logic. That way we are
probably more close to Codd’s original ideas than the various
implementations of the relational database language SQL.%3

In 18 we introduce partial tables as a particular finite ver-
sion of quasi-relations in general. And we will see, how these

quasi-relations are well covered by our relation concept from
17 .

17.2 General definition

17.2.1 Definition relation

A relation R is essentially made of a schema X and a
graph I', where I' C ® X. The default form for R is

X
R= or R= [X,T]
Iy
17.2.2  Definition relation

If R = [X,I] is a relation with X = [X;|i € I] we put

Q(R) = I the attribute or index class of R
x(R) =X the schema of R
gr(R) =3 the graph of R
dom(R) :=QX the domain of R
dom;(R) := X; the i—domain of R, for each ¢ € I
17.2.3  Remark deconstruction

(1) In other words, if R is an arbitrary relation R then

x(R) [dom;(R)|i € Q(R)]

gr(R) gr(R)

32" At this point, it might be useful to recall the design of basic mathematical concepts in 4 and 5 , in particular the introduction of

predicators and ordinary relations in 5.7.

33 See e.g. on wikipedia.org the according articles such as “Relational algebra”.
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(2) Note, that for a given relation R = [X,I'] with X = [X;|i €
I], the domain of R and the domain of X are different things:
dom(R) = ®X and dom(X) = QR = I. By a domain of an
operation we mean the class of its possible arguments. For
the schema X that is I, and for R that is the record class
®RX.

17.2.4 Example relation

Let us consider the following schema

year — Z
Date = month — {1,...,12}
day — {1,...,31}
title — {monday,...,sunday}

and two elements of its cartesian product ®Date

year — 2003 year — 2003
month — 1 month — 1
dy = do =
day +— 18 day — 19
title — saturday title +— sunday

A relation is then given by

Date

{d1,d2}

ThisWeekend :=

As we will define it properly below, a relation like this with
a finite attribute class and a finite graph is usually better be
represented by its graph table (diagram) (see below in 17.5.4),

which is
year : month : day : title:
Z {1,...,12} | {1,...,31} | {monday, ..., sunday}
2003 1 18 saturday
2003 1 19 sunday

A decomposition of ThisWeekend returns:

@(ThisWeekend) = {year,month,day,title}
x(ThisWeekend) = Date
dom(ThisWeekend) = ®Date
domy..r (ThisWeekend) = Z
domyenen (ThisWeekend) = {1,...,12}
domyg,y (ThisWeekend) = {1,...,31}
domy;¢ie(ThisWeekend) = {monday, ..., sunday}
gr(ThisWeekend) = {di,d2}

Another relation with the the same schema is the calendar of
2003, which has not only the two members di and d2, but 365
records in its graph.
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17.2.5 Definition — membership.

Let R = [X,I] be a relation. For every z € dom(R) we
write as usual:

z € R iff z €' saying that z is a member or R or
in R

z¢ R iff x €' saying that z is a not a member,
i.e. x is not in R

17.2.6 Definition — relation class.

REL denotes the overall relation class.

For every schema X we define

s

rg®x}

the relation class on X.

17.2.7 Remark

The fact that R is a relation with the schema X is expressed
by the type expression

relation type expression

R : Rel(X)
(Type expressions in general were defined in 5.3.5).
For example 17.2.4 we have the type expression

ThisWeekend : Rel(Date)

17.2.8 Remark

() is a well defined schema, the empty schema. There are pre-
cisely two relations with this schema:

roor = {[9].[ 2]}

In 5.6.8 we suggested to write

empty schema relations.

B instead of Rel (())

and in 17.5.7 below we introduce yet another notation for its
two members.

17.2.9 Definition

proper relations

A relation R = [X,T'] is proper iff X is proper.

17.2.10 Remark

Recall 9.3.3 and 12.1.12, that for every schema X = [X;|i € I]
holds:

proper relations_____

X is proper & X, #0foralliel < QX #0

and thus:
1) Rel(X) = {[X, 0]} iff X is not proper.

(2) If X is proper, then Rel(X) has at least two elements.
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(3) No matter what the schema X looks like, Rel(X) is never
empty.

We usually assume the schemas involved to be proper and
things are mostly pretty pointless if they are not. However,
we don’t make that assumption a quiet agreement in the se-
quel and call the situation “proper” in case it is.

17.2.11  Definition
Let R = [[X;|i € I],T'] be a relation. We define

rng,(R) = {o: |z €T}
the i—th range of R, for each ¢ € I, and
rng(R) := {z; |t €I,z €T}

is the (overall) range of R.

17.2.12 Example

Let 10 = {1,...,10} and gcd(n, m) be the greatest common
divisor of two natural numbers n and m. Let D be the binary
endorelation, given by

10 «~ 10

(n,m) ~» (n<mand ged(n,m) > 1)

Since D is a table, we can as well represent it by

1:10(2:10
2 4
2 6
D = 2 8
3 6
3 9
4 8
We have
dom;(D) = 10 domy(D) = 10
rng, (D) = {2,3,4} rng,(D) = {4,6,8,9}

and so

rng(D) = {2,3,4,6,8,9}

17.2.13 Remark
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17.3.1 Definition notation

According to 5.7.10, the default form of an ordinary rela-
tion R is the typed—predicator form

Dy e~ ...« Dy,
R —
(T1,---,ZTn) » @

To fit into the new default form of definition 17.2.1, called
schema—graph form, we transform R into

(D1,...,Dy)
R —
{{(z1,...,zn) € D1 X ... X Dy | ¢}

Note that for every relation R = [[X;|i € I],T] holds
(1) rng,(R) C dom;(R), for each i € I

(2) rng(R) C U{X; |i €I}

17.3 Ordinary relations as
(schematic) relations and
other notational variations

17.3.2 Remark

ordinal relation class____

For every ordinal schema (i.e. class tuple) (D1, ..., D,) holds
Dy e~ ..o Dy ifn>2
Rel((D1,...,D,)) = { Pty (D1) ifn=1
B ifn=0

as defined in 5.6.8 and due to the convention in 17.3.1.

If some R € (D; e~ ... «w D,) is given, then R €
Rel((D1,...,D,)) according to 17.3.1. On the other hand,
if some

Dy,...,D

R= [< b F’ "q € Rel((D1,...,Dy))
is given, we have
R= D1 e ...« Dy
(1, )~ (@1,...,2n) €T

to write R in the default form for ordinal relations.

17.3.3 Example — ordinal relation
The usual linear order < on the integers is a binary relation,

which can be written in our standard notation for ordinal re-
lations as

L <~ T

(n,m) ~3IdeN.n+d=m

So that is the typed—predicator form: first the type Z «~ Z,
then the predicator (n,m) ~» 3d € N.n + d = m. We have

dom(<) = ZxZ = ®(Z,Z)
x(L) = (2,Z)
{1,2}

dom; (<) = Z

2
n
Il

domy (<) = Z

gr(<) = {(n,m)€(ZxZ)|3deN.n+d=m}
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In schema-graph form we have

(z,z)

{{n,m)€(Zx2Z)|3deN.n+d=m}

17.3.4

Remark

We could as well use yet another variation, the schema—
predicator form. For < that is

(z,z)

(n,m)~3deN.n+d=m

which is a bit more compact and less redundant again. Let us
summarize the motivation and taxonomy of the various forms.

17.3.5

Remark summary of the notations—__

In 4.3.1 and 5.3 we explained that we use

syntax
semantics

as the standard form for operators. Relations are also opera-

tors and fit in as well. But there is a certain degree of variation

in the precise formalization.

& The syntax of a relation R = [X,I'] is given either by its
schema X or its domain ®X or by its type Rel(X). Each
of the three specifications has the same information.

& The semantics of R is given by its graph I". But we have the
same information if we replace the graph I' = {z € ® X | ¢}
by a predicator x ~» ¢, as wel already did (in 4.3.1 and
5.7.10) for ordinary relations.

This gives us the following six variations for equivalent formal-
izations of a given relation R:
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syntax

\semantlcs “

graph form

predicator form

schema form

i

This is our default form
for schematic relations

in general, as defined in

L5

This is also used in our
text, because it often is
less redundant than the

default form.

domain form

17.2.1.
RX
T

‘We never use that.

el

Again, we never use that.

typed form

Rel(X)
I

is the general version and
we never use that. There is
the special version for or-

dinal relations:

|:X1<~v~>...

o X
T

but we never use that,

either.

Rel(X)
T~

is the general version and
we never use that, either.
The special version for or-

dinal relations

X1 e oL X,
T~

is the default notation as
defined in 5.7.10.

17.4 Relations as functions and vice
versa

17.4.1

Repetition

(1) Recall from 5.8.4, that

B = {0,1}

is the bit value or boolean value class.

(2) For an earlier introduction of the characteristic function

recall 5.7.14.

17.4.2

Definition

characteristic function

then

rel(x) =

(1) If R =[X,TI] is a relation, then

®RXX — B

0 ifzel
€Tr —

1 ifzglD

is the characteristic function of R

(2) On the other hand, if X is a schema and x : ® X — B,

X

is the relation of x

z~E(x) =1
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17.5 Tables and table representa-
tion

17.5.1 Repetition

Recall from 9.3.3, that a schema X = [X;|i¢ € I] is called
(1) finite iff I is finite (i.e. X as a record is a finite record)

(2) completely finite iff I is finite and X; is finite, for each
i€l

17.5.2 Definition

We say that a relation R = [[X;]i € I],T]

(1) has a finite table or is a table iff I is finite and T" is
finite,

(2) is completely finite iff X is completely finite.

In that case, I and each X is finite, and thus T is finite,
too.

_finiteness properties.

17.5.3  Definition table class

For every schema X we define

Al Ysx
Tab(X) := |:I‘:| dom(Y) is finite
I is finite

the table class on X

17.5.4 Remark

graph tables and boolean tables.

If R = [[X;|i € I],T] has a finite table (or is a table), i.e. if T
and I' are finite with

I = {i1, .. in}

i1 — X1 i1 = Tl

in T1,n G Tm,n

then it is usually much more convenient to represent R by its
graph table (diagram)

i1 H Xi in H Xn
T1,1 T1,m
Tm,1 |---| Tm,n

If R is even completely finite, i.e. if furthermore each domain
is finite with

Xi={@1,1, - @1k tr o Xn ={Tn,1, - Tn ok }

then R can also be written as a boolean table (diagram),
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81 f... (™
T1,1 Tn,1 B
Tiky |oc | Tna Brey
ILkl s | Tk, ﬁil AAAAA in
The left side of the table contains all the 27 - ... - i, ele-

ments of the product ®[X;|i € I]. Each boolean or bit value
B € B = {0,1} on the right side indicates, if the element on
the left is a member of the graph (8 = 1) or if it isn’t (3 = 0).

Note that for both kinds of tables, the relation can entirely be
recovered from the table. However, the table diagrams are not
unique in general, since there is no pre-defined order on the
columns and rows.

17.5.5 Example

The relation ThisWeekend from example 17.2.4 was given by the
graph table

year : month : day : title :

Z {1,...,12} [ {1,...,31} | {monday, . .., sunday}
2003 1 18 saturday
2003 1 19 sunday

We could change the order of the rows and obtain

year : month : day : title:

Z {1,...,12} | {1,...,31} | {monday, ..., sunday}
2003 1 19 sunday
2003 1 18 saturday

but we consider these two different diagrams as graphical rep-
resentations of the same table.

This relation is not completely finite, its year—-domain is the in-
finite class Z of integers. It cannot be represented by a boolean
table. (At least not in the strict sense. One could use (hori-
zontal and vertical) dots “...” to display it anyway.)

17.5.6 Example

If we take the schema

one — {1,2}
X = two — {2,3,4}
three — {5}

and a subset I' of ® X, say

one — 1 one +— 2
I'= two — 3|, two — 4
three — 5 three +— 5

then R := [X,T] is represented by its graph table

’one : {1,2}‘two : {2, 3,4}‘three : {5}‘

R = 1 3 5
2 4 5
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Since R is completely finite, we can as well represent it by its
boolean table

1]2

crlorj ot oot ot

k==l k==

N[N =N
B W w| N

We mentioned that the order of the rows and columns are not
unique in general. So we can as well write the same boolean
table as

three | two | one
5 4 2 |1
5 4 10
R = 5 3 2 |0
5 3 1|1
5 2 2 |0
5 2 10

17.5.7 Remark _table representation of empty schema relations.

As mentioned in 17.2.8, Rel(()) has two members. Their table
diagrams are

= O = Y
E for |:®:| and for l:{<>}:|

respectively. (Later on in ??, we introduce yet another nota-
tion for these two important relations and write L and T ,
respectively.)

17.5.8 Remark

Yet another and often convenient notation for a relation with
a finite schema is a generalized table notation

generalized table notation

i1 X1 | oo in s X
Xy In
P(Z1, .-, Zn)

which stands for

11 — X

in — Xn

i1 T

~ (w1, Tn)

tn > Tp

where p(z1,...,xy) is a formula with all free variables among
the x1,...,Zp.
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For example, we can define a “spring relation” for the accord-
ing season (on the northern hemisphere) by

year : month : day : title:
Z {1,...,12} [ {1,...,31} | {monday, ..., sunday}
y m d t
(m=3Ad>20)Vm=4Vm=5V (m=6Ad<21)

17.6 Double tables

17.6.1 Remark — double tables

There is yet another variation of the one-dimensional boolean
table representation: two—dimensional so—called double tables.
Besides being more compact, they are useful in understanding
operations like schema reductions and expansion (see 21.1).

Consider a completely finite relation R with a schema

i1 — X1

in — Xn

Its boolean table has the general form

i ... in

boolean
®X values
of R

Now let us split X into two distinct schemas
i1 — X3 Qg1 = Xkga
Y = X . and Z =
i — Xg in — Xn
ie. X=YVZ.

In the double table of R we put the elements of ®Y in the left,
and the elements of ®Z in the upper part:

Tht1
RZ
in
boolean
®Y values
of R
1 ... ik
17.6.2 Example double table.
For example, let
one — {1,2}

two — {2,3,4}
three — {1,2}
four — {2,3,4}

A relation on X is



Theory algebras on relations

X
one — a
R =
t b
wo = ~a-b<c+d
three — ¢
four — d

lone[two[three[fourl
R=1[a]b] c ]d
a-b<cH+d

and a schema split of X is given by

y — |one = {1,2} and 7 — three — {1,2}
two — {2,3,4} four — {2,3,4}

The boolean table of R has 2-3-2-3 = 36 rows (heading
excluded) and is given by

three | four

==
[MEN)

IS ESTEN] EST RV RS S ) T Y S ENY ) ECY N Y O e
wlw|wlw|wlw|lwlw|lwlw|lw[w|o[olo|o|o]|e|o

o
NP—‘NP—‘I\Jr—‘I\Dr—‘kvr—‘k\.’)»—‘M‘b—‘kxjHMP—'MP—'NP—‘NP—‘N»—‘NHI\DHM»—“M»—‘M»—Ag
o
4:-pwwmt\:p»wwwm»‘pwuww»pwwmmp,&uwww#»‘wwmmg

DHOHHHOHOHHHO‘HDHHHDODHOHODOHOHOD‘OOOH

NN =] === =] =N
INFS FN FNFS FN FS FS FN [FN PN FS I

The double table of R with Y on the left and Z on top is more
compact:

1|2(1|2|1]|2]three
213|4|2|3|4]| four

1 2 [[1|1|1|1|1]|1

2 2 |[0|O0|O|1|1]1

1 3 (oj1|1|1|1|1

2 3 (0|0|lO|O|O|O

1 4 (0|lO0|lOf1|1]|1

2 4 (olo|loj0O|O]|O

one | two
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17.7 More properties of relations

17.7.1 Definition measures.

For every relation R = [[X;|i € I], '] we define:

(1) the dimension of R is the cardinality of the attributes
(i.e. card(I)).

(2) the cardinality of R is the cardinality of the graph (i.e.
card(T")).

17.7.2 Remark

So a relation is a table iff both its dimension and its cardinal-
ity are finite.

For ordinary relations, the dimension is the arity of the rela-
tion.

17.7.3  Definition properties.

A relation R = [X,T'] with X = [X;|i € I] is called
(1) empty, if

r=0
(2) full, if
=X

(38) elementary, if
I" has exactly one element

(4) literal, if
both I and I' are singletons.

(5) singular, if
X is singular (9.1.5), i.e. I is a singleton

(6) an endorelation if
the schema is univalent, i.e. all X, are one and the same
class.

(7) (a) total in ¢, for ¢ € I, if rng;(R) = X;, and
(b) total, if R is total in each 7 € I.

17.7.4 Example
Consider the example relation D of 17.2.12 again,

1:10|2:10

B wW|w NN N
X[ O|D| 00|k

D is neither total in 1 nor in 2, and thus not total altogether.

17.7.5 Remark

Note, that

(1) a full relation is always total, but not the other way round.
For example, the identity relation on the natural numbers
@® = @ : N «w Nis an example of a total relation which is
not full.
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(2) An improper relation (17.2.9 and 17.2.10) is always empty,
but not the other way round.

17.7.6  Remark properties.

The special relations defined in 17.7.3 have the following pat-
tern:

empty full

endorelation . R
relation relation
{[C\I]} < X
r 0 X

elementary . . singular
A literal relation .
relation relation

[x} [[iﬁxil} {[mxi]}
o} {=ell ) et o]

17.7.7  Remark

An empty relation has none, a full relation has all records
as members. In the design of a relation algebra as a quasi—
boolean algebra later on, empty and full relations become the
least and greatest elements of these (quasi—)order structures.
If we consider relation algebras as logical structures, empty re-
lations represent “false” (they don’t hold for any record) and
“true” (satisfied for all records).

Elementary, literal and singular relations will play the role of
basic building bricks for relations. For example, every table
can be (re-)constructed algebraically from a finite number of
literal relations.

Endorelations, relations in which all domains are one and the
same carrier class C, impose a kind of internal structure on C'.
Binary endorelations, i.e. relations of type C «~ C play an
important role in mathematics. Endorelations in general have
a schema of the form [C|I], where I = {1,2} for the binary
case. In relation algebras, the “compatibility” (19.1.2) of re-
lations is an important constraint for many operations to be
defined. But when all the relations involved are endorelations
on the same C, they are always compatible (see 19.1.2 and
19.1.3).

17.8 Projection relation class

17.8.1  Definition

For every schema X we define

Prel(X) := U Rel(Y)

Y eProj(X)

the projection relation class on X

17.8.2 Remark

For a given schema X, the class Prel(X) is a very important
class of relations. Later on, we will see how each relalion class
Prel(X) comes along with a couple of operations that turn it
into a quasi—boolean and a theory algebra, as we call it.

As the size of X increases, the number of relations in Prel(X)
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grows exponentially. In the next example, we take a very sim-
ple X, which allows us to list all these elements. The whole
exercise is quite trivial, but it is worth studying, because it
already reveals almost all the properties of these structures in
general.

17.8.3 Example
A schema X is given by

X = a— B
b— B

We obtain

Proj(X) = {<>7 [a—B],[b—B], [‘Z - ﬁ”

For each of the four Y € Proj(X) we obtain a class Rel(Y),

which is given as follows.

(1) Rel(()) has 2 members. As mentioned in 17.5.7, these can
be represented as

respectively.
(2) Rel([a+— B]) has 4 members:

of[o] of[1] ofo] off1]
1]lo] 1][o] 1[1] 1[1]

3) Rel([b+— B]) has 4 members, too:

(4) Rel <|:a = IB3:|> has 16 members:

alb alb al|b alb

o|0||0 0|01 o|0|O 0O|0|l1
1|o]/o 1/o0]jo 1|01 1(0]f1
o|1l||0 oj1||0 o|1l|0 o(1||0
1|1|/0 110 1(1|0 1|1|/o0
[ale] [aTe]l [alo] [alo]

ojo0||0 o(0||l1 o|0|[O0 0O|0|l1
1|0]|l0 1|0( o0 1|01 1|01
O[1|(1 Oof[1|(1 o|1|(1 O[1|(1
1|1]/0 1|1(0 1|1]0 1|1(0
[a]®]l [alo]] [al®]] [a]®]l

0|0||0 OO0l 1 0o|0|O O|0||l1
1|/0|l0 1|0( o0 1|01 1|01
o|1l||0 oj1(|lo0 o|1|l0 o|1||0
1(1]f1 1|11 1|11 1(1]f1
alb alb al|b alb

o|0||0 0|01 o|0|O 0O|0||l1
1|0]f0 1(0f0 1|01 1(0|f1
O[1|(1 O[1|(1 o|1|(1 O|1|(1
1|11 1|11 1|11 1|11
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Finally, Prel(X) is the union of these four classes with 2+4+
4 4+ 16 = 26 members.

Such example X is an univalent bit—value schema, ie. a
schema of the form (9.2.4) [B|A], for some A, in this case
A = {a,b}. The relation classes induces by these schemas are
important and we introduce the following notation to denote
them. For our example, that is Prel(X) = Brel({a, b}).

17.8.4  Definition

For every class A we define

Brel(A) := Prel([B|A])

the bit value relation class on A

17.8.5 Lemma

For every schema X, the following statements are equiva-
lent:

(1) X is completely finite.
(2) Every R € Prel(X) is completely finite.
(3) Prel(X) = Tab(X)

17.8.6 Proof of 17.8.5
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Let X = [X;|¢ € I] be a given schema.
(1)< (2) is true, because

X is completely finite
(I is finite) and (X; is finite, for each ¢ € I)
(each J € P(I) is finite) and (each X; is finite)

Y is completely finite, for every Y € Proj(X)

S R

R is completely finite, for every R € Prel(X)
(3)<(1) is true, because

Prel(X) = Tab(X)

[Y, I
Y, 1] Y € Proj(X),
& Y € Proj(X), ¢ = dom(Y) is finite ,
rcey I' C ®Y,
T" is finite

dom(Y) is finite and

< VY € Proj(X) .
VI C QY . T is finite

dom(Y) is finite and

& VY € Proj(X) .
®Y is finite

< VY € Proj(X) . (Y is completely finite )

& X is completely finite



Theory algebras on relations

www.bucephalus.org ] 08

18 Digression: null values, quasi-relations and expansions

18.0.7 Remark —_____introduction

A “partial table” is very much the definition of a “relation” in
database theory. Most database management systems nowa-
days use a (more or less) standard syntax and semantics, called
SQL (structured query language). In this section, the notion
“database algebras’ refers to the underlying structure of these
kind of systems.

This section is a “digression”, it introduces null values, quasi—
relations and partial tables, and none of these concepts plays
a role in the remainder of this text. In our interpretation they
become an insignificant part of a more general design. This
interpretation is very different to the approach in database al-
gebras. So the statement that our “relation algebras” would
generalize the mathematical as well as the database theoretical
relation concept, is only true with some restrictions, at least
when the SQL-like approach is taken.

18.1 Null values and quasi-
relations

18.1.1 Remark

Consider the following

lname : String[age :{0,1,... ,255}[sex : {f,m}l
L "peter” 57 m
Qs e 0
”hanna” f

This is not a table or relation in the strict sense, because the
data is incomplete in the last two record entries. Values for
the attribute sex in the second, and age in the third row are
missing. Database algebras usually use a default or null value

“ null ” for these cases to fill the empty places.

The generalization of the relation concept that allows null val-
ues shall be called quasi—relation. In other words, for a quasi—
relation @ with schema X, the graph I" doesn’t have to be a
subclass of the cartesian product ® X, but may be a subclass of
the bigger star product ®X. A table that allows such null val-
ues, like the one for Q1 above, shall be called a partial table.
34

18.1.2 Definition — quasi—relation

As a generalization of the relation concept (17.2.1), a
quasi-relation Q is given as a pair

[X, 1] or

where
& X is a schema
& ' C ®X is the so—called quasi—graph of Q.

Such a quasi-relation is a partial table, if both dom(X)
and I' are finite.

18.1.3 Example

Given in this formal notation [X,T'] with schema X and I" C
®X, our previous example Q1 is given as

name — String
age — {0,...,255}
sex — {f,m}

name +— "peter” N N .
name — "mo name +— “hanna
age — 57 s
age — 40 sex — f
sex +— m

18.1.4 Remark

There is a fundamental difference in the interpretation of null

values in database algebras and in our approach.

& In database algebras, null values are a kind of default value
of each domain component. A null stands for something like
“unknown”. In order to consequently fit this into the overall
design, many operations need to be extended for these ex-
ceptional cases. For example, the binary logic of false and
true has to be accompanied by a third value unknown to
deal with null occurrences.

two different meanings of null values_____

& In our approach, a null value is some kind of placeholder or
abbreviation for “all possible values”.

Consider the initial example Q1 again and the following record

name — "mo”
Y= age — 0
sex — f

Is y a member of Q17

& In our approach, this is a clear “yes”: y € Q1 does hold.
The question is understood as: “Could it be compatible with
the information we have, that y does exist?”

& In database algebras, the answer is “unknown”: neither
y € Q1 nor y € Q1 does hold.

The question is here understood as: “Does y exist in our
data world @Q17”

3% Neither “quasi-relation” nor “partial table” is part of the standard terminology in database theory.
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Our algebra is an attempt to generalize the binary semantics
of propositional logic toward a multivalued semantics. At the
same time we want to introduce an intuitive and efficient se-
mantics for both propositional and predicate logic. Therefore
our algebra of relations needs to have at least the properties
of a boolean lattice. Database algebras do not provide these
properties.

18.1.5 Remark

Quasi-relations are “as—good—as relations”, every quasi—
relation @ is actually supposed to stand for a proper relation

quasi—relations are relations.

rel(Q) . From this point of view, quasi-relations are just
another representation for relations. Accordingly, this whole
section 18 on quasi-relations could be skipped for a more con-
ceptional and less technical study. However, a familiarity with
the arguments of the following discussion are very helpful for
an overall understanding of the operations introduced later on.
So in 18.3 we motivate the important concept of the expansion

R || Y of arelation R by a compatible schema Y.

18.2 Quasi—relations as relations

18.2.1 Remark —______introduction

We will now see how a quasi-relation @ is converted into a
proper relation rel(Q) . The basic idea is to translate each
incomplete record z € ®X into the class z || X C ®X of

all full records which are compatible with z. rel(Q) is then
essentially the union of these classes.

18.2.2 Example

Consider the example @1 from 18.1.1 again. Let us start with
the second record

quasi—relation as relation

name +— “mo”
o =
age — 40

in Q1. The schema of Q; is

name — String
X = | age~— {0,...,255}
sex — {f,m}

X has one index (namely “sex”) which doesn’t occur in zs.
Since there is no clue which of the two sexes should belong to
x2, we define 2 to stand for both alternatives

name — ’mo” name — ’mo”
age — 40 and age — 40
sex — f sex — m

one for “sex=f" and one for “sex=m”. In other words, the
table of the proper relation rel(Q1) shall contain the two rows

mo” |40
”mo” |40 |m

Hh

We call this record class the expansion of z; in X and write

name — ’mo” name — “mo”
zy || X = age — 40 , | age — 40

sex — f sex — m
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Putting this method into a formula (see 18.2.4), we generate
for every schema X and z € ® the expansion of z into X by
applying

@ || X ={zVy|ye opr(X,dom(X)\ dom(a))}

In case of our specific example X and zs € ®X, we obtain

®pr (X,dom(X) \ dom(z2))
= @pr (X, {nane, age, sex} \ {name, age})
= ®pr (X, {sex})
= ©[sex — {£,n}]

= {Joox e 1] [aox -]}

so that
2 || X = wg\V[sex»—»f],wz\V[sex»—»m]
name +— “mo” name +— “mo”
= age — 40 s age — 40
sex — f sex — m

This definition of the expansion is more constructive. Perhaps
more elegant is the characterization by means of the compati-
bility notion:

z2 | X ={y € ®X |y — z2}

The only y € ® X which are compatible with x5 are

name +— "mo” name — “mo”
age — 40 and age — 40
sex — f sex — m

So this characterization produces indeed the same result. This
coincidence is true in general (and stated in 18.2.3 and 18.2.4).

So far for zo. Let us do the same for z; and z3:

name — ”hanna”
xr3 =
sex +— f

stands for 256 records with attribute “age” ranging from 0 to
255. More formal

name — “hanna” name +— ”hanna”

z3 || X = age — 0 ,.o--, | age — 255

sex — f sex — f

The first record z1 of Q1 has all the attributes of X, its ex-
pansion is simply

name +— “peter”
T || X = age +— 57

sex — m

The proper relation rel(Q1) of Q now is basically the union of
all these record expansions

X

rel(Q1) :=
(z1 || X) U (22 | X)U (23 || X)
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It is given by the table

name : String|age : {0,...,255} [sex : {f,m}

”peter” 57 m

”mo” 40 f

”mo” 40 m
”hanna” f
”hanna” 1 f
”hanna” 2 f
”hanna” 255 f

But here, too, we can apply the same result by

X
rel(Qq) :=

Y~ Y — T O Y — Ty O Y — Ty

in other words

X

rel(Q1) :=
y~3JzreX.y—z

We finally summarize the definitions properly.

18.2.3 Definition —— record expansion

Let X = [X;|i € I] be a schema and z € ®X. We define

z|| X ={ye®X|y—uz}

the expansion of z into X.

18.2.4 Llemma___ record expansion

For every schema X and € ®X holds

2| X = {2 Vy|y € @pr(X,dom(X) \ dom(x))}

18.2.5 Proof of 18.2.4
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18.2.6 Definition

quasi—relation as relation

For every quasi-relation Q = [X, '] we define

X

rel(Q) :=
y~3dzel.y—z

the relation of Q.

18.2.7 Lemma

quasi—relation as relation

Let X = [X;|i € I] be the given schema and = = [z,;|j € J] €
®X. For every y = [y;|i € I] € ®X holds J C J and

y—z & zVpr(y,I\J)=y
Therefore

z|| X = {ye®X |y —x}

= {zVylye®pr(X,I\J)}

For every quasi-relation Q = [X, I'] holds

X
rel(Q) = U @l )

18.2.8 Proof of 18.2.7

For each quasi-relation Q = [X,I'] we have
[ b's
rel(@) =

y~3del.y—=x

T b's
{ye®X |3z el .y —uz}
[ X

T | U{ze®X |y —a}
EXh

X

T U EIX)

lzer

18.3 Schema expansion of relations

18.3.1 Remark introduction
One very important operation in our upcoming algebra is the
expansion R || Y of a given relation R = [X,I'] by a compat-

ible (i.e. X — Y) schema Y. The schema of the result R’ is
then the join X VY.

18.3.2 Example expansion

Let us take the example

name : String[age :{0,..., 255}1
R := ”peter” 57
”mo” 40
with schema
X = x(R) = |:name — String :|
age — {0,...,255}

A second schema is given by

Y = {sex — {f,m}]
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X and Y are compatible and their join is

name +— String
X =XVY = age — {0,...,255}
sex — {f,m}

The expansion of R by Y is a relation R’ with the modified

schema X', but “equivalent” to R. And this means, that R’
has the same graph as R, i.e.

name : String|age : {0,...,255}|sex : {f,m}
R' = ?peter” 57
”mo” 40

But this is a quasi-relation and not a proper relation yet. Ap-
plying rel returns the standard form of R’, which is, as a table
diagram, given by

name : String|age : {0,...,255} [sex : {f,m}
”peter” 57 f
R = ”peter” 57 m
”mo” 40 f
”mo” 40 m

18.3.3 Definition

Let R = [X,T'] be a relation and Y a schema with Y — X.
Then

w157

is the expansion of R by Y.

_ relation expansion

18.3.4 Remark

An alternative characterization of this expansion is given by
the fact that

XVYy
RIIY =
y~3Jz el .z —y

Actually, we prefer the latter equation as the definition (see
20.1.1) because it doesn’t need to refer to quasi-relations and
the rel operation.

18.3.5 Remark

This expansion concept is very important for the development
of our whole algebra on relations later on.

_ schema unification

Take, for example, two relations R = [X,I'] and S = [Y, X].
Lattice operations like U and N are very important and they
are understood as the according operations on the graphs, e.g.

X
RUS :=
rux
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But of course, this is only a well-defined relation, if R and S
are equischematic, i.e. if Y = X.

However, by applying the previous ideas, we can generalize U
and N for the case that X and Y are compatible. We denote
these generalizations by LI and [, respectively. So

XVYy
RUS :=rel
INODY

Without applying rel this can alternatively be expressed by

RUS :=R'US where R :=R|YandS =8| X
R’ and S’ are equischematic, their common schema is X VY,
and that allows us to apply U.

Besides, this is also the basis for a definition of the equivalence
of relations:

R=S if R =9

This recipe:
& first, make the relations equischematic, and

& second, apply a class operation on the new graphs

is a general method in the algebra we are going to develop
below.

18.3.6 Remark

The schema unification of relations is similar to the denom-
inator unification of two fractions: To compare or add two
fractions

n d 5 m
a=— an = —
d e
we first produce
. -d
o = n-e and g = m
d-e d-e

and then we are able to compare:
a<p iff n-e<m-d

and to add:
n-e)+(m-d
g O med)
d-e
The general idea is, that o’ and 3’ have the same denominator
d - e. Similarly, R" and S’ have the same schema X VY.

