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ABSTRACT. This paper explains the logical foundations, proof strategies and termination
criteria of the program “FOL-Decider” that decides for every formula of pure first-order
logic without identity whether it is refutable. It is proven that the FOL-Decider terminates
and it is explained why it is not quite correct.

CONTENTS
1. Introduction 1
2. Preliminaries 2
3. DBasic Idea 5
4. NNF-Calculus 6
5.  Searching for AI-minimal Proofs 11
5.1.  Al-minimal Proofs 11
5.2. Parameters of a Al-minimal Proof Search: L, p, and sub 12
5.3. Al Applications 20
5.4. Extending L’ and sub’ 25
6. Termination: Loop List 27
7. Output 39
8. Effective Proof Search 40
9. Correctness 41
Acknowledgements 42
References 42

1. INTRODUCTION

This paper explains a decision procedure for first-order logic formulas without names, func-
tions or identity (FOL) and discusses its validity. The FOL-Decider is an implementation
of the algorithm described in this paper, with the purpose of evaluating the algorithm’s
feasibility. It is programmed in the Wolfram Language of Mathematica. This language
permits a rather plain and transparent implementation. Only a slight effort has been made
to optimize the decision procedure. This is because the intention is for the FOL-Decider
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to serve as a proof of concept (PoC) that focuses on the logical principles of the decision
procedure rather than on its optimization. For this reason, the FOL-Decider is, in general,
still slower than well-known logic engines such as Beagle, Darwin, i-Prover, E, Vampire and
SPASS. Short formulas with infinite models only, however, constitute a verifiable exception
(cf. p. 38). The FOL-Decider accepts the TPTP syntax and runs under the TPTP site.
It was tested with all FOL formulas in the TPTP library with fewer than 20 atoms, as
well as other formulas. The restriction to formulas with fewer than 20 atoms is due to the
disadvantageous properties of the FOL-Decider with regard to fast decision-making.

The general approach of the FOL-Decider is nothing special. Like all logic engines,
it intends to refine the search for proofs within a correct and complete calculus to the
effect that redundant and unnecessary application of deductive rules are avoided whenever
possible. At best, satisfiability can be proven by showing that an exhausted (fully saturated)
optimized proof search. The problem with any optimization of the proof search is to preserve
correctness and completeness. Termination must not be achieved on the cost of these
properties; this has to be proven in the case of any optimization of the proof search. The
FOL-Decider is a special version of a saturation algorithm, which provides a sufficient
criterion for termination based on a new proof strategy. According to the Church-Turing
theorem, such a procedure cannot be correct. I will point out where the procedure fails.

In contrast to powerful logic engines, the FOL-Decider does not make use of unification
algorithms based on skolemization as it is usual for engines based on resolution or tableaux.
The proof search strategy used in the FOL-Decider is designed to detect superfluous repeti-
tions of isomorphic proof steps in a proof search. In a proof search based on skolemization
the depths of nested skolem functions may increase to infinity. Considering Krom-Horn
clauses it is rather obvious that any attempt to specify a correct termination criterion for the
increasing nesting of skolem-functions must fail, for details cf. [Lampert/Nakano (2022)].
This, however, is not likewise obvious within the proof search strategy of the FOL-Decider
that does not involve increasing nesting of skolem-functions. This proof strategy allows to
specify what constitutes repetitions of isomorphic proof steps without referring to expres-
sions that increase in nesting.

The FOL-Decider is based on a new proof strategy that was developed for the purpose of
specifying a decision procedure for FOL. I call this strategy “the Al-minimal proof strategy
in the NNF-calculus”. It is based on nothing but equivalence transformation within FOL.
This paper explains this new strategy. Section 2 to section 4 introduce the basic relevant
concepts and ideas. Section 5 explains the Al-minimal proof strategy. Section 6 defines
the Loop Crriterion and proves that the FOL-Decider terminates in every case. The final
section, section 9, discusses the correctness of the implemented decision procedure based on
the explanations presented in the previous sections 7 and 8.

2. PRELIMINARIES

The following informal description of the FOL-Decider explains the principles of the im-
plemented decision procedure, and proves its termination and discusses its correctness. I
will focus on the basic principles of the explained decision procedure. I will restrict the
presented explanations to the critical second step of the FOL-Decider. The rather trivial
first step, which concerns the conversion of FOL formulas into disjunctive normal forms of
FOL (FOLDNFsS), is explained in my papers [Lampert (2017)] and [Lampert (2019)]. In the
following, I will invoke some of the essential definitions from these papers without repeating
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the trivial algorithms involved or proofs of the essential theorems. [Lampert (2019)] intro-
duces the proof strategy on which the FOL-Decider is based and illustrates it by applying
it to Herbrand formulas, i.e., a fragment of FOL that is accepted to be decidable. Some
familiarity with [Lampert (2019)] will facilitate a better understanding of the paper at hand
but is not necessary, as I summarize the basics in the following.

[Lampert (2017)] provides some historical, philosophical and logical background con-
cerning the use of FOLDNFs. The described algorithm for minimizing FOLDNFs!, however,
is irrelevant to the following. Only the algorithm for converting FOL formulas into FOLD-
NFs, described in section 2 of [Lampert (2017)], is of importance for the FOL-Decider.
In the following, I will presume the generation of FOLDNFs from initial FOL formulas
and merely provide their definition, which is based on negation normal forms (NNFs) and
primary formulas.

Definition 2.1. An FOL formula is expressed in negation normal form (NNF) iff it contains
only A and V as dyadic connectives and — appears only directly to the left of atomic
propositional functions.

Definition 2.2. Primary formulas are defined as follows:

(1) An NNF that does not contain A or V is a primary formula.
(2) NNFs that contain A or V are primary formulas iff they satisfy the following condi-
tions:

(a) Any conjunction of n conjuncts (n > 1) is preceded by a sequence of existential
quantifiers of minimal length 1, and all n conjuncts contain each variable of the
existential quantifiers in that sequence.

(b) Any disjunction of n disjuncts (n > 1) is preceded by a sequence of universal
quantifiers of minimal length 1, and all n disjuncts contain each variable of the
universal quantifiers in that sequence.

(3) Only NNFs that satisfy (1) or (2) are primary formulas.

Definition 2.3. An FOLDNF is a disjunction of length > 1 of conjunctions of lengths > 1
of primary formulas.

For FOLDNFs, I stipulate that all variables bound by universal quantifiers are x vari-
ables and that all variables bound by existential quantifiers are y variables. This can be
easily achieved by renaming variables.

[Lampert (2019)] describes essential proof strategies for the FOL-Decider and applies
them to a fragment of FOL that is known to be decidable. This fragment consists of
formulas that are convertible into FOLDNFs with primary formulas that do not contain Vv
in the scope of quantifiers. The decision procedure described in [Lampert (2019)] is based
on a procedure that decides, for two literals L1 and L2 of an FOLDNF, whether they are
unifiable. A wunifiable pair of literals is definable via subformulas 1 (cf. Definition 2.4).
I will consider only unifiable pairs of literals of disjuncts D; of an FOLDNF because an
FOLDNTYF is refutable iff each disjunct D; is refutable. Therefore, the decision problem for
an FOLDNF reduces to the decision problem for D;.

Definition 2.4. A subformula 1 is generated from a disjunct D; of an FOLDNF as follows:
(1) Delete all literals in D; except L1 and L2.

IThis algorithm is also implemented as a Mathematica program. Like the FOL-Decider, this program
can be accessed and run via the link given in footnote ?7.
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(2) Delete all quantifiers binding variables that do not occur in L1 or L2.

(3) Delete all occurrences of A and V except the one that connects L1 and L2 in the
logical hierarchy of D;.

(4) If L1 and L2 are connected by V, replace this V with A.

Definition 2.5. A pair of literals {L1, L2} from D; is unifiable iff the subformula v gen-
erated from D; that contains L1 and L2 is contradictory (cf. [Lampert (2019)], section
12).

A pair of literals must be unifiable to contribute to a proof of contradiction.?

[Lampert (2019)] describes a procedure for deciding whether a subformula 1 is refu-
table. The decidability of these formulas also trivially follows from the known decidability
of Herbrand formulas. Thus, the unifiability of a pair of literals is decidable. Finally,
[Lampert (2019)] specifies an algorithm (Algorithm 13.2) that deletes from the disjuncts
D; of an FOLDNF all literals that are not members of any unifiable pair of literals. The
resulting purged FOLDNF is sat-equivalent to the input formula ¢. Furthermore, I assume
that the FOLDNFs are rectified.

Definition 2.6. Purged and rectified FOLDNFs are FOLDNFs with disjuncts D; that
satisfy the following conditions:

Purged: Every literal in D; is a member of at least one unifiable pair of literals from
D;.
Rectified: No variable in D; is bound by more than one quantifier.

During the purging process, literals that are not members of any unifiable pair of literals
from D; are first replaced with sat (for “satisfiable”). Then, as many occurrences of sat
as possible are deleted by applying the following two sat-rules (cf. Algorithm 13.2 from
[Lampert (2019)]):

sat NA g A SAT1
satVA —bgu sat SAT2
Table 1: sat-Rules

Step 1 of the FOL-Decider results in purged and rectified FOLDNFs that are sat-
equivalent to the initial input formula ¢. The universally quantified variables of these
purged and rectified FOLDNF's are x variables with indices of depth 1, and the existentially
quantified variables are y variables with indices of depth 1. Thus, if D; contains m universal
quantifiers and n existential quantifiers, then D, contains the variables x; through z,, and
y1 through y,,. By applying several simple auxiliary rules (cf. table 3), the FOL-Decider also
simplifies the FOLDNFs in this first step. However, the extensive algorithm for minimizing
FOLDNFs described in [Lampert (2017)] is not applied by default for reasons of efficiency.

Henceforth, for brevity, I will simply use the term “FOLDNEFS” to refer to the purged,
rectified and simplified FOLDNF's obtained as a result of step 1 of the FOL-Decider.

21 speak of “proofs of contradiction” in the case of proofs that prove that an initial formula ¢ is con-
tradictory (= refutable). By contrast, I refer to indirect proofs (= proofs by reductio ad absurdum) that
prove the negation of one of the assumptions of a deduced contradiction as “proofs by contradiction”. The
FOL-Decider is concerned not with proofs by contradiction but with proofs of contradiction.
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The refutability of certain initial formulas ¢ can already be decided in step 1 of the
FOL-Decider by virtue of a simple False/sat-check. For any disjunct D; of the resulting
FOLDNF, the DNF matrixz is generated, as defined below.

Definition 2.7. The DNF matriz of a formula ¢ is the scope of a prenex normal form of
¢ in disjunctive normal form (DNF).

If each disjunct of the DNF matrix contains two conjuncts, A and —A (where A is
atomic), then Dj is refutable. If D; does not contain V and it (and, consequently, the single
disjunct of its DNF matrix) does contain a unifiable pair of literals, then it is refutable.
In both cases, D; can be deleted from the FOLDNF. If all of the D; are refutable, then
¢ is refutable. If any disjunct of the DNF matrix of D; does not contain any unifiable
pair of literals from D;, then ¢ is not refutable (i.e., ¢ is satisfiable). Based on this check,
FOLDNF's with disjuncts D; that do not contain V are already decidable.

The algorithms applied in step 1 of the FOL-Decider are explained in the cited papers,
where their correctness and termination are also proven. On this basis, the following (trivial)
theorem can be proven:

Theorem 2.8. The initial formula ¢ is sat-equivalent to its FOLDNF' (= the result of step
1 of the FOL-Decider).

Proof. The proof is based on the fact that all applied rules either (i) are logical equivalence
rules, (ii) are sat-equivalent because only literals that are not part of a unifiable pair of
literals are deleted, or (iii) rely on the described trivial False/sat-check. For details, cf.
[Lampert (2019)]. [

In the following, I consider only the second step of the FOL-Decider, which decides
the refutability of disjuncts D; whose refutability is not already decided in step 1. Such a
disjunct (a conjunction of n primary formulas, where n > 1) contains at least one primary
formula with at least one occurrence of V that is preceded by at least one universal quantifier.
As soon as it is decided that D; is not refutable, the FOL-Decider returns sat; as soon as
all D; are identified as refutable, the FOL-Decider returns False.

3. Basic IDEA

The type of decision-making performed for D; in step 2 of the FOL-Decider is comparable to
that of algorithms for deciding whether certain numbers are finitely representable within a
specific notation. The division algorithm for deciding whether a rational number has a finite
representation within the decimal system may serve as a simplest illustration. If a rational
number is representable by a finite decimal, then the algorithm returns that finite decimal,
e.g., 0.25 in case of i. If it is not, then the algorithm runs in an infinite loop consisting of
infinite iterations of a computational step that yields an output that dictates that the same
computation must be repeated; e.g., it repeats the computation 10 + 3 = 3 with remainder
1 in the case of % Such a loop is detectable and can be utilized as a negative decision
criterion; as soon as the computation enters such a loop, it can be concluded that no finite
representation of that rational number is available in the decimal system. Consequently,
the loop can be abandoned, and the computation terminates with a negative result as soon
as the loop is detected.

In the case of the FOL-Decider, the question to be decided is not the equivalence of a
number to a finite representation within a specific notation but rather the equivalence of a
D; to an explicit contradiction. This question is equivalent to the question of refutability.
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Definition 3.1. An explicit contradiction is an NNF without universal quantifiers and with
a DNF matrix in which each disjunct contains a conjunct A and a conjunct —=A (where A
is atomic).

Thus, e.g., Jy1Ty2(Fyi1y2y1 A 7 Fyi1y2y1) is an explicit contradiction.

If an explicit contradiction is deducible from D;, then the FOL-Decider returns a recipe
for its deduction (it will turn out that this is not quite correct, cf. p. ??). If no explicit
contradiction is deducible from D;, then the steps of the proof computation along each proof
path in the search tree for proofs of contradiction run, roughly speaking®, in a detectable
loop. The criterion for terminating the search for a proof on a given proof path due to
the repetition of a step of the proof computation on that proof path is called the Loop
Criterion. This criterion is defined in section 6, and it is proven to ensure the termination
of the FOL-Decider in the case that no proof is found (cf. Theorem 6.18). If all proof
paths for a D; terminate without a proof of contradiction having been identified, then the
FOL-Decider returns sat.

The general idea of proving that something is impossible by reducing endless iteration
operations to “visual recursions” (loops detected by patterns) was inspired by Wittgenstein’s
ideas on induction (cf. PR VIII-XIX, PG, part II.VI). The FOL-Decider applies this idea
to identify unprovability by detecting loops in the proof search. The task is to define an
algorithm in terms of an equivalence procedure for the application of logical operations of a
correct and complete calculus such that the Loop Criterion can be applied to identify non-
refutable formulas. As will be seen from the definition of the Loop Criterion, this approach
still satisfies Wittgenstein’s main idea of specifying a decision procedure by an algorithm
such that the properties of the resulting expressions — loop lists in the case of the FOL-
Decider — can serve as decision criteria. One might say that unlike in the axiomatic method,
it is not properties that extend beyond logic that are encoded within logical formulas due
to intended interpretations but rather logical properties that are encoded by expressions
of the proper outer form (“a feature” (or pattern) “of certain symbols”, according to TLP
4.126) that result from a purely formal, intended equivalence transformation that does not
reach beyond logic. The [Lampert/Nakano (2022)], however, explains why this idea cannot
serve to decide the whole realm of FOL.

