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1. Introduction

Fuzzy Predicate Logic with Evaluated Syntax (FPL) (Novék, V.) is a well-studied and
wide-used logic capable of expressing vagueness. It has a lot of applications based on robust
theoretical background. It also requires an efficient formal proof theory. However the most
widely applied resolution principle (Duki¢, N.) brings syntactically several obstacles mainly
arising from normal form transformation. FPL is associating with even harder problems when
trying to use the resolution principle. Solutions to these obstacles based on the non-clausal
resolution (Bachmair, L.) were already proposed in (Habiballa, H.).

In this article it would be presented a natural integration of these two formal logical systems
into fully functioning inference system with effective proof search strategies. It leads to the
refutational resolution theorem prover for FPL (RRTPrp;). Another issue addressed in the
paper concerns to the efficiency of presented inference strategies developed originally for the
proving system. It is showed their perspectives in combination with standard proof-search
strategies. The main problem for the fuzzy logic theorem proving lies in the large amount
of possible proofs with different degrees and there is presented an algorithm (Detection of
Consequent Formulas - DCF) solving this problem. The algorithm is based on detection of
such redundant formulas (proofs) with different degrees.

The article presents the method which is the main point of the work on any automated
prover. There is a lot of strategies which makes proofs more efficient when we use refutational
proving. We consider well-known strategies - orderings, filtration strategy, set of support etc.
One of the most effective strategies is the elimination of consequent formulas. It means the
check if a resolvent is not a logical consequence of a formula in set of axioms or a previous
resolvent. If such a condition holds it is reasonable to not include the resolvent into the set of
resolvents, because if the refutation can be deduced from it, then so it can be deduced from
the original resolvent, which it implies of.

2. First-order logic

For the purposes of (RRTPrpy) it will be used generalized principle of resolution, which is
defined in the research report (Bachmair, L.). There is a propositional form of the rule defined
at first and further it is lifted into first-order logic. It is introduced the propositional form of
the general resolution.

General resolution - propositional version

F[G] F'[G]
FIG/LIVF[G/T]

@
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56 Fuzzy Logic — Algorithms, Techniques and Implementations

where the propositional logic formulas F and F’ are the premises of inference and G is an
occurrence of a subformula of both F and F'. The expression F[G/ L]V F'[G/T] is the
resolvent of the premises on G. Every occurrence of G is replaced by false in the first formula
and by true in the second one. It is also called F the positive, F' the negative premise, and G
the resolved subformula.

The proof of the soundness of the rule is similar to clausal resolution rule proof. Suppose the
Interpretation I in which both premises are valid. In I, G is either true or false. If G (=G) is
truein I, sois F'[G/T| (F[G/L]).

Revised version of the paper which forms the core of the handbook (Bachmair, L.) is closely
related with notion of selection functions and ordering constraints. By a selection functions
it is meant a mapping S that assigns to each clause C a (possibly empty) multiset S(C) of
negative literals in C. In other words, the function S selects (a possibly empty) negative
subclause of C. We say that an atom A, or a literal —A, is selected by S if = A occurs in
S(C). There are no selected atoms or literals if S(C) is empty. Lexicographic path ordering
can be used as an usual ordering over a total precedence. But in this case the ordering
is admissible if predicate symbols have higher precedence than logical symbols and the
constants T and L are smaller than the other logical symbols. It means the ordering is
following A ==>>> = > V = A = T > L. The handbook also addresses another key
issues for automated theorem proving - the efficiency of the proof search. This efficiency is
closely related with the notion of redundancy.

If we want to generalize the notion of resolution and lift it into first-order case we have to
define first the notion of selection function for general clauses. General clauses are multisets
of arbitrary quantifier-free formulas, denoting the disjunction of their elements. Note that
we can also work with a special case of such general clause with one element, which yields
to a standard quantifier-free formula of first-order logic. A (general selection) function is
a mapping S that assigns to each general clause C a (possibly empty) set C of non-empty
sequences of (distinct) atoms in C such that either S(C) is empty or else, for all interpretations
I in which C is false, there exists a sequence Ay, ..., A; in S(C), all atoms of which are true in
I. A sequence Ay, ..., Ag in S(C) is said to be selected (by S).

We have to define the notion of polarity for these reasons according to the handbook
(Bachmair, L.). It is based on the following assumption that a subformula F’ in E[F'] is
positive (resp. negative), if E[F'/T| (resp. E[F’/L]) is a tautology. Thus, if F’ is positive (resp.
negative) in E, F' (resp. —F’) logically implies E. Even it should seem that determining of the
polarity of any subformula is NP-complete (hard) problem, we can use syntactic criteria for
this computation. In this case the complexity of the algorithm is linear (note that we base our
theory on similar syntactic criteria below - structural notions definition).

Proposition 1. Polarity criteria

1. Fis a positive subformula of F.

2. If =G is a positive (resp. negative) subformula of F, then G is a negative (resp. positive) subformula
of F.

3. If GV H is a positive subformula of F, then G and H are both positive subformulas of F.
4. If G \ H is a negative subformula of F, then G and H are both negative subformulas of F.

5. If G — H is a positive subformula of F, then G is a negative subformula and H is a positive
subformula of F.

6. If G — L is a negative subformula of F, then G is a positive subformula of F.
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7. Fis positive in a clause C if it is an element of C.

Note that this proposition applies both to formulas and clauses and allows us to determine
polarity of any subformula in a formula. It is safe to select any sequence of negative atoms in a
general clause, since a negative atom cannot be false in an interpretation the clause is false.
With the notion of the polarity as a selection function there is possible to state another notion
of General resolution based on orderings applied to clauses.

General ordered resolution with selection Og

C1(A1)..Cn(An) D(Ay, ..., An)

Ci(L)..Cu(L) D(T,..,T) )

where (i) either Ay, ..., A, is selected by S in D, or else S(D) is empty, n = 1, A7 is maximal in
D, (ii) each atom A; is maximal in C;, and (iii) no clause C; contains a selected atom.

