SCIENCE CHINA
Information Sciences

« RESEARCH PAPERS - December 2011 Vol. 54 No. 12: 2530-2543
doi: 10.1007/s11432-011-4492-4

R-calculus without the cut rule

LUO Jie* & LI Wei

State Key Laboratory of Software Development Environment, School of Computer Science and Engineering,
Beihang University, Betjing 100191, China

Received July 3, 2011; accepted October 19, 2011

Abstract R-calculus is an inference system for deducing all possible changes when a theory is refuted by
the facts. In this paper, we try to eliminate the cut rule in R-calculus by modifying the existing rules and by
introducing new rules. The result is the R-calculus without the cut rule, which still preserves the reachability,
soundness and completeness as R-calculus does. R-calculus without the cut rule is a formal inference system
of logical connective symbols and quantifier symbols solely. It can serve as the theoretical foundation of the

automation of revision calculus.
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1 Introduction

The concept of revision is first formally defined by Gadenfors et al. in their AGM theory [1]. AGM theory
contains a set of rational postulates which revision must satisfy. It is a framework for belief revision.

Unlike AGM theory, R-calculus focuses on the revision problem in scientific discovery and software
testing [2, 3]. R-calculus is concerned with two kinds of objects in scientific discovery. One is the facts
supported by experiments or observations. The other is theories that need to be revised. R-calculus
provides a formal inference system to deduce all maximal contractions, which are the maximal subsets
for a theory to be consistent with the facts [4, 5].

R-calculus contains a very important rule, the R-cut rule. The R-cut rule is powerful and very easy to
be used manually, but it also has some disadvantages. First, it depends on first-order inference system,
such as the Gentzen system [6], which compromises the independence of R-calculus. Second, it is not a
rule about logical connective symbols or quantifier symbols and thus it is neither an inference system of
logical connective symbols and quantifier symbols solely. Hence, it is difficult to implement R-calculus
in software. One possible way to deal with these problems is eliminating the cut rule from R-calculus.

In this paper, we try to eliminate the cut rule in R-calculus, and formalize an R-calculus without the
cut rule which still has the reachability, soundness and completeness as R-calculus. Since R-calculus
without the cut rule is an inference system of logical connective symbols and quantifier symbols solely,
like the Gentzen system without the cut rule, it can serve as the theoretical foundation for both automatic
theorem proving and automatic revision calculus. The equivalence problem between R-calculus and R-
calculus without the cut rule is also discussed. R-calculus without the cut rule is weaker than the original
R-calculus, that is, all rules in R-calculus without the cut rule can be derived from R-calculus, but R-cut
rule cannot be derived from R-calculus without the cut rule.
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2 R-calculus

R-calculus proposed by Li [2], the first revision calculus, turns the revision into part of the study of
first-order logic. R-calculus is designed to deduce all possible changes, when a theory is refuted by facts.
Let us first review some concepts of R-calculus.

Definition 1 (R-refutation and R-contraction).  Let I' be a finite formula set and A be a formal
theory consisting of finitely many atomic formulas or negations of atomic formulas. If A together with T"
is inconsistent, then we call A an R-refutation of I'.

We call a formal theory A an R-contraction of I' with respect to an R-refutation A if A is the maximal
subset of I' that is consistent with A.

Definition 2 (Model of R-refutation). Let A = {A4,..., A,} be a formal theory consisting of finitely
many atomic formulas or negations of atomic formulas such that T' = —A; V -+ V —=A,. If there is a
model M such that M | A, then we call M the model of refutation by facts of I' with respect to A, or
say that I" is refuted by M with respect to A. Let

Tmay) = {B|BeT,ME B, M [ A}.

We call M a model of R-refutation of I' with respect to A if T'yg(a) is maximal; that is, there does not
exist another model M’ of refutation by facts with respect to A such that T'ngay C Tnira)-

Definition 3 (R-configuration). Let I' be a finite formula set and A a finite formal theory consisting
of atomic formulas or negations of atomic formulas. We call A | " an R-configuration.

If A is an R-refutation of I', then we call A | I" an inconsistent R-configuration. If A is consistent
with T', then we call A |T' an R-termination.

Definition 4 (R-transition).
AT= A" |T'

is called an R-transition. It transforms the R-configuration A | T into the R-configuration A’ | T”.
In particular, the R-transition
A|AT= A|T

denotes the transformation of the R-configuration A | A,I" into A |I'. As a result, A in the formula set
A, T on the right-hand side of “|” is deleted.