The rationale for the proof strategy underlying the FOL-Decider is to enable the ap-
plication of the Loop Criterion. The proof strategy that shall make this possible is the
“Al-minimal proof strategy”. Before I explain the search for proofs based on this strategy
in section 5, I will introduce the calculus that is applied in the proofs of the FOL-Decider
in section 4.

4. NNF-CALCULUS

[Lampert (2019)] introduces the NNF-calculus and proves its correctness and completeness
(cf. Theorem 3.3. in [Lampert (2019)]). The correctness follows trivially from the fact that
all rules are well-known derivation rules. The completeness is proven by showing that any
proof within the correct and complete tree calculus can be transformed into a proof in the
NNF-calculus. This section summarizes the rules of the NNF-calculus. Its rules are applied
either to NNF's or for the initial generation of NNFs. Connectives such as —, <», and | are

3In fact, computations along proof paths that do not result in a proof are often terminated without
application of the “Loop Criterion” (cf. Example 5.31, p. 27). However, the Loop Criterion ensures that
every proof path will terminate unless a proof is found; cf. section 6.
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eliminated using their well-known definitions immediately at the beginning of step 1 of the
FOL-Decider. In the following, I omit these rules as well as the sat-rules listed in table
1. In addition to the sat-equivalent elimination of literals during the purging process and
the rule for universal quantifier elimination (cf. table 5), the NNF-calculus comprises only
well-known logical equivalence rules. In the following, I assume that A ties more closely
than V.

-—A 4 A DN
-(AVvB) 4 -AA-B DMGV
-(AAB) 4 -Av-B DMGA

AANB 4 BAA COMA

AvB 4 BVA COMvV

(ANB)ANC 4 AAN(BACQ) ASSA
(AvB)vC 4 Av(BVCO) ASSv

ANBVC) = AANBVAANC DIS1
AANBVC = (AvC)A(BVvC(C) DIS2
A 4+ AANA A
Table 2: Equivalence Rules from Propositional Logic

AN-A 4 L IPL1O
AV -A 4 T IPTO
TANA 4+ A IPTI1
TVA 4 T IPT2
1 ANA 4 L IP11
1VvVA 4 A 1P12
(AVB)ANA 4 A IPIA
ANBVA 4 A IPlv
AVA 4 A VI

Table 3: Auxiliary Rules

The auxiliary rules are applied in step 1 of the FOL-Decider to simplify the FOLDNF's.
Like DN, DMGV, DMGA, DIS1 and DIS2, these rules are not applied any further in step 2
of the FOL-Decider. ASSA, ASSV, COMA and COMYV are applied implicitly in the FOL-
Decider by defining conjunctions and disjunctions as “orderless”. Of all the rules mentioned
thus far, only Al is used in step 2 of the FOL-Decider, as will be discussed below. In step
1 of the FOL-Decider, Al is applied only in the unproblematic direction from right to left.

—JuA(p) - Yu-A(p) Def. =3
“VuA(p) "= Fu—A(w) Def. =V
YuvvA(p,v) -+ YoVuA(p,v) vV
uvA(p,v) -+ Fv3pA(p,v) v
VV(A A B(v)) + A AYvB(v) PN1
Vv(B(v) N A) 4+ YwB(v) A A PN2
Vv(AV B(v)) 4+ AV VvB(v) PN3
Vv(B(v) vV A) 4= WYwB(v)V A PN4
(A AN B(v)) 4+ A A JvB(v) PN5
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4= wB) AN A PN6

B(v) N A)
(A V Bv)) 4 AV B ) PN7
W(BW) VA 4 wB)V PNS
VV(A( ) A B(v)) - VrA(v) A VVB( PN9
Jv(A(v) Vv B(v)) -+ 3wvA(v)Vv3IvB(v) PNI10
JuA(p) —+ FvAv) SUB1
(v

VYuA(p) —HF YrA(v) SUB24
Table 4: Equivalence Rules for Predicate Logic

Like DN, DMGV and DMGA, the quantifier definitions Def. —3 and Def. =V are
applied only to obtain NNFs at the beginning of step 1 of the FOL-Decider. Similar to the
associative and commutative laws for A and V, VYV and 3V are applied implicitly in the
FOL-Decider by defining sequences of similar quantifiers as orderless. The application of PN
laws, however, is significant in both step 1 and step 2 of the FOL-Decider. By applying PN
laws from left to right, anti-prenex normal forms can be generated. In anti-prenex normal
forms, quantifiers are driven inward as far as possible through the application of PN laws.
This, in turn, makes it possible to generate optimized prenex normal forms by applying PN
laws from right to left. In optimized prenex normal forms, existential quantifiers are placed
as far to the left of universal quantifiers as possible by means of PN laws (cf. Definition
5.8). This will be discussed below on p. 13 (cf. also [Lampert (2019)], section 6).

SUB1 and SUB2 are applied during the rectification process in step 1 of the FOL-
Decider. To optimize the application of the auxiliary rules, SUB1 and SUB2 are also
applied in step 1 of the FOL-Decider to achieve the opposite of rectification, namely, to use
as few different variables as possible. This serves merely to simplify the FOLDNF's and is
not essential for the decision procedure. In step 2 of the FOL-Decider, SUB1 and SUB2 are
used only for rectification subsequent to the application of Al (from left to right). Unlike in
step 1, in step 2, the depth of the indices is incremented by 1 with each application of SUB1
or SUB2. For example, after Al has been applied once to multiply a universally quantified
expression VuA(u), the variable p is replaced with g in the first conjunct and with pe in
the second. Renaming by increasing the depth of the variables makes it possible to identify
the relations of the variables, literals and pairs of literals that arise from the multiplication
of conjuncts via Al with the initial variables, literals and pairs of literals from the initial D;
in step 2 of the FOL-Decider. Indices of depths > 1 indicate derivates.

Definition 4.1. A derivate of a variable u with an index of depth 1 is a variable that is
identical to p up to indices of depth 1. A derivate of a pair of literals {L1, L2} containing
variables with indices of depth 1 is a pair of literals that is identical to {L1, L2} up to
indices of depth 1.

For example, z1, is a derivate of z1, and {Fx1,y2,, ~Fa3, 2, }is a derivate of {Fz1ys,
-F 1‘3%’2}.

Aside from the sat-rules (cf. table 1), the following rule is the only rule in the NNF-
calculus that is not a logical equivalence rule:

p.. . VVvA(u,v) F JuA(p,v/n) VE
Table 5: Universal Quantifier Elimination

4The following restriction holds for SUB1 and SUB2: v does not occur in A(y).
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For simplicity, it is not required that Vv must occur directly to the right of Ju. It is
required only that Vv be in the scope of Ju. Upon the application of VE, all occurrences
of v in the scope of Vv are replaced with u, and Vv is eliminated. It is also permissible to
replace v with p when du is a new existential quantifier preceding the resulting formula.
I subsume this case under VE. I arbitrarily choose the variable yy as a new y variable and
require that yg does not occur in the expression to the left of - in VE.

Step 2 of the FOL-Decider starts from the D;; then, Al is iteratively applied to univer-
sally quantified expressions. Each application of Al is followed by miniscoping (by applying
laws PN1-8 from left to right) and rectification (by applying SUB1 and SUB2). I denote
anti-prenex expressions that result from Al applications, miniscoping and rectification by
D7. In contrast to step 1 of the FOL-Decider, in step 2, neither DIS1 or DIS2 nor PN9 or
PN10 is applied to generate anti-prenex normal forms D} (cf. also p. 14 below). Strictly
speaking, the application of Al results in a conjunction of identical conjuncts. Henceforth,
however, I subsume miniscoping and rectification under the term “Al application”. Thus,
the resulting conjuncts are not identical because they vary in the indices of the variables
that are bound by quantifiers occurring in the multiplied expression. Since only universally
quantified expressions are multiplied in step 2 of the FOL-Decider, the resulting conjuncts
vary by at least one universally quantified variable. In the case that a proof is found, the fi-
nal D7 is also “purged*”, meaning that literals that are not needed for the Al-minimal proof
are eliminated from D] (cf. Definition 5.6). As long as no final D} has been derived, the
D7 are purged” only for the sake of generating optimized prenexes from purged* anti-prenex
normal forms in the steps of the proof calculation in step 2 of the FOL-Decider; cf. footnote
15 for an example. I denote optimized prenex normal forms generated from purged® D} by
D7*. An optimized prenex normal form D;* is optimal iff it allows an explicit contradiction
to be deduced by applying VE (cf. Definition 5.22 for details). Finally, I use D** to denote
explicit contradictions deduced from D;* by applying VE (cf. figure 1).

Step 2 of the FOL-Decider computes whether explicit contradictions D;** can be de-
duced from the initial D; by applying VE to optimized prenex normal forms D;*; this
computation is performed by applying Al and generating D;. Strictly speaking, VE is
never actually applied in the FOL-Decider. The FOL-Decider merely computes whether
applications of VE subsequent to equivalence transformations would result in a proof of
contradiction. Thus, VE is never applied to formulas that are not refutable. Moreover, in
Al-minimal proofs consistent with the recipe returned by the FOL-Decider, VE will only be
applied to formulas identified as refutable if doing so will ultimately allow explicit contra-
dictions to be deduced. Thus, the decision-making of the FOL-Decider is based on nothing
but equivalence transformations with regard to the property of refutability, which is the
property in question.

There is no need for a rule for existential quantifier elimination in the NNF-calculus.
Unlike in the tree calculus (tableau calculus), quantified expressions are not decomposed
multiple times. Instead, in the proofs of the NNF-calculus, universally quantified expressions
VuA(p) are multiplied by applying AL Consequently, the universal quantifier Yy and its
variable p are multiplied. After rectification and the subsequent suitable generation of an
optimized prenex normal form, the multiplied x variable can then be replaced with different
y variables in literals stemming from different conjuncts by applying VE (cf. Example 4.1,
[Lampert (2019)], p. 7, and the discussion on p. 20 below). I call the process of computing
and applying Al in step 2 of the FOL-Decider “Al-optimization”.
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NNF ¢

|

FOLDNF ¢’
Div...vD,

|

anti-prenex, Al-optimized, purged* D}

|

optimal prenex normal form D;* with a DNF matrix

|

explicit contradiction D;** after the application of VE

Figure 1: Steps of a proof in the NNF-calculus

In the framework of the NNF-calculus, the decision problem for D; consists of defin-
ing a criterion for the Al applications performed to achieve multiplications of universally
quantified expressions that are necessary and sufficient to find a proof of contradiction via
unification by applying VE. In contrast to Definition 2.3 of [Lampert (2019)], which defines
unification for single pairs of literals of a subformula v, the following Definition 4.2 defines
unification for a set of unifiable pairs of literals.?

Definition 4.2. Unification is the result of replacing (universally quantified) x variables
such that identical positions® in a unifiable pair of literals from D} are occupied by identical
(existentially quantified) y variables. A set of unifiable pairs of literals from D} is unifiable
if identical y variables can be made to occupy identical positions in all pairs of literals in
that set by applying a logically valid substitution procedure. A set of unifiable pairs of
literals is unified if all identical positions in all pairs of literals are occupied by identical y
variables.

In proofs within the NNF-calculus, identical positions in literals are unified by applying
VE. Step 2 of the FOL-Decider computes, prior to any application of VE, whether (minimal)
sets of pairs of literals that would suffice to enable the deduction of explicit contradictions

5In contrast to Definition 2.3 of [Lampert (2019)], which implies that unification is a logically valid process
in the case of a single pair of literals, Definition 4.2 does not presuppose that the unification of all pairs
of literals is logically valid. It merely presupposes, in accordance with Definition 2.3 of [Lampert (2019)],
that the unification of each single pair of literals from a set of unifiable pairs of literals in the corresponding
subformula 1 is logically valid. In contrast to the unification of a set of pairs of literals, the unifiability
of such a set presupposes a logically valid procedure according to Definition 4.2. Proofs of contradiction
depend on the unifiability of sets of pairs of literals.

61 identify positions in pairs of literals with respect to the locations of the arguments of the corresponding
predicates of the literals. Thus, 21 and y;1 occur in identical positions in {Fx1, 7 Fyi}.
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D}** are unifiable within the (correct and complete) NNF-calculus through the generation
of D} and D}* starting from D;.

5. SEARCHING FOR AI-MINIMAL PROOFS

5.1. AI-minimal Proofs. In step 2 of the FOL-Decider, the only rule applied that in-
creases the complexity is Al in the direction from left to right. Al is applied to replace a
universally quantified x variable in different conjuncts with different existentially quantified
y variables for the purpose of unification. In step 2 of the FOL-Decider, different proof
paths are generated to enable a systematic search for Al-minimal proofs. Each proof path
is determined by a specific combination of Al applications to unify pairs of literals for the
deduction of explicit contradictions via the application of VE. According to the complete-
ness theorem of the NNF-calculus (Theorem 3.3 in [Lampert (2019)]), a proof based on
Al applications in the NNF-calculus exists if D; is refutable. The search for proofs in the
NNF-calculus can be reduced to a search for Al-minimal proofs.

Definition 5.1. A proof of contradiction in the NNF-calculus is AI-minimal iff each ap-
plication of Al is necessary. A Al application in a proof of contradiction for D; is necessary
iff each conjunct in the final D} resulting from that AI application is necessary. A conjunct
in the final D} is necessary iff eliminating it causes no explicit contradiction D;** to be
deduced any longer.

One can decide whether the condition for a necessary conjunct in the final D} is satisfied
as follows. Let C' be a conjunct in the final D} that results from a Al application. Let 1its
denote the literals in D;** that are generated from the literals in C' by replacing x variables
with y variables. Let M be the DNF matrix from D**, and let M’ be the matrix that
is obtained from M if one eliminates the literals 1its in M. Then, C in D] is necessary
for the proof of contradiction iff it is not the case that each disjunct of M’ contains two
conjuncts, A and —A; cf. Example 5.2 in [Lampert (2019)].

Theorem 5.2. If D; is refutable, then a NI-minimal proof of D; exists.

Proof. From the completeness of the NNF-calculus (cf. Theorem 3.3 in [Lampert (2017)]),
it follows that a proof in the NNF-calculus exists if D; is refutable. Any proof of D; in the
NNF-calculus, however, can be reduced to a Al-minimal proof by eliminating unnecessary
Al applications. Therefore, a Al-minimal proof of D; exists if D; is refutable. ]

The FOL-Decider calculates only necessary and sufficient conditions for Al-minimal
proofs. Either it terminates the search for a proof on a particular proof path, if a necessary
condition for a Al-minimal proof is not satisfied, or it returns a recipe for either (i) a Al-
minimal proof (normal case) or (ii) an overdetermined Al-minimal proof that contains a
Al-minimal proof (abnormal case). The latter may arise due to insufficient optimization
of the Al-minimal proof strategy such that the proof search is not reduced to Al-minimal
proofs only. For the question of decidability, it is sufficient to reduce the search space to a
finite one that contains all Al-minimal proofs and to identify either a Al-minimal proof or
an overdetermined Al-minimal proof within this finite search space (cf. section 8).