According to the (Bachmair, L.) an inference system based on this rule is refutationally
complete. When trying to extend this into the first-order case we to use lifting lemma.

Lemma 1. Lifting lemma
Let M be a set of clauses and K = G(M) (set of ground instances). If

C

is an inference in O?M (K) then there exist clauses CZ{ in M, a clause C', and a ground substitution o
such that ., ,
Ci-.Cp G
C/
is an inference in Og (M), C; = Clo, and C = C'o.,

Example 1. General resolution - polarity based selection

1. —aV =bV ¢ (axiom),

2. a (axiom), 3. b (axiom)

4. 1 VvV =T V-=bVecl(aisanegative atom in (1) - selected in (1) as negative premise, and (2) as
positive premise respectively) = —bV ¢

5. L V=T Vc(bisanegative atom in (4) - selected in (4) as negative premise, and (3) as positive
premise respectively) = ¢

In the example we used the notion of polarity as a selection function. For example in the line
4 we select the atom a upon negative polarity (according the proposition criteria 1, 3 and 2 -
level ordered) in formula 1 (it means 1. is a negative premise).

Further we can observe the behavior of the rule within the frame of clausal form resolution.
Consider following table showing various cases of resolution on clauses.

Example 2. General resolution with equivalence

1. a Ac < bAd (axiom), 2. a A ¢ (axiom), 3.—[b A d| (axiom) - negated goal
4. laN L]V [aAT] (resolvent from (2), (2) onc) = a

S5.lanLl]VaNnT < bAd]((2),(1)onc)=a<+>bANd

6. LV[T < bAd]((4),(5)o0ma)=bAd

7. LANdV T Ad((6),(6)onb)=d

8.bNLVbATI((6),(6)ond) =b
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58 Fuzzy Logic — Algorithms, Techniques and Implementations

Premisel |Premise2 Resolvent Simplified Comments
aVvb bve |(avLl)Vv(TVe) T no compl. pair
aV b bve |(avT)V(TVe) T redundant inference
aVvb -bVe |[(avVL1l)V(LVe)| aVe clausal resolution
aVvV-b | =bVe [(aVT)V(LVe) T no compl. pair

Table 1. Clausal resolution in the context of the non-clausal resolution

9. LV [T Ad]((8),(3)onb) = —d
10. LV =T ((7),(9) on d) = L (refutation)

When trying to refine the general resolution rule for fuzzy predicate logic, it is important to
devise a sound and complete unification algorithm. Standard unification algorithms require
variables to be treated only as universally quantified ones. We will present a more general
unification algorithm, which can deal with existentially quantified variables without the need
for those variables be eliminated by skolemization. It should be stated that the following
unification process does not allow an occurrence of the equivalence connective. It is needed
to remove equivalence by rewrite rule: A <+ B < [A — B] A [B — A].

We assume that the language and semantics of FOL is standard. We use terms - individuals
(a,b,c,...), functions (with n arguments) (f,g,h,...), variables (X, Y, Z,...), predicates(with n
arguments) (p,q,1, ...), logical connectives (A, V, —, =), quantifiers (3, V) and logical constants
(L, T). We also work with standard notions of logical and special axioms (sets LAx, SAX),
logical consequence, consistency etc. as they are used in mathematical logic.

Definition 1. Structural notions of a FOL formula
Let F be a formula of FOL then the structural mappings Sub (subformula), Sup (superformula), Pol
(polarity) and Lev (level) are defined as follows:

F=GAHorF=GVH|Sub(F)={G,H}, Sup(G) = F, Sup(H) = F
Pol(G) = Pol(F), Pol(H) = Pol(F)
F=GoH Sub(F) = {G, H}, Sup(G) = F, Sup(H) = F
Pol(G) = —Pol(F), Pol(H) = Pol(F)
F=-G Sub(F) = {G}, Sup(G) =F
Pol(G) = —Pol(F)
F =JaGor F =VaG Sub(F) = {G}, Sup(G) = F
(« is a variable) Pol(G) = Pol(F)

Sup(F) = @ = Lev(F) =0, Pol(F) =1,
Sup(F) # @ = Lev(F) = Lev(Sup(F)) +1
For mappings Sub and Sup reflexive and transitive closures Sub™ and Sup™ are defined recursively as

llows:
];(? gZJbS*(F) DO {F}, Sup*(F) > {F}
2. Sub*(F) 2 {H|G € Sub*(F) NH € Sub(G)}, Sup*(F) 2 {H|G € Sup*(F) ANH € Sup(G)}

Example: A — B - Pol(A) = —1, Pol(B) =1, Lev(A) =1

These structural mappings provide framework for assignment of quantifiers to variable
occurrences. It is needed for the correct simulation of skolemization (the information about
a variable quantification in the prenex form). Subformula and superformula mappings and
its closures encapsulate essential hierarchical information of a formula structure. Level gives
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the ordering with respect to the scope of variables (which is also essential for skolemization
simulation - unification is restricted for existential variables). Polarity enables to decide
the global meaning of a variable (e.g. globally an existential variable is universal if
its quantification subformula has negative polarity). Sound unification requires further
definitions on variable quantification. We will introduce notions of the corresponding
quantifier for a variable occurrence, substitution mapping and significance mapping (we have
to distinguish between original variables occurring in special axioms and newly introduced
ones in the proof sequence).

Definition 2. Variable assignment, substitution and significance

Let F be a formula of FOL, G = p(ty,...,ty) € Sub*(F) atom in F and « a variable occurring in t;.
Variable mappings Qnt(quantifier assignment), Sbt (variable substitution) and Sig(significance) are
defined as follows:

Qnt(a) = QuH, whereQ =3V Q =V, H,I € Sub*(F), QaH € Sup*(G),

VQal € Sup*(G) = Lev(Qual) < Lev(QuaH).