For the fraction arithmetic, it is important that o’ = o and
" = 3. And the same is true for the relation algebra: R’ = R
and S’ = S. The result of an expansion is always equivalent
to the original relation.
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Part VIII

Operations on relations
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19 Some basic operations on relations

19.1.3  Definition

A class R of relations is called

(1) (pairwise) distinct, if
all R, S € R with R # S are distinct
(2) (pairwise) compatible, if

19.1 Schema comparison all R, S € R are compatible

3) (pairwise) equi-schematic, if

all R, S € R are equi—schematic

19.1.1 Repetition

19.1.4 Example

The just defined relations between relations and properties of
relation classes all depend on the schemas only, the graphs are

Recall (definition 10.3.2), that for two schemas X = [X;|i € I]
and Y = [Y;7 € J]

1 XQY ifInJ=0 (distinct) not concerned.
(2 X<V iff Xp=Y,forallkeInJ (compatible) Let us take the following example relations in graph table no-
3 X<Y ifICJand X; =Y, forallie I (smaller) tation:

19.1.2  Definition Fi=| 1 ]2 | o=/ Re=| 1 | 2
3 4 3 4
Let X = [X;|t € I] and Y = [Yj|j € J] be two schemas
d R =[X,T] and S = [Y, ] two relations. We define:
(1) R is sub-schematic to S, written
a:Z|c:N p:Nlg:Z r:N|s:Z
RS Ri=| 1 2 Rs =| 2 3 Re=| 1 2
3 5 3 4

iff X <Y (iie. ICJand X; =Y; foralliel)

P P . : Y
(2) R is equi—schematic with S, written (1) Ei and Ry are equi-schematic, By = Ra.

This example explains the introduction of £ For any two
schemas X and Y, X <Y and Y < X implies X =Y. For
R2sS relations, this is not true in general: Ry < Rs and R2 < Ry
does not necessarily imply R; = Ra.

X =Y In more general terms: (REC, <) is a poclass (i.e. < is
transitive, reflexive and antisymmetric on the class of all
records, including schemas), but (Rel, <) is only a quasi—

(8) R and S are (schema) compatible, written ordered class (i.e. < is transitive and reflexive, but not
necessarily antisymmetric on the class of all relations).
R_ S (2) Ri — Rz and R3 — R4, but Ri ¥ R4 (because

dom,(R1) = N # Z = dom,(Ry4))

This example shows, that — is not transitive in general. So
it is not an equivalence relation, although it is reflexive and
symmetric.

(4) R and S are (attribute or schema) distinct, written (3) Ri1 and Ry are distinct, i.e. R1 § Rs, because their at-
tribute classes {a, b} and {p, ¢} are disjunct.

iff X —Y (iie. Xpp =Y forallkeInlJ)

R1 and Rs are also compatible, i.e. R; — Rs, because
R(S @(R1) N @(Rs) = 0 and dom;(R1) = dom;(R5) is true for
all i € 0 in a trivial sense.

FXQJY (ie. INJ =0) Obviously, this example is symptomatic for the general rule:
distinctness implies compatibility.

And again, we write (4) {R1,Rs5,R¢} is distinct. Their attribute classes
{a,b},{p,q},{r, s} are pairwise disjunct and thus Ry { Rs,
R1 § Rg, and Rs5 § Rg.

R4S R#S R £ S RYS {R1, Rs5, R¢} is also compatible.

if the according relation does not hold.
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19.1.5 Example

(1) The empty class @ is a distinct, compatible, and equi-
schematic class of relations.

(2) Rel, the class of all relations is not distinct, not compati-
ble, and not equischematic.

19.1.6 Lemma

1) (Rel, d) is a quasi-ordered class.
@) (R, ) is a quasi-ordered class, for each R C Rel.

(3) £ is the derived equivalence relation of < in the sense
that R £ S iff R < S and S < R, for all relations R, S.

19.1.7  Proof of 19.1.6

Recall, that a quasi—order relation is a transitive and reflexive

binary endorelation.

(1) Let Ry = [X1,T1], Rz = [X2,I'2], R3 = [X3,'3] be any
three relations. If Ry < Rz and Ro < Rs, then X; < X5
and X» < X3, so that X; < X3 (according to 11.1.1) and
thus R; < Rg3. This is the transitivity of < on REC. And
with X; < X3 we have Ry < Ry, which is the reflexivity.

(2) The same reasoning in (1) holds, when we restrict the three
relations to come from R. More general: Every subclass of
a quasi-ordered class is a quasi—ordered class itself, with
respect to the same relation (see 7.2.3).

(8) On the class of schemas, < is antisymmetric, i.e. X <Y
and Y < X implies X =Y. So two relations R = [X,I'] and
S=[Y,X]withRdSand S<IRhave X <Y and Y < X,
so X =Y and thus R £ S.

19.1.8 Lemma

(1) Every distinct class of relations is compatible.

(2) Every equischematic class of relations is compatible.

19.1.9 Proof of 19.1.8

Both statements are immediate consequences of the definitions
in 19.1.2.

19.1.10 Lemma

For every schema X holds:

(1) Rel(X) is equi-—schematic and compatible

(2) Prel(X) is compatible

On the other hand, if R is a relation class, then

(8) R is equi-schematic iff R C Rel(Y), for some schema
Y

(4) R is compatible iff R C Prel(Y), for some schema Y
Furthermore
(5) If R is compatible, then R C Prel({x(R) | R € R}).

19.1.11  Proof of 19.1.10

Let X = [X;|i¢ € I] be any given schema.

(1) Rel(X) = {[X,T]| T C ®X} is equi-schematic by defini-
tion, each member has the same schema X. Therefore it is
compatible as well.

(2) We have Prel(X) = {[Y,T] | Y € Proj(X),I' C ®Y}
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and we know (from 10.3.10), that Proj(X) is compatible.
So all Y7,Y2 € Proj(X) are compatible and that makes all
[Y1,T1],[Y2, 2] € Prel(X) compatible as well.

3) If R = 0, then R C Rel(Y) for every arbitrary schema
Y. If R # 0 and [X,I] is a member of R, then every other
member must have the same schema X, because R is sup-
posed to be equi-schematic. So R € Rel(X) for all R € R,
ie. R C Rel(X).

From lemma 11.7.6(8) we know that for every class X of
schemas, the following three statements are equivalent: (a)
X is compatible. (b) X C Proj(Y), for some schema Y. (c)
X C Proj(X) for X :=\/ X.

We can apply that knowledge immediately for the compatibil-
ity of a relation class R, because that only depends on the

schemas of the elements in R. As a result be obtain (4) and
(5).

19.2 Identity relations

19.2.1  Definition identity.

For every schema X = [X;|i € I| we define

X
Idx :=
z~ z(i) = x(j) forall ¢,5 € T

the identity (relation) of X.

19.2.2 Remark

If C is a class, the usual identity =¢ on C is just a special
case. We can (re)define

C o~ C
® =c @ = Id,cy =
{z,2) |z € C}
19.2.3 —  Table representations.

Recall, that N := {0,1,2,...} is the natural number and Q is
the rational number class. Let A := {—2,0,3,7,11} and

a— A
X:=|n—N
q— Q

The graph of Id x contains exactly the records

a— v
rx:=|nw—v withv e ANNNQ

qr— v

Accordingly, the graph table contains all the possible rows with
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identical components:

An often used special case in mathematics is the double table
of =¢, for some class C. For example, the double table for = 4
is

—-2(0(3|7|11
-2 1 |0oj0fO| O
0 0 |1(0|0]|O
3 0 |0f1|0]|O
7 0 |0fO0O|1]O0
11| 0 [0|O0|O| 1

(Note, that this standard table in mathematics is a little vari-
ation of our precise definition of a double table. We left away
the attributes in 1 and 2 for the left column and top row.
In fact, it doesn’t matter where they are place, because the
identity is symmetric.) The 1’s form a diagonal shape in the
table. Sometimes, the identity relation itself is therefore called
the diagonal relation.

19.2.4  Example identity.
Recall, that N :={0,1,2,...} and Z :={...,—1,0,1,...}.
So
N «~ Z
Id(nzy =

And the ternary identity on B = {0, 1} is

=
[+
|

0|0|0|1

1(0(0|O0

1:B|{2:B|3:B ojl1]/0]0

Idess = 0 0 0 = 1({1|0fo0
1 1 1 ojo|1]o0

1/{0(1}|0

oj1|1]o0

1(1(11

19.3 Empty and full relations
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19.3.1  Definition

empty and full relations

Let X = [X;|i € I] be a schema, then
X
J_X =
0
is the empty, bottom or zero relation on X
X
TX =
RX
is the full, top, or unit relation on X
In particular
N N O
= P E
0
is the empty, bottom, or zero relation
V)
{0}
is the full, top, or unit relation
19.3.2 _ Table representations
Lot x = | ¢ {Pa}
b— {r,s,t}

The graph tables of L x and T x are given by

1x :la : {p,q}[b:{r,s,t}]

and

a:{p,q}|b:{r st}
p r

QB e B e
S S N N

i.e. in L x there is none, in T x every element of ® X is in the
table, L x is the least and T x is the greatest relation on X.

Their boolean tables are typical as well:

alb alb
plr| O plr|l
q|r|0 q|r|1
lx=|p|s|O and Tx=|p|s|1
q|s|O qls|1
p|t|O plt|1l
q|t]|oO q|t|1

i.e. L x shows 0’s and T x has 1’s only.

19.3.3 ___ Table representations of 1 and T
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The empty cartesian product ®() = {()} has an empty set of
attributes. If we write L and T in graph table notation, we
have the problem that the table “disappears”.

Written as boolean tables, we suggest the following notation
for L and T:

E:L and :T

according to the construction rules for boolean tables.

19.3.4 Remark

In 17.7.3 we defined to call a relation R = [X,I'] empty, if
I' = 0, and full, if ' = ®I'. In terms of our new notation,
this can be expressed by: R is empty, if R = 1 x, and full, if
R=Tx.

19.3.5 Remark

If X = [X;]i € I] is a schema, then exactly one of the three
following statements is true:
(1) X is empty, i.e. X = ().
Then Lx = L = [(},0] # [(),{(0}] = T = Tx and
Rel(X) = {1, T}.
(2) X is not proper, i.e. X; = () for at least one i € I.
Then ®X = 0 and Lx = [X,0] = [X,®X] = Tx and
Rel(X) = {1lx}={Tx}
(3) X is proper and not empty.
Then ® X # 0, Lx # Tx, and Rel(X) D {Llx,Tx}.

We obtain the following result:
(4) Lx # Tx iff X is proper

19.4 Complement

19.4.1 Definition complement

For every relation R = [X, T'], we define

X
®X\I'

the complement or negation of R or “not R”.

The symbolic “deletion” of R, i.e.

R

is an often used alternative notation for = R.

19.4.2 _ Boolean table representations
Recall 5.8.4, that for each 8 € B := {0, 1} we defined:

~ Jo ifg=1
B = {1 if =0

If a relation R is completely finite and its boolean table has
the form

_ www.bucephalus.org ] 16

Bm

then —R is given by

—B
—B2
—Bs

—Bm

19.4.3 Example

plr|O plri|l
qlr|1 qg|r|O
If R=|p|s|oO then “R=|pl|s|1
q|t]O g|t|1
plt|1 plt|oO
qls|1 qg|s|O

19.4.4 Remark

If R = [X,I] is a table, then =R = [X,®X \ I'| is not neces-
sarily a table anymore, because the new graph ® X \I' might be
infinite. So —R might not be representable by a graph table,
even if R is.

19.4.5 Remark

For every R € Rel(X) and each z € ®X holds: —R(z) iff R(x)
is not true. In other words, z € =R iff x € R.

The deletion notation is more convenient and common for bi-
nary endorelations. For example, if < is the usual linear order
(say on the integers), we usually write 7{ rather than - <. So
for every two integers n and m we have n f m iff n < m is
not true.

For a linear order like the < on Z, there is also the option to
use > for f But note the difference between the conversion
(or tnversion) of a binary relation, where R : X «~ Y turns
into

Y e X

(y, ) ~ (z,y) € R

and the complement. Complementation (or negation) and con-
version (or inversion) are different operations. Besides, this
turn of the symbol direction doesn’t work for non-linear rela-
tions. Take the class inclusion C. Its complement {@ is different
to D. For example, {1,2} ¢ {2,3}, but {1,2} D {2,3} is not
correct.
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19.4.6 Lemma

-—R=R for every relation R.

19.4.7  Proof of 19.4.6

If R =[X,T], then

X X X
ﬁﬁR:ﬁ[@X\F} - {@X\(@X\F)] - {r] =n

19.4.8 Lemma

1) L=T
(2) 0T =1

19.4.9  Proof of 19.4.8

1l o T.To0].
@ k= M {{0}\@} Lo}] !

R I U R B T
@ =7 [{0}} [{0}\{0}} M +

19.5 Boolean operations on equi—
schematic relations

19.5.1  Definition

boolean operations______

For two relations R = [X,I'] and S = [X, 3] with identical
schema X we define:
RCS :[ff TCX (inclusion)
X . q
RNS := ((small) intersection)
rnx —_—
X .
RUS := ((small) union)
rux —_—

19.5.2  Definition

As usual, there is a whole range of relations that come
along with C, namely:

OZ® is not ®C@
©QC® s @C@and ®Z O
2@ s @c0

N

N

etc.
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19.5.3 Definition —__ big junctions

For every schema X and R C Rel(X) we define

Tx ifR=10

AR = (N R := X

RER .
2 Nerry | A0
ReR

the (big) intersection of R
1x ifR=0

UR = U R = X

RER q
U er(r) | HRAY
RER

the (big) union of R

19.5.4 Remark

The definition of () depends on the schema X, so we should
carry this information in the notation to avoid ambiguities and

write, say [y instead of just [ for the big intersection. How-

ever, most of the times X can be reconstructed from the ex-
pression (R via X = \/{gr(R) | R € R}. Unless R is empty.
In that case, (YR = T x is not well-defined, if X is not ob-
vious from the context. So in doubtful circumstances, let us
keep in mind to write

nx® and Ux®

for the big intersection and big union.

19.5.5 Remark graph table representations.

The just defined operations on relations resemble the class op-
erations on their graphs. In particular, the union and inter-
section of relations in graph table notation is the union and
intersection of their rows. And as usual in class notation, mul-
tiple occuring elements of the union are only mentioned once.
For example, for

N|b:N
[a:N[b:N] TN NTE N
1 2 s G
R = 3 4 and S = 3

5 6
9 10

7 8

we obtain
RNS =
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and 19.5.8 Example
Let X = | {p.a} and R, S € Rel(X), given by
b— {r,s,t}
a:N|b:N
; i alb alb
RUS = = 5 6 p|r|O p|r| O
- ) q|r| O q|r|1l
R = s 1 and S = s 1
9 | 10 P P
q|s|1 q|s|1
plt]1l p|t]oO
q|t] O q|t] O
Furthermore, we have R Z S, because not every row of R is
also a row of S.
then R Z S and
alb al|b
19.5.6 Repetition
p|r|O plr|O
Recall 5.8.4, that B := {0,1} is the set of bit values, and 1o 1
together with A,V, A,V and — it makes a complete boolean - a d . a
algebra. For example, -0 =1, 0 A1 =0 and A {0,1} = 0. RNnS=lp|s|1 an RUS=|p|s|1
qls|1 qls|1
pit|O plt|1
q|t]oO q|t] O
19.5.7 Remark ______ Boolean table representations________
If X is completely finite, given by
i1 — X1
X = C 19.5.9  Definition
in — Xn For every schema X, we define
and if R, S € Rel(X) are given by their boolean tables Rel (X) = (Rel(X),C, Lx, Tx,NU,N,U,~)

the equi-schematic relation algebra over X or

[ [a] o[ Ta] the alachra (on) Rel(X).

T 5 N
R=[__T...7T...0 8 and S={[__[...]...] 3
2 19.5.10 Lemma
: . . . Rel (X) is a complete boolean algebra, for every schema
Bm 8,
then
RCS iff B <@ forallie{l,...,m} 19.5.11 Remark
and Recall (see 7 for the full characterization of complete boolean
_ _ algebras), that theorem 19.5.10 is defined to mean:
L O I I & C is a (partial) order on Rel(X) which determines all the
B1 A B other operations
R P I B2 A ﬁ; & | x is the least element
Rns = coi o] ool BaABY & T x is the greatest element
& RN S is the greatest lower bound of R, S € Rel(X)
: & RUS is the least upper lower bound of R, S € Rel(X)
/
Bm A Bm & N and U are mutually distributive
y
& (R is the greatest lower bound of R C Rel(X)
& UR is the least upper bound of R C Rel(X)
i1 | ... ]| in & — is the complementation, i.e. "~ RN R = 1L x and ~RUR =
IPREA Tx, for every R € Rel(X).
RUS = 53\/,3:;
B v B, 19.5.12  Proof of 19.5.10
Recall (see 6 ), that for every given C, the power class algebra
over C

P (C) = (P(0),C,0,C,n,U,N,UC\ D)
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[alb]
is a complete boolean algebra. In more detail: The power class 9ron
P(C) of C is the carrier class, C is the (partial) order relation, (RN /RS
0 is the bottom and C the top element, N and U are the meet
and join with completions (,J : P(P(C)) — P(C) (where
N0 :=C),and C\ @® : P(C) — P(CO) is the complementa-
tion.
Now let X be a given schema. We define
[alv] [alo] [alt] [alo]
OTO[ L OTO[ L OTO[ T OTO0[0
TIO[1 TTO]L T10[0 10T
OTT(T O[]0 OfI[T OTIT
TI1]0 TTI]T TIIT TTI]T
P(®X) — Rel(X)
=
I — [X,T]
[al®] [al®] [aTb] [aTb] [alb] [a]®b]
OTO[ L OTO[L OTOL OT0[0 OT0[0 OT0[0
10T 1100 1100 TI0[1T TIO[1 T[0[0
O[I]0 O[T O[1]0 0TI O[1[0 O[T
1710 IT1]0 TII]T T11]0 TII(T TIIT
Obviously, ¢ is a bijection and its inverse ¢~ is
[alb] [alb] [alb] [a]o]
OJO[ L OT0[0 OT0[0 OT0[0
o110 1T oI TT AL
. Rel(X) — P(®X) 110 11]0 1[I0 I
e =
X,T]—T //
[alb]
OTO0[0
i.e. ¢ '(R) = gr(R), for all R € Rel(X). RALeNIIY
TI1(0
It is easy to see that
& D CIiff () C (%) forall ', ¥ € P(®RX)
* o(0)=1x
& p(®X)=1x 19.5.14 Lemma __common properties of complete boolean
* o(I'NIT) =) NeE) for all T', X € P(®X) algebras
TuXx) =@ UeE f INIrYeP(®X
* o )= ¢ Ue(®) ora € P(aX) Let X be a proper schema. For all R, S,T € Rel(X) and
* o(NG) =N{e@) T €g} for every ¢ C P(®X) all R C Rel(X) holds:
* o(U9) =W T eg} for every G C P(®X) 1) TxNR=R (T x is neutral element of N)
* o(®X\T) =) for each I' € P(®X) (2 Lx UR=R (Lx is neutral element of U)
3 RNR=R (N is idempotent)
And that means altogether, that ¢ is an isomorphism from RUR=R is id tent
P(R®X) into Rel(X), written @ "= (U is idempotent)
) RN(SNT)=(RNS)NT (N is associative)
@ P(RX) = Rel(X) ) RU(SUT)=(RUS)UT (U is associative)
() RNS=SNR (N is commutative)
Tlllfat implies, that PRel(X) is a complete boolean algebra it- (8 RUS=SUR (U is commutative)
sett © RNS=N{R,S} (N is special case of ()
(10) RUS=U{R, S} (U is special case of |J)
a1) SNUR=U{SNR|ReR} (full distributivity)
a2y SUNR=N{SUR|ReR} (full distributivity)
@3) "NR=U{-R|ReR} (de Morgan’s law)
(1a) "UR=(V{-R|ReR} (de Morgan’s law)
as5) LxNR=1x (L x cancels N)
(16) Tx UR=Tx (T x cancels U)
19.5.13  Example an Lx CR (Lx is a least element)
o (as8) RC Tx (T x is a greatest element)
Consider the schema X from example 17.8.3 again (U () ety = (Pt e ooty
2=0) U{R} =R (U is idempotent)
X = a—B
b—DB
The complete boolean lattice on Rel(X) has 16 members and 19.5.15  Proof of 19.5.14

is represented by the following order diagram:
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These properties hold for complete boolean algebras in general
(see 7). So they all follow from 19.5.10.

19.5.16 Remark

If the schema X is not proper, then ® X = ( (according to
12.1.12). For such an X, Rel(X) has exactly one member
R = [X,0] and R = Lx = Tx (according to 19.3.5(4)).
Nevertheless, the algebra on Rel(X) still satisfies the prop-
erties of a complete boolean algebra. However, such an one—
element boolean algebra is usually not a very useful one and it
is also called degenerated. In all other case of proper schemas
X, the algebra has at least two elements Lx and Tx with
1x # Tx.

19.6 Distinct (cartesian) product

19.6.1 Repetition
Two records & = [§;]i € I] and v = [v;]|j € J] are distinct,
written & (j v , if I N J = 0. Their distinct join is

. . & fkel

Vv = k 1uJ th =
EVw [Celk € ( ) wi Ch {Uk ke
Two relations R = [X,T'] and S = [Y, X] are distinct, written
R () S, if their schema is distinct, i.e. X § Y. A class R of
relations is (pairwise) distinct, if each two different members
are distinct.
Two graphs (i.e. record classes) I" and ¥ are relatively distinct,
written T' § 3 ,if £ v forall { € T" and v € . And that is

exactly the case, when there are two distinct schemas X and
Y withI' C ®X and ¥ C ®Y.

If I' and ¥ are two relatively distinct graphs, then ' ©® ¥ :=
{&Vu | eT,ve X} is their distinct product. The number

of elements in the distinct product is given by card(I' ® ) =
card(T") - card(X).

19.6.2 Definition

For every two distinct relations R = [X,T'] and S = [Y, X]
we define

XVYy XVy
RGOS = . =
{zVylzel,yex} rox

the distinct (cartesian) product of R and S

More general, if R = {Ry, | k € K} is a (pairwise) distinct
relation class with Ry = [Xj, 'x] for each k € K, then

V X
keEK
OR = ® R :=
kEK ® Fk
kEK

the distinct (cartesian) product of R

19.6.3 Remark

Obviously, the general distict product on distinct relation
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classes is indeed a generalization of the binary @ ® @ in
the usual sense that R® S = ® {R, S}, for all relations R and
S with R§ S.

19.6.4 Remark

Given two distinct tables, say

Graph table representation

a:Z|b:Z\|c:Z R APE

R = “l]=2]-3 S = 2
-2 -3 —4 3 3
-4 | =5 | —6

Note, that {a,b,c} N {d,e} = 0, so that R (§ S is really the
case. So we can produce the distinct product by joining each
of the three records in R with each of the two records in S,
obtaining a relation with 3 -2 = 6 members in its graph.

[a:z2]b:Z][c:Z]d:Z]e 7]

-1 -2 | =3 1 2
-2 | =3 | —4 1 2
ROS = -4 | =5 | —6 1 2
-1 -2 | =3 2 3
-2 | =3 | —4 2 3
—4 | =5 | -6 2 3

19.6.5 Lemma

If R, S, T are pairwise distinct relations, then

1) ROMBOT)=(ROS)OT (associativity)
2 ROS=SOR
3) RO L= 1lyr
4 ROT=R

(commutativity)
(canceling element)

(neutral element)

19.6.6 Proof of 19.6.5

The distinct product of relations is a “typed version” of the
distinct product of (their) graphs. Their properties are closely
related, the ones here resemble the statements in 16.4.3. Sup-
pose R = [X,I], S=[Y,%], and T = [Z,11].

(1) Using 16.4.3(1) we obtain

[x v v Z]
ROSOT) =
oEen F]G SO
_ [xvyvz
o rosol
[x v Y] Z]
= = (ROS)OT
rox Q{H (Ros)o
(2) Using 16.4.3(2) we obtain
XVY Y VX
RGOS = = =SOR
© {F@E] [E@F} ©

(3) Using 16.4.3(3) we obtain

ves [ ofi]- 28] [~

(4) Using 16.4.3(4) we obtain

_|X O | xvo | |x]
reT= M © [{o}] B [F@{m} B M -
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19.6.7 Lemma
If R and S are two distinct relations, then

1) (RES)=(-RO-S)U(-RO S)U (RO ~S)
2) " RO-SC-(ROS)

19.6.8 Proof of 19.6.7

Let R=[Y,I'l and S = [Z,X]. R and S are distinct, so Y ( Z.
Let us put X := Y V Z, then

®X =@ VZ) = (1Y) (®2)

according to 16.6.5(4). Furthermore, let us put IV := QY \ T’
and ¥’ := ®Z \ . So ®Y is the disjunct union of I' and T’,
and ®Z is the disjunct union of ¥ and ¥’'. ®X is a disjunct
union of the following four components:

®RX = (®Y)06(®2)

(Tur)e(xux)

Tox)yueosHuT o)u(IT o)

With these definitions we have the following proof of (1):

wen = ~(i]of)

_ X
- rox

X
@X\(Tox)

[ b
T |rexyurenure 2’)}

ks } { E ] [ ° }
= 7 U ’ U ’ 7
ros ros| |I'es

= (R®-S)U(-R®S)U(~RO —S)

Since (1) is true, (2) immediately follows:

“R®-S C (RO®-S)U(-ROS)U (=R® -S)

~(RG®S)

19.7 Concatenation of ordinary re-
lations
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19.7.1 Repetition

Recall 5.4.1, that  (z1,...,2n) T (Y1, - s Ym) =
(T1y. oy Tn,s Y1, ..., Ym) is the concatenation of two tuples.

19.7.2  Definition

For every two ordinary relations

R= X1 e e X, and S — Y] e oo Y,
r 3
we define
X1 e Lo X, e Y] e L e Y,
RtS :=

{€tv]€eT,vex}

is the concatenation of R and S.

19.7.3 Example

{ N e N }T{ N e N }
{(1,2),(3,4)} {(5,6),(7,8)}

7|: N «vs N «v N e« N :|

{(1,2,5,6),(3,4,5,6),(1,2,7,8),(3,4,7,8) }

19.7.4 Lemma
For all ordinary relations R, S, T holds:

@) (RTS)TT=Rt(StT) (associativity)
2 Rt{T=R (T is neutral element for t)
3) Rt L= 1y (L cancels t)

19.7.5 Proof of 19.7.4

(1) Is an immediate consequence of 10.5.3(1), the associativity
of the concatenation of tuples.

() If R=[X] e ... «» X,,T], then
0 X1 ems o oo X
RTT=R = =R
f T{{o}] [{mmser}}
(3) Again, if R = [X] «w ... ew X, T, then
[Xl«w»...wx,,}_

0

RTL:RT{O]: 0
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20 Schema expansion and the semantic operations

20.1 Schema expansion

20.1.1 Definition expansion

Let R = [X,T] be relation and Y a schema with ¥ — X.
We define

XVYy
R|Y :=
y~3Jzel.x—y
the expansion of R by Y
20.1.2 Remark —__ table representations.

If R = [X,T]is a relation and Y a schema with Y — X, there

are two intuitive methods to generate R || Y by means of table

representations:

& If Ris a table and Y is completely finite, we can use a graph
table representation (see 20.1.6).

& If X and Y are both completely finite, we can apply boolean
and double tables (see 20.1.5).

Both methods are based on the following lemma.

20.1.3 Lemma___ construction

Let X = [X;|i € I] and Y = [Y}|j € J] be two compatible
schemas and R = [X,T'|. If we put
Y i =Y\ X =pr(Y,J\I)
we have
@ R|Y=R|Y’

Xvy’
@ R|Y= ,
ro((®Y’)

@) R||Y=RO Ty
(4) The graph of the result has the following size:

card(gr(R || Y)) card(T) - card(®Y")

card(T) - [] card(Y;)

JEINI
20.1.4  Proof of 20.1.3
(1) Obviously, X VY = X VY, so
RI|Y = [XVY {yeXVY)|Izel .z —y}

= [XVY {ye®XVY)|ImeT.x—y}]
- R|Y
(2) Again we have X VY = X VY’. X and Y’ are dis-

tinct, so every y € ®(X V Y’) can uniquely be recon-
structed by y = = V 2z with z := pr(y,I) € ®X and
z:=pr(y,J\I) € QY. For such a y holds: (3z € .z — y)
iff x €. So

yERXVY) _ zVz
Jrx el .z —y n zel, ze®Y’
and thus

RIY = [XVY' {zVy|zeT,ye Y’}

[X VY, T O (@Y)]

(3) We have
R|Y
Xvy’
= due to (2)
o (@Y')
X Y’
= © def. 19.6.2 of ®
T RY’
= RO Ty def. 19.3.1 of Ty
(4) There is
card(gr(R || V)
= card(F © ®Y’) see (2)
= card(I) - card(®Y") due to 16.4.10
= card(l") - [] card(Yj) due to 12.1.9

jeJNI

20.1.5

If X and Y both completely finite schemas, X — Y, and
R = [X,T], then R || Y can be constructed intuitively by
means of boolean and double tables.

Boolean and double table representation

Based on 20.1.33) R || Y = R® Ty\x we obtain R || Y by
performing the following steps:
& Given X and Y, say

b—{1,2,3}
X = a—{1,2} Y=|c—{-1,-2}
b— {1,2,3} d {1, -2}

and R as boolean table, say

1[1]o
[2]1]1]
R = [1]2]1
2[2]o
1[3]1
2[3] o

& First, generate Y \ X. In our example, that is

c— {-1, —2}:|

YAX = |:d»—>{—1,—2}

& Write T (y\ x) as a graph table, i.e.
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c:{-1,-2}|d:{-1,—-2}
-1 -1
Torx) = -2 -1
-1 -2
-2 -2

For our purposes, it is even more intuitive, if we rotate this
table and write it horizontally as

“1]—2[-1]—2fc:{-1,-2}
—1|—1|—2|-2(d:{-1,—2}

Tox) =

& Finally, we take R and T (y\x), i.e.

—1]—2[-1]-2Tc:{-1,-2}

d
an 1| -1|-2|-2d:{-1,-2}

and construct the double table of R ® Tv\x), i-e.

—1[—2[-1]-2]¢]
—1[-1[-2[-2]4]

o|r|o|r|r|lo
o|r|o|r|r|lo
o|r|o|r|r|o
(=1 K=1 R i =]

HANENENE
|l w| | ==

by placing R on the left, T (y\x) at the top, and copying
the bit values of R throughout each row of the double table.
The result is the double table representation for R || Y.

As predicted in 20.1.3(4), it has 3-(2-2) = 12 member records
(i.e. twelve 1’s in its boolean and double table).

20.1.6 _ Graph table representation

If R = [X,I] is a table and Y a schema such that ¥ — X
and Y \ X is completely finite, we can apply graph tables to
generate R || Y.

Based on 20.1.33) R || Y = R® Ty\x and 19.6.4 the graph
table representation of distinct cartesian products, we obtain
R || Y by performing the following steps:

& Given X and Y, say

N b= N
g
X:[‘Z N} Y =|c—{-1,-2}
—
d— {—-1,-2}

such that Y\ X is completely finite, which is indeed the case
here, where

Y X = [c>—>{71,72}:|

d—{-1,-2}
Also given the table R, represented as a graph table

2
1
1

WIN |-

& Generate the graph table representation of T (y\ x)
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c:{—1,—2}[d:{—1, -2}
—1 -1
Tyr\x) = —2 —1
—1 —2
—2 —2

& Generate the distinct cartesian product by using the graph
table representations

a:N|b:N|c:{—1,—2}|d:{—1, -2}
2 1 -1 —1
1 2 —1 —1
1 3 —1 —1
2 1 =) —1
1 2 —2 —1

RO Tiyv\x) = 1 3 —2 —1
2 1 —1 —2
1 2 —1 —2
1 3 —1 =)
2 1 —1 —3
1 2 —1 —2
1 3 —1 —2

The result is a graph table representation of R || Y.

Again, 20.1.3(a) is verified. The R has 3, T(y\x) has 2 -2
members, and thus R || Y has 3 -4 = 12 members, i.e. rows in
its graph table.

20.1.7 Lemma _ compatibility.

If X and Y are two compatible schemas and R € Rel(X),
then R || Y — R.

20.1.8 Proof of 20.1.7

X and Y are compatible, so X VY — X, implying x(R || Y) —
x(R), so that R || Y — R.

