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Abstract

A literal conjunction v = [AA1...Ap,] is a prime factor of a Disjunctive Normal Form (DNF) A =[V[AA11...A1m,]--
[AAn1--Anm, ]] if ¥ = A and none of the Ay, ..., A\, could be deleted without violating v = A. A DNF
A = [Vy1..7,] is a prime DNF (PDNF) iff {~1,...,7n} is the set of all its prime factors. Every sentential
formula has exactly one equivalent PDNF so that this defines a canonic representation which is distinguished
from other possible canonizations. PDNF’s can be constructed with the well-known Quine—McCluskey method,
but that implementation is of exponential complexity and thus not practical in general. Therefore an efficient
algorithm is designed in this paper. A dual system for prime conjunctive normal forms (PCNF’s) is presented
as well. It is shown how the whole sentential calculus, all junctions and semantic decisions, is effectively handled
by these two systems.
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1 Introduction: Normal Forms

Formal expressions, and logical expressions in particu-
lar, can be very different but still denote the same.
For instance

e “5/2” and “2.5”

o “Vu(f(x) # g(x)” and “Jz(f(x) = g(x))”

These examples are quite simple, but this ambiguity is
a complex and important problem in general. Algebra,
sometimes even the whole of mathematics is often said
to be the reasoning about the equivalence of expres-
sions. What is always desired in particular is a trans-
formation of “difficult”, “incomprehensible” forms into
“simple”, “compact”, and “understandable” or “stan-
dard” forms. In logic we talk about “normal forms”.

Definition

Let F be the set of all formulas (of a particular lan-
guage) and N C F. If there is for every p € F a
v € N such that ¢ & v (i.e. ¢ and v are equiva-
lent), then N is called a set of normal forms.
Every function nf : F — N with nf(¢) < ¢ for
every ¢ € F is called a (N-)normalizer (on F') and
nf(e) is a (N-)normalform of .

Most of the time there are several possibilities to de-
fine standard or normal forms. The context then deter-
mines which of the definitions is preferred. The decimal
notation for numbers has a long tradition in daily life,
but in computer science it is more practical to use the
dual representation.

There is a series of criteria to describe and compare
the qualities of normal forms:
e Intuitivity: How comprehensive and readable are
the formulas?
e Canonicity: How much do syntactic and semantic
similarities coincide?
Definition
A set N of normal forms is canonic, if for all
V1,V € N: vy & vy iff v = vs.
Accordingly a normalizer nf : F — N is said to
be canonic, if nf(p1) = nf(p2) for all g1, € F
with Y1 <= Q2.

If a definition of canonic normal forms is possible,
the whole semantics of a language can be defined
immediately as well: the normal form then is the
meaning of an expression or a formula.

e Complexity of the representation: How big are
the normal forms?

e Computational complexity: How high is the ef-
fort required for the normalizer and how do the nor-
mal forms behave in additional operations?

e Conservativity of the normalizer: If ¢ is a nor-
mal form already, is then nf(¢) = ¢? This would
contribute to the readability.

e Realizability as technical devices: Are the occur-
ing junctors implementable? What is the behaviour
of the divice in time? etc.

There is quite a number of possibilities to define normal
forms in sentential logic. Most often the so—called “dis-
junctive” and the “conjunctive normal forms” (DNEF’s
and CNF’s) are used.

Arguments for their superiority are:

e Their intuitivity:

e CNF’s are like a collection of elementary laws:
Axiom systems, deductive systems are essentially
CNEF’s.

e DNF’s are like a collection of elementary possibil-
ities, similar to catalogues or inductive systems.

e As such they can often be modified by just adding
or deleting components.
e Their similarity with arithmetics (Boole).

But DNF’s and CNF’s are not canonic already. In-
terestingly they are established as standards in sen-
tential logic, but there are hardly any definitions of
canonic DNF’s and CNF’s; not to mention any estab-
lished standard.! I suggest, the reason lies partly in
the inner algebraic structure of sentential logic itself,
which, at first sight, seems to refuse a canonization that
would be superior in all quality criterias: The smallest
DNEF’s (or CNF’s) mostly look a little bit different to
the, in some respect, most comprehensible? DNF’s etc.
Another reason might be, that potential standards are
easily defined, but can be constructed only with con-
siderable efforts.

The goal of this paper is first to show, that there is
in fact only just one (reasonable) canonization of the

1In fact there are the often so—called “canonic” DNF’s, that consist of all their maximal literal conjunctions. For instance, the
“canonic DNF” of [A — B] would be [V[AAB][AAB][AAB]]. The advantage of this form is that sentential logic turns into set
theory in this way: conjunction, disjunction and negation of formulas become the intersection, union, and complementation of sets
of maximal literal conjunctions. But these forms, except for simple cases, cannot be handled in practice because of the exponential
demands of their representation. (Besides, strictly spoken these forms are not even canonic. For instance, [V[A]] and [V[AA][AA]]

are both “canonic”, but they are equivalent and yet not equal.)
2see the chapter on subvalence and covering



DNF’s and CNF’s,; a “natural canonic” so to say, that
we will call “(ordered) prime disjunctive/conjunctive
normal forms”. It doesn’t need new theorems and
proofs to demonstrate that, one must only conse-
quently ask the question for a canonic. The answer
then is a proposal for a standardization of sentential
logic. Really new, I think, is the method that con-
structs all the prime factors of any given formula. Dif-
ferent to the common method of Quine-McCluskey our
algorithm is not of exponential, but of polynomial com-
plexity3, so that non-trivial applications can be mas-
tered as well. In this way the proposed standardization
of the propositional calculus is not only theoretically,
but also practically well founded.

The intention is to equally satisfy two kinds of read-

il

ers: the specialist in Boolean algebras, who is investi-
gating the possibility of “factorizing” the elements of
these structures similar to the factorization in integer
domains. Secondly the computer scientist who needs
to build fast systems based on the sentential calculus
and is looking for the quickest algorithms that can be
implemented into sequential machines without further
modification or refinement and altogether enable the
full range of logical operations (i.e. junctions and se-
mantic decisions). Because these two interests are quite
conflicting, we separated the implementations from the
algebraic core: the chapters that have “ * Implemen-
tation: ...” in their title can be seen as appendices and
should be skipped.

Comment September 2002: At the time of the first publication I didn’t bother with complexity issues and I only mentioned

them in footnotes. But obviously, it was a very naive thing to claim polynomial complexity without proving it. A paper about this

neglected aspect is currently in progress.]



2 Basic concepts of sentential
logic, DNF’s and CNF’s

Definition
From now on A shall be a fixed set of atoms. (For
example the set of all non—empty strings made of
letters and digits.)
We assume that there is a linear order <4 defined
on A. (For example, the lexical order).
We also write for a1, a0 € A

a1 <4 ag iff (a; <4 a and ag # ag)

(Most of the time we will omit the subscript A and
simply write < and <.)

Definition

The set of all formulas (on A) is recursively defined

as follows:*

e Every a € A is an (atomic) formula.

e 0 and 1 are formulas.

e —y the negation of ¢ is a formula for every for-
mula .

e If n >0 and ¢y, ..., v, are formulas, so are
[A@1...0n] the conjunction of ¢, ..., o,
[Vi...0pn] the disjunction of ¢1, ..., o,
[Api...0n] the nand-junction of o1, ..., ¢,
[V1...¢05] the nor-junction of @1, ..., p,.

e For formulas 7 and @9 the following expressions
are formulas:

[©1 — 2] the subjunction of p; and ¢
[p1 < 2] the equijunction of ¢; and @9

5

Definition
In formulas of the form [*p;...¢,] we call n the arity
of length and the 1, ..., ¢, the components of the
junction.
At(p) denotes the set of all atoms occuring in a for-
mula .
= denotes the syntactic identity of two formulas.

Examples
If o = [[NA-B] — [A < ()] then At(p) =
{4, B,C}.
[NAB] = [AAB] but [ANAB] # [ABA]

Definition
Let x € {A,V,A,V},
[%p1...0n] and ¢ =

write

¢’ be a formula and ¢ =
[¥1...10s] be formulas. We

e ¢ € ¢, pis an element or component of ¢, iff
90/ € {‘pla s <pn}~

o &, iff ¢ is not an element of (.

¢ C 1, ¢ is contained in 9, iff {¢1,...,0n} C
{djh ey 1/Jm}

© € ¢ iff ¢ is not contained in .

@ C ¥, @ is properly contained in v, iff p C ¢
and ¥ Z .

o o ¢ 1 iff ¢ is not properly contained in .

Definition

The order = and the equivalence relation < on the

set of formulas are defined as usual. We will only

submit the notations and terminology. For any two

formulas 1 and @9

e 1 = Yy means 1 is subvalent to ps or ¢, fol-
lows from ;. In that case we say that ¢ is an
implicand of ¢, and that @9 is a consequence
of Y.

® 1 # o denotes that ¢, is not subvalent to ¢a.

e 1 & @2 means that ¢; and ¢, are equivalent.

e 1 ¢ o denotes that ¢ and yo are not equiva-
lent.

Furthermore we write

o 1=y, 1 is properly subvalent to g, iff
o1 = 2 and @1 & @2

As usual, we call a formula ¢

e valid or a tautology, iff p < 1

e satisfiable iff o < 0

e a contradiction iff ¢ & 0

Definition

e A literal is either an atom (positive literal) or a
negated atom (negative literal).

e For a literal A, its complement is defined as
- « if A = -« is a negative literal
A= . . o

-« if A =« is a positive literal

e Two literals A; and Ao are called complemen-
tary, iff \; = \o.

e |)\| denotes the atom that occurs in a literal A.

Definition
e If A\q,...,\, are literals, n > 0, we call
[AA1...A,] a literal conjunction, and
[VA1...A,] a literal disjunction.
o A literal conjunction [AX;...A,] is called a normal
literal conjunction or NLC iff [\] < ... < [A,].
o A literal disjunction [VA;...\,] is called a normal

4We shall see later in our implementations that our system is very flexible in changing the set of junctors. For every new junctor

we only need to add two lines in the algorithm dnf (and cnf).

5If there is a danger of confusion, blanks will be inserted between the components of these junctions, and we would for example

write [A @1 @2 3] instead of [Ap1p2¢p3]



literal disjunction or NLD iff [A\1| < ... < [A,].0

Theorem
e A literal conjunction is a contradiction if and only
if it contains a pair of complementary literals.
e A literal disjunction is a tautology if and only if it
contains a pair of complementary literals.

And since neither NLC’s nor NLC’s contain any pair
of literals with the same element, we immediately get
the following

Theorem
e 0= for each NLC ~.
e /=1 for each NLD §.

Theorem

e For any two NLC’s ; and -
e =>Yif o Cm
e =Y iff o Cm
e e it =7

e For any two NLC’s §; and 64
° 51:>62 lﬂ51 Q(SQ
e 01=00 iff 61 C d9
° 51 <:>(52 1ff<51 :(52

There are infinitely many literal conjunctions equiva-
lent to a given literal conjunction v. But only one of
them is normal. (The same holds for literal disjunc-
tions.)

There are different possibilities to define a reasonable
linear order on the set of NLC’s and NLD’s. We will
need this order(s) only for the reason of completion (see
the notes on “canonicity” further on), we don’t employ
it in the main part of our work. We shall choose the
usual lexical order (with the convention, that a positive
is lexically smaller than the complementary negative
literal). The reader may modify the choice as pleased.

Definition
With « € {A,V} let [¥A1...A,] and [*A]...\],] be ei-
ther two NLC’s or NLD’s. We define
[$ A1 An] < [*A]. AL
iffn=0
or [Ai] <Ay
or =A; = A}
or (A1 = A} and [*Ag...A,] < [¥A5.. A0 ]).

Otherwise, we also write [xA1...A,] € [*A]...AL].

Definition
o If v1,..., 7, are NLC’s with n > 0, then [V71...7,]
is called a disjunctive normal form or DNF.
o If §1,...,0, are NLD’s with n > 0, then [Ad;...d,]
is called a conjunctive normal form or CNF.

Definition
e A DNF [V~41...7,] is said to be ordered iff v; <
e <Y
e A CNF [Ad;...6,] is said to be ordered iff §; <
<5

(If n =0 or n = 1, the forms are ordered by defini-
tion.)

At first sight our definition of DNF’s (and CNF’s)

might seem inconsequent, because

e either we follow the common convention and don’t
demand any syntactic order at all: A “DNF” would
then be a disjunction of literal conjunctions

e or we consequently approach canonicity and demand
a full order inside the forms: A “DNF” would then
be our ordered DNF.