Step 2 of the FOL-Decider generates anti-prenex disjuncts D] with universally quan-
tified expressions that have been multiplied due to Al applications. For simplicity, I also
subsume D; under expressions of the D} type. From this perspective, D; is the result of
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applying AI 0 times. The FOL-Decider does not, in fact, generate D;* or D;**. In the case
that a proof of contradiction for D; is found, it returns (i) the final purged*” anti-prenex
normal form D7, (ii) the final minimal set L of pairs of literals from D} that constitute the
identified Al-minimal proof of contradiction, (iii) a final substitution list o that specifies
how the x variables should be replaced with y variables in L to unify all literals from L, and
(iv) the final prenex g of D;* that allows VE to be applied to replace x variables with y
variables as prescribed by ¢ and, consequently, to generate D;**.

5.2. Parameters of a AI-minimal Proof Search: L, p, and sub. Step 2 of the FOL-
Decider calculates the Al applications that are necessary in the search for a Al-minimal
proof. Each proof step on a proof path consists of an application of Al Its calculation
depends on the following parameters:

(1) a minimal set L of unifiable pairs of literals,

(2) an optimized prenex g,

(3) a specification sub of substitutions that unify the single pairs of literals in L, and

(4) a loop list.

From the substitution specification sub, a substitution list o can be generated that
specifies, for each x variable v, the y variables with which v must be replaced to unify all
pairs of literals in L.

Remark 5.3. If sub specifies that an x variable xvar must be replaced with several y
variables yvars, this means that instances of xvar in different literals must be replaced
with different y variables from yvars to unify all pairs of literals in L. In accordance with
the Al-minimal proof strategy, this unification can be achieved in a logically valid way only
through AI applications.

The first three parameters specify the substitutions of the x variables and, consequently,
the applications of Al. Alternative specifications of these parameters result in alternative
proof paths. This section explains these three parameters in detail, whereas section 6
discusses the loop list.

Definition 5.4. A set L of unifiable pairs of literals from D} is minimal iff (i) unification of
these pairs of literals from D is sufficient to satisfy the condition that each disjunct of the
DNF matrix of D} contains two contradictory literals, A and —A, and (ii) said condition is
no longer satisfied if any one of these pairs of literals is eliminated from L.

Thus, the unification of L is minimally sufficient to satisfy the condition that each
disjunct of the DNF matrix contains an explicit contradiction.

Definition 5.4 does not presuppose that it is possible to unify all pairs of literals from L
in a logically valid way by deducing an explicit contradiction D;** from D]. It presupposes
only that each single pair of literals can be unified in a logically valid way by deducing
an explicit contradiction from the corresponding subformula . As will be explained in
more detail later in this section, the parameters L, p and sub are defined such that one can
conclude the (logically valid — cf. Definition 4.2) unifiability of all pairs of literals from L as
a whole only if no x variable in L must be replaced with more than one y variable in order to
unify all pairs of literals in L according to sub. If the unification of L requires any = variable
to be replaced with more than one y variable according to sub, then Al must be applied.

Cf. p- 9 and Definition 5.6.



DECISION PROCEDURE FOR FOL 13

Thus, within the framework of the Al-minimal proof strategy, whether all pairs of literals of
a minimal set L are unifiable can be decided only by applying Al. This Al application may
cause it to be necessary to extend L in order to satisfy condition (i) specified in Definition
5.4.

Remark 5.5. The unification of each pair of literals in a minimal set L of unifiable pairs
of literals is a necessary condition for a Al-minimal proof on a given proof path. In the
case that no x variable must be replaced with more than one y variable according to sub,
I call sub “unambiguous”. As will be shown below on p. 19, the unambiguity of sub is a
sufficient condition for the identification of a Al-minimal proof.

By referring to L, one can define purged* anti-prenex normal forms as follows:

Definition 5.6. An anti-prenex normal form D} is purged® iff D] contains only literals
from L.

The Fundamental Principle of the Al-minimal proof strategy underlying Definition 5.1
can be specified with reference to L. To do so, I first define “selected conjuncts”. In this
definition, I presume that conjunctions of length m (m > 1) contain m conjuncts.

Definition 5.7. Selected conjuncts are (i) conjuncts from D} that contain literals in L and
(ii) all conjuncts resulting from a Al application.

This definition relates to any stage of the proof. It applies to any modification of D}
and L.

The Fundamental Principle can be defined in relation to selected conjuncts (Definition
5.7) and necessary conjuncts (Definition 5.1) as follows:

Fundamental Principle (FP). Any once-selected conjunct must be necessary for a NI-
minimal proof.

Starting from the conjuncts in D; prior to any application of AI, FP necessitates that
once they have been selected, conjuncts will never be “dropped” in the proof search. In the
course of further Al applications on a proof path, the selected conjuncts can only be further
multiplied. Every step on a proof path involves the replacement of one selected conjunct
with n (n > 1) conjuncts. Consequently, L must always contain at least one literal from
each conjunct that results from an application of AL If this is not the case, the proof path
can be terminated because it will not result in a Al-minimal proof (cf. Example 5.28, p.
24 below). If a proof is found, it is based on all selected conjuncts and, therefore, all Al
applications along the proof path.

To find a Al-minimal proof if it exists, the FOL-Decider generates all minimal sets
L. Different sets L generated from D] correspond to different alternative proof paths. Al-
minimal proofs are restricted to minimal sets L to keep the required number of substitutions
low. Consequently, the number of Al applications needed to replace x variables with different
y variables is kept low.

Optimized prenexes p are prenexes with universal quantifiers as far to the right of
existential quantifiers as possible.

Definition 5.8. A prenex g of a prenex normal form D;* that is generated from the anti-
prenex normal form D] is optimized iff the universal quantifiers are in the scope of the
existential quantifiers to the greatest possible extent through the application of PN1-8.
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Algorithm 10.1 in [Lampert (2019)] defines the process of generating all possible opti-
mized prenex normal forms from a subformula . In the case of anti-prenex normal forms
D7 that also contain V, this algorithm must be extended such that PN3-4 and PN7-8 are
also considered. Because this extension is trivial and adds nothing fundamentally new, I
abstain here from presenting the full algorithm for generating all optimized prenexes from
a given anti-prenex normal form D}. In fact, the FOL-Decider applies a procedure that
is more effective than Algorithm 10.1 in [Lampert (2019)]. In the FOL-Decider, prenexes
o are represented as lists of x and y variables. Optimized prenexes are generated combi-
natorially from different sequences of x and y variables. In doing so, the algorithm refers
to purged™ anti-prenex normal forms D] that contain only literals from L. The key to the
Al-minimal proof strategy is that generating prenex normal forms from anti-prener nor-
mal forms makes it possible to generate all and only optimized prenexes with universal
quantifiers that are in the scope of the existential quantifiers to the maximal extent. This
increases the possibility to apply VE for unification without needing to apply Al (cf. section
6 in [Lampert (2019)] and p. 19 below). Alternative possibilities for generating optimized
prenexes from anti-prenex normal forms give rise to alternative proof paths.

Step 1 of the FOL-Decider increases the number of quantifiers through the application
of PN9 and PN10 and through the conversion of the scope of universal quantifiers into
conjunctive normal form (CNF) and the scope of existential quantifiers into DNF. This is
done so that the scope of quantifiers is minimized to the maximal extent when the PN
laws are applied. For simplicity, these strategies are not applied in step 2 of the FOL-
Decider when generating anti-prenex normal forms.® Step 2 of the FOL-Decider increases
the number of quantifiers and the number of variables they bind only as a result of Al
applications. Therefore, the strategy for minimizing the number of necessary Al applications
in a proof of contradiction is not absolute but instead depends on D and D;*, in which
the number of quantifiers does not change during the process of miniscoping or prenexing.’

Henceforth, I use L to refer to minimal sets of pairs of literals and g to refer to optimized
prenexes.

sub specifies substitutions to be made in order to unify pairs of literals in L. Two cases
must be distinguished when specifying these substitutions. In case 1, a single pair of literals
unambiguously determines a specific y variable that must replace an = variable in a certain
position to unify that pair of literals. In case 2, a single pair of literals merely determines
that two x variables, occurring in identical positions in L1 and L2, must be replaced with
the same y variable in those positions, without dictating any specific y variable for that
purpose. Case 1 is illustrated by {Fz1,-Fy1}; case 2, by {Fz1,-~Fz}. In case 2, the
substitutions of the x variables may be determined by substitutions of x variables in other

8The number of Al applications can also be decreased by minimizing the scope of existential quantifiers
above conjunctions to the extent that this is sat-equivalent (cf. the discussion of IM optimization in section
7 of [Lampert (2019)]). For simplicity, however, the FOL-Decider makes use of IM optimization only to
identify unifiable pairs of literals. M optimization is applied neither when generating FOLDNFs in step 1
nor when generating anti-prenex normal forms D] in step 2. Nevertheless, AM optimization is an optional
tool in step 1 of the FOL-Decider (cf. also footnote 9 in [Lampert (2019)]).

9The number of Al applications on a proof path is also related to the extent to which the FOLDNFs
and Dj are simplified. The number of Al applications could also, of course, be minimized via extensive
minimization procedures such as those described in [Lampert (2017)]. However, only rare use is made of the
simplification of FOLDNFs in step 1 of the FOL-Decider. In step 2, the D] are merely simplified by deleting
literals that are not included in L (purging) to generate optimized prenexes g or to return the final D;.
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unifiable pairs of literals in L (case 2.1), or they may not (case 2.2). In case 2.1, multiple
alternative possibilities for replacing x variables with y variables for unification may arise.
Example 5.9. Let D; be given as follows:

1 Gyryr ANVx(Fay VVas(VegHrixzzy V Jrizs)) A

VaoTys(—Fy2 AVas(~Graxs V ~Hxoyaxs) A —~Jx2ys) (5.1)

There is exactly one minimal set L of unifiable pairs of literals for (5.1):

{{Fz1,~Fys},
{Gy1y1, ~Graxs},
{Hz12324, ~HT2Y275},
{Jz123, ~J22y2}}

There is also only one optimized prenex @ for (5.1), which is represented by a list of
and y variables, according to the FOL-Decider:

~ o~~~
ot ot ot o
Ot = W N
~— ~— ~— ~—

8

{y1, v2, Y2, ¥1, 3, 74, 75} (5.6)

In (5.2), 1 must be replaced with y9; in (5.3), x2 must be replaced with y;, and x5 must
be replaced with y; in (5.4), z1 and x2 must both be replaced with the same y variable, x5
must be replaced with ys, and x4 and x5 must both be replaced with the same y variable;
and in (5.5), x1 and z9 must both be replaced with the same y variable, and x5 must be
replaced with yo. In contrast to x3, x4 and x5, at least one of the x variables x1 and xo
must replaced with more than one y variable to unify all pairs of literals in (5.2) to (5.5).
Their possible substitutions in identical positions in (5.4) and (5.5) are determined by the
specifications of their substitutions in (5.2) and (5.3). Since x; must be replaced with 3 in
(5.2) and x2 must be replaced with y; in (5.3) (case 1), four possible substitutions for x;
and z2 in (5.4) and (5.5) arise through combinatorial means (case 2.1):

(1) z1 and x2 may be replaced with y; in both (5.4) and (5.5),

(2) x1 and x2 may be replaced with y2 in both (5.4) and (5.5),

(3) x1 and x2 may be replaced with y; in (5.4) and with yo in (5.5), or

(4) x1 and x2 may be replaced with y, in (5.4) and with y; in (5.5).
(1) necessitates the replacement of x; with y; in addition to its replacement with ys in (5.2)
and (2) necessitates the replacement of z9 with yo in addition to its replacement with y; in
(5.3). In both cases, however, only x; (in (1)) or only 2 (in (2)) must be replaced with more
than one y variable to unify the pairs of literals in L. By contrast, (3) and (4) necessitate
the replacement of both x1 and xo with both y; and y». The FOL-Decider realizes all of
the combinatorially possible substitutions for case 2.1 along different proof paths. Thus,
specifications sub such as (3) and (4) that result in more substitutions than other possible
specifications sub such as (1) and (2) are not excluded. The reason for this is that it cannot
be guaranteed that an initial specification sub that requires more applications of Al may
not result in a sub that requires fewer applications of Al at a later stage along the proof
path.'0 If all combinatorially possible substitutions for case 2.1 are generated in alternative

10This is due to minimal extensions, as necessitated by Al applications, of minimal sets L of literals. The
following example illustrates such a case.
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specifications sub, then no Al-minimal proof will be excluded. It might be possible to define
criteria for restricting the number of alternative specifications sub without excluding any
Al-minimal proofs. However, no such criteria are defined in the FOL-Decider for now. This

Example 5.10. Let D; be given as follows:
Vaei1dyi Friyr A VaaVes (VI7(FI5I7 Vv —|F.CL‘2.CL‘7) Vv —‘F:E5JJ2) A

Vs (Jy2 (Frayz A Gyz) V Grs) AVaes(Ves(—Fraze V —~Gas) V ~Gayg) (5.7)
One of the several initial sets L of pairs of literals is as follows:
{{Gz3, "Gz}, (5.8)
{Gzx3,~Gxg}, (5.9)
{Gy2, ~Gz4}, (5.10)
{Gy2, ~Guxe}, (5.11)
{Fz1y1,~Fxaze}} (5.12)

This selection of pairs of literals results in a Al-minimal proof only if one specifies that 3 and x4 are both
to be replaced with y2 in (5.8) and that z3 and z¢ are both to be replaced with y1 in (5.9). This determines
that both x3 and xs must be replaced with y1 and y2. This would be avoided if it were to be specified that
x3 and x¢ were both to be replaced with y2 in (5.9). However, this would cause the Al-minimal proof, in
which Al is applied to replace both z¢ and x3 with y; and y2 (or suitable derivates of y1 and y2), not to be
found. By contrast, if sub initially specifies that both x3 and xs must be replaced with y; and y2, then a
Al-minimal proof is found with the following D;:

Vaxi1dyi Friyr A VaaVes (V:E7(FI5I7 Vv —|F.CL‘2.CL‘7) Vv —‘Fl‘5l‘2) A
Vs, (Hygl (FI31y21 N Gyzl) \Y Gxgl) A (3:1/22 Gy22 V V3, Gl‘32) A (5.13)
Vl’41 (V]Jal (“F:L'41 T, V —\Gl'al) \Y —‘Gx41) A\ VQS42 (VZL‘62 (—\F$42 Ty V —\Gazgz) \Y —|GZL‘42)

In the course of applying Al to multiply Vs, Jy2 is also multiplied because Jys is in the scope of Vzs in
(5.7). On the proof path that results in the proof of contradiction, extending L determines that Fzs,ys, is
not a member of a pair of literals contained in L. Thus, Fzs,y2, is deleted from the final D; (5.13). This,
in turn, determines that Jys, is not in the scope of Vs, as a result of the scope minimization leading to
(5.13). This makes it possible to generate the optimized (and optimal) prenex given in (5.25), with ya, to
the left of xs,, which allows z3, to be replaced with y2, by applying VE. As a consequence of multiplying
Ve, Vxa is also multiplied (cf. p. 20). In contrast to zs, and xg,, however, x4, and x4, are not replaced
with different y variables in the final AI-minimal proof. The minimal set L of pairs of literals given in (5.8)
- (5.12) must be extended due to the sequence of Al applications. This results in the following final L:

{{Gxs,, G4, }, (
{Gxs,,Guxg, }, (
{Gy2y, ~Gay }, (
{Gy2,, ~Gwe, }, (
{Gz3,, Gy, }, (5.18
{Gy2,, ~Gwe, }, (

{Fz1y1,~Fx4,zs, }, (
{Fzszr, 2 Fri,xe,}, (
{Fz1y1, Fzsxa}, (

{Fx3,y2,, ‘Frox7}} (5.23

The following substitution list o specifies how to replace = variables with y variables to unify all pairs of

literals in (5.14) - (5.23):
Hev, vz b {ze, pn b {ws, y2o b {wr, yon b {msr i by {m,, 9201,
{4y, y2, b {zas, y2o by {mer, va b {6, 42, 1} (5.24)
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is one of the reasons why an enormous number of alternative proof paths are generated in
step 2 of the FOL-Decider.