20.1.9 Lemma unification

If R=[X,T] and S = [Y, ¥] are two compatible relations,
then
R|Y = R||(XVY) £ S| (XVY)=S|X
More general, if R is a class of (pairwise) compatible rela-
tions, Z := \/{x(R) | R € R} is well-defined and
R| Z2 S| Zforal R,SE€R

20.1.10 Proof of 20.1.7

x(R||Y)=XVY =x(S||X),soR||Y=R| (XVY)2
S| (XVY)=S5| X. And because R € R implies x(R) < Z,
we have x(R || Z) =XVZ=Z=YVZ=x(S| Z) and thus
R|Z2S]| Z, forall R,S € R.

20.1.11 Lemma

Let R = [X,T] be a relation.
(1) If XY, Z are pairwise compatible schemas, then
(RIIY)IIZ=R| (YVZ2) (schema accumulation)
(2) If Y is a schema such that Y — X, then
(RIIY)||Y=R|Y (idempotency)
3) If Y < X, then
R||Y=R (neutral expansions)

20.1.12 Proof of 20.1.11
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(1) We put
Y’ = pr(Y,Q(Y)\ Q(X))
Z' = pr(Z,Q(2)\ (Q(X)uaQ(Y)))
so that
XVYVvZ = XvY'vZ
‘We derive
(RIY)IIZ
= (ROTy)O Ty due to 20.1.3
= RO (Ty/ © TZ/) due to 19.6.5
= RO T(yryz
=R|(Y'VZ) due to 20.1.3(3)
= R|(YVZ) due to 20.1.3(1)

(2) Applying (1), we obtain
(RIVIY=R[|(¥VY)=R|Y
3) Y < X implies Y \ X = (). So applying 20.1.3 gives us
R|IY=ROTH=ROT=R
where the last step is due to 19.6.5(4).

20.2 Semantic operations on com-
patible relations

20.2.1 Remark — introduction

Let R = [X,T] and S = [Y, X] be two relations. We already
have the operations C, N, U available to compare and combine
R and S. But they are only defined in case X =Y, i.e. if
R2S.

We will now generalize the definition of C, N, U to more power-
ful operations C, M, L, which are defined for the more general

case X — Y, ie. R— S.

We use the unification lemma 20.1.9, which tells us that
R| Y £ 5| X. This way we introduce the new operations by
means of the already existing ones. For example

RAS:=(R|YV)N(SX)=(R|XVY)Nn(S|XVY)

20.2.2  Definition

boolean operations, extended

Let R = [X,T] and S = [Y, X] be two compatible relations.
With Z := X VY we define
RCS :ff (R]|Z2)C (S| 2) (subvalence)
R=S :iff (R||2)= (S| 2) (equivalence)
RNS = (RI2)NS|2) (conjunction)
RUS := (R 2Z)u(S| 2) (disjunction)
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20.2.3  Definition

As usual, there is a whole range of relations mutating from
C and =, namely:

QE® is not ®E @
O#F®@ s nt®@=0
OC® s OE@and OZ®
©J1® s @LEO

20.2.4  Definition

Let R be a compatible relation class. Then
Z :=V{x(R)| Re R}
is a well-defined schema and
T ifR=0
[IR = [I R :=
RER N (Rl Z) ifR#0
RER
is the (big) conjunction of R
L ifR=10
[IR = I R :=
RER U R2Z) itR#0
RER
is the (big) disjunction of R

20.2.5 Remark

The various table representations for C,=,M,U are con-
structed according to the given definitions in two steps: first,
calculate R || Y and S || X, then perform the method for

C,=,N, U, respectively.

Various table representations.

As there is nothing really new in this two-step method, we
put the discussion of the graph and boolean table method in
a separate subsection (see 20.3) that may safely be skipped.

20.3 Digression: performing se-
mantic operations with tables

20.3.1 Remark — introduction

We now take two tables R and S and perform the new oper-
ations, first in graph table notation and second by means of
boolean table representations.

20.3.2 _ Graph table representation

Given two relations R = [X,T'] and S = [Y,I] in graph table
notation as

la:{p,q,r}lb: {s,t}]
R = p s
q

and
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b:{s,t}|c:{u,v}|d: {w}

S u w

S v w

t v w

Note, that R and S are compatible, because Q(R)N@(S) = {b}
and dom; (R) = {s,t} = dom,(S).
We first join the schemas and obtain

a—{paqr}
b— {s,t}
c — {u,v}

d — {w}

We expand R and S with Z according to the method in 20.1.6.
So

R|Z=ROTxax

where
¢ — {u,v}
Z\X =
\ |:d — {w} ]
so that
a:{p.a,r}|b: {5, t} c:{u,v}|d: {w}
R Z = p s ©} u w
a t v w

[a:{p.a.7}[b:{s. t}[c: {u v}[d: {w}]

|
P Y

AR EY

With the same method for S || Z we obtain

S|z

SO Tz\y

SO Tla{p.q.r}]

b:{s,t}|c:{u,v}|d: {w} a:{p,q,r}
— s u w ® P
s v w q
t v w e

[a:{p.a,r}[b:{s, t}[c: {u,v}[d: {w}]

P s u w
q s u w
i s u w
_ P s v w
- q s v w
T s v w
p t v w
q t w
™ t v w

The relations are made equi-schematic and we construct RM.S
as the intersection of the rows in R || Z and S || Z, i.e.

[a:{p.a,7}[b:{s t}][ec: {u,v}[d: {w}]

RMOS = p s u w
P s v w
q t v w

Accordingly, the union of rows gives us
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a:{p,q,r}|b:{s,t}|c:{u,v}|d: {w}
P s u w
q s u w
T s u w
q t w w
RUS = P s v w
q s v w
T s v w
P t v w
q t v w
I t v w

And comparing the graph tables of R || Z and S || Z, we see
that not every row of the first is a member of the second, so

RYZ Sand R#S.

20.3.3 _ Boolean table representation

We use the same example relations R = [X,T'] and S = [V, X]
from 20.3.2 again, but this time in boolean table representa-
tion:

pls|1 blc|d
q|s| O sjlu|lw]|1
R=|r|s|oO S=|t|lu|lw|O
p|t|O s w1
qg|t|1 t w1
r|t|O0
We join the schemas and again
a—{p,qr}
7 XVY = b— {s,t}
c— {u,v}
d — {w}

According to the method in 20.1.5 for the double table con-
struction of R || Z, we have

so that
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R|Z = ROTax
al|b
plsil
s|0
a u|vl|c
= |r|s|0]|©
w
plt]O
qg|t]|1
r|t|oO
al|blc|d
pls|u|wl|1
u | v (‘] g|s|u|wl|lO
wlw]|d] rls|lulwl/o
plslf1]1 pltiu|wl| O
qls]lof|o g|lt|lu|lwl]|l1l
= r|s|[O0]O = rit|lu|w|O
pltl[o]o pls|o]|w]1
gt][1]1 g|s|v|wloO
r|t|[o]o rls|v|wlo
al|b plt|lv]|w]| O
g|t|v|wl1
rlt|v|wlo

We follow the same procedure for S || Z:

Z\Y = [aH {p7qn"}}

and

so that

S|z

Il
o)
©
_|
N
=
<

s|lu|lwl| 1
= [t[u]w]o]o[p]a]r]a]

s|v|wi| 1
tlv|wl]1

plslulwl1

qg|ls|u|lwl|l 1l

rls|u|lwll1

plalriae [p|t|ulw]|o]

sjujwlt|t]1 g|t|ulwlo

_ |[t]u|w]O]|O]|O — Ttlwlwllo
slv|jwl|1|1]|1

tlo|lw|1]1]1 plslvjw]l

T q|s|v|wl1

rls|v|wl|l1

plt|v|wl|1

qg|t|v|wl]|l1

r{t|v|lwl|l1

Finally, we obtain RMS = (R | Z2)N (S | 2), i.

@

126
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alblc|d alblc|d
pls|u 1A1 pls w1
g|s|u|lw||OA1 qg|s|u|lwl|O
r|ls|lu|w|O0OA1 r|s|u|wl]| O
pltlu|lw]|O0OAO pltiu|lw]| O
glt|lulw|1Ar0 g|t|ulwlo
ROS=|r|t|u]|wlorno|=[r]t[u|w]o
pls|v|w|1Aa1 pls w1
qg|ls|v|w]|0OA1 q|s|v|wl| O
r{s|v| w|O0OA1 r|s|v]|w]| O
plt|lv|wloa1 plt|v|w]|o
glt|v|w]1Aa1 g|t]v]wl]1
ritlv|w]|O0OA1l r|t|lv]|w]| O
and
[afbfe]d] [albfed]
pls|lu|w]|1lV1l pls|lu|lwl(1
q|s|u|lwlO0V1 q|s|u|lwl1
r{s|u|lw|O0OV1 rls|u|lwl|1
plt|u|lw]ovo plt|u|w|o0
qg|t|u|lwl|1lVO qlt|u|lwl|1l
RUS = |r[t[ulw]|ovo]|=[r]t][u]w]o
pls|lv|fw|1lVvl pls|v|wl|1
q|s|v|wl|ovi q|s|v|wl1
rls|v|w]|O0V1 rls|lv|wl]|1l
plt|v|w|ovi plt|v|wl1
glt]v]wl|1v1 glt|v]wl1
rit|lv|w]|0V1 rit|lv|wl]|1

and we can see that R [Z S, because (R || Z) Z (S || Z), which

is evident from their graph table comparison:

pls|u]w|1 pls|u|w|l
q|s|ulw]o q s w1
r|s|ulw|o rls|ufwl1
plt]|u|w|o plt|u|w|oO
g t]ulw]1 g|[t|ulw]o
R|Z = [+]t]|u|w]o0 VA |t w o
pls]|v]|w]|1 pls[v]w]|1
q|s|v]w]o q|s|v w1
r|s|v|wl| O rls|v|wl]|1l
p|t]|v|w|o plt]v w1
gl t][v]w]1 gl t]v]w]1
r|t]v]|wlo vt v|w|1

=5z

There is one row, where the left table has a 1 and the right

one has a 0, but 1 £ 0.

20.4 Properties of semantic opera-

tions

20.4.1

Lemma

For two distinct relations R and S holds
RGS = RMOS

For every pairwise distinct relation class R holds

OR = [IR

20.4.2  Proof of 20.4.1

First of all let us note that conjunctions are defined for compat-
ible relations and distinct products for (pairwise) distinct rela-
tions. This is a proper generalization, because distinct records

are compatible, according to 19.1.8(1).

Since R®S = @ {R, S}, we only need the proof for ©R = [[R.
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So suppose R = {Ry | k € K} with Ry, = [Xj,'x] for each

ke K. Weput X := | X}, and
keEK

Tk ifl=F%
rt .= for all k,l € L
k {®X1 i1k ora €

Then, for each k € K, the graph record {1";c |l € K} is rela-
tively distinct with a well-defined distinct product

o FL:FJ«G( © ®Xz> =T% 0 ®(X \ Xi)
lEK leK\{k}

according to 16.6.5(2). And since FL C ®X; for all k,l € K,
we obtain

nr, = o
keEK

for each | € L. The distributivity law of 16.6.1 gives us

n (@Fi): o} <|"IF2>: orn
keK \lEK leK keEK leK

We put things together and obtain

TR

= N (Re I X) def. 20.2.2 of []
keK

=N (Rk O] T(X\Xk.)) due to 20.1.3(3)
kEK

X V(X \ Xi)
due to 20.1.3(2)

kEK | Tp © (X \ Xk)
X

L
ker | © I'y
lEK

) def. 19.5.3 of N

20.4.3 Remark ___ generalization

Note, that Rel(X) C Prel(X), for every schema X.
And in a certain sense, the algebra on Rel(X)
(Rel(X),C, Lx, Tx,NU,N, U, )
is a kind of subalgebra or “quasi-subalgebra” of the structure
(Prel(X),C, L, T,m U, I 11, —)
“Quasi” means “up to equivalence”. The precise details of

the resemblence between these two structures is given in the
following lemma.
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20.4.4 Lemma ____ generalization

Let X be a schema. For all R,S € Rel(X) and every
R C Rel(X) holds:

1 lx=1

2 Tx=T

3) RCSIffRC S

(4) R=Siff R=S

() RNS=RNS

(6) RUS=RUS

™ NR=I[IR

® UR=I1IR

©@ NR=[IRIff (R#0Dor X = ()
@10) UR=I[Riff (R#0 or X = ())

20.4.5 Proof of 20.4.4

1) Lx | X =1] X,so Lx = 1, and the same holds for (2)
Tx =T.

For R,S € Rel(X), there is x(R) Vx(S) = X VX = X, so
R| X =Rand S || X =5. Therefore, 3 RC Sif RC S,
(4a) R=Sif R=S, (5) RNS = RMNS, and (6) RUS = RUS.

For R C Rel(X), there is

V{x<R>\ReR}:{f§ W

@IER#0D, then [[R=N{(R|| 2)| RER}=NR.
mIER=0and X =(),then [[R=T =Tx =NR.
@IfR =0and X # (), then [[R=T # Tx = R, but
still [[R = NR, due to (2).

So, (a),(b),(c) together proof (7) and (9).

(8) and (10) are proved similary.

20.4.6 Remark —__ accumulation

As a general rule, we can say that: junctions accumulate the
according schemas and attribute classes. The following lemma
20.4.7 is a more precise version of this rule.

20.4.7 Lemma __—__ accumulation

Let X be a schema. Let R,S,T € Prel(X) and R C
Prel(X).

@ x(L) =)

@ x(T) =)

3) x(=R) = x(R)

@) x(RMNS)=x(R)V=x(S)

) x(RUS) =x(R)Vx(S)

© x([IR) =V{x(R) | R€ R}

m x(IIR) = V{x(R) | R e R}

20.4.8 Proof of 20.4.7

All these statements are immediate consequences of the ac-
cording operation definition.
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20.4.9 Lemma

equivalence

(1) For every two compatible relations R and S,
R=S iff RESand SC R
(2) If R =[Y,T]is arelation and Z a schema with Z — Y,
then
R=R| Z
(3) Let Y and Z be two schemas, such that Z is proper
and Y § Z. For all R, S € Prel(Y) holds:

() RCSif R|ZzCS| 2z
® R=Siff R|z=5|2
(4) For every proper schema X and all R, S € Prel(X)

(a) RCSiff R XCS| X
) R=S iff R||X=S5|X
(5) For every schema X and all R, S € Prel(X):
R=S iff R=Sand RS

20.4.10  Proof of 20.4.9

x(R) V x(S). There is

= R = S|z
i#(R|ZC S| ZandR||ZC S|

Siff R |
| S and

| Z
Z) iff (R

I

=YVZ soR=RI| Ziff R|
V Z. According to lemma 20.1.11(1),
| (Zv(YVZ)=R| YVZ. Thus

YVZ=(R| Z)
(RIIZ)|YVZ
R=R| 2.

@ x(R) Vv x(R | ﬁ)

(3) Note, that distinct schemas are compatible, so R || Z and
S || Z are well-defined. Z is a proper schema, so ®Z # 0,
according to 12.1.12(1). Let R = [Y,I'] and S = [Y, ¥], then

R|Z = [YVZ{yVvz|y €T,z2€ @2}

S|z

[YVZ{y'Vz|y' €%, 2€ @2}

For the proof of (a) we distinguish two cases:
& Suppose, R C S. Then I' C ¥ and thus {y’ V z |

y €T,z € ®Z} C {y”VzTy” € ¥,z € ®Z} and
R|ZCS| 2.

& Suppose, R € S. Then I' ¥, and because ®Z # 0,
Wvzly el z2€2 Z{y"Vz|y' €3,z €2}
andthus R|| Z Z S| Z.

Thus RCSifR| ZC S| Z.
(b) can be proved similarly with “=” instead of “C”, but it
is also an immediate consequence of (a) and (1).

(4) (a)Let Y :=x(R)Vx(S)and Z := X \Y. ThenY { Z,
and Z is proper, because X is proper. We derive

RLC S

< RIYCS|Y def. 20.2.2
e RIVIzC(SIYV)IIZ due to (3)(a)
& R YVZCS|YVZ due to 20.1.3(1)

& R|IXCS|X

(b) can be proved similarly, but it is also an immediate con-
sequence of (a) and (1).

(5) Let R=1[Y, Tl and S = [Z,X].
Suppose, R=S. ThenY = Z and I' = X, and thus R= S
and R=S.
On the other hand, suppose, R = Sand R=S. R2 S
means Y = Z. Therefore R|| Z=Rand S| Y = 5. So
R = S implies R = S.

s
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20.4.11  Repetition

quasi—ordered class____

A structure <Q7 [ E> is a quasi—ordered class, if
(1) Q is a class
(2) C is a quasi-order on @ in the sense that

(a) a EbandbC cimplies a C ¢, for all a,b,c € Q (tran-

sitivity)
(b) alC a,forallae@ (reflexivity)
(8) = is the equivalence (relation) of C in the sense that

a=biff (aCband bC a) forall a,b € Q

In that case, = is indeed an equivalence relation (i.e. transi-
tive, reflexive and symmetric).

Because = is given by C through (3), a quasi—ordered class is

more often simply given by <Q, E> only.

20.4.12 Lemma quasi—order.

(Prel(X),C, =) is a quasi—ordered class, for every proper
schema X.

20.4.13  Proof of 20.4.12

We need to show that, for a given schema X, (Prel(X),C, =)
satisfies the properties of 20.4.11.
Well, C certainly is reflexive. And by applying 20.4.9 we have

RCE Sand SCT
implies R|XCS|Xand S||XCTCX
implies R|| X CT| X

implies RCT

for all R, S, T € Prel(X), i.e. C is transitive, too.
And from 20.4.9(1), we already know that = is the equivalence
relation of C.

20.4.14  Remark Remark

It is important to note, that <Prel(X), c, E> is usually not a
quasi—ordered class anymore, if the schema X is not proper.

Suppose, X is not proper, say
a— {p,q}
X=|b—10

c— {r, s}

and R, S,T € Prel(X) are given by

a:{p,q} o irs)
Ry | s-[m) r-[=C
q

then

Rx(s) = [Tl [770] = 511 x(%
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T x(8)=[b:0]c:{rs}]=5|x(T)

a: c
{p) q} {T»S} a C:
R || x(T) = P T + {p,q} | {r, s}
q T p T
p S q s
q S

and so

R=Sand S=Tbut RZT

=T | x(R)

The transitivity of = is violated and = is not an equivalence
relation anymore. Neither is C a quasi—order on this example

Prel(X).

20.4.15 Lemma

distributivity of expansion over boolean

junctions

Let X be a proper schema and Y € Proj(X).

@ L]jy=1

@ T|Y=T

@ R Y =~(R|Y)

@ (ROS) | Y =(R[Y)N(S|Y)
R, S € Prel(X)

® (RUS) Y =(R[Y)U(S|Y)
R, S € Prel(X)

(8) For every R C Prel(X)

IR 1Y = TI (R]Y)
RER

(9) For every R C Prel(X)

ORIy = L (RIY)
ReER

for every R € Prel(X)

) RCS iff R|YCS|Y forall R,S € Prel(X)
(my R=S iff R||Y=S]|Y forall R, S € Prel(X)

IR 1Y =TI (RIY) iff (R#BorY =())
RER

IRy = H@®R[Y) if (R#0orY =)
RER

for all

for all

20.4.16  Proof of 20.4.15

First of all, let us note that U — Y, for every R = [U,T'] €
Prel(X) and Y € Proj(X). So all operations, in particular all
expansions, occuring in this lemma, are well-defined.

@ L =10),0, () —Y,and so L || Y = L, according to

20.4.9(2).

(2) similar to (1)

(3) If R=[U,T], we put Y’ := Y \ U and obtain

R I Y

®U\F} Y

[ U
= Nl
QU \ r} I

Uuvy’

i (QU\T) © @Y’

def. 19.4.1 of =

due to 20.1.3(1)

due to 20.1.3(2)
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Uuvy’
= due to 16.6.1(3)
(®U 6 @Y )\ (I 6 ®Y")

Uuvy’
= due to 16.6.5(4)

@U VY )\ (TeeY’)
 [uvy
~ Troey’

()

- (R|Y") definition of R
= (R[Y)

due to 19.4.1 again

due to 20.1.3(2)

due to 20.1.3(1)

‘We now first proof (8) and (9), which turn out to be general-
izations of (4) and (5), respectively.
8) Let R ={R; | i€ I} C Prel(X) with R; = [X,,T;] for

i € I. We put

z = V{X;|iel}

Y = v\Z

Z; = Z\X; for each 1 € T
Y: = Y\X; for each i € T
Z! = Z\ (Y V X;)foreachie€ I

so that

(ay ZVY =2ZVY’'

() ZVY =Y; V ZV X, for each i € I

() ZVY =Y/ Z;V X, for each i € T

@ INe@Y:)e(®Z)=T;0(’Y;)®(®Z;) for each i € I

as the following diagrams illustrate:

Z

Y

First, let us suppose that R # 0, i.e. I # 0, then
aIm) Iy

= (ﬂ (R | 2) > Y def. 20.2.4 of []

ﬂI (T ©(®2:))

= < N (R |l Z)> Iy’ due to 20.1.3(1)
= (ﬂ (Ri |l Z: )) | Y’ again 20.1.3(1)
XV Z;
= |y’ 20.1.3(2)
€l | T © (®Z)
Z
= Iy’ def. 19.5.3 of



AR

due to 20.1.3(2)

- (ﬂ (T © (®Zi))> o (®Y")
i€l

AR
- N (T 0 (®Z:) © (’Y")) due to 16.6.1(5)
il
[ Zvy’
TN @oe ey e @z) due to (d)
iel
AR
- n due to 19.5.3

el | (T; 0 (9Y;) @ (®2)))

— n due to (b)
e (M0 (8Y1) 0 (®2)))

(Xi VY;)
=N || Z; due to 20.1.3(2)
€| (M o (8Y1))

= NRillY) | Z

iel
On the other hand, if R = (), then
IR 11y

T|Y definition 20.2.4 of ]

due to 20.1.3(2) again

T due to (2)
= H(Z) again, def. 20.2.4 of ]

= IR IY)
i€0

And obviously, this equivalence
IR Y =I{R Y | Re R}

turns into the identity
TR IY =T{R Y | R € R}

exactly in case Y = ().

So putting things together we have, for every R C Prel(X),

TR 1Y =TI (RY)
RER
and
IR IYy=TI(RIY) iff (R#FDorY =)
ReER

(9) Proof similar to (8). The central step in (8) is the applica-
tion of the distributivity lemma 16.6.1(5) for distinct prod-
ucts over intersections. A similar statement 16.6.1(4) is true
for unions (even including the empty class case). The rest
of the proof is very much the same.

(4) We put Z := x(R) V x(S) and obtain

RMS

(Rl 2)N(S|2)
N{R I 2), (Sl 2)}
= [I{R, S}

so (8) is just a special case of (8) with R = {R, S}.

(5) Similar to (5).

(6) For arbitrary R, S € Prel(X) holds R = R || Y, due to
20.4.9(2), and thus RC R || Y and R || C R, due to
20.4.11(3). So, RC S implies R [YCRC SC S| Y
implies R || Y C S || Y, since C is transitive. On the other
hand, R|| Y C S| Yimplies RC R|YLCS|YLCS

=i

implies RC S. Thus RESIf R|YLC S|
(7) Follows from (&) with 20.4.11(3).
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20.4.17 Lemma

For every schema Y holds:

@ LY =1y

@ T[Y =Ty

And if R = [X,T] is a relation with Y — X, then
@ R|Y=RNTy

@ R|Y=RULly

20.4.18  Proof of 20.4.17

(1) We obtain

[0y fovy]_ ]
o[- [ - ] -

by applying 20.1.3 and definition 19.3.1 of L and Ly .

(2) Similar to (1) we obtain

To0T,y [ ovy ]_[r
= [{<>}} Y= [{<>}@®Y} = {@Y

(3) We obtain
RMNTy
= RIXVvY)n(Ty [ (XVY))

=Ty

def. 77 of M

(RI(YAX)N(Ty (X\Y))

due to 20.1.3(1)

X Y
= [ ]I(Y\X) n [ }I(X\Y)
r Y

def. of R and Ty

X V(Y \X) YV (X\Y)
- _F@@(Y\X)_ " _®Y®®(X\Y)
due to 20.1.3(2)
[ xvirvx) | | vyvix\v
- _F@@(Y\X) m_®(Y\'/(X\Y))

due to 16.6.5(4)
XVvyYy XVYy

ro®y\X) (X VY)

XVY
TOo(Y\X)Na(XVY)

def. 19.5.1 of N

XVYy
oo\ X)
because (' ® ®(Y \ X)) C (X VY)
= R H (Y \ X) due to 20.1.3(2), again
= R H Y due to 20.1.3(1), again

(4) The proof is similar to (3) and we may skip some steps
RU L1y

X Y
= I(Y\x)|u I (X\Y)
r 0
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XV (Y \X) YV (X\Y)
- roel\Xx) b POo(X\Y)
) _ ) due to 20.1.3(2)
[ xvy ] [yvvx
B roe \X) . 0
) ’ ) due to 16.4.3(3)
[ xvy ]
- roey\X)
=R|Y

20.4.19 Lemma
Let X be a proper schema. In (Prel(X),C) holds for
every R C Prel (X) and all R, S € Prel (X)

(1) [IR is a greatest lower bound of R
(2) [IR is a least upper bound of R
(3) RM S is a greatest lower bound of R and S
(4) RU S is a least upper bound of R and S

20.4.20  Proof of 20.4.19

(1) Let R € P(Prel(X)). Then

& [IR is a lower bound of R:
According to 19.1.10, R is compatible and Y := \/{x(R) |
R € R} is well defined. If S € R, then [[R =({R | Y|
ReR}CS|Y,so][RCS.
& [IR is a greatest lower bound of R:
Let T € Prel(X) with [[RC T C S for all S € R. Ac-
cording to lemma 20.4.9(4)(a), this implies [[R || X C
T X CS | X foral S € R, sothat {R | X |
Re RYCT | X C S| X forall S € R. Thus
MR X | Re R} =T | X, ie. [IR =T, due to
lemma 20.4.9(4)(b).
(2) Proof similar to (1).
(3) Is true because RS = [[{R,S} (see 20.4.21(9)) and
statement (1).

(4) This is true due to RUS = [[{R, S} (see 20.4.21(10)) and
(2).
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20.4.21 Lemma
Let X be a proper schema. For all R, S,T € Prel(X) and
all R C Prel(X) holds:

(1) TMR=R
(2) LUR=R
3 RMR=R
4 RUR=R
() RO(SNT)=(RNDS)NT
) RUSUT)=(RUS)UT
(7)y RMS=SNR
(8 RUS=SUR
9 RMNS=J[{R,S}

(1o0) RuUS=]1[{R,S} (U is special case of [])
@a1) SAOJIR=][[{SNR|ReR} (full distributivity)
(12) SUJ[R=TJ[{SUR|ReR} (full distributivity)
@a3) —[[R =[I{-R|R € R}
aay -[IR =[[{~R| R € R}
(15) LNMR=1
(16) TUR=T

(T is neutral element of 1)
(L is neutral element of L)
(M is idempotent)

(U is idempotent)

(M is associative)

(U is associative)

(M is commutative)

(U is commutative)

(M is special case of [])

(de Morgan’s law)
(de Morgan’s law)
(L quasi—cancels M)
(T quasi—cancels LI)

a7y LCR (L is a least element)
(18) RC T (T is a greatest element)
a9 [I{R}=R (TT is idempotent)
o) [T{R}=R (I] is idempotent)

(21) RMN—-R=_1
(22) RU-R=T

(M—quasi—complement)

(U—quasi—complement)

20.4.22  Proof of 20.4.21

Suppose R,S, T € Prel( ) and R
—[.r) s = [y '), 7= [y
K} with Rk_[Yk,Fk ] for eac

T QT G- e

Y
r

o son= () o ([]0) - [} ] -
M

3) RMR=(R|Y)N(R|Y)=RNR= |:1'\§1":| = [11'/‘:| =R

C Prel(X) are given by
I'"],and R = {Ry | k €
€ K.

=R

(@ RUR=(R| Y)U(R|Y)=RUR= {rzr] = [ﬂ =R

(5) Let usput Z:=YVY'VY”. Thereis x(RMS) =Y VY’
and x(STT) =Y’ VY, so that
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RMO(SNT) always the case.
S L as) RCTIFRC T | Y iff [V,T] C [Y,®Y]iff T C ®Y,
= RV vY")n{(snT) | (Y VX' 'VY")) which is always the case.

(19) We apply (3) and obtain [[{R} =[[{R,R} = RMR=R

= R|Zn(SNT)| Z
I (« )1I12) (20) Similar to (19).

= R|Zn(S||ZznT| 2) (21) We have
= R Zn(SzZnT]| 2) RMA-R =
(®Y) \T
- (RIZnS|2)nT|z
= (Rllzns|z2)nT| z B [Fﬂ((®Y)\F)}
= (BRNS)2)nT| Z = [}
= (ROS) (Y VvY)vY")N)NT | (Y VY)VY") _
= (RNS)NT = 1
(6) Same.as (5) with “r” and “N” replaced by “LJ” and “U”, (22) We have
respectively.
(7) Obvious by now. RU—-R =
(8) See (7). ®Y) \T
@ RNS = (R | (Y vY))n(S H (YVY)): _
N{ER I VY)), (S V N} =TI{R, S} I‘U((®Y)\F)
(10) Similar to (9).
(11) We define Z := \/{Y} | k € K} and obtain = [@Y}
SnIIRrR
— SIY VZHNIIR| Y V2) =
def. 20.2.2 of M B
=(@S|Y'VvZn 1 (R | Y'VZ) =T
keK
due to 20.4.15(9)
= IY'vaon U (RellY'VZ|Y'VZ)
kEK
def. 20.2.4 of [| 20.4.23 Definition notation
— ’ ’
= @Iy van kLéJK (Rk Iy’ v Z) The monoid-properties of M and U, i.e. the associativity
due to 20.1.11(1) (20.4.21(5) and (6)) and the existence of neutral elements
= U ((S NY'VZ)N (R, | Y'V Z)) (20.4.21(1) and (2)), allow us to use the following abbrevi-
€K ating notations:
) due tcj the distributivity of |J and N R nR T 5% 0 = @
:kLEJK((SHY VZ)N (R | Y'V 2)) e T YRiN (B2 ... NR,)  ifn >0
due to 20.4.4(5) R L LR Rt ifn=0
= kgK((SﬂRk) Y’ v 2z) PEee =i T YR U(Ra UL UR,) ifn>0
due to 20.4.15(4) for every list Ry,..., R, of (pairwise) compatible rela-
= JI (ST Ry) tions.
kEK
again def. 20.2.4 of ]
(12) Similar to (11). 20.4.24  Lemma
138) Let Z := V{x(R) | R € R}, then
-[IR For every proper schema X and all R, S € Prel(X), the
n (&2 following statements are equivalent:
= - R Z
RER @ RLCS
= U (R 2 due to 19.5.14(13) € = E =
RER 3) RUS=S
= U (=R 2 due to 77(3) @) RMNS=R
RER () RM-S=1
= RIEIR(ﬂR) 6) —RUS=T

(14) Proof similar to (13).

(10 Y _ Y vi_
aw snn= ([oJi)o ([]ir) = o] [7] - 20,425 prosarzoa

|:Y:| Ly = L Suppose, R and S are given as R = [Y,I'] and S = [Z, X].
=1y =

i) Below we will provide the proof by showing, that (1) is equiv-
alent to (2),...,(6), each. But first let us recall, that for every
O Y v Y class C and all A, B € P(C),
(1e6) TUR= ! Y Ju r Y | = oY U rl = () ACB iff C\BCC\A
() ACB iff AUB=B
Y ity =71 (¢ ACB iff ANB=A
Y (@ ACB iff An(C\B)=0

an LCRiff L || Y CRiff[Y,0] C[Y,T]iff @ C T, which is () ACB iff (C\B)UA=C
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Furthermore, we have
R|YVZ
= [}I::| 1 (Z\Y) due to 20.1.3(1)
_ [ YV (Z\Y) }

du 1.
F@@(Z\Y) e to 20.1.3(2)

_ YVZ
T ree@\Y)
and

(~R) | YVZ
Y
A r] vz
def. 19.4.1 of —
YV (Z\Y)
(@Y \D)os(z\Y)

due to 20.1.3

[ Yvz
@Y ee@\Y)\(Tee(Z\Y))

due to 16.6.1(3)

Similarly, we find that

YVZ
sliyvz = 2®®(Y\Z)]
YVZ
=S)IYyvz (®Z@®(y\z))\(z®®(Y\Z))]

Now, a proof of “(1) iff (2)” is given by

RLCS
iff R|YVZCS|YVZ def. 77 of C

o YV Z YV Z
"lresz\v)| = |seew\ 2)
HToO®Z\Y)CZoel\2)

i /Y VZ)\NEo(\2)
CRYVZD\T oORZ\Y))

due to (a)

RZVIY\NZ)\(Zo((Y\ 2))

CaRY V(Z\Y)\ (T Oe(Z\Y))
" ( (®2@®<Y\Z>>\(z®®(Y\Z))>
C@Yoe(Z\Y)\[Toa(Z\Y))

due to 16.6.5(4)
®Z\E @@(Y\Z)) y
due to 16.6.1(3)
(@Y\D)0&(2\Y)
i YV Z c YV Z
®Z\D)ea(Y\2)| = @Y \T)eeZ\Y)
i (=) |YVZC(-R) | YVZ
if -5 C —R

A proof of “(1) iff (8)” is given by

RUS=S
iff (RUS)||YVZ=S|YVZ

def. 20.2.2 of =
iff (R|IYVZ)UR|YVZ)=S|YVZ

due to 20.4.15(5)
iff (R|IYVZ)US|YVZ)C(S||YVZ)

def. 20.2.2 of U
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YVZ U YVZ YVZ
Tro®(Z\Y) oY \2)| T |1ZToelY\2)

i TOoe(Z\Y)HUEoe(Y\2)C(EoalY\2)
iff (TOZ\Y)) C(Eo\2) due to (b)
if RCS

A proof of “(1) iff (4)” is similarly given by

RMS=S

if TORZ\Y)NEoa(Y\2)CEoa(Y\2)

iff (TO®Z\Y)) C(Eol\2) due to (c)
if RC S

A proof of “(1) iff (5)” is similar by using (d).
Finially, (e) can be used to show “(1) iff (6)”.