Fla/t'] is a substitution of term t' into a in F = Sbt(a) = t'.

A variable a occurring in F € LAx U SAx is significant w.r.t. existential substitution, Sig(a) = 1 iff
variable is significant, Sig(«) = 0 otherwise.

Example: Vx(VxA(x) — B(x)) - Qnt(x) = VxA(x), for x in A(x) and Qnt(x) = Vx(VxA(x) —
B(x)), for x in B(x).

Note that with Qnt mapping (assignment of first name matching quantifier variable in a
formula hierarchy from bottom) we are able to distinguish between variables of the same
name and there is no need to rename any variable. Sbt mapping holds substituted terms in a
quantifier and there is no need to rewrite all occurrences of a variable when working with this
mapping within unification. It is also clear that if Qnt(«) = @ then a is a free variable. These
variables could be simply avoided by introducing new universal quantifiers to F. Significance
mapping is important for differentiating between original formula universal variables and
newly introduced ones during proof search (an existential variable can’t be bounded with it).

Before we can introduce the standard unification algorithm, we should formulate the notion
of global universal and global existential variable (it simulates conversion into prenex normal
form).

Definition 3. Global quantification
Let F be a formula without free variables and « be a variable occurrence in a term of F.

1. w is a global universal variable (x € Vary(F)) iff (Qnt(a) = VaH
APol(Qnt(a)) = 1) or (Qnt(a) = JaH A Pol(Qnt(x)) = —1)

2. wis a global existential variable (x € Vars(F)) iff (Qnt(a) = 3aH
APol(Qnt(a)) = 1) or (Qnt(a) = VaH A Pol(Qnt(a)) = —1)

Vary(F) and Var5(F) are sets of global universal and existential variables.

Example: F = Vy(VxA(x) — B(y)) - x is a global existential variable, y is a global universal
variable.

It is clear w.r.t. skolemization technique that an existential variable can be substituted into
an universal one only if all global universal variables over the scope of the existential one
have been already substituted by a term. Skolem functors function in the same way. Now
we can define the most general unification algorithm based on recursive conditions (extended
unification in contrast to standard MGU).
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Definition 4. Most general unifier algorithm

Let G = p(ty, ..., tn) and G' = r(uq, ..., un) be atoms. Most general unifier (substitution mapping)
MGU(G, G’) = o is obtained by following atom and term unification steps or the algorithm returns
fail-state for unification. For the purposes of the algorithm we define the Variable Unification
Restriction (VUR).

Variable Unification Restriction

Let Fy be a formula and « be a variable occurring in Fy, F, be a formula, t be a term occurring in F,
and P be a variable occurring in F,. Variable Unification Restriction (VUR) for (a,t) holds if one of the
conditions 1. and 2. holds:

1. a is a global universal variable and t # P, where B is a global existential variable and o not
occurring in t (non-existential substitution)

2. w is a global universal variable and t = P, where B is a global existential variable and YF €
Sup*(Qnt(B)), F = QvG, Q € {V,3}, v is a global universal variable, Sig(y) = 1 =
(Sbt(y) =1") € o, " is a term (existential substitution).

Atom unification

1. ifn =0and p = r then o = @ and the unifier exists (success-state).

2. ifn > 0and p = r then perform term unification for pairs (t1,uy), ..., (tn, un); If for every pair
unifier exists then MGU(G, G') = ¢ obtained during term unification (success state).

3. In any other case unifier does not exist (fail-state).

Term unification (t',u’)

1. ifu’ = a, t' = B are variables and Qnt(ax) = Qnt(p) then unifier exists for (t',u’) (success-state)
(occurrence of the same variable).

2. ift' = wis avariable and (Sbt(a) = ©') € o then perform term unification for (v, u"); The unifier
for (t',u’) exists iff it exists for (v, u") (success-state for an already substituted variable).

3. ifu’ = wisawvariable and (Sbt(x) = v') € o then perform term unification for (¢',v"); The unifier
for (¥, u') exists iff it exists for (t',v") (success-state for an already substituted variable).

4. if ' = a, u' = bare individual constants and a = b then for (t',u’) unifier exists (success-state).

5. ift" = f(ty,..t), u' = g(ul,..,uy) are function symbols with arguments and f = g then
unifier for (t',u") exists iff unifier exists for every pair (t{,1}), ..., (t,, uy,) (success-state).

6. if ' = w is a variable and VUR for (+',u’) holds then unifier exists for (t',u’) holds and o =
o U (Sbt(a) = u') (success-state).

7. if u' = wis a variable and VUR for (u',t") holds then unifier exists for (¥,u") holds and ¢ =
o U (Sbt(x) = t') (success-state).

8. In any other case unifier does not exist (fail-state).

MGU(A) = o for a set of atoms A = {Gy,...,Gy} is computed by the atom unification for
(G1,G)), 01 = MGU(Gq, G;),Vi,09 = @, where before every atom unification (Gy,G;), o is set
too;_1q.

With above defined notions it is simple to state the general resolution rule for FOL (without
the equivalence connective). It conforms to the definition from (Bachmair, L.).
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Definition 5. General resolution for first-order logic (GRpoy)

F[Gy,,t G F'[G), ..., Gl

Fo[G/ 1]V F'o[G/T] @)

where ¢ = MGU(A) is the most general unifier (MGU) of the set of the atoms
A={Gy,...,G,G},...,G,} , G = Gyo. For every variable a in F or F', (Sbt(y) = a)No =@
= Sig(a) = 1in For F' iff Sig(a) = 1in Fo[G/ L]V F'oc[G/T]. F is called positive and F’ is called
negative premise, G represents an occurrence of an atom. The expression Fo|G/ L]V F'o[G/ T] is the
resolvent of the premises on G.

