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ABSTRACT. Many logical problems, such as proof problems and query-answering prob-
lems, can be mapped into model-intersection (MI) problems, which constitute one of
the largest and most fundamentally important classes of logical problems. To solve MI
problems, many equivalent transformation rules have been employed. In this paper, we
introduce unblocking transformation, and propose unfold/unblock computation control,
i.e., when neither unfolding nor definite-clause remowval is applicable, an attempt is made
to transform a given problem using unblocking transformation so as to derive an equiv-
alent problem to which unfolding is applicable. While a resolution-based proof method
increases problem size monotonically no matter what control is taken, repeated reduction
of problem size can be achieved by using the unfold/unblock control.

Keywords: Model-intersection problem, Equivalent transformation, Rewriting rule, ET
rule, Rule generation, Correctness

1. Introduction.

1.1. Limitations of resolution-based theories on first-order formulas. The con-
ventional logical computation theory has both representational limitations and compu-
tational limitations. Proof problems and query-answering (QA) problems are two most
important and largest classes of logical problems, and many solutions to their subclasses
have been intensively studied [1-15]. Proof problems on first-order formulas historically
constitute the most important problem class in logical problem solving. The conventional
resolution-based theory, however, failed to establish a correct proof method for full first-
order formulas [16]. A QA problem on first-order formulas is an “all-answers finding” prob-
lem to satisfy a given logical consequence relation. The conventional resolution-based QA
theory on definite clauses was constructed as an extension of the resolution-based proof
theory [1]. However, it failed to establish a correct QA solution method for full first-order
formulas [17].

The conventional concept of computation in logical problem solving is based on pro-
cedural reading of logical formulas. Only one inference rule (i.e., the resolution rule) is
used in the conventional computation by SLD resolution, and control means to select an
occurrence of an atom in a clause at each step of computation. Simple resolution-based
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computation without the possibility of using many equivalent transformation (ET) rules
is the major reason for the computational limitations of conventional logical reasoning
and answer-finding.

1.2. ET framework and resource minimization control. To break the represen-
tational and computational limitations of first-order formulas, LPSF (Logical Problem
Solving Framework) was invented [18]. LPSF is an axiomatic logic and can be applied to
conventional logics. LPSF can also generate new logics.

LPSF solves model-intersection (MI) problems with various ET rules. MI problems con-
stitute one of the largest and most fundamentally important classes of logical problems,
including proof problems and QA problems. Computation in the ET framework is suc-
cessive application of an unlimited number of ET rules. Computation by ET rules truly
extends solvability of logical problems.

One computation control may give the shortest and finite path to the end of computa-
tion, while another computation control may result in non-termination, i.e., never-ending
computation with no answer being obtained. Resource minimization control is possible
by assigning a higher priority to an ET rule whose application yields a smaller number of
clauses. Resource minimization control is essential for solving logical problems efficiently.

1.3. Partial-applicability of unfolding and unfold /unblock control. One promis-
ing strategy for efficient computation is to repeatedly apply unfolding, by which a decrease
of problem size can often be expected. However, unfolding may be inapplicable to an atom
in the right-hand side of a clause in a problem description P when there exist multi-head
clauses in P. Computation may often reach a state in which unfolding is blocked, i.e.,
unfolding is not applicable to the state. To get out of such an inapplicable state, we try
to transform a given problem into an equivalent problem to which unfolding is further
applicable. This is called unfold /unblock control.

Side-change transformation, which moves atoms from one side of a clause to the other
side, is introduced as unblocking transformation in this paper. It does not change problem
size, which is evaluated by the number of clauses and the number of atoms in the set
of clauses representing a problem. However, side-change transformation contributes to
efficient computation since it often enables further application of unfolding and repeated
unfolding often leads to efficient simplification of problems.

The resolution rule is applicable to any clause in the existence of multi-head clauses.
The importance of unfold/unblock control has never been recognized in the resolution-
based research in logic programming. Computational limitations of the theory of logic
programming, including i) incompleteness of SLD resolution for the full first-order for-
mula space and ii) inefficient computation by inflexible control, arise from the single-rule
approach using the resolution rule.