20.4.26 Lemma congruence.

Let X be a proper schema.
If R,R,S,S’ € Prel(X) with R = S and R’ = S’, then

(1) RER if SC S’
(2 RMS=R' NS’
@) RUS=R uUS’
(4) "R=-S

If R,S C Prel(X) such that each R € R has an equivalent
S € S and vice versa, then

& NR=NS
® UR=US

20.4.27  Proof of 20.4.26

Should be clear by now.

20.4.28 Lemma

Let X = [X;|i € I] be a proper schema. Let L = [Ly|k €
K] also be a proper schema and Ry; € Prel(X), for each
k € K and | € L. Then

@ [I I Re= I TII Rexw

total distributivity.

kEK IELy, AERQL kEK
@ [ Il Rua= TII 1I Rix(k)
kEK LELy, NERL kEK

20.4.29  Proof of 20.4.28

Left as exercise.

20.4.30 Lemma
Let X be a proper schema, R € Prel(X), and R = {Ry |
k € K} C Prel(X). Then
1) " R=L1LifR=T
(2) " R=Tif R=1
@ Ve K. Ry=T)If[[R=T
@ (VkeK.Rpy=1)if [[R=1
) (3k € K.Ry = 1) implies [[R= L
) (3k € K. Ry =T) implies [[R=T
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20.4.31  Proof of 20.4.30

Left as exercise.

20.5 More derived semantic opera-
tions

20.5.1 Remark

In section 8 we introduced additional junctors derived from
quasi—boolean algebras, in particular the multiary subjunctor
“—=” and equijunctor “—” (8.2.2). Here in our final subsec-
tion 20.5 of section 20 , we introduce these junctors for our
(quasi-boolean algebra) of compatible relations. At least the
simple binary versions “@ — @7 and “@© < @7. We also
add the subtraction (or difference) “@© — @7”.

In the introductory remark 8.0.5 of section 8 , we discouraged
the reader to study that section. So we introduce these new
junctors here along with some lemmata and proofs, that don’t
refer to section 8 .

20.5.2  Definition

For all compatible relations R and S we define:
R—S (= RMN-=S (subtraction or difference)
R— S :=-RUS (subjunction)
R~ S (= (-RMN-S)U(RMNS) (equijunction)

20.5.3 Lemma
For every proper schema X and all R, S € Prel(X) holds:

properties of sub— and equijunction

1) x(R— S)=x(R)Vx(S)
) x(R < S)=x(R)Vx(S) (equij. schema)
@) R—S=(R—S)N(S— R) (double subj.)
4) RCSIfR—-S=T
) R=Sif R>S=T

(subj. schema)

(subvalence criterion)

(equivalence criterion)

6 L—-R=T (left bottom)
() T—-R=R (left top)
® R— 1L =-R (right bottom)
©® R—->T=T (right top)

(10) R~ 1 =-R
(11) R— T=R
(12) R—S=-(R— S) (subtraction and subjunction)

(negative literal)

(positive literal)

20.5.4  Proof of 20.5.3

Suppose R = [Y,T'] and S = [Z,%]. R,S € Prel(X) implies
the compatibility of R and S, so all the sub— and equijunction
terms of the lemma are well-defined.

(1) We have
x(R — S)
= x(-RUS) def. 20.5.2
= x(-R) V x(S) due to 20.4.7(5)

= x(R) V x(95) due to 20.4.7(3)
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(2) Similar to (1), we have
x(R+— S) = (x(R)Vx(S))V (x(R)Vx(S))

= x(R) Vv x(S)

(3) Applying definition 20.5.2 of — and < and the boolean
laws from 20.4.21 we obtain

R« S

(~RM=S)U(RMS)
("FRUR)M(~RUS)N(=-SUR)MN(=SUS)
= Ty N(~RUS)N(SUR)NTz

= (mRUS)N(=SUR)

= (R—S)N(S—R)

(4) We have
RCS
& "RUS=T due to 20.4.24
< R—S=T def. 20.5.2 of —

(5) If R= S5, then -RM—-S = =R and RM S = R, so that
R~ S=(-RMN-S)U(RNS)=-RUR=T.
On the other hand, if R < S = T, then (R — S) N (S —
R) = T according to (83), so R—-S=Tand S - R=T,
so that R C S and S C R according to (4), which means
R = S according to 20.4.9(1).

(6) We have
1l —R
=-1lUR def. 20.5.2
= TUR due to 19.4.8(1)
=T due to 20.4.21(16)

(7) Similar to (6) we have
T—-R=-TUR=1UR=R

(8) We have
R— 1
= -RUL def. 20.5.2
= =R due to 20.4.21(2)

(9) Similar to (8) we have
R—T=-RUuT=T
(10) We have

R« L
= ("RMN-LlL)U(RMNL) def. 20.5.2
= (RNT)UL in particular due to 20.4.21(15)
= -RUL due to 20.4.21(1)
= -R due to 20.4.21(2)

(11) Similar to (10) we obtain

R—T = (—|R|_|—|T)|_I(RHT)

= (-RNL)UR

= 1LUR

= R

(12) We have
R—-S

= RMN~-S def. 20.5.2
= (RN =S) due to 19.4.6
= —=(~RU-=S) due to 20.4.21(18),(9), and (10)
= =(-RUYS) due to 19.4.6
= -(R—S) def. 20.5.2
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21 Decreasing the schema of relations

21.1 Introduction and overview

21.1.1 Remark __Various operations to decrease the schema__

We already have an operation available to increase the schema
of a relation, namely the ezpander ||. Decreasing the schema
is a more subtle process and we will present six or seven dif-
ferent operations to do the job. One reason for this variety is
the diversity of possible operation types to express the idea.

Let X = [X;|i € I] be a schema, R € Rel(X) and Y < X, i.e.
Y = pr (X, J) for some J C I. Suppose we want to decrease
the schema X of R and Y schall be the schema of the resulting
relation R’. We call this

& a reduction of R onto Y, or

& a (co)projection of R onto J, or

& an elimination of K := 1\ J from R

That is already a lot of terminology for basically the same
thing. Nevertheless, the variety is useful. In particular, as
their actual formalizations uses very different approaches.

A reduction of R onto Y is the attempt to find a R’ € Rel(Y)
equivalent to R. But such a R’ exists only in rare cases. In
general, we only have two closest results: the maximal subva-
lent member of Rel(Y), called the infimum reduction of R onto

Y and written R f} Y , and the minimal supervalent element,

called the supremum reduction of R onto Y, notedas Ry Y .

It is very important to understand the arguments that lead to
these concepts. In 21.1.2 and 21.1.3, we use double tables to
motivate and introduce these reductions.

A projection of R onto J, written pr (R, J) , is an often used

operation on relations and seems the most obvious way of
schema decreasing when we look at the graph table of R: to ob-
tain pr (R, J), simply delete all the columns whose attributes
are not in J.

It will turn out (in 21.6.4(1)(a)), that the projection resem-
bles the supremum reduction: pr(R,J) = R | Y. In
order to have its dual concept available as well, we intro-

duce the coprojection of R onto J, written cpj (R, J) , with
cpj(R,J)=R1Y.

Finally, eliminations come in two flavors, accordingly:
R | K := pr(R,J), the supremum elimination, read “the
upper R without K”, and R | K := cpj(R,J), the

infimum elimination, read as “the lower R without K”.

21.1.2  Remark _Equivalent reduction and redundant attributes_

In the sequel, let a relation R = [X,I'] and a schema Y with
Y — X be given.

We already defined a method to expand the schema X of R by
Y, the resulting relation is R || Y and its expanded schema is
X VY. R| Y is distinguished from all the other elements of

Rel(X VYY) by the fact that it is the only one equivalent to
R. We could have defined

R|Y := theS € Rel(Y)withS=R

Let us now define the inverse operation: a reduction, i.e. an
operation that reduces the schema of relations. For now we
take this term literally and restrict the definition to the case
Y < X. So, in case Y < X, we define the equivalent reduction
of R onto Y as

R{yY := theS e Rel(Y)withS=R

If such an R { Y exists, it is unique. However, in most cases
it does not exist.

Double tables provide a nice and intuitive way to demonstrate
the situation. We consider the example where X, Y, R are given
by

a— {1,2}
| b—{2,3,4} _la—{1,2}
X = cr {1,2} Y‘{bH{2,374}}
dw— {2,3,4}
D¢
R=

z ~ z(a) - z(b) < z(c) + z(d)

The double table of R (according to 17.6.1) with Y as left and
X \'Y as top schema is

ol orf orf e

oo o o en

o

N[NIAA|AN AN =] =
N A N A AN B
o|o|o|o|a|o

o

AIN|AIAIA Ao =
Wlwlw|lwlwlw
AIAIAIA[A Ao o
ISEN IS
AIAIAIA[A A v
w

oo w|e|n

CIENEIIESES

W | | W
AN
IS
W=D W[

o | ofw|e|n

CIENEIIESES

NG
EIFS EFN IS EN IS

o|o|o|o|o|r| |~
OO|O|=|O|=|[NN
o|lo|o|r|o|r| w|~
O|m|o|r|m|m|w|w
o|r|o|r|r|r| |~
O|m|o|m|m|m| |

QM| ||~
S| W W NN

Let us try to construct R § Y. The schema of R Y is Y, so
R 'Y can be represented by a boolean table
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1128
22| B2
RYY = [1]|3]8s
23| Ba
11485
24| Be
It remains to define the B81,...,83s € B. We want R § Y to

satisfy R § Y = R, and that means R Y || X = R. In double
table representation (according to 20.1.5) that is

1 2 1 2 1 2 || c
2|2 3 314 |4|d
1281 |B1|B1|B1|B1]|B
22| B2 |B2|B2|B2|B2| B
RYY X = [1|3][Bs]Bs|Bs]Bs|Bs]Bs
2|3||Ba|Ba|Ba|Ba|Ba|Ba
11485 |Bs5|Bs5|Bs5|B5]|Bs
24| Bs|Bs|BPs|Bs|BPs|Bs
al|b

i.e. in each of the six rows (of the center block), the entries
for all cells must be identical. And R § Y || X = R means
that this double table must coincide with the one for R given
earlier on. Obviously, there are no 31, ..., 8¢ € B to make that
happen. The double table for R has rows with mixed values,
e.g. in the second last row (the one for a = 1 and b = 4), both
0 and 1 occur. For this given R and Y, R § Y does not exist.

We will also say that R § Y exists iff each of the deleted at-
tributes (here ¢ and d) is redundant in R.

21.1.3 Remark

Infimum and supremum reduction—____

R 'Y, the equivalent reduction onto Y might not always exist.

But there is always:

# a maximal lower bound, i.e. the greatest R’ € Rel(Y) with
R’ C R, called the infimum reduction of R onto Y and writ-

ten RAYY .

& and similarly, a minimal upper bound, written R { Y , the

supremum reduction of R onto Y.

Let us take the previous example R and Y again. Let us con-
sider a S € Rel(Y), its general form was

112] 81
2]2| B2
S = 13| 83
1414 B8s
214| Bs

with £81,...,086 € B and so
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L1281 |B1|B1|B1|B1]|B
2|2| B2 |B2|B2|B2|B2| B
SIX = [1]3]Bs[Bs]Bs[Bs|Bs]5s
2|3 Ba|Ba|Ba|Ba|Pa|Ba
11485 |Bs5|Bs|B5 |85 |Bs
2|4 Be|Bs|Bes|Bs|Be|Bs
alb
Now suppose we want the (31,...,0¢ such that S C R, i.e
S || X C R. In double table representation that is
121 [2]1]2T]c¢] 1]2]1]2]1]2]¢]
2 2|33 ]4]4]d 2[2[3[3[4[4]4|
112)1B1[B1[B1|B1]B1]|B1 12f[aa]a]a]a]a
2|2||B2 [Ba|B2|Ba|B2|B2 2[2[[ofofo[1[1]1
1[3][ B3] B3] B3] B3 |B3]B3 C [Asffolx[1[1[1]1
2 (3[Ba | Ba | Ba | Ba | Ba | Ba 2[3|[o[o]o]o[o]0
1|4/B5|Bs5|B5|B8s5|Bs|Bs 1[4][o]ofo[1]1]1
21486 |Be|Bs|Bs |Be6 | Be 2|4|[o]o]o]o]o]0
alb a|b

which means, that the 38; have to satisfy the following set of
order statements

B1 <1 By <1 B <1 Bp <1 B <1 B <1
B2 <0 Bz <0 B2<0 Bag<1 B<1 pBg<1
B3 <0 Pz <1 pzg<1 pz<1 Ppzg<1 pzg<1
By <0 pByg<0 pBg<0 pBg<0 pBg<0 pg<O0
Bs <0 PB5 <0 B5<0 PBs<1 B5<1 p5<1
Be <0 PBg<0 pBg<0 PBg<0 pg<0 pBg<O0

which is the case exactly if
B1 is eitherOor 1 and B2 =83 =B1 =05 =P =0

In parameterized boolean table notation that result goes: For
every S € Rel(Y),

SCR iff S= with 8, € B

N[N =]
R |Wwlw| NN o
[=] =) =) =) =)

In other words, R has two lower bounds in Rel(Y): one S;
with 81 = 0 and one Sz with 8; = 1. Obviously, the maximum
of these lower bounds is Sz, where §; is put to its maximum
value 1. S is our wanted R} Y.

An alternative way for saying that R f Y should be the maxi-

mal lower bound of R in Rel(Y") is the actual definition 21.6.1
of RTY as

RNY := U{S€Rel(Y)|SLC R}
And indeed, for our example case, Rt Y = S; U Ss.

Using the same line of reasoning for the minimal upper bound,
we find that
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1]2] 1
22 1

RCS iff S=[1|3] 1 | with 4,8 €B
2|3 | Ba
1[4 1
2|4 | Bs

The minimum of these four upper bounds is given by assigning
the minimum value O to the free parameters B4, 8. Written
with the new notation that is

RIY =

N[N =N =
]| w| |
OlR|O|=|R|=

21.1.4

Double table method for supremum and infimum

reduction

Following the arguments you might already have discovered a

faster method to derive R f# Y and R | Y from the given

double table of R:

& For R f} Y perform the boolean conjunction A of all boolean
values in each row.

& For R || Y perform the boolean disjunction V of all boolean
values in each row.

For our example, this means:

al|lb al|lb
1(2[1A1ALTATALIAL 1(2]1
2{2[[0AOAOATIALTAL 21210
RMY=|1|3|0OAN1IALALALIAL|=|1]|3]0
2|3|0ANOAOAOAOAD 2130
1[4[0A0AOATIALIAL 1(4]0
2(4[0OAOAOAOAOAO 2410
and
al|b al|b
1{2f1vivivivivi 1{2(1
2|/2lovovovivivi 2121
RyY=|1|3|lovivivivlivl|=|1[3|1
2|3lovovovovovo 2130
1/4fovovovivivi [1]aff1]
2|4lovovovovovo 21410

By the way, the notation “f}” can be memorized by this method

as “ff = || + A”. In lattice theory, the term “infimum” is syn-
onymous to “meet” or “conjunction”. Accordingly, think of
“J =] 4+ V” for the supremum reduction.

21.1.5 Remark overview.

Next, we move on to state the proper formal definitions of the
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mentioned operations and discuss their properties. We begin
with the (co)projections (21.2) and continue with the elimina-
tions (21.4), reductions (21.6) and redundancies of attributes
(21.8).

So far, we only mentioned proper schema-decreasing opera-
tions in the sense that R’ < R for every R decreased to R’.
But reductions, say a supremum reduction R | Y, is de-
fined as ({S € Rel(Y) | R T S}. That expression is not
only well-defined for ¥ < x(R), but more general for every
Y — x(R). In this respect, reductions will be more general
than (co)projections and eliminations.

By the way, if R = [X,I'] and ¥ — X, we will see (in
21.6.4), that e.g. the general supremum reduction R | Y is
a combined proper reduction and with a subsequent expan-
siont Ry Y =R | (Y AX) ] Y. We can understand these
generalizations with the already known notions.

We will also see that the duality of, say supremum and in-
fimum reductions is a proper duality indeed: one can be ex-
pressed in terms of the other, e.g. Ry Y = =((-R) 1+ Y),
etc. We use this fact for the introduction of the coprojection
as cpj (R, J) := —pr (—R, J).

21.2 Projection and coprojection

21.2.1 Repetition

Recall from 16.5.2, that

pr ([, J) = {pr(§J) ¢}

for every schema X = [X;|i € I],eachI' C ® X and all J C I.

21.2.2 Definition

Let X = [X;|i € I] be a schema, R = [X,I'] a relation and
J C I. We define
pr (X, J)
pr(R,J) =
pr (T, J)
the projection of R onto J
cpj(R,J) := —pr(=R,J)
the coprojection of R onto J
21.2.3 Table representations.

Let X be a schema, R € Rel(X), and J C dom(X).

& If R is a table, we can compute pr (R, J) by simply deleting
all the graph table columns that are not in J. See 21.2.4
for example. This possiblilty is a direct consequence of the
projection definition 21.2.2.

& R being a table does in general not mean that —R is a
table, too. So the coprojection definition cpj (R, J) :=
—pr (=R, J) is not a recipe for a graph table method. Not
in general, anyway.

& If R is a completely finite relation, it can be represented by
boolean and double tables and we generate both pr (R, J)
and cpj (R, J) according to the method in 21.1.4. The jus-
tification and formal expression for this method is given in
21.2.9 below.
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21.2.4

Graph table representation for the projection_____

If R = [X,T] is a table, we can represent it by its graph table.
For example

[a:N[b:N[c:N[d:N]|

1 2 3

5 6 8

9 10 11 12
R = 1 1 3 3

5 5

9 9 11 11

2 2 4

6 6 8 8

10 10 12 12

If we want to compute pr (R, J) with J = {b, d}, we delete all
the columns in this graph table, except the ones for b and d:

b:N|d:N
2 4
6 8
10 12
1 3
pr(R,J) = s -
9 11
2 4
6 8
10 12

There are some redundancies, and after removing them we ob-
tain

b:N[d:N
2 4
6 8
pr(R,J) = | 10 | 12
1 3
5 7
9 11

21.2.5 Lemma

Let X = [X;|i € I] be a schema, R = [X,I'] a relation and
J C I. Then

pr (X, J)
cpj (R, J) =
®pr (X, J)\ pr(®X \T,J)

21.2.6 Proof of 21.2.5

def. 21.2.2 of the coprojection

X
= ﬁpl‘< ®X\1":|’J> def. 19.4.1 of
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def. 21.2.2 of the projection

_ | pr(X,J)
pr (X \T,J)

_ { pr (X, J) ]

def. 19.4.1 of —, again
®pr (X, J) \ pr(®X \T,J) :

21.2.7 Lemma Lemma

Let X = [X;|¢ € I] be a proper schema, R = [X,I'] a
relation and J C I. We put Y := pr (X, J). Then

Y
@) pr(R,J) = .
y~3Jze@X\Y).yvzel

Y
(2 cpj(R,J) = .
y~»VzeRX\Y).yvzel

21.2.8 Proof of 21.2.7

Let YV :=pr (X, J).
(1) There is

X =Y V(X\Y)={yVz|ye®Y,ze@(X\Y)}
so that

pr (T, J)
{pr(z,J) |z € X,z €T}
{pr(yVvzJ)|ye®Y,ze®(X\Y),yvzel}
{ylye®Y,Ize X \Y).yvzel}

because pr (y V z,J) =y

Thus
Y
pr(R,J) = )
y~3Jze®X\Y).yvzel
(2) We have
cpj (R, J)
= —pr (=R, J)

~ pr ([@g\ ])

Y
_‘|:y-»ﬂz€®(X\Y)4y\'/z6(®X\F):| due to (W)

Y
_‘|:yv->ﬁ‘v’z€®(X\Y).y\'/zeF:|
_ Y
T |y~ V2 e®(X\Y).yvVzerl

_ Y
Ty~ VzEeR(X\Y).yVzeT
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21.2.9 Lemma

Let X = [X;|¢ € I] be a proper schema, R = [X,I] a
relation and J C I. We put Y := pr (X, J). Then

RY — B

(1) Xpr(R,J) = .
y— Velxr(yVz)|z€eX\Y)}

®RY — B

(2) Xepj(R,J) = .
o y— Ap{xr(yVz2) |z € ®X\Y)}

21.2.10  Proof of 21.2.9

These are the characteristic functions of the relations from
21.2.7.

21.3 Properties of projections and
coprojections

21.3.1 Lemma
Let X = [X;|i € I] be a schema, R = [X,I'] a relation,
and J C I. Then
@ x(pr(R,J)) = pr (x(R), J)

2 x(cpj(R,J)) = pr (x(R), J)

@) Qpr(R,J)) =J
@) @Q(cpj(R,J)) =J
(5) gr(pr(R,J)) = pr(gr(R),J)

(8) gr(cpj(R,J)) =®pr(X,J)\pr (X \ gr(R),J)

21.3.2 Proof of 21.3.1

Statements (1)—(5) are immediate consequences of 21.2.2 and
(6) derives from 21.2.5.

21.3.3 Lemma

Let X = [X;|i € I] be a proper schema and R = [X,I] a
relation.

(1) There is
(@ pr(R,I)=R (neutrality)
() cpj(R,I)=R (neutrality)

(2) If J C I, then
(a) pr(pr(R,J),J)=pr(R,J) (idempotency)
() cpj(cpj (R, J),J) =cpj(R,J) (idempotency)

(3) There is

(@ pr(R,0) = {J_ if R is empty

T else (empty criterion)
T if R is full

1 else (full criterion)

(b) cpj(R,0) = {
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(a) If I, I make a partition of I, i.e. Iy NIy = () and
I; UlIy; = I, then

(a) RCpr(R, ) Opr(R,I2)
(b) RDcpj(R,11)® cpj(R,I2)

(5) As a generalization of (4) we have: if [Ix|k € K] is a
class partition of I, then

(a) R C Olpr (R, )|k € K]
(b) RO O[epj (R, Ix) |k € K]

@) It Jy C Jy C I then
(a) pr(pr(R,J2),J1)=pr(R,J1)
() cpj(cpj (R, J2),J1) = cpj (R, J1)

(7) If J1 CJ2 CTandY :=pr(X,Js\ J1), then
(a) pr(R,J1) ® Ty D pr (R, J2)
() cpj(R,J1)®© Ty Ccpj(R, J2)

@) If J1 C Js» C I, then
(a) pr(R,J2) C pr (R, J1) (antitony)
(b) cpj (R, J1) C cpj (R, J2) (isotony)

(9) If J C I, then
(a) RC pr(R,J)
() R Jcpj(R,J)
() epj(R,J) Cpr(R,J)

(supervalence of projection)

(subvalence of coprojection)

(o) If JCI,Y :=pr(X,J) and S = [V, Y] is a relation,

(ay RC Siff pr(R,J)C S
() SCRIiff SCecpj(R,J)

(11) If JC T and S = [X, Y] is a relation, then
(a) R C S implies pr (R, J) C pr (S, J)
() R C S implies cpj (R, J) C cpj (S, J)

21.3.4  Proof of 21.3.3

(1) There is

_ pr (X, I) _
® pr(f. D) = Lpr (@D |z € r}] =

(b) and
cpj (R, I)

X, I
pr (X, 1) ] due to 21.2.5

|:®pr(X, N\ pr(®X\T,I)

o X
T @x\ (®X\T)
=R

(2) For J C I holds
(a) Q(pr(R,J)) = J, so we can apply (1)(a) and obtain
pr(pr(R,J),J) =pr(R,J).
(b) similar proof
(3) Recall, that R = [X,I'] is empty, if ' =0, i.e. if R= Lx,
and full, if ' = ® X, ie. if R=Tx.
(a) There is pr (§,0) = (), for every record £. So
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_ J{0y iHr#0
{pr(s,0) |z €T} = {w e x
Thus < { . 1 € ®X1,22 € ®X2, }
x1 V T .
x1 Vag €T
pr (X, 0)
pr(R,0) =
{pr(z,0) | v €T} _ N
T
[(),0] =L if R is empty
= =R
[0, {0 =T else
(b) We have (5) For every k € K let X, := pr (X, Ij).
. (a) Recall, that for every £ € ® X holds
cpj (R, 0) .
- E=V{pr(&Iy) | ke K}
pr (X, 0) Now
= due to 21.2.5 .
@pr (X,0) \ pr(@X \ T, 0) r o= {k\e/Kpr@,rk)‘ser}
[ C V pr(k, Ix) | €x €T for each k € K
O = \ ker
{0\ {pr(z,0) | z € ®X \ T} = Olpr (&, Ix) | &k € T}HE € K]
() = Olpr (T, Ix) |k € K]
{{0}\@} =T r=ex o that
= X
0 —1 ifT#9X r
{OINA{O} .
V Xk
@) Let X; := pr(X,I;) and Xs := pr(X,I3), so X = = kex
X1V X Ofpr (T, I) |k € K]
(a) There is
P = {pr(&.1) Vpr(e.Lo) [€€T) = Olpr (R L Ik € K]
. (b) Let Yy := X \ X, for each k € K, so that X = X VY.
C {pr(&, 1) Vpr(€2,12) | §1,62 €T} There is
= {pr(&.0) | & €T} O {pr(&, L) | & €T} [welk c K] | "FEK o e@Xn
Vk e K . Vy, € Yy .z Vyr €T
= pr(I L) Opr (T, I ke K. X
Doertr ¢ Litresa| e o ox,
so that V [zk|k € K] e
R = |:X:| so that
T .
_ Olepj (R, I) [k € K]
X1V X
pr (T, 1) © pr (T, I5) X
_ X1 ® X =0 T € QX ke K
pr (', I1) pr (T, I2) Vyr € Yy .ax Vyr €T
= pr(R, 1) Opr(R, I2) due to 21.2.7(2)
(b) We have r X
cpj (R, I1) © cpj (R, I2) :
— V [zx|k € K]
X1 Vk € K.z, € Xy,
r1WVy2€®X2.r1\'/y2€F VkEK.VykE@)Yk.zk\'/ykeF
Xs [ X
O] . c
T Vy: € X1 . Vg el - . . X
2 ~ Yy1 1-Y1 2 \/ [ex|k € K] YkeK Tr € @Xk,
due to 21.2.7(2) V[zklk € K] €T
X B -X:|
_ T € ®X1,T2 € ®X2, -F
1V xo | Yys € ®Xo2 .21 Vy2 €T, =R
Vy1 € ®X1.y1 Vap €T

(6) For every record ¢ = [§;]i € I] € ®X holds
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pr (pr ([&i € I], J2) , J1)

= pr([&li € (INJ2)], J1)

pr(pr (¢, J2), J1)

= [&lie (I NJ2) N J1)]
= [&li€ J1]

= pr(§ J1)
It follows, that for every ¥ C ® X,

pr(pr (%, J2),J1) = pr(%, Ji)

pr (X, Jz2)
" ([p (p,m]h)

{pr (pr (X, J2), Jl)}

(a) We obtain

pr (pr (R, J2), J1)

pr (pr (T, J2), J1)

pr (X, J1)
pr (T, J1)

pr (R, J1)

(b) By applying 21.2.7(2) twice, we obtain
cpj (cpj (R, Jz2) ; J1)

pr (X, J2)

PI| | yvzeapr(X, I\ ). "7

yVzel
pr (pr (X, J2), J1)
= | z~Vy €®pr(X,Jz\ J1) .
Vz € @pr (X,I\ J2
zVy Vzel
pr (X, J1)

z~ V2’ € @pr(X,I\ J;) .zVva' €T

pr (R, J1)

(7) Ji and Jo \ Ji1 make a partition of Ja, so we can apply (4)
as follows

(a) We have
pr (R, J2)
C pr(pr(R,J2),J1) ©@pr(pr(R,J2),J2\ J1) dueto
(4)(2)
= pr(R,J1) ©pr (R, J2\ J1) due to (6)(a)

Cpr(RJ1)OTy because pr (R, J2 \ J1) C Ty
() Let X := pr(X,J1), X2 = pr(X,Jz) and Z
pr(X,I\ Jz2),sothat Xo = X; VY and X = X5V Z
X1 VYV Z. Now let £ € ®X5, then
£€cpj(R,J1)O Ty
T € ®X1,
S o, O RY
V' e @YV Z).aVva €T
due to 21.2.7(2) and def. 19.3.1 of Ty
£ e {wa

© € ®X1,y € ®Y, }
@fe{z\Vy

S feqx

3

Vo' €YV Z).zVva €T

€ ®X1,y € QY, }
Vy € QY .V2€E®Z.xVy VzeTl
€ ®X1,y € QY, }
V2EQ®Z.zVyVvVzel

=>£E{:c\7y

¢

te{ue®X, |V2€®Z.2VzeTl}

& £ €cpj(R, J2) due to 21.2.7(2) again
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and so
cpj(R,J1)© Ty C cpj(R,J2)

) We put X; := pr(X,J1), Xo := pr(X,Jz) and YV :=
pr (X, Jz \ Jl), SO X2 = X1 \/ Y.
(a) There is

pr (R, J2) C pr (R, J1)

< pr(R,J2) || X2 Cpr(R,J1) || X2 def. 20.2.2 of C
< pr(R,J2) Cpr(R,J1) || Y due to 20.1.3(1)
< pr(R,J2) Cpr(R,J1)O Ty due to 77(3)

and the last statement is proved to be true in (7)(a).

(b) Similar to (a) we have
cpj (R, J1) = cpj(R,J1) || Y
= cpj(R,J1)O Ty
C cpj (R, J2)
(9) (a) and (b) are immediate consequences of (1) and (8):
R=pr(R,I)C pr(R,J)
R =cpj(R,I) 2 cpj(R,J)
C is transitive, so (a) and (b) entail cpj (R, J) C pr (R, J).
And because both sides have the same resulting schema,

cpj (R, J) C pr (R, J).
(10) Solet J C I,Y := pr(X,J) and S = [Y,X] be given.

(a) We have
RCS
S R|IXCS|X def. 20.2.2 of C
< RCSOTx\vy due to 20.1.3

s | ¥ ¢ X
|~ |Z0&X\Y)

S VzeRX. (zel-2eX0R(X\Y))

Vy € QY .Vz € (X \Y).
(yVz€l - yV2zeXTORX\Y))

S VyeRY. (Fze®@(X\Y).yvzel) syex

because X is proper and so is X \ Y
S VyeY. (yepr(R,J) > y€eS)
< pr(R,J)CS

(b) Similar to (a) we obtain

SCR

o Y c X
TOoX\Y)| T~ |T

S V2EeRX. (2€L0R(X\Y) —ael)
Vy € QY .Vz € (X \Y).
(yVzeT ORX(X\Y)—yvzel)
S VWERY. (WeEL =-Vze®(X\Y).yvzel)
Y Y
& C .
|:Z:| - [wazE@(X\Y).y\/zEF

& S Cepj(R,J) due to 21.2.7(2)

(11) Now J C I and S = [X, X].
(a) R C S means that I' C ¥, and so



Theory algebras on relations

pr (X, J) ]
(z,J) |z €T}

pr (X, J)
{pr(z,J) |z e}

= pr(S,J)
(b) R C S is equivalent to =S C -R. Therefore,

pr (—S,J) C pr (=R, J), according to (a). And applying
the same law again gives us —pr (—R,J) C —pr (—S,J).
In terms of definition 21.2.2, this is epj(R,J) C

cpj (S, J).

pr(R,J) = Lpr

21.3.5 Remark

The schema X in lemma 21.3.3 was supposed to be proper.
For some of the statements this is essential.

Suppose, X is not proper, e.g.

x |:a>—>N

b— 0

For such an improper schema the cartesian product ®X is
empty and Rel(X) has only one member R = [X,0] with
R=_1x =Tx and =R = R (see 19.5.16).