Note that with Qnt mapping we are able to distinguish variables not only by its name (which
may not be unique) but also with this mapping (it is unique). Sig property enables to separate
variables, which were not originally in the scope of an existential variable. When utilizing the
rule it should be set the Sig mapping for every variable in axioms and negated goal to one.
We present a very simple example of existential variable unification before we introduce the
refutational theorem prover for FOL.

Example 3. Variable Unification Restriction

We would try to prove if VX3IYp(X,Y) F IYVXp(X,Y)? We will use refutational proving and
therefore we will construct a special axiom from the first formula and negation of the second formula:
Fo : VX3Yp(X,Y). Fi(—query) : =3YVXp(X,Y).

There are 2 trivial and 2 non-trivial combinations how to resolve Fy and F, (combinations with the same
formula as the positive and the negative premise could not lead to refutation since they are consistent):
Trivial cases: R[Fi&F;] : LV T and R[Fo&Fy] : LV T. Both of them lead to T and the atoms are
simply unifiable since the variables are the same.

Non-trivial cases:|Fy &Fy| : no resolution is possible.

Y € Vary(Fy) and Y € Vars(Fy) can’t unify since VUR for (Y,Y') does not hold - there is a variable
X € Sup*(Qnt(Y))(over the scope), X € Vary(Fy),Sbt(X) = @); the case with variable X is
identical.

[Fo&Fy] : no resolution is possible (the same reason as above).

No refutation could be derived from Fy and F; due to VUR.

Further we would like to prove IYVXp(X,Y) F VX3Yp(X,Y).

FO: 3YVXp(X,Y). F1 (~query) : -¥X3IYp(X,Y)

In this case we can simply derive a refutation:

R[F1&Fy| : LV =T (refutation)

X € Vary(Fy) and X € Vars(Fy) can unify since VUR for (X, X) holds - there is no global universal
variable over the scope of X in Fy; Sbt(X) = X and Sbt(Y) =Y.

3. Fuzzy predicate logic and refutational proof

The fuzzy predicate logic with evaluated syntax is a flexible and fully complete formalism,
which will be used for the below presented extension (Novak, V.). In order to use an efficient
form of the resolution principle we have to extend the standard notion of a proof (provability
value and degree) with the notion of refutational proof (refutation degree). Propositonal
version of the fuzzy resolution principle has been already presented in (Habiballa, H.). We
suppose that set of truth values is Lukasiewicz algebra. Therefore we assume standard notions
of conjunction, disjunction etc. to be bound with Lukasiewicz operators.
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62 Fuzzy Logic — Algorithms, Techniques and Implementations

We will assume Lukasewicz algebra to be
Ly =([0,1],A,V,®,—,0,1)

where [0, 1] is the interval of reals between 0 and 1, which are the smallest and greatest
elements respectively. Basic and additional operations are defined as follows:

ab=0V(@a+b—1) a—=b=1N(1—a+b) adb=1AN(a+b) —~a=1-—a

The biresiduation operation <+ could be defined a <> b =4 (a — b) A (b — a), where A is
infimum operation. The following properties of Ly will be used in the sequel:
1®1=a,a0=0,a1=1,a90=a,a—1=1,a—-0=—-41—a=a,0—>a=1

The syntax and semantics of fuzzy predicate logic is following;:

e terms tq,..., 1, are defined as in FOL

* predicates with py,..., pm are syntactically equivalent to FOL ones. Instead of 0 we
write L and instead of 1 we write T, connectives - & (Lukasiewicz conjunction), V
(Lukasiewicz disjunction), = (implication), — (negation), VX (universal quantifier),3X
(existential quantifier) and furthermore by F; we denote set of all formulas of fuzzy logic
in language |

e FPL formulas have the following semantic interpretations (D is the universe):
Interpretation of terms is equivalent to FOL, D(p;(t;,, ..., t;,)) = P;(D(t;,), ..., D(t;,)) where
P; is a fuzzy relation assigned to p;, D(a) = a fora € [0,1], D(A&B) = D(A) ® D(B),
D(AVB) =D(A) & D(B), D(A=B) = D(A) — D(B), D(—A) = =D(A),

D(VX(A)) = ND(A[x/d]|d € D), D(3X(A)) =\ D(A[x/d]|d € D)

e for every subformula defined above Sub, Sup, Pol, Lev, Qnt, Sbt, Sig and other derived
properties defined for classical logic hold (where the classical FOL connective is presented
the Lukasiewicz one has the same mapping value).

Graded fuzzy predicate calculus assigns grade to every axiom, in which the formula is valid.
It will be written as 4/A where A is a formula and a is a syntactic evaluation. We use several
standard notions defined in (Novak, V.) namely: inference rule, formal fuzzy theory with set
of logical and special axioms, evaluated formal proof.

Definition 6. Inference rule
An n-ary inference rule r in the graded logical system is a scheme

al/Al, veey an/An

: evl (4)
r (al,...,an)/rsy”(Al,...,An)

using which the evaluated formulas @1/ Aq, ..., an | A, are assigned the evaluated formula
r*N(ay, ..., an) [V (Aq, ..., An). The syntactic operation r*Y" is a partial n-ary operation on Fy and

the evaluation operation ¢! is an n-ary lower semicontinous operation on L (i.e. it preserves arbitrary
suprema in all variables).

Definition 7. Formal fuzzy theory
A formal fuzzy theory T in the language | is a triple

T = (LAx,SAX, R)

where LAx C Fy is a fuzzy set of logical axioms, SAx C Fy is a fuzzy set of special axioms, and R is a
set of sound inference rules.
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Definition 8. Evaluated proof, refutational proof and refutation degree
An evaluated formal proof of a formula A from the fuzzy set X C Fj is a finite sequence of evaluated

formulas w := aO/AO, ﬂl/Al, ) ﬂn/An such that A, := A and for each i < n, either there exists
an m-ary inference rule r such that

a; ) Ay o= 1 (@ 00,) [PV (A oy Ar ), i < mor 0] Ay = X(A) /A,
We will denote the value of the evaluated proof by Val(w) = ay.
An evaluated refutational formal proof of a formula A from X is w, where additionally @0/Aq :=

L/~Aand A, = L. Val(w) = ay is called refutation degree of A.