Definition 5 (R-calculus). R-calculus is a formal inference system on R-configurations. It consists of
the following rules: the axiom, the rules of logical connective symbols, the rules of quantifier symbols,
and the cut rule.

R-axiom:
AA|-AT = A A|T,
R-A rule:
A|AT= A|T A|B,T = A|T
A|JAANB,T = A|T’ A|JAANB,T = A|T’
R-V rule:
AJAT = A|T A|B,Tl=A|T
A|AVB,T = A|T ’
R-— rule:
A|-AT=A|T A|BT = A|T
A|lA—-BT'=A|T ’
R-V rule:

A|At/z],T = A|T
A | VzA(z),T = AT’

where ¢t is a term.
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R-3 rule:
Al Aly/z],T = A|T
A JzA(z), I = AT’

where y is either x or an arbitrary eigen-variable; that is, the variable y is different from all the variables
in the denominator of the R-3 rule.

R-cut rule:
Fl,A,FQI—C A’—P]’C A|C,F2:>A|F2

AT, ATy, = A|T,T,

The numerator of the R-cut rule specifies the following conditions.

1. I'1, A, T's F C is provable. This indicates that the formula C is a formal consequence of I'1, A, T's.

2. The condition A —7 C holds. This indicates that A is a necessary antecedent of C' with respect to
the proof tree 7 of T'y, A,T's b C; that is, A is necessary in constructing proof tree 7.

3. The R-transition A | C,T's = A | T'y holds. This indicates that the formal consequence C' of
I'1, A, T'5 is refuted by A and hence must be deleted.

The R-cut rule shows that, when the conditions in the numerator are satisfied, A must be deleted from
the right-hand side of the R-~configuration A | I'1, A,T's in the denominator.

With the above rules, we can derive the following rule about logical connective symbol —.

Lemma 1 (R-— derived rule).
A|JAT=A|T
A|AT = A|T

holds, where A and A’ are specified by the following table:

A —=(BAC) —~(Bv(C) —-—B =(B—C) —VzB(x) -—-3JzB(z)
A -Bv-C -BA-C B BA-C  Jz-B(x) Vz-B(x)
Like the Gentzen system that has soundness and completeness, R-calculus has the concepts of reach-
ability, soundness and completeness.

Definition 6 (R-reachability). If for any given inconsistent R-configuration A | T' and an arbitrary
R-contraction IV of T" with respect to A, there always exists an R-transition sequence such that

A|T="A|T

is provable, and A | T” is an R-termination, then we say that R-calculus is R-reachable.

Definition 7 (R-soundness). Let A | I" be an inconsistent R-configuration and I'V be an R-contraction
of I with respect to A. That is, there exists a provable R-transition sequence

AT ="AIT.
If there exists a model M of R-refutation such that both M = A and I'ygay = I hold, then we say that
R-calculus is R-sound.

Definition 8 (R-completeness). If for an arbitrary inconsistent R-configuration A | I and an arbitrary
model M of R-refutation of I with respect to A, there always exists a provable R-transition sequence

A|F:>* A|FM(A),

then we say that R-calculus is R-complete.

R-calculus has been proved to be R-reachable, R-sound and R-complete [4]. Thus, when we try to
eliminate the cut rule from R-calculus, the newly proposed calculus should still have the reachability,
soundness and completeness as R-calculus.
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3 Case study of the R-cut rule

In this section, we will analyze the scenarios in which we have to use the R-cut rule, and try to find a
way to avoid using the R-cut rule.

Example 1 (R-A rule). Let A = {=C} and T = {AAB,(AAB) — C}. Tt is easy to verify that
A is an R-refutation of T'. Using G system, we can prove that AAB,A — (B — C)F C, and AAB
is a necessary antecedent of C. According to the R-axiom, -C' | C = —C' | @ is provable. Thus, by
applying the R-cut rule directly,

-C|AANB,(ANB) - C = —-C|(AAB)—C

is provable.
But if we apply the R-A rule on A A B first, then we have to prove either

-C|A,(ANB) - C= -C|(AAB)—Cor -C|B,(ANB)—-C= -C|(AAB) — C.

However, both of them are unprovable. This indicates that the R-A rule does not reflect the semantics
of logical connective symbol A exactly. The R-A rule must be adapted to be useful in any case.

According to the semantics of A and by comparing with the A-L rule in G system, we conjecture that
the R-A rule should be of form

A|AB,T = A|B,T A|A BT = A| AT
A|AANB,T = AT’ A|AANB,T = A|T"

Example 2 (R-V rule). Consider the R-transition
-C | VzA(x), (A(a) AN A(b)) — C = =C' | (A(a) A A(b)) — C.