1.4. Organization. The rest of this paper is organized as follows. Section 2 defines the
extended clause space and the semantics of a set of extended clauses. It also gives a for-
malization of a QA problem used as the running example in this paper. Section 3 explains
inapplicability of unfolding in unfolding-based computation for solving MI problems. Sec-
tion 4 introduces side-change transformation and explains its typical usage. It then proves
the correctness of this transformation. Section 5 solves the running problem by unfolding-
based computation with side-change transformation. Section 6 concludes the paper.

2. Formalization of a QA Problem. We first introduce an extended clause space and
give the formal definition of an MI problem on it. We then formalize a QA problem used
for illustration in this paper.
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2.1. User-defined atoms, constraint atoms, and func-atoms. We consider an ex-
tended formula space that contains three kinds of atoms, i.e., user-defined atoms, built-in

constraint atoms, and func-atoms. A user-defined atom takes the form p(t4,...,t,), where
p is a user-defined predicate and the t; are usual terms. A built-in constraint atom, also
simply called a constraint atom or a built-in atom, takes the form c(ti,...,t,), where ¢

is a predefined constraint predicate and the ¢; are usual terms. Let A, denote the set
of all user-defined atoms, G, the set of all ground user-defined atoms, A, the set of all
constraint atoms, and G, the set of all ground constraint atoms.

A func-atom [19] is an expression of the form func(f,t1, ..., tn, tne1), where f is either
an n-ary function constant or an n-ary function variable, and the ¢; are usual terms. It is
a ground func-atom if f is a function constant and the ¢; are ground usual terms.

2.2. Extended clauses and the extended clause space. An extended clause C'is a
formula of the form (ay,...,am < by,..., by, f1, ..., £,), where {a1,...,am,b1,...,b,} C
A, UA; and £, ... £, are func-atoms. All usual variables occurring in C' are implicitly
universally quantified and their scope is restricted to the extended clause C itself. The
sets {a1,...,an} and {by,... b, f1,... £} are called the left-hand side and the right-
hand side, respectively, of the extended clause C, and are denoted by lhs(C') and rhs(C'),
respectively. When there is only one user-defined atom in lhs(C'), C'is called an extended
definite clause. When no confusion is caused, an extended clause is simply called a clause.
The set of all extended clauses is denoted by ECLSg. The eztended clause space in this
paper is the powerset of ECLSE.

Let Cs be a set of extended clauses. Implicit existential quantifications of function
variables and implicit clause conjunction are assumed in Cs. Function variables in Cs are
all existentially quantified and their scope covers all clauses in Cs. With occurrences of
function variables, clauses in Cs are connected through shared function variables. After
instantiating all function variables in Csinto function constants, clauses in the instantiated
set are totally separated.

2.3. Interpretations and models. An interpretation is a subset of G,. A ground user-
defined atom g is true under an interpretation I iff g belongs to /. Unlike ground user-
defined atoms, the truth values of ground constraint atoms are predetermined indepen-
dently of interpretations. Let TCON denote the set of all true ground constraint atoms,
i.e., a ground constraint atom g is true iff ¢ € TCoON. A ground func-atom func(f,ty,...,
toytnt) s true iff f(ty,...,t,) = tot1.

Let C' = (a1, ...,am < by,..., by, f1,....£,) be a ground clause, where {ay, ..., an, b1,
ooy b} € G UG and £, ... £, are ground func-atoms. C'is true under an interpretation
I (in other words, I satisfies C') iff at least one of the following conditions is satisfied.

1) There exists ¢ € {1,...,m} such that a; € I UTCON.

2) There exists i € {1,...,n} such that b; ¢ I UTCON.

3) There exists ¢ € {1,...,p} such that f; is false.

An interpretation I is a model of a clause set C's C ECLSy iff there exists a substitution
o for function variables that satisfies the following conditions.

1) All function variables occurring in Cs are instantiated by o into function constants.