To specify sub further, let us introduce the concept of zx positions of a pair of unifi-
able literals. Roughly speaking, identical positions in two literals forming a unifiable pair
{L1, L2} are xx positions iff (i) they are occupied by x variables and (ii) the occurrence of z
and y variables in certain positions in L1 and L2 does not determine specific y variables that
must replace x variables occurring in identical positions for the sake of unification. Thus,
xx positions are relevant to case 2.1 and case 2.2. To define xzx positions more precisely
and algorithmically, let us recall Definitions 7.3 and 7.5 of [Lampert (2019)], which define
xzx lists as well as both xy and yz pairs:

Definition 7.3: The zx lists of a pair of connected literals {L1, L2} are generated as

follows:

(1) If an x variable v; and an x variable v» occur in identical positions in L1 and
L2, then v; and 5 are members of the same zx list.

(2) If the x variables 1 and v are members of the same zz list and if 15 and the
x variable v3 are also members of the same zx list, then vq, 5 and v3 are all
members of the same zx list.

(3) (1) and (2) are the only conditions that determine members of the same zz
list.

Definition 7.5: An xy pair is an ordered list {xvar, yvar} consisting of an z variable
zvar and a y variable yvar, where zvar occurs in L1 in a position n and yvar occurs
in L2 in the same position n. A yz pair is an ordered list {yvar, zvar} consisting
of a y variable yvar and an x variable zvar, where yvar occurs in L1 in a position
n and xvar occurs in L2 in the same position n.

Based on these definitions, zx positions are defined as follows:

Definition 5.11. Let all x variables of L1 be subscripted with —1, and let all z variables
of L2 be subscripted with —2. Then, identical positions in L1 and L2 are xx positions iff
(i) they are occupied by x variables and (ii) these x variables are members of zx lists, which
contain no x variables that are members of an xy or yx pair.

The condition specified in the first sentence of the above definition is important because
it cannot be presupposed that the same x variable is to be replaced with the same y variable
in both L1 and L2 (cf. Remark 5.13).

Note that neither other pairs of literals in the same L nor the order of the quantifiers
in D} that bind variables from {L1, L2} are considered in the definition of zx positions.

Example 5.12. In {Fzix1, 7 Fxoy1}, x1 and x5 do not occur in zx positions because x;
must be replaced with y; in position 2 of F'zix; for unification. Therefore, 1 must also
be replaced with y; in position 1 in the same literal. Consequently, the first position in L1
and the first position in L2 are not xzx positions. The occupation of identical positions in
L1 and L2 by x variables is a necessary but not a sufficient condition for these positions to
be zx positions.

The following prenex g allows for these substitutions:
{y227 T1,Y1,T31,Y21, X7, T5, T2, T61,Tdy, Lo Tdg, :1732} (525)

If one generates the prenex normal form D;™* with the prenex given in (5.25) from the anti-prenex normal
form given in (5.13), then all substitutions in (5.24) can be realized by applying VE.
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xx positions can be occupied by the same x variable, as in the case of, e.g., { Fx1, 7 Fz1}.

Example 5.13. It might well be that the same x variable is to be replaced with different
y variables in L1 and L2. For example, in {Fxy123, 7 Fxox1y1}, 1 must be replaced only
with y; in L2; in L1, however, x1 occurs in an xzx position. Therefore, the pair of literals
does not dictate that x1 must be replaced with y; in the first position of L1. Thus, the FOL-
Decider proves that the formula Vi 3y; (Vas Friyix3 AVao—Fraxiy ) is refutable by means
of a single application of Al to replace x1, in Fzy,y1,z3, with yo and z1, in —~Fx9,21,Y1,
with y1, in the resulting D;*.1

Definition 5.14. A specification sub of substitutions specifies a set of substitutions of x
variables in all positions in literals in L such that all single pairs of literals are unified.

The FOL-Decider combines L and sub into a list denoted by sub/L, in which each pair
of literals from L is preceded by a list that specifies how its x variables are to be substituted
according to sub. Each sub for a single pair of literals is a list of three lists. The first
list specifies which y variables must replace x variables due to unification requirements for
that single pair of literals (cf. case I on p. 14). The second and the third list concern
xx positions. The second list specifies how x variables must be replaced with y variables
as dictated by substitutions in other pairs of literals in L (cf. case 2.1 on p. 14). The
third list specifies x variables without specific substitution requirements; it simply specifies
which of them must be replaced with the same y variable (cf. case 2.2 on p. 15). Each of
these three lists concerns the substitution requirements for x variables in certain positions
in the corresponding pair of literals. These lists and the corresponding pair of literals
together dictate how the variable in each position that is occupied by an x variable must be
substituted. The generation of sub/L and its modifications and extensions all play crucial
roles in the FOL-Decider.

Example 5.15. The sub/L for (5.2) - (5.5) from Example 5.9 that corresponds to specifi-
cation (1) for the xx positions of x; and z3 in (5.4) and (5.5) (cf. p. 15) is as follows:

{{{{{z1, 923} {} {3} {F 21, —Fya} ), (5.28

H{{H{z2 b Azs wid AL M AGyy, ~Gras (529

{{{{zs, v2}}, {{ar, 22, i b {mas 25, 01}, (3} {Haaszy, ~Haogyoas (5.30

{{{{zs, w2}, {{z, w2, 0 b}, (3 AT wrws, ~Jwaye} )} (5.31

Remark 5.16. The substitutions of x variables in xx positions that are specified in sub
depend on the pairs of literals from L. As discussed on p. 19f., the replacement of x variables

with g to satisfy condition P, additionally depends on optimized prenexes p and is also
considered in sub.

The FOL-Decider generates all possible alternative specifications sub for the unification
of the pairs of literals in L.

Hpe resulting D;™* is
Va1, Jyi, Va1, Iy, Vs, Voo, (Fr, y1, 3, A " Fra,x1,y1,) (5.26)
This D™ is generated from the following purged™ D;:
Va1, 3y, Ves, Foi, yi1, 23, AVT1, Y1, VT, " FXa, 1,1, (5.27)

Note that M (cf. p. 10 in [Lampert (2019)]) is not applied by default in step 1 of the FOL-Decider
(cf. footnote 8 above and footnote 9 in [Lampert (2019)]). Therefore, the FOL-Decider proves that
Va13yr (Ves Friyi1x3 AVra—Fraxiy1) is refutable by means of a single application of AL
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Definition 5.17. A substitution list o for a set L of unifiable pairs of literals is a list
consisting of lists that specify, for each x variable from L, which y variables must replace it
according to sub for the unification of all pairs of literals in L.

Remark 5.18. The FOL-Decider generates substitution lists o from sub.
Example 5.19. The substitution list o for the sub given in (5.28) to (5.31) is

o {Hznyryeh {z yid Az, vk {za, yi ks {os, 0t} (5.32)

Strictly speaking, the FOL-Decider differentiates between substitution lists, which con-
tain only x variables that are to be replaced with at least one y variable according to sub,
and final substitution lists, which contain all x variables from sub. This distinction concerns
x variables v for which no specific y variables are specified in sub to replace them (cf. case
2.2, p. 15). Final substitution lists include lists of the form {v,yo} for these x variables.
However, the final substitution lists are a rather insignificant detail of the FOL-Decider;
they are relevant only in the case that a proof is found. Thus, I abstain from distinguishing
between these two kinds of substitution lists in the following. Unless the substitution lists
o at hand are those returned by the FOL-Decider in the case that a Al-minimal proof is
found, I refer to substitution lists o in the sense of the first meaning.'?

Definition 5.20. A substitution list ¢ is unambiguous iff each partial list in o is of length
2 (i.e., contains exactly one y variable).

Remark 5.21. ¢ is unambiguous iff sub is unambiguous (cf. p. 13).

As soon as ¢ is unambiguous apart from the introduction of yy into sub to satisfy Py,
sub must satisfy the Prenex Principle P,.

Prenex Principle (P,). Each x variable v of an optimized prenex o appears to the right
of at least one y variable that is to be substituted for v according to the specification sub of
substitutions.

P, ensures that an explicit contradiction D;** can be deduced from D; given that o
is unambiguous and Py, is satisfied. In this case, the anti-prenex normal form DJ that is
deduced from D; via Al applications can be purged* and converted into a prenex normal
form D;* with an optimized prenex p that allows VE to be applied to replace all x variables
with appropriate y variables according to o. Because o is generated from sub, this is
sufficient to unify all literals from L. Consequently, any disjunct of the DNF matrix of D;**
contains an explicit contradiction. Therefore, the unambiguity of ¢ is a sufficient criterion
for a Al-minimal proof once P, is considered.

Thus, AI must be applied only if o is not unambiguous. If P, is not satisfied for an x
variable v, then v must additionally be replaced with y in order to satisfy P,,. By defini-
tion, dyg precedes any optimized prenex p. A specification sub of substitutions considers
P, as soon as o is unambiguous apart from satisfying Pp.l?’ The FOL-Decider considers

127pe algorithm for generating substitution lists o concerns the substitution of x variables from a minimal
set of unifiable pairs of literals in step 2 of the FOL-Decider. This algorithm must be distinguished from
Algorithm 9.1 described in section 9 of [Lampert (2019)], which generates mazimal substitution lists for
a single pair of connected literals. The generation of substitution lists o in step 2 of the FOL-Decider
serves not for deciding whether connected literals are unifiable but rather for deciding whether further AI
applications are necessary in the search for a Al-minimal proof along a given proof path.

13y¢ P,, were to be considered in previous proof steps with ambiguous substitution lists o, the necessity to
introduce substitutions of x variables with yo would not be kept to a minimum. Example 5.10 in footnote 10
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all combinatorial possibilities for the introduction of yy to satisfy P, (for an illustration,
cf. Example 5.28).14 Thus, introducing y for the sake of satisfying P, results in further
alternative specifications sub and, consequently, alternative substitution lists o, thus neces-
sitating alternative proof paths. These alternative proof paths consider all combinatorial
variants of minimal sets L of unifiable pairs of literals, optimized prenexes p and alternative
substitution specifications sub. If the substitution of z variables with yg is no longer nec-
essary to satisfy P, subsequent to Al applications, this is also considered via corresponding
modifications of sub (cf. exception 2 on p. 26).
An optimized prenex g is optimal iff o is unambiguous given that P, is considered.

Definition 5.22. An optimized prenex g is optimal iff each x variable u in g is to the right
of the y variable v that is to replace it according to the unambiguous substitution list o.

5.3. Al Applications. Applications of Al are necessary only if o is ambiguous. In this
case, at least one x variable p in sub must be multiplied to enable the substitution of
Wi, iy With n different y variables.

Definition 5.23. An x variable p is multiplied iff the expression VuA(p) in D is multiplied
by applying Al

To avoid the application of DIS2 when generating anti-prenex normal forms in step 2 of
the FOL-Decider, it is, strictly speaking, not only the expression YuA(u) that is multiplied;
instead, what is multiplied is the entire expression that contains all universal quantifiers and
occurrences of V preceding VuA(p) in the logical hierarchy of D} up to the next occurrence
of some existential quantifier or A. This multiplied expression will always be preceded by a
universal quantifier (cf., e.g., Example 5.10 in footnote 10: to multiply xg, the expression
preceded by Vz4 is multiplied, as seen in the last line in (5.13)). For simplicity, I will still
use YuA(p) to refer to the expression that is multiplied, which may be preceded by universal
quantifiers other than Vpu.

VuA(p) is multiplied n — 1 times by applying Al to generate n conjuncts such that
w; is replaced with the i-th of the n y variables with which g must be replaced according
to 0. To distinguish among different Al applications for the multiplication of different x
variables, I refer to all of the n — 1 applications of Al that are necessary to multiply one x
variable p as “ome Al application”. The steps along a proof path are numbered with respect
to the Al applications that are performed to multiply x variables. Although z variables v
(v # w) that are bound by universal quantifiers occurring in VuA(u) are also multiplied
when multiplying VuA(u), only p is “the multiplied 2 variable”, because the purpose of
applying Al is to replace instances of u in different conjuncts with different y variables.

Definition 5.24. One Al application consists of the replacement of the universally quanti-
fied expression VA () with a conjunction of n conjuncts V1 A(p1), - - ., Vi A(pr), in which
all variables bound by quantifiers of the i-th conjunct are subscripted with ¢ for rectification.

on p. 15 illustrates this. Given an optimized prenex in which z3 is to the left of y1 and y2, 3 would have to
be additionally replaced with yo. However, this additional substitution is not necessary for the AI-minimal
proof described in Example 5.10.

14Again, it might be possible to define criteria to restrict the possible combinations without excluding
any Al-minimal proofs. However, no such criteria are defined in the FOL-Decider for now.
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In the course of the Al application, L, p, and sub must be modified and extended. In
the following, I distinguish L and sub prior to a Al application from their modifications L’
and sub’ directly subsequent to the AI application and their eztensions L” and sub” prior
to possible further AI applications. The resulting L” and sub” subsequent to a given Al
application are identical to the L and sub prior to the next Al application. In the case of
¢, I distinguish @ prior to a Al application from the subsequent modified and extended ¢’
prior to possible further Al applications. However, I will speak of L, p, and sub in general
if I am not considering their modifications or extensions.

Subsequent to a Al application, the FOL-Decider first modifies L (resulting in L’) and
sub (resulting in sub’). However, if VuA(u) contains V, then L' must also be extended
subsequent to the AI application (cf. section 5.4 for details). This extension results in
L” and is considered only after the modification of L and sub to L’ and sub’. During the
generation of sub, sub’ and sub”, the substitutions of z variables in positions other than
xx positions are specified prior to those in xx positions, as the latter substitutions depend
on the former. However, I omit these details in the following. @ is modified and extended
(resulting in ') only after L” is generated because it refers to L”. Finally, sub’ is extended to
sub”; this extension is performed last because it depends on L” and ¢’. These modifications
and extensions are explained in this and the following section.

Subsequent to the application of AL, the index depths of variables bound by quantifiers
occurring in Vi A(p) are increased by 1. The modification of L, sub and p basically concerns
the replacement of “ancestors” with “descendants”.

Definition 5.25. Let v be a variable bound by a quantifier in Y A(p), and let v to vy,
denote the variables resulting from the AI application. Then, the variables vy,...,v, are
descendants of v, and v is their ancestor.

L’ and sub’ consider the replacement of ancestors with descendants.