The main reason for our definition is the fact that it
allows us to implement the fastest algorithms. To de-
mand that every literal conjunction must be normal is
certainly no loss for the readability of the form and it
immediately speeds up the processes. To demand that
the NLC’s must be ordered in a sequence would on the
other hand just slow down everything. For this reason
we will soon even weaken the concept of canonicity for
CNF’s and DNF'’s a little bit.

Theorem
e For every DNF A = [V7;...9,] holds
A< 0iff n=0.
e For every CNF T' = [Ad;...6,] holds
Feliffn=0.
Proof

Because 0=~ for every NLC v and [V¢i...0,] =
[Vor...on7] for every n > 0 and all formulas
©1y..r, Pn, there is 0=A for every DNF A =
[V1...7,] with n > 0.

The dual proof holds for CNF’s.

Theorem
Every formula ¢ has an (ordered) DNF as well as an
(ordered) CNF.

6Instead of being one list of literals, NLC’s (and NLD’s) can be implemented as two lists of atoms, according to the transforma-
tion [NABCDEF)] < [A[ABCF|[VADE]]. Since the atom is the basic unit of sentential logic, one could dispense all junctors with
this implementation. The whole system could be managed only by using the data structures atom and list. DNF’s (and CNF’s)
would then be lists of pairs of ordered atom lists. But in practice it is actually more common to take the literal and not the atom

as the basis unit. We won’t discuss the arguments for doing so.



This is well known and doesn’t need a proof here. In- tem” and the “CNF system”) that include a normalizer
stead we present two sets of algorithms (the “DNF sys- each (namely “dnf” and “cnf”).



3 * Implementation: The DNF
and the CNF system

The following DNF and CNF system are some kind of
prototype for the final PDNF and PCNF system (see
last chapter).

Their central functions are the normalizers dnfand cnf.
These are recursively implemented by making exhaus-
tive use of de Morgans law and the junctor transforma-
tions into the A-V-— system, so that only the disjunc-
tions and conjunctions of DNF’s and CNF’s need to be
specified furthermore. These could be done exclusively

by using the distributive laws and the concatenation of
conjunctions and disjunctions. But as we insist on the
“normality” of literal conjunctions and disjunctions,
the two functions nlc-and-nlc for the conjunction of two
NLC’s and nld-or-nlc for the disjunction of two NLD’s
must not be implemented as concatenations, but need
a more complex treatment. This is done by the auxil-
iary algorithm jrec.

jrec (the recursive implementation of these junctions)
merges its first two parameters stepwise into its third
argument, which is returned in the end. We make use
of the duality principle and therefore we can use it both
for nlc-and-nlc and nld-or-nld.

The DNF system: Declarations

The CNF system: Declarations

The Normalizer

dnf (¢)
is a DNF of ¢, for every formula .

Conjunctions and Disjunctions

nlc-and-nlc (v1, ¥2)
is a DNF of [Av1~2], for every two NLC’s 1 and ~g.

nle-or-nle (v1, v2)
is a DNF for [V~qv3], for every two NLC’s v1 and ~g.

nle-and-dnf (v, A)
is a DNF for [AyA], for every NLC ~ and DNF A.

nlc-or-dnf (v, A)
is a DNF for [VyA], for every NLC ~ and DNF A.

dnf-and-dnf (A1, Ag)
is a DNF for [AA]Ag], for every two DNF’s Ay and Ag.

dnf-or-dnf (A1, Ag)
is a DNF for [VA]Ag], for every two DNF’s A and Ag.

dnf-conj ((A1, ..., Apn))

is a DNF for [AA7...Ay], for every list (Aq, ..., Ap) of DNF’s with n > 0
dnf-disj (A1, ..., An))
is a DNF for [VAq...Ay], for every list (A1, ..., Ap) of DNF’s with n > 0

The Normalizer

dnf (¢)
is a ONF of ¢, for every formula .

Conjunctions and Disjunctions

nld-or-nld (81, 82)
is a CNF of [V31d5], for every two NLD’s §1 and 8g.

nld-and-nld (51, 53)
is a CNF for [Ad) 8], for every two NLD’s &1 and 3.

nld-or-cnf (8, T)
is a CNF for [VéT], for every NLD 6 and CNF I'.

nld-and-cnf (8, T')
is a ONF for [AST], for every NLD § and CNF T'.

enf-or-enf (U1, T'p)
is a ONF for [VI'|T'g], for every two CNF’s T'; and Tp.

enf-and-cnf (T, Ta)
is a CNF for [AT'1 '], for every two CNF’s I'; and I'a.

enf-disj (D7, ..., T'n))

is a CNF for [VD;...I'p], for every list (I'y, ..., [y) of CNF’s with n > 0.

enf-conj ((T1, ..., T'))

is a CNF for [AT;...T'p], for every list (T'y, ..., ') of CNF’s with n > 0.

The DNF system: Implementation

The CNF system: Implementation

dnf (@)
[VIrel] if o is an atom
[v] if o =0
[VIAD if o =1
[VIA=a]] if ¢ = = and « is atom
[VIADD if o = -0
V] if = -1
dnf (') if o = -
dnf-disj ((dnf (=@1), -, dnf (=@n))) if @ = —[Ap1...on]
dnf-conj ((dnf (m@1), ..., dnf (men))) if o = =[Ver...on]
dnf-conj ((dnf (¢1), ..., dnf (¥n))) if o = 2[Ap1...0on]
dnf-disj ((dnf (1), -+, dnf (¥n))) if ¢ = 2[Ve1...on]

dnf-and-dnf (dnf (¢1), dnf (m¢2))
dnf-or-dnf (
dnf-and-dnf (dnf (¢1), dnf (~¢2)),
dnf-and-dnf (dnf (—=¢1), dnf (#2)))

dnf-conj (dnf (1), ..., dnf (¢n))
dnf-disj (dnf (@1), ..., dnf (¢n))
dnf-disj (dnf (=¢1), .., dnf (=en))
dnf-conj (dnf (=¢1), ..., dnf (men))
dnf-or-dnf (dnf (=¢1), dnf (¢2))
dnf-or-dnf (

dnf-and-dnf (dnf (1), dnf (£2))
dnf-and-dnf (dnf (@1), dnf (=92)))

if o ==[p1 — 2]

if o = 2[p1 < w2l
if o = [Ap1...0n]
if o =[Ver...on]
if o = [Apy...0on]
if o = [Vepr...0n]
if o = [p1 — ¢2]

if ¢ =[p1 < @2l

nle-and-nle (v, v2)
= jrec (v1, 72, [A]

cnf (@)
[AIVel] if ¢ is an atom
[AIV]] if o =0
[A] if =1
[AlV=al] if ¢ = —a and «a is atom
[A] if ¢ = =0
ALV if o =-1
enf (') if o = =g/
enf-disj ((enf (=¢1), ..., enf (men))) if = 2[Ap1..n]
enf-conj ((enf (=¢1), .-, enf (men))) if o ==[Ver...onl
enf-conj ((enf (¢1), ..., enf (¢¥n))) if o = 2[Ap1...0n]
enf-disj ((enf (¢1), .-, enf (¢n))) if o = =[Ve1...0n]

enf-and-cnf (enf (1), enf (=@2)) if o = 2lp1 — @3]
enf-or-enf (

enf-and-enf (enf (1), enf (~@2))

enf-and-cnf (cnf (~@1), enf (£2))) if ¢ = =[p1 < @2]
enf-conj (enf (¢1), -, enf (¢n)) if o = [Ap1...0n]
enf-disj (enf (p1), .-, enf (¥n)) if o = [Ver...onl
enf-disj (enf (1), .., enf (men)) if o =[ARp1...0on]
enf-conj (enf (=1),s -, enf (mon)) if o = [Ve1...0nl

enf-or-cnf (enf (meq)enf (v2)) if o =[p1 — 2]
enf-or-cnf (
enf-and-cnf (enf (1), enf (¢2))
enf-and-cnf (enf (2p1), enf (2¢92)))

if ¢ =[p1 < @2l

nld-or-nld (81, §9)
= jrec (81, 82, [V])




nle-or-nle (1, v2)
= [Vy12]

nlc-and-dnf (v, V1 ---n])
= dnf-disj ((nlc-and-nle (v, ¥1), ---

nle-or-dnf (v, [Vy1---vn])
= [Vyv1---vnl

dnf-and-dnf ([Vy1...7n], &)

:= dnf-disj ((nlc-and-dnf (v1, A), ..., nlc-and-dnf (yn, A))) =

dnf-or-dnf ([Vy1---vnls [V YD)

= V1 vn] i)

, nle-and-nle (v, vn)))

nld-and-nld (81, 89)
= [Ad162]

nld-or-cnf (8, [A671...6n])
1= enf-conj ((nld-or-nld (8, 871), ...

nld-and-cnf (8, [AS1...6n])
:= [A881...8n]

enf-or-enf ([A8q...6n], T)

enf-and-enf ([A81...6n], [AS]...80.1)
= [A8y...8n80...80]

, nld-or-nld (8, 5p)))

cnf-conj ((nld-or-cnf (81, T), ..., nld-or-cnf (6n, T)))

dnf-conj ((A1, ..., An)) enf-disj (T, .-, Tn))
VAL ifn=0 [ALV]] ifn =0
— Ay ifn =1 — ry ifn=1
dnf-and-dnf (A1, dnf-conj ((Ag, ..., Ap))) ifn > 1 enf-or-enf (Ty, enf-disj ((T'g, ..., T'n))) ifn > 1
dnf-disj ((A1, ..., An)) enf-conj (T, ..., Tn))
v] ifn =0 [A] ifn =0
— Aq ifn =1 — ry ifn =1
dnf-or-dnf (A1, dnf-disj ((Ag, ..., An))) ifn > 1 cenf-and-enf (T, enf-conj ((Tg, ...T'p))) ifn > 1
Auxiliary algorithms
_ v if * = A
:{ Voo ie=n }fo”e{A,v}
gree ([¥A1 - Anl, AL AL Depgopg])
Flepy g A A, ifn=0
[Fl*p1 b A1 Anl] ifm=0
gree ([#Xg . An ], AL AL L [ g A1) if n > 0and m > 0and [A| < [\]]
gree ([#Xq . An], [eAG AL [ o AL if n >0 and m > 0and [AN| <[]
jrec ([#Ag .. An], [<X5 . AL T, [*pq - w2 1)) if n >0 and m >0 and Ay = A}
[¥] if n >0 and m > 0 and X1 = \}

10




4 Special DNF’s and CNF’s

Introduction

A major disadvantage of the DNF system? is the often
unnecessary length of the normal forms which impairs
the readability and increases the costs for its represen-
tations and further operations.

The following two examples are equivalent DNF’s:

o [V[NABC][AAB][AB][AC][AC]]

o [VIA]]

But the second form will certainly be prefered in all

practical means.

In our search for a good canonic we will therefore start

off with an attempt to find as “small” and “handy”

forms as possible. But a remarkable and, on a first

view may be even astonishing phenomenon of senten-

tial logic is the fact, that here “small” and “handy”

are quite close together, but nevertheless might mean

significantly different forms in many cases.

In this chapter we will formally conceptualize the de-

sired criteria and we will find three differend special

kinds of DNF’s:

e MDNF’s or minimal DNF’s,which are in fact the ab-
solutely shortest DNF’s.

e M2DNEF’s or pairwise minimal DNF’s, where each
two components are a 2-ary MDNF [V~;7;].

e PDNF’s or prime DNF’s, where the components are
exactly the set of all “prime factors”.

As we said, these forms are quite often identical. But
in fact they are different concepts and for the construc-
tion and comparison of DNF systems it is important to
work out these differences and to analyse the properties
of these forms.

Canonicity

First of all we are going to weaken the concept of canon-
icity, because we want to neglect the order of the com-
ponents in the normal forms. It only obstructs the flow
of our argumentation and unnecessarily increases the
costs of the algorithms. Besides, normalizations that
are not canonic in general, but still canonic in certain
semantically distinguished cases, deserve an extra at-
tention. For example a normalizer nf that is at least
“l—-canonic”, provides us with a subvalence and equiv-
alence decision, because

1= w2 iff nf([p1 — @a]) = nf(1).

These kind of normalizers might not define a whole
semantic, but at least they enable the definitions of
“tautology / contradiction” and “validity / satisfiabil-
ity”.

Definition

o Two DNF’s Ay = [Vy1..7,] and Ag = [VA]..7),]
are said to be identical up to the order of
their components, or similar in short, written
Ay = Ao, iff there is a bijection i : {1,...,n} —
{1,...,m} such that [Vy;1)...%in)] = VY1)

e Two CNF’s T'; = [Ad1...0,] and Ty = [Ad]...00,]
are said to be identical up to the order of
their components, or similar in short, written
Iy &~ Ty, iff there is a bijection i : {1,...,n} —
{1,...,m} such that [Vd;1)...0i(n)] = [VO7...0,,].