Definition 9. Provability and truth
Let T be a fuzzy theory and A € Fy a formula. We write T -, A and say that the formula A is a
theorem in the degree a, or provable in the degree a in the fuzzy theory T.

Tt Aiffa = \/{Val(w)| w is a proof of A from LAx U SAx} )

We write T =, A and say that the formula A is true in the degree a in the fuzzy theory T.
D =Tif VA € LAx: LAx(A) < D(A), A € SAx: SAx(A) < D(A) (6)

T, Aiffa= \{D(A)|D =T} )

The fuzzy modus ponens rule could be formulated:

Definition 10. Fuzzy modus ponens

/A, b/A=B

rMP : 156 /B (8)

where from premise A holding in the degree a and premise A= B holding in the degree b we infer B
holding in the degree a ® b.

In classical logic rpp could be viewed as a special case of the resolution. The fuzzy resolution
rule presented below is also able to simulate fuzzy rp;p. From this fact the completeness of a
system based on resolution can be deduced. It will only remain to prove the soundness. It is
possible to introduce following notion of resolution w.r.t. the modus ponens.

Definition 11. General resolution for fuzzy predicate logic (GRppy )

4/F[Gy,, ..., Gg), b/F'[G], ..., G})]
a®b/Fo(G/LIVFo[G/T]

©)

TGR

where 0 = MGU(A) is the most general unifier (MGU) of the set of the atoms
A={Gy,...,G,G},...,G,} , G = Gyo. For every variable « in F or F', (Sbt(y) = a)No =@
= Sig(a) =1in

For F'iff Sig(a) = 1in Fo[G/ L]V F'o[G/T]. F is called positive and F’ is called negative premise,
G represents an occurrence of an atom. The expression Fo[G/ L]V F'a[G/T] is the resolvent of the
premises on G.
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Lemma 2. Soundness of rgg
The inference rule rgg for FPL based on Ly is sound i.e. for every truth valuation D,

DV (Ay, ) Ay)) > 1N (D(A}), ..., D(Ap)) (10)

holds true.

Proof. Before we solve the core of GRrp; we should prove that the unification algorithm
preserves soundness. But it could be simply proved since in the classical FPL with the rule
of Modus-Ponens (Novdk, V.) from the axiom - (Vx)A=A[x/t] and I (Vx)A we can prove
Alx/t]. For rggr we may rewrite the values of the left and right parts of equation (10):

D" (A1, ..., An)) = D[D(F,[G/L]))VD(FR[G/T))]

rl(D(Ay), .., D(An)) = D(F[G]) ® D(F[G))

It is sufficient to prove the equality for = since all other connectives could be defined by
it. By induction on the complexity of formula |A|, defined as the number of occurrences of
connectives, we can prove:

Let premises F; and F, be atomic formulas. Since they must contain the same subformula then
F, = F, = G and it holds

DID(F[G/L))VD(B[G/T])] = D(LVT) =0®1=1> D(R[G]) ® D(E[G])

Induction step: Let premises F; and F, be complex formulas and let A and B are subformulas
of F;, C and D are subformulas of F, and G is an atom where generally F; = (A=-B) and
F, = (C=D). The complexity of |F;| = |A|+1or |F| = |B|+1and || = |[C|+1 or
|F,| = |D| + 1. Since they must contain the same subformula and for A, B, C, D the induction
presupposition hold it remain to analyze the following cases:

1. F = A=G F, = G=D : D|D(FK[G/L])VD(R|G/T])] = D([A=L]|V[T=D]) =
D(-AVD)=1A(1—-a+d)
We have rewritten the expression into Lukasiewicz interpretation. Now we will try to
rewrite the right side of the inequality, which has to be proven.
D(F[G]) ® D(R[G]) = D(A=G)®D(G=D) =0V (IA(1—a+g)+(1A(1—g+
d)) —1) = 1A (1 —a+d) Theleft and right side of the equation (10) are equal and therefore

D[D(R|G/L)VD(R[G/T]] = D(R[G]) ® D(R[G])

for this case holds.

2. F = A=G F, =C=G:D|D(R[G/L])VD(R|G/T])] = D([A=L]V[C=T]) =1 >
D(K[G]) ® D(R[G])

3. F = G=B F, =G=D:D[DF|[G/L])VD(FK|G/T])] = D([L=B]V|[T=D]) =1 >
D(R[G]) ® D(K[G])

4. F; = G=B F, = C=G : D|D(F[G/L])VD(R[G/T])] = D(|[L=B]V[C=T]) =1 >
D(k[G]) ® D(R[G])

By induction we have proven that the inequality holds and the rg is sound. The induction

of the case where only one of the premises has greater complexity is included in the above
solved induction step. O
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Definition 12. Refutational resolution theorem prover for FPL

Refutational non-clausal resolution theorem prover for FPL (RRT Prpy) is the inference system with
the inference rule GRrpy and sound simplification rules for L, T (standard equivalencies for logical
constants). A refutational proof by definition 8 represents a proof of a formula G (goal) from the set of
special axioms N. It is assumed that Sig(«) = 1 for Va in F € N U =G formula, every formula in a
proof has no free variable and has no quantifier for a variable not occurring in the formula.

Definition 13. Simplification rules for V, =
a/1VA
rsy - —a/A

Lemma 3. Provability and refutation degree for GRrpy
T o Aiffa = \/{Val(w)| w is a refutational proof of A from LAx U SAx}

a/T=A
and Vs= . H/—A

Proof. If T -, A thena = \/{Val(w)| w is a proof of A from LAx USAx} and for every such a
proof of we can construct refutational proof as follows (Val(w) < a):

w := /A {proof A}, 1/-A {member of refutational proof}, # © 1/ 1 {rgp}

If a = \/{Val(w)| w is refutational proof of A from LAx U SAx}(Val(w) < a):

w:= a0/A,.., 3i/A;, 1/=A,.., /L, where Ay, ..., A; are axioms.