The FOL-Decider orders the y variables with which p must be replaced according to
o in a list yvars that begins with yg. p; in the i-th conjunct must then be replaced with
the i-th y variable from yvars. Thus, the corresponding literals in L, in which g must be
replaced with the i-th y variable from yvars, are replaced with the literals from the i-th
conjunct in D;. Consequently, all variables of these literals that are bound by quantifiers
occurring in Vu; A(u;) are subscripted with 4 in L'. The substitutions in sub are adjusted
likewise to obtain the modified sub’.

In addition to literals containing u, literals in L that do not contain p but do contain
variables bound by quantifiers occurring in VuA(p) must be modified subsequent to the Al
application. All combinatorial possibilities for replacing literals in L that do not contain
i but do contain variables bound by quantifiers occurring in VuA(u) with literals from
different conjuncts of the result of the AI application are realized in alternative sets L” and
considered in the respective specifications sub’. The only requirements are that the pairs
of literals still be unifiable and that the selection of literals does not violate FP. Alternative
selections of literals from the n conjuncts give rise to alternative proof paths.

Furthermore, all alternative ways of subscripting a y variable v that replaces x variables
in xzx positions according to sub and that is bound by an existential quantifier occurring in
VuA(u) are realized in alternative substitution specifications sub’. Such alternatives arise
in the case that the corresponding x variables must be replaced with different descendants
vj and v (j,k € Nand < n, j # k) of the ancestor y variable v in sub’ in positions that are
not xzx positions. It might be possible to define criteria to restrict the number of alternative
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sets L' and alternative specifications sub’ without excluding Al-minimal proofs. However,
no such criteria are defined in the FOL-Decider for now. This is another reason why an
enormous number of alternative proof paths are generated in step 2 of the FOL-Decider.

The differences between sub and sub’ described so far concern the replacement of
ancestors with descendants. However, there is one additional difference (= exception 1).
Let v (v # u) be an x variable occurring in ViuA(p). Let v be replaced with some y variable
p in some position that is not an zx position (case 1 on p. 14), and consequently, let v be
replaced with p in some other position that is an xa position (case 2.1 on p. 14). Since v
is multiplied in the course of the Al application, it may well be that its descendant v; no
longer needs to be replaced with p (or some descendant p;) in some position that is not an
xx position due to L'. Consequently, there is also no need to replace v; with p (or some
descendant p;) in zz positions, as long as this is also not required due to other = variables
that share some xz position with v;. This possibility is considered when modifying sub, to
the effect that the requirement to replace v; in xz positions with p (or some descendant p;)
is discarded in sub’. This keeps the number of required substitutions and, consequently,
the number of necessary Al applications low.

In addition to L and sub, p must also be modified and extended subsequent to Al
applications. First of all, this is required because quantifiers from YuA(u) are multiplied.
Furthermore, additional quantifiers may need to be considered in the course of extending
L' to L” (cf. section 5.4 for details). In the following, however, I abandon the term “modifi-
cation of ©” and simply speak of “extensions of ©”, including the replacement of ancestors
with their descendants. Before explaining extensions of L, I specify the Principle of Prenex
Ezxtension PEp because the principle that guides the extension of p depends simply on the
generation of all optimized prenexes p+ involving the variables in L” (however L” is gen-
erated). From all these prenexes p+, the FOL-Decider selects only those prenexes ¢’ that
satisfy the following principle:

Principle of Prenex Extension (PEp). Prenex extensions @ must maintain the possi-
bilities provided by @ for replacing x variables with y variables by means of VE.

The requirement of maintaining substitution possibilities is specified by the following
three conditions:

(1) A y variable v must not appear to the right of an x variable p in @’ if v is to the
left of 41 in p unless Fv is in the scope of Yy in D} after the extension of L’ to L”.1?
(2) For each ancestor v occurring in g, generate the set of its descendants that occur
in p+. Let k be the number of resulting non-empty sets of descendants, and let

I5hig exception is necessary because optimized prenexes are generated in relation to purged™ Dj. The
following example illustrates this:
Va1 3y1 (Fy2 (Fys (Gyrys A Gyays) A JyaVes~Hyayoxs) AVeaHyiraz:) A
Vo (VI5V$8H$5$2$8 V VaeVrg—Hroxero V V$7—|GCEQCE7) (5.33)
One of the two minimal sets L of (5.33) is {{Gyays, —Guzaxr}, {Hzsxoxs, ~Hysysxs}, {Hyizaz1,

—Hxoxexo}}. With regard to this L, Gyiys is deleted during the process of purging. This results in
the following optimized prenex g:

{y27 Y3,Y4,T1,Y1, T2, T3, T4,T5,T6, L7, ‘TS} (534)

However, the second conjunct of (5.33) must be multiplied to prove the refutability of (5.33) because w2
must be replaced with both y; and y» in the considered L. In the course of the Al application, L’ must be
extended by {Gy1ys, "Gx2, 7, }. From this, it follows that Gyiys is now part of D;. Consequently, y2, ys,
and y4 cannot be to the left of x1 in .
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r1 to r; be their cardinalities. For these sets, generate their Cartesian product.
Each member of the Cartesian product contains exactly one descendant for each
ancestor. For each of the ry -...-r; members m; of the Cartesian product, generate
the sequence p* from p+ by replacing the descendants of m; with their ancestor.
o+ is a prenex g’ that satisfies PEp only if at least one of the resulting 71 - ... - rg
prenexes p* satisfies condition (1) compared to p. This test ensures that for each
ancestor in g, at least one descendant takes over its relative position in g’.

(3) Each descendant p; of the multiplied x variable g must be to the right of the y
variable with which p; must be replaced according to sub’, if P, is satisfied prior to
the AI multiplication.'6

PEp ensures that the necessity to replace x variables additionally with yg is kept rare

by the extension of p. Furthermore, condition (3) of PEp ensures that all replacements of
u1 to p, with the respective y variables from sub’ can be achieved by applying VE to a
corresponding prenex normal form D;* given that Py, is satisfied prior to the AI application.
This was the stated purpose of the Al application.

16The if-clause “if P, ...” is necessary because in the search for proofs, x variables are multiplied without
considering the Prenex Condition Py, as long as o is ambiguous (cf. p. 19 and footnote 13). This is illustrated
in the following example.
Example 5.26. Let D, be given as follows:
Va1 3y (VeoVee Froziyize A VasVerGrsziyixr AVeaVes Hraziyixzs A
Vas(Jy2Vro- Frsyazoyr V JysVeio~Grsyszioyr V Ve11 Vo2 Hrsx11212Y1)) (5.35)
The FOL-Decider finds a Al-minimal proof in which the final D} is as follows:
Vl’h athJJQlVLEGl FCIZ’Ql T1,Y1,T6; N
V$121 3y121 (VCIZ421 \V/CCE;Q] I‘I.’E421 T1y, Y1z, T8o, A
Vs, (3y2s, Vo, ~F 5, Y2, oy Y1, V (5.36)
Y3y, VT105, "GT55, Y35, T10a, Y1a, V
VZ11,, Y12, ~HTs, T115, T12,5, Y15,)) A
V1, IY1,, VE3,, V27, GT3y, T1s, Y10, T74,
(5.36) results from a first application of Al to replace descendants of x1 with descendants of y» and ys
and a second application of Al to additionally replace a descendant of x1, with yo in order to satisfy P,.

This Al application would be omitted if one were to neglect the if-clause in condition (3). The Al-minimal
proof of contradiction is based on the following final L, o, and .

L:
{F 2, 21,91, %61, ~FT55, Y2, Ty, Y14, s (5.37)
{Hzway 215 Y15, T8y, ~HTs, T11,5, T125 Y10, }, (5.38)
{Gws,, w15, Y15, T75, , "G5, Y35, T105, Y1, }} (5.39)
g:
Herr, vz, oz, yob {zer, v, b {zs, w0 b {21, Use, b {Tss, o}, {24, 90},
{ss, s yo b {27a, Yo, b {Tsa, Y10, b {mos,  y10 b {2102, 10, b {2110, w0} {2120, 910, } (5.40)
o

{yO, 1'121 ) ylzl ) 27521 ) y221 ) y321 y L1y Y1y, xlzz ) 21122 )

T21, %61, T8y, 5 Tdg, s T9g, s T102, » L1205, 5 Tllg s T30, T7a, } (5.41)
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Remark 5.27. PEp is not a necessary principle for a Al-minimal proof search. For a
decision procedure for D; based on a Al-minimal proof search, it is sufficient to assume the
finiteness of the combinatorial possibilities for generating prenexes (cf. section 8).

Alternative possibilities for extending @ to ¢’ are considered on alternative proof paths.
The modifications and extensions of L, g, and sub consider all alternatives that might result
in a Al-minimal proof.

Example 5.28. This example illustrates how a Al-minimal proof is found when considering
substitutions with yo to satisfy condition P,,. Extensions of L’ (cf. section 5.4) need not be
considered in this example.

Let D; be given as follows:

Va13y1 Friyr A Vo (Vl‘g—'Fl'Ql’g V Vl’4ﬂFl’4.’L‘2) (5.42)

There is exactly one minimal set L of unifiable pairs of literals in the case of (5.42):

{Friy1, ~Faaxs}, (5.43)
{F.rlyl,—\Fl‘4$2}} (5.44)

Also, there is exactly one optimized prenex g:

{w1, 91,22, 23} (5.45)

x3 must be replaced with y; in (5.43), and x2 must be replaced with y; in (5.44).
and x must be replaced with the same y variable in (5.43), and z; and x4 must be replaced
with the same y variable in (5.44). If P, is not considered, then x; and, consequently,
x4 must be replaced only with y; because zo must be replaced with y; in (5.44). Thus,
o is unambiguous as long as P, is not considered. However, P, is not satisfied because
y1 is not to the left of x; in (5.45). VE cannot be applied to replace x; with y; in the
corresponding prenex normal form with the optimized prenex given in (5.45). Therefore, x;
must additionally be replaced with yg in order to satisfy P,,. Either (1) 2; and, consequently,
x2 must be replaced with yo in (5.43); (2) 21 and, consequently, x4 must be replaced with
yo in (5.44); or (3) both. For completeness, I also note the special case (4), which specifies
that 21 must be replaced with y in addition to y; but not in the zz positions in (5.43) and
(5.44). This case is also considered in the FOL-Decider. Cases (1) to (4) give rise to the
following 4 substitution lists, o(1) to o(4):

( ) (1) = {{xlv y0}7 {x27 Yo, y1}7 {5133, yl}? {.’E4, yO}}7
( ) (2) = {{x17 Yo, yl}a {x27 yl}? {1113, yl}? {x47 Z/O}},
(3) o(3) = {{z1, w0, y1} {2, yo, 1}, {@s, w1}, {@a, 1 }},
( ) ( ) = {{l’hyoayl}v{332791}7{953;91}’{9547311}}-

These 4 variants correspond to 4 alternative proof paths. The special case (4), with o(4),
does not result in a AI-minimal proof because x1, is not replaced with yg in Fzq,y1,. Instead,
x1, is replaced with y1, in Fxy1,y;,. Consequently, L’ does not contain any literal from the
conjunct Va1, 3yi, Fx1,y1, that results from multiplying Va13y; Fx1y;. This contradicts the
Fundamental Principle FP (cf. p. 13). Therefore, this proof path terminates because it
contradicts a principle of the Al-minimal proof search. The FOL-Decider first realizes all
combinatorial possibilities (1) to (4) and, consequently, o(1) to o(4). The proof path based
on o(4) is then abandoned subsequent to the Al application because it violates FP.
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In the cases of variants (1) and (3), o(1) and o(3) cause it to be necessary to multiply
x9. This does not result in a Al-minimal proof. Therefore, let us consider only variant (2),
with 0(2). According to o(2), only z1 must be multiplied. This results in the following D}:

V:chﬂth:vhyh A Vl’lz E|y12Fx12y12 AVxg (ngﬁFJ:‘QZL';g V V.CI}4—\F£L'4I'2) (5.46)
A Al-minimal proof is found if one replaces z1, with yo to unify {Fzy,y1,, "Fxazra}

and replaces x1, with y1, to unify {Fz1,y1,, "Froxs}. This proof rests on the unification
of the following pairs of literals from (5.46):

{{F‘Tllyllv_'Fxﬁl'TZ}a {Fxlgylzv_'FLBQx?)}} (547)

It also rests on the following substitution list o:

{1, w0} {z, v b {w2, v b {ws, v b {za, wo b} (5.48)
The corresponding optimal prenex g is as follows:

{y07x117y111x127y127x27$37x4} (549)

If one generates the corresponding optimal prenex form D;* from (5.46) with the opti-
mal prenex given in (5.49), then one can deduce an explicit contradiction D}** by applying
VE.

5.4. Extending L' and sub’. If the multiplied expression VuA(u) contains V, then L p,
and sub’ must be extended.

According to conditions (i) and (ii) in Definition 5.4, the following two principles hold
for the extension of L.

1-Principle (LP). L” must satisfy the condition that each disjunct of the DNF matrixz of
D} contains two conjuncts, A and = A, given that all pairs of literals in L are unified.

Minimal L-Principle (M_P). L” is minimally sufficient!” to satisfy LP.

Both principles also hold for any L prior to any application of Al. M P avoids unnecessary
Al applications that may violate the Fundamental Principle FP of the Al-minimal proof
search strategy.

In addition to applying the Fundamental Principle FP, the FOL-Decider restricts the
selection of literals in L in accordance with the following principle for an effective AI-minimal
proof search:

Principle of L-Extension (PEL). All literals from L' must be maintained when extending
L’ to L”. Through all modifications and extensions, literals from L, once they are members
of L, are modified only by increasing the index depths of their variables.

" This term is defined as follows:

Definition 5.29. A set S is minimally sufficient to satisfy a certain condition C iff no proper subset of S
is sufficient to satisfy C.
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This principle ensures that any selection of a literal in the course of the proof search
must be necessary for the Al-minimal proof. It follows that along a given proof path, the
size of L and the number of selected conjuncts can only increase.

The FOL-Decider generates the initial L and any extensions L” in accordance with the
principles FP, 1P, M P, and PEL.

Similar to the principles PEp and PEL, the substitutions in sub’ must also be maintained
in sub”. An exception can be found in certain substitutions of z variables u with yy. Let
i be an x variable that must be replaced with yg according to sub’ in order to satisfy the
Prenex Condition P, with respect to p. Let L’ be extended such that ¢ must additionally be
replaced with a y variable v that is to the left of u according to ¢’. In this case, v can take
over the role of yg, meaning that p no longer needs to be replaced with yg. This is exception
2 of the maintenance principle for the specification of substitutions sub. The FOL-Decider
considers this exception and computes its consequences for the substitutions of x variables
in zz positions. Like exception 1 (cf. p. 22), exception 2 minimizes the length of the partial
list in o, and therefore the need to multiply x variables, without excluding any Al-minimal
proofs.

Another, final, exception corresponds to substitutions at zx positions in pairs of literals
in L'. If z variables in these positions must be replaced with further y variables due to the
extension of L’ to L”, then additional alternative specifications sub” must be generated that
consider alternative substitutions of z variables in zx positions in pairs of literals from L’
(exception 3). Thus, not all replacements of x variables with y variables in zz positions are
maintained in these additional specifications sub”. All alternative substitution possibilities
are considered on alternative proof paths to ensure that a Al-minimal proof path is found
if one exists.