Definition

Let N be a set of DNF’s (CNEF’s) that is itself a set

of normal forms (i.e. for every formula there is an

equivalent formula in N). We say that N is

e canonic, when for all vy, € N
v iff vy =1

e pre-canonic, when for all 1,15 € N
V] < Vs iﬁl/l =~ Vo

e (0—canonic, when there is only one contradiction
in N

e l—canonic, when there is only one tautology in
N.

Accordingly a N-normalizer nf is called

e canonic, if nf(¢1) = nf(ps2) for all formulas ¢q
and g with ¢ < @9

e pre-canonic, if nf(p1) ~ nf(ps) for all formulas
w1 and @2 with 1 < @y

e O—canonic, if nf(p) = nf(0) for all contradictory
formulas .

e l—canonic, if nf(¢) = nf(1) for all contradictory
formulas .

The following theorem immediately follows from this
definition and it guarantees that a pre—canonic nor-
malizer is actually as good as a canonic one.

Theorem

If nf is a pre—canonic normalizer and ord the func-
tion, that transforms an arbitrary formula into its
ordered normal form, then ordonf is a canonic nor-
malizer.?

Theorem

"The “principle of duality” guarantees that all true statements about DNF’s turn into true statements about CNF’s by inverting
all occuring junctors. Therefore we will restrict ourselves mainly to DNF’s in the following explanations and proofs.

Sord o nf (i) := ord(nf())



DNF’s are

e neither canonic nor pre—canonic
e not 1-canonic

e (—canonic

CNF’s are

e neither canonic nor pre—canonic
e not O—canonic

e l-canonic

Proof
e [V[AA]] and [V[AAB][AAB]] are equivalent DNF’s,
but they are neither equal, nor similar.
e [V[AA][AA]] < [V[A]] & 1. Thus DNF’s are not
1-canonic.
e According to a theorem in chapter 2 it holds for
each DNF A that A < 0 iff A = [v]. Thus DNF’s

are O—canonic.

Factors

Definition

e Let v be a NLC and A = [Vv;...7,] a DNF. v is
called a (disjunctive) factor or implicand of A,
iff v = A. In other words, iff A < [Vyy1...7,]-
In particular each component v; € A is a factor of
A.
Let 6 be a NLD and I' = [Ad;...6,] a CNF. § is
called a (conjunctive) factor or consequence
of ', iff T' = 0. In other words, iff I' < [Add;...d,].
In particular each component §; € I is a factor of
T.

Definition

e A factor v of a DNF A is prime, iff there is no
factor 4" of A with y=>v’.
Thus “prime” means here not further reducible.
No literal can be deleted in 7y such that ~ is still a
factor of A.
A factor 6 of a CNF T' is prime, iff there is no
factor ¢’ of I' with 6'=4.
Again “prime” means here not further reducible.
For each NLD ¢’ the case 6’ C § would imply that
0’ is not a factor of T.

Remark

[V] is the only DNF that has no factors.
[A] is the only CNF that has no factors.
Every NLC # is a factor of [V[A]].
Every NLC 4 is a factor of [A[V]].

Each DNF different to [V] has infinitely many factors.
(The same holds for CNF’s.) This is because the DNF
would then at least have one component v = [AA1...A,].
Every NLC of the form v = [AA .. Ap A g1 Angm] 18
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a factor of A too, since v/ = v = A.
But although the number of factors is (almost) always
infinite, the number of prime factors is always finite,
as follows directly from the following

Theorem
e For each prime factor v of a DNF A holds:
At(y) C At(A).
e For each prime factor 6 of a CNF I" holds: At(d) C
At(T).

Proof

Again we only proof the first half of the theorem.
Let T' = [/\[V)\ll/\lml][\/)\nl)\nmn“ be a CNF
equivalent to A and let ~ [AA1...N]. Tt holds
that v is a factor of A iff v = A iff [\ 1] &
0 iff [AY[VIANTL Ay ) [A X1 Anm, )] & 0 iff
[V[/\)\l...)\l>\11...>\1m1]...[A)\l...)\l)\nl...)\nmn” < 0 iff
[AA 1. A Ai1 o Aim,] & 0 for each @ = 1,...,n iff
{1, e MIN{ 1, ooy i, } # {} foreach i =1, ..., n.
Suppose now At(y) € At(A). So there must be a
literal in v — let it be Ay — such that |A;| & At(A).
But in that case {Ar,.., N} N {1, Aim, =
{2y ey PN A1y ooy Ai, + for each i = 1,...,n. And
s0 [AXg...\] would be a factor of A, too. But then v
wouldn’t be a prime, and that would contradict the
initial assumption.

Corollary
The number of prime factors of a given DNF or CNF
is finite.

Prime Normal Forms

Definition

Suppose ¢ is a formula

e Let A be any arbitrary DNF of ¢ and {v1, ..., vn}
the set of all prime factors of A. We call A’ :
[Vy1...7n] @ prime disjunctive normal form or
PDNTF (of ¢ or of A).

e Let ' be any arbitrary CNF of ¢ and {d1,...,d,}
the set of all prime factors of I'. We call IV :=
[Ad7...0,] a prime conjunctive normal form or
PCNF (of p or of T').

Each formula ¢ has a DNF A. The set of all prime
factor of A is always finite and so the PDNF A’ is al-
ways well defined (up to the order of its components).
A’ is uniquely defined, no matter which DNF A of ¢
was chosen.

Furthermore A’ & A, because:

e Each prime factor ; is a factor of A, thus ; = A

and A’ = A.
e Every component v € A has a prime component



~v; € A’ such that v = v;, and so A = A/,
This proofs the following

Theorem

For each formula ¢ there is

e one (up to the order of its components) uniquely
defined PDNF A’ with A’ & ¢, called the PDNF
of .

e one (up te the order of its components) uniquely
defined PCNF TV with IV < ¢, called the PCNF
of .

In other words: PDNF’s and PCNF’s are pre—

canonic and the two according normalizers are well

defined.

Corollary
For each PDNF A
e A& 0iIff A=1V]
e A& 1iff A=[V[A]]
For each PCNF T’
e I'< 0iff T = [AlV]]
e s 1iff T'=[A]

The next theorem about 0— and l-ary DNF’s and
CNEF’s, together with one about 2—ary forms stated
later on, will be the starting point for our algorithms
that can handle all n—ary formulas.

Theorem

[V] is a PDNF.

[A] is a PCNF.

Every DNF [V~] with one component is a PDNF.
Every CNF [Ad] with one component is a PCNF.

This won’t need an explicit proof.

Syntactic measures

We will new seek for a precise concept of syntactic
“size” and propose two syntactic measures: length and
volume.

Definition
For a DNF A = [V[/\)\ll...)\lnl]...[/\)\ml...)\man we
put
e [g(A) :=m the length of A
e vol(A) :=ny + ng + ... + n,y, the volume of A.
For a CNF T = [A[VA11-A1ng |- [V A1 A, || we
put

e [g(T') := m the length of T
e vol(T') :=ny + ng + ... + nyy, the volume of T.

For example, for A = [V[ANABC][AABC]] there is
lg(A) =2 and vol(A) = 6.

Minimal Normal Forms

Definition

A DNF A is said to be

e of minimal length, if there is no DNF A’ such
that A’ & A and lg(A") < lg(A)

e of minimal volume, if there is no DNF A’ such
that A’ < A and vol(A') < vol(A)

e a minimal disjunctive normal form or
MDNPF, if A is of minimal length and minimal
volume.

A CNF T is said to be

e of minimal length, if there is no CNF I such
that IV < T" and lg(I”) < lg(T")

e of minimal volume, if there is no CNF I such
that IV < T and vol(T") < vol(T")

e a minimal conjunctive normal form or
MCNTF, if T' is of minimal length and minimal
volume.

Remark

e In general, minimal length does not imply mini-
mal volume. If we take the following two DNF’s
as an example
o Ay = [V[AA][AAB]]
o Ay = [V[AA][AB]]
we can easily verify that they are equivalent
and both of minimal length, but obviously 2 =
vol(Ag) < vol(Ay) = 3.

e It remains an open question here if a minimal vol-
ume implies a minimal length.”

If v is a component of a DNF A, but not prime, then
there must be a shorter factor ' of A. If A’ is ob-
tained from A by replacing v with 7/, then A’ & A
and vol(A’) < wol(A). So, if a DNF is minimal, all its
components must be prime factors.

Theorem
e All components of a MDNF are prime factors:
Let A,, be a MDNF and A, a PDNF with A, &
Ap, then A, CTA,.
e All components of a MCNF are prime factors:

91 conjecture that this is actually the case: Normal forms of minimal volume are always of minimal length. If this wouldn’t be
correct, then there wouldn’t be a MDNF for every formula and thus MDNF’s wouldn’t make a proper set of normal forms. To
avoid this, we could have identified minimality with minimality of the volume. But eventually, only the MDNF’s of 0—,1-, and
2—ary DNF’s are of interest in our paper. And restricted to these cases the normalizer is well defined and even pre-canonic, as we

will see later on.



Let I';, be a MCNF and I', a PCNF with I'),, &
Iy, then I'y, C T,

For many formulas, the MDNF and PDNF are iden-
tic. [V[AA][AB]] for instance is both a MDNF and a
PDNF.

But very often, they are differnt, as in the following
example of two equivalent forms:

o [V[AAB][ABC]] is a MDNF

o [V[AAB][ABC][AAC]] is the PDNF

The last theorem indicates a method how MDNF’s can
be constructed: First, find all prime factors (later on we
introduce an algorithm that solves this problem). Then
find out which of the subsets of the PDNF still makes
an equivalent formula and select the best of them.
But, different to PDNF’s MDNF’s are not always
unique:

Theorem
e MDNF’s are not pre—canonic (thus not canonic),
but 0— and 1-canonic.
e MCNZF’s are not pre—canonic (thus not canonic),
but 0— and 1-canonic.

Proof

e Both of the following DNF’s are minimal
e A, = [V[ABC|[ABC|[AAB]|
e Ay = [VI[ABC][ABC|[AAC]]
and A1 < A,, but obviously not A ~ As.
MDNF’s are not (pre—)canonic.
DNF’s are O—canonic according to a theorem in
chapter 4 and as such MDNF’s are O—canonic.
All components of a MDNF A are prime factors.
The only prime factor of a tautologic DNF is [A].
So A & 1iff A = [V[A]]. In other words, MDNF’s

are l1-canonic.

So,

Theorem

[V] is a MDNF.

[A] is a MCNF.

Every DNF [V~] with one component is a MDNF.
Every CNF [Ad] with one component is a MCNF.

So, altogether we have “DNF = PDNF = MDNF”, if
the length of the form doesn’t exceed 1.

Pairwise Minimal Normal Forms

In a later chapter we are going to proof that every 2—ary
DNF A = [V~yrvg] has a (up to the order of the compo-
nents) unique MDNF A’/ that has at least one and at
most two components. We will implement an algorithm
to construct A’ and we write it as min(vyr,vgr) = A'.
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By definition the length (thus either 1 or 2) and the
volume of I are at most as big as the length (=2) and
volume of A.

This algorithm min can be used for the following
method to minimize pairwise, called the Minimizing
Procedure or the M—Procedure:

(i) Choose any two components 7z and vg of a
given DNF A and replace them by components of
min(yr, Yr)-

(ii) Repeat step (i) until every pair of components of
A is a MDNF.

M-Procedure (A) shall denote the result.

An example: From a given DNF two components
are selected (indexed by the two underbraces), their
MDNF is computed and its components are inserted
into the DNF again (indexed by the one or two over-
braces).

[VINABCI(AABIAB] [AC) [ACY)

[min([AC), [\C]) = [VIACT)|

I _ ~
[V [NABC] [AAB)[AB] TAC]]
—_——

min([NABC), [NAB)) = [VIABC|[AAB]]

——
[V [\BC] [NAB] [ABJIACT]
~—— S~~~

min([ABC], [A\B]) = [VI\C|[A\B]]

)

~ A~
[V [AC][AAB] [AB] [A\C]
—~~

{

[min((AC),[AC)) = [VIA]]

[v@m )

]mm([A], [NAB]) = [V[A]] \

v T (AB]
—



[min((N], [AB)) = [VA]]

v T

Later on we implement an effective version of the M—
Procedure, in which the vague instruction “choose any
two components” in (i) and the test in (ii) are merged
into a single step.

Obviously this whole method is monotone shortening,
the DNF is constantly getting better in this respect.
One might be tempted to suggest that the finite result
is always a MDNF. It therefore might surprise that this
is very often the case indeed, but not always. And nei-
ther is the result a PDNF in general. Therefore we give
the forms that satisfy the terminating condition of the
method, an own title:

Definition
e A DNF A = [V7v1...7,] is called pairwise min-
imal or a M2DNF iff [V~,;~;] is minimal for all
i, € {1, n} with i # 5.
e A CNF T' = [Ad;...0,] is called pairwise mini-
mal or a M2CNF iff [Ad;4;] is minimal for all
i,j€{1,..,n} with i # j.