2) For any clause C' € Cs and any substitution € for usual variables, if Cof is a ground

clause, then C'o6 is true under [.

For any Cs C ECLS, let Models(Cs) denote the set of all models of Cs.

2.4. MI problems on the extended clause space. A model-intersection problem (MI
problem) on ECLSF is a pair (Cs, ), where Cs C ECLSF and ¢ is a mapping from pow(G,)
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to some set W. The mapping ¢ is called an eztraction mapping. The answer to this
problem, denoted by ansyi(Cs, ), is defined as ¢([| Models(Cs)), where (| Models( Cs)
is the intersection of all models of Cs. Note that when Models(Cs) is the empty set,
() Models(Cs) = G,.

The notion of an independent extraction mapping is next introduced; it is used for
giving a sufficient condition for the correctness of side-change transformation. Given a set
P of predicates, let GAtoms(P) denote the set of all ground atoms in G, the predicates
of which belong to P. An extraction mapping ¢ is said to be independent of a set P
of predicates iff for any G1,Gs C G, if (G; — G3) U (Gy — G1) € GAtoms(P), then
P(G1) = ¢(Ga).

2.5. Problem description. Consider the clause set Cs consisting of C;-Chs in Figure
1, which provides the background knowledge on ECLSg for the mayDoThesis problem
(for short, the mdt problem), modified from the original problem given in [10]. All atoms
appearing in Figure 1 are user-defined atoms. The clauses Cy-C}; together provide the
conditions for a student to do his/her thesis with a professor, where for any student s and
any professor p, mdt(s, p) is intended to mean “s may do his/her thesis with p”.

Cy: FM(zx) < FP(x) Cy: FP(john) <

Cs: FP(mary) < Cy:  teach(john, ai) <
Cs: St(paul) < Ce:  AC(ai) +

Cr: Tp(kr) < Cs: Tp(lp)

Cy:  curr(z, z) < exam(x,y), subject(y, z), St(x), Co(y), Tp(z)
Cio: mdi(z,y) < curr(x, z), expert(y, z), St(z), Tp(z), FP(y), AC(w), teach(y, w)
Ci1: mdi(z,y) < St(x), NFP(y)

Cia:  exam(paul, ai) Cis: subject(ai, kr) <
Chy: subject(ai, Ip) < Cis:  expert(john, kr) <
Cig:  expert(mary, lp) <

Ci7: AC(x) « teach(mary, ) Cig: < AC(x), B((x)
Cio: AC(z), BC(x) < Co(x) Cy: Co(z) + AC(z)
Co: Co(z) + BC(z) Cy: FP(x) < NFP(x)
Caos: < NFP(x), teach(z,y), Co(y)

Coy: teach(z,y), NFP(x) < FP(x), func(fo, z,y)
Cys: Co(y), NEP(x) < FP(x), func(fo, z,y)

FicUure 1. Background knowledge for the mdt problem on ECLSg

Suppose that we want to find all professors with whom paul may do his thesis. This is
a QA problem and is formalized as an MI problem (Cs, ¢), where ¢ is a mapping used
for constructing the output answer from the intersection of all models of Cs, defined by

©(G) = {x | mdt(paul, x) € G}
for any set GG of ground user-defined atoms.
3. Unfolding-Based Computation and Inapplicability of Unfolding. In the exis-

tence of multi-head clauses, repeated application of the unfolding rule may result in an
inapplicable state for unfolding, which is demonstrated by using the mdt problem.

3.1. Inapplicability of unfolding. Since unfolding is a definite-clause-based operation,
the existence of multi-head clauses makes it difficult to apply unfolding.
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Proposition 3.1. Assume that Cs is a set of clauses and C is a clause in Cs. Assume
that a is an atom in the right-hand side of C. If there is a multi-head clause C' in Cs such
that lhs(C") contains an atom b that is unifiable with a, then we cannot apply unfolding
to Cs at a.