Principle of sub-Extension (PEsub). Apart from exception 1 as described on p. 22 and
exceptions 2 and 3 as introduced above, all substitutions must be maintained subsequent to
AT applications: through all modifications and extensions, variables from sub are modified
only by increasing their index depths, apart from the mentioned exceptions.

The mentioned exceptions are justified by the intent to find a Al-minimal proof, if it
exists, without generating superfluous proof paths.

I summarize the maintenance principles for extending L', o, and sub/sub’ into the
following single principle:

Principle of Extension (PE). L, L', p, sub and sub’ must be modified and extended in
accordance with PEL, PEp and PEsub.

Alternative minimal sets of pairs of literals, alternative specifications of substitutions
and alternative optimized prenexes are considered on alternative proof paths. The FOL-
Decider considers only extensions of L, sub, and g that are in accordance with PE. Any
selection of pairs of literals and any specification of substitutions with respect to some
optimized prenex is, roughly speaking, a fixed constituent in the search for a Al-minimal
proof along a proof path. On the one hand, this limits the search for proofs in the NNF-
calculus to an effective search for Al-minimal proofs. On the other hand, all combinatorial
possibilities consisting of different alternatives for L, p and sub are generated to ensure that
a Al-minimal proof of contradiction for D; is found if D; is refutable.

Remark 5.30. It is not necessary to reduce the search for a Al-minimal proof to a search
along proof paths on which M P and PE are applied. For a decision procedure based on
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the Al-minimal proof strategy, it is sufficient to rely on a finite search space that contains
the proof paths that are generated in accordance with M P and PE. In this sense, these
principles are not necessary but rather are principles for an effective Al-minimal proof
search (cf. section 8).

The principles mentioned thus far may already constitute a sat-proof for a D;. The
following is a simplest possible example of such a proof.

Example 5.31. Let D; be given as follows:

Jy1 Fy1 A JyoGya A Vl‘l(—'F$1 V —|G{L‘1) (5.50)
There are only one optimized prenex g and only one sub/L:
o {y1,y2,71} (5.51)

sub/L: {{{{{z1,m}}, {}, {3} {Fy1, ~Fai}}, (5.52)
{{{{z1, 23} {3 {3} {Gy2, -G } 1}

From the substitution specification sub given in (5.52), the following substitution list o is
obtained:

o: {{z1,y1,12}} (5.53)

Thus, Vzi(—~Fz; V -Gz1) in (5.50) must be multiplied to make it possible to replace x1,
with y; and z1, with yo:

Jy1 Fyr A JyoGya AVx1, (-mFx1, V -Gxy,) AV, (-nFxy, V -Gry,) (5.54)
This results in the following modification of (5.52):

sub’/L" s {{{{{z1,5}}. {4 O {Fy, —Fan, 3 (5.55)
{{{z1o, 921} {1 33 {Gy2, G, 1)

According to PEL, all pairs of literals from (5.55) must be maintained when extending
(5.55). To satisfy LP, (5.55) must be extended by either {Gyz, -Gz, } or {Fy1,Fx1,}.
However, both extensions violate M P. If one were to select {Gys, =Gz, } in addition to
{Fy1,—Fxy,}, then {Gya, -Gz, } would be superfluous. Consequently, the AI application
for multiplying z; would be superfluous. This would violate the Fundamental Principle FP,
because Vz1,(—Fz1, V-Gz1,) would no longer be selected. A similar situation would result
if one were to select {Fy;,~Fzi1,} in addition to {Gya, -Gz1,}. Thus, the proof along
the described proof path terminates because every extension violates some principle of the
Al-minimal proof strategy. Therefore, (5.50) is proven to be satisfiable (not refutable) since
there are no alternatives to (5.51) and (5.52). No Al-minimal proof path can be found. If
(5.50) were refutable, however, a Al-minimal proof would exist, according to Theorem 5.2.

6. TERMINATION: Loop LisT

Al multiplies an x variable p. The multiplication of an x variable p may necessitate addi-
tional multiplications of other x variables v. A loop list codes sequences of such causally
related multiplications of x variables.

To identify which multiplications of z variables v are necessitated by the multiplication
of an x variable y, one must compare the list of substitutions prior to the last AI multiplica-
tion (o1) with the substitution list after that AI application (02) on each proof path. After
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each application of AI, the FOL-Decider generates new lists of the parameters sub/L and
p. Alternatives of sub, L or p generate alternative proof paths. Alternative modifications
may cause alternative substitution lists 02. For each proof path, the modification of the
loop list on this path depends on the comparison between the list of substitutions prior to
the last AI multiplication (01) with the substitution list on the actual path after that AL
application (02). Since only variables that must be replaced with more than one y variable
are considered, all partial lists of length 2 are deleted from o1 and ¢2. ol can be generated
from the sub prior to the AI application'®, and 02 can be generated from the sub” subse-
quent to the AI application. Furthermore, it must be considered that L” and sub” contain
the descendants of variables v bound by quantifiers from the multiplied expression VuA(u).
Let varsy be the set of all descendants, and let vars, be the set of all of their ancestors.

Definition 6.1. The multiplication of an x variable u (= xvar,) necessitates the multipli-
cation of an x variable v (= xvar,) iff one of the following conditions is satisfied:
(1) v is not a member of varsg, and
(a) according to 02, v is to be replaced with a y variable yvar that is not from
varsqg, and according to o1, v is not to be replaced with yvar; or
(b) according to 02, v is to be replaced with a y variable yvar from varsy, and
according to o1, v is not to be replaced with the ancestor of yvar; or
(c) according to 02, v is to be replaced with two or more y variables from varsg
that are descendants of one and the same y variable from vars,.
(2) v is a member of varsg, and
(a) v is a descendant of u (= xvar.) and occurs in 02; or
(b) according to 02, v is to be replaced with a y variable yvar that is not from
varsg, and according to o1, v’s ancestor is not to be replaced with yvar; or
(c) according to 02, v is to be replaced with a y variable yvar from varsgq, and
according to o1, v’s ancestor is not to be replaced with the ancestor of yvar;
or
(d) according to 02, v must be replaced with two or more y variables from varsy
that are descendants of one and the same y variable from vars,.
(3) If the multiplication of an x variable u necessitates the multiplication of an x variable
p and the multiplication of p necessitates the multiplication of v, then u necessitates
the multiplication of v (transitivity).

In (2)(a), the multiplication of xvar. necessitates the multiplication of a descendant of
the multiplied variable (cf. z; in Example 5.50 and x3 in Example 6.19). In all other cases,
the multiplication of xvar. necessitates that some other variable that is not a descendant
of xvar. be replaced with a further y variable subsequent to the Al application.

Definition 6.2. A loop list is a list of partial lists, each of which consists of a head and a
body.

Definition 6.3. The head is a list that consists of

(1) a first list consisting of

181 fact, the FOL-Decider generates ol from the first list of the heads of partial lists of the loop list
prior to the AI application.
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(a) an x variable p that must be replaced with more than one y variable according
to 0¥ and
(b) the y variables yvars that must replace u according to o and
(2) a second list sub/L containing those pairs of literals from L that contain literals in
the scope of Vi in D} plus the substitution specification sub that specifies how the
x variables of those pairs of literals are to be replaced with y variables.

Definition 6.4. The xvar-head is the head of the partial list with the x variable xvar in
the first position in the first list of the head. The xvar partial list is the partial list with
the = variable xvar in the first position in the first list of the head.

Definition 6.5. xvar. is an x variable y whose multiplication necessitates the multiplica-
tion of the = variable v (= xvar,) on a proof path.

Definition 6.6. The body of an xvar, partial list consists of all xvar.-heads that necessitate
the multiplication of xvare. In stage 1 on a proof path for D;, the body is empty.

Subsequent to the application of Al and the generation of L”, o and sub”, the loop list
is modified. To define the modification algorithm, different types of x variables must be
distinguished (cf. Definitions 6.7 - 6.9).

Definition 6.7. A variable mxvar satisfies all of the following conditions:

(1) mxvar is required to be multiplied prior to the Al application and therefore consti-
tutes an xvar-head in the loop list prior to the AI application.

(2) mxvar no longer needs to be multiplied subsequent to the Al application according
to o2.

(3) If mxvar is not identical to the multiplied z variable p and mxvar is a member of
vars,, then no descendant of mxvar is required to be multiplied subsequent to the
Al application according to 2.

Definition 6.8. A variable newmxvar is an xvar. that must be multiplied due to the
multiplication of p (= xvar.) in the last Al application (cf. Definition 6.1).

Definition 6.9. A variable mxvar satisfies all of the following conditions:

(1) mxvar is required to be multiplied prior to the Al application and therefore consti-
tutes an xvar-head in the loop list prior to the Al application.
(2) Either
(a) mxvar is not a member of vars, and not a newmxvar but still is required to be
multiplied subsequent to the Al application according to o2, or
(b) mxvar is a member of vars, and there are k (k > 0) descendants of mxvar, each
of which is not a newmxvar but still is required to be multiplied subsequent to
the Al application according to o2.

Remark 6.10. It follows from Definition 6.7 and the Al application that the multiplied =
variable u is a mxvar. Its descendent might be a newmxvar but cannot be an mxvar.

The heads of the partial lists of the loop list are modified subsequent to the Al appli-
cation as dictated by the following algorithm.

Algorithm 6.11. Apply the following rules with regard to the different types of x variables:

prior to a Al application, o = o1; subsequent to the Al application and the modification of the loop
list, 0 = 02.
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Rule 1: Delete all mxvar partial lists.
Rule 2: Replace the mxvar partial lists as follows:
(1) If mxvar is a member of vars,, then replace the mxvar partial list with k partial
lists. For each of the k (k > 0) descendants of mxvar as identified in Definition
6.9 (2)(b), modify the mxvar-head as follows:

(a) Replace mxvar in the first list with the descendant of mxvar.

(b) Replace the y variables yvars in the first list with the y variables yvars’
taken from 2.

(c) Replace the second list sub/L with regard to sub”/L".

(2) If mxvar is not a member of xvars,, then modify the mxvar-head of the mxvar
partial list only in accordance with Rule 2 (1)(b) and (c).
Rule 3: Add newmxvar partial lists to the loop list:
(1) Take the p partial list (= u — PL?°) from the original loop list. Add the head
of 4 — PL to the body B,,sq of t — PL. The result is the body B,,.
(2) If

(a) newmxvar is not a member of varsq and there is no newmxvar partial list
in the loop list or

(b) newmxvar is a member of varsyq and either

(i) there is no partial list for the ancestor of newmxvar in the loop list
or
(ii) newmxvar is a descendant of the multiplied = variable p,
then add a newmxvar partial list newmxvar — PL to the loop list. The head of
newmxvar — PL is a list with the following elements:

(a) a first list with newmxvar as the first element and a list of the y variables
yvars with which newmxvar must be replaced according to o2 as the
second element;

(b) a second list sub/L generated from sub” and L” with regard to the literals
in the scope of the corresponding universally quantified expression in D}

The body of newmxvar — PL is B,,.
(3) If

(a) newmxvar is not a member of varsy and there is a newmxvar partial list
newmxvar — PL,14 in the loop list or

(b) newmxvar is a member of varsy and there is a partial list newmxvar —PLg14
for the ancestor of newmxvar in the loop list,

then replace newmxvar — PL,14 with a partial list newmxvar — PL. The head
of newmxvar — PL is modified in accordance with Rule 3 (2), and the body of
newmxvar — PL is the concatenation of the body of newmxvar — PLy14 with B,,.

The body of a partial list codes the sequence of Al multiplications that necessitate the
multiplication of the = variable in the head of that partial list.

Remark 6.12. Rule 1 of Algorithm 6.11 implies that u — PL is deleted. According to
Rule 3 (2), partial lists p; — PL for descendants of u are added if p; is a newmxvar.

Remark 6.13. Prior to any Al applications, the heads contain all x variables that must
be multiplied due to the initial sub of the initial L, and the bodies of the partial lists in the
loop list are empty. During the course of Al applications, the lengths of the bodies will never

20Le., the partial list of the multiplied x variable u (= xvar.).
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decrease due to Algorithm 6.11. Instead, if a newmxvar exists, then the length of the body
B,, will increase compared with B4, and the length of the loop list may also increase. On
the other hand, if there is no newmxvar, then the length of the loop list will decrease by at
least 1 according to Algorithm 6.11. Since either there is a newmxvar or there is not, either
the length of the loop list will decrease or the lengths of the bodies of the newmxvar — PLs
in the loop list will increase over consecutive Al applications along a proof path. Therefore,
as long as newmxvars result from Al applications, the body lengths will increase.

The loop list makes it possible to specify definite termination conditions for the proof
search in step 2 of the FOL-Decider.

Termination Criterion T1 (False Criterion). If the loop list = {}, then D; is refutable.

T1 is the only criterion for refutation that is applied in step 2 of the FOL-Decider. If the
loop list is empty, then it is no longer necessary to multiply any x variable. Therefore, an
unambiguous substitution list o, an optimal prenex p and a minimal set L of unifiable pairs
of literals have been found. Thus, all literals of D} that are not contained in L can be deleted,
and the resulting purged* anti-prenex normal form can be converted into a prenex normal
form D;* with the optimal prenex p. Applying VE such that x variables are replaced with
y variables in accordance with o results in an explicit contradiction D;**. Consequently,
the search for a proof of contradiction for D; terminates with the result False.

During the course of Al applications, a head can become part of the body of a partial
list. The heads in the body of a partial list were once the heads of partial lists from previous
loop lists on the proof path. To define the Loop Criterion for terminating proof paths that
do not result in a proof, let us define the concept of “isomorphic heads”. Isomorphic heads
can be mapped onto each other in a one-to-one manner.

Definition 6.14. Two heads are isomorphic iff they are identical apart from variable indices
at levels > 1 and all variables that are identical up to level 1 can be mapped onto each
other in a one-to-one manner such that the heads are mapped onto each other.

In a similar manner, I will also speak of isomorphic universally quantified expressions
and isomorphic AI applications.

Whether two heads are isomorphic is decidable by (i) deciding whether the heads are
identical up to level 1 according to a canonical order and, if so, (ii) replacing variables with
indices at levels > 1 with variables with indices up to level 2 in a canonical way (such
that different variables are replaced with different variables with indices of depth < 2) and
deciding whether the resulting heads are identical according to a canonical ordering. The
FOL-Decider specifies an algorithm for this task. Since the details are trivial, it is sufficient
to note that deciding on isomorphism reduces the maximum index level to 2.

Termination Criterion T2 (Loop Criterion). If the loop list contains a partial list PL
with a body that contains a head that is isomorphic to the head of PL, then the proof search
terminates on the corresponding proof path.