There is a proof:

w' = a0/Ag, ..., 4i/A;, 1/2AV A, 8iy2/A; )V A,.., 4/ LVA.

All the schemes of the type A;VA , j > i could be simplified by sound simplification rules
and the formula -~AV A may be removed.

The proof w” := a0/ Ay, ..., 4/ A;, %i+2/Ai 12V A, ..., 4/ Ais a correct proof of A in the degree
a since the formulas are either axioms or results of application of resolution. O

Theorem 1. Completeness for fuzzy logic with rgg, 1sv, s= instead of 1 yp
Formal fuzzy theory, where ry;p is replaced with rgR, tsv, ¥s=, is complete i.e. for every A from the
set of formulas T b, Aiff T =, A.

Proof. The left to right implication (soundness of such formal theory) could be easily done
from the soundness of the resolution rule. Conversely it is sufficient to prove that the rule rp
can be replaced by rgg, rsv, rs—=. Indeed, let w be a proof:

w = ﬂ/A {proof wy}, b/A:>B {proof wa_p}, ¥ b/B {rmp}. Then we can replace it by the
proof:

w = a/A{proofw,},b/A=B{proofws_p},3®b/LV[T=B]{rgr},
a@b/T=B{rey,a®b/B{r.}

Using the last sequence we can easily make a proof with ryp also with the proposed rr and
simplification rules. Since usual formal theory with rsp is complete as it is proved in (Novak,
V.), every fuzzy formal theory with these rules is also complete. Note that the non-ground case
(requiring unification) could be simulated in the same way like in the proof of soundness. [J

4. Implementation and efficiency

The author also currently implements the non-clausal theorem prover into fuzzy logic as an
extension of previous prover for FOL (GEneralized Resolution Deductive System - GERDS)
(Habiballa, H.). Experiments concerning prospective inference strategies can be performed
with this extension. The prover called Fuzzy Predicate Logic GEneralized Resolution
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Deductive System (Fig. 1) - FPLGERDS provides standard interface for input (knowledge
base and goals) and output (proof sequence and results of fuzzy inference, statistics).

Fuzzy Predicate Logic GEneralized Resolution Deductive System - [skills.txt] |Z||E|E|
]"‘ File Edit OQutput Prove theorem Unification  Window  Help - 8 x

) Stop | Linear ‘ Breadth ‘ Madified ‘ ol vl 3|l sl al vl =2l sl =]
skills{john, czech):0.2;
skills{john, english):0.95;
skills(vaclav, czech):0.95;
skills{vaclav, english):0.01;
skills(juraj, english):0.7;
skills(juraj, slovak):1;
skills{john, computers):0.95;
skills(vaclav, electronics):0.9;
skills(juraj, metalurgy);
skills(juraj, computers):0.4;
WX [skills(X, czech) — fluent(X, slovakia)]:0.95;
WX [skills(X, slovak) — fluent(X, slovakia)]:1;
WX [skills(X, electronics) — skills(X, computers)]:0.8;
VX [[fluent(X, slovakia) ~ skills(X, computers)]— suitable(X, slovakia)];
?- JX suitable(X, slovakia);

R15 [R14&F9] : =skills(juraj, czech):0.35; M-
R16 [R14&F&] : —skills(john, czech):0.9;

[R16&F0] : YES (refutation degq.):0.1;

X = john;

R17 [R14&F2] : =skills{vaclav, computers):0.9;

R18 [R14&F0] : =skills(john, computers):0.15;
[R18&F6] : YES (refutation deg.):0.1;

X = john;

R19 [RO&F9] : ~fluent(juraj, slovakia):0.4;

R20 [RO&F&] : ~fluent(john, slovakia):0.95;

Best refutation degree: 0.6(X = vaclav;)

Solving time : 0.14 s. Used memory for proof: 11892 B.
Total allocated for GERDS: 69644 B.

i

Fig. 1. Fuzzy Predicate Logic GEneralized Resolution Deductive System

There are already several efficient strategies proposed by author (mainly Detection of
Consequent Formulas (DCF) adopted for the usage also in FPL). With these strategies the
proving engine can be implemented in real-life applications since the complexity of theorem
proving in FPL is dimensionally harder than in FOL (the need to search for all possible
proofs - we try to find the best refutation degree). The DCF idea is to forbid the addition of a
resolvent which is a logical consequence of any previously added resolvent. For refutational
theorem proving it is a sound and complete strategy and it is emiprically very effective.
Completeness of such a strategy is also straight-forward in FOL:

(Rold l_ Rngw) /\ (u, Rnew |_ _L) = (u, Rold l_ J_>
Example: Ryew = p(a), Roig = Vx(p(x)), Rora = Ruew-

DCF could be implemented by the same procedures like General Resolution (we may utilize
self-resolution). Self-resolution has the same positive and negative premise and needs to
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resolve all possible combinations of an atom. It uses the following scheme:

Even the usage of this teachnique is a semidecidable problem, we can use time or step
limitation of the algorithm and it will not affect the completeness of the RRT Py .

Example: Ruew = p(a), Roig = Vx(p(x)), ~(Vx(p(x)) = p(a))

MGU: Sbt(x) =a,Res =—~(L —- L) V(T - T)= L

We have proved that Ry, is a logical consequence of R,,;.

In FPL we have to enrich the DCF procedure by the limitation on the provability degree. if
U g Ryjg AU Fp Ryew A b < athen we can apply DCE. DCF Trivial check performs a symbolic
comparison of R,;; and Ry we use the same provability degree condition. In other cases we
have to add Ry into the set of resolvents and we can apply DCF Kill procedure. DCF Kill
searches for every R,;; being a logical consequence of Ry and if U 4 Ryjg A U Fp Ryew A
b > a then Kill R,;; (resolvent is removed).