Proof: Suppose that C’ is a multi-head clause in Cs and lhs(C”) contains an atom b
that is unifiable with a. Assume that unfolding Cs at a is applicable. Then there is a
set D of definite clauses such that each clause in Cs — D does not have any atom in its
left-hand side that is unifiable with a. Since C” is a multi-head clause, C’ is in Cs — D.
Since b is unifiable with a, a contradiction occurs. O

3.2. Computation by unfolding-based rules. Given a set Cs of clauses, a body atom
a in a clause C' in Cs is selected to unfold Cs using a set D of definite clauses that is a
subset of Cs. To unfold Cs at a, any atom in the head of a clause in Cs — D should not
be unifiable with a. We assume in this paper that D is the set of all definite clauses in C's
whose heads are unifiable with a. By the unfolding operation, the clause C' is removed
and each definite clause in D produces a clause called a resolvent. Hence the number of
clauses changes from |Cs| into |Cs| — 1 4 | D], i.e., the clause C splits into |D| clauses and
the number of clauses increases by |D| — 1. For instance, assume that F'P(y) is a selected
body atom in Cjg. Then D is the set {Cy, C3, C} and Cjy splits into the following three
clauses:

mdt(x, john) < curr(z, z), expert(john, z), St(x), Tp(z), AC(w), teach(john, w)

mdt(z, mary) < curr(zx, z), expert(mary, z), St(x), Tp(z), AC(w), teach(mary, w)

mdt(x,y) < curr(z, z), expert(y, z), St(z), Tp(z), NFP(y), AC(w), teach(y, w)
Consider (' in Figure 1. If there is an F'M atom in the body of a clause in Cs, the
singleton set {C}} can be a set D of definite clauses for unfolding Cs. We know that we
can remove C from Cs equivalently by an ET rule, called the definite-clause removal rule.

When only the unfolding rule and the definite-clause removal rule are applied to the
clause set Py consisting of C'-Cbss in Figure 1 with the priority of ET rules

(rm) > (ud),
where

e (rm) removes definite clauses by the definite-clause removal rule, and
e (ud) unfolds a given clause set at a selected body atom in a selected clause using a
set of definite clauses,

we have the following 32 rule applications:

(rm, FM), (ud, exam, 1), (rm, exam), (ud, curr, 1), (rm, curr), (ud, St, 1),

(ud, FP,3), (ud, FP,3), (ud, expert,2), (rm,expert), (ud,St, 1), (ud, St, 1),

(ud, Tp, 1), (ud, Tp, 1), (ud, FP,2), (ud, FP,2), (rm, FP), (ud, subject, 1),

(ud, subject, 1), (ud, subject, 1), (ud, subject, 1), (rm, subject), (ud, St, 1),

(ud, St, 1), (ud, St, 1), (ud, St,1), (rm, St), (ud, Tp,1), (ud, Tp, 1),

(ud, Tp, 1), (ud, Tp, 1), (rm,Tp),
where (rm, (p)) means removing the definition of a predicate (p), and (ud, (p), (n)) means
unfolding at a (p)-atom with (n) splitting resolvents.

After these applications, we reach a set P; consisting of the clauses shown in Figure
2. Neither the unfolding rule nor the definite-clause removal rule is applicable to this state
P,. The clause set {Cy, C'4, C7, Cigs, C1o} defines the predicate mdt. However, we cannot
remove it by the definite-clause removal rule since the predicate mdt is necessary for an-

swering the original problem. User-defined body atoms in the right-hand side of the clauses
in Figure 2 are teach(mary,z), AC(x), BC(z), Co(x), NFP(z), teach(x,y), NFP(john),
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Ci:  teach(john,ai) <
Cy: AC(ai) +
C}: AC(x) « teach(mary,x)
Cy: <+ AC(z), BC(x)
Ci: AC(z), BC(z) « Co(z)
Ci: Co(x) + AC(x)
C%: Co(z) + BC(x)
C{: <« NFP(x), teach(z,y), Co(y)
Cy: mdt(paul,z) < NFP(x)
Cly: teach(john,x), NFP(john) < func(f0, john,x)
C1y: teach(mary, x), NFP(mary) < func(f0, mary, x)
Cly: teach(z,y), NFP(z) < func(f0,z,y), NFP(x)
Co(z), NFP(john) < func(f0, john, x)