Remark 6.15. As Example 5.31 illustrates, T2 is not necessary for the termination of proof
paths. sat-proofs of D; may not even require the application of T2. T2 is merely sufficient
to terminate the search for a proof in the case that D; is not refutable. In the absence of T2,
the principles of the Al-minimal search strategy are not sufficient to ensure the termination
of the proof search in the case of an arbitrary, non-refutable D;.
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The Loop Criterion concerns the case in which the multiplication of an x variable
necessitates an isomorphic Al application, namely, one in which an isomorphic z variable
must be replaced with isomorphic y variables (including yo with regard to p) in pairs of
isomorphic literals that are to be similarly unified. This criterion represents the following
situation: a Al application is necessary to multiply a universally quantified expression
VuA(p) in order to replace the resulting descendants of p with different y variables in
different conjuncts, and this Al application then necessitates an isomorphic application of
Al to an isomorphic universally quantified expression to unify similar pairs of literals in a
similar manner.

I define the correctness of the Loop Criterion T2 by means of the following assumption.

Assumption 6.16. The Loop Criterion T2 causes the termination only of proof paths that
are not proof paths for ANI-minimal proofs.

This assumption, however, cannot be proven. We show this by considering the following
reasoning. The bold phrase highlights where the purported proof goes wrong.

Purported Proof. Every proof step on the proof path for a Al-minimal proof is necessary
(cf. Definition 5.1). A proof step of a Al-minimal proof consists of one Al application
that is performed to multiply an z variable. The necessity of such a multiplication is
computed with regard to sub, which specifies how to unify the pairs of literals in L with
regard to p (including the introduction of yy variables into sub). Al applications might
necessitate further Al applications due to the resulting modifications and extensions of L,
o and, consequently, sub. The isomorphic multiplication of an isomorphic = variable for
the sake of isomorphic substitutions of isomorphic pairs of literals results in an isomorphic
Al application. Two isomorphic Al applications cannot both be a necessary part of a Al-
minimal proof because the conditions for their application are the same in both cases. Thus,
the proof search either enters loop or proceeds with some alternative Al applications that
will avoid the loop in later proof steps. In the first case, the AI applications will never
terminate in a proof; in the second case, the sequence of Al applications necessitating the
isomorphic Al application can be omitted if a proof is found. In either case, the sequence
of Al applications necessitating the isomorphic Al application is not part of a Al-minimal
proof. Therefore, if a Al-minimal proof for D; exists, it cannot depend on a sequence of
Al applications that satisfies the Loop Criterion. A Al-minimal proof can only be found on
an alternative proof path. Thus, the search for a Al-minimal proof on a proof path that
satisfies the Loop Criterion can be terminated. ]

The highlighted phrase is incorrect. As [Lampert/Nakano (2022)] show by example it
may well be that a proof search enters a loop and repeats isomorphic proof steps without
looping forever. Instead, a proof may still be found. Isomorphy, contrary to strict identity
(as it is required for the stricter regularity criterion, which is correct), does not suffice for
a correct Loop Crriterion.

Note that the Prenex Condition Py, is considered by introducing yo into sub. Therefore,
isomorphic Al applications also imply the similarity of p with regard to the conditions for
these isomorphic Al applications.

Isomorphic Al applications also imply similarity with regard to the number of different
variables that are derivates of the same variable and, consequently, are taken from different
conjuncts. The structural conditions for these isomorphic Al applications are the same, and
thus, one can conclude that causally related Al applications cannot be part of a AI-minimal
proof.
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T1 and T2 are the essential termination criteria.

Before we prove that these criteria suffice for terminating the Al proof strategy, we
need to consider the generation of multiplied expressions headed by universal quantifiers
Vw1 and Ve that both originate from multiplying Yy but with non-isomorphic scopes.
Suppose, for example, that an expression VuA(u) is multiplied first such that the result is
Vw1 A(pr) A VugA(pz). Then, an expression Vv B(v) within the scope of Vy; is multiplied
(modifying A(u1) into A’(u1)), which causes Vus A(uz) to need to be multiplied. In this
situation, Vua A(u2) is no longer isomorphic to Vuq A’(111) because the scope A’(u1) contains
one more multiplied expression than A(ug) does. Therefore, any multiplication of Vus that
necessitates a further multiplication of Y1 cannot necessitate an isomorphic Al application
of V1 because the numbers of literals in A(ug) and A’(u1) are no longer identical. However,
the following lemma holds:

Lemma 6.17. The process of successively multiplying expressions necessarily produces iso-
morphic multiplied expressions Vp1A(p1) and VpaA(p2), where the scopes A(p1) and A(p2)
each contain the same number of literals.

Proof. Non-isomorphic multiplied expressions V3 A’(111) and Yug A(ug) can occur only as
a consequence of prior multiplications of quantifiers Vv within at least one of the scopes
A(p1) and A(pe). However, the isomorphism of (i) multiplied universally quantified ex-
pressions of inner universally quantified expressions separated by existential quantifiers or
conjunctions from Vv and (ii) outer universal quantifiers separated by existential quantifiers
or conjunctions from Vu; and Vs is not affected. Due to the finite length of D; and the
finite number of nested quantifiers within D;, any sequence of successive multiplications of
universally quantified expressions must, at some point, repeat the multiplication of such
inner or outer universally quantified expressions. Therefore, any non-isomorphic sequence
of successive multiplications of universally quantified expressions necessarily produces the
repeated multiplication of isomorphic expressions with the same number of literals. []

Theorem 6.18. T1 and T2 are sufficient to ensure that the search for a AI-minimal proof
of D; in step 2 of the FOL-Decider terminates.

Proof. In step 2 of the FOL-Decider, a search tree is generated in which each Al application
corresponds to a branching point. Subsequent to a Al application, only a finite number of
branches (= alternative proof paths) can be generated. This is so because the alternative
proof paths depend only on differences in L, g, and sub, which, in turn, all depend on the
finite length of D} and are therefore finite. Due to the Fundamental Principle FP, every
conjunct is maintained once selected, and thus, the number of selected conjuncts increases
with each AI application. Therefore, new branches at the end of the search tree differ from
previous branching points on the same proof path by their increased number of selected
conjuncts, and the search tree terminates if it terminates in depth.

That the search tree terminates in depth is ensured by the criteria T1 and T2, which are
related to the loop list. Any loop list is finite because only a finite number of x variables
can be replaced with only a finite number of y variables in only a finite number of pairs of
literals due to the finite length of D;. If the initial loop list prior to any Al application is
empty, then the search for a proof terminates due to T1 in stage 1. If the multiplication of
an x variable p does not necessitate any further multiplication of an z variable, then the
length of the loop list decreases by at least 1 because at least the p partial list is deleted
(cf. Remark 6.12).
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As explained in Remark 6.13, subsequent to a Al application, either the length of the
loop list decreases by 1 or an increase in body length occurs. Thus, as long as the loop list is
not empty, and T1 therefore does not apply, the lengths of the bodies (= numbers of heads
in the bodies) in the loop list increase over consecutive Al applications. Consequently, the
condition of the Loop Criterion must be satisfied after a finite number of steps given Lemma
6.17. This is so because the number of non-isomorphic heads with the same types and
numbers of literals from isomorphic scopes is finite due to the fact that the identification of
isomorphic heads reduces the index depth to < 2. Therefore, since the process of successive
multiplication of universally quantified expressions necessarily results in the multiplication
of isomorphic expressions (Lemma 6.17), the substitutions of pairs of literals containing
the literals from the scope of the multiplied universal quantifier will, at some stage, be
isomorphic. At this point, the Al application will be identified by the Loop Criterion as a
superfluous repetition in the proof search.

The Loop Criterion must be satisfied after a finite number of steps even in the case
that the y variables yvars contain several derivates of the same y variable. This is true
because the number of possible substitutions of an = variable y is bounded by its occurrences
in positions in different literals in the (finite) scope A(p) in VuA(p). Isomorphic heads
contain identical numbers of these positions; thus, there is only a finite number of possible
isomorphic heads due to the finite length of isomorphic multiplications of Yy A(u).

Therefore, some head in the body of some partial list will become isomorphic to the
head of that partial list during the course of Al applications unless the loop list is emptied. [ ]

Example 6.19. The following formula (6.1) is a simple example of a formula that has
only infinite models. However, there is no need to refer to model theory to prove its
non-refutability (satisfiability). It can be proven to be non-refutable on the basis of the
Al-minimal proof strategy and the Loop Criterion.

Let D; be given as follows:

Vxlﬂyl(leyl A ng(Fflfgyl vV —|FQJ3$1)) AVxo-Froxs (6.1)

(6.1) is equivalent to a formula presented by [Boerger et al.(2001)], p. 33, as an example
of a formula that has only infinite models. It is not decided in step 1 of the FOL-Decider.
Step 2 starts with the generation of L, g, and sub prior to any Al application. There is only
one initial minimal set of pairs of literals:>!

L: {{Fxiy1,Fasz1}, {Fxsyr, "Frore}} (6.2)

There is also only one optimized prenex (yop precedes any prenex by definition):

©: {yo,71,Y1, T2, T3} (6.3)

In addition, there is only one sub that specifies how to unify (6.2) in relation to (6.3).

x9 and x3 must both be replaced with y; in the second pair of literals { Fzsy;, “Froxza}. =1
must be replaced with g in the second position in =Fz3x; to unify the first pair of literals
{Fz1y1, "Fxsx1}. x1 and z3 must both be replaced with the same y variable in the first
positions in the literals. Thus, ¢ is unambiguous as long as P,,, and consequently (6.3), is
not considered. However, condition Py, on p. 19 is satisfied only if x; is replaced with yg in

21Fw1y1 and ~Fx2x2 do not constitute a unifiable pair of literals since V13y1 F'zi1y1 A Ve Fxoxs is not
refutable.
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addition to y; since y; is to the right of ; in (6.3). Thus, 1 must be multiplied to replace
x1, with y1, subsequent to the AI application. In addition to the mentioned occurrence of
x1 in the second position in —Fxsx, 1 occurs only in the first position in Fziy; in the
first pair of literals {Fx1y1, 7 Fxsx1} in (6.2). At this position, 1 must be replaced with
Yo because a pair of literals in which both literals contain an x variable xvar is unifiable
only if in at least one of the two literals, xvar must be replaced with a y variable that is to
the left of xvar in p.?? As a consequence of replacing x; in the first position in Fxqy; with
Yo, r3 must also be replaced with yg in the first position in =Fx3x;. Thus, the following
sub/L is obtained:

{H{l{zn v ) Hen, 23,001}, (33 {F 2191, ~Fazan b}, (6.4)
{{{z2, i} {za, b L () {F sy, ~Fagwa} )} (6.5)

This results in the following substitution list o

Hzv,y0, v}, {z2, 1} {73, o, y1}} (6.6)

Since z1 as well as 3 must be replaced with y¢ and 1, the initial loop list contains two
partial lists, (6.7) and (6.8). Since this loop list is the initial one, the bodies of the partial
lists are empty. I highlight the first lists in boldface:

H{{{xuyo, vy} {H{{{z, v1 by o, 23, w0}, {3 {F21yn, ~Fage },

{{{z2, 91} {zs. v} {3 L AF2syn, ~Fag, 22 1} {1 (6.7)
{{xs,yo,y1}, {{{{z1, v1}}, {z1, 23,90} }, (3} {Fzyn, - Fas, 21 1},

H{z2, i} s, 3} {3 O AF 23, 91, ~Faa, w2} 11, {1} (6.8)

Since x1 as well as x3 must be replaced with more than one y variable, Al must be
applied to multiply 21 and x3. Both are necessary to unify all pairs of literals from (6.2). One
could consider the multiplication of different universally quantified expressions in different
orders on different proof paths. However, this would be ineffective. Because the x variables
from lists of lengths > 2 in ¢ must be multiplied anyway, one of the x variables to be
multiplied can be selected arbitrarily. If a Al-minimal proof exists, it will be found with
any order of multiplication of the universally quantified expressions. Thus, the following
principle can be established:

Principle of Commutativity (PC). If several x variables must be multiplied, any of them
can be multiplied first.

However, this does not mean that the number of Al applications on a proof path and
the number of alternative proof paths do not depend on the order in which universally quan-
tified expressions are multiplied. Not the correctness but the efficiency of the Al-minimal
proof strategy depends on which universally quantified expression is selected to be multi-
plied first. Therefore, the proof search depends on the implemented strategy for ordering
the necessary Al applications. In most cases, the FOL-Decider multiplies the outermost
universally quantified expressions before the innermost ones because inner expressions are

22This condition is similar to C3U1 from [Lampert (2019)], p. 28, and is implemented in step 2 of the
FOL-Decider.
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also multiplied in the process of multiplying outer ones. However, the multiplication of exis-
tentially quantified expressions increases the complexity of the proof search. For this reason,
universally quantified expressions that do not contain existentially quantified expressions
are multiplied first. Consequently, Vaos(Fx3y: V ~Fxszp) is multiplied first in (6.1). This
results in the following D}

Va1 3y (Foiyr AVas, (Fas yn V ~Fag x) A
Vs, (Fa:32y1 \Y ﬂFx32x1)) AVzoFxoxo (69)

The resulting sub’/L’ is as follows:

{{{{ze, uid} {r, 23,001}, {3 {F 2191, ~Fa a1 b}, (6.10)
{2, i} {wsy, it 1 {3 (31 {Fes,01, ~Faawa} 1} (6.11)

Finally, the resulting extended optimized prenex ¢’ is

O {yo, 1, Y1, 22, 23,, 23, } (6.12)

Since the multiplied universally quantified expression contains V, L' must be extended.

There is only one possible extension that satisfies L P, M P and PEL, namely, the addition of

the unifiable pair of literals { F'xs, y1, 7 Fx3,x1}. Since (6.10) and (6.11) must be maintained,

according to PE, there are exactly two alternatives for specifying the substitutions of this
pair of literals:

Atternative 1 {{{{z1,y1}}, {{zsy, 25,11} () (Fas, 1, ~Fagym}} (613)
Alternative2 - {{{{wz1,y1}}, {{s,, x5, 0t} {3} {F 23, y1, ~Fas,aa}} (6.14)
Alternative 1 is realized on proof path 1, and Alternative 2 is realized on an alternative
proof path 2. In Alternative 1, x3, must be replaced with y; in addition to yp in (6.10). In
Alternative 2, x3, must be replaced with yp in addition to y; in (6.11). If one counts not
merely the Al applications on a single proof path but the absolute number of Al applications,
then the multiplication of x3, is the second Al application, and the multiplication of z3, is
the third. In both cases, applying Al results in two further proof paths. In the following, I
consider Alternative 1 only on proof path 1; proof path 2 terminates similarly within the
same number of steps.
The modified loop list for Alternative 1 contains two partial lists, (6.15) and (6.16),
since z1 and x3, must be multiplied. I highlight the first lists in the head and in the body
of the partial lists in boldface:

{{{xnyo, ya b {{{l{ar, vy {on, sy, w0 b {3 {F 21, ~Fag, 2},
{{{{1’1, yl}}v {{$317$327y1}}? {}}7 {Fx31y17 _'F$32x1}}> (6'15)
{{{z2, 1} {mso, b 3 {3 AF@s,01, 2 Fg, 2o} 1} {1}
{{{X313y07 yl}v {{{{{xl’ yl}}a {{xl’ x317y0}}7 {}}7 {Fl‘1y1, _'F:E31$1}}a
{{{ze, o} ) Hwsy w3y, w13} (31 {F 23,01, 2 Fas,an b (6.16)
{{{xs, yo, ya}. {{{{{z1, i }}, {zr, 23,00} ), (31 AF 201, 2 Fagzi 1,
{{{z2, 1} {ms, 93} {3 {3 {Fwsyr, ~Fagwa} )
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The body of partial list (6.15) is still empty. In the case of partial list (6.16), the Loop
Criterion is not yet satisfied because the second pairs of literals in the head and the list in
the body are not isomorphic.