We will now show some efficiency results concerning many-valued logic both for Fuzzy
Predicate Logic. We have used the above mentioned application FPLGERDS and originally
developed DCF strategy for FPL. It is clear that inference in RRT Prpr and RRT Prp;, on general
knowledge bases is a problem solved in exponential time. Nevertheless as we would like
to demonstrate the need to search for every possible proof (in contrast to the two-valued
logic) will not necessarily in particular cases lead to the inefficient theory. We have devised
knowledge bases (KB) on the following typical problems related to the use of fuzzy logic.

We have performed experimental measurements concerning efficiency of the presented
non-clausal resolution principle and also DCF technique. These measurements were done
using the FPLGERDS application (Habiballa, H.). Special testing knowledge bases were
prepared and several types of inference were tested on a PC with standard Intel Pentium 4
processor as described below.

Fuzzy predicate Logic redundancy-based inefficient knowledge bases

As it was shown above in the theorem proving example the problem of proof search is quite
different in FPL and FDL in comparison with the two-valued logic. We have to search
for the best refutation degree using refutational theorem proving in order to make sensible
conclusions from the inference process. It means we cannot accept the first successful proof,
but we have to check "all possible proofs" or we have to be sure that every omitted proof is
worse that some another one. The presented DCF and DCF Kill technique belong to the third
sort of proof search strategies, i.e. they omit proofs that are really worse than some another
(see the explication above). Proofs and formulas causing this could be called redundant
proofs and redundant formulas. Fuzzy logic makes this redundancy dimensionally harder
since we could produce not only equivalent formulas but also equivalent formulas of different
evaluation degree.

Example 4. Redundant knowledge base
Consider the following knowledge base (fragment):

051 /a b=z,

O61/ﬂ A bl A b1:>Z,

0-71/11 Abi ANby Nb1=z,
0.81/a Aby Aby Aby A=z,
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Search method Description

Breadth B |Level order generation, start - special axioms + goal
Linear L [Resolvent = premise, start - goal
Modified-Linear|M|Resolvent = premise, start - goal + special axioms

Table 2. Proof search algorithms

DCF Method Description

Trivial T |Exact symbolic comparison

DCF DC |Potential resolvent is consequent (no addition)
DCF Kill DK|DCEF + remove all consequent resolvents

Table 3. DCF heuristics
0-91/11/\b1 Abi ANby ANbp ANb1=z, 1/b1,

O.52/g ANby=z,

0-62/L1 ANby AN by=z,

0.72 Ja Nby Aby A by=>z,

0.82/a Aby Aby Aby Aby=>z,

092 /a Aby ANby Aby Aby Aba=z,1/bs,

Goal: ? —a=z

Searching for the best proof of a goal will produce a lot of logically equivalent formulas with different
degrees. These resolvents make the inference process inefficient and one of the essential demands to the
presented refutational theorem prover is a reasonable inference strategy with acceptable time complexity.

We have compared efficiency of the standard breadth-first search, linear search and modified
linear search (starting from every formula in knowledge base) and also combinations with
DCF and DCF-kill technique (Habiballa, H.). We have prepared knowledge bases of the size
120, 240, 360, 480 and 600 formulas. It has been compared the time and space efficiency on
the criterion of 2 redundancy levels. This level represents the number of redundant formulas
to which the formula is equivalent (including the original formula). For example the level
5 means the knowledge base contain 5 equivalent redundant formulas for every formula
(including the formula itself). The basic possible state space search techniques and DCF
heuristics and their combinations are presented in the following tables.

We use standard state space search algorithms in the FPLGERDS application - Breadth-first
and Linear search. Breadth-first method searches for every possible resolvent from the
formulas of the level 0 (goal and special axioms). These resolvents form formulas of the level
1 and we try to combine them with all formulas of the same and lower level and continue
by the same procedure until no other non-redundant resolvent could be found. Linear search
performs depth-first search procedure, where every produced resolvent is used as one of the
premises in succeeding step of inference. The first produced resolvents arises from the goal
formula. Modified linear search method posses the same procedure as linear one, but it starts
from goal and also from all the special axioms.

DCF methods for reduction of resolvent space are basically three. The simplest is trivial
DCF method, which detects redundant resolvent only by its exact symbolic comparison, i.e.
formulas are equivalent only if the are syntactically the same. Even it is a very rough method,
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Search DCF Code |Description
Breadth Trivial |BT |Complete
Breadth DCF BDC |Complete
Breadth DCEF Kill|BDK |Complete
Mod. Linear|Trivial |MT |Incomplete (+)
Mod. Linear| DCF MDC |Incomplete (+)
Mod. Linear|DCF Kill MDK|Incomplete (+)

Linear Trivial |LT |Incomplete
Linear DCF LDC |Incomplete
Linear DCFKill[LDK |Incomplete