Cly: Co(z), NFP(mary) < func(f0, mary, x)

: Co(x), NFP(y) < func(f0,y,z), NFP(y)
Clg: mdt(paul, john) < AC(x), teach(john, x), Co(ai)
Cl.: mdt(paul, john) < AC(x), teach(john, x), Co(ai), NFP(john)
Clg: mdt(paul, mary) < AC(x), teach(mary, z), Co(at)
Cly: mdt(paul, mary) < AC(x), teach(mary, x), Co(ai), NFP(mary)

FiGURE 2. P;: Clauses obtained only by unfolding-based rules

teach(john,z), Co(ai), NFP(mary). However, none of these atoms can be used as a se-
lected atom to unfold the clause set P;. Consider the body atom teach(john,x). The set
D of all definite clauses whose head atoms are unifiable with teach(john,z) is {C7}. The
clause C1, is a multi-head clause in P, and Cj, is in P — D. By Proposition 3.1, we cannot
unfold P, at teach(john, ).

3.3. Blocked states in unfolding-based computation. For further transformation,
we adopt more ET rules and take the following priority of ET rules:

(dup) > (valid) > (subsumed) > (erase) > (func-erase) > (rm) > (ud),

where

e (dup) removes duplicated atoms in the left-hand side of a clause or those in the
right-hand side,

e (valid) removes a clause that contains the same atom occurring in both its left-hand
side and its right-hand side,

e (subsumed) removes a subsumed clause from a clause set,

e (erase) erases independent satisfiable atoms, and

e (func-erase) erases an independent satisfiable func-atom.

Using this control, the clause set F, is equivalently transformed into the clause set P, =
{Cs,Caz,...,Cy} in Figure 3, using the 27 rule applications shown in the following list:

(rm, FM), (ud, exam, 1), (rm, exzam), (ud, curr, 1), (dup), (rm, curr), (ud, St, 1),
(ud, FP,3), (valid), (ud, FP,3), (valid), (ud, expert, 2), (rm, expert), (ud, FP,2),
(subsumed), (ud, subject, 1), (ud, FP,2), (subsumed), (rm, FP), (ud, subject, 1),
(rm, subject), (ud, St, 1), (ud, St, 1), (rm, St), (ud, Tp, 1), (ud, Tp, 1), (rm, Tp).
None of (dup), (valid), (subsumed), (erase), (func-erase), and (ud) is applicable to P.

Again, we cannot unfold P,. By Proposition 3.1, the existence of multi-head clauses blocks
unfolding as follows:
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e Unfolding of the predicates AC and BC are blocked since C3y contains an AC-atom
and a BC-atom in its left-hand side.

e Unfolding of the predicate Co is blocked since (39 and Cyy contain Co-atoms and
NFP-atoms in their left-hand sides.

e Unfolding of the predicate teach is blocked since C3; and (g contain teach-atoms
and NFP-atoms in their left-hand sides.

e Unfolding of the predicate mdt is blocked since the answer to the problem is influ-
enced by mdt-atoms.

For further application of unfolding, moving atoms in the left-hand side of a clause to its
right-hand side is useful. We will introduce side-change transformation in the next section.

Cas:  teach(john, ai) <

0275 AC(CLZ) —

Cos: AC(x) < teach(mary, )

Cyy: < AC(x), BC(2)

C30: AC(z), BC(z) < Co(x)

C31: Co(z) «+ AC(x)

Cse: Co(z) < BC(x)

Cs3: < NFP(z), teach(x,y), Co(y)

Csq: mdt(paul, mary) < AC(z), teach(mary, x), Co(at)
Css: mdt(paul, john) < AC(x), teach(john, x), Co(ai)
Cs6: mdt(paul, x) < NFP(x)

Csr: teach(mary, x), NFP(mary) < func(fo, mary, )
Css:  teach(john, ), NFP(john) < func(fo, john,x)
Co(x), NFP(mary) < func(fo, mary, x)

Co(x), NFP(john) < func(fy,john, x)

FiGURE 3. Clauses obtained by transformation of C;-Cs; in Figure 1

4. Side-Change Transformation and Its Usage. We introduce side-change transfor-
mation and describe two types of its usage. We then show that side-change transformation
preserves the answers to MI problems.