According to the G system, VzA(z), (A(a) A A(b)) — C F C is provable, and VzA(z) is a necessary
antecedent of C. According to the R-axiom, =C' | C = —C' | 0 is provable. So the above R-transition
can be obtained by applying the R-cut rule on VxA(z) directly.

However, if we apply the R-V rule on VaxA(x) first, then we will get

~C | Alt/2], (A(a) A A(b)) — C = =C | (A(a) A A(b)) — C.

No matter what ¢ stands for, the above R-transition is unprovable. The reason is that the R-V rule is
only allowed to be applied on VzA(x) once and generates a single instance. So the R-V rule should also
be adapted to allow multiple instantiation of quantified formulas.

According to the semantics of V and by comparing with the V-L rule in G system, we conjecture that
the R-V rule should be of form

A | Alt/z), Ve A(x), T = A |VzA(z),T
A |VzA(x),l = A|T

In R-calculus, besides the R-cut rule, the others are all rules about logical connective and quantifier
symbols in the formula to be deleted. There is no corresponding rules for the logical connective and
quantifier symbols in the formulas which will not be deleted, for example, the formula A — B in R-
transition =B | A,A — B = —B | A — B. Thus, when the deletion of a formula involves other
formulas, the only option is to use the R-cut rule. In other words, if we want to eliminate the R-cut rule,
we must guarantee that there is a rule for each logical connective or quantifier symbol, i.e., we must add
new rules for logical connective and quantifier symbols in the formulas which will not be deleted. In the
following, we will demonstrate which form these new rules should have.

Example 3 (R'-axiom). Consider the R-transition

~B| A A— B=-B|A.
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This R-transition can be proved by applying the R-cut rule on A — B.
To prove the above R-transition without the R-cut rule, the only option is to apply the R-— rule on
A — B. The proof tree is as follows:

~B|A~A=-B|A -B|AB= -B|A
~B|AA—B= -B|A '

This means that we have to prove both =B | A,-A = —-B | A and =B | A,B = —B | A in order to
prove the above R-transition.

According to the R-axiom, =B | A, B = —B | A is provable. But to prove =B | A,—~A = =B | A,
we must introduce new axioms which allow us to delete one of A and =A. According to this example and
the semantics of =, we proposed axioms with the following form:

A|A-AT = A| AT, A|A-AT = A|-AT,

where A is an atomic formula, A ¢ A and -A ¢ A. We call these two new axioms the R’-axiom.

Example 4 (R’-— rule). Consider the R-transition
-B|AA—B= -B|A— B.

This R-transition can be proved by applying the R-cut rule on A, i.e., A must be deleted.

Without the R-cut rule, we cannot apply any R-calculus rule to A. This means we need not only the
R-calculus rules for the formula to be deleted but also the R-calculus rules for the formulas that will not
be deleted. For this specific example, we need an addition rule for the logical connective symbol — in
A — B. According to the semantics of —, we propose the following rule:

-B|A,-~A=—-B|-A -B|AB=— -B|A
-B|AJA—-B=—-B|A—B '

According to the R-axiom and the newly introduced R’-axiom in Example 3, the two R-transitions
in the numerator of the above rule are both provable. Thus, the R-transition in the denominator is also
provable by the above rule as we expected.

According to this example, we can extract the following two symmetric rules for the logical connective
symbol — in the formula that will not be deleted in this rule.

A|C,-AT = A|-AT A|C,B,T= A|CT
A|lCCA—-BTI'=A|A—- BT '

A|C-AT = A|CT A|C,B,T = A|B,T
A|C;A—-BT'=—=A|A— B,T '

We call these two new rules the R'-— rule.

Similarly, we can also find and introduce rules for logical connective and quantifier symbols A, Vv, =, V
and 3 in the formula that will not be deleted, i.e., the R’-A rule, the R’-V rule, the R’-— rule, the R’-V
rule and the R’-3 rule.

4 R-calculus without the cut rule

Based on the discussion of the above section, we can propose R-calculus without the cut rule as two
sets of rules. One is the axiom and rules about logical connective and quantifier symbols of R-calculus,
where the R-A rule and R-V rule have been changed according to the discussion in previous section,
denoted by R-rules. They are rules about logical connective and quantifier symbols in formulas that are
to be deleted. The other is the newly introduced axiom and rules about logical connective and quantifier
symbols in formulas that will not be deleted, denoted by R’'-rules.

The axioms of R-calculus without the cut rule are as follows.
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Definition 9 (Axioms).
R-axiom:
AAN|-AT = A A |T.