Theorem

Every MDNF is a M2DNF.
Not every M2DNF is a MDNF.
Every PDNF is a M2DNF.
Not every M2DNF is a PDNF
Every MCNF is a M2CNF.
Not every M2CNF is a MCNF.
Every PCNF is a M2CNF.

Not every M2CNF is a PCNF.

M2DNF

Proof

10

see next chapter about “covering”

e Obviously, every MDNF is a M2DNF.

e A = [V[AAB][ABC][AAC)] is an example for a
M2DNF that isn’t a MDNF. The MDNF of A is
A’ = [V[ANA][ABCY).

e Suppose there is a PDNF A = [V~;...7,] that isn’t
a M2DNF. So there must be v;,v; € A such that
there is either a 1-ary DNF [V4/] < [V~;7y;] or a 2—-
ary DNF [Vv;vy;] < [Vi;] with 5= or 7=
(We will show that in detail later on.). But that
would contradict the premise that ; and «; both
have to be prime factors of A.

e Again A = [V[AAB][ABC][AAC]] is an example
for a M2DNF that isn’t a PDNF, which is again
Al

Theorem
e M2DNEF’s are O—canonic, but not 1-canonic and
thus not (pre—)canonic.
e M2CNF’s are 1-canonic, but not 0—canonic and
thus not (pre—)canonic.

Proof

DNF’s are O—canonic in general, so are M2DNF’s.
A = [V[A]] and A" = [V [ABCD] [NACD)] [NABC|
[NABC] [NABD] [ABCD] [NACD)] [ANABD]] are
both tautologies and pairwise minimal, and so the
M2DNE’s are not 1-canonic.

Quality comparison

Let us now compare the three special types of DNF’s

according to the given criteria in the introduction.

e Intuitivity
PDNEF’s have the big advantage against the other
two types that all factors can be read off directly
from the form, and thus all subvalent formulas be-
come directly identifiable, if they are given in DNF.0
In this respect, the PDNF’s are the most transparent
of all DNF’s.

e Canonicity
Of all three sets of DNF’s, only the PDNF’s are
canonic.

e Complexity of the representation
Actually all three types of normal forms are rela-
tively condensed — this goal was our initial starting
point. But the MDNF’s are the absolutely shortest
by definition. PDNF’s and M2DNF’s both allow ex-
amples for which one type is shorter than the other.!!

e Computational complexity
Later on we are going to introduce an algorithm

1'We already saw that a MDNF is always a subset of the equivalent PDNF. I conjecture that the MDNF is always at least half
as long as the PDNF. [Comment September 2002: Actually, this conjecture is not correct in general.]
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of polynomial complexity to transform DNF’s into
M2DNF’s.  We will extend this idea to build a
PDNF-normalizer. PDNF’s are very efficient for
the test on subvalence (see next chapter). Usually
MDNEF’s are constructed out of PDNF’s and thus
MDNF’s have the highest computational costs.
Conservativity

The transformation of an arbitrary formula into a
DNF usually changes the whole structure of the
form. A further reduction into one of the three spe-
cial DNF’s is, compare to that, very moderate.
Realizability as technical devices

I suppose, this is the real domain for the MDNF’s.

Conclusion

M2DNF’s are not very interesting for practical appli-
cations. Nevertheless they are indispensable for the
theory and implementation of our PDNF system.
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MDNEF’s are only superior when the representational
complexity is the only and most important aspect.
There are established methods to construct MDNF’s
out of given PDNF’s and I wouldn’t know how to im-
prove them. Therefore we will neglect these forms in
the sequel.

PDNF’s are the only canonic forms. The rest of this
paper is devoted to the construction of an effective
PDNF system.

The analysis of the relation between two NLC’s stands
at the center of our method and therefore this inves-
tigation is a chapter on its own. Subsequently we
will first build a M2DNF and then a PDNF system.
But first of all we demonstate the subvalence test with
prime normal forms, that also provides us with a cri-
terion to decide between a PDNF and a PCNF system
in concrete applications.



5 Covering and Subvalence

Because the PDNF-normalizer is 1-canonic, it holds
for any two formulas ¢; and 9 that

p1 = o iff pdnf([p1 — p2]) = [V[A]]
In this way it is possible to implement the subvalence
problem, i.e. the question, whether or not a formular
implies another one.
In actual applications it is very often the case that
one side is relatively constant (and then it is often
called “program”, “data bank”, “axiom system”, etc.),
while the other side (called “input”, “request”, etc.)
varies. We could name application systems of the sort
Pconstant = Puariable “consequence SyStemS” and
the others of the sort @yariabie = Peonstant “IMpli-
cand systems”.

For these two kind of systems there is a much more
efficient method for the subvalence problem than the
one just mentioned:

e For consequence systems we construct the PCNF
Fconstant of Pconstant and a CNF Fvariable of Puariable
and we decide the truth of T'constant = [variabie DY
using the following covering concept.

e Accordingly the application of DNF’s suits very well
for imlicand systems.

The “covering method” reduces the subvalence prob-
lem to the pairwise comparison of NLC’s (NLD’s) and
that doesn’t only accelerate the computer, it also sup-
ports the comprehension and mental arithmetic of for-
mulas. The semantic of prime normal forms is excep-
tionally intuitive.

We noticed earlier that:
e For any two NLC’s v; and 7y: v1 = 72 iff v2 C v1.
e For any two NLD’s §; and ds: &1 = do iff 7 C 0.

2More general, if A’ is “f-complete” (see below).
13reflexive and transitive

Definition

For each NLC 7 and DNF’s A = [Vy1...9,] and A’

we define:

e v C A, ~vis covered by A, iff there is a v, € A
such that v = ~;.

e v IZ A iff v is not covered by A.

e ALC A’ Ais covered by A’, iff y; C A’ for every
vi € A.

o AIZ A’iff A is not covered by A'.

For each NLD § and CNF’s ' = [Ad;...0,,] and I we

define:

e 0 C T, §iscovered by T, iff there is a §; € I such
that 51' = 0.

e § IZ Tiff § is not covered by T.

e ' C IV, T'is covered by I, iff §; C I" for every
6, €T.

e ' Z T iff T is not covered by I.

For DNF’s A C A’ always implies A = A’. But the

reverse is generally only the case if A’ is prime!2.

Theorem
o Let A be a DNF and A, a PDNF. Then A = A,
ifft AT A,.
o Let I', be a PCNF and I' a CNF. Then I'), = I' iff
rcr,.

Proof

For A = [Vy...7] there is A = A’ iff
[Vy1..70]) — Al & 1 [VIA-7y1...07]A] < 1iff
NV A [V, A & 1iff Ay — Ay —
Al & 1iff v; = A’ for each i = 1, ...,n. Thus every
~vi € A has to be a factor of A’. Since A’ contains
all prime factors, there must be a ’y} € A’ for each
~v; € A such that v; = 'y;. Thus v; C A’ for each
1=1,...,n and thus A C A’

Theorem
C is a quasi-order!'3 on the set of all DNF’s (CNF’s).
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6 * Implementation of a fast be attached to the fully developed PDNF and PCNF
. . . system.
subvalence decision with >
Prime Normal Forms

The following table of algorithms gives an example of
how these results can be implemented. It can later

The PDNF system: Declarations

The PCNF system: Declarations

For NLC’s v and ~g
nle—sub-nle(yq, va) = {

For a NLC ~ and a DNF A
nlc-cov—dnf(v, A) :{ 1
For DNF’s A and Ag

dnf-cov-dnf(Ay, Ag) = {

For a DNF A and a PDNF Ay
dnf-sub-pdnf(Aj, Ag) = {

0 if v1 # 72
1 if v1 = 72

0 ifvEZA
fyC A

0 ifA] Z Ay
1 ifA] C A

07 i Ap » Ay
1 ifA] = A)

For NLD’s §1 and &g
nld-sub-nld(§y, §5) = {

For a NLD § and a CNF I'

nld cov-cnf(s, ) = { 0 ok

For CNF’s I'; and 'y

enf-cov—cnf(T'y, T'y) = { o L

1 if T

For a PCNF I'; and a CNF T'y

penf-sub—cnf(I'y, Tg) :{ (1) :i

[¢] if §1 # do
1 if &) = 8o

r
r

1 £
1 ETl2

ry » I'y
ry =TIy

The PDNF system: Implementati

ons

The PCNF system: Implementations

nle-sub-nlc([AX ... An], [AX] A7, ])
1
0

= 0
0

nle—cov—dnf(~, [VA1 ... vn])
0
= 1
nlc—cov—dnf(vy, [Vyg...vn])

dnf-cov—dnf([V~yy...vn], &)
1

0
dnf-cov—dnf([Vyg...yn], A)

dnf-sub—pdnf(Aq, As)
:= dnf-cov—dnf(Aq, Ag)

nle-sub-nlc([AXg..-An], [AX] ...

nle-sub-nlc([AXg..-An], [AXG...

if m =0
ifm>0andn=0
if |Al1|<|x’1|

if [ A7 I<| Ap |
if>\1=>\3

if Xp = ]

ifn=0
if nle—sub-nle(v, v1) =
if nle—sub-nlc(vy, v1) =

o~

ifn=0
if nlc—cov—dnf(yy, A)
A)

0
if nlc—cov—dnf(v], 1

nld-sub-nld([V1...An], [VA] ... A7 1)

1
0
0
nld—sub-nld([VA1...An], [VA
nld-sub-nld([VAg...An], [VA
0

nld—cov—cnf(8, [A87...6n])
0
= 1
nld—cov—cnf(§, [Ad2...6n])

cnf-cov—cnf([Ady...6p], )
1
= 0
cnf-cov—cnf([Adg...5n], )

penf-sub—cnf(T'y, T'y)
:= cnf-cov—cnf(T'y, T'y)

ifn=0

if n >0and m =0
if \A,l\<\>\’l\

i | AL <A |
if>\1=>\'}

if X1 = A}

b A D)
2D

ifn =0
if nld-sub-nld (81, 8) = 1
if nld-sub-nld (51, 8) = 0

ifn=0
if nld-—cov—cnf(8q,T)
if nld-cov—cnf(87,T')
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7 Component pairs

In this chapter we will construct an algorithm that de-
termines the MDNF and the PDNF of a 2-ary DNF
[Vyrygr].** Both do exist and they are unique (up to
the order of their components.)

First we introduce a special notation for a literal con-
junction that might not be normal yet, but doesn’t
contain doubles or complementary literals, and thus
can easily be normalized by changing the order of the
components:

Notation
Let [AA1...A\;] be a literal conjunction and ¢
{1,...,n} {1,...,n} a bijection such that
[AXi(1)---Aigny] is @ NLC. (Note that this bijection
is unique if it exists.) We then write
[A)\l)\n] = [AAZ(I))\L(H)}

—

Definition
Let
® vy = [A)\le] be a NLC
® 7r = [AN]...A}] be a NLC
We define the following sets (the order of the ele-
ments is of no interest here):
o {1, mpt = {0, Ay AL ALY
o {p1,pr} = {0, A NN ALY
o {01, o5} = {A1, At — {ALL L AN
[ ] {Tl, ...,Tt} = {)\/1, veey Aly} — {)\1, ceey )\;m )\1,
Thus
o v = [AT1..Tpp1...prO1...0%)
® Yr = [AT1.. DT Dr T T
We define
e min(yL,Vr)
o prim(yL,Yr)
according to the following table, depending on the
values of p,r, s, and t. In this table we use the ab-
breviations'®
e “N” for any Number, i.e. >0
e “P” for Positive, i.e. > 1

S A}

Azt

4 The subscripts “L” and “R” stand for “left” and “right”.

e “M” for Multiple, i.e. > 1

Without its long and non-informative proof we state
the following

Theorem
e min(yr,vr) is the (up to the order of its compo-
nents) uniquely defined MDNF of [Vyvg].
o prim(vyr,vr) is the (up to the order of its compo-
nents) uniquely defined PDNF of [Vy.vg].

Example
L := [NABDEGK]
g := [NABCEHIJKL)
For these two NLC’s we have

{m,.,mp} ={A, K} thus p = 2
{p1,..,pr} ={B,E} thus r =2
{o1,...,0:} = {D,G} thus s = 2
{11,y ={C,H,I,J, L} thus t =5

This is the case “NMNN”in the table and so
min(yL,Yr) = prim(yr, Yr) = [VYLYR]-

We can see in the table that the number p of literals
that occur both in v, and in vg, doesn’t have any in-
fluence on the MDNF and PDNF solution, while the
number 7 of literals that occur in -y, and complemented
in g is very decisive. Therefore we call [Vyrvg] or the
relation between vz, and vgr

e incomplementary, if r =0

e complementary, if r =1

e hyper—complementary if » > 1.