But Y := pr(X,{a}) = [a— N] is a proper schema with

®Y = {la—mn] | n € N} # 0 and Ly # Ty. The projec-
tion and coprojection of R onto {a} are given by

pr (R, {a}) = [‘“ o {“}’]

pr (0, {a})
= [V, 0]
= 1y

cpj (R, {a}) = -pr(-R,{a})
= -pr(R,{a})
= —-ly

= Ty

so that

cpj(Lx,{a}) Z pr(lx,{a})

in violation with 21.3.3(9)(c).

21.3.6 Lemma

Let X = [X;|i € I] be a proper schema and R,S €
Prel(X). If K := @Q(R) N Q(S) then

RCS iff pr(R,K)C cpj(S, K)

21.3.7  Proof of 21.3.6

Recall from 5.5.11, that for all variables x,y, class symbols
C, D, and formulas ¢, % holds:

(a)If z does not occur free in 1 and y does not occur free in ¢,
then

VeeC.VyeD.(p—1) & (FzeC.p)— (YyeD.y)
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For the full proof of the lemma, let us put

J1 :=Q(R) Y;:=x(R) T'1:=gr(R)
Jo :=@Q(S) Ya:=x(S) T'z:=gr(S)

so that K = J; N J3. Furthermore we put
Z:=Y1 NYs
and
Ji=Ji\K Y/ :=Y1\Z
Jyi=J\K Y] :=Y2\Z

The subclasses of I and the projections of X defined so far are
displayed in the following two diagrams:

I X
J} Yy
J1 Yy
K 7, Z 2
J et
‘We derive
RLC S
< [Y1,T1] C [Y2, T3]
. , . ’
Y1VvY, | c Y2 VYy , due to 20.1.3
I'i ® ®Y2 Ty ® ®Y1

& I 0QY, CI0eY/
Vo € ®(Y1 V Ya)
(ze (T oY) -z (I'20QY]))
Vz € ®Z .Vy1 € ®Y1' Vyz € ®Y2' .
& (2Vy1 Vyz) € (T'1 ©QYY)
— (2Vy1 Vyz) € (T2 0 QYY)
because ®(Y1 V Yp) = (®2) @ (RY{) @ (®YS)
Vz € ®Z .Vy1 € QY] .Vy2 € QY .
((zVy1) €Ty — (2Vy2) €Ta)
because (2 V y1 V y2) € (1 © ®YF)

i (=Y y1) € Tq and (= V y1 V) € (T2 © ®YY)
iff (2 V yg) € Ty

(Fy1 € ®Y/ . (2Vy1) €T1)
(Vyz €Y, . (2Vy2)€E F2)
due to (a) above
{z€®Z| Iy €®Y/. (2Vy1) €T}
C{z€®Z|Vy2 € QY. (2Vy2) €T}

<:>VZE®Z.(

A
L ~ Jy1 €QY] . (zVy1) € Fl}
<

c A
Tz~ Vy2 €Q®Y) . (2Vy2) €T

< pr(R,K) Ccpj(R,K) due to 21.2.7
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21.3.8 Lemma
Let X = [X;|¢ € I| be a proper schema, J C I and
Y :=pr(X,J).

(1) If R € Rel(X) then

@ pr(R,J) = N{S € Rel(Y) | RC 5}
® cpj (R, J) = U{S € Rel(Y) | S C R}
(2) If R € Rel(Y) then
(a) U{S € Rel(X) | pr(S,J) C R} = RO T(x\v)
) ({S eRel(X)|RCcpj(S,J)} =RO T(x\v)

21.3.9 Proof of 21.3.8

(1) Let R=[X,T].

(a) Let R" := pr(R,J) and S := {S € Rel(Y) | RC S}.
So we need to proof that R’ = S.
There is R € Rel(Y) and R C pr(R,J), due to
21.3.3(9)(a), so R’ € S.
If S € S, then R T S implies R© C S, due to
21.3.3(10)(a).
Thus R’ is the minimal element of S (with respect to the
partial order C on Rel(Y)) and therefore R’ =N S.

(b) Similar to (a) we proof R’ = |JS, where this time
R’ :=cpj(R,J) and S := {S € Rel(Y) | S C R}.
R’ € Rel(Y) and cpj (R, J) C R, due to 21.3.3(9)(b), so
R' € sS.
If S € S, then S C R implies S C R/, due to
21.3.3(10)(b).
Thus R’ is the (C—) maximal element of S and R’ = |JS.

(2) Now let R =[Y,T].

(&) Let I/ == TO XX \Y) and § := {¥ | ¥ €
®RX,pr(,J) C T}
There is IV € S, because I C (Y V(X \Y)) = ®X and

pr(l',J) = {pr(§,)) | £ € TOX\Y)}
= {pr(&1Vé,J) & eT, &L e®(X\Y)}
{&11& €T, & e®(X\Y)}

= ICT

Furthermore, ¥ € S implies ¥ C I'’, because

pr(Z,J) = {veE®Y |IeR(X\Y).vV(ET}
so that pr(2,J) CT implies T CTO®(X\Y)=T".
FromI' € S and (£ € S implies & C I'") we derive that

r=ys.
So we obtain

U{S € Rel(X) | pr(S,J) C R}

o [3] = ([5)2) < [}
o [f] e ommsner)

X
ULE | £ C @X,pr(S,J) C r}}

because IV = J &

_ X
T Tee(X\Y)

_ | YvEx\Y)
S To®X\Y)

= RO T(x\v) due to 20.1.3

(b) Proof is similar to (a).
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21.3.10 Lemma

Let X = [X|¢ € I] be a proper schema, J C I and
R ={Ri | k € K} C Rel(X), then

@ pr(NR,J)C N pr(Rk,J)
keEK

@ pr(UR,J)= U pr(Rg,J)
keEK

@) cpj(NR,J)= N cpj(Rk,J)
ke K

)y epi (UR,J) 2 U cpj(Ri,J)
keEK

»

(

21.3.11  Proof of 21.3.10

Let Y := pr (X, J) and Ry = [X,I'y], for each k € K.

(1) For every k € K holds (MR C Ry. Applying 21.3.3(11)(a),

it follows that pr (MR, J) C pr (R, J), for every k € K,
so that pr (NR,J) C N{pr(Rk,J) | k € K}.

(2) We have
pr(UR,J)
X
= pr U T ,J def. 19.5.3 of |J
ke K
= Y def. 21.2.2
T lpr(z,J) [z e U{Tx | k€ K}} oo

Y
U {pr(z,J) |z € Tx}
KEK

Y
B kgx [pl‘ Tk, J)]

= U pr(Re,J)
keK
(3) We have
cpj (MR, J)
= —pr(-NR,J) def. 21.2.2 of the coprojection
= 7pr U (_‘Rk)v J de Morgan’s law
kEEK
=7 U pr (_‘Rk7J) due to (2)
kEK
= N —pr (=R, J) de Morgan’s law
keK
= 1 cpj (R, J) again def. 21.2.2
keK

(4) For every k € K holds R C UR. Applying 21.3.3(11)(b),
it follows that cpj (R, J) C epj (UR, J), for every k € K,
so that U{epj (Rw, J) | k € K} C epj (UR, J).

21.3.12 Lemma
Let X = [X;|¢ € I] be a proper schema, R = [X,I'] a
relation and J C I.

@) pr(=R,J) = —cpj(R,J)

2 cpj (=R, J) = —pr (R, J)

21.3.13  Proof of 21.3.12

(1) We have
pr(—R,J)

= —-pr(—R,J) due to 19.4.6

—cpj (R, J) def. 21.2.2
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= —cpj (R, J)

due to 19.4.6, again

(2) Similarly, cpj (—R,J) = -pr (—-—R,J) = -pr (R, J)

21.3.14 Lemma
For every proper schema X = [X;|i € I] and every J C I
holds:

@) pr(lx,J)= Lo (x,n
2 cpj(lx,J)= Lor(x,

3) pr(Tx,J) = Tpr(x,1)

(4) cpj (TX7 J) = Tpr(X,J)

21.3.15  Proof of 21.3.14

Let Y := pr(X,J). We first proof (1) and (3), and use
the result in (2) and (4) by means of definition 21.2.2, (i.e.
cpj(®, @) =-pr (-0, @)).

B X _|pr(X, )| _|Y| _
@ Pr(LXvJ)*p"([w}’J) - [pr(@,J):| - M o
B X _ | pr(XJ) | _
@ pr(Tx,J) = Pr<[®x]"]> - [pr(@X,J)] a

] =

2 cpj(lx,J) = =pr(-Lx,J) = =pr(Tx,J) = Ty =
Ly

3) cpj(Tx,J) = -pr(-Tx,J) = -pr(lx,J) = -1y =
Ty

21.3.16 Lemma

Let R = {Rr | £ € K} be a pairwise distinct relation
class and [Ji|k € K| a schema with J; C @Q(Ry) for each
k € K. So [Jkx|k € K] is a class partition of the class
J = UkeK Ji. Then

@) pr(OR,J)= O pr(Rk,Jk)
keK

@) cpj(OR,J)= O cpj (R, Jk)
kEK

21.3.17  Proof of 21.3.16

For each k € K let Ry, = [Xy,[x] and I := Q(Ry), so
Jr C I. R being pairwise distinct is saying that I; N I,,, = 0
and thus J; N J,, =0, for all [, m € K with [ # m.

If we put X := \/ Xj and Y := pr (X, J), then
keK

Y:pr< V X U Jk> =V pr(Xw, Ji)
keK keEK kek

according to 16.2.10(2).
For each £ € ®X there is

aa%
Il

V pr (€, Ji)
kEK

= V (pr(&,Jx) Vr(€, I\ Ju)

keEK
= (\/ pr(@Jk)) v <\/ pr(@Ik\Jk))
keK kEK

ERY ER(X\Y)

So
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for ® I'rx € ®X we have
kEK

PP< ® Fk,J) = {pr(§J)| e © Tk}
kEK kEK

(1)

(2)

{ V pr(&s, i) |[Eklk € K] € @ Fk}
kEK kEK

= © pr(Tk, Jk)
kEK

‘We have

pr(OR,J)
VX
keK

= pr s J

© Tk
kEK

pr(X,J)
pr ( O] F;mJ)
kEK

Y

{pr(E,J) ‘ ¢e 0Tk }

Y

{ V pr(&, ) ‘ [xlk € Kl e ® Ty }
eEK eEK

Y

{ V o ‘ ik € Kl € ® pr(Fk,Jk)}
kEK ke K

V pr (X, Ji)
kEXK

© pr (g, Ji)
kEK

= O pr(Rk,Jk)
keK

‘We have
cpj (OR, J)

) X
= cpj o’
ke K

Y

{UE@Y‘VU’E@(X\Y).U\'/U’E ® Fk}
L keK

due to 21.2.7(2)

Y

vER ( Y, Pr(Xk,Jk)>
keEK

Yo' € ® ( v pr(Xk,Ik\Jk)> .
keK

vvuv € ® T
kEK
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O pr(Xg, Ji)
keK

[vklk € K] € k?}((@)l’r Xk k)
Vivplk € Kl€ @ (®pr (X, Ix \ Jk)) -
KEK

V vk

kEK . .
(Vvk>v(\/v;€>€®r‘k
keK keK keEK

pr(Xg, Ji)

v € @pr (X, Jx)
keK Vv, € ®pr (Xk, I \ Ji) -
Vi \/’U;C eIy

Il
©

= O cpj(Rk,Jk) due to 21.2.7(2)
kEK

21.4 (Attribute) Eliminations

21.4.1 Definition

’ Let X = [X;|i € I] be a schema and R € Prel(X).

For every J C I we define
R|J = pr(R,a(R)\J)

the (general) supremum elimination of J from R,

or simply the upper R without J

R1J :=cpj(R,Q(R)\J)

the (general) infimum elimination of J from R,

or simply the lower R without J

For every j € I we define
Rlj = R|{j}

the (singular) supremum elimination of j from R,

or simply the upper R without j

R1j = R[{j}

the (singular) infimum elimination of j from R,

or simply the lower R without j

21.4.2 Remark

‘While projection and coprojection specify the remaining at-
tributes, supremum and infimum eliminations specify the at-
tributes to be removed. From a constructive point of view,
there is not much news here.

Eliminations are also similar to reductions. If X = [X;|i € I]
is a schema, R = [X,T'] is a relation and J a class, then

1 R|J=R{pr(X,INJ)

2 RIJ=Rtpr(X,INJ)

Reductions will be defined and investigated in 21.6. But they
were already introduced in 21.1.1. By means of (1) and (2)
the ideas and table methods from 21.1.1 can be applied to
eliminations as well. So we don’t bother with examples to il-
lustrate the new concepts here and move on to list and proof
some important properties. However similar the eliminations
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are to (co)projections and reductions, there are some specific
algebraic specialities for eliminations which are worth to be
mentioned and require a proof.

21.5 Properties of eliminations

21.5.1 Lemma
Let X = [X;|i € I] be proper schema, R € Prel(X), and
J C I. Then
@) x(R | J)=pr(x(R),Q(R)\J)
@) x(R|J)=prxR),Q(R)\J)
3 QR|J)=Q(R)\J
@ QR[J)=Q(R)\J
(5) gr(R | J)=pr(gr(R),@(R)\J)
(6) gr(R [ J)
=@pr(X,Q(R)\ J) \ pr(®X \ gr(R),@(R)\ J)

basic properties general eliminations

21.5.2 Proof of 21.5.1

Let R = [Y,T] and Y = [V;]l € L], so that x(R) = Y,
@(R) =dom(Y) = L, and gr(R) =T.
(1) Schema of supremum elimination:

x(R | J)

= x(pr (R, L\ J))
o [ [Pr (YL )

pr (I, L\ J)

= pr(Y,L\J)

def. 21.4.1 of sup.elim.

) def. 21.2.2 of projection

(2) Schema of infimum elimination: similar proof..
(3

N2

Attribute class of supremum elimination:

Q(R | J)

= dom(x(R | J)) def. 17.2.2 of attribute class
dom(pr (Y, L\ J)) due to (1)
= L\J

(a

o

Attribute class of infimum elimination: similar proof.

(5) Graph of supremum elimination:

-

gr(R | J)
= gr(pr (R, L\ J))

o [ [PFLLNT)
=& |pr L\ )

= pr (I, L\ J)

def. 21.4.1 of sup.elim.

def. 21.2.2 of projection

(6) Graph of infimum elimination:

N

gr(R [ J)
= gr(cpj(R,L\ J))

. pr(Y,L\J)
®pr(Y,L\ J)\pr(®Y \T,L\J)

due to 21.2.5

def. 21.4.1 of inf.elim.

= pr(Y,L\J)\pr(QY \I',L\ J)
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21.5.3 Lemma

properties of general eliminations

Let X = [X;|¢ € I] be proper schema, R, S € Prel(X),
and J, K C I. Then

(1) R|J|K=R| (JUK) (accumulation of sup.elim.)
2 RIJ|K=R|(JUK) (accumulation of inf.elim.)
@) R|J|K=R|K|J (commutativity of sup.elim.)
(4) RIJIK=R|K|J (commutativity of inf.elim.)
) R|J|J=R|J (idempotency of sup.elim.)
©® RIJ|J=R|J (idempotency of inf.elim.)
(m R|10=R (empty sup.elim.)
@® RI0= (empty inf.elim.)
© R|J= (@ (R)N J) (essential att. of sup.elim.)
(10) R J=R | (@Q(R)NJ) (essential att. of inf.elim.)
11) R|J=RifQ(R)NJ =10 (neutral sup.elim.)

(12) R J=RifQR)NJ =0
@13) J C K implies R | J J R | K (antitony of sup.elim.)
(14) J C K implies R | JC R | K (isotony of inf.elim.)
(15) R|JIR
a6) R JC R (subvalence of inf.elim.)
a7) R J| K CR| K| J (non-commutativity of elim.)
(18) R LC S implies R | J
(19) R C S implies R | J

(neutral inf.elim.)
(supervalence of sup.elim)

C S| J (isotony of sup.elim.)
Cs

| J  (isotony of inf.elim.)

21.5.4  Proof of 21.5.3

Let R = [Y,I'] and Y = [Y;|l € L], so that x(R) = Y and
@Q(R) =dom(Y) = L.
(1) Accumulation of supremum elimiation:

RIJIK
=pr(R,L\J)I K def. 21.4.1
= pr(pr(R,L\J),(L\J)\K) def. 21.4.1
= pr(R,(L\J)\K) due to 21.3.3(6)(a)
= pr(R,L\ (JUK))

=R|JUK def. 21.4.1, again

(2) Accumulation of infimum elimination: similar proof.

(3) Commutativity of supremum elimination:

R|J|K
= R[(IUK) due to (1)
= R|(KUJ)
=R|K|J due to (1), again

(4) Commutativity of infimum elimination: similar proof.
(5) Idempotency of supremum elimination:
R|J|J
=R|JUJ due to (1)
=R|J

(6) Idempotency of infimum elimination: similar proof.

(7) Empty supremum elimination:

R0
= pr(R,L\0) def. 21.4.1
= pr(R, L)
=R due to 21.3.3(1)(a)

(8) Empty infimum elimination: similar proof.
(9) Essential attributes of supremum elimination:
R\|J
= pr(R,L\J) def. 21.4.1
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pr (R, L\ (LNJ))
= R|LNnJ def. 21.4.1, again

(10) Essential attributes of infimum elimination: similar proof.

(11) Neutral supremum eliminations: If L N J # 0, then
L\J#L,sox(R)y=L#L\J=x(R|J)and R#R | J
On the other hand, if LN J =0,then R| J=R|LNJ=
R | 0 = R, due to (9) and (7).

(12) Neutral infimum eliminations: similar proof.

(13) Antitony of supremum elimination: If J C K, then
L\JDL\K, so that

R|J

pr(R,L\J)

pr(R,L\ K) due to 21.3.3(8)(a)

= R|K

I

(14) Isotony of infimum elimination: similar proof.

(15) Supervalence of supremum elimination: R | J =
pr(R,L\ J) J R, due to 21.3.3(9)(a).

(16) Subvalence of infimum elimination: similar proof.

(17) Recall, that R = [Y,T'] with Y = [Y|l € L]. We partition
L into the following four distinct classes:

L
L' = L\(JUK) A

L = LnJnk %v

J' = (LNnJ)\ K 7 K
K' = (KNL)\J '

Accordingly, we partition Y into four distinct schemas:

Y
Y’ := pr(Y,L')

et &Y,
V := pr (Y7 K') '

We will use the following general logical rules (see. 5.5.11).
If v and w are variables, C' and D class symbols, and ¢ a
formula, then

(a) WEeEC.YwED.op=>VYweD.FJvelC.p
(b) If C denotes a non—empty class, then
YVvel.op=>3Jvel.p

‘We now give the full proof:

RIJI|K

= pr(cpj (R, L' UK'),L") def 21.4.1
Y'vVV

= pr 7Ll

E~sVCERUVY). EVCET
due to 21.2.7(2)
YI

Yy ~TweRV.VeUVY") .y Vov¢erl

due to 21.2.7(1)
Y/
= |y ~»IeRV.VueU.Vy' €Y.
y Vovuvy’' er

due to 16.6.5(4)
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Y/
Cly »Vue@U.weaV.v eaY”.
y Vuvoevy’' er
due to (a)
- v _
Cly ~VueU.YwegV.3y' eay”.
yVuvoevy’ er
due to (b), with QY # 0
- -
C |y »VueU.3Ice®(VVvY”).
yVuv¢erl

due to 16.6.5(4),again

Y'vVV
cpj L
E~Fex(VVvYy").eveel

due to 21.2.7(2), again
= cpj (pr (R, L'u J') ,L')
R|KI|J def. 21.4.1, again

due to 21.2.7(1), again

(18) Recall, that Y = x(R) and L = Q(R). So let Y’ = x(S5)
and L' = @(9).
RC S

& R (YVY)CS|(YVY))
def. 20.2.2

& RO T(Y/\Y) cSoe T(Y\Y/)
due to 20.1.3(3)

pr R ® Ty, (LUL)\ J)
Copr (s ® Tyyry (LUL)\ J)

due to 21.3.3(11)
pr(R,L\ J)© pr (T(y/\y), L'\ (LU J))

Copr (S, L'\ J)@pr (T(Y\Y,>, L\ (LU J))

due to 21.3.16(1)

Cpr(s,L'\J)O Tpr(Y L\(L'UJ))
due to 21.3.14(3)

3

) © Tpr(y/ L/\(LU. ])))

L))o Tpr(Y L\(L'UJ))
def. 21.4.1(1)

(RLJ) [ pr(YVY' (LUL)\J)
c(s J) pr (Y VY’ (LUL)\J)
due to 20.1.3

(¢
- < pr (R, L\J)QTpr(Y/ L’\(LuJ)))
R

= | JES | J def. 20.2.2

(19) Proof similar to (18).
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21.5.5 Lemma

Let X = [X;|i € I] be a proper schema.
(1) If J C I and R C Prel(X) is pairwise distinct, then

(a) (@R)LJ: © (Rk | J)
keK

kEK
(b) (@R) [J= 0 (R |J)
kEK kEK
2 IfJCI,Y <X, and if we put

Y’ = pr(Y,dom(Y)\ J)
then
@ Ty | J=Ty
®) Ty [ J =Ty
(© Ly | J=1ys
@ 1y [ J=_1y/
3) If R € Prel(X) and J C I, then
(@ R|J=~=(=R)][J)
) R[J==(-R)]|J)
@@ IfJCI,Y <X, REe€Prel(X), and if we put
Y’ = pr(Y,dom(Y)\ J)
then

@ (RIY)LJ=(R|J)|Y
® RIY)1I=RIJI) Y

21.5.6 Proof of 21.5.5

(1) Let Ly = Q(Ry), for each k € K. R being pairwise dis-
tinct means that for all k, k' € K with k # k', Ly NL, =0,
and that implies (Ly \ J) N (L, NJ) = 0.

@ (O Rr)lJ
keEK

= pr( ® Rk, Q( © R;J\J) def. 21.4.1
kEK kEK

= pl‘< © Rk,(U Lk>\J>
kEK kEK

Pr< © Ri, U (Lk\J))
kEK kEK

O pr(Ri, Ly \ J) due to 21.3.16(1)
kEK

= O (RxlJ)
kEK

(b) Has a similar proof.
(2) These four statements are a translation of the four

(co)project statements in 21.3.14 in term of eliminations.
By using 21.3.14(1), we obtain a proof of (a)

Ty | J = pr(Ty,dom(Y)\ J)
= Topr(Y,dom(Y)\J)
= Ty

The proofs for (b),(c), and (d) are likewise.

(3) Definition 21.2.2 of the coprojection and lemma 21.3.12 are
the main tools in the following proofs for (a) and (b)

R|J = pr(R,Q(R)\J)
= pr(-"R,@(R)\J)
= —cpj(~R,Q@(R)\J)

= ~((=R) 1 J)
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R1J = cpj(R,@(R)\J)
= -pr(—R,Q(R)\J)

= ~((=R)1J)

(4) Let us point out the following subclasses of I

L := dom(Y) I I
o = K\p A
K' = K\L
e o)
J K]

Ly = (LNJ)\ K
Ly = (LNK)\J '
Ly = LNJNK

so that L is the disjunct union of the L, La, L3, Ly. We
also split up the schema X accordingly

X
Y; :=pr (Y, L;)
fori=1,2,3,4

so that Y =Y, \./YQ\I/Y3\./Y4 and Y’/ =Y \./Y3.

(a) We can now see that
(RIY)1J
= ROT(yyvyy) I J due to 20.1.3(3)
= pr (R@T(yl @ ygys (KU Ly ULQ)\J)

def. 21.4.1

= pr (R@ T(Yl v YQ),K/ ULsU L1>
= pr (R, K ULs) ©pr (Tov, v vy L1)

due to 21.3.16(1)
=pr(RK\J)O Ty,
=(R|J)O Ty, def.
=(R|J)IT1 due to 20.1.3
= ((R1)NIYs) |l 13
=R|J| (YsVvV1)
—R|J|Y

&

21.4.1, again

due to 20.1.11(3)

due to 20.1.11(1)

(b) Quite similar we obtain

(RIY)TJT

= cpj(R| Y, (LUK)\J) def. 21.4.1
= cpj(R||Y,K' ULsU L)

= —-pr(~(R|Y),K'UL3ULy) def. 21.2.2

= —pr ((—\R) ” Y, K'ULsu Ll)
due to 20.4.15(3)

= —pr ((—\R) © T(Yl v YZ)’K/ ULsU Ll)
due to 20.1.3

= - (pr (-R,K’ULs) ®pr (T(yl V Yy L1>>

due to 21.3.16(1)
(pr(~R, K\ ) © Ty,)
=-((-R)1J)OTy,) def. 21.4.1
(=R) L) 1Y)
= (~(=R) L)Y’
= R

-

]

= as in the proof of (a)

due to 20.4.15(3)

J|Y’ due to (3)(b)
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21.5.7 Lemma

Let X = [X;|¢ € I] be a proper schema. For each
R = {Rr | k € K} C Prel(X), all R,S € Prel(X),
and every J C I holds:

general eliminations over junctions_____

@ L|J=L1
2 LlJ=1
@ T|1J=T
@ T[1J=T

(5) ("R) | J=~(R|J)
© (-R)IJ=~(R|J)
M (ROS) | JC(RILJ)N(S | J)
@ (RNS) 1 J=(RIJ)N(S|J)
@ (RUS) | J=(R|J)U(S|J)

@o) (RUS) [ JI (R US| J)

ay (JIR) | JCTH{Rw | J | k € K}

a2 (JIR) 1 J=TI{Re | J | k € K}

a3) (IR) | J=1{Rx | J | k€ K}

as) (UR) 1T 2{Rk I J | k € K}

21.5.8 Proof of 21.5.7

(1) We have
1L ]J
= pr(Ll,@(L)\J) def. 21.4.1
= pr(L,0)
= Lpr(().0) due to 21.3.14(1)
=1y
=1 def. 19.3.1

(2),(3),(4) Proof similar to (1).
(5) We obtain

(=R) | J

= pr(—R,Q(R)\ J) def. 21.4.1
= —epj (R, @(R)\ J) due to 21.3.12(1)
= (R J) def. 21.4.1, again

(6) Proof similar to (5).

(7) This statement is just a special case of (11) proved below,
because RM S =[]{R, S}, due to 20.4.21(9).

(8) Special case of (12).
(9) Special case of (13).
(10) Special case of (14).

For the last four statements we need some preparations. The
relation class R C Prel(X) was given by R = {Ry | k € K}.
Now, for every k € K let
so that Ry = [Xj, 'x]. Furthermore, let
A:=U{Ar | k€ K} Z =\ {Xr | k€ K}
So Q([IR) = A and x([[R) = Z. Finally, let us put
Z' :=vpr(Z,A\J)

Note, that
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x([{Re | J | k€ K})

x(IH{Re 1 J | k€ K})

x(II{Re | J | k€ K})

x(I{Re 1 J | k€ K}) = Z'

And due to 21.5.5(4), we have for every k € K,
@ RelZ)lJ=Rp L) Z
® Rell2)1J=Ret )2

‘We now obtain the proofs for (11) to (14)as follows

(11) We have

(IR) L J

= pr (HR; A \ J) due to 21.4.1
pr(({Rw || Z | k€ K}, A\ J)

def. 20.2.4 of []

€ Mpr(Ri | 2, A\ J) | k € K}

due to 21.3.10(1)
=M{Rell2)|J|keK} def. 21.4.1
=M{Re Ll DI Z | keK} due to (a)
= [[{Rx | J | k€ K} def. 20.2.4 of [], again

(12) We have

(Im=yrJ
= cpj([IR, A\ J) def. 21.4.1
= cepj(M{(Rk [ 2) | k€ K}, AN J) def. 20.2.4

= eri(Re | 2), A\ J) | k € K}
due to 21.3.10(3)

=Rl 2) I J| ke K} def. 21.4.1
= M{Re I NIZ |keK} due to (b)
=[[{Re 1 J | k€ K} def. 20.2.4

(13) Using the justifications of the proof for (11), we obtain
ary L J
=pr(U{Rk | Z | k € K}, A\ J)

= U{pr(Ri | Z2,A\J) | k € K}
due to 21.3.10(2)

= [I{Re I J | k€ K}

(14) Finally and similar to (12)we obtain
UuryrJ
= cpj (U{(Re I 2) | k € K}, A\ J)
U{epi (Ri | Z, A\ J) | k € K}

19]

due to 21.3.10(4)

= [[{Rr I J | k€ K}

21.5.9 Lemma

Let X = [X;|i € I]| be a proper schema, R € Prel(X) and
J C I. The following statements are equivalent:

a1 R|J=R
2 R|J=R
@3) R|j=Rforevery jeJ
(4) R]j=RforeveryjeJ

21.5.10  Proof of 21.5.9

Suppose, R = [Y,I'] with Y = [V;|l € L].
(1)=-(3) For every j € J holds:
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& RCR|j due to 21.5.3(15)
& R|IjJER|J due to 77(13)
so that

R|J=R implies R|j=R

—(1)= —(3) We derive

R|J#R

< RCR|J due to 21.5.3(15)

< RC(R|IJ)|Y def. 20.2.2

< RC(R|J)O Topr(y,unL) due to 20.1.3
Y v (Y, L\ J e (Y,JNL

< |:F:| < |:I;r El", L § J;:| © [;pr((Y, JnNn L))]

& ICpr(DL,L\J)O®pr(Y,JNL)
& FHel.FJvepr(Y,JNL) .pr(§,L\J) VuogTl

In that case and for such £ and v we put J' := {j € (JNL) |
&; # v;}. J' is not empty, because then pr (£, L\ J) Vv =
¢ € T. So there must be at least one 5 € J'. And for
this j we would have £ € R, but £ ¢ R | j || Y, and thus
RZR]].
(1)< (2) We have
R|J=R
s R|JCR
because R | J O R, due to 21.5.3(15)
< pr(R|J,L\J)Ccpj(R,L\J)
due to 21.3.6
< R|JCRI|J
due to 21.3.3(1)(a) and def. 21.4.1(1)
< pr(R,L\J)Ccpj(R[J,L\J)
def. 21.4.1(1) and due to 21.3.3(1)(b)

due to 21.3.6 again

R
=
—n
T:o
E

because R | J C R is due to 21.5.3(16)

(8)<>(4) We just showed that R | J = iff R
] =

Ri J = R. As
special case this implies R j=Riff R| j .

21.6 Reductions

21.6.1  Definition

Let X be a schema, R € Prel(X) and Y € Proj(X). We
define
R{yY := theS e Rel(Y)withS=R
the equivalent reduction of R onto Y
RYY :=N{S€Rel(Y)|RLCS}
the supremum reduction of R onto Y
RAY := U{S€Rel(Y)|SLCR}
the infimum reduction of R onto Y
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21.6.2 Lemma
If X is a relation, R € Prel(X) and Y € Proj(X), then

(1) If RYY exists, thenx(R{Y) =Y
@ x(RIY)=Y
@ x(RTY)=Y

21.6.3  Proof of 21.6.2

(1) is obvious. (2) and (3) are due to definition 19.5.3 of () and
U, which are operations on Rel(Y).

Besides, there is no ambiguity here, which might occur for the
expressions [0 and |J®, because this empty class situation
never occurs. There is always at least one S € Rel(Y') which
is subvalent (or supervalent, respectively) to R.