R’-axiom:
A|A-AT = A| AT, A|A-AT = A|-AT,

where A is an atomic formula, A ¢ A and —=A ¢ A.
The R-rules and R’-rules of logical connective symbols and quantifier symbols are the following.

Definition 10 (A rules).

R-A rule:
A|A BT = A|B,T A|ABT=A|AT

AJAANB,T = AT’ A|JAANB,T = A|T"
R’-A rule:
A|C,ABT = A|A BT
A|C,ANB,T = A|AAB, T’

Definition 11 (V rules).

R-V rule:
A|JAT= A|T A|B,T=A|T

A|AVB,T = A|T
R’-V rule:

A|CAT = A|AT A|C,BT = A|C,T
A|C,AVB,T = A|AVB,T ’
A|C,AT= A|C,T A|C,B,T = A|B,T
A|C,AVB,T = A|AVB,T '

Definition 12 (— rules).

R-— rule:
A|-ATl'=A|T A|BI'=A|T

A|lA—-BTI'=A|T
R’-— rule:

A|C,~AT = A|-AT A|C,BT = A|C,T
A|C,A—BT=A|A— BT ’

A|C,~AT = A|C,T A|C,B,T = A|B,T
A|C,A— BT = A|A— BT '

Definition 13 (V rules).

R-V rule:
A Alt/z], Ve A(x), I = A |VzA(z),T

A |VzA(x),l = A|T ’
R/-V rule:
A | C Alt/x], Ve A(z), T = A | Alt/z],VzA(x),T
A | CVzA(z), T = A |VzA(x),T ’

where ¢t is a term.

Definition 14 (3 rules).

R-3 rule:
Al Aly/z],T = A|T

A JzA(z), I = A | T’
R’-3 rule:
A|C Aly/z], T = A | Aly/z],T
A | C, Az A(z),T = A | FzA(x),T’
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where y is either x or an eigen-variable; that is, the variable y is different from all the variables in the
denominator of the rule.

Definition 15 (- rules).

R-— rule:
AlAT=A|T

AJAT = A|T’
R'-— rule:
A|CA T = A|A,T
A|CAT = A|]AT’

where A and A’ are specified by the following table:

A ~(DAE) ~(DVE) --D —=(D—E) -VeD(x) -3zD(z)
A" -DV-E -DA-E D DA-E  dz-D(x) Va-D(x)

Definition 16 (R-calculus without the cut rule). R-calculus without the cut rule consists of the
axioms, the A rules, the V rules, the — rules, the — rules, the V rules and the 3 rules.

From the definition, we know that every rule of this calculus is a formal inference rule about a logical
connective symbol or a quantifier symbol. R-rules are inference rules about logical connective symbols
and quantifier symbols of the formula to be deleted from TI', where R'-rules are inference rules about
logical connective symbols and quantifier symbols of the formulas in I" not to be deleted. Both sets of
rules make the whole calculus system work properly.

The definition of inference tree, proof tree and provability in R-calculus without the cut rule are almost
the same as in R-calculus. The only difference is that the rules used to construct inference tree and proof
tree are rules of R-calculus without the cut rule instead.

We can prove that all rules of R-calculus without the cut rule can be derived from R-calculus.

5 Examples

We will now give a few examples to demonstrate the usage of R-calculus without the cut rule and show
some interesting properties.

Example 5. The following is a proof tree of the R-transition in Example 1.

-C|A,B,-B= —-C|A,B -C|AB,C= —-C|AB

—\C|A;B,—|A:>—|C|B,—|A —\C|A,B,BHC:>—\C|A,B
-C|AB,A—(B—C)= -C|B,A— (B—C(C)
-C|AANB,A—(B—(C)= -C|A— (B—C(C)

It can be obtained in the following steps.
According to the R-axiom and R’-axiom, we can prove both

~C'| A,B,~B =5 ~C | A,B and ~C | A, B,C = —~C | A, B.

According to the R-— rule,
-C|AB,B—C= —-C|A,B

is provable. By the R’-axiom,
~C| A, B,~A— ~C | B,~A

is also provable. According to the R'-— rule,

-C|AB,A—(B—C)= —-C|B,A— (B—C)
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is provable. Finally, by applying the R-A rule,
-C|AANB,A—- (B—-(C)= -C|A— (B—-C)

is provable.
The R-V rule together with the R’-V rule enables any universal quantified formula to be instantiated
multiple times. Let us demonstrate their usage in the following example.