Furthermore we call [Vyrvg] (or vz, and yg) minimal,
iff min(yz,vr) = [VyLYR]-

As the table shows, this is exactly the case when

r>1lor(s>0andt?>D0).

In case 71, and yr are complementary and minimal —
and only in this case — the PDNF and the MDNF of
[VyL,vr] are different: the PDNF contains one addi-
tional prime factor. We call it the complementary
prime factor or shorter the c—prime factor of v

and vg (or [VyLVR])-

15We introduce these symbols, because in later algorithms we will make use the case symbols “N000”, “NOOP”, ..., “NMNN”as

identification symbols for the nine different cases.
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r L TR min (YL, YR) prim (YL, YR)
0 [Amy...7p] [Amy...7p] [Vyrl = [VYR] [Vvr]l = [VAR]
0 [Ary...7p] [Amy..mpTy...Tt] Vv Vvrl
0 [Amy...mpoy...08] [Ary...7p] VvgR] VvR]
0 [Amy...mpoy...08] [Amy.mpTy...Tt] VYL YR] VYL vR]
1 [Amq...7pp1] [Amq...7pPT] [V~'] with [V~'] with
A= [Amy.mp] v = [Amy..mp]

1 [Amy...7pp1] [Amy. . wpPTTL---Tt] [Vyp v with Vv vR] with

Vg = [Amy . mpTy.Te] v = [Amy . mp Ty 7]
1 [Amy..mpproy...0s] [Amy...7pPT] VAL, vR] with VAL, vRr] with

vp = [Amy.mpor...os] N = [Amy.mpor...os)
1 [Amy...7pp1o]...08] [Amy . .wpPTT] - Tt] VYL YR] VYL YRVe] with

Yo i= [Amy...Tpoy...osT1 ... Tt]
the c—prime factor

M [Amy...7tpp1---proy...os] [Amy . .7pPT - Pr71---T¢] VYL vRI [VyLYR]
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8 * Implementation: Minimal

and Prime Normal Forms of
component pairs

The implementation of the two functions min(vyr,vr)
and prim(vyr,vr) could be straightforward: first,
determine the four sets {mi,...mp}, {p1,--.pr},
{o1,...,0s}, and {71,...,7:}. Then, look up the case
and the according instruction in the table and finally
construct the formula. But we are eager to create a fast
system. min is the core of the M2DNF system, prim
will be the most often applied function in the PDNF
system.

In fact, the algorithms will not wuse min and
prim, but the “extended” versions axmin and
aprim, where xmin(yr,vr) := (&, min(yr,vr)) and
aprim(yr,vr) = (§,prim(yr,vr)) and ¢ is the case

symbol, i.e. the abbreviations for the numbers of
p,r,s, and t in the table.

Example
For 71, = [NABDF)] and vg = [ABC] there are
o zmin (yr,vr) = (“N1PP”, [V[NABDF]|[ABC]))
o aprim (vz,vr) = (“N1PP”, [V [NABDF] [ABC]
[NACDEF]])

For the implementation of xprim we use the auxiliary
recursive function zprec. xprec terminates as soon as
the case is clear, and that is mainly what makes it
faster than the straightforward version. xprec is not
the only version that would do the job, we don’t need
to discuss it and the reader is free to use an own ver-
sion.

The duality allows us to formulate xprec for DNF’s and
CNEF’s together and we use * as the junctor symbol and
% for the dual junctor.

Disjunctive component pairs: Declarations

Conjunctive component pairs: Declarations

prim(yr,, YR)
is the PDNF of [V~yp vR], for any two NLC’s v, and v

min(Yr, YR)
is the MDNF of [Vyr vR], for any two NLC’s v, and vg

zprim(yr ., YR)
:= (&, prim(vp,, vR)) where € is the case symbol according to the table in
chapter 7

amin(yy, YR)
= (&, min(yp,vR)) where £ is the case symbol according to the table in
chapter 7

prim(dy,,0R)
is the PCNF of [Adf,dR], for any two NLD’s 67, and dp

min(dr,,dR)
is the MCNF of [ASf,dR], for any two NLD’s §7, and 6

zprim (S, dR)
:= (&, prim(8y,,8R)) where £ is the case symbol according to the table in
chapter 7

xmin(dp,dR)
= (§, min(dy,,8R)) where £ is the case symbol according to the table in
chapter 7

Disjunctive component pairs: Implementations

Conjunctive component pairs: Implementations

zprim(yr, YR)

= aprec([Al, vp, [Nl YR, [A] AL [A]L 0,0, 0)
prim(vyr, YR)

:= A, where A is defined by (¢, A) := zprim(yy, YR)
zmin(vr, YR)

:= (¢, A') defined by (&, A) := zprim(~yr,,vyR) and
L 7R

’_ A
& = { Papam

if 1g(A) € {1, 2}
if lg(A) = 3

min(yr, YR)

= A, where A is defined by (£, A) := amin(vp, Yg)

zprim (S, SR)

:= aprec([V], 61, [V], 61, [V], [V], [V], 0,0,0)

prim (8, 6R)

:= T, where T is defined by (§,T) := zprim(6r,, §R)
xzmin(dy,,0R)

:= (£, T’) defined by (¢,T) := aprim(5y,,§R) and

= { T if 1g(T") € {1,2}
= [AS7,,8R] if lg(T') =3
min(sy,,8R)

:= I, where [ is defined by (&, T) := amin(5p,,5R)

Auxiliary algorithms

— v if ¥ = A
*;:{/\ ‘*:v}for*e{/\,\/}

if s

begin
if r>1
then (“NMNN”, [I[*Al...ki)\i+1...)\m][*)\/l...A}A;+1...Afy]])

else if x =i
then if r =0

then if s =0

algorithm  mprec ([#X1..-X;], [*X;41---Aa], [*)\'1..)\;.], [*A;H...A@], [emyoomgls [y omp ], Deml/oomll ] my s, t)
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then if (j =y and t = 0)
then (“NO000”, [F[*A1...2;]])
else (“NOOP”, [F[*X1...2;]])
else if (j = y and t = 0)
then (“NOPO”, [?[*A’l,.,xg.]])
else (“NOPP”, [7[*)\1...Ai][*)\/l...A;.)\9.+1...A(y]])
else if s = 0
then if (j = y and t = 0)
then (“N100”, [F[*7q...7q]])
else (“N10P”, [?[*AlA.A/\i][*ni,A,nl’)/\;JrlA.A/\;]])
else if (j = y and ¢t = 0)
then (“N1P0”, [7[m1...wa][m’l...,\3.,\3+1...A;]])
else (“N1PP”, [?[*Al.,.xi][*x’l...A;.A;H,.,A;][*ni’.,.w;’x;Jrl,.,AQJ]])
else if j =y
then if r = 0

then if t = 0

then (“NOPO”, [F[x\]. ..)\;.]])

else (“NOPP”, [?[*Al.,.xiki+1..>\z][*>\'1...A;]])
else if t = 0
then (“N1PO”, [¥[xm1...maXj41 .A.,\z][*x’lu,x;]])
else (“N1PP”, m*xl...xi,\Hl...xw][m’l...A}][w’l’...ﬂ’c’,\Hl...Agc]])
else if |N;41] < \A;+1\

;.], [*A;HH,A;], BerpoomaXip1ds Demfoomp ] Bemd ol X1, s + 1, 0)

then aprec ([* X1 XX ;41], [¥Xi 40 Az], [¥A] A
’
else if [N g1 < Xl
! A / !’ 1" 117
then aprec ([xXA1 - A;], [¥X 41 Azl [*x’l...xgx;ﬂ], [*)\;+2,.,>\y], ey .omal, el omp N g L ey N T s, b 1)
else if XNj41 = Aj41
/ BN " 1157
then aprec ([* X1 X Njp1]s [*Xiqo-Axl, [*A/l,“x;xgﬂ], [*)\9#’2“.)\;], BemromaXgpals Doy oomp A g L ey N g T s h)

’ ’ " 1"
else aprec ([¥ A1 . A;], [¥X 4o Axls [*A’l...xg], [*A3.+2...>\;J], xmy.omals [emomp], Donl/om ] r 4 1,8, 8)
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9 The M—Procedure

We already mentioned the M-Procedure:

Given a DNF A, then

(i) Choose any two components 77, and yg of A and
replace them by the components of min (v, vr)-

(ii) Repeat step (i) until every pair of components of
A is minimal.

M-Procedure (A) shall denote the final result.

The result M-Procedure (A) is not uniquely defined.
Depending on how the instruction “Choose any two
components ...” is implemented, the result can be dif-
ferent (i.e. not equal and not similar), as the following
example demonstrates. This shows again that the set
of M2DNF’s is not (pre-)canonic.

Example
First version:

A = [V[AABC) [NABC]|ANABC]|ANABC)
N N——

min([NABC), [NABC)) = [V[AAB)]

[V [AAB] [NABC) [NABCY]
N——— ——

min([NABC), [NABC)) = [VIABO)]

Second version:

A = [V[AABC] [NABC][ANABC][ANABC)
—— ——

[ min(INABC), [NABC)) = [V[AAB]]]

[V [ANAB] [NABC)[ANABC])

| min([AAB),[NABC)) = [V[AAB]AAC) |

[V [NAB] [ANAC] [NABCY

min([ANAC], [NABC]) = [VIANAC][ABC]]

—~

—
[VINAB] [ANAC] [ABC) =: Aq

Depending on the order in which the components are
chosen, the result of M-Procedure (A) is Ay in the first
version and As in the second version, with A; % As.
(By the way, A is the MDNF and A is the PDNF of
A))
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10 * Implementation of the M-

Procedure

Notation
Let A = [Vy1..7,) and A’ =
DNF’s. We define
AV A = VY1 AV i)
Accordingly we write A1 V...V Ay for more than two
DNF’s.

[VA1..740] be two

We are going to create the recursive algorithm mrec
to implement the M—Procedure.

Let A be an arbitrary DNF that is going to be tans-
formed into a M2DNF.

First of all we split A into two DNF’s

called Ag and ¥y, so A = Ay V Wsy. In particular

e /g is the part of A that isn’t pairwise minimal yet,
while

e U, is the part of A, that is already a M2DNF.

At the beginning, of course there is
L] AO = A
o Uy =1[V]

As the procedure proceeds we attempt to increase Ws,
while A is getting smaller, until finally Ay = [V] and
U, is returned as the result of the procedure. There-
fore in each single step we take the first component
v1 of Ag and for every component u; of ¥5 we mini-
mize by means of min(y1, ;). We further split U5 into
\IJQ = Al \Y AQ where

e A, is the part of Uy that already is a M2DNF to-

gether with ~; (we call it W) and
e A, is the remaining part of W,.
A

\Ill ‘I’l
~ = —N
[\/ 71 72-“'70] v [\/ /Jl---/ftn] v [vunJrl-“Mner]
—_—— — ) —/

Ao Ay Ao

Wy

At the beginning of this inner loop we initialize
° Al = [\/]
° AQ = \I’Q

When we continue and if we reach Ay = [V], we put
Uy :=[Vy1] V Uy and erase 1 from Ay.
In the following full definition of mrec it is important

to note that

e at each step the conditions for ¥y and Wy are satis-
fied

e the whole expression A = AgV A1V As is constantly
getting shorter, or it remains the same while ¥, or
W, is increasing

so that finally W5 is returned as the M2DNF of A.

Definition and theorem
Let
o Ay = [V¥1...7] be a DNF with ¢ > 0
o Ay = [Vuy...4n) be a M2DNF with n > 0
o Ao = [Vitni1.. fintm] be a M2DNF with m > 0
such that

V] ife=0 1.
o U, = { V1 fiepin] i e > 0 is a M2DNF
e Uy := Ay V Ay = [V finflnil--fintm] 1S a
M2DNF.

Then we define
mrec (Ag, A1, Ag)
according to the table at the end of this chapter.
Then it holds that
o mrec (Ao, A1,Az) & Ag VALV Ay
o mrec (Ag, A1, Ag) is a M2DNF.

The definition of mrec immediately allows to de-
rive:
e An implementation of the M—Procedure:
Definition
M-Procedure (A) := mrec (A, [V], [V])
for every DNF A.
Theorem
M~-Procedure (A) is a M2DNF of A, for every DNF
A.
e A M2DNF normalizer:
Definition
m2dnf (p) := M-Procedure (dnf (¢))
for every formula ¢
Theorem
m2dnf () is a M2DNF of ¢, for every formula .
e A special fast disjunctor:
Definition
dnf-or-m2dnf (A1, Ag) := mrec (Aq, [V], Ag)
for every DNF A; and M2DNF As.
Theorem
dnf-or-m2dnf (A1, As) is a M2DNF of A; V Ao,
for every DNF A; and M2DNF As.