21.6.4 Lemma
Let X = [X;|i € I] and Y = [Yj|j € J] be two schemas
and R = [X, I'] a relation.
(1) If Y < X then

(&) RUY =pr(R,J)

() RNY =cpj(R,J)

(© RUY =R|(I\J)

@ RYY =R (I\J)
(2) If X <Y then

(@) RIY=R|Y

® RHAY=R|Y
3) IfY — X, then

(& RUY =pr(R,JNI)O Ty\x

® RAY =cpj(R,JNI)O Ty\x

(@ RIY=R|(I\J)O Ty\x

@ RYY =R (I\J)O Ty\x

21.6.5 Proof of 21.6.4

Recall, that for every class C and A € P(C).
G) ({BEP(C)|ACB}=A
@) U{BePC)|BC A=A

Similar statements hold on Rel(Y) as well, i.e. for every
T = [Y,T'] € Rel(Y) holds:
(i) We have

{SeRel(Y)|TCS}

:ﬂ{g zg@Y,rgz}

Y

N{ZeP@Y)|TCx}

= [V, T] due to (i) above
=T

and similarly, we also have
) U{SeRel(Y)|SCT}=T

Now we proof in detail:
(1) f Y <X, then J C 1.
(a) We obtain
RIY
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N{S € Rel(Y) | RC S}
def. 21.6.1 of |

= N{S € Rel(Y) | pr (R, J) C cpj(S,J)}
due to 21.3.6

N{S € Rel(Y) | pr(R,J) C S}

due to 21.3.3(1)(b)

= pr (R, J) due to the initial remarks
(b) Similar to (a) we obtain
RtY = U{SeRel(Y)|SC R}
= U{S € Rel(Y) | pr(S,J) C cpj (R, J)}
= U{S eRel(Y) | S Ccpj(R,J)}
= cpj(R,J)
(c) We have
RIY
= pr(R,J) due to (a)
=R | (I\J) def. 21.4.1(1)

(d) Similar to (¢), RTY =cpj(R,J) =R | (I\J).
(2) Now X <Y.
(a) We have
RUY
= ({S€ERel(Y)| RC S}
def. 21.6.1 of

M{SeRel(Y) | R|| (XVY)C S| (XVY)}
def. 20.2.2 of C

=M{SeRel(Y) |R|Y C S|V}
because X VY =Y

=MN{SeRel(Y) |R| Y C S}

because S || Y = S

=R|Y due to (i)

(b) Proof similar to (a).
(3) Now YV — X.
(a) We have
RUY
= N{SeRel(Y)| RC S}
def. 21.6.1 of |}
N{S € Rel(Y) | pr(R,JNI) Cepj(S,JNI)}
due to 21.3.6

=pr(R,JNI)O Ty\x
due to 21.3.8(2)(b)

(b) Similar to (a) we obtain

RYY

= U{S € Rel(Y) | SC R}

= U{SeRel(Y) |pr(S,JNI)Cecpj(R,JNI)}

= cpj(R,JNI)O Ty\x due to 21.3.8(2)(a)
(c) We have

RUY

=pr(R,JNI)O Ty\x due to (a)

=pr(R,I\(JNI)O Ty\x def. 21.4.1(1)

= pr(R,I\J)O Ty\x

(d) Proof similar to (c).
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21.6.6 Lemma
Let X be a proper schema, R € Prel(X) and Y €
Proj(X).
a1 RYYCRCRYY
(2) The following statements are equivalent:

(a) R{Y is defined
) RAY=R|Y

(3) In case R { Y is actually defined, then
R{Y=RNY=R{|Y

21.6.7  Proof of 21.6.6
Suppose, R = [U,I'] with U = [Ug|k € K] and Y = [Y;|j € J].

(1) We have

RAYY

= pr(R,KNJ)O Tyv\v) due to 21.6.4(3)(b)
=pr(R,KNJ)|| (Y \U) due to 20.1.3
= pr(R,KNJ) due to 20.4.9(2)
C R due to 21.3.3(9)(b)
C cpj(R,KNJ) due to 21.3.3(9)(a)
= cpj(R,KNJ) || (Y\U) due to 20.4.9(2)
= cpj(R, KNJ)O Ty\v) due to 20.1.3
= R|Y due to 21.6.4(3)(a)

(2) R{Y is defined iff there is a S € Rel(Y) with S = R. In
that case,

RIY = N{Se€Rel(Y)| RC S}

= R{Y

U{S € Rel(Y) | SC R}

= R{Y

(3) Immediate consequence of (1) and (2).

21.6.8 Remark

The construction of the various reductions by means of double
tables was already introduced in 21.1.1. At this point we have
all the justifications available, so let us summarize the method
for the general case.

Let X = [X;|i € I] and Y = [Y;|j € J] be two completely
finite schemas with X — Y and R = [X,I'] a relation.

For the construction of R || ¥ and R 1t Y we use lemma
21.6.4(3)

RUY = pr(R,JNI)® Ty\x

R1TY epj (R, JNI)O Ty\x

So we make two steps:
& We first construct the R’ := pr(R,JNI) (or R’
cpj (R, J N 1I)) according to the method 21.2.3.

& Then we generate R’ ©® Ty\x (or R’ ® Ty\x) according
to 20.1.5.

The contructions for R | Y and R {} Y also give us a criterion
for the existence of R § Y. Due to 21.6.6(2), R { Y is defined
if RUY =R NY. And in that case, all these reductions are
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identical according to 21.6.6(2).

21.7 Properties of the reductions

21.7.1 Lemma

Let X be a proper schema.

(1) For R=[U,TI'] € Prel(X) and Y € Proj(X)
@ RIY=RJ(UAY)|Y
®) RYY =R (UAY)|Y

(2) For R € Prel(X) and Y € Proj(X) holds:
@ RNY ==(-R){Y)
®) RIY ==((=R) 1Y)

3) For R € Prel(X) and Y, Z € Proj(X) holds:
(&) RUY=R|Z|Y
®) RYY=R|ZY

(4) For R, S € Prel(X) and Y € Proj(X) holds:
(a) R=SimpliessRJY=SY
() R=S implies Rt Y =S4 Y

(5) For R, S € Prel(X) and Y € Proj(X) holds:
(a) RC Simplies RYYLCS|Y
(b) RC Simplies R YC S{HY

(6) For R € Prel(X) and Y € Proj(X) holds:
(a) RVY IR
®) RTYLCR

(7) For R = [U,T'] € Prel(X) and Y € Proj(X) holds:

ly ifR=1

(a) UQJY implies RyY = {Ty olse

Ty HR=T

) U QY implies Rt Y =
1y else

(8) For every R € Prel(X) holds:

@ RU ()= 1 if R is empty
T else

o B0 = {I if R is full

else

(9 For R € Prel(X) and Y, Z € Proj(X) holds:
(a) Y < ZimpliessRyY JR| Z
() Y < Zimplies Rf Y C R Z

(10) For R € Prel(X) and Y € Proj(X) holds:
RNYYCRIY
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(11) For every R € Prel(X) and all Y,Z € Proj(X) RC S
holds: = R||XCS| X due to 20.4.9(4)(a)
RAYUVZECRYZY = pr(R| X,J)Cpr(S| X,J) due to 21.3.3(11)(a)
= R|IIXJUYCS|XIY due to 21.6.4(1)(a)
(12) For all R € Prel(X) holds: = RIYLCS|Y due to (3)(a)

R{X=R|X=RUX=R1 X
(b) Proof similar to (b).

(6) (a) Suppose Y = [Y}|j € J], then

(13) For all R € Prel(X) and Y3,...,Y, € Proj(X) with
n > 1 holds RIY
@ Runu.‘.un:m(&m) I Ya —R|XUY de to (5)()
' =pr(R| X,J) due to 21.6.4(1)(a)
® BEfYif... 0Y.=RA <-Z\1Yi) 'Y JR|X due to 21.3.3(9)(a)
=R

and so R} Y JR.

(b) Proof similar to (a).

21.7.2  Proof of 21.7.1 (7) (a) Suppose U = [U;|l € L] and Y = [Yj|j € J], then
RyY
(1) (a) Recall, that U,Y € Proj(X) implies U — Y and that =pr(R,LNJ)O Ty\u due to 21.6.4(3)(a)
<U. i = =
UAY <U. Now if J :=dom(U) and K := dom(Y') then = pr(R0)O Ty becanse U 0 ¥
RIY _ JLOTy =1y if Risempty,ie. R= L
=pr(R,JNK)O Ty\u due to 21.6.4(3)(a) TOTy =Ty else
= (RI(UAY)O Tyv\v due to 21.6.4(1)(a) due to 21.3.3(8)(a)
= RyUAY)[(Y\U) due to 20.1.3(3) (b) Proof similar to (a).
=RyIUAY)|Y due to 20.1.3(1) (8) For every schema Z holds Z {§ (). So (8) is just the special
case of (7), where Y = ().
(b) Proof similar to (a). (9) (a) Suppose Y = [Yj|j € J] and Z = [Zy|k € K], then
(2) (a) We have Y < Z means J C K. Then
RIY
R1Y
=R|X|Y due to (3)(a)
= U{S| S e€Rel(Y),SC R} def. 21.6.1 of f
=pr(R| X,J) due to 21.6.4(1)
= —U{S| S eRel(Y),SC R} due to 19.4.6
D pr(R| X,K) due to 21.3.3(8)(a)
= -N{-S|S €Rel(Y),SLC R}
due to de Morgans law on Rel(Y') =R H X ‘u 4
= -N{S| S € Rel(Y),~S C R} =R{Z
= -({S€Rel(Y)| -RLC S} due to 20.4.24 (b Proof similar to (a).
= (=R 1Y) def. 21.6.1 of 4 (10) From 21.6.6 we obtain R+ Y C R || Y. And because
x(RNY)=x(RyY) wederive RYf Y CR{Y.
(b) Proof similar to (a). (11) Suppose that R = [U,T'l and U = [Us|i € I], Y = [Yj]j €
(3) (a) We have J], and Z = [Zy|k € K].
For the left hand side of the subvalence expression holds:
RI|Z4Y
= N{S €Rel(Y) | (R 2) C S} def. 21.6.1 of § Ry 42z
= N{S € Rel(Y) | RC 5} because R | Z = R =RAUAY)IY I Z due to (1)(b)
=R|Y def. 21.6.1, again =RAUAY)IZ due to (3)(a)
=RNUAY)U(UAYANZ)| Z due to (1)(a)
(b) We have = RNUAY)U(UAY AZ) due to 20.4.9(2)
fy And b
nd because
= ((-R) YY) due to (2)(a)
=(=R)1zZz4Y) due to (a) Q(R) = I
=-=@RI2)4Y) due to 20.4.15(3) QRN (UAY)) = dom(UAY)
=R|ZNY due to (2)(a), again
= InJ
(4) (a) We have — I\(I\J)
R=S
= R|X=S5|X due to 20.4.9(4)(b) OERAUAY)YUAY AZ) = INJNK
= R[IXUIY=S[XIY = (INI\I)\NU\K)
= RyYY=S1Y due to (3)(a) we obtain

(b) Proof similar to (a). RYUAY)VI(UAYANZ) = RI(I\J)]|T\K)

(5) (a) Suppose Y = [Y}|j € J], then
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by applying 21.6.4(1)(c) and (d).
Performing similar steps on the right hand side of the sub-
valence expression gives us

RUIZAY = RUVWUAZ) N (UAY AZ)

= RIUINK)TUTN\J)

Having translated the reductions into eliminations this way,
we can now apply 21.5.3(17):

RAY UV Z = RI(IN\J)IT\K)

N

RIINK)T(I\J)

RVZNY
and thus
RAYUZ C RUIZAY
(12) Suppose R =[Y,I']. Then Y < X and

RIX=R| X due to 21.6.4(2)(a)

RYX=R| X due to 21.6.4(2)(b)

Furthermore, R || X = R according to 20.4.9(2). So there is
a (unique) R € Rel(X) equivalent to R, namely R || X, and
soR|| X=RJ{ X.

(13) Let R = [Y,T'] with U = [U;]i € I] and dom(Y%) = J;
fork=1,...,n.

(a) We proof by induction on n:

& For n =1 we have
RIYr = RUYi ||V

which is a true statement according to 20.1.11(3)

& For n— n + 1 we obtain
RIYVid...0Y,JYnp
=Ry (/:\1Y> Yo 4 Yo

by induction

due to (3)(a)

Ry (v}iy’i) U Yot
A

n+1
R ii\lyi | Yot

due to (1)(a)

(b) Proof similar to (a).

21.7.3 Lemma
For each schema X, all R = {Ry | k € K} C Prel(X) and
R, S € Prel(X), and every Y € Proj(X) holds:

@ LIY=_1y

@ 1LY =_1y

@ TIY =Ty

@ THY =Ty

& CR)VY =~(RAY)

® (FR)NY ==(R{yY)

M (ROS)IY C(RIY)N(SLY)

® (ROS)HAY =(RHY)N(SHY)

@ (RUS)JY=(RIY)U(SIY)

10) (RUS)TY D (RAY)U(SHY)

an) ([IRNYVYCN{RL VY |ke K}

a2) ([IR) MY ={RetY | ke K}

@3) ([IRNVY=U{Rx VY | ke K}

aa) (IR) MY DQU{Rk 1Y | k€ K}

21.7.4  Proof of 21.7.3

Let X = [X;|i € I] and dom(Y') = J, so that Y = [X;|j € J].
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(1) We obtain
1Y

M{T € Rel(Y) | LC T}
A Rel(Y)
Ly

(2) Similar to (1) we obtain
1Y

= {T €Rel(Y) |TC 1}
U{T €eRel(Y) | T C Ly}

U{Tv}
Ly

(3) Similar to (1) and (2).
(4) Similar to (1) and (2).
(5) We have

R LY

(=R Y

= (R Y)

(6

N2

Similar to (5).

(7) Due to

RMOS =

(RIY)N(SIY) =

def. 21.6.1 of |

due to 20.4.21(17)

def. 21.6.1 of 1

due to 19.4.6

due to 21.7.1(2)(b)

[IR,S

[T{RY), (1Y)}

this case (7) is just a special case of (11) (proof see below).

(8) Is a special case of (12).

(9) Is a special case of (13).

(10) Is a special case of (14).

(11) We have
(IR 4y

N

I x4y
[{Re I X | ke K} LY
M{Re | X | ke K} LY

pr({Rk | X | k€ K}, J)
Mpr (Ri | X, J) | k € K}

= MRe | XY | ke K}

M{Re Y | ke K}

(12) Similar to (11), we obtain

=ty

=R IxtYy
(THRk I X | ke KN Y
(MRe I X ke K Y
pr(({Rx | X | k € K}, J)
N{pr (Ry || X,J) | k € K}

M{Re | XY | k€ K}
R MY | ke K}

due to 21.7.1(5)(c)

due to 20.4.15(8)

def. 20.2.4 of []

due to 21.6.4(1)(a)

due to 21.3.10(1)

due to 21.6.4(1)(a), again

due to 21.7.1(5)(c),again

due to 21.7.1(5)(d)

due to 20.4.15(8)

def. 20.2.4 of []

due to 21.6.4(1)(b)

due to 21.3.10(1)

due to 21.6.4(1)(b), again

due to 21.7.1(5)(d), again

(13) Similar to (11) and (12), by applying 21.3.10(3).

(14) Similar to (11) and (12), by applying 21.3.10(4).
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21.7.5 Lemma
Let R = [X,I'] and S = [Y, 2] be two compatible relations.
We put Z:=X AY.

(1) The following statements are equivalent:
(2 RC S
)y RUZCSH Z
) RUYCSH X

(2) The following statements are equivalent as well:
(@ R=S
) RUZ=RNZ=SyZ=501Z
(¢) R{ Z and S § Z both exist and they are equal.

21.7.6  Proof of 21.7.5

Suppose, X = [X;|i € I] and Y = [Y;|j € J].
(1) (a) and (b) are equivalent, because
RC S
< pr(R,INJ)Ccpj(S,INnJ) due to 21.3.6

< RUZCShZ due to 21.6.4(1)(a) and (b)

(b) and (c) are equivalent, because

RIY
=RyZ|Y due to 21.7.1(1)(a)
=Ry Z due to 20.4.9(2)
S X
=SNTZ||X due to 21.7.1(1)(b)
=S Z due to 20.4.9(2)
and thus

RIZCSHZ if RIYCSHX

(2) (a) and (b) are equivalent, because
R=S
if RESand SC R
due to 20.4.9(1)

if RUZCSHZandSUZC R Z

if RUZ=R4Z=S12=S02
because R + Z
and S f} Z s
according t

°IN

(b) and (c) equivalent, due to 21.6.6
& R{ Zis defined iff R Z = R Z (then also = R { Z).
& S Zis defined iff St Z =5 | Z (then also = S § Z).

and that entails the equivalence of (b) and (c).

21.7.7 Lemma
Let X = [X;|i € I] be a proper schema, [oi|k € K]

a schema partition of X, and for each k € K let R €
Prel(oy) and Y3 € Proj(ox). Then

(a) ( ©) Rk) [ (V Yk) = O (Rk |l Yx)
kEK kEK kEK

(® ( o) Rk) u(\‘/ m) = © (Rl Ya)
kEK kEK kEK

(e ( o m)ﬂ(\'/ Yk) = O (Rk 1Y)
kEK keK kEK
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21.7.8 Proof of 21.7.7

First, let us state that every distinct product expression of
21.7.7 is well defined: the Ry are pairwise distinct by defini-
tion. And with Ry || Y € Prel(ox) and pairwise distinct oy,
the Ry || Y are pairwise distinct as well and their distinct
product is well-defined. The same holds for the supremum
and infimum reduction expressions.

For the subsequent proof we will use the following fact from

the algebra of classes:

(i) Let C and K be classes, {Ar | k € K} C P(C), and
{Br | k € K} C P(C), such that k; # ko implies
Ap, N B, =0, for all k1,kz € K. Then

( U Ak)“( U Bk) = U (Ax N Byg)
KEK KEK =%

Now, for each k € K, let Uy = x(Ry), Lr = Q(Ry) =
dom(Uy), and J, = dom(Y}).

(a) The given statements is

(@ Rk) I (\'/ Yk) = o (R |V
kEK kEK keK

According to 20.4.9(5), both sides of the stated equation are
equal iff they are both equivalent and have the same schema.
Now the equivalence holds due to
(s2e)
kEK

(@ Rk:) II<\7 Yk)
kEK kEK
= O (Rl Ye)
kEK

and for the schemas holds
<V Uk>v<\] Y,c)
kEK kEK

x<< ) Rk) | (V Yk))

kEK kEK
V (U V Yg)
kEK

= x (kGQK (R || Yk))

(b) We have

(soem)  (3.7)

keEK

1‘<®Rkv<ULk)ﬂ Uh))“(\/ﬁ)
ke K kEK kEK keK
due to 21.6.4(3)(a) and 20.1.3(3)

V ) due to (i)
) due to 21.3.16(1)

= <®Rk7U(LkﬂJk

due to 21.6.4(1)(a)

= (@pr(Rk,LkﬁJk (
keEK

= ( o (R ¥ (Ug /\Yk))

= O (Rxd (Up AY5) || Yg) due to (a)
kEK

= O (RxlY) due to 21.7.1(1)(a)
kEK

(c¢) Similar to the proof of (b) we have

(e (3,7)

kEK

= cpj( o) Rk,(ULk>n<U h)) I (\'/ n)
keK keEK keEK keK

due to 21.6.4(3)(b) and 20.1.3(3)

= CPJ'( © Rk, U (LkﬁJk)> I (V Yk> due to (i)
kEK kEK kEK
= ( ® cpj (Rk,Lk ka)) H (v Yk> due to 21.3.16(2)
keEK kEK
~ (o, mu @A) I (
keK

Yk) due to 21.6.4(1)(b)

= O (Rk Uk AYk) |l Y) due to (a)
kEK
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= O (RefYk) due to 21.7.1(1) (b)
KEK

21.8 Redundancy of attributes

21.8.1 Remark ___ introduction

We saw in 21.5.3(15) and (16), that
RIJERCRLJ

for every relation R and attribute j. In fact, the left subvalence
is proper iff the right one is, i.e. exactly one of the following
situations is the case: Either

(a) RIj=R=R|jor

() RIjJCRCRI|j.

In case of (a), we say that j is redundant for R. We can elim-
inate j from R without loosing any information, where “same
information” means “being equivalent”. Neither does it matter
how we eliminate j from R — supremum or infimum elimina-
tion, it is all the same in this case.

21.8.2  Definition

Let X = [X;|i € I] be a proper schema and R €
Prel(X).

(1) We call every j € T
(a) redundant for R, iff

RIj = RI|j
(b) irredundant for R, iff
R1j # R\j

And if j is an attribute of R, we call it (ir)redundant in

R.

(2) Each J C I is called
(a) redundant for R, if each j € J is redundant for R
(b) irredundant for R, if each j € J is irredundant for
R

And if J C @Q(R) we call J (ir)redundant in R, accord-
ingly.

(3) We define

redAt(R) = {j€@R)|RIj=R]|j}

the redundant attribute class of R

irrAt(R) = {j€Q(R)|RIj#R|j}

the irredundant attribute class of R

21.8.3 Remark Remark
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Note that in definition 21.8.2, each single j € I is either re-
dundant or irredundant for R. But a subclass J C I that
has both redundant and irredundant members, is itself neither
redundant nor irredundant for R.

«

Another terminology for “redundant” is “negative” and for “ir-

redundant” is “positive”. But we will not use these terms
here.
21.8.4 _ Example and table methods

Consider a relation R with schema X, where

alblec|d

o[ofofof1

1|ofofo]1

o[1]|o]o]fo

1(1]ofoff1

o[o[1]o]fo

a+— B 1(of1|0|o0
b B o[1]|1]o]o
X = and R=[1]1[1]0o] o0
c— B ofojo[1]1
d—B 1jofo[1][1
o[1]o]1]o0

1[1fof1][1

olo[1]1]o

1lof1|1][o

o[1][1]1]o

11110

(Actually, R is the truth table of the propositional formula
[laV=b]lA—-cA[dV—d]].)

Double tables (introduced in 17.6.1) provide an intuitive tool
to decide, if a certain attribute, say a, is redundant. According
to 21.6.4(1)(c) and (d), an elimination of a is a reduction onto
pr (X, {b,c,d}). And this is done with double tables. We first
represent R as a double table with a as the only attribute in
the top schema:

0|1l|a
ojo|O0|1|1
1|0(0|/0|1
oj1|0|0]|O
R:IIOOO
o|of1(1(1
1(o0f1f0|1
oj1(|1}|/o0]|O0
1|{1(1|/0|0O
blc|d

Boolean conjunction A of the two values in each row produces
the infimum elimination:

blecld blcld
o[of[offi A1 of[ofof1
1[ofoflon1 1|ofoflo
o[1]|ofoAro0 o[1]o]o
Rla = 1|/1|of[oAno0 = 1|1]|offo
ofof[1]1A1 ofof[1]1
1|of1flon1 1|o1]lo
o[1]1]onro0 o[1]1]o
1[/1[1]lono 11|10

Similarly, we obtain the supremum elimination:
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blel|ld ble|d
oflofof1v1 olofo]l1
1|/ofoffov1 1]ofoff1
of[1]of[ovo of[1]o]o
Rla = 1[1|of[ovo = 1|1]|offo
ofof[1][1va ofof1]1
1/of[1flov1 1]of1][1
ofi1]1]Jovo of1]1]o
1(1]{1flovo 1[1{1]lo

We see here that the two resulting tables are different, so
R [ a# R | aand thus a is irredundant in R.

On the other hand, if we perform the same process for the
eliminations of d, we find R | d = R | d:

o[i]a] [oft]c] [aft]c]l
olololtl1 oflofof1 oflofof1
1jolofl1[1 1{ofoff1 1/o|off1
of[1]of oo of1]|o]fo o[l1]o]o
1[1fof[z]2 1{1foff1 1|1{off1
ofo[1] oo ofo|1fo0 oflo[1]|o
1]o[1][o]o 1{of1][o 1|of1][o
0|1]1j0|0O of1({1]|o0 ofi1(1(lo
1j1j1j0j0 11|10 1|1]1][o
alb]ec

R R|d R\|d

So d is redundant. If we do this test for the remaining two
attributes b and ¢, we will find that the attribute class of R
partitions into the following two subclasses:

redAt(R) = {d}

irrAt(R) = {a,b,c}

21.8.5 Remark

‘We mentioned, that the table R of the previous example 21.8.4
is the truth table of the propositional formula

¢ = [[aV=b]A-cA[dV —d]]

This provides us with another clue for the understanding of
the redundancy concept. The subformula [d V —d] is equiva-
lent to 1. So it is a neutral element of this conjunction and
may be deleted without changing the boolean semantics. In
other words, [[a V —b] A —c] is still equivalent to ¢. That d
is redundant if ¢ is saying that there is an equivalent formula
without d.
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21.8.6 Lemma
Let X = [X;|i € I] be a proper schema, R € Prel(X)
and J C I. With K := Q(R) and Y := pr (X, K \ J) the
following statements are equivalent:

(1) J is redundant for R
(2) K NJis redundant in R
@ RI(KNJ)=R | (KNJ)

@ RIJ=R|J
() R|J=R
() R J=R

(M pr(R,K\J)=cpj(R,K\J)

@) pr(R,K\J)=R

©) cpj(R,K\J)=R

(10) R Y =RUY

(11) RYY =R

12) RN Y =R

13) R{Y is well-defined

(14) Each j € J is redundant for R

(15) Each j € (K NJ) is redundant in R

(16) R j=R | jforeachjeJ

(17) R | j =R for each j € J

(18) R | j =R for each j € J

(19) K NJ CredAt(R)

21.8.7 Proof of 21.8.6

Our proof pictures the following network of equivalences:

(15) — (2) — (19)
\
3  aa— @
\ |
(10) — (1 — @  (18)
\ [
an — ® — () — an
\ |
(12) — (9) — (6) — (18)
\
(13)

The details of this argumentation:

(14)<(16) due to definition 21.8.2(1)(a).

(1)<>(14) is exactly definition 21.8.2(2)(a).

(2)<(15) again due to definition 21.8.2.

(2)<(19) due to definition 21.8.2, once again.

(3)<(4) holds due to 21.5.3(9) and (10), saying that R | J =
R|(KNJ)and R J=R | (KNJ).

(10)<>(11)<(12)<>(13) is true according to 21.6.6.

(5)<(8)<(11) due to 21.6.4.

(6)=(9)<=(12) due to 21.6.4.

(4)& (7)< (10) due to 21.6.4.

(17)<(18)<>(16) Obviously, (16)<(17)A(18). And (17)<(18),
as we know by now. Thus (16)<(17)and (16)<>(18).

(5)=(17)&(18)<(6) due to 21.5.9.

(2)<(3) By now we have proof for (1)<-(4). It follows that:
K N J is redundant for R iff (8). And since K NJ C K,
the statements “K N J is redundant for R” and “K N J is
redundant in R” are equivalent.
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22 Attribute translation

22.1 Introduction

22.1.1 Example

Consider an example relation R, given as

child : H [ father : H [mother :H

(& m

R = 1 f1 1
c2 fa mo
c3 f3 m3

where H is the class of human beings (or less suggestive and
more formal, a class of names or strings). Also given a little
translator, i.e. a function (or record) between attributes, by

child — kind
T = father — vater
mother — mutter

We define tr(R, ), the (attribute) translation of R by 7, so
that in our particular example

I kind : H [ vater : H [ mutter : H

tr(R,7) = o }‘1 o
o 2 2
c3 f3 mg

The result is a “German translation” of the original “English
relation”. In this case, the translation is simply a substitution
of the attributes in the table.

22.1.2 Example

But things are not always that plain. Taking the same relation
R from 22.1.1, but another translator

father — parent
T =
mother — parent

we could argue if tr(R, 7) can be well-defined at all. But we
do want a very general translation concept and we apply the
following principles for its definition.

First of all, if R has an attribute that doesn’t occur in the
domain of 7, we leave the attribute unchanged. In our exam-
ple, child is such an attribute. So at this stage, our example
becomes

I child : H [ parent : H [ parent : H

tr(R,7) = Zl ;1 :1
2 2 2
c3 f3 ms
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The result is not a well-defined relation, there cannot be two
columns with the same attributes. So we merge the two parent
columns into one. In order to do that, we treat each of the
three graph records accordingly. For each of the three rows
¢ € R we produce the translation tr(¢, 7). But for, say the
first member

child — ¢y
¢ = | parent — f1
parent — m

the translation tr(¢, 7) is defined only, if fi = mi. But we
assume instead, that fathers and mothers are always two dif-
ferent specimen. tr(&, 7) is undefined for this £ and the other
two members as well. Thus we end up with

tr(R,7) = I child : H | parent : H l

However empty, the result is still well-defined. Nevertheless,
there are also examples of relations R and translators 7, where
tr(R, 7) is not reasonably defineable.

22.1.3 Remark

In general, the 7—translation tr(R, 7) of a relation R = [X,I']

is based on the 7—translation of records. The general method

has two steps:

& First, produce the 7-translation X’ := tr(X,7) of the
schema. If X’ is not well defined, the whole translation
of R fails and aborts here. Otherwise:

& For each member x € TI', produce the 7—translation z’ :=
tr(z, 7). If 2’ is well-defined, it becomes a member of the
new graph I'’. Eventually, [X', F'} is returned as the overall
result.

In 22.2, we first develop a general definition of record transla-
tions. The translation of relations is fully introduced in 22.4.

22.2 Translation of records

22.2.1 Remark __Generalization of images and image classes__

Let f: D — C be a function.

Recall (5.7.3 and 5.7.18), that
(1) for every d € D,

f(d)
is the f-wvalue of d or f—image of d
(2) for every D’ C D,

f[D'] :=={f(d)|de D’}
is the f—image class of D’

We will now generalize these notions as follows:
(3) For every class A and a € A we define
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£(a) {f(a) ifa€ D

a ifagD

(4) For every class A we define

flA] = {f(a]) |ac A}

Note, that,

(5) f(la]) and f[A] are proper generalizations of f(a) and
fLA], respecitvely, in the sense that: for every f: D — C
and if a € A C D, then f([a]) = f(a) and f[A] = f[A]. So
we could have used the same notation again.

(6) For every f: D — C and each class A we have

FIA] = (D\NAUF[DNA]

22.2.2 Remark

records and pair classes.

Recall, that functions can either be given as prescriptions (how
to map given things to another thing) or as left—unique pair
classes (i.e. argument—value pairs). We repeat this relation
here again, but especially for records.

(1) Let A, B be two classes and I C A x B. We put

L := {a|{a,b) € I}

R := {b] (a,b) € II}
and we say that IT is
& right unique iff
for each a € L there is exactly one b € R with (a,b) € II
& left unique iff
for each b € R there is exactly one a € L with (a,b) € IT

And in case IT is indeed right unique, we define

rec(Il) := [a+— theb € Rwith (a,b) € w|a € L]

the record of II.
(2) On the other hand, let £ = [§;]¢ € I] is a record, then

gr(§) = {(i,&)|iel}
is the graph of €.
Obviously, gr(¢) is a right—unique pair class.

Right—unique pair classes and records can thus be seen as two
representations of the same idea in the sense that

(3) for every right—unique pair class II holds
gr(rec(Il)) = II
(4) for every record £ holds

rec(gr(§)) = ¢

In case of finite examples, this is somehow simply another way
of writing:

i1 = & (i1,€1)
iz — &2 8 (i2,€2)
—
«— .
: : rec :
in = &n <in;€n>
record right—unique

pair class
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22.2.3  Definition
Let 7 and & = [¢;]i € I] be two records. We define

tr(§,7) :=rec(E) where E:={(r(i]),&) i€}

is the (attribute) translation of £ by 7
or the 7—translation of &.
Note, that tr(&, 7) is well-defined iff = is right—unique.
In that case, we say that £ is translatable by 7 (or 7—
translatable).

22.2.4 Example

Let us investigate some examples similar to the situation in
22.1.1 and 22.1.2.

(1) Given
child — ¢ child — kind
£ = | father — f and 7 = | father — vater
mother — m mother — mutter
we put
(7(child]), £(child)) (kind, c)
= := { (7([father]), {(father)) p» = { (vater, f)
(7 (mother]), £ (mother)) (mutter, m)
and obtain
kind — c
tr(¢,7) =rec(E) = | vater— f
mutter — m
(2) Given
child — ¢ fath «
—
§ = | father — f and T = avher r paren
mother — parent
mother — m
we put
(7(child]), £(child)) (child, c)
= := { (r([father]), £(father)) p = { (parent, f)
(7 (mother]), £ (mother)) (parent, m)

Z is not right—unique, tr(&, 7) is undefined.
(8) If we take the same 7 and the schema X of the example
relation R from 22.1.1, i.e.
child — H
X = | father — H and T = |:

father +— parent ]
mother — H

mother — parent

‘We put
(r((child]), X (child)) (child, H)
Z:= { (7(father]), X (father)) » = { (parent, H)
(7 (mother]), X (mother)) (parent, H)

This time, E is right—unique and we obtain

child s H ]

tr(X = =) =
r(X,7) = rec(8) |:parentr—>H

22.2.5 Example

Recall from 9.2.1, that a tuple is a special kind of record. We
can use tuples as translators. Let us take 7 = (3,2,1,4,4,6)
for example. We generate some 7T—translations of records £
that are tuples as well.

(1) For € = (&1,&2,&3) we obtain

(1], &1) (3,€1)
tr(§,7) = rec | q(7(2]),&2) =rec | {(2,82)
(3D, &3) (1,€3)
1+— &3
= |28 | =(£,82,41)
3—&

In other words, for a ternary tuple &, the 7—translation is a



Theory algebras on relations

reversion of its components.
(2) For § = (£1,&2,&3,84,&5) we obtain

(3,&1)
(2,&2)
tr(§,7) = rec| q(1,&3)
(4, €a)
(4,¢5)
The right hand of this equation is well-defined only, if
&4 = &5. If that is indeed the case, we obtain

tr(§,7) = (£3,€2,61,¢,¢) with c:=8=¢5

In other words, for tuples with 5 (or more) components, the
T—translation is defined only, if the fourth and fifth compo-
nent are equal.

3) For € = (a,b,c,d,d,e), the constraint £(4) = £(5) is satis-
fied. We obtain

(3,a) l—c¢
<2)b> 2+— b
tr(¢,7) = rec éi’;i =|3—a
(4, d) 4—d
(6, ¢) Gre

The result is well-defined, but not a tuple anymore. And
that happens to all tuples £ with more than five compo-
nents.

22.2.6 Lemma

Let 7 and ¢ = [¢;|i € I] be two records. If & :=tr(&, 7) is
well-defined, then

(1) dom(¢') = 7[I]
(2) cod(¢') C cod(§)

22.2.7  Proof of 22.2.6

(1) follows from definition 22.2.3, 22.2, and 22.2.2. (2) is due
to the fact, that the values don’t change during translation.