Although z; is still to be replaced with yy and y1, derivates of x3 are to be multi-
plied prior to (derivates of) 1, according to the Commutative Principle PC (cf. p. 35).
Multiplying x3, results in the following D;:

Va1 3y (FriyiA
V.Tgll (Fl‘gll y1 vV —\F.Tgll .CEl) A Vx312 (F:L’312 1V —|F:U31:c1) VAN (617)
Vl’32 (F:L'32y1 V —|Fx32x1)) AVxro—-Froxs

The resulting sub’/L’ is as follows:

{{{{{xlv yl}}7 {{xlv L3y, yO}}v {}}7 {Fxlyl’ _‘Fx311 xl}}’ (6'18)
{{{{z2, ) s, 31 {3 33 {F 2,01, ~Fapwa}} ), (6.19)
HlHznuidh Hasy s 2,0 013} {31 {F 23, y1, ~Fas,an 11} (6.20)

Finally, the resulting extended optimized prenex ¢’ is

o {y07$17y1,$27x311,1‘31273332} (6.21)

Again, L' must be extended, and there is only one possible extension that satisfies LP,
M_P and PEL, namely, the addition of the unifiable pair of literals { F'z3, yi, ~Fx3, z1}. As
before, there are two and only two alternatives for specifying the substitutions of this pair
of literals:

Alternative 1” - {{{{z1, y1}}, {ws, 230, 1}, {3 {F 23, y1, ~Fas,, 1)) (6.22)
Alternative2’: {{{{z1,y1}}, {zs,, 23, 90} 1 {3} {Fws, y1, 7 Fas, mi}} (6.23)

In the case of Alternative 1’, x3, must again be replaced with yo and y; to unify the
pairs of literals in (6.18) and (6.22), which are isomorphic to (6.10) and (6.13). Therefore,
the loop list satisfies the Loop Criterion and terminates the proof path that extends (6.18)
- (6.20) by adding (6.22). Since the x; partial list is irrelevant for the application of the
Loop Criterion, I quote only the x3, partial list:

{{H{xs,, yo, vy} {{H{{{z, v} ) {{z, 23, w0} ) {3 {F 2y, ~Fagy 21},
HHzn b sy s, v1 by 33 {Fas, y1, ~Fas,z1 1,
{{{xs, yo. y1i}, {{{{z1,m}}, {{z1, 23,90} }, {3}, {{Fz1yr, ~Faszi }y,  (6.24)
{{{z2, vt {zs v} b {L O {Fasys, ~Fasza b,
{{xsy, yo, vy} {H{{{z, vi b} {2y, 903 ), {3 {F 2y, ~Fas a1},
{{H{z, 13} s, 2,13}, (O {F2s, v, ~Fag,o

The last list in the body is isomorphic to the head of (6.24).
The resulting sub/L on the proof path that consists of (6.18) - (6.20) and (6.23) (=
Alternative 2°) is not eliminated by the Loop Criterion T2. This is so because the pairs of
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Figure 2: Number of proof paths vs. number of proof steps in the sat-proof of (6.1)

literals in (6.20) and (6.23) that contain literals in the scope of Vi3, are not isomorphic to
the pairs of literals in (6.10) and (6.13) that contain literals selected from the scope of Vs,
in the previous sub/L resulting from the first AI application.

Regarding the sub/L resulting from Alternative 2’, x3,, must be replaced with yo and
y1. The multiplication of z3,, (= the fourth AI application in the proof search) results in
two alternative sets of sub”/L”/¢'. The modification of the loop list in accordance with
these sub” /L” /p alternatives satisfies the conditions of the Loop Criterion in both cases. In
one case, 3, must be replaced with yg and y1; in the other, 31, must be replaced with
1o and y1; and in both cases, the pairs of literals and their substitutions are isomorphic to
those of (6.20) and (6.23) (Alternative 27).

The multiplication of x3, (= the third AI application in the proof search) yields results
similar to those of the multiplication of z3,; the multiplication of z3, (= the fifth Al
application in the proof search) subsequent to the multiplication of x3, yields results similar
to those of the multiplication of z3,,. Thus, the proof search terminates after 5 steps due to
T2. Figure 2 depicts the relation between the number of proof steps or Al applications (z
axis) and the number of proof paths (y axis). The number of proof paths can be reduced by
only 1 in one proof step. In a typical sat-proof, the number of proof paths initially increases
rapidly and then, at a certain point, begins to slowly decrease. By contrast, False-proofs
terminate immediately at any step and any number of proof paths.

Remark 6.20. The D; given in (6.25) is equivalent to a formula from [Dreben (1979)], p.
120, which is another formula that has only infinite models:

Va3 (Vea(—Prixg V Quizs) AVas(—Qxizs V Quixs)) AVee—Qraxg AVrsPrszs (6.25)
Like (6.1), (6.25) can be rather rapidly proven by the FOL-Decider to be non-refutable

(cf. figure 3).
(6.1) (= SYO637+1.p in the TPTP library) and (6.25) (= SYO635+1.p in the TPTP
library) are examples of formulas with only infinite models for which the FOL-Decider
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2 q 5 5
Figure 3: Number of proof paths vs. number of proof steps in the sat-proof of (6.25)

reaches a decision, whereas these formulas are not decided by other logic engines, such as
Beagle, Darwin, i-Prover, E, Vampire and SPASS.

7. OUTPUT

If the FOL-Decider finds a Al-minimal proof for D; in step 2, then the output, in addition
to D;, is as follows:

(1) the rectified and purged* anti-prenex normal form D},

(2) the minimal set L of unifiable pairs of literals,

(3) the unambiguous substitution list ¢ that specifies how the x variables must be
replaced with y variables such that all pairs of literals from L are unified, and

(4) an optimal prenex p that allows the substitutions in o to be performed by applying
VE.

Thus, a recipe for a proof of contradiction is provided. From Dj, one can read off which
universally quantified expressions in D; must be multiplied and which conjuncts can be
deleted; p identifies the prenex normal form D}* that is to be generated from D} by applying
PN laws; o determines how VE must be applied to derive an explicit contradiction D;**
from D;*; and L specifies the pairs of literals that must be unified such that each disjunct
of the DNF matrix of D** contains an explicit contradiction. For an example, cf. Example
5.28, p. 24, with D; = (5.42), Df = (5.46), L = (5.47), 0 = (5.48), and p = (5.49).

The FOL-Decider ultimately returns False if all disjuncts D; of the FOLDNF resulting
from step 1 of the FOL-Decider are proven to be refutable. In this case, the user receives the
FOLDNF that is sat-equivalent to the input formula ¢ and all recipes for the Al-minimal
proofs for the disjuncts D; of the FOLDNF.

Once the proof search for a D; terminates without a Al-minimal proof having been
found, the FOL-Decider returns sat. In this case, D; and, therefore, the FOLDNF and
the input formula ¢ are proven to be non-refutable. The user can ask for details of the
sat-proofs, e.g., diagrams such as figures 2 and 3; the D7, sub/L, and p for each proof step;
or the applications of the various principles of the Al-minimal proof strategy.
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8. EFFECTIVE PROOF SEARCH

The search for Al-minimal proofs can be optimized from several perspectives. Three opti-
mization strategies are already implemented as optional tools. First, one can minimize the
FOLDNTFs in step 1 of the FOL-Decider using the algorithm described in [Lampert (2017)].
Furthermore, the scopes of existential quantifiers can be further minimized in step 1 of
the FOL-Decider through IM optimization (cf. section 7 of [Lampert (2019)] and footnote
8). However, both of these tools sometimes speed up the evaluation but sometimes slow it
down. Finally, one can also apply an optional model-theoretic tool to search for a model
up to an upper bound independent of the proof-theoretic strategy of the FOL-Decider. In
addition, several optional tools can be applied to provide models in the case of a sat-proof.
However, the decision procedure based on the Al-minimal strategy is independent of model
theory. If one intends to understand this strategy, one should abstain from invoking model
theory.

Three further optimization strategies have not yet been implemented. First, the com-
binatorial generation of sub/L/gp alternatives and the Loop Criterion may be restricted by
further criteria. Second, the FOL-Decider does not currently apply any principles that rely
on comparing alternative proof paths, apart from deleting duplicates. Third, one could
classify patterns of sub/L/p for the termination of proof paths. Furthermore, many im-
provements to both the concrete implementation and the proof search strategy are possible.
However, the FOL-Decider is not designed to implement a fast and effective proof search.
In this respect, other logic engines are preferable. Instead, the intent in developing the
FOL-Decider was to implement the Al-minimal proof strategy to demonstrate its feasibil-
ity.

If one is looking for a transparent and elegant proof search that implements the logical
ideas underlying the Al-minimal strategy, then principles and criteria that allow one to
terminate proof paths as soon as possible are indispensable. Any optimization, however, is
prone to error. For this reason, I refer to a “maximal search tree” instead of an “effective
search tree” in the following.

Definition 8.1. A maximal search tree generates all combinatorially possible non-duplicate
alternatives of the following:

(1) Df resulting from different selections of the order in which to multiply universally
quantified expressions,

(2) minimal and non-minimal sets L* of unifiable pairs of literals,

(3) optimized and not optimized (logically valid) prenexes p*, and

(4) all alternative specifications sub* of substitutions of x variables in xx positions with
y variables for unification

such that the principles FP, 1P, and P, and the termination criteria T1 and T2 are satisfied.

Remark 8.2. I abstain here from providing an exact algorithmic definition of “all combi-
natorial alternatives of D}, L*, p*, and sub* in the course of each Al application”. Likewise,
I abstain from specifying formulas for calculating the number of these alternatives. It is
sufficient to recognize that they are finite due to the finite numbers of literals, variables and
universal quantifiers in each step on each proof path. The algorithmic specification of FP,
1P, and P, for a Al-minimal proof search is also trivial. Thus, it should be accepted that
a maximal search tree for D; can be generated.
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Remark 8.3. A maximal search tree contains all proof paths that satisfy the principles
M_P, PE, and PC, but it is not restricted to these proof paths. FP, P, and LP are necessary
principles for a Al-minimal proof search, and T1 and T2 are necessary criteria for the
termination of a proof search. By contrast, M P, PE, and PC are principles of an effective
search strategy for Al-minimal proofs.

Remark 8.4. The proof of Theorem 6.18 does not depend on the efficiency of a Al-minimal
proof search. As long as the loop list is not empty, the body lengths increase with every
Al application that does not decrease the length of the loop list. Consequently, the head of
some partial list will become isomorphic to some head in the body of that partial list within
a finite number of steps because only a finite number of isomorphic heads can be generated
from D;.

Theorem 8.5. A maximal search tree for a D; is finite.

Proof. The proof of this theorem follows from Theorem 6.18 and Remark 8.4 and can be
summarized as follows:

(1) The combinatorial alternatives of D}, L*, p* and sub* in the course of each AI
application are finite. Therefore, each branching point is finite.

(2) If the search for a proof along a proof path does not terminate due to an empty loop
list or the necessary principles for the termination of a Al-minimal proof search,
then the proof search will eventually lead to an isomorphic Al application due to
the finite length of D;. Therefore, T2 applies unless a proof path is terminated due
to the necessary principles T1 or FP, LP and P,

[

9. CORRECTNESS

Proving the correctness of the FOL-Decider requires proving that the FOL-Decider returns
False iff the input formula ¢ is refutable. The proof in the direction from left to right is
easy.

Theorem 9.1. If the FOL-Decider returns False, then the input formula ¢ is refutable.

Proof. The result of step 1 of the FOL-Decider is an FOLDNF. According to Theorem 2.8,
the input formula ¢ is sat-equivalent to its FOLDNF. If the FOL-Decider returns False
as a result in step 1, then the simple False/sat check applied in step 1 and referred to in
the proof of Theorem 2.8 already identifies the FOLDNF and, therefore, the sat-equivalent
initial formula ¢ as refutable. Otherwise, the FOL-Decider returns False iff it returns
False for each disjunct D; from disjuncts D; to D,, of the FOLDNF. Since ¢ is refutable
iff each disjunct D; is refutable, ¢ is refutable if each D; is indeed refutable in the case
that the FOL-Decider returns False for each D; as a result of step 2. If the FOL-Decider
returns False for D; as a result of step 2, it returns a recipe for a proof of contradiction
for D; within the NNF-calculus. This recipe determines the necessary applications of Al,
an optimal prenex that can be generated via PN laws and the applications of VE that are
needed to derive an explicit contradiction. From the correctness of the NNF-calculus (cf.
Theorem 3.3 in [Lampert (2019)]), it follows that each D; and, therefore, the FOLDNF and
¢ are indeed refutable. L]
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For a complete and detailed proof in the direction from right to left, it would be nec-
essary to replace the definitions and principles serving as the basis of the Al-minimal proof
search strategy presented in this paper with their exact algorithmic implementations. In
particular, this concerns the computations of L, p, and sub and their modification and
extensions. However, I abstain from this here. It is, however, not necessary to describe
the algorithmic details because we have shown that the correctness of the Loop-Criterion
is based on the incorrect Assumption 6.16. We show this by showing that a proof FOL’s
decidability rests on this assumption. To prove the decidability of D;, it is sufficient to prove
that the finite mazimal search tree for Al-minimal proofs in the NNF-calculus contains a
Al-minimal proof if D; is refutable.

Definition 9.2. A maximal search tree contains a Al-minimal proof iff it generates a
combination of D}, L, p, and sub that constitutes a AI-minimal proof.

Lemma 9.3. A maximal search tree contains all NI-minimal proofs.

Proof. According to Definition 8.1, a maximal search tree generates all combinatorially
possible D}, L*, ©*, and sub*. By definition, this totality of combinations contains all
combinations of D}, L, p, and sub that constitute AI-minimal proofs (cf. Remark 8.3). [J

Referring to a maximal proof tree circumvents the necessity of proving the correctness
of the principles M P, PE, and PC of an effective search strategy for Al-minimal proofs. The
decidability of FOL through the Al-minimal proof strategy in the NNF-calculus could be
proven on the basis of Lemma 9.3 and Assumption 6.16 without considering the details of
its implementation in the FOL-Decider.

Assumption 9.4. FOL is decidable.

Purported Proof. According to Theorem 2.8, ¢ is sat-equivalent to its FOLDNF. Thus,
¢ is decidable if D; is decidable. That D; is decidable follows from Theorem 8.5 (finiteness
of the maximal search tree), Lemma 9.3 (completeness of a maximal search tree with re-
spect to Al-minimal proofs), Theorem 5.2 (completeness of Al-minimal proofs of D; in the
complete NNF-calculus), Theorem 9.1 (correctness of False outputs) and Assumption
6.16 (correctness of the Loop Criterion for the ultimate termination of proof paths).[]

Remark 9.5. Assumption 9.4 is incorrect because of the incorrectness of Assumption 6.16,
which is refuted by example in [Lampert/Nakano (2022)]. This shows where the concrete
attempt to decide FOL by a Loop Criterion fails. This refutation is independent of the
proof techniques used in the classical undecidability proofs.
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