Example 6. Let us consider the R-transition
-C | VzA(x), (A(a) N A(b)) — C = =C' | (A(a) N A(b)) — C

in Example 2 again. We will try to prove it using R-calculus without the cut rule this time. A proof tree

of it is as follows:

~C | A(a), A(b), Vo A(x), mA(a) = —~C | A(b), VaA(z), =A(a) —C | A(a), A(b), Vo A(x), ~A(b) = —C | A(a), A(b), Vo A(z)
—C | A(a), A(b), Vo A(x), ~A(a) V ~A(b) => —C | A(b), Vo A(z), ~A(a) V =A(b) @ 8
~C | A(a), A(b), Vo A(z), ~(A(a) A A(b)) = —C | A(b), VzA(z), ~(A(a) A A(b))
e
~C | A(a), A(b), Vo A(z), ~(A(a) A A(b)) = —C | A(b), Yz A(z), ~(A(a) A A(b)) —C | A(a), A(b), Vo A(z), C = —C | A(a), A(b), Vo A(z)

~C | A(a), A(b), VaA(z), (A(a) A A(b)) — C = —=C | A(b),VaA(z), (A(a) A A(b)) — C S
~C | A(a), VzA(z), (A(a) A A(b)) — C = =C | VaA(x), (A(a) A A(b)) — C .

(2)

~C | Yz A(z), (A(a) A A(b)) — C = —C | (A(a) A A(b)) — C

where (1) is an instance of the R-V rule, (2) is an instance of the R'-V rule, (3) is an instance of the
R’-— rule, (4) is an instance of the R'-— rule, and (5) is an instance of the R’-V rule. The leaf node
in (3) is an instance of the R-axiom, while the leaf nodes in (5) are instances of the R’-axiom. Let us
construct this proof tree backward step by step.

To prove =C' | VzA(z), (A(a) AN A(b)) — C = =C' | (A(a) A A(b)) — C, we should first generate an
instance A(a) of VzA(z). According to the R-V rule, we only need to prove

=C' | A(a),VxA(z), (A(a) AN A(b)) — C = =C | VzA(z), (A(a) N A(b)) — C.

Then, we could instantiate Vo A(x) again and generate another instance A(b). According to the R’-V
rule, we only need to prove

-C'| A(a), A(b),VzA(z), (A(a) N A(D)) — C = =C' | A(b),VzA(x), (A(a) A A(b)) — C.
By applying the R’-— rule on (A(a) A A(b)) — C, we know that means we must prove
-C'| A(a), A(b),VzA(z), ~(A(a) N A(b)) = —~C' | A(b),VzA(z), ~(A(a) AN A(D))

and
-C | A(a), A(b),VzA(z),C = —-C'| A(a), A(b),VzA(x).

Because —C' | A(a), A(b),VxA(x),C = =C'| A(a), A(b),VxA(z) is an instance of the R-axiom, we only
need to prove

=C | A(a), A(b),VzA(z),~(A(a) AN A(b)) = —C | A(b),VaxA(x),—~(A(a) N A(D)).
According to the R’-— rule, we have to prove
-C | Aa), A(b),VxA(x),—~A(a) V 2 A(b) = —C | A(D),VzA(x),—A(a) V —A(D).
Finally, by applying the R’-V rule on =A(a) V =A(b), this means we must prove both
=C | Aa), A(b),VzA(z),~A(a) = —C | A(b),VzA(z),~A(a)

and

-C'| A(a), A(b),VzA(z), ~A(b) = —C' | A(a), A(b), Yz A(z).
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Since they are both instances of the R’-axiom, the proof tree is fully constructed. Thus, —C' |
Ve A(z), (A(a) AN A(D)) — C = =C | (A(a) AN A(D)) — C is provable.

In the following, we will consider an R-transition with quantifier symbols V and 3, and discuss the
order of applying the V and 3 rules in R-calculus without the cut rule.

Example 7.  Consider the R-transition
-B | VzA(x),Jz(A(x) — B) = —-B | 32(A(z) — B).