Proof of the correctness of mrec

We want to proof that mrec is well defined and does ex-
actly what is told. This proof actually comprises four



parts:

(I) mrec is well-defined: in any case the recursion calls
itself, the conditions of the definition must hold.

(IT) mrec terminates: the algorithm has to terminate
after a finite number of steps for every permitted in-
put.

(III) mrec (Ag, A1, Ag) is a M2DNF.

(IV) mrec (Ao, Al, Ag) <~ AO \Y Al \ AQ

When we start with AY = Ay, A} := A;, and
AY := Ay, the application of mrec initiates a sequence
mrec (A, AY, A9)

= mrec (A}, Al, Al)

— mrec (A}, A%, A3)

= mrec (Aj, Aj, AL)
— mrec (AL, AT, AGH)

For the proof of (I) we will need two lemmas, where
the first one was mentioned earlier, and the second one
is quite obvious:

Lemma 1 Every DNF of length 0 or 1 is a M2DNF.
Lemma 2 If ¥ C ¥’ and ¥’ is a M2DNF, so is V.

(I) Proof that mrec is well-defined

Each step of the recursion has the general form

mrec (A}, AL, AY)

[ ATV AL in case (1)

B { mrec (AT, AT AT in case (2) or (3.x)
We need to show by induction that the recursion step
i+ 1 is well defined, in other words that the condi-
tions for Wt and Wit of the definition are met. In
particular we have:

(2) witt = {V}W} fe>1 } is a M2DNF
(Lemma 1)
WS = [V g in] = W is a M2DNF (induc-
tion)
(3.1) it = {V]w] Fee1 } is a M2DNF
(Lemma 1)
\Iféﬂ = VUL i1 pinem] = Ph is a

M2DNF (induction)

, [V] ifc=land m=1
(3.2) Wt = [Vipie] ifc=landm>1 } is
[VA2] ife>1

a M2DNF (Lemma 1)
Ui = [V in] = U is a M2DNF (induc-
tion)

16 asymmetric and transitive

(3.3) Wit = { Vol ife>1 } is a M2DNF
(Lemma 1)
\11§+1 = V1 finping1efnim] = P4 is a
M2DNF (induction)

(3.4) W = [Vyy 1. finfing 1] is a M2DNF because
Vyip...pn] = V3 is a M2DNF (induction),
Vi finpins1] € U4 is a M2DNF (Lemma 2)
and [Vy1finy1] is minimal. Wit = W) is a
M2DNF (induction).

(35) Titl = { Vo ife=1 } is a M2DNF

' L [Vyo] ife>1
(Lemma2)
Uit € WY is a M2DNF (Lemma 2)
i+1 [Vy] ife=11 .

(3.6) Wit = { oal ife>1 } is a M2DNF
(Lemma 1)
Ut = [V g i) = U5 is a M2DNF (induc-
tion)

i+1 [\/"}/ﬂ ife=1 .

(3.7) witt = Vo ife>1 } is a M2DNF
(Lemma 1)
Uit = W is a M2DNF (induction)

(3.8) same as (3.4)

(3.9) same as (3.4)

Thus, mrec is well-defined.

(IT) Proof that mrec terminates

iff
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We define the following strict order'® = on the set of
all DNF triples:

(A07A17A2) - (Aé)vAllaAé)
vol (AL V ALV AL) < vol (Ag VAV AR)

or
vol (AL V ALV AL) = vol (Ag V Ay V Ay)
and
lg (Ap) < lg (Ao)
or
vol (AL V ALV AL) = vol (Ag VAV Ag)
and
Iy (A%) = lg (Ao)
and

lg (A3) < lg (A2)

Obviously, every chain

(A, AL, AZ) = (AG, AL, AJ) = .= (Af, AL AY) = ...
has to terminate. And because the following table
shows that

indeed for every ¢ for which the triple ¢ 4+ 1 is defined,




we have proven that mrec (Ao, A1, As) terminates for (IIT) Proof that mrec (Ao, A1, Az) is a M2DNF
every permitted input.

The algorithm terminates if and only if Ag = [V]. And
Case vl (AFFT v ATFT v ATFT) g (AT | g affh then it returnes Ay V As =: ¥y which is a M2DNF.

@) vol (Ah v AL v Ab) g (Af) -1 —

(IV) Proof that mrec (Ag, A1, As) & Ag VALV Ay

(3.1) vol (A} v AL v AL) — g (v1) — -
with lg (v1) > 0 .

S In each recursion step the components only change
(3.2) vol (Al V AT V AL) — g (Hp41) — —

with Ig (jp 1) > 0 their order or they are replaced by equivalent compo-

(3.3) vol (A v ALV AL) — g (1) _ _ nents. All these operations don’t change the semantic.
with lg (y1) > 0

(3.4) vol (Af v AL v AY) Ig (A}) g (Ay) —1 end of proof.

(3.5) vol (Af VAL VALY — g (v1) — 1

(3.6) vol (A% v AL v AL —1

(3.7) vol (A) v Al val) -1 — —
(3.8) vol (A§ v AL v AL) Ig (Af) lg (AY) —1
(3.9) vol (A§ v AL v AY) Ig (A}) lg (A) — 1
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mrec ([Vy1...7e], Vi pn], [Vitng1 . fingm])

mrec ([Vyz...

mrec ([Vyz...

mrec ([Vyz...

mrec ([Vyz...

mrec ([V71...

mrec ([Vyz...

mrec ([Vyz...

mrec ([Vyz...

mrec ([V71...

mrec ([V71...

[\/Nl e 1. -Hn+'m}

Vel [V], [Vyi .. pin])

'Yc]v [\/]7 [\/N1~~-an//n+l-~~,un+m])

Yebnt2--fntm]s V], VY11 phn])

'Yc]v [\/]7 [\/Ml ~~-an1/n+l-~,un+m])

’Yc]7 [\/Mln-un,uzn+l]7 [\/Mn+2--~un+m])

Yey'Ts [V (Vi oo it 2 pintm])

Yeltn1tn+2.fintm], V], [Vy1pn .. pn])

%’Yﬂ, [\/}7 [\/Ml ~~~Nn,un+l-~~,un+m])

Yels [Vt -pin o], [V pint2. i gm])

70]7 [VM1~--MnMn+1]7 [\/N'rz+2--~ﬂn+m])

ife=0

ife>0and m=0

if ¢ >0 and m > 0 and
zmin (71, pnt1) = (“N000”, [V ftn+1])

if ¢ >0 and m > 0 and
amin (Y1, int1) = (“NOOP”, [Vy1])

if ¢ >0 and m > 0 and
zmin (1, pnt1) = (“NOPO”, [Vin41])

if ¢ >0 and m > 0 and
Tmin ('Yl,,ufn+1) = (“NOPP”, [V'YI,UWH—I])

if ¢ >0 and m > 0 and
zmin (Y1, pnt1) = (“N1007, [V4'])

if ¢ >0 and m > 0 and
amin (71, fin+1) = (“N1OP”, [Vy1p541])

if ¢ >0 and m > 0 and
zmin (Y1, int+1) = (“N1PO”, [VA] tint1])

if ¢ > 0 and m > 0 and
amin (71, pint1) = (“NIPP”, [Vy1pini1])

if c>0and m >0 and
amin (Y1, nt1) = (“NMNN”, [Vy1 tint1])

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)
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11 The completeness theorem
and the P—Procedure

The completeness theorem

The M—-Procedure generates a M2DNF of a given DNF.
But actually we are much more interested in a P—
Procedure to derive the PDNF. In this chapter we
will formulate the completeness theorem that gives
us necessary and sufficient criteria for which a M2DNF
is a PDNF by means of the covering concept, and that
will be the foundation for the P-Procedure.

Definition
A DNF A is called factor complete or f-
complete, iff v C A for every factor v of A.
In other words, A is f-complete iff every prime factor
of A is a component of A (i.e. A, C A where A, is
the PDNF of A).

Examples
e [V] is f-complete in a trivial way, because it has
no factor.
o [V[A]] is f-complete, because every NLC ~ is a fac-
tor, v = [A] and so v C [V[A]].

Definition
For a DNF A we define C' Primes(A) to be the DNF
which components are the c—prime factors of all the
complementary and minimal pairs of components of

A. Thus:'”

Algorithm CPrimes([Vy1...7s])
begin
A= V] ;

fori:=1ton—1 do
forj:=i+1ton do
if [V75v,] is complementary minimal with the
c—prime factor ~/
then A" := A"V [Vv'] ;
return A ;
end.

Example
A = [V[AB][ABC]IAAC]] contains three pairs
of components that are complementary minimal,
namely
e [AAB] and [AB
e [AAB] and [ANAC
e [ABC] and [AAC
So C'Primes(A) =

. Their c—prime factor is [NAC].
with c—prime factor [ABC].
with c—prime factor [ANAB].

V[AAC][ABC][AAB]]

Definition
A DNF A is said to be complementary prime
complete or c—complete iff CPrimes(A) C A.

Example
Again let A = [V[AAB]ABC|AAC). A is
not c—complete because, for example [AAC] €
CPrimes(A), but [ANMAC] Z A and thus
CPrimes(A) Z A.

Theorem
Every f-complete DNF is c—complete.

Proof
Easy, since every c—prime factor of a pair of comple-
mentary minimal components is a factor.

Corollary
e [V] and [V[A]] are c—complete.
e Every PDNF is c—complete.

Now we are able to state the central completeness the-
orem:

Theorem (Completeness)
For every DNF A the following statements are equiv-
alent
(i) A is a PDNF
(ii) A is a f-complete M2DNF
(iii) A is a c—complete M2DNF

To proof this, we first proof two lemmata:

Lemma 1

For every DNF A and NLC v with At (A) C At ()
there is v = A iff y C A.

Proof

Let v/ € A. With At (A) C At (v) we have

At (7') C At (). So there are exactly two differ-

ent possibilities:

e cither 4/ C ~, and then v = 4/, and so y C A

e or v Z ~, and then there must be (at least) one
literal A € 7/ with X € v, so that [Ay9] < 0

We can now proof that v = A iff y C A

e Suppose that v = A. Because v < 0 for every
NLC ~, there must be at least one 7/ € A such
that [Ayy'] ¥ 0. But this implies that 4’ C v and
v EA.

e Suppose that vy £ A. Then there is a v/ € A with
~v =+ by definition, and so v = +' = A.

Thus: v = A iff y C A.

17 Again A1 V Az denotes the simple concatenation of two DNF’s.
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Lemma 2
If A is a c-complete M2DNF and « a factor of A,
then v C A.

Proof
Suppose ¥ = [AA1..An]. We put {aq,...,a.} =
At (A) — At (). (The aq,...,aq are uniquely de-
fined if we demand that oy < ... < «,. But in fact
their order is of no importance here.)
We are going to proof that v £ A by induction on
a.
e Suppose a = 0.
Then At (A) C At (). And since 7 is a factor and
v = A, there is v C A according to lemma 1.
e Suppose a > 0.
We put 7o := [AX1... a7 and 71 = [AA... A\p]
so that v = [AA1..\n] < [Vy071]. By virtue of
the induction it holds that v C A and v; C A.
So there must be 7(,7] € A such that vg =
(i,e. v € 0) and 11 = 7] (ie. 71 C 71). We
distinguish the following three cases:
e First case: a7 & 7.
Then v, C 79 C v and so v = 7{, and that
means that v C A because 7} € A
e Second case: a1 € 7).
Similar to the first case, v, C 70 € v and so
again v C A.
e Third case: a7 € 7, and a1 € 7].
In this case (), and 1 have exactly this one com-
plementary literal, and that makes them com-
plementary NLC’s. And since A is a M2DNF
and 7, and 7] are components of A, they must
be a minimal pair. So, v) = [Am...Tpa107...0]
and v{ = [Am..mpaq71...7¢] with p > 0, s >
0, t >0, {o1,..c,06y N {r1,...,n} = {} and
{T1, e, Tp 015y 06, T, ey € {0, AR}
v, = [ATy..mp01...05T1 ... T¢] 1S the c—prime fac-
tor of 7, and 4] and so 7., C ~, that is v = ~..
A is c—complete, so v, C A and that means that
v EA.
Thus, v C A in each case.

Now we are able to give the whole proof of the com-
pleteness theorem:

Proof (Completeness Theorem)
(i) implies (ii)
Every PDNF is both f-~complete and pairwise min-
imal, as we already proved.
(ii) implies (i)
Let A be a f-complete M2DNF. Suppose that A
is not a PDNF. So there must be a component
v € A that is not a prime factor of A. Since A

is f-complete, there must be a 4’ € A with y='.
But in that case min (v,7') = [V4/] so that A
wouldn’t be minimal, different to the initial as-
sumption. Thus, every f-complete M2DNF must
be a PDNF.