22.3 Translations in Proj(¢)

22.3.1 Remark

Recall 9.2.4, that for every two classes I and C,

[ClI] = [i— Cli€I]

is the univalent schema with index class I and value C. It
maps each i € I to the same value: the class C.

Accordingly and for every given class I

®[I|I] = {7 € Rec|dom(7r) C I,cod(r) C I}

That is the class of translations that stay inside I.

22.3.2 Remark and example

For future purposes we need an answer to the following ques-
tion: Given a record & = [§;|i € I]. Which 7 € ®[I|I] trans-
lates £ into one of its projections, i.e. tr(¢,7) € Proj(§), i.e.
tr(g, ) <¢7

For example, let
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ar— 2
b—2
C 2
1:{a,b,c,p,q,w,y} and §=|p—4
q—4
T 6
y — 6
Three members of ®[I|I] are given by
a l—)p
ar— C
b—p a—p
b—c
T = o= | c—p T3:= [ b—p
CrH C
p—a cr—p
The according translations are
(c,2)
(e, 2) cr— 2
(e, 2) q—4
tr(¢,71) = rec (q,4) = € Proj(&)
{q,4) z +— 6
(, 6) yr—6
(y,6)
(p,2) i
§p7 2; a+— 4
D, 2 2
tr(¢,m2) =rec [ (a,4) o | = | P77 7| ¢ Proj(e)
{a,4) T — 6
(2,6) Ly—6
(y,6)
(p,2)
(p,2)
(p,2)
tr(&, 73) = rec (p, 4) = undefined
(q,4)
(, 6)
(y,6)

A general answer to the question is the following

22.3.3  Definition
If € = [¢;]|i € I] is a record and k € I, then

[kle = {jel|& =¢&}

the the £&—equivalence class of k

22.3.4 Lemma

For every record & = [§;|¢ € I] and 7 € ®[I|I], the follow-

ing statements are equivalent:

(1) The 7—translation of £ is well-defined with tr(¢,7) €
Proj(¢)

(2) &-(3) = &i for every @ € dom(7)
@) TE®[[i]le|iel]

(4) For every v € Proj(¢) the 7—translation of v is well—
defined with tr(v, 7) € Proj(&).

22.3.5 Proof of 22.3.4

(1)¢>(2) Suppose, &' = tr(£, 1) is a well-defined member of
Proj(¢). That means, £ = [¢;]j € J] for some J C I. For
each i € I, 5;—([1']) is defined as §, so - = §i- In case
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i ¢ dom(7), 52’([1']) = ¢, = ¢ anyway. So tr(¢, ) € Proj(¢)
iff 57([5]) =¢; for all i € dom(7).

(2)(3) Due to the the definition of [i]¢, we have &, = &
iff 7([i]) € [i]le. Thus &rq) = & for all i € I iff 7
®[[ilelierl].

(1)< (4) v € Proj(€) is saying that v < €. An immediate con-
sequence of definition 22.2.3 is the fact that the existence
of tr(§,7) and v < £ implies the existence of tr(v, ) with
tr(v,7) < tr(&, 7). So (1)implies (4). And with £ < &, the
other direction holds as well.

22.3.6 Example

Applied to the previous example £ from ?7?7: The class of all
7 € ®[I|I] such that tr(&,7) is a (well-defined) element of
Proj(&) is given by

aw— {a,b,c}
b— {a,b,c}
c— {a,b,c}
@[lileliel] =®|p—{paq}
q—{p,qa}
z—{x,y}
y—{z, y}

22.4 Translation of relations

22.4.1 Definition

Let R = [X,I'] be a relation and 7 a record. If tr(X, )
is well-defined, we say that R is 7—translatable and we
define

(attribute) translation of relations

tr(X, 1)
tr(R,7) =
{tr(z,7) | x € T is 7-translatable}

the (attribute) translation of R by 7.

22.4.2 Example

Consider example 22.1.1 again with

child : H [ father : H [mother cH

R = C1 fi my
Ca f2 m2
c3 f3 mg

child — H
father — H

mother — H

child — ¢y child — c2
- father — f; , | father — fo s
mother — m mother — myo

child +— c3
father — f3
mother — mg

and
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child +— kind
father — vater

3
Il

mother — mutter

The 7—-translation of the schema exists

child — H kind — H
tr father— H | , 7T = vater — H
mother — H mutter — H

and for each

child — c;
father — f; €R
mother — m;

we have
child — c; kind — c;
tr father — f; ,T = vater — f;
mother — my; mutter — m;
so that
kind — H
vater — H
mutter — H
kind — ¢y kind — co
tr(R,7) =
vater — fi s vater — fa s
mutter — my mutter — mo
kind — c3
vater — f3
mutter — ms

kind : H [ vater : H [ mutter : H l

_ c1 f1 ma
c2 f2 ma
c3 f3 m3

as expected.

22.4.3 Example

Consider the common linear order relation on the set of in-
tegers <: Z e~ Z. In example 22.2.5 we already used tuples
as translators for tuples. Let us now take 7 := (2,1) as a
translator for R.

In general, the T—translation of any pair £ = (&1, &2) is

_ (2, 1) (1], (€1, ) (1))
tr(6,7) = “ec({<<2,1><[2J>,<si,£><2>> )
_ @en)_ [2—al
= rec <{(1,£;>}> = |:1»—>§; = (&,&)

We can use this result now first for the 7—translation of the
schema (Z,Z) of R and obtain

tr((Z,7Z), 1) (Z,7)

This is a well-defined tuple, so R is 7—translatable with

(Z,7)
tr(<,7) =
{(b,a) | a < b}



and that is >, the greater—or—equal relation on Z.

22.4.4 Remark

The example in 22.1.1 suggests that (attribute) translations
are important operations in relational database applications.
But they are also very useful in traditional mathematics. They
provide the means to assign meanings to formulas of predicate
logic.

translations in mathematics

A typical situation is a given expression like “R(z, y)” together

with an interpretation Z, that turns the relation symbol R into

a proper binary endorelation R? on a certain class CZ. By

means of attribute translations, this expression “R(z,y)” has

an own proper meaning: tr(RZ, (z,y)). In more detail:

& R : C «~ C is the given signature, it says that R is the
symbol of a binary endorelation, defined on on a class sym-
bolized by C.

& RT : CT «v C7 is a concrete binary endorelation on C7,
given by say

cT «s CT

(a, b) ~ ¢(a,b)

RT =

& If the schema translation tr({CT,C7), (z,y)) is well
defined then

CT ww CT
r(R7, (2,1)) =
{z:g] - {ab) € BT

In traditional predicate logic, interpretations assign meanings
to formulas only, if the formulas are closed. And then, their
meaning is either true (when the interpretation is a model for
the formula) or false. Atomic formulas like R(z,y) are not
closed, z and y are free variables. But with attribute trans-
lations of this kind, we provide a semantics for R(xz,y). And
together with the other operations M, L, -, ..., we now have
a denotational semantics for all formulas, not only the closed
ones.

22.5 Translations in Prel(X)

22.5.1 Remark — introduction

We saw, that a translation of a given relation may or may not
exist. But sometimes it is important to know in advance if
the outcome is well-defined. When we consider a structure
or algebra based on a carrier class R of relations, we want to
know the class 7 of all the suitable relations for R. “Suitable”
means, that R is the “7—closure” of R in the sense that, for
every 7 € T and R € R, the 7—translation of R is well-defined
and again a member of R.

There is one relation class R which is important here, namely
the class Prel(X), for a given schema X. We use Trans(X)
to denote the “suitable” translation class for Prel(X). Given
X = [X;|i € I], it makes sense to only include translations 7
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with arguments and values from I, i.e. 7 € ®[I|1].

22.5.2  Definition
Let X = [X;|i € I] be a proper schema. We define

translator classes

Trans(X) := {‘r € ®[I1]

tr(R, 7) € Prel(X)
for each R € Prel(X)

the translator class on X

22.5.3 Remark

Note, that in definition 22.5.2 the characterization “tr(R,T) €
Prel(X) for each R € Prel(X)” implies, that tr(R, 7) is ac-
tually well-defined for all R.

22.5.4 Lemma

If X = [X;|i € I] is a proper schema, then

Trans(X)=® [ [i]x |i€ T ]

22.5.5 Proof of 22.5.4

So let X = [X;|i € I] be given.

Again (see 22.3.3), [i]x = {j € I | X; = X;} is the
X —equivalence class of i, for each i € I. Prel(X) is (see
17.8.1) defined to be the class of all relations with a schema
Y € Proj(X). According to 22.4.1, tr(R,7) is defined iff
tr(Y, 7), the 7—translation of its schema, is defined.

So

Trans(X) = {TE ®[I1]

tr(Y,7) € Proj(X)
for each Y € Proj(X)

Due to 22.3.4, the right hand side of this equation is equal to
@[lilx|iel].

22.5.6 Lemma

For every proper schema X = [X;|¢ € I| the following
statments are equivalent:

(1) X is univalent (i.e. X; = X; for all ¢,j € I)
(2) Trans(X) = ®[I|I]

22.5.7 Proof of 22.5.6

Trans (X) = ®[I]1]
& tr (R, 7) € Prel (X) for all R € Prel (X) and 7 € ®[I|I]
< tr (Y, 7) € Proj(X) for all Y € Proj(X) and 7 € ®[I|1]

< X, = X; for each i € I and 7 € ®[I|]]
due to 22.3.4

< X;j =Xy forall j,kel
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23 Theory algebras on Prel (X)

23.0.8 — introduction and overview.

In this section we concentrate on the effect of the two relations
C and < on a given relation class Prel (X). We already es-
tablished that each one is a quasi-order relation (19.1.6 and
20.4.12). In fact, and that will be the theme here, each one
turns Prel (X) into a complete quasi—boolean lattice.

Recall (see chapter II1) the difference between a quasi—boolean
lattice in general and a boolean lattice in particular: for a
real boolean lattice, the typical boolean operations (the join of
two elements, the complement, the bottom element etc.) are
unique, a boolean lattice is a boolean algebra. For a quasi—
boolean lattice however, these operations do exists (that is the
very meaning of the term), but they are not necessarily unique.
Take the example (see 6.4) of the formulas Form (A) on some
A, together with the quasi—boolean order =-. There is a bot-
tom element O, but there are different other bottom elements
as well: [a A —a], [0A1], etc.

The structures imposed by C and < on Prel (X) are indeed
“quasi” in this sense, at least if X is not trivial. We will proof
that they are quasi—boolean lattices, but we also want two
quasi—boolean algebras with an actual and well-defined set of
boolean operators to operate with. The selection of various
opertors we defined so far does provide all we need for the
structure on C: we have a meet M and join U, a negator — and
two extremes L and T.

For the structure on <, the situation is more complicated.
We have a couple of possibilities available to operate on the
relation schemas: ||, 4,1, |, [, pr,cpj and some others. But
none of them is defined on relations only, they all have two
different types of arguments. For example, @ | @ is de-
fined on @ € Prel(X) and @ € Proj(Z). For our search
for proper boolean operations we can either modify the do-
main of the available operations, which is quite easy: e.g. for
R,S € Prel(X) we could declare R |} S := R | x(S). Or
we could create an entire new set of operations. In the se-
quel, we will do both. And in the end, we have a couple of
quasi—boolean algebras defined on <Pre1 (X), §1>A35

The whole idea of a theory algebra as a double quasi—ordered
structure is the core idea of this whole text. We have added a
section on the theory algebra of bit value relations, where we
take this simple and important relations and discuss and dis-
play their algebra in detail. In these examples, the important
properties of all the more abstract cases are reflected already
and a contemplation on the order diagrams displayed there
may help to grasp the whole idea.

The structure on < is called syntactic, the structure on C
is called semantic, the specific combination of the two is the
theory structure (see 3.4.1 for the motivation of this terminol-
ogy).

23.1 The semantic structures on
Prel (X)
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23.1.1  Definition

If X is a proper schema, then

Prel=(X) = (Prel(X),C,=,L,T,M,U,[I,11,-)

is the semantic algebra (on Prel (X)) (of X)

23.1.2 Lemma

‘,I3te[E (X) is a complete quasi-boolean algebra, for every
proper schema X.

23.1.3 Proof of 23.1.2

Complete quasi-boolean algebras (see definition 7.6.2(5)), and
‘,]3telg(X) in particular, must have the following properties:

() (Prel(X),C, =) is a quasi—ordered class.
That is true according to 20.4.12.

And in this quasi-ordered structure (Prel (X),C, =),

(ii) L must be a least element and T a greatest element.
That is true according to 20.4.21(17) and (18).

(iii) ] is a big conjunctor and [] is a big disjunctor.

In other words, [[R is a greatest lower and [ [R a least upper
bound, for every R C Prel (X). And that is true according
to 20.4.19(3) and (4).

(iv) M is a meet and U is a join operator.

In other words, RM S is a greatest lower and RU S is a least
upper bound of R and S, for all R, S € Prel (X). And that
means, that RMS = [[{R, S} and RUS = [[{R, S}, which
is true according to 20.4.21(9) and (10).

(v) The structure is distributive.
RM(SUT)=(RMNS)U(RMT) is true, due to 20.4.21(11),
RU(SNT)=(RUS)MN(RUT) is true, due to 20.4.21(12),
for all R, S,T € Prel (X).

(vi) = is a complement function (7.5.2).

RM-R =1 and RU-R =T is true for all R € Prel (X),
according to 20.4.21(21) and (22).

23.1.4 Lemma

(Prel (X),LC) is a complete quasi-boolean lattice, for ev-
ery proper schema X.

23.1.5  Proof of 23.1.4

This is an immediate consequence of 23.1.2, according to defi-
nition 7.6.2(5).

35The practical applications for theory algebras will probably rather use the original mixed domain operators. For example, in logic, the

quantor V@ . @ is very much the infimum eliminator @ | @. But from a more theoretical point of view, it is much more elegant to just

have one sort of arguments only.



23.2 Selective syntactic structures
on Prel (X)

23.2.1  Definition

Let X be a proper schema. A syntactic selector on X is a
function ¢ : Proj (X) — Prel (X) such that x (s (Y)) =
Y, for all Y € Proj (X).

23.2.2 Example

We already have defined some syntactic selectors: by restrict-
ing L o and T @ from 19.3.1 and Id ¢y from 19.2.1 to Prel (X)
for a given proper schema X we obtain three syntactic selectors
on X:

[ Proj(X) — Prel (X) ]

1 Lo = [
Yo ﬂ

[ Proj(X) — Prel (X) ]

@ To= [
¥ Y}
®Y
Proj(X) — Prel (X)
@) Idgp = v
Y —
v~ Vi,j € dom (Y) .v; = vy

Theory algebras on relations

www.bucephalus.org ] 64

23.2.3  Definition

Let X be a proper schema and ¢ a syntactic selector on X.
‘We define

Prel (X)
12(x) = '
mte;( ) <ﬂaé7®§7l§!/\§7vil/\§avg’_§>

the selective syntactic structure of ¢ over X

where
O :=<(0) 1o =(X)
Prel (X) x Prel (X) — Prel (X)
DN @ =
(R, 8) = < (x(R) Ax(5))
Prel (X) x Prel (X) — Prel (X)
O Ve @ =

(R, ) = s (x(R) Vx(S))

P (Prel (X)) — Prel (X)

RER

Ao = g( A x(R)) ifR#0
R +—
$(X) ifR=10

P (Prel (X)) — Prel (X)

V§ - ( )
Ri—g V x(R)
RER

Prel (X) — Prel (X)

R ¢ (X\x(R))

23.2.4 Lemma

‘Dte[?(X) is a complete quasi—boolean algebra, for every
proper schema X and syntactic selector ¢ on X.

23.2.5 Proof of 23.2.4

Let X = [X;|i¢ € I] be the given proper schema. Recall, that
for all R, S € Prel (X),

R4S iff x(R)<x(S) if @(R)C@(S)
We proceed with the same steps as in the proof of 23.1.2.

(i) <Pre1 (X) , <, é> is a quasi—ordered class.
That is true, due to 19.1.6.

And in this quasi—ordered class we have:

(i) O is a least and 1. is a top element.
For every R € Prel (X) holds 0. < R iff @ (0;) C @ (R)
iff @ C @ (R), and that is always true. On the other hand,
R < 1. iff x (R) < X, which is true because R € Prel (X).

@iii) A, is a big conjunctor and V_ is a big disjunctor.
We proof this for A_, a proof for \/_ is similar. A_ is a big
conjunctor iff A_R is the greatest lower bound (g.l.b.) of
R in (Prel(X), d), for every R C Prel (X). That is the
case exactly when x (A_ R) is the g.Lb. of {x(R) | R € R}
in (Proj(X),<), i.e. iff A{x(R) | R € R} is the g.1.b of
{x(R) | R € R} in (Proj(X),<). Which is true indeed,
for every R (including R = § in particular).

v) RAcSE2 A {R,S}and RV.S£V_{R,S}.
For R, S € Prel (X) we have RA: S =< ((x(R)Ax(S))) =
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s(A{x(R),x(9)}) = A {R,S}. And similarly, RV: S =
R, S},

S
(v) The distributive laws are satisfied.
If R,S,T € Prel(X) with A = @Q(R), B = @Q(S), C =
@ (T), then

RA(SV.T) 2 (RAS)Ve (RALT)
iff AN(BUC)=(ANB)U(ANCQC)
and the latter is a general truth for all classes A, B, C'. Sim-

ilarly, we can see that RV, (SA.T) 2 (RV. S)Ac (RV. T).

(vi) -¢ is a complement function (7.5.2).
If R = [Y,I'] € Prel(X), then -cR = ¢(X\Y). We
have RA¢ (<R) = (Y A(X\Y)) = 0. and RV (cR) =
s(Y V(X \Y))=1.. Thus-¢ is indeed a complement func-
tion.

23.2.6 Lemma

<Prel (Xx),4, é> is a complete quasi-boolean lattice, for
every proper schema X.

23.2.7  Proof of 23.2.6

Immediate consequence of 23.2.4 by means of 7.6.2(5).

23.3 The 3—carrier syntactic struc-
tures on Prel (X)

23.3.1 Repetition

(1) Recall 6.2.2, that the power structure of a given class I
B = (P(U),C,0,1,n,U,N, UL
is the usual complete boolean algebra with

P() — P (1)]

1:=1 and U@::|: A C\ A

(2) Recall 11.9.1, that

Proj (X) = <P!‘0j (X),<, <>7X,/\7\/7/\,\/,—>

is the complete boolean algebra of projections of a record or
schema X, where

AD:=X and -@ := [Proj(;flfxf;oj(xq

(3) Recall 5.8.6, that & t &’ is the combination of two struc-
tures & and &’. The result basically is the union of the
carrier classes and the operations.

23.3.2 Definition

For every proper schema X = [X;|i € I] we define

< _ /Prel(X),Proj(X),P(I),
Beelg (20 = <ﬁ,é,L@,T®,@,x,n,u,ﬂ, ! r>

the 3—carrier syntactic structure of X

Preld (X) Prel3 (X) T Proj (X) TP (1)

the 3-structure syntactic structure of X
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23.3.3 Remark

The 3-carrier syntactic structure of a given proper schema
X = [X;|i € I] is the structure made of 3 carrier classes:
relations Prel (X), schemas Proj (X) and attribute (or iden-
tifier) classes P (I). And a couple of operations, all defined in

the 3—carrier syntactic structure

earlier chapters. Next to < and £, there are:

A couple of functions that serve as converters between the

three carrier classes:

& Lo, Tg : Proj(X) — Prel (X) the empty and full re-
lation function (19.3.1) with Ly = L and T, =T,

& @ :Prel(X) — P (I) the attribute class function (?7?)

& x:Prel(X) — Proj(X) the schema function (?7)

And operations to modify the schema of relations:

& ||, 4, f: Prel (X)xProj(X) — Prel (X) the ezpander and
the supremum and infimum reductor (20.1.1 and 21.6.1)

& |, I: Prel(X) x P (I) — Prel (X) the supremum and in-
fimum eliminators (21.4.1

All these functions are well-defined on their entire domains,
because both Prel (X) and Proj (X) are (pairwise) compati-
ble.

23.3.4 Remark

The selection of operations in ‘131‘2[35] is somewhat arbitrary.
Earlier on we defined a couple of other operations that could
equally well added to the definition of this structure. Most of
these additional operations are definable in terms of the chosen
ones.

more or less operations

Additional schema comparing relations would have been:

& (: Prel(X) «~ Prel(X) the distinctness relation
(19.1.2¢3)), which can be derived by R §j S < (QRNQS = 0)

& —: Prel (X) «~ Prel (X) the compatibility relation; which
is superfluous in this context, because R — S holds anyway
for all R, S € Prel (X) (19.1.10(4)).

More carrier class conversions are:

& Idp : Proj(X) — Prel(X) the identity relation con-
structor (19.2.1). This is indeed a converter between two
of the carrier classes in ‘Bte(;, one that cannot be derived
from it in general and adds a whole new dimension. But we
exclude it here for several reasons and treat it as an extra
additional operation.

& dom : Proj(X) — P (I) is also a converter between two
of the carrier classes. But neither its source nor its tar-
get is the relation class. And besides, it can be derived by
dom (Y)=Q(Lly)=@(Ty).

More relation schema modifiers are:

& pr,cpj: Prel(X) x P (I) --» Prel (X) are only defined as
partial functions in 21.2.2. And for their defined arguments,
they can be derived in ‘Bte[?(X) by

pr(R,J)=R|(@R)\J) cpj(R,J)=RI[(Q(R)\J)

& {: Prel(X) x Proj (X) --» Prel (X) the equivalent reduc-
tor (21.6.1) is only a partial function. And the restriction
to its defined arguments coincides with both |} and 1, i.e. if
R Y is defined, then R Y =R 1Y =R | Y, according
to 21.6.6(3).

23.3.5 Remark

the 3-structure syntactic structure
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The 3—structure syntactic structure is fully given by

Prel$ (X) = (9,2, Lo, To, Qx40

<Prel(X),Proj(X),P(I), >
S OWX A VAV E0,1,0,0,0, UL B
The addition of the operations of Proj(X) and P (I) en-

ables us to simulate the full set of boolean operations on
(Prel (X), ).

More precisely, we e.g. obtain a complete quasi—boolean alge-
bra if we fix some constant T € {L, T} and define

Prelf (X) = (Prel(X),9,2,0,1,A,9,V, A7)

and define

b =T

i=T|X
RAS = T | (x(R) Ax(S))
RUS = T | (x(R)Vx(S))
AR = T| A x@®
AR = T A x@®

‘R o= T -x(R)

for all R, S € Prel(X) and R C Prel (X).

In fact, it is an easy exercise to confirm that

lo fT=1

< < .
Prel7 (X) = PrelZ(X) with CI{T@ ST =T

23.4 The 2—carrier syntactic struc-
tures on Prel (X)

23.4.1 Remark

The 3-structure syntactic structure ‘,]3te(§(X) is somehow re-
dundant, because the two structure Proj (X) and P () are
isomorph (11.9.3). Since X is fixed in the context of this
structure, we could represent each Y = [Y;|j € J] € Proj (X)
just by its domain J € P (I), a reconstruction of Y is al-
ways given by Y = pr(X,J). This way, we could re-
place the whole structure PBroj(X) by its isomorph coun-
terpart P (I). We just need to replace the operations like
J: Prel (X) x Proj(X) — Prel (X) by a its according mu-
tation || : Prel (X) x P (I) — Prel (X).

We use the two dots on | to explicitely distinguish this “2—
carrier version” from the original {}. But in practice it should
be save to write | again.
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23.4.2  Definition

Let X = [X;|i € I] be a proper schema. We define
§ [P (X) — Prel (X)
lp =
J— Lorx,n)
§ [P (X) — Prel (X)
To =
J = Tor(x,J)
X [ Prel (X) x P (I) — Prel (X) |
Ol :=
(R, J) — R | pr(X,J)
i [ Prel (X) x P (I) — Prel (X) |
ole -
(R,J) — R | pr(X,J)
" _Prel(X)XP(I)—>Pre1(X)_
Ore® =
(R, J) — R pr(X,J)

23.4.3 Definition

For every proper schema X = [X;|i € I] we define

<Prel<2f>v?.<f>v I >
42 lp, To, Q!

the 2—carrier syntactic structure of X

‘Bte[f (X)

Preld(X) = PrelT(X) TP )

the 2—structure syntactic structure of X

23.5 The l—carrier syntactic struc-
tures on Prel (X)

23.5.1 Remark

As yet another variation of the syntactic structure we could
reduce the carrier classes even further and only keep the re-
lation class Prel (X) itself. This way, we derive a “l-carrier
syntactic structure” from the 2—carrier version by e.g. replac-
ing R | J for R € Prel(X) and J € P (I) by R|@ (S) where
R, S € Prel (X).

From the <J-ordered point of view, there is a great resemblance
between the 1—-, 2—, and 3—carrier syntactic structures and it
is easy to change from one to the other, as we demonstrated
in 23.3.5, for example. In other words, operations from one
structure can be simulated by operations of the other up to
£ _equivalence.?® With one exception: the 1—carrier syntactic
structure ‘Btellﬁ (X) is not able to quasi-simulate a complete
quasi—boolean algebra on <Pre1 (X), §1>, but only the weaker
generalized quasi—boolean algebra. In general, it might not
have a top element and no complementation, but only the rel-
ative complementation (23.5.4).

Many mathematical surveys, universal algebra for example,

36Yet another criterion for this “equal power” of the structures is to say that, for every given class R of relations, its closure, i.e. the class

of all the relations that can be generated from R with the given operations, is quasi-equal for each structure. We introduce subalgebras

and closures properly at a later point.
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concentrate on algebras as structures with just one carrier
class. With the 1-carrier structures on Prel (X), we can com-
pare and integrate theory algebras in this broader contexts.
This allows us to formulate universal properties like the asso-
ciativity

(RIS)|T = RI(SIT)

(which actually happens to hold for H, but not for { and Tr),
etc.

Again we distinguish the new version, say ||, of the original
operation || by an additional dot on top. And this notational
distinction again should be superfluous in most practical cir-
cumstances.

23.5.2  Definition

Let X = [X;|i € I] be a proper schema. We define
- [ Prel (X) — Prel (X)
lo =
R Lly(Rr)
- [ Prel (X) — Prel (X)
To =
R — Tx(r)
R [ Prel (X) x Prel (X) — Prel (X) ]
ol® :=
(R,5) = RIx(9) _
. [ Prel (X) x Prel (X) — Prel (X) 1
QLe® =
(R, S) — R x(S5)
- [ Prel (X) x Prel (X) — Prel (X) 1
OM® =
(R, 8) — Rt x(S)
. [ Prel (X) x Prel (X) — Prel (X) 1
Ol =
(R,S) — R1Q(S)
. [ Prel (X) x Prel (X) — Prel (X) 1
Ole@ =
(R,S) — R @(S)

23.5.3 Definition

For every proper schema X = [X;|i € I] we define

Prelf(X) = (Prel(X), 9,2, 1o, To, I, &1 0.1)

the l—carrier syntactic structure of X
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23.5.4 Lemma

Given a proper schema X = [X;|i € I] and a syntactic
selector ¢ on X. As described in 7.6.16 we construct

Prel (X) x Prel (X) — Prel (X)
@ = @ ==
(R, S) = RAc (-<S)

the relative complementor in ‘Bre(? (X). Now for all
R, S € Prel (X) the following statements are true:

1) Ifee {L, [} and p € {ll,ﬂ} then

(a) 0. £ ReR

() R—. S £ ReS

(¢) RAcS £ Re(ReS)

@ RV.S2R|S25|R
(2) On the other hand

@ 1r2R

® TrR2R

() R|S2RV.S

@ RyS2S

(&) RfS£5s

& R|SE2R-_S

(& RISER-— S

23.5.5 Proof of 23.5.4

We need to proof the truth of statements of the form o4 £ s,
And obviously, the 01,02 are elements of Prel (X) in each
case, no matter what € and p we choose. Therefore our proof
is given by a demonstration of @ (¢1) = @ (02). We repeat,
that

@ QR S)=aRua(s)

(i) @Q(ReS) =@ (R)\ @(R) for each € € {l, f}

(iii) @ (RpS) = @ (S) for each p € {i},ﬂ}

Applying this we derive
W) @ (D) =dom(()) =0 =@Q(R)\ Q@(R) =Q(ReR)
W) @(R—¢8)=Q(RA(-5))

=Q (s (x(R) Ax (s (X \x(9)))))

=@ (s (x(R) AN (X \x(5))))

— @ (c(x (R) \x(5))) = @(R)\ @ () = @ (RS)
W) @(RA:S)=Q(c(x(R)Ax(5)))

=dom (x (R) Ax(S)) = @(R) n@/(S)

=Q(R)\ (@(R)\@(9)) = @(Re (ReS))
W@ Q@(RV S)=Q(s(x(R)Vx(5)))

= dom (x (R) VvV x (S’)) =Q(R)UuQ(S)

e (RHS) e (SHR)
@@ @ (Lr) =@ (Lyn) =dom (x(R) = @(R)
(2)(b) similar to (a).
(2)(c) see (1)(d).
@@ @ (RIS) =@ (R x(5)) = dom (x(S)) = @(S)
(2)(e) similar to (d).
(2)(f) see (1)(b).
(2)(g) again see (1)(b).

23.6 Theory structures on Prel (X)
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23.6.1 Remark

We now combine the semantic and syntactic structure on
Prel (X) into a single “theory structure”. Formally speaking,
the general idea here is to introduce

Prel(X) = Prel=(X) T PrelT(X)

But since we have several versions of syntactic structures, we
also have several of these theoretic structures as well.

23.6.2  Definition

For every proper schema X = [X;|i € I] we define:

Prel, (X) = Prel=(X) 1 ‘ISte[lﬂ(X)

the single-sort projection relation structure of X

Prel, (X) = Prel5(X) T Prel(X)

the two—sort projection relation structure of X

Prely (X) = Prel=(X) t Prel$(X)

the three—sort projection relation structure of X
And if ¢ is a syntactic selector on X, then

Prel (X) := PrelE5(X) t Prel2(X)

the ¢—selector projection relation structure of X
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23.6.3 Remark

Let us repeat these new structures in more detail, assuming
that some proper schema X = [X;|i € I] is given. In all cases,
we first list the carrier classes, then the syntactic and finally
the semantic operations, where double occuring operations are
only mentioned once.