If we first use the V rules, then we can construct the following inference tree:

—B | A[t/z],VaA(z), ~Aly/z] = ~B | VzA(z), ~Aly/z] —B | Alt/z],VzA(z), B => —B | A[t/z], Vo A(z)
—B | A[t/z], Ve A(z), Aly/z] — B => —B | Vo A(z), Aly/z] — B '
—B | A[t/z],VaA(z), 3x(A(z) — B) => —B | Vo A(z), 3x(A(z) — B)
-B | VzA(z), 3z(A(z) — B) => =B | 3z(A(z) — B)

where ¢ is a term, and y is an eigen-variable different from ¢. Thus,
-B | Alt/z],VzA(z), ~Aly/z] = —B | Va A(z), -~ Aly/x]

is unprovable, and the above inference tree cannot be a proof tree.
But if we use the 3 rules first, then we can get the following proof tree

B | Aly/z],VzA(z), ~Aly/z] = -B | VzA(z), ~Aly/x]
-B | VzA(x),-Aly/x] = —B | —~Aly/z]
-B | VzA(z), Aly/x] - B= -B | Aly/z] — B
-B | VzA(x),Iz(A(z) — B) = —B | 32(A(z) — B)

-B |VzA(x), B = —-B | VzA(x)

This indicates that when using rules of R-calculus without the cut rule, 3 rules should be used before V
rules. This is similar to the Gentzen system.

In the previous section, we say that the rules of R-calculus without the cut rule can be derived from
R-calculus. But can we also derive all rules of R-calculus from R-calculus with the cut rule? The answer
is negative. Let us see the following example.

Example 8. Suppose that A | AV B,T' = A | T is provable. Since A+ AV B and A — AV B,
according to the R-cut rule, the following rule holds:

A|AVBT = A|T
AJAT = A|T

This rule is not a rule for logical connective symbol, nor does it hold in R-calculus without the cut rule.
Therefore, the R-cut rule cannot be derived from R-calculus without the cut rule.

This gives us a counterexample of a derived rule of R-calculus that cannot be derived from R-calculus
without the cut rule.

6 Reachability, soundness and completeness

As we demonstrated in the last section, R-calculus without the cut rule is not equivalent to R-calculus.
We have to prove that R-calculus without the cut rule still has reachability, soundness and completeness
to make it useful.

Lemma 2 (Addition rule). Let © be a set of atomic formulas and the negations of atomic formulas,
and O is consistent with A. Let A be an arbitrary set of formulas. The following addition rule holds:
A|AT= A|T
AO|AT, A= AO|T,A

Proof.  According to the precondition of this lemma, A, © is a consistent set of atomic formulas and
negation of atomic formulas. Since A in every rule of R-calculus without the cut rule can be replaced
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by any consistent set of atomic formulas and negations of atomic formulas and I" can be substituted by
any set of formulas, the rules still hold after substituting every A and I with A, © and T, A respectively.
Because A | A, ' = A | I is provable, without loss of generality, suppose that it has a proof tree 7. By
adding © to the left of and I" to the right of R-configuration in every node of 7, we still get a proof tree,
denoted by 7’. 7' is a proof tree of A,© | A, T;A = A,© | T,A. Thus, A,0 | A, T, A= A,0|T,A
is also provable. This lemma holds.

This derived rule indicates that by adding a set © which is consistent with A to the left-hand side
of and a set A to the right-hand side of the two R-configurations in a provable R-transition, the new
R-transition is also provable.

Lemma 3. Let T be a finite set of formulas. Suppose that I is a maximal subset of I which is
consistent with A. If B € I' — IV, then

A|BT = AT

is provable.

Proof. Let us first define an order on a pair of natural numbers (k,1) as (k,1) < (K',l')ifk < k',or k =k
but [ < I’. Based on this order, we can define the following rank on set of formulas I' = {A,..., A, }:

rank(T") = (k,1),
where k = max{rk(A;),...,tk(A,)}, I = |[{A; | rk(A;) = k}|, and rk is defined inductively as follows:

rk(A) =1, where A is a literal, i.e., atomic formula or negation of atomic formula;

rk(A * B) = max{rk(A),rk(B)} + 1, where * is one of A, V, —;

rk(—A) = rk(A) + 1, where A is not an atomic formula;
rk(VzA) = rk(A) + 1;
rk(3zA) = rk(A) + 1.

We will prove this lemma by mathematical induction on the rank of B,I".
1. Suppose rank(B,T") = (1,1p). Then B,I" contains only literals. Let

-B, if B is an atomic formula,
:{A if Bis A,
Since A, B,T” is inconsistent, B must be in A or I'V. If B € A, by the R-axiom, we have
A|BT = AT
If B €I, by the R’-axiom, we have
A|BT = AT

2. Suppose the above lemma holds for B,I” such that rank(B,I") < (k,l). For those B,I” has a rank
(k,1), we will prove the above lemma still holds for the following cases.