(ii) implies (iii)
Let A be a f-complete M2DNF. If there is a com-
plementary and minimal pair 7, and yr of com-
ponents in A and their c—prime factor is v, then
v = [Vyrvr] = A, so that v is a factor of A.
Because A is f-complete it holds that v T A. So
A is c—complete.

(iii) implies (ii)
Let A be a c—complete M2DNF and « be any fac-
tor of A. According to lemma 2 there is v C A.
So A is f—complete.

Summary: (i) iff (ii) iff (iii)

The P—Procedure

Lemma 3
VyLYr] € min (vr,vYr), for any two NLC’s vy, and
LY YL, Yy v
TR

Proof
min (v, Vr) is
o cither of length 1, thus of the form [V+'], and then
YL =7 and 7g =/
o or of length 2, thus of the form [V~}~%], and then
L = 7y and Yr = Vg
So there is always [Vyryr] & min (YL, VR)-

Lemma 4
A C M-Procedure (A) for every DNF A.

Proof

In every step of the M—Procedure two components
~vr and g of A are replaced by the components
of min (yr,vr). Let A’ be the result of this
replacement. Because [Vyryr] & min (yr,VR)
(Lemma 3) there is A T A’ and thus A C
. C M-Procedure (A). L is transitive, so A C
M-Procedure (A).

Lemma 5
Let A; be a DNF and A; be a M2DNF. If
M-Procedure (A1 V Ag) &= Ay, then A C Ay.

Proof
Because M—Procedure (A1 V Az) = Ay and Lemma
4, there is A1 V Ay C Ag and thus Ay C As.

Now, we have all the ingredients to implement the P—
Procedure that transforms any DNF into its PDNF. It
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is standing on two feet: the M—Procedure and the com-

pleteness theorem, that guarantees us that a M2DNF

A is a PDNF iff CPrimes (A) C A. Because of lemma

5 it follows that for a DNF A and II := CPrimes (A)

holds:

e if M—Procedure (I V A) ~ A, then A is a M2DNF
with II C A and thus A is a PDNF.

We use this to implement the P-Procedure
that generates for a given DNF A a sequence
ALV A2 T2, AL I AL TTE, L. where

o Al:= M-Procedure (A)

o II' := CPrimes (A?)

o Al = M-Procedure (II' V A?)

We know that A & Al & ... & A’ & ... So, if there
is a fixpoint z with A* ~ A*T! (and thus A* ~ A*tn
for all n), A* has to be the PDNF of A. Thus, the only
thing that is left to be proven is that such a z actually
exists for every DNF A.'® But first we formulate this
implementation of the P-Procedure properly:

Algorithm P—Procedure (A)
begin
1:=1;
Al := M-Procedure (A) ;
repeat
IT* := CPrimes (AY) ;
i=itl;
A" := M-Procedure (II'=1 v A*=1) ;
until A* =~ A1
return A ;
end.

The following theorem will enable the proof that the
P-Procedure terminates for every input DNF A.

Theorem
C is a (partial) order on the set of all M2DNF’s in
the following sense:
e L is reflexive
e [ is transitive

e L is anti-symmetric: Ay E Ay and Ay C Ay im-
plies Al ~ AQ

Proof

We stated earlier that C is a quasi—order on the set
of DNF’s. It remains to show the anti-symmetry:
Assume that A; C As and Ay C Ayq, but Ay % As.
That would mean the existence of a v € Ay with
v & Ay (or the other way round). Since Ay T Ay
there must be a v/ € Ay with v = 4. On the
other hand A, T A; implies the existence of a
~" € A; with v/ = +”. But then v = +”, and
min (v,7"”) = [Vv"], and that contradicts the as-
sumption that A is pairwise minimal.

Proof (Termination of the P-Procedure)
The sequence A AZ .. AL A ..
Procedure generates, is finite because:
(i) The set {AY, A% .. AL AP} is finite. For ev-
ery DNF A there is At (CPrimes (A)) C At (A) and
At (M—Procedure (A)) C At (A) and so At (A?) C
At (A) for every i. But since there is only a finite
number of NLC’s on a finite atom set and M2DNF’s
don’t have any two equal components, there is only
a finite number of M2DNF’s on a finite atom set.
(ii) A' © A? C A% C ... because for every i
1,2,3, ...

o A' C IT' v A following immediately from A’
I’ v A

o II' V A® T M-Procedure (II' V A?) according to
lemma 4

and so, since C is transitive:

e A'C M-Procedure (II' V A?) =: Ait1

Thus, for every sequence A' T A2 C A3 C ... there

must be a z such that A* ~ A" ~ A**2 = .. and

this is the condition for the algorithm to terminate.

that the P-

C

We summarize:

Theorem
P—Procedure (A) is the PDNF of A, for every DNF
A.

18There is even an apriori upper bound for z, namely the number of atoms in A. But in average applications z is actually very

small and quite independent of the number of atoms.
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12 * Implementation of the P—

Procedure

Our implementation of the P-Procedure comprised
three operations: the M—Procedure, the generation of
CPrimes and the ~—decision. But instead of per-
forming these operations subsequently, we can merge
them into one single step and increase the speed of
the algorithm considerably. Instead of first construct-
ing the M—Procedure by using min and afterwards
generating all the c—prime factors, we could imme-
diately combine these by using prim instead of min,
since “prim = min + c—prime”. We define a recur-
sive algorithm prec to transform the P-Procedure sim-
ilar to the algorithm mrec by extending its three ar-
guments to four. Ag is the collection of all the c—
prime factors of [V p1],[Vy1 2], [ VY1 0] If required
Az will be attached to Ay such that the property
CPrimes (¥s) C Ap V A1 V Ay V Az is maintained
in every step of the process, so that in the end, when
U, is returned, it is guaranteed to be c—complete.

Definition and Theorem
Let

e Ay = [V¥1...7,] be a DNF with ¢ > 0
o Ay = [Vuy....tn]) be a M2DNF with n > 0
o Ay = [Vipt1-tintm) be a M2DNF with m > 0
o Ay =[Vm...my] a DNF with p >0
o A= AO\/AI \/AQ\/A3
such that [ ] . 0
L V1. hn i c= .
o U, = Vo] if >0 } is a M2DNF
o Uy := Ay V Ay = [Virelinflnglefintm] 1S @

M2DNF
o CPrimes (¥3) C A
Then we define
prec (A07 Al; AQ, Ag)
according to the table at the end of this chapter.
Then it holds that
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® prec (Ao, Al; AQ, Ag) & A
e prec (Ag, A1, Ay, Ag) is a PDNF

A

vy vy

=~ ——
Vo v2eeve] VIV pin] V[V 1 fngm] V[ VL)
—_——— ————— ———————— — —

Ao Ay Ag Ag

Vo

The definition of prec immediately allows to derive:
e A new and faster implementation of the
Procedure:
Definition
P-Procedure (A) := prec (A, [V], [V],[V]) for every
DNF A.
Theorem
P-Procedure (A) is the PDNF of A, for every DNF
A.
e A PDNF normalizer:
Definition
pdnf (¢) := P-Procedure (dnf (¢)) for every for-
mula .
Theorem
pdnf (p) is the PDNF of ¢, for every formula .
e A special disjunctor:
Definition
dnf-or-pdnf (A1, Ag) := prec (A1, [V], Ag, [V]) for
every DNF A; and PDNF A,.
Theorem
dnf-or-pdnf (A1, As) is the PDNF of Ay V Ay, for
every DNF A; and PNDF A,.

P-

Proof (Correctness of prec)
The correctness of mrec and the P—Procedure (in
the first version) have been proved thoroughly. The
correctness of prec can be proven analogue to mrec.
Only the fact that prec always terminates deserves
additional attention, and this is guaranteed by the
correctness proof of the P-Procedure.




prec ([Vy1..vel, Vit pnls Vin 41 tingm], [Var..mp])

prec ([V1.

prec ([Vyz..

prec ([Vy2...

prec ([Vyz..

prec ([Vy2...

prec ([V1..

prec ([Vy2...

prec ([Vyz..

prec ([Vy2...

prec ([Vy1..

prec ([V1...

[V fin i1 i ]
~mpl, [V, Vi1 i i1+ fingm ], [V])

Aem1-mpl, V], VY1 g1 pn]s [V])

Yel V] [V - pin it 1+ intm], [V])

Yels V], [V - pin pong 1o i [V])

'YC'Y/]v [VL [vﬂl-'-ﬂnﬂn+2---ﬂn+M]v [V])

Yerils V] Vi o ptn o1 i), [V])

Yel, Vi1 pnping1]; [Ving2- tintm]s [VTL..mp))

-'Ycﬂn+2-~~ﬂn+m7r1~~~7rp]7 V], [Vy1p1 .. pen], [V])

Aels V1 pimpint1]s Vg2 pingm], [V 7p])

-'YC/'L{,L+1/—Ln+2~~~Nn+m7F1~~~7|'p]7 V], [Vy1p1 ... pen], [V])

Ael, VRt it 1]s [Vin42. ongm], VAT .mp])

ifc=0and p=20
ifc=0andp>0
ifc>0and m=0

if ¢ > 0 and m > 0 and
aprim (v1, pnt1) = (“N0O00”, [Viin41])

if ¢ >0 and m > 0 and

aprim (Y1, pnt1) = (“NOOP”, [Vy1])

if ¢ > 0 and m > 0 and

zprim (Y1, pnt1) = (“NOPO”, [Vunt1])

if ¢ >0 and m > 0 and

zprim (71, pnt1) = (“NOPP”, [Vy1pn1])
if ¢ > 0 and m > 0 and

Ip’m.m (’71’ l‘n+1) = (“NlOO”, [V’Y’])

if ¢ >0 and m > 0 and

xprim (71, pn+1) = (“N10P”, [\/Wlu’nJrl])
if ¢ > 0 and m > 0 and

zprim (Y1, knt1) = (“N1PO”, [Vy] pn1])
if ¢ >0 and m > 0 and

xprim (Y1, pnt1) = (“N1PP”, [Vy1pint17])

if ¢ > 0 and m > 0 and
aprim (v1, pnt1) = (“NMNN”, [Vy1 i 41])
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13

*  Implementation: The
PDNF and the PCNEF sys-
tem

Now we are able to gather the pieces to present the
final PDNF and PCNF systems:

Due to the duality principle we can implement the
PCNF system dual to the PDNF system. All the
auxiliary algorithms (jrec, prec, xprim, prim, and
xprec) are exactly the ones already defined in earlier
chapters, except that they make use of the junctor
variable *, to serve for the PCNF system as well as
for the PDNF system.

In the last chapter we implemented the PDNF nor-
malizer as follows:

pdnf () := P-Procedure (dnf (v))
:= prec (dnf (), [V], [V], [V])

But dnf makes repeatedly use of the distributive
law and multiple occurings of components are not
deleted. The resulting length of the DNF can ex-
plode, even for a simple looking ¢. And instead of

19at least if we consider the worst case

reducing this DNF in a second step by means of
prec, it is in general more efficient'® to define pdnf
as a recursion that operates itself only on PDNF’s.
Besides, that is more elegant. So we don’t define the
final PDNF system as an extension of the earlier de-
fined DNF system, but design it as an independent
one, only similar to the DNF system.

Finally note that:
e The following systems are only precanonic. We men-
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tioned earlier how this can easily be extended to a

canonic system. One can implement

e ord (®) a standard sorting algorithm that rear-
ranges the components of the DNF or CNF ® ac-
cording to the given (or any other) linear order on
the set of NLC’s and NLD’s, so that the result is
an ordered DNF or CNF.

e opdnf () := ord (pdnf (p)) for the unique ordered
PDNF and openf (¢) := ord (penf (p)) for the
unique ordered PCNF of each formula ¢.

e The part with the algorithms on subvalence and cov-

ering can simply be attached.