(1) The single—sort projection relation structure of X is

Prel (X),
Prel, (X) = <Evzv+vﬁ.ﬂauvnzum.>
4= losTo ML
(2) The two—sort projection relation structure of X is

Prel, (X) =
Prel(X),P(I),C,= L, T.0,u,IL I~
4,25 1g, T @441 1,S,0,1,n,u,N,U,C

(8) The three—sort projection relation structure of X is

Prel, (X) =
Prel (X),Proj(X),P(I),C,=, L, T,n,u, [, 1L, -,
<§1,é,L@,T®7@,x7|I,l},ﬂ,L,r, >
<OWX A VAV S0, 1,0, 0,0, UL B
(4) For every syntactic selector ¢ on X, the selective projection
relation structure of X is
Prel (X),
Prel (X) = <E,E,L,T’H’H»H,H,w >
ﬁ)é7®€7l§7/\§7v§7/\§)vg!_§
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A Summary of symbols

Chapter I Introduction
Chapter II The language of mathematics

O(E1s -+ €M) e e e e (5.2.4)
default notation for the application of an operator o on arguments
€1,...,&n

D, @ 5 B i e (5.2.4 and 5.2.5)
placeholders used in the definition of symbols

E[@/U] e (5.2.8)
substitution of the expression v for the identifier « in the expression
3

default notation for an operator definition

let D in @ ot e e e (5.3.7)

local definition with a let expression

@ WHheEre (D «eevteuette e (5.3.7)
local definition with a where expression

LS T (5.4.1 and 9.2.1)
n-tuple

) (5.4.1, 5.7.6 and 9.2.2)

empty tuple, empty function or empty record

IE () v oot e et e e e e (5.4.1)
the length of a tuple

Tt U e e (5.4.1 and 10.5.1)
the concatenation of two tuples =z and y

if o then 0] else O . ...ttt (5.4.3)

conditional expression

61 if ey
02 Mea . (5.4.3)
default notation for nested conditional exressions

the @ with @  ......... . i (5.4.4)
a description

SINE (C) e (5.4.4 and 5.6.13)
the unique element of a singelton class C

D = @ it e (5.5.1)
equation

false or O ..t e e e (5.5.2)
zero bit or false value

true or 1 ... (5.5.2)
unit bit or true value

S (5.5.2 and 17.2.8)

bit value class or boolean value class; also the empty schema rela-

tion class

T PN (5.5.3)
not ¢ or the negation of ¢

PL A e APr e e e s (5.5.3 and 5.5.4)
@1 and ... and ¢p or conjunction

PLV ooV Pm e e (5.5.3 and 5.5.4)
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@1 Or ... or ¢y or disjunction

P — e P PQ e e (5.5.3 and 5.5.4)
the subjunction of ¢71,...,¢n

T (5.5.3 and 5.5.4)
the equijunction of @1, ..., ¢n

dz.p or z:C.p or AT EC . ..., (5.5.5)
the existantialization

Ve .p or Ve :C.p or VEEC . @ ...t (5.5.5)

the generalization

L T N (5.5.7)
means @1 entails ¢9; the subvalence, entailment or consequence
relation

1 €5 (PO et (5.5.7)

the equivalence or ¢ and pg

{2 | @} or {2 € C | @(@)} €bC  everereranananarnnns (5.6.2)

the usual class expressions

empty class

€€ C or e O ...ttt ieietetttitaesaoaenan (5.6.3)
the usual membership or its negation, respectively

Cp CCy, C1 £€Co , C; CCoy , C; DCo etc. ..... (5.6.13)
the usual inclusion relation on classes with its standard variations

C1L NG ettt (5.6.13)
the intersection of classes Cq and Cg

C U C i e e e (5.6.13)
the union of classes Cq and Co

C1 W Cg ettt e (5.6.13)
the disjunct union of two (disjunct) classes C7 and Cg

[~ (5.6.13)
the (big) intersection of K

UK e (5.6.13)
the (big) union of K

C 1\ O it e (5.6.13)

the difference of two clases C; and Cg

CL U oot VO ettt (5.6.6)
the opposition or symmetric difference of classes Cq, ..., Cp,
N (5.6.6)

the (big) opposition of a class

P (€)oo (5.6.13)
the power class of a class C

Fin (C)  veeee e et e e e et e e e e (5.6.13)
the finite (sub)classes of a class C

SE (0] i e e (5.6.13)
the singleton class of a class C

FiD mo5 € o (5.6.8 and 5.7.15)
f is a partial function from D to C

FiD — O e (5.6.8 and 5.7.3)

f is a function from D to C

R:Dy e ... o Dy eeeeaeannnn (5.6.8 and 5.7.10 and 17.3.1)
R is a n-ary or ordinary relation on D1, ..., Dy
R :Pty (D) o e (5.6.8)

R is a unary relation or property on D
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R B ettt (5.6.8 and 5.5.2)

R is a nullary relation, which is one of two values

Cp X oo X Cn e (5.6.9 and 12.2.2)
the n—ary cartesian product of classes Cq,...,Cp
e (5.6.9 and 12.5.1)

the n—th (cartesian) power or n—tuple class of a class C

CF | (5.6.9 and 12.5.1)
the Kleene closure or tuple class of C

Char = {505, .. .,9, ‘A .., %a% .} e (5.6.10)
some character class

String ... (5.6.10)
the class of strings or character tuples

PHAL10 WOTLA” + v e e e ettt e e e e e e (5.6.10)
an example string

Noim= {0, 1, i} ettt (5.6.11)
the natural number class

/2P (5.6.11)

o (5.6.11)

the class of real numbers
o, 1,4+, —, -, /, <, <, min, max ,... ...(56.12)
the usual operations on numbers

card (C)

the cardinality or cardinal number of C

map(ping) expression

(2 > 0)(0) ettt e (5.7.1)
the application of a map on a term o

(s e o s @) > 0 e et s (5.7.1)

n-ary map(ping) expression

€1 — 01

.............................. (5.7.1 and 9.1.5)
&n — On
conditional map expression or finite record expression

[D - c} ........................................ (5.7.3)

x +— 6
default form of a (total) function

[Dm’:gc] ........................................ (5.7.15)
default form of a partial function

AOM (F) vttt (5.7.3 and 5.7.15)
the domain of a (partial) function f

COd (f) vt (5.7.3 and 5.7.15)
the codomain of a (partial) function f

AEf (F) v ettt e (5.7.15)
the defined domain of a partial function f

7 [ [ (5.7.6)
the (domain) restriction of a function f onto Z

G O f e e (5.7.6 and 5.7.17)

the composition of two (partial) functions

the image class of A for a (partial) function f
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T AT (5.7.18)
the coimage class of A for a (partial) function f

T (5.7.8)
a predicator expression

(2~ @)(0) o e e e (5.7.8)

the application of a predicator on a term 6

L T e P (5.7.8)
a n-ary predicator expression
£1 ~ ¢1
....................................... (5.7.8)
En ~ on
conditional predicator expression
D . D
1 N .. ... (5.7.13)

(x1,...,@n) ~ @
the default form of a n—ary relation

dom (R) (5.7.10 and 17.2.2)

the domain of a relation R

BE (R) ettt e (5.7.10 and 17.2.2)
the graph of a relation R

TER (0r @@ R ) vvtvrinentnnenneneanns (5.7.10 and 17.2.5)

tuple or record = is (not) a member of the relation R, or R holds

for @ (or not)
RIZ] ottt et (5.7.13)

the image class of Z for a binary relation R

R™L[Z] (5.7.13)
the coimage class of Z for a binary relation R

6 =(K,0) and 6 =(Cq,.--,¢1,---,f1,---,R1,...) (5.8.1)
general forms for (ordinary) structures

B =(B, <,0,1,-, A, V) e (5.8.4)

the boolean (or bit) value algebra

3=(2,0,1,4, —, ;<) i (5.8.5)

the linearly ordered integer ring

D =(Q,0,1,4, =, /, <) (5.8.5)

the linearly ordered field of rational numbers

S T S (5.8.6)
the combination of two structures & and &’

B 6 —— B e (5.8.9)
a homomorphism from & into s’/

B 6 2 S (5.8.9)
an isomorphism from & into &’

S & B (5.8.9)

& and &’ are isomorph

Chapter III Quasi—hierarchies

P(C):=(P(C),C,0,1,n,U,N,UC) oo (6.2.2)

the power algebra or subclass algebra of C

Fin (C):=(Fin(C),C,0,N, U, \) i, (6.2.2)

the finite power algebra of finite subclass algebra of C

[l S O T o U T N P (6.3.1)
the generalized quasi-boolean algebra on tuples over C

FOrm (A) ottt et ettt e s (6.4.1)
the propositional formula class on A

Form (A) = (Form(A), =, <, £,t, M, U, =) ...oieiiain... (6.4.3)

the standard quasi-boolean algebra on Form (A)

@) et e e e (6.4.4)
the atom class of a given formula

B D e (6.4.5)
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the subatomic relation on formulas

B B A i e (6.4.5)

the equiatomic relation on formulas

L | = T (6.4.7)

the atomic expansion of a formula ¢ by atoms ay,...,an

P Oy et ey QR et e e (6.4.8)
the infimum reduction of a formula ¢ onto aj, . .., an
L T (6.4.8)

the supremum reduction of a formula ¢ onto aj,...,an
(Z°, <, —00,00, MiN, MAX) . .tvrernernnennennannnennnns (6.5.2)
the expansion of the linearly ordered integers to a bounded lattice

N (6.5.4)

m divides n
(F, 3,02,0, 1, 4, —, o, 5) e (6.6.1)

the quasi—orderd field of fractions

plc
the restriction of a binary endorelation p onto C
(@, E, =) | (7.3.2)

one representation of a quasi—ordered class

standard symbol for a top, unit or greatest element

@ M1 ettt (7.4.3)

standard symbol for a meet function or conjunctor

[ T T (7.4.3)
standard symbol for a join function or disjunctor

TIUEDL ettt e e e e e et (7.4.4)
minimum function

TOAX ot s (7.4.4)
maximum function

)1 1 (7.4.7)
standard symbol for a infimum function or big conjunctor

LI i (7.4.7)

standard symbol for a supremum function or big disjunctor

D e (7.5.2)

standard symbol for a negator or complement function

@ = @ e (7.5.5)

standard symbol for a relative complement function

L T IR P (7.6.2)
standard form of a quasi-lattice algebra
[ T e O o O (7.6.2)

standard form of a bounded quasi-lattice algebra

(Q,C, =, L, T, U TLID) cveeeee e (7.6.2)

standard form of a complete quasi-lattice algebra

(@), [E, =5 AL, T [, (L) =) | (7.6.2)

standard form of a quasi-boolean algebra

(@ C, =, L, Ty My U T LI =) eeeeeeeeeeeeeeeeaeans (7.6.2)

standard form of a complete quasi—boolean algebra

(Q C, =, L, T, L, =) et ittt (7.6.2)

standard form of a generalized quasi—boolean algebra

(=) or (— @) or @] — ... — xp or iil ®; ....(8.2.2 and 8.2.3)
subjunctions

(=) or (& @) or @] < ... < xpy or ii»l ®; ....(8.2.2 and 8.2.3)
equijunctions

Chapter IV Records
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i &
[i — &;li € I] or Téll ............... (9.1.2 and 9.1.3)
i
usual form of a record

[€;1% € I] or ; ....................... (9.1.2 and 77)

i€ 1
also a usual form of a record
dom (£) .t e (9.1.2)

the domain or index class or attribute class of a record £

REC e (9.1.4)

the overall class of records

i1 — &1

in > &n
representation for a finite record

L TP (9.2.1)
n—ary tuple

[l T] e e e e (9.2.4)

representation for a univalent record, which has the same value ¢

for each index in I

LT % PP (9.2.6)
representation for the univalent n—ary tuple where every component
is ¢

X308 € Ittt e e e e e e e (9.3.1)

a schema is a record, where each value X, is a class
E(5) e e (10.1.1)
the value at 7 or i—th component of a record &

dom (€) e (10.1.1)

the domain or index class or attribute class of a record &

COA (€) v (10.1.1)
the codomain or value class of a record £

Pr (&, J) i, (10.2.1)
the projection of a record £ onto J

Proj(€) vt (10.2.6)
the class of all projections of a given record &

EDU (O EP U ) e (10.3.2 and 10.3.3)
the records £ and v are distinct (or not distinct)

E— v (O € U ) i (10.3.2 and 10.3.3)
the records £ and v are compatible (or not compatible)

ES U (O £ L U ) et (10.3.2 and 10.3.3)
£ is subrecord or smaller then v (or not)

ES U (O € Z U ) et (10.3.2 and 10.3.3)

£ is a proper subrecord or strictly smaller than v (or not)

E NV U e (10.4.1)

the distinct join of distinct records & and v
N (10.4.1)

the distinct join of a (pairwise) distinct record class E

&1 1T...1&n or ‘?151' ............................ (10.5.1)
i=

the concatenation of tuples €1, ..., &n

REC (I, C) vttt et e et (11.2.2)

D i (11.3.2)

o«

he (total) domain of a record class E

............................................. (11.3.2)

o]
[URS

the incompatible domain of a record class =

D (11.3.2)

[

the compatible domain of a record class &

E N U et (11.4.3)

the subtraction of records § and v, or § without v
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the meet of records £ and v, or § and v

E X U et (11.4.3)
the rejection of records £ and v, or £ rejected by v

E T U e (11.4.3)
the opposition of records £ and v, or £ opposed to v

E NV U e (11.4.3)

A/ U e (11.4.3)

F(K) et e (11.7.2)

the value of a record class = at k

VB ettt (11.7.2)

the infimum or (big) conjunction of a record class E

s (11.7.2)
the (big) opposition of a record class =
REC ottt ettt (11.8.1)

the (general) record structure

Proj (n)

the record projection structure of a given record n

Chapter V. Schemas and their various products

DX e (12.1.2)

the star product or the (general) record class of a schema X

®X

the (cartesian) product or the expanded record class of a schema X

(12.1.2)

DX e (12.1.2)

the coproduct or disjunct union or singular record class or

literal record class of a schema X

Cix...xCp or _ﬁlci .......................... (12.2.2)
s=
the (ordinal) star product of classes Cq, ..., Cn
n
Cp X...XCp or X Cj ittt (12.2.2)
i=1

the (ordinal or cartesian) star product of classes Cp,...,Cp

Cr4 - 40n or F G cerreieiiiiiiiiiins (12.2.2)

the (ordinal) coproduct or disjunct union of classes Cq, ..., Cn

n
Lit...tLp of  f Lj e (12.3.2)
i=1
the concatenation of tuple classes Ly, ..., Lp
Sl (12.5.1)

the I-th power (product) of C, where I and C are classes

(0 (12.5.1)

the n—th power (product) or the n—tuple class of C, where C is a

class and n € N
e (12.5.1)
the Kleene closure or the tuple class of a given class C
C € n U N N U oo (14.1.1)

inclusion, intersection, union and difference defined on schemas

with identical domains
Jncl (X) = (Incl (X), C, [0/1], X, N, U,N,U,C) ........ (14.3.1)

the inclusion algebra of a given schema X

Chapter VI Graphs and their distinct product

@ (B) vt e e (15.1.1)
the attribute class of a given record class E
domg (B) i e (15.1.1)

the a—domain of a given record class Z and attribute o of =
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X (E) e (15.1.1)
the schema of a given recrod class E
dOMS (P) v et (16.2.1)

the domain—schema or index schema of a record-record p

T (16.3.1)

Ul

the graphs (record classes) Zq, ...,y are relatively distinct

[0} S S O T 1 (16.4.1)
ke
the distinct product or a relatively distinct graph record I'

T10.---OTFpn 0F O T4 et (16.4.1)

the distinct product or relatively distinct graphs I'1, ..., 'y

(16.4.7)

i
the bijection from ®I' into OT for a relatively distinct graph record
r

P (T3 J) ettt e (16.5.2)

the projection of a graph onto a class J

Chapter VII Relations

[ X ] ......................................... (17.8.5)

z — @

(the schema—predicator form of) a relation

[RElF(X)] ........................................ (17.3.5)

(the typed—graph form of) a relation with schema X and graph I'

Rel (X) (17.3.5)
R B R EETERTETEPTIPERRERTS 3.

(the typed—predicator form of) a relation

[Dlw"'wD"] ............................... (17.3.1)

(1, ..., &n) ~ @
(the typed—predicator form of) an ordinary relation

[ (P1,.., Dn} ] .............. (17.3.1)
{{(z1,...,2n) € D] X ... X Dn | o}
(the schema—graph form of) an ordinary relation

XR e (17.4.2)
characteristic function of a relation R

Tl () i e (17.4.2)
the relation of a given characteristic function x

@ (R) et (17.2.2)
the attribute class or index class of a relation R

X (R) o e (17.2.2)
the schema of a relation R

BE () i e e e (17.2.2)
the graph of a relation R

dom (R) .ttt e e (17.2.2)
the domain of a relation R

O (R) ettt e e (17.2.2)
the i—domain of a relation R and each attribute i of R

T ER OF @ @ R eetetee e (17.2.5)
a record z is or is not a member of a relation R

REL (17.2.6)
the overall class of relations

Rel(X) ottt e e e (17.2.6)
the class of all relations with schema X

EOEI(R)N .. ottt it it e et (17.2.11)
the i—th range of a relation R

TNE(R) e (17.2.11)

the range of a relation R
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B ettt (17.2.8)

the empty schema relation class (B = Rel ({))), but also the bit

value class (5.5.2); both are made of just two members

TAD (X)) ettt e e e e (17.5.3)
the table class of a given schema X

Prel (X) o (17.8.1)

the projection relation class of a given schema X

Brel (A)

the bit value relation class of a given class A

[X] OF  [X,T] ettt (18.1.2)

a quasi-relation with schema X and quasi—graph I' C ®X

. < (18.2.3)
the expansion of = by a schema X, where z € ®X

FEL(Q)  + vt e et e (18.2.6)
the relation of a given quasi-relation Q

R LY (18.3.3 and 20.1.1)

the expansion of a relation R by a schema Y

Chapter VIII Operations on relations

RGOS (0 RAS ) teteeaea i, (19.1.2)

relation R is sub—schematic to relation S (or not)
RE2S (0r RZ S ) ot (19.1.2)
relation R is equi-schematic to relation S (or not)

R— S (or R£S)

relations R and S are compatible (or not)

ROS (0f RES ) eeeeeeat e (19.1.2)

relations R and S are (attribute or schema) distinct (or not)

N (19.2.1)
identity relation of X
Ly and T X ceeeeit e (19.3.1)

the emtpy/bottom/zero and full/top/unit relation of a given

schema X
Land T et (19.3.1)

the empty/bottom/zero and full/top/unit relation

SROT /R e (19.4.1)
the complement or negation of a relation R

RCS (or RZ S ) euuuiinnns (19.5.1 and 19.5.2)
relation R is included by relation S (or not)

RCS (0f RZ S )  eunnnns (19.5.1 and 19.5.2)
relation R is properly included by relation S (or not)

RS o (19.5.1)
the intersection of equi-schematic relations R and S

RU S oo (19.5.1)
the union of equi-schematic relations R and S

AR or RQRR .................................. (19.5.3)
€

the (big) intersection of a class R of equischematic relations

UR or RnRR .................................. (19.5.3)
€

the (big) union of a class R of equischematic relations
Rel (X) =(Rel(X),C, Ly, Tx,nU,NU ) ...o... (19.5.9)

the equi—schematic relation algebra over a given schema X

R O S e (19.6.2)

the distinct (cartesian) product of two distinct relations R and S

OR or kng’“ ................................. (19.6.2)

the distinct (cartesian) product of a (pairwise) distinct relation

class R

R S o (19.7.2)
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the concatenation of two orinary relations R and S

R Y e (20.1.1)
the expansion of a relation R by a schema Y

R E S ettt (20.2.2)

the subvalence of R under S, for compatible relations R and S

the equivalence of R and S, for compatible relations R and S

REZS, RIS, RECS, RZS , i wuueennennnnn. (20.2.3)

the usual derived operations of C and =

D I e I <2 (20.2.2 and 20.4.23)
the conjunction of compatible relations Ry, ..., Rn
D £ (20.2.2 and 20.4.23)
the disjunction of compatible relations Ry, ..., Rn
JIR or II R s (20.2.4)
RER

the (big) conjunction of a compatible relation class R

LR or RE{RR ................................... (20.2.4)

the (big) disjunction of a compatible relation class R

R 8 et (20.5.2)
the subtraction of R by S, for compatible relations R and S

R = S et (20.5.2)
the subjunctions of R and S, for compatible relations R and S

R e S ettt (20.5.2)
the equijunctions of R and S, for compatible relations R and S

PE (R, J) ettt et (21.2.2)
the projection of a relation R onto a class J

cpj (R, J)

the coprojection of a relation R onto a class J

RLJ ettt (21.4.1)

the upper R without J or the supremum elimination of a class J

from a relation R
RoL G ettt (21.4.1)

the upper R without j or the supremum elimination of a single j

from a relation R
RODJ ettt e (21.4.1)

the lower R without J or the infimum elimination of a class J from

a relation R
R DG ettt e (21.4.1)

the lower R without j or the infimum elimination of a single j from

a relation R

R Y ittt e (21.1.2 and 21.6.1)
the equivalent reduction of a relation R by a schema Y

R Y ottt (21.6.1)
the supremum reduction of a relation R by a schema Y

2 | (21.6.1)
the infimum reduction of a relation R by a schema Y

FEAAL (R)  «evveteet ettt (21.8.2)
the redundant attribute class of a relation R

IPPAL (R) o i ettt e (21.8.2)

the irredundant attribute class of a relation R

Fal) e e e (22.2.1)
the generalized f—value of a, for every function f and each a

AT o e e e (22.2.1)
the generalized f—image class of A, for every function f and each
class A

rec (II) ottt e (22.2.2)

the record of a pair class II C A X B
BE (&) i e (22.2.2)
the graph of a record £

BE (€, 7)o (22.2.3)
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the (attribute) translation of a record & by a record T

2 (22.3.3)
the £é—equivalence class of k, for a record & and attribute k

B (R T) et et e e s (22.4.1)
the (attribute) translation of a relation R by a record T

Trans (X) ..ottt e (22.5.2)

the translator class of a proper schema X
Chapter IX Theory algebras of relations
PrelE(X) = (Prel (X),C, =, L, T, M, U, T, 11, =) «---- (23.1.1)

the semantic algebra on Prel (X)

Bretd (X) = (Prel (X), 9.2, 0c. 16, Ac. Ve Ag: Ve g )
(23.2.3)

the selective syntactic structure of ¢ over X

< _ /Prel(X),Proj(X),P(I),
HiTelg ) = <51,é,¢@ T @@l b L r> """ (25:3:2)
the 3—carrier syntactic structure of X
Prel (X),Proj(X),P (1),
Pret3 (x) = <§1,é,¢@,T@,@,x,ll,u,fm,r, >
< O0LX AV ALY, S0 0,1,0,0,0, UL C
(23.3.2)
the 3—structure syntactic structure of X
< _ Prel (X),P (I), N
Prely (X)—<< Lig, T@,@,Il,ihﬂ,l,r> """" (23.4.3)
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the 2—carrier syntactic structure of X

Prel(X),P(I),
i @, i, &, 1, | r> ...... (23.4.3)

smer (X) = <§1 é,¢® To. @
c,0,1,n,U,MN,U,C

the 2—structure syntactic structure of X

Preld (X) = (Prel (X), 9,2, Lq, T 0,4 L 1) (2353

the 1-carrier syntactic structure of X

=,

Prel (X),
smetl(X)=<E =, L, T, U IL I s > .......... (23.6.2)
<GS LlagsTo et
the single—sort projection relation structure of X
Prel (X), P (I),
E.= L, 7,0, U ILIL -,
L (X) = o R T, 23.6.2
el <<: io Fo.e ,||,¢mr,1,r,> (28.6.2)
<0, CHaNUAHY
the two—sort projection relation structure of X
Prel (X),Proj(X),P(I),
E,—,L T, u, T, Uy—‘,
Brel3 (0 ={q,2, p: TQ @%bl
< O0-XoA VA Y- C,0,1,0,0,0, U, C
(23.6.2)
the three—sort projection relation structure of X
Prel (X),
m:e1<<x):<g,z L, T,m,u, I, I, —, > ........ (23.6.2)
a
4,2, 06,16, A6, Ve, Agr Vo s

the selective projection relation structure of X
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R-coimage class of Z, 28

R-image class of Z, 28
~-compatible, 44

c—selector projection relation structure, 168
£—equivalence class of k, 159

f of a, 28

f-coimage class of A, 29

F-image class of A, 29

i—, 54

i—domain, 99

i—th component, 21

i—th component of &, 56

i—th domain, 73

i—th range, 101

i-th domain, 54

n-—ary, 14, 26, 27, 53

n-ary relation, 27

n—th (cartesian) power, 25
n—tuple, 21, 54

n—tuple class, 79

(atomic) expander, 35

(attribute or schema) distinct, 113
(attribute) translation, 158, 160
(big) conjunction, 68, 124

(big) disjunction, 68, 124

(big) intersection, 84, 117

(big) opposition, 68

(big) union, 84, 117

(binary) (cartesian) product construction, 81
(binary) (endo—)relation, 38
(binary) coproduct construction, 81
(cartesian) product, 73
(co)projection, 135

(concrete) (ordinary) structure, 29

(distributive) bounded quasi-lattice algebra, 41
(distributive) complete quasi-lattice algebra, 41

(distributive) quasi-lattice algebra, 41
(domain) restriction, 27

(general) infimum elimination, 145
(general) record class, 73

(general) record structure, 69
(general) supremum elimination, 145
(ordered) pairs, 21

(ordinary) relation class, 25
(pairwise) compatible, 57, 113
(pairwise) distinct, 57, 90, 113, 120
(pairwise) equi-schematic, 113
(partial) order, 38

(partially) ordered class, 38

(record) partition of, 91

(schema) compatible, 113

(singular) infimum elimination, 145
(singular) supremum elimination, 145
(small) intersection, 117

(small) union, 117

(total) domain, 61

(total) function, 26

(untyped) description, 21

(well-) defined, 19

(well-) instantiated, 19

(well-) typed, 19

1-carrier syntactic structure, 167
2—carrier syntactic structure, 166
2-structure syntactic structure, 166
3—carrier syntactic structure, 165
3—structure syntactic structure, 165

algebra, 29
and, 22, 63

anti—chain, 38
antisymmetric, 38
application, 17, 18, 26, 27
arity, 53

assignment, 19
asymmetric, 38

atom class function, 35
atoms, 34

attribute, 99

attribute class, 53, 56, 87
attributes, 53

belongs to, 24

big conjunctor, 40

big disjunctor, 40

big intersection, 24

big union, 24

bijection, 26

bijective, 26

binary, 53

bit, 22

bit value, 102

bit value relation, 107
boolean (or bit) value algebra, 29
boolean lattice, 41

boolean quasi—lattice, 41
boolean table (diagram), 103
boolean value, 22, 102
bottom, 39, 115

bounded, 40

canonic class, 38
canonic quasi—ordered class, 38

cardinal numbers, 25
cardinality, 25, 105

carrier, 29

cartesian, 75

cartesian graph, 88
cartesian product, 15, 25
chain, 38

chapter, 13

characteristic function, 28, 102
characters, 25

Class, 13

class, 23

class expression, 20, 23
class family, 23

class partition (record), 90
class partition of, 90
classes, 20

closed, 19

codomain, 20, 26, 28, 53, 56
cograph, 88

combination, 30
compatibility, 57
compatible domain, 61
complement, 32, 84, 116
complement function, 40
complemented, 40

complete lattice, 40
complete partial order, 60
complete quasi—boolean algebra, 41
complete quasi-lattice, 40
completely finite, 55, 73, 103
components, 54
composition, 27, 28
concatenation, 21, 25, 59, 76, 121
conditional expression, 21
congruence relation, 44
conjunction, 22, 124
conjunctor, 39

connex, 38

consequence, 22

constant, 29

constant (value), 19
context, 19

coproduct, 73, 75
coprojection, 135, 137
countable, 25

cpo, 60

default, 108

default n—ary function expression, 14
default n—ary relation expression, 14
default coproduct construction, 81
default product construction, 81
defined domain, 28

degenerated, 120

derived, 22

difference, 24, 84, 134

dimension, 53, 105

disjunct union, 24, 73, 75
disjunction, 124

disjunctor, 39

distinct, 90, 120

distinct (cartesian) product, 120
distinct join, 58, 90, 120

distinct product, 93, 120
distinctness, 57

distributive, 40

does not hold, 27

domain, 20, 26-28, 53, 56, 87, 99
domain form, 102

domain schema, 90

double tables, 104

element, 24
clementary, 105

elements, 23

elimination, 135

eliminations, 135

empty, 105, 115, 116

empty class, 23

empty function, 27, 54

empty record, 54

empty schema, 100

empty tuple, 21, 27, 54
endorelation, 105

entailment, 22, 34

entails, 22, 34

enumerable, 25

environment, 19

equal, 21

equality, 38

equation, 21

equi-schematic, 113
equi—schematic relation algebra, 118
equiatomic relation, 35
equijunction, 22, 134
equijunctor, 45

equivalence, 22, 111, 124
equivalence class, 43

equivalence relation, 38, 39
equivalent, 22, 34

equivalent reduction, 35, 135, 149
existentialization, 22
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expanded graph, 88
expanded record class, 73
expands, 35

expansion, 35, 109-111, 122
expression, 17

false, 22

field of rational numbers, 30
finite, 25, 53, 55, 73, 103
finite class expression, 23
finite classes, 24

finite power algebra, 32
finite subclass algebra, 32
finite table, 103

follows (or derives) from, 22
formulas, 20

fractions, 36

full, 105, 115, 116

full class, 32

function class, 25

general graph, 88

generalization, 22

generalized boolean lattice, 41
generalized boolean quasi-lattice, 41
generalized quasi—boolean algebra, 42
graph, 15, 27, 88, 90, 99

graph form, 102

graph table (diagram), 100, 103
greatest, 39

greatest lower bound, 39, 40

Hasse diagrams, 39
hierarchy, 38
holds, 27
homomorphism, 30

identical, 21

Identifier, 13

identifier, 17, 18
identifiers, 53

identity (relation), 114
identity function, 27
identity relation, 38

if, 22

iff, 22

implies, 22

in, 100, 155

included schema class, 84
inclusion, 24, 84, 117
inclusion algebra, 84
inclusions, 84
incompatible domain, 61
index, 53, 56, 99

index schema, 90
indices, 53

infimum, 40, 68

infimum elimination, 135
infimum reduction, 135, 136, 149
infimum reductor, 35
injection, 26

injective, 26
instantiation, 19

integer ring, 30

integers, 25

intersection, 24, 84
inverse, 28

irredundant attribute class, 155
irredundant for, 155
irreflexive, 38

is a table, 103

is in, 24

is not in, 24

isomorph, 30
isomorphism, 30

join, 39, 63

Kleene closure, 25, 79
Kleene graph, 88
Kuratowski product construction, 81

lambda expression, 26
lambda expressions, 14
lattice, 40

least, 39

least upper bound, 39, 40
left unique, 158

length, 21

linar quasi—order, 38
linear order, 38

linearly ordered class, 38
linearly ordered field, 37
literal, 53, 105

local definition, 20
locally finite, 55

lower, 145, 173

map(ping) (expression), 26
map(ping) expression, 14
mapping, 14

maximum, 40

meet, 39, 63
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meet semi-lattice, 60
member, 100
members, 23
membership, 24
minimum, 40

minus, 41

natural numbers, 25
negation, 22, 116
negator, 40

new word, 17

not, 22, 116

not in, 100

null value, 108
nullary, 53, 54
nullary product, 25

of, 26

open, 19

Operation, 13

operator expression, 20

operators, 20

opposed to, 63

opposition, 24, 63

or, 22, 63

order diagrams, 39

ordinal, 75

ordinary, 14, 15, 26, 27

ordinary map(ping) expression, 26
ordinary predicator (expression), 27
overloaded, 19

P-record, 53

paragraph, 13

partial function, 28
partial function class, 25
partial functions, 28
partial table, 108
partition, 38

pattern matching, 20
poclass, 38

power (product) of, 79
power algebra, 32

power class, 24

power class algebra, 118
predicator, 14

predicator (expression), 27
predicator expression, 14
predicator form, 102
product, 25, 75
projection, 56, 95, 135, 137
projection class, 56
projection relation class, 106
proper, 55, 73, 90-92, 100
proper incl., 24

proper subrecord, 57
property, 25

propositional formulas, 34

quadruples, 21
quasi—algebras, 41
quasi-boolean algebra, 41
quasi—boolean lattice, 41
quasi—chain, 38

quasi—class, 38

quasi—graph, 108
quasi—hierarchy, 38
quasi-lattice, 40

quasi-linear order, 38
quasi-linearly ordered class, 38
quasi—order, 38, 128
quasi—order diagrams, 39
quasi—ordered class, 38, 128
quasi—ordered field of fractions, 37
quasi-relation, 108
quasi-relation graph, 88
quotient class, 43

quotient function, 44

quotient relation, 44

quotient structure, 44

range, 101

rational numbers, 25, 37

real numbers, 25

record, 15, 53

record class, 60

record of II, 158

record partition, 91

record projection structure, 70
record table, 73
record-record, 90

reduces, 135

reduction, 135

redundant, 136, 155
redundant attribute class, 155
redundant for, 155

reflexive, 38

rejected by, 63

rejector, 63

relation, 99, 102, 110

relation class, 100

relation graph, 88

relative complement, 41
relative complement function, 41
relatively distinct, 92, 120
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restriction, 38
right unique, 158

schema, 15, 54, 73, 87, 99

schema form, 102

schema partition, 91

schema record, 90

schemas, 53, 54

schematic, 15

section, 13

selective syntactic structure, 164
semantic algebra, 163

semantics, 102

set, 23

similar, 30

single—sort projection relation structure, 168
singleton, 25

singleton class, 24

singular, 53, 105

singular (or literal) record class, 73
singular finite, 55

singular graph, 88

smaller, 57

standard form of an ordinal function definition, 26
standard quasi—boolean algebra, 34
star graph, 88

star product, 73, 75

strict smaller, 57

strings, 25

structured class, 38
sub—schematic, 113

subatomic, 35

subclass algebra, 32

subjunction, 22, 134

subjunctor, 45

subrecord, 57

subsection, 13

substitution, 18

substructure, 30

subtraction, 63, 134

subvalence, 22, 34, 124

sum, 25

supremum, 40, 68

supremum elimination, 135
supremum reduction, 135, 136, 149
supremum reductor, 35

surjection, 26

surjective, 26

symbol, 17, 18

symmetric, 38

symmetric difference, 24

syntactic selector, 164

syntax, 102

table class, 103

terms, 20

the, 115

the algebra (on), 118

the equivalence (relation) of, 128
the graph of &, 158

then, 22

three—sort projection relation structure, 168
token, 18

top, 39, 115

total, 38, 105

total in i, 105

transitive, 38

translatable, 158, 160
translation, 158

translator class, 161

triples, 21

true, 22

truth, 22

tuple, 15

tuple class, 25, 79

tuples, 53

two—sort projection relation structure, 168
type, 19

type expression, 14, 19, 100
typed description, 21

typed form, 102

unary, 53
union, 24, 84
unit, 39, 115
unit bit, 22
univalent, 54
updated with, 63
updater, 63
upper, 145, 173

value, 19, 56, 68
value class, 53, 56
values, 53

variable (value), 19

without, 41, 63, 145, 173

zero, 39, 115
zero bit, 22
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