Table 4. Inference strategies

it is computationally very simple and forms necessary essential restriction for possibly infinite
inference process. The next method of DCF technique enables do detect the equivalency
of a formula (potential new resolvent) by the means described above. DCF Kill technique
additionally tries to remove every redundant resolvent from the set of resolvents. The
important aspect of the theorem DCEF lies in its simple implementation into an automated
theorem prover based on general resolution. The prover handles formulas in the form of
syntactical tree. It is programmed a procedure performing general resolution with two
formulas on an atom. This procedure is also used for the implementation of the theorem.
A "virtual tree" is created from candidate and former resolvent (axiom) connected by negated
implication. Then it remains to perform self-resolution on such formula until a logical value is
obtained. Let us compare the efficiency of standard strategies and the above-defined one. We
have built-up 9 combinations of inference strategies from the mentioned proof search and DCF
heuristics. They have different computational strength, i.e. their completeness is different for
various classes of formulas. Fully complete (as described above) for general formulas of FPL
and FDL are only breadth-first search combinations. Linear search strategies are not complete
even for two-valued logic and horn clauses. Modified linear search has generally bad
completeness results when an infinite loop is present in proofs, but for guarded knowledge
bases it can assure completeness preserving better space efficiency than breadth-first search.
We tested presented inference strategies on sample knowledge bases with redundancy level 5
with 20, 40, 60, 80 and 100 groups of mutually redundant formulas (total number of formulas
in knowledge base is 120, 240, 360, 480 and 600). At first we have tested their time efficiency
for inference process. As it could be observed from figure 2, the best results have LDK and
LDC strategies. For simple guarded knowledge bases (not leading to an infinite loop in proof
search and where the goal itself assures the best refutation degree) these two methods are very
efficient. DCF strategies significantly reduces the proof search even in comparison with LT
strategy (standard), therefore the usage of any non-trivial DCF heuristics is significant. Next
important result concludes from the comparison of BDK and MDK, MDC strategies. We can
conclude that MDK and MDC strategies are relatively comparable to BDK and moreover BDK
preserves completeness for general knowledge bases.

Space complexity is even more significantly affected by the DCF heuristics. There is an
interesting comparison of trivial and non-trivial DCF heuristics in figure 3. Even BDK strategy
brings significant reduction of resolvents amount, while LDK, LDC, MDK, MDC strategies
have minimal necessary amount of kept resolvents during inference process. The second
examined redundancy level 10 shows also important comparison for increasing redundancy
in knowledge bases. Tested knowledge bases contained 10, 20, 30, 40 and 50 groups of 10
equivalent formulas (the total number of formulas was 110, 220, 330, 440 and 550 formulas).
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140

120

100

120 240 360 4380 600
OBT 744 2509 50,55 90.91 138,67
BEDC 952 2373 43,76 76,63 12994
OBDK 468 10,1 17,64 2954 47,31
OnT 586 18,85 4146 70,01 106,68
mvDC 093 3.09 5,14 1054 35,14
oNVDK 145 3.2 503 8.84 4,32
BLT 217 7.24 14,76 2498 35,77
oLbc 026 0,52 057 03 1,96
BLDK 028 0.5 057 0,78 1.99

Fig. 2. Time complexity for redundancy level 5 (seconds)

Time efficiency results shows that higher redundancy level causes expected increase in the
necessary time for the best proof search (figure 4). The approximate increase is double, while
the proportion shows good results for MDK, MDC and LDK, LDC (linear search based)
strategies. This property also holds for space complexity as shown in figure 5. Performed
experiments shows the significance of originally developed DCF strategies in combination
with standard breadth-first search (important for general knowledge bases - BDK). We also
outlined high efficiency for linear search based strategies (mainly LDK). Even this strategy
is not fully complete and could be used only for guarded fragment of FDL, this problem is
already known in classical (two-valued) logic programming and automated theorem proving.
We also use these highly efficient linear search strategies, even they are not complete.
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120 240 360 430 600
OBT 385 765 1185 1525 1905
mEDC 65 125 185 245 306
OBDK 46 86 126 166 205
OnT 385 765 1145 1525 1905
mNDC 14 14 14 14 12
ONMDK 14 14 14 14 12
mLT 304 604 904 1204 1504
oLDC 12 12 12 12 10
BLDK 12 12 12 12 10
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110 220 330 440 550
OBT 34,16 89,55 150,35 235,61 348,32
BEDC 16,95 4789 114,01 166,67 301,63
OBDK 337 13 2195 35.76 103,81
OnT 27,34 .17 130.21 199,73 27827
mNDC 376 13,85 16,05 18,16 487
ONVDK 285 11,92 14.35 2345 314
mLT 10,99 29.1 49,17 7683 107,86
oLDC 061 142 208 167 2.31
BLDK D44 1,01 13 1.1 139

Fig. 4. Time complexity for redundancy level 10 (seconds)
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2000
1800
1600
1400
1200
1000
800
600

400
200

110 220 330 440 550
oBT 295 785 1155 1575 1955
BEDC 55 105 155 205 255
OBDK 46 36 126 166 206
amT 295 785 1155 1575 14955
B WDC 17 19 19 19 19
a WDk 17 19 19 19 19
BLT 204 604 304 1204 1504
oLbc 14 16 16 16 16
B LDK 14 16 16 16 16

Fig. 5. Space complexity for redundancy level 10 (resolvents)
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5. Conclusions and further research

The Non-clausal Refutational Resolution Theorem Prover forms a powerful inference system for
automated theorem proving in fuzzy predicate logic. The main advantage in contrast with
other inference systems lies in the possibility to utilize various inference strategies for effective
reasoning. Therefore it is essential for practically successful theorem proving.

The Detection of Consequent Formulas algorithms family brings significant improvements
in time and space efficiency for the best proof search. It has been shown results indicating
specific behavior of some combinations of the DCF and standard proof search (breadth-first
and linear search). DCF strategies (BDC, BDK) have interesting results even for fully
general fuzzy predicate logic with evaluated syntax, where the strategy makes the inference
process practically manageable (in contrast to unrestricted blind proof-search). However it
seems to be more promising for practical applications to utilize incomplete strategies with
high time efficiency like LDK (even for large knowledge bases it has very short solving
times). It conforms to another successful practical applications in two-valued logic like logic
programming or deductive databases where there are also used efficient incomplete strategies
for fragments of fully general logics.

It has been briefly presented some efficiency results for the presented automated theorem
prover and inference strategies. They show the significant reduction of time and space
complexity for the DCF technique. Experimental application FPLGERDS can be obtained from
URL:// http://www]1.osu.cz/home/habibal/files/gerds.zip. The package contains current version of
the application, source codes, examples and documentation. This work was supported by
project DAR (1M0572).
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