The PDNF and the PCNF system

The PDNF system: Declaration

The PCNF system: Declaration

The Normalizer

pdnf (¢)
is the PDNF of ¢, for every formula ¢

Conjunctions and Disjunctions

nlc-and-nlc (1, v2)
is the PDNF of [Avy]~v2], for every two NLC’s v and ~g

nle-or-nle (1, v2)
is the PDNF of [Vv1~v2], for every two NLC’s 1 and ~g

nle-and-pdnf (v, A)
is the PDNF of [AyA], for every NLC ~ and PDNF A

nle-or-pdnf (v, A)
is the PDNF of [V~yA], for every NLC v and PDNF A

pdnf-and-pdnf (A1, Ag)
is the PDNF of [AA]Ag], for

pdnf-or-pdnf (Ay, Ag)
is the PDNF of [VA]Ajg], for

pdnf-conj (Ay, ..., Ap)
is the PDNF of [AA7]...Ap],
n>0

for every list (Aq, ...

pdnf-disj ((Aq, ..., An))
is the PDNF of [VA]...Apn],
n >0

for every list (Aq, ..

every two PDNF’s A and Ag

every two PDNF’s A and Ag

,Ap) of PDNF’s with

., Ap) of PDNF’s with

The Normalizer

penf (¢)
is the PCNF of ¢, for every formula ¢

Conjunctions and Disjunctions

nle-or-nld (81, 82)
is the PCNF of [V§145], for every two NLD’s §1 and 8o

nlc-and-nld (81, 62)
is the PCNF of [Ad8762], for every two NLD’s §1 and g

nld-or-penf (5, T')
is the PCNF of [V4T], for every NLD § and PCNF T'

nld-and-penf (8, T)
is the PONF of [AST], for every NLD § and PCNF T’

penf-or-penf (01, Tg)
is the PCNF of [VI'1I'g], for every two PCNF’s I'y and I'y

penf-and-penf (', Tg)
is the PCNF of [AT1 T3], for every two PCNF’s T'y and T'y

penf-disj (', ..., T'n))
is the PCNF of [VI';...T'p], for every list (I'y,

penf-conj ((I'y, ..., T'n))
is the PCNF of [Al'1...I'p], for every list (I'y,

...,Tp) of PCNFE’

...,T'p) of PCNF’

s with n >

s with n >

The PDNF system: Implementation

The PCNF system: Implementation

pdnf ()
VInel] if ¢ is
vl if o =
VAl if o =
VIA=a]] if o =
[VIAL if o =
V] if o =
pdnf (') if o =
pdnf-disj ((pdnf (=p1), ..., pdnf (=¢n))) if ¢ =
pdnf-conj ((pdnf (=¢1), -, pdnf (=en))) if o =
pdnf-cong ((pdnf (¢1), ..., pdnf (¥n))) if ¢ =
= pdnf-disj ((pdnf (1), ..., pdnf (¢n))) if p =

pdnf-and-pdnf (pdnf (1), pdnf (m¢2)) if o =
pdnf-or-pdnf (

pdnf-and-pdnf (pdnf (p1), pdnf (—¢2)),

pdnf-and-pdnf (pdnf (~1), pdnf (92)))  if ¢ =
pdnf-conj (pdnf (¢1), -, pdnf (¥n)) if p =
pdnf-disj (pdnf (£1), .-, pdnf (¢n)) if p =
pdnf-disj (pdnf (=p1), ..., pdnf (men)) if o =
pdnf-conj (pdnf (=¢1), ..., pdnf (men)) if o =
pdnf-or-pdnf (pdnf (=¢1), pdnf (¢2)) if p =
pdnf-or-pdn (

pdnf-and-pdnf (pdnf (¢1), pdnf (¢2)), .

pdnf-and-pdnf (pdnf (me1), pdnf (=@2)))  if ¢

nlc-and-nle (v1, ¥2)

= jrec (71, v2, [A])

an atom

0

1

—«a and « is atom
-0

-1
ﬁﬁ(pl
—[Ae1.en]
S[Veq ...
~[Re1.enl
—[Ver..on]
—ler — w2l
—ler < w2l
N1 on]
[Ve1...on]
[Req

V1

-onl
-pn]

[p1 — w2l

[p1 < »2]

penf (@)
[A[vel] if ¢ is an atom
[ALVI] if =0
[A] if =1
[A[V=al] if ¢ = —a and a is atom
[A] if o = =0
[ATVI] if o =1
penf (') if o = -’
penf-disj ((penf (=1), -, penf (men))) if o = -[Apy...0n]
penf-cong ((penf (1), ..., penf (men))) if o = = [Ver...on]
penf-conj ((penf (@1), -+, penf (¥n))) if o = =[Ae1--.0n]
_ ) penf-disj ((penf (#1), -, penf (¥n))) if ¢ = 2[Vei...on]

penf-and-penf (penf (¢1), penf (—w2)) if o = =1 — w2]
penf-or-penf (

penf-and-penf (penf (1), penf (—¢2)),

penf-and-penf (penf (—@1), penf (£2))) if o = ~[p1 < @2l
penf-conj (penf (@1), .-, penf (¢n)) if ¢ =[Ap1--.¢n]
penf-disj (penf (p1), ..., penf (pn)) if o = [Vpq...0om]
penf-disj (penf (m1), ..., penf (mon)) if o = [Apq1...0m]
penf-conj (penf (m@1), -, penf (—en)) if ¢ = [Ver...on]
penf-or-penf (penf (—@1), penf (92)) if o = [p1 — ®2]
penf-or-penf (

penf-and-penf (penf (1), penf (¢2)),

penf-and-penf (penf (mp1), penf (m92))) i ¢ = [p1 < 2]

nld-or-nld (81, 53)

:= grec (81, 62, [V])
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nlc-or-nlc (1, v2)

= prim (v1,v2)

nle-and-pdnf (v, V1 ---vn])

:= pdnf-disj ((nlc-and-nlc (v, v1), --., nlc-and-nlc (v, yn)))

nle-or-pdnf (v, A)

= prec ([V~], [V], A, [V])

pdnf-and-pdnf ([Vy1...vn], A)

:= pdnf-disj ((nlc-and-pdnf (v1, A), ..., nlc-and-pdnf (vn , A)))

pdnf-or-pdnf (A1, Ag)

= prec (Ay, [V], Ag, [V])

nld-and-nld (51, 83)

= prim (61, 89)

nld-or-penf (8, [AS1...8n])

:= penf-conj ((nld-or-nld (8, 81), ..., nld-or-nld (8, 6n)))

nld-and-penf (8, T')

= prec ([A8], [A]L T, [A])

penf-or-penf ([AS7...6n],T)

:= penf-cong ((nld-or-penf (61, T), ..., nld-or-penf (6n,, T)))

penf-and-penf (T'q, T'g)

= prec (T, [A], T2, [A])

pdnf-conj (A, ..., An)) penf-disj ((T'1, ..., Tn))
[VIAl iftn=0 [AIV]] ifn=0
={ ifn =1 LB ifn=1
pdnf-and-pdnf (Aq, pdnf-conj ((Ag, ..., Ap))) if n > 1 penf-and-penf (1, penf-disj (T2, ifn>1
pdnf-disj ((Ay, ..., An)) penf-conj ((T'1, ..., Tn))
[V] ifn=0 [A] ifn=0
= Aq ifn =1 = ry ifn=1
pdnf-or-pdnf (A1, pdnf-disj ((Ag, ..., Ap))) ifn > 1 penf-and-penf (T, penf-conj ((Tg, ..., Tp))) ifn>1
Auxiliary algorithms
s Y EZ Jeeeem
gree (¥ A1 Anl, [¥A] AT [engpg])
Flrpq - mp Ay A0 ifn=0
[Fl*pq b A1 Anl] ifm=0
gree ([#Xg . An ], X)X L [ep o A1) if n > 0and m > 0and [X| < |\]]
- grec ([#A1 .. Anl, (xX5 .0 AT, [epq o opg A D) if n >0 and m > 0and [A| < ||
grec ([xAg... An], [=X5 . A1, [*pq w2 1]) if n >0 and m > 0and \; = A}
¥ if n >0 and m > 0and X\| = A}
prec ([xv1--.vels [*p1-pmnls Fppg1 - Bptm] x71-mp])
[CY TSR TL Y TTe oy ifc=0and p=0
prec ([xmp...mpl, [*], [*p11 - Hnpp 1 --Bpgm]s (%] ifc=0andp >0
prec ([xy2--.vem1--mpls [¥]s [xv1p1 - punds [*]) if ¢ >0 and m =0
prec ([xv2-..vels [%], [*p1 - ctn g1 Bpgm]s [x]) if ¢ >0 and m > 0 and aprim (y1, Hpy1) = (“NO00”, [*p4p, 1 1])
prec ([x¥2- - Yekn42 Hntm ™1 7pl ¥ ey1ipmg - pnl, [¥]) if ¢ > 0 and m > 0 and aprim (v1, kp41) = (“NOOP”, [xy1])
prec ([xv2-..vels [%], [*p1 - ctn g1 Bpdm]s [x]) if ¢ >0 and m > 0 and zprim (v1, ppy1) = (“NOPO”, [*ppy 1 1])
= prec ([xy1---vel, [¥p1-nbng1]s un o tppml, 71 7p]) if ¢ >0 and m > 0 and zprim (v1, pp41) = (“NOPP”, [xyq 4 1])
prec (lxvg-vey s ¥ [p1 - BB g o iy gm ]y [¥]) if ¢ > 0and m > 0 and aprim (v1, pp41) = (“N100”, [x~'])
prec ([*72"'76M;L+1“‘n+2"'“n#»mﬂl"'ﬁp]: %], ¥v1p1--mn], [¥])  if ¢ > 0 and m > 0 and aprim (Y1, pyq1) = (“N1OP”, [WW;LH])
prec ([+v2-- e ] ] (%1t b 1 b ] [¥]) if ¢ >0 and m > 0 and aprim (v1, ppy1) = (“NIPO, [+7] iy 1])
prec ([#71--vel, (op1 - tin b 1]s Db go- i fpm s [Frmyomp]) if ¢ > 0and m > 0 and aprim (v, pip41) = (“NIPP”, [xvy1 iy 41 7))
prec ([xv1---vels [*p1 - wnpp 1] Frpg2- - Bpgpm] [x71-.7p]) if ¢ > 0 and m > 0 and aprim (v1, ppy1) = (“NMNN”, [xy3 py4q])

prim ([*X1...Az], [*,\’1,4,&]])
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:= @, where @ is defined by (&, ®) := aprim ([*A1...Ag], [*>\’1...>\;])

zprim ([*A1...Az], [*A’l..)\’y])

i= aprec ([+], [*X1... Az ], [*], [*A] . AL ], [%], [%], [%],0,0,0)

algorithm  aprec ([¥X1..-X;], [#X ;41 Azl [*,\/I.A.A;v], [*A;Jrlmxfy], [xm1.ma], emlomp ], el ] s, )

begin
if r>1
then (“NMNN”, [?[*Alu)\ixi“.,.AI][*A’I...)\QA;H.,.)\;]])
else if ¢ =1
then if r = 0
then if s =0
then if (j =y and t = 0)
then (“NO000”, [F[*A1...2;]])
else (“NOOP”, [F[*X1...2;]])
else if (j = y and t = 0)
then (“NOPO”, [?[*A’l,.,xg.]])
else (“NOPP”, [7[*)\1...Ai][*)\/l...A;.)\9.+1...A(y]])
else if s = 0
then if (j = y and t = 0)
then (“N100”, [F[*71...7q]])

else (“N10P”

[?[*AlA.A/\i][*ni,A,nl’)/\;JrlA.A/\;]])

else if (j = y and t = 0)

« ” | ’ N ’
then (“N1PO”, [¥[xmq...wa][*X] ... AFAS Ly AL 1D
else (“N1PP”, [?[*Al.,)\i][*k'l,..)\;->\;+1,.,A;][*wi'.,.w":'k;_'_l,.,A;I]])

else if j =y
then if r = 0
then if t = O
then (“NOPO”, [?[*All..)\;.]])
else (“NOPP”, [?[*Al.,.Aiki+1..>\z][*>\'l...A;]])
else if t = 0
then (“N1P0”, [?[*ﬂ'l.“‘lraki+1.A.Az][*)\a,“)\‘;]])
else (“N1PP”, F[*Al...)xi/\i+1...)\z][*)\l1...A.;][rmrlll...ﬂlclz\i+1...)\m]])
else if [N;41] < \A;+1\
then aprec ([*X1.-. A XA i11], [¥Xi 4o Az, [*A’IMA;], [*)\‘;+1,“)\;], BemyomaXNiprls ol oomp], Bemdom N q) s + 1, 8)
’
else if [N 1] < [XNiqal
then aprec (e X1 X1, [eX g1 Aa ], AL XA L1 BN o AL ey oma ], e o Mg T e om X ] s, b+ 1)
else if i1 = Aj41
then aprec ([¥X1.- X Nip1]s [*Xiqo- Azl [*)\/1,“)\;.)\9#’1], [*)\9#’2“.)\;], [xmy o maXip1ls [*ﬂ'i,“ﬂ'é/\;+1], [*ﬂllluﬁrgx\‘;+1], r, s, t)

else aprec ([xA1---X;], [*X 42 Ax], [*Aa...ké], [*,\3.+2...,\’y], [xmy.omals [emomp], Donl/om ] r 4 1,08, 8)
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