1) If rk(B) = k, it can be divided into the following cases.

a. Bis CVD. Since A,CV D, T" is inconsistent, both C' and D are inconsistent with A,T". According
to the induction hypothesis, both A | C, IV = A | IV and A | D,I” = A | I” hold. Thus,

A|CVD,T = AT’

holds by the R-V rule.

b. Bis C A D. Since A,C A D,T” is inconsistent, {C, D} is inconsistent with A, T”, i.e., either D is
inconsistent with A, TV or D, A,T” is consistent but C' is inconsistent with D, A,T”. In the first case,
A|C,D, TV = A | C,T” holds by the induction hypothesis. Thus,

A|CADT = AT
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holds by the R-A rule.
In the second case, A | C, D, TV = A | D,T” holds by the induction hypothesis. Thus,

A|CADT = AT

holds by the R-A rule.
c¢. Bis C' — D. This is similar to the case where B is C'V D.
d. B is VzC(z). Since VzC(z) is inconsistent with A, IV, there exist some terms t1,...,¢; such that
Clt1/z],...,C[tr/x] are inconsistent with A, T".
If k=1, then
A|Clty/x],T" = AT’

holds by the induction hypothesis. By Lemma 2,
A | Clty /2], VzC (), T" = A | VaC(z), T’
holds. Thus,
A |VzC(z), " = A | T’

holds by the R-V rule.
If £ > 1, then
A Clt1/z],...,Cltg/z], 7" = A | Clta/x],...,Clty/z], T’

holds by the induction hypothesis. By Lemma 2,
A | Clty/x],...,Cltg/z],YoCO(x),T" = A | Clta/x],...,Cltr/x],YaC(z),T’
holds. By applying the R’-V rule k — 1 times on C[ta/x],...,C[ty/x], we have
A | Clty/z),V2C (z), T = A | V2C(z),T".
Thus,
A | VzC(z), I = A | T’

holds by the R-V rule.

e. B is 3zC(z). Since A,3zC(z),I” is inconsistent, Cly/z] is inconsistent with A T, where y is a
variable which does not occur in B, A, T. So A | C[y/z],I" = A | I holds by the induction hypothesis.
Thus

A 32C(z), T = A | T’

holds by the R-3 rule.
f. B is =C. According to the following table:

B ~(DAE) —(DVE) —-D —(D—FE) -VaD(z) -3zD(x)
B -DV-E -DA-E D  DA-E 3Ja-D(z) Va-D(x)

this case can be reduced to case 1 or case a—f and we can prove that
AlB TV=A|TY

holds. Thus,
A|BT'= A|T

holds by the R-— rule.
2) If rk(B) < k, there must be a formula F' € T' such that rk(F') = k. It can be divided into the
following cases.
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i. FisCvVvD. Lt T =TV — {C Vv D}. Since A,C V D,T"” is consistent but A, B,C'V D,T" is
inconsistent, at least one of C' and D is consistent with A, I and both A, B,C,T" and A, B, D,T" are
inconsistent. Without loss of generality, suppose that C' is consistent with A, T". Then,

A|B,CT" = A|C,T"

holds by the induction hypothesis.
If A, B,T" is consistent, then
A|B,D,T" = A| B,T"

holds by the induction hypothesis. By the R/-V rule,
A|B,CvD T = A|CvDT1T”

holds.
If A, B,T" is inconsistent, then
A|BT" = A|T"

holds by the induction hypothesis. By Lemma 2,
A|B,CvDT'= A|CVD,T

holds.
ii. Fis CAD. Let T =T — {C A D}. Since B is inconsistent with A,C' A D, T and A,C A D,T" is
consistent, B is also inconsistent with A, C, D,T” and A, C, D,T"” is consistent. Then,

A|B,C,D,T" = A|C,D,T”
holds by the induction hypothesis. Thus
A|B,CANDT" = A|CAD, T

holds by the R/-A rules.

ili. F'is C — D. This is similar to the case where F'is C'V D.

iv. FisVaC(x). Let T =T" —{VxC(z)}. Since A,VzC(x),T"” is consistent and B is inconsistent with
A, VaxC(x),T”, there exist some term t1, ..., such that A, C[ty/x],...,Cltx/x],T" is consistent but B
is inconsistent with A, C[t1/x],. .., C[tx/x],T”. Then

A | B,Clt1/z],...,Clty/x],T" = A | Clt1/7],...,Clty/z], T”
holds by the induction hypothesis. By Lemma 2,
A | B,Clt1/z],...,Clt/x],V2C(z), 1" = A | C[t1/x],...,Clty/z],Y2C(z),T”

holds. Thus,
A| B,V2C(x),T" = A | VzC(z),T”

holds by applying the R'-V rule k times on C[t1/x],...,C[t; /] one by one.