4.1. Side-change transformation. Let Cs be a clause set and p a predicate occurring
in Cs. A p-atom is an atom (atomic formula) that has the predicate p. The clause set Cs
can be transformed by side-change transformation for p-atoms (also called side-change
transformation for p) as follows.

1) Determine a new predicate notp for p.

2) Move each p-atom in each clause to its opposite side in the same clause (i.e., from
the left-hand side to the right-hand side and vice versa) with its predicate being
changed from p to notp.

For example, a singleton clause set
{(p(L,2),q(z,y) < p(4,2),p(5,2),7(y))}
is transformed by side-change transformation for p-atoms into
{(notp(4, z), notp(5, x), q(x,y) < notp(1,z),r(y))}.

Let the clause set obtained from Cs by side-change transformation for p-atoms into notp-
atoms be denoted by SIDECH(Cs, p, notp).



1538 K. AKAMA AND E. NANTAJEEWARAWAT

4.2. Sufficient conditions for enabling unfolding transformation. Let Cs be a set
of clauses. To apply unfolding or definite-clause removal to Cs, we need to determine a
set D of definite clauses and a predicate p such that i) D is a subset of Cs, ii) the head
of each definite clause in D is a p-atom, and iii) no p-atom appears in the left-hand side
of any clause in Cs — D.

When unfolding is not applicable, side-change transformation is useful for deriving from
Cs a new set of clauses to which unfolding or definite-clause removal can be applied. Two
types of its usage that enable unfolding are described below.

4.2.1. Type 1. Let p be a predicate and notp a new predicate determined for side-change
transformation for p. Unfolding with respect to notp-atoms can be applied after side-
change transformation for p if each clause C' in Cs satisfies the following two conditions.

1) There is at most one p-atom in the right-hand side of C'.
2) If there is exactly one p-atom in the right-hand side of C', then all user-defined atoms
in the left-hand side of C' are p-atoms.

Example 4.1. Consider the following clauses:

Car q(x),p(5,7) « r(z)

C(b-' ep(w,y),r(y,w),s(y,w)

Ce: p(:C,Z) <—p(m,y),r(y, Z)

Ca: pl,w),p(z,2) < p(z,y), t(w)
Each of these clauses satisfies the two conditions above. By side-change transformation
for p, these four clauses are transformed into

Cl: q(x) < r(x),notp(b, x)

Gy notp(z,y) = r(y,w), s(y, w)

Ce: notp(z,y) < notp(z, z),r(y, )

Clh: notp(z,y) < notp(z,w), notp(z,2), t(w)

We obtain the set {C}, CL, CL} of definite clauses for the predicate notp, which can be used
for unfolding with respect to notp(5,z) in the right-hand side of the first clause C”.

Assume that D, is the set of all definite clauses for notp in Cs. If there is no notp-
atom in the right-hand side of any clause in Cs — Do, then D,y can be removed by
definite-clause removal transformation.

4.2.2. Type 2. Assume that p and ¢ are distinct predicates. Unfolding with respect to ¢-
atoms can be applied after side-change transformation for p if each clause C' in Cs satisfies
the following two conditions.

1) There is at most one g-atom in the left-hand side of C.

2) If there is exactly one g-atom in the left-hand side of C, then i) all other user-
defined atoms in the left-hand side of C' are p-atoms and ii) no p-atom appears in
the right-hand side of C.

Example 4.2. Consider the following four clauses:

Ce: s(w,y) < q(x,y)
Cr: gz, y) < r(y)
Cy: p(z,y),q(w,y) < r(x),s(y)

C(h" p(.’B, y)ap(xa 2)7 q(iL‘, y) — t(y7 Z)
Each of them satisfies the two conditions for Type 2. By side-change transformation for
p, these clauses are changed into
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Cl: s(x,y) < q(z,y)
Ch: q(r,y) < r(y)
Cl: gz, y) + notp(z,y),r(z), s(y)

Ch: a(x,y) < notp(z,y),notp(z, z),t(y, z)
We obtain the set {C” ,CY, C,’l} of definite clauses for the predicate q, which can be used
for unfolding with respect to q(x,y) in the right-hand side of C.

Assume that D, is the set of all definite clauses for ¢ in Cs. If there is no g-atom in
the right-hand side of any clause in Cs — D, then D, can be removed by definite-clause
removal transformation.

4.3. Correctness theorem for side-change transformation. We show below that
side-change transformation is answer-preserving.

Theorem 4.1. Let (Cs,p) be an MI problem on ECLSg. Let p be a predicate occurring
i Cs and notp a new predicate determined for side-change transformation for p. If ¢ is
independent of {p,notp}, then ansyi(Cs, p) = ansyu(SIDECH(Cs, p, notp), ¢).

Proof: Assume that i) ¢ is independent of {p,notp}, ii) Cs = SIDECH(CS, p, notp),
and iii) 7, is a mapping that changes p-atoms into notp-atoms. Let m be an arbitrary
model of Cs. Let a set m’ C G, be constructed from m by

m' = (m — GAtoms({p})) U {m,(z) | x € (GAtoms({p}) —m)}.

Obviously, m’ is a model of Cs. This construction determines a mapping 1 from

Models(Cs) to Models(Cs'). Obviously, 1! is a mapping from Models(Cs') to Models(C's)
and 1) o ¢! is an identity mapping. Hence 1) is a bijective mapping from Models(Cs) to
Models(Cs'). As a result,

o () Models(Cs) — (| Models(Cs') € GAtoms({p, notp}), and
e () Models(Cs') — () Models(Cs) € GAtoms({p, notp}).

Since the extraction mapping ¢ is independent of {p, notp}, it follows that ¢ ([|Models(Cs))
is equal to ([ Models(Cs')). O

5. Rule Application Control with Side-Change Transformation. We solve the
mdt problem by unfolding-based computation with side-change transformation.

Solution to the mdt problem. Let (chSide) denote the side-change transformation
rule and (r) denote the resolution rule. We solve the mdt problem by using the following
priority of ET rules

(dup) > (valid) > (subsumed) > (erase) > (func-erase) > (rm) > (ud) > (chSide) > (r),

which realizes unfolding-based computation with side-change transformation. Transfor-
mation starting from the clause set Py = {C1,Cs, ..., Cos} (see Figure 1) is detailed as
follows.

1) Before the first application of (chSide), the clause set Fy is transformed into the
clause set Py = {Cag,Cor,...,Cy} (see Figure 3), where (dup) is applied once,
(valid) 2 times, (subsumed) 2 times, (rm) 8 times, and (ud) 14 times. The definitions
of the predicates FM, FP, Tp, curr, subject, expert, St, and exam are used for
unfolding and removed. The predicate NFP disallows unfolding P,, which is shown
by the following clauses contained in P:

Cs3: < NFP(x), teach(z,y), Co(y)
Css: mdt(paul, x) < NFP(x)
Cs7: teach(mary, ), NEFP(mary) < func(fo, mary, )
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Css:  teach(john,x), NFP(john) < func(fo, john,x)
Cs9: Co(x), NFP(mary) < func(fo, mary, x)
Cyo: Co(z), NFP(john) < func(fo, john, )
2) Side-change transformation for NF'P changes the clauses Cs3, Csg, Cs7, Css, Csg, and
Clyp into the clauses Ci,, Clg, C4,, Chg, Chy, and C), given by
Cls: notNFP(x) < teach(x,y), Co(y)
Cls: mdt(paul, x), notNFP(x) <
Cio: teach(mary, x) <— notNEFP(mary), func( fo, mary, x)
Clg: teach(john,x) < notNFP(john), func( fo, john, x)
Cly: Co(z) < notNFP(mary), func( fo, mary, )
Clo: Co(z) <= notNFP(john), func(fy, john, x)
After that, (rm) is applied 2 times, (ud) 9 times, (dup) 3 times, (valid) 5 times,
and (subsumed) 5 times, where the predicates teach and C'o are unfolded and their
definitions are removed.
3) Side-change transformation for BC enables i) unfolding using the definition of AC; ii)
definite-clause removal, and iii) application of basic reduction rules. The resolution
rule and basic reduction rules are then applied. (rm) is applied 2 times, (ud) 5 times,
(dup) 2 times, (valid) 2 times, (subsumed) 15 times, and (func-erase) once. The list
of rule applications is shown below.
(chSide, BC), (ud, AC, 3), (subsumed), (subsumed), (subsumed), (subsumed),
(subsumed), (ud, AC, 3), (valid), (subsumed), (subsumed), (subsumed),
(ud, AC, 3), (dup), (subsumed), (subsumed), ( func-erase), (ud, AC, 3), (dup),
(subsumed), (subsumed), (subsumed), (subsumed), (subsumed),
(ud, AC, 3), (valid), (rm, AC'), (rm,not BC').

The following clauses are obtained.

Ch: notNFP(john) <

Cly: mdt(paul, john) <

Cls: mdt(paul, mary) < notNFP(mary)

Cly: mdt(paul, x), notNFP(z) <

4) Side-change transformation for notNFP is applied, where notNFP is the predicate
determined by side-change transformation for NFP at Step 2. The following clauses
are obtained.

CYy: « NFP(john)

Cly: mdt(paul, john) <

Cy: mdt(paul, mary), notNFP(mary) <
CYy: mdt(paul, ) < notNFP(x)

After that, computation continues. (ud) is applied 2 times, (dup) once, (subsumed)
once, and (r) once. The clause C7, is removed by unfolding. By resolution, C?; and
%, produce the clause (mdt(paul, mary), mdt(paul, mary) <), which is simplified
into (mdt(paul, mary) <—) by (dup). C%; is removed by (subsumed). C7, is removed
by unfolding. The list of rule applications is shown below.

(chSide, (notNFP)), (ud, NFP,0),(r), (dup), (subsumed), (ud, NFP,0).
The atom notNFP(mary) cannot be removed by (ud) and is removed by the reso-
lution rule (r). Now we obtain the clauses Cy; and Cys given as follows:

Cy: mdt(paul, mary) <

Cyo: mdt(paul, john) <
As a result, the MI problem (Cs, ) in Section 2.5 is transformed equivalently into
the MI problem ({Cy;,Cya}, ). Hence the answer to the original MI problem (Cs, )
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coincides with the answer to the simpler MI problem ({Cy1, Cy2}, ), which can be readily
determined as the set

o (") Models({Car, Cia))) = o({mdt(part, mary). md(pand, john)}) = {mary, john}
where Models({Cy1,Ca2}) denotes the set of all models of {Cyy, Cyo}.

6. Conclusions. MI problems on the extended space ECLSF constitute one of the largest
classes of logical problems and are of fundamental importance. Since all proof problems
on the first-order formula space with built-in constraint atoms and all QA problems on
the same space can be mapped into MI problems on ECLSg, improvements to a solu-
tion method for MI problems on ECLSy are useful for efficiently solving logical problems.
We introduced side-change transformation on ECLSg and proved the correctness of this
transformation. We proposed side-change transformation and unfold/unblock computa-
tion control in the framework of prioritized ET rules, by which we expect a continuous
reduction of problem size. Such a reduction often contributes to more efficient computa-
tion. This computation strategy is in sharp contrast to the resolution proof procedure,
which monotonically increases the problem size regardless of whatever control it may take.
Invention of ET rules that are useful for reduction of problem size is the most important
future work in the ET-based computation paradigm, by which we expect to construct an
efficient MI solver for proof and QA problems with flexible control.
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