v. Fis 32C(x). Let I = I"—{3xC(x)}. Since B is inconsistent with A, 3zC(z),I"” and A, JxC(x), I
is consistent, B is also inconsistent with A, Cly/z],T” and A, Cly/z],T"” is consistent, where y is an eigen-
variable. Then

A| B,Cly/z],T" = A | Cly/x],T”

holds by the induction hypothesis. Thus
A | B,32C(z),I" = A | 3zC(x),T"

holds by the R’-3 rule.
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vi. F'is =C. Let I =T — {=C'}. According to the following table:

-C ~(DAE) —~(DVE) —--D =(D—FE) —VzD(z) -3zD(z)
¢’ -DV-E -DA-E D DA-E  Jz-D(x) Vz-D(x)

this case can be reduced to case 1 or case i-—vi and we can prove that
Al B,C T = A|CT"
holds. Thus,
A|B,-CT" = A|-C,T"
holds by the R/-— rule.
In summary, if T is a maximal subset of I which is consistent with A and B € I' — T, then
A|BT = AT
holds.

Using Lemma 2 and Lemma 3, we can prove the following basic theorem of testing.

Theorem 1 (Basic theorem of testing).  Let A be a consistent set of atomic formulas and the negation
of atomic formulas, and let T" be a finite set of formulas. Suppose that I be a maximal subset of I which
is consistent with A, the R-transition sequence

AT =*A|T

is provable.

Proof.  Since T is a set of finitely many formulas, I' — T also contains finitely many formulas. Suppose
that T — TV = {Bjy,..., Bn}. According to Lemma 3, for each formula B; € ' — T,

A| B, TV = AT’
holds, where 1 < i < m. According to Lemma 2,

A|By,...,Bp,I" = A| Bs,...,Bp,T",
A|Bs,...,Bp,I" = A| Bs,...,Bn, 1",

A| Bp, IV = AT
are all provable. Thus,
AT=*A|T
is provable.
We can easily deduce from this theorem that R-calculus without the cut rule is reachable.

Theorem 2 (Reachability).  R-calculus without the cut rule is R-reachable.
Similar to the proof of soundness and completeness of R-calculus, we can easily prove that R-calculus
without the cut rule is also R-sound and R-complete [5].

Theorem 3 (Soundness).  R-calculus without the cut rule is R-sound.

Theorem 4 (Completeness).  R-calculus without the cut rule is R-complete.
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7 Conclusions

In this paper, we eliminate the R-cut rule in R-~calculus by modifying the R-A and R~V rule in R-calculus
and adding new rules of logical connective and quantifier symbols in formulas which are not to be deleted
in R-transition. The result is a new formal inference system of logical connective symbols and quantifier
symbols solely, named R-calculus without the cut rule. R-calculus without the cut rule is weaker than
R-calculus, but we prove that R-calculus still preserves the reachability, soundness and completeness
that R-calculus has. Hence, all R-contractions still can be derived by using R-calculus without the cut
rule.

Since R-calculus without the cut rule is independent of the inference system of first-order logic and is
a formal inference system of logical connective symbols and quantifier symbols solely, it would be possible
to develop an interactive software tool to perform revision calculus semi-automatically like interactive
theorem provers, such as Coq [7] and Isabelle [8].

Acknowledgements

We thank Li He for reviewing the whole paper. This work was supported by the National Basic Research Program
of China (Grant No. 2005CB321901), the National High Technology Research and Development Program of China
(Grant No. 2007AA01Z146), and the State Key Laboratory of Software Development Environment Supported
Project (Grant No. SKLSDE-2008ZX-01).

References

1 Alchourrén C E, Géardenfors R, Makinson D. On the logic of theory change: partial meet contraction and revision
functions. J Symb Logic, 1985, 50: 510-530

2 Li W. A logical framework for evolution of specifications. In: Proceedings of 5th European Symposium on Programming,

Edinburgh, UK, 1994. 394-408

Li W. Logical verification of scientific discovery. Sci China Inf Sci, 2010, 53: 677-684

Li W. R-calculus: an inference system for belief revision. Comput J, 2007, 50: 378-390

Li W. Mathematical Logic—Foundations for Information Science. Basel: Birkh&user Verlag, 2010

Gallier J H. Logic for Computer Science: Foundations of Automatic Theorem Proving. New York: Harper & Row, 1986

Cogq. http://coq.inria.fr/

Isabelle. http://www.cl.cam.ac.uk/research/hvg/Isabelle/

[o